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Foreword

Brachytherapy in Japan has a long tradition starting more than a century ago and
taking a significant development with HDR afterloading brachytherapy since 50
years. Research and development by Japanese brachytherapy clinicians and scien-
tists have contributed substantially to modern brachytherapy of today.

The introduction of the Japanese afterloading technique was one of the first out-
standing features which opened the way also to HDR treatments where Japanese
clinical researchers made a major contribution in particular for HDR brachytherapy
in cervical cancer. Large patient cohorts for this successful technique were investi-
gated and published in regard to dose, fractionation, and outcome—one of the first
major clinical contributions to cervical cancer HDR brachytherapy in the early days
of transition from LDR to HDR. Furthermore Japanese researchers were among the
first to integrate CT and MRI into fractionated HDR brachytherapy treatment plan-
ning for cervical cancer. With the limited technology available at that time already
important findings could be published. Of special interest is the traditional tech-
nique combining midline shielding for adapted external beam dose distributions
with brachytherapy, resulting in favorable dose distributions for organs at risk. This
technique has further potential using modern intensity-modulated techniques to fur-
ther improve the relatively low incidence of late complications in rectum and blad-
der without compromising disease control. The use of image-guided interstitial
techniques for advanced gynecological cancers is highly innovative, not only fol-
lowing standardized commercially available solutions, but setting a specific innova-
tive path for the future. Based on growing clinical experience Japanese experts from
various institutions are leading initiatives to spread the image-guided techniques all
over Japan and beyond to Asia.

Prostate brachytherapy is nowadays performed in Japan with LDR seeds and
HDR interstitial techniques. Since 2003 a very successful LDR seeds program has
been established throughout Japan. A dedicated Prostate Permanent Seed
Implantation Study Group ensures continuous updates and training. The leading
benchmark study in HDR monotherapy in the world came from Japan. Beginning
with 4- to 9-fraction regimens, HDR monotherapy has then been optimized and
further developed to sophisticated single-fraction approaches. These developments
will provide benchmark clinical data for international spread of HDR
monotherapy.



Vi Foreword

Breast cancer brachytherapy has been adapted from the encouraging results pre-
sented in various clinical trials, mostly coming from Europe. The special situation
of Japanese closed cavity breast surgery and small CTV volumes has been taken
into account for translating this technique into clinical practice in Japan.

Esophageal brachytherapy has been an important activity in Japan throughout
the last decades, in particular with developing HDR endoluminal brachytherapy in
early superficial disease, in locally advanced disease, and in stenotic lesions within
a palliative setting. Important recommendations for prescribing and reporting endo-
luminal brachytherapy were published supporting appropriate use of this important
endoluminal technique.

Japanese researchers have provided during the last decades significant clinical
evidence for bile duct endolumenal brachytherapy based on large multicenter clini-
cal experience.

In addition, this comprehensive brachytherapy book covers many disease sites
relevant for brachytherapy such as oral cancer, ocular melanoma, and lung cancer.

We wish this brachytherapy book a wide dissemination in the Japanese oncologi-
cal community and in particular in radiation oncology. We hope that this book will
further contribute to the growth of this important area of radiation oncology, which
has a significant clinical impact. The application of well-established procedures
with continuous improvement in techniques and high technology shows the increas-
ing potential for this treatment technique. Brachytherapy enables very high tumor
control rates with very limited radiotherapy-associated morbidity.

Richard Potter

Christian Kirisits

Department of Radiotherapy, Medical University of Vienna,
Comprehensive Cancer Center, Vienna, Austria



Preface

Brachytherapy has a long history since the discovery of radium-226 by Marie Curie
in 1898 and its introduction to the cancer treatment in France in 1901. Already in
1913, the clinical results of brachytherapy in cervical cancer surpassed the results
obtained through Wertheim’s operation. The era of “Strahl statt Stahl” (rays instead
of iron knife) came. Brachytherapy was at that time a sole modality which can be
curative in the deep-lying tumors. Additionally the wisdom of fractionated radiation
therapy derived from the experience obtained through low-dose-rate brachytherapy
using radium-226. However, with the advent of telecobalt and megavoltage radia-
tion therapy, the indications of brachytherapy were quite narrowed and once seemed
to be obsolete. In addition, radiation exposure to the medical personnel remained
quite annoying. The introduction of the afterloading method by Henschke and a
small radionuclide with a high specific radioactivity such as iridium-192 changed
the scene of brachytherapy. Now the high-dose-rate irradiation in interstitial as well
as intracavitary applications became possible. Provided that radionuclide placement
is performed according to the planning, inverse square law guarantees very sharp
dose distribution confined to the tumor. Additionally, implanted applicators move
according to the physiological movement of the tumor and planning target volume
can be reduced to a minimum. Even in comparison to the most modern external
beam radiation like intensity-modulated proton therapy, brachytherapy can attain
favorable physical dose distribution. Fame of brachytherapy as the utmost precision
therapy remains impeccable.

In this book, radiation oncologists majoring in brachytherapy describe the pres-
ent status of brachytherapy in oncology with their eagerness. This book is dedicated
to young radiation oncologists and we wish many of them will be inspired to join
the fascinating and stimulating world of brachytherapy.

Tokyo, Japan Yasuo Yoshioka
Tokyo, Japan Jun Ttami
Tokyo, Japan Masahiko Oguchi
Gunma, Japan Takashi Nakano
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History of Brachytherapy in Japan

Tetsuo Nishimura

Abstract

In Japan, brachytherapy using radium source began in 1911. The Cancer Institute
Hospital had been leading brachytherapy in Japan since purchasing 5 g of radium
source in 1934. After the World War II, the number of facilities using radium
sources had been increased. However, the problem of radiation exposure by med-
ical staff of brachytherapy treatment hindered the development of brachytherapy.
In 1966, the remote afterloading system (RALS) using high dose rate cobalt
sources was developed to overcome the problem of radiation exposure to medi-
cal staffs.

Thereafter, the introduction of high dose rate iridium RALS in 1991 and the
start of prostate seed therapy in 2003 have resulted in an increase in the number
of patients in Japan. More than 7000 patients are now undergoing brachytherapy
in a year.

In 1999, Japanese group of brachytherapy (JGB) was established as a sub-
group of the Japanese Society for Radiation Oncology (JASTRO). Interest in not
only academic activities but also education and quality assurance was raised. The
academic activity is shown through the increased number of published articles
written in English by Japanese authors.

Keywords
Afterloading - Brachytherapy - History - Radium - Remote afterloading system

T. Nishimura
Radiation and Proton Therapy Center, Shizuoka Cancer Center, Shizuoka, Japan
e-mail: t.nishimura@scchr.jp
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4 T. Nishimura

1.1 Start of Brachytherapy in Japan

Soon after the discovery in 1896, 2>°Ra sources were brought into Japan by Professor
Tanakadate, a physicist of the University of Tokyo in 1903. The treatment using
226Ra sources began at University of Tokyo in 1911. The Cancer Institute Hospital
(CIH) in Tokyo which began radium therapy in 1929 purchased 5 g of *°Ra source
from Belgium based on a donation of 1 million yen from Mitsui Foundation. As a
result, CIH could become one of the world’s leading radium holding facilities.
Clinical experience for the initial 5 years was published by Yamakawa in 1940 [1].
According to this article, not only the intracavitary treatment of cervical cancer but
also interstitial treatment of oral cancer was carried out. After the interruption dur-
ing World War II, radium therapy was restarted by Tsukamoto. In the annual meet-
ing of Japan Radiology Society in 1957, Tsukamoto presented a special report
demonstrating excellent results of radium therapy in the era prior to megavoltage
external beam radiotherapy [2]. In treatment for laryngeal cancer, the Harmer’s
method modified by Tsukamoto was carried out in which the radium sources were
directly placed outside of the thyroid cartilage (Fig. 1.1). A 5-year survival rate of
this method for early glottic cancer was shown to be 70%.

In the physics department of CIH, *’Rn gas was collected from **Ra source to
make seed sources since 1935. Thus, Rn seeds had been supplied to other facili-
ties until 1975 in Japan.After World War II, treatment using radium source became
more popular since the 1950s, and the numbers of licensed facilities using radium
source increased to 296 in 1967 and 404 in 1974, respectively [3].

40 60 r/hr

Fig. 1.1 Radium therapy for laryngeal cancer with the Harmer’s method modified by Tsukamoto.
(a) Radium sources (*) placed outside of the larynx are shown in lateral radiography. (b) Dose
distribution of radium therapy
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1.2 Shift from Radium to New Sources and Efforts
to Reduce Radiation Exposure

In Japan, there were much concerns about radiation exposure in not only citizens
but medical staffs because of a history of radiation exposure from atomic and hydro-
gen bomb. As a solution for reduction of exposure, conversion of brachytherapy
sources from higher energy to lower was attempted. After the ICRP Recommendation
33in 1981, the number of licensed facilities of radium gradually decreased to 252 in
1989, 118 in 1997, and 22 in 2005, respectively [4]. As an alternative to radium
sources, ®Co, ¥’Cs, and '"’Ir sources were imported in 1954, 1961, and 1978,
respectively. 1*®Au and "?Ir sources were domestically produced in 1975 and 1980,
respectively. Supply of 2?Rn seed was replaced to '*®Au grain in 1975 [3]. In 1973,
23Cf source emitting neutron was used in some facilities, but it was applied only in
the research level.

Another way to reduce radiation exposure was to introduce an afterloading tech-
nique. In 1962 Tazaki developed an afterloading applicator (TAO applicator) for
intracavitary brachytherapy for cervical cancer with *°Ra sources [5]. Prior to intro-
duction of this instrument, the position of **Ra sources was checked following
direct insertion of radioactive sources. The use of this applicator could reduce the
physician’s average exposure dose in each session from 0.295 mSv in 1960-1962 to
0.022 mSv in 1963-1965. TAO applicators were widely used for many years as
standard applicators and contributed to the standardization of radiation therapy for
cervical cancer.

Recently, the number of facilities using low dose rate has been decreased except
for I (Fig. 1.2).

Fig. 1.2 The high dose
rate remote afterloading
system (RALSTRON)
developed in Hokkaido
University
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1.3  Development of High Dose Rate Remote Afterloading
System

As a fundamental solution to avoid radiation exposure in brachytherapy, a high dose
rate remote afterloading system (HDR-RALS) was developed by Wakabayashi at
the Hokkaido University in 1966 (Fig. 1.3) [6]. This equipment had three channels
of HDR %°Co sources of 3 mm in diameter. Two companies manufactured this equip-
ment which was widely sold not only throughout Japan but also overseas, mainly to
Asian countries.

Although HDR brachytherapy was accepted in radiotherapy for cervical cancer,
optimal dose fractionation became a critical issue in the actual treatment. Arai et al.
proposed that 29 Gy/4 fractions at point A in HDR brachytherapy was equivalent to
50 Gy in low dose rate (LDR) brachytherapy based on the data of facilities with
large experience [7]. Their proposal became a basis of the present standard treat-
ment (6 Gy/fraction) in Japan.

The HDR-RALS was originally designed for treatment of cervical cancer. It was
also used for intracavitary treatment in the head and neck, esophagus, uterine body,
rectum, and so on.

No. of facilities (Except for 1251) No. of facilities ( 1251)

foc s 118 118 119 118 117 150
55| o7
ol s \ 1100
Au 48 94
451 84 ‘{
40l ¥cs T 40 .39 1%
sl .36 | 06 36 .37 s
30 192, 28 .08 .30 -+.28 <1100
28 TRl oP6..1.26
o5 | \..\24\ ~ I DR 23 23, 22
20} O .19 T T 2 T T Fp0140
<17 |
15| ~
10} 8 I
5t 106 T : Z"--*-6---~ : sl
Ru 4 1 1 1 1 1 ! Lo

0
2007 2008 2010 2011 2012 2013 2014 2015 2016

year
Sources 1251 -+-90Sr ——106Ru -+-137Cs —=-192Ir ——198Au

Fig. 1.3 Licensed facilities using low dose rate (LDR) sources in Japan by year. '*I has been used
for prostate cancer. *’Cs, *’Ir, and '*Au have been used mainly for head and neck cancer. *°Sr has
been used for pterygium. '“Ru has been used for ocular tumor in the National Cancer Center
Central Hospital as only one facility
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1.4  Introduction of the New Type of HDR-RALS

In 1991, the treatment with HDR *’Ir RALS imported from Europe started in Osaka
University. There were four types of equipment sold in Japan. Because of the small
size of source and dose optimization program, these types of equipment were rap-
idly replaced from the old ®°Co RALS. In 2002, a new type of ®Co RALS with
equivalent source size to the '’Ir RALS was introduced.

Because of smaller diameter of radiation source, the indication of brachytherapy
spread to interstitial brachytherapy in various sites (head and neck, breast, soft tis-
sue, pelvis, and so on) and intraluminal irradiation in the bronchus, bile duct, ves-
sels, and so on.

On the other hand, the development of the applicator was essential to carry out
safe and reliable treatment. Original applicators were developed by Japanese inves-
tigators. Among them, applicators for the esophagus and bronchus were approved to
be covered by health insurance.

The number of facilities using old ®°Co HDR RALS gradually decreased, and the
last facility disposed this equipment in 2015. There were 158 facilities of HDR
brachytherapy in 2016 (Fig. 1.4).

No. of facilities
220

200
180
160
140
120
100
80
60
40
20
0

|

2016 yeqr

.

2014

2007 2009 2011 2013
Types of HDR equipments 192)p I:' 60Co (New type) . 60Co (Old type)

Fig. 1.4 Licensed facilities using high dose rate (HDR) remote afterloading system in Japan by
year. There are two types of HDR equipment used in Japan. The old type “°Co RALS has been
disposed in 2015
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1.5 Interstitial Brachytherapy for Prostate Cancer

One of the recent topics was the start of interstitial brachytherapy for prostate can-
cer in the history of brachytherapy in Japan. The first HDR brachytherapy for pros-
tate cancer was carried out at Osaka University in 1994. On the other hand,, the first
LDR ' seed brachytherapy was performed at Tokyo Medical Center in 2003 after
a long preparation period including revision of law. There were more than 3000
patients each year in more than 100 facilities (Figs. 1.5 and 1.6).

No.of facilities
250

215

200 194 = 192 195

181 172 175

150

100 o %
79
70 - 78

65 69 69

50

1995 1997 1999 2001 2003 2005 2007 2009 2010 2011 2012 ygq

Types of brachytherapy D ICBT D ISBT including prostate seed . Prostate seed

Fig. 1.5 Facilities of brachytherapy actually treating patients according to JASTRO structure sur-
vey. The number of intracavitary brachytherapy (ICBT) has been decreasing. In this figure, inter-
stitial brachytherapy (ISBT) includes prostate seed treatment according to the original data. An
increased number of ISBT facilities reflect an increase of prostatic treatment facilities

No. of patients
9000

8000+
7439

7209

7079 7107

7000+
6536

6019

6000} 5807

5000 |

4374

4000+

30001

4806

2000+
3235 3139 3245 3008 3036
1000}

1999 2001 2003 2005 2007 2009 2010 2011 2012 Year

Types of brachytherapy D ICBT ISBT except for prostate seed . Prostate seed

Fig. 1.6 The number of patients treated with brachytherapy to JASTRO structure survey. In this
figure, interstitial brachytherapy (ISBT) does not include prostate seed treatment. The total number
of patients treated with brachytherapy has been increasing
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10® Yen 1 BT others =1 BT prostate seed -- RT total 108 Yen
80 1200
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Fig. 1.7 Medical expense of total radiotherapy and brachytherapy by year. The data in this figure
were calculated and estimated under the author’s responsibility according to the opened data by the
Ministry of Health, Labor, and Welfare regarding medical expense

1.6 The Trend of the Number of Patients and Medical
Expenses of Brachytherapy

The Japanese Society for Radiation Oncology (JASTRO) has conducted biannual
structural survey since 1990. According to the opened data up to 2012 [8], more
than 7000 patients were annually treated with brachytherapy in Japan (Fig. 1.6).
Especially, the number of brachytherapy patients has dramatically increased after
the start of '*°I seed brachytherapy. On the other hand., the numbers of intracavitary
brachytherapy and interstitial brachytherapy except for '>I seed were kept in a con-
stant level. In Japan, total medical expense of malignant neoplasms was reported

as 4.1 trillion yen in 2015 [9]. Although the proportion of radiation therapy was
low in the total medical expense of cancer, it has gradually increased (Fig. 1.7). The
expense of brachytherapy has been rapidly increased.

1.7 Educational and Academic Activities

From the late 1990s, interest in medical safety increased in Japan because of fre-
quent occurrence of medical accident. There were several reports regarding dose
misadministration in external beam radiotherapy. In the field of brachytherapy, there
was an event of radiation exposure to a staff involved in HDR source exchange in
1998. Although this event caused no health injury, it became a social problem. In the
field of brachytherapy, HDR-RALS and 'II safety teaching courses had been held
every year since 1998 and 2003, respectively.

In 1999, JGB (Japanese Group of Brachytherapy) was found as an activity of the
Japanese Society for Radiation Oncology (JASTRO). Since 1999, the annual meet-
ing has been held. In 2013, the JGB published the QA guidelines for
brachytherapy.
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No. of articles

& Others 153 50
50 Head & Neck 91
B Gynecology 149
40 Prostate 205
30
20 17
10} 9

AN
BE

R AN
N & N\ \‘ E 7

1995 1996 1997 1998 1999 2000 2001 2002 2003 2004 2005 2006 2007 2008 2009 2010 2011 2012 2013 2014 2015 2016 Year

Fig. 1.8 Articles on brachytherapy written in English by Japanese authors

The academic activity is shown as the number of published articles written in
English by Japanese researchers (Fig. 1.8). Scopus databases were searched using
the terms “brachytherapy” and (“Japan” or “Japanese”). Totally, 598 articles were
identified between 1995 and 2016.

Although articles on the head and neck had been a majority, the number has been
decreased. On the other hand,, prostate and gynecological brachytherapy treatments
are the two major topics. These data suggest that it is expected that more research
activity will be presented in the future.
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Japanese Brachytherapy in the World

Jun [tami

Abstract

High-dose rate (HDR) afterloading brachytherapy was introduced in Japan in the
late 1960s and replaced low-dose rate (LDR) brachytherapy very rapidly.
Fractionated regimen of HDR intracavitary brachytherapy of cervical cancer was
established in the 1970s based upon an extensive analysis of clinical findings of
the patients undergoing HDR and LDR brachytherapies. It was the first report
deriving HDR and LDR equivalent doses not from theoretical consideration of
power law theories prevalent at that time. Various milestone reports of HDR
brachytherapy have been published from Japanese groups.

Keywords
Brachytherapy - High-dose rate - Intracavitary - Interstitial - Japanese
contribution

Japanese are mostly humble and dislike ones who insist their own accomplishment
loudly. Many consider “Samurai-warrior does not talk much.” Although Japan has
contributed much to the development of brachytherapy, especially of the high-dose
rate (HDR) brachytherapy, some milestone works remain largely ignored in English
literature of brachytherapy because Japanese researchers do not request their righ-
teous treatment from humbleness and some works were written in Japanese or non-
English languages. The author intends to cast light onto such milestone works in
HDR brachytherapy in Japan.

J. Itami
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2.1 Development of HDR Remote Afterloading Machine
in Japan

Ulrich Henschke, who was trained as a gynecological radiation oncologist in
Berlin and Munich, serviced in Luftwaffe during WW2, and emigrated to the
USA after WW2, introduced afterloading method in brachytherapy as early as in
the 1950s in the time of low-dose rate (LDR) brachytherapy [1]. With introduc-
tion of the afterloading method, radiation exposure to the medical staffs dimin-
ished markedly. However, LDR sources remained in the patient body for some
time, and the patient must stay in a shielded ward, whose care inevitably caused
radiation exposure to the caring staffs. Because of the radiation phobia of
Japanese population evoked by the atomic bombs of Hiroshima and Nagasaki,
and fisherman’s death induced (partially) by radiation exposure of hydrogen
bomb experiment in Bikini Islands, radiation exposure of medical staffs was so
much feared, and LDR brachytherapy faced a danger of no more continuation. In
such circumstances, Wakabayashi et al. succeeded in the development of remote
afterloading machine in high-dose rate (HDR) using high activity Co-60 sources
in 1966 [2], 5 years after report of the first HDR afterloading machine by
Henschke [3]. The machine has been called popularly as remote afterloading
system and specifically developed for intracavitary irradiation of the cervical
cancer with six variable Co-60 sources, which were welded to the wire and
remotely transported by the wire into the applicators. In intracavitary brachy-
therapy, one (nominal activity 2 Ci) of the sources will be used for each vaginal
applicator and one (nominal activity 4 Ci) for an intrauterine applicator. Some
machine has source retraction mechanism, with which a certain length of intra-
uterine applicator will be irradiated with multiple source dwell positions. Co-60
source pellet had a diameter of 3 mm and too big to be applied to the interstitial
irradiation. RALSTRON was developed under cooperation with Shimadzu Co.,
and similar remote afterloading system, named “RALS,” initially with Cs-137
sources and later with high activity Co-60 sources, was also produced and dis-
tributed by Toshiba. With the introduction of remote afterloading system, the
intracavitary radiation could be performed in outpatient clinic without a need for
admission, and applicators could be placed more precisely with fluoroscopic
assistance. They very rapidly replaced LDR brachytherapy of cervical cancer.
Already in 1980, about 100 remote afterloading systems were installed and used
in Japan. The development of RALSTRON by Wakabayashi et al. really changed
the scene of gynecological brachytherapy in Japan. Already in the late 1970s,
knowledge of HDR intracavitary irradiation in the cervical cancer accumulated
sufficiently to give an optimal dose ratio of HDR and LDR brachytherapy from
clinical observations, not from power low equation radiobiological theory [4]. It
was quite earlier than in most European and American countries, where the long
tradition of LDR brachytherapy and its presumed biological superiority presum-
ably disturbed the fast introduction of HDR brachytherapy except in Germany.
Because of the big size of Co-60 sources in the RALS, its application to the
interstitial irradiation must wait for the advent of a small source of Ir-192 with a
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high specific radioactivity in the early 1980s. Concerning the world distribution
of RALSTRON, some safety concerns were expressed, and only very limited
countries had imported RALSTRON.

2.2  Ratio of Equivalent HDR and LDR Doses in Intracavitary
Brachytherapy of Cervical Cancer

In Japan, remote afterloading system was commercially available from Shimadzu
and Toshiba from 1967. Because of an over-exaggerated fear of radiation exposure
to medical staffs, HDR remote afterloading system replaced very rapidly LDR
intracavitary brachytherapy of cervical cancer. However how HDR intracavitary
brachytherapy would be applied in the cervical cancer remained largely unknown.
Many researchers referred to the work of Liversage [5] and Ellis [6], which was
dealing with the comparison of equivalent doses of LDR and HDR brachytherapies.
Joslin et al. were the first who reported the results of HDR intracavitary brachy-
therapy in the cervical cancer in 1972 [7]. They used a fractional dose of 10 Gy at
the Manchester point A in the HDR intracavitary brachytherapy and suggested that
the biological effect of the HDR treatment would be higher than LDR intracavitary
irradiation by referring to the radiobiological modeling of Ellis [6]. However explo-
ration of the optimal dose of HDR brachytherapy by analyzing the interrelationship
of dose, dose rate, local control rate, and incidence of morbidities must await the
publication of Arai et al. in 1979 [4]. They retrospectively analyzed treatment results
of 1006 cervical cancer patients undergoing intracavitary brachytherapy in three
Japanese institutions from 1961 to 1972. Five hundred seventeen and 489 patients
were treated by HDR and LDR intracavitary brachytherapy, respectively. The appli-
cators used in LDR and HDR brachytherapy produced almost the same dose distri-
bution. In LDR brachytherapy, 5-year survivals of stages I, II, II, and IV were
87.0%, 75.2%, 49.0%, and 16.3%, respectively. In HDR brachytherapy, 5-year sur-
vivals of stages I, II, I, and IV were 82.6%, 70.5%, 51.4%, and 23.9%, respectively.
There could not be seen any statistically significant differences between HDR and
LDR brachytherapy. Three hundred eighteen patients irradiated by HDR brachy-
therapy and 171 patients by LDR brachytherapy were treated in the same time
period (1966-1971) by the same school of radiation oncologists. The incidence of
morbidities classified according to Kottmeier’s proposal [8] was analyzed in these
patients. Concerning rectal morbidity, grade 1 and grade 2 or greater was seen in
4.5% and 7.6%, respectively, in HDR. In contrast, in LDR, grade 1 and grade 2 or
greater was seen in 8.9% and 7.7%, respectively. Concerning bladder morbidity,
grade 1 and grade 2 or greater was seen in 3.3% and 8.2%, respectively, in HDR. In
contrast, in LDR, grade 1 and grade 2 or greater was seen in 5.0% and 4.5%, respec-
tively. Between HDR and LDR brachytherapy, there could not be seen any statisti-
cally significant differences in rectal as well as bladder morbidities. They further
investigated the optimal dose of brachytherapy for local control without morbidity
in the patients whose primary tumors were exclusively treated by brachytherapy
(with external beam radiation therapy delivered with the central shielding). From
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analysis of the scattergram of dose and number of fractions of brachytherapy, they
concluded 29 Gy + 3 Gy in 4-5 fractions of HDR brachytherapy and 50 Gy + 5 Gy
in 3—4 fractions of LDR brachytherapy are equal and optimal, and the resulting dose
ratio of HDR and LDR is 0.58. It must be stressed that all the conclusions were
derived from the clinical findings, not from theoretical consideration of survival
curves or power law of equivalent doses. The accomplishment formed a fundamen-
tal knowledge of HDR brachytherapy in Japan. With their accomplishment, clini-
cally safe HDR brachytherapy was realized, and the installment of remote
afterloading machine was accelerated further.

2.3  Phaselll Clinical Trials Comparing HDR Versus LDR
in Cervical Cancer

There have been only four randomized clinical trials comparing HDR and LDR
intracavitary brachytherapy in the cervical cancer, of which two were reported
from Japan. Other two came from Thailand and India. With the introduction of
concurrent chemoradiotherapy with CDDP and the abolishment of shielded
wards for LDR brachytherapy, this kind of study could probably be performed
no more. Concerning Japanese studies, one came from Osaka University group
[9, 10] and the other from Sapporo Medical University group [11]. Osaka
University group launched the phase III trial as early as 1975, and the final
patients were entered in 1983. From 1979, a shortage of shielded wards made
the precise randomization between HDR and LDR brachytherapy very difficult,
and 259 patients were treated by HDR and 171 by LDR. In the patients treated
by HDR, 5-year cause-specific survival was 85%, 73%, and 53% in stage I, 11,
and III, respectively. In the patients treated by LDR, 5-year cause-specific sur-
vival was 93%, 78%, and 47% in stage 1, I, and III, respectively. There were no
statistically significant differences between HDR and LDR brachytherapy.
Although incidence of morbidities equal to or greater than grade 2 was higher in
HDR (10% vs. 4% in LDR), they concluded the incidence is clinically accept-
able and HDR intracavitary brachytherapy can be an important treatment option
in the cervical cancer.

Phase III randomized trial of Sapporo Medical University group was performed
from 1984 to 1997 in 132 patients with stage II and III cervical cancers. In HDR,
5-year cause-specific survival was 69% and 51% in stage II and III, respectively. In
LDR, 5-year cause-specific survival was 87% and 60% in stage II and III, respec-
tively. Between HDR and LDR, there could not be seen any statistically significant
differences in the cause-specific survivals. Although the reported incidence of mor-
bidities of grade 3 or greater was quite high (5-year incidence 10% in HDR vs. 13%
in LDR), there were also no differences. Based upon these data, Cochrane Review
concluded that HDR and LDR are equally effective treatment option in all stages of
cervical cancers [12].
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24 Initial Experience of HDR Interstitial Therapy in Japan

In 1982, HDR brachytherapy machine of German company Buchler using a high
activity Ir-192 source was installed in Japan. That was the first machine of Ir-198
HDR source in Japan. Like Japan, Germany has a long history of using HDR
brachytherapy. In 1966, HDR afterloading machine using even as high as 100 Ci of
Ir-192 (GammaMed) was developed for treating brain tumor with interstitial brachy-
therapy by Mundinger of Freiburg University [13]. In contrast, other European
countries and America with some exceptions continued to use LDR brachytherapy
seemingly because of the long accumulated knowledge of LDR brachytherapy since
the early 1900s and the confidence of radiobiological superiority of LDR brachy-
therapy. The afterloading machine of Buchler at that time used 8 Ci Ir-192 source
with 1.6 mm diameter and 5 mm length, which can be applied intracavitarily as well
as interstitially. For the interstitial brachytherapy, only metallic needle applicators
with a diameter of 2.2 mm and quite big length of 27 cm were provided. The
machine produces dose distribution by continuously oscillating the Ir-192 source
within an applicator, whose range and mode are determined by a rotating disc. By
changing the disc, different active length and dose distribution could be obtained.
The greatest problem at that time was that there was no dedicated treatment plan-
ning computer for the afterloading machine. Additionally possibilities of obtaining
the optimal dose distribution were greatly limited because the dose distribution was
determined by the set of changeable discs. In contrast, the machines which attain
dose distribution by stepwise retraction of radiation source have possibilities of
almost infinite number of combinations of dose distributions. The remote afterload-
ing machine has only one Ir-192 source and only one afterloading channel to which
the applicator is connected. Therefore, after finishing irradiation of one applicator,
connection of the channel must be changed manually to the next applicator.
Currently all commercially available Ir-192 afterloading machines have one source
with multichannels, and radiation can be delivered to multiple applicators without
manually changing the connection between applicator and afterloading channel.
The single source will be transported sequentially to all the applicators connected to
the channels.

In the early 1980s, HDR interstitial brachytherapy was reported only from
Germany, and how it can be prescribed remains largely to be studied. Overcoming
many hurdles, Itami et al. began HDR interstitial brachytherapy for the first time in
Japan [14]. They reported results of 23 cases undergoing HDR interstitial brachy-
therapy, of which 15 cases had recurrent tumors and 4 cases had unresectable locally
advanced tumors. Applicators were placed parallelly with smaller than 2 cm inter-
applicator distances. Dose was prescribed to the plane 1 cm lateral to the applica-
tors. Diameter of the hyperdose sleeve was kept less than 1 cm in most cases. Since
the very long metallic applicators were intolerable for the patients, single fractional
interstitial brachytherapy was performed with a big fractional dose of 15 Gy.
External beam radiation therapy was also delivered in all cases. According to Jacobs
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et al., who performed HDR interstitial brachytherapy very eagerly in the early 1980s
in Germany, 20 Gy single fractional HDR interstitial brachytherapy was reported to
be safe and effective after 40 Gy of a conventionally fractionated external beam
radiation therapy in local recurrence of rectal cancer [15]. Despite recurrent or
advanced nature of the cases, local control was obtained in 13 cases; however, grade
3 morbidities were seen in three cases. Two of the three cases had mandibular expo-
sure after tongue cancer treatment in the very early phase of the study, probably
caused by an inadequate spacing between the treated tongue and gingiva. After the
incidence, HDR interstitial brachytherapy for tongue cancer was stopped. High
incidence of morbidities is probably due to the big fractional dose. It seems very
remarkable that three cases out of four with local recurrence of rectal cancer could
be controlled who were treated by transperineal implantation guided by CT. The
transperineal interstitial brachytherapy was, for the first time, realized due to the
changeable active lengths of applicators in HDR brachytherapy.

The first experience of HDR interstitial brachytherapy in Japan ended with quite
unsatisfactory results partially caused by a big fractional dose and single fractional
irradiation which was obliged by a poor armamentarium of the applicators and the
afterloading machine and a lack of dedicated treatment planning machine. For fur-
ther development of HDR interstitial brachytherapy, availability of Nucletron
machine in 1991 must be awaited.

2.5 One of the Earliest HDR Intraluminal Brachytherapies
of Malignant Bile Duct Obstruction

English literature almost always neglects accomplishments written in non-English
languages. The application of HDR intracavitary irradiation in patients with malig-
nant bile duct obstruction was reported first by Koster et al. in German language in
1984 [16]. They applied 15 Gy in one fraction to the points 1 cm lateral to the
source. Itami et al. subsequently published a report of HDR intracavitary irradiation
of inoperable malignant bile duct obstruction in 1986, also written in German lan-
guage [17]. They used Buchler afterloading machine with 8 Ci of Ir-192 and a
curved metallic interstitial applicator, whose tip was made dull and rounded for
intracavitary insertion. After percutaneous transhepatic drainage of bile duct, drain-
age tube was advanced through the obstruction. Afterloading applicator was inserted
through drainage tube over the obstructed site. Because of rigidness of the applica-
tor, insertion through the drainage tube was very difficult. Although the report of
Itami et al. dealt with 7 patients, 11 patients in total underwent HDR intraluminal
brachytherapy of bile duct obstruction, and no patients underwent chemotherapy.
The prescription point of HDR was similar to Koster, and a fractional dose was
between 7 Gy and 20 Gy, but mainly 15 Gy in 1 cm from the applicator was
employed. The total dose of HDR brachytherapy ranged from 15 to 45 Gy. External
beam radiation therapy was performed in 8 of 11 patients (Table 2.1). In two patients
with an obstruction extending to both right and left hepatic ducts, applicator was
inserted through drainage tubes inserted through right hepatic duct 1 day and
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through left hepatic duct some other day. Remarkably in eight patients, bile duct
obstruction was alleviated, and in six of them drainage catheter was removed with-
out any stents. In these six patients, drainage tube free length ranged from 31 days
to 260 days with a median of 148 days. Despite a big fractional dose of HDR
brachytherapy, bleeding or perforation of bile duct was not observed, but one patient
irradiated with 45 Gy by HDR brachytherapy and 50 Gy of external beam radiation
therapy suffered from fibrosing stenosis of the irradiated bile duct with an ensuing
jaundice. If dose to the duodenum is closely observed, gastrointestinal ulcer can be
avoided [18]. All the patients died of cancer with a median survival of 240 days;
however, evident local recurrence was seen in only two patients. HDR intraluminal
brachytherapy of malignant bile duct obstruction was shown to be effective in the
palliation of bile duct obstruction. But because of the technical difficulties in insert-
ing rigid applicator into the bile duct, the therapy was not performed anymore.
However, currently introduction of the flexible catheter-like applicator makes easy
to perform fractional HDR intraluminal biliary irradiation and simultaneous irradia-
tion of bilateral hepatic ducts through percutaneous transhepatic drainage tubes
placed in left and right hepatic ducts. Palliative significant effect of HDR intralumi-
nal biliary brachytherapy was repeatedly reported [18, 19]. It must be emphasized
that the world’s first application of HDR intraluminal biliary brachytherapy was
performed in Germany and soon followed by Japanese group. This fact was not
referred in most English literatures.

2.6 Interstitial Brachytherapy of Tongue Cancer HDR Versus
LDR

The first modern remote afterloading system in Japan using small source of Ir-192 in
a high specific activity (microSelectron-HDR, Nucletron, the Netherlands) was
installed in Osaka University Hospital with all the flexible interstitial applicators
and treatment planning computer. The machine enabled HDR interstitial brachy-
therapy without the difficulties posed by the prototype Bucher machine installed in
the early 1980s. HDR interstitial brachytherapy of tongue cancer was performed by
inserting multiple catheters in a single plane from submandible to the tongue. Phase
IIT trial of HDR interstitial versus LDR interstitial brachytherapy in tongue cancer
was performed in Osaka University Hospital from 1992 to 1996 [20]. They deter-
mined fractional and total doses of HDR brachytherapy by performing phase I/I1
study, and 6 Gy bid up to 60 Gy within a week was applied in the phase III trial [21].
For LDR brachytherapy, Ir-192 hairpins in a single plane were used to deliver
65-75 Gy (median 70 Gy) over 75-217 hours (median 117 hours). Spacer packing
between the implanted tongue and gingiva was performed to lower the dose to the
gingiva. In the study period, 51 patients were recruited with 26 treated by LDR and
25 by HDR. With a median follow-up length of 85 months in LDR and 78 months
in HDR, 5-year local control rate was 87% and 84% for HDR and LDR brachy-
therapy, respectively, without a significant difference. Concerning adverse events,
tongue ulcer was seen each in one patient, and two patients suffered from bone
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exposure in HDR brachytherapy. HDR and LDR brachytherapies seem to be equally
effective in the management of early-stage tongue cancer, although the statistical
power was quite low because of low number of patients. However, this kind of ran-
domized trials comparing LDR and HDR brachytherapies is presently very difficult
to perform in Japan and in other countries also, because shielded ward is abolished
very rapidly and LDR brachytherapy is no more possible. This study remains the
only one phase III trial comparing HDR and LDR brachytherapies in the tongue
cancer.

2.7  World’s First Application of HDR Brachytherapy Alone
in Prostate Cancer Without External Beam Radiation
Therapy

Yoshioka et al. from Osaka University performed and reported HDR interstitial
brachytherapy alone for management of prostate cancer for the first time in the
world [22, 23]. As shown in foregoing sections, Radiation Oncology Group from
Osaka University Hospital has contributed greatly in the development of brachy-
therapy with their motto, “brachytherapy is the therapy with a top precision.” Their
great confidence in brachytherapy can be read in the Introduction of Yoshioka’s
distinguished work reporting HDR interstitial brachytherapy without external beam
radiation therapy in International Journal of Radiation Oncology, Biology, and
Physics [22], “If we include external beam irradiation, the dose of brachytherapy
has to be reduced to prevent adverse effects, which spoils the advantage of brachy-
therapy that enables us to deliver an increased dose to the local lesion.” Actually, the
first HDR interstitial brachytherapy of prostate cancer combined with external beam
radiation in Japan has begun in Osaka University Hospital. With the accumulated
technique of the brachytherapy in prostate cancer, they launched the phase I/II study
to elucidate efficacy of HDR alone in prostate cancer in 1994 [22]. That was quite
surprising if we see that it was 5 years before Brenner and Hall first suggested low
o/ ratio of prostate cancer and a possible efficacy of hypofractionated radiation
[24]. Yoshioka et al. used quite long sessions of HDR brachytherapy of 8 to 9 frac-
tions bid up to 48 to 54 Gy mainly in intermediate- and high-risk prostate cancers.
Applicators remaining in the patient body for 5 days can be quite stressful to the
patients, but continuous epidural anesthesia, meticulous patient care, and seemingly
patient’s expectation that therapy will be finished within 5 days help to overcome all
the obstacles. Combined with androgen deprivation therapy, 5-year PSA failure-free
survival of 79% was obtained in high-risk patients with a median follow-up of
5.4 years [23]. Currently many groups are performing the clinical trials of HDR
brachytherapy without external beam in prostate cancer.

Conclusions

HDR brachytherapy was introduced very early in Japan, and their indications
and prescription were intensively studied and published. Their contribution in
this field has been quite obvious and must be valued properly.
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Abstract

Integration of medical imaging into the practice of brachytherapy has a potential
to improve the precision in estimating clinical outcomes. Here, we will discuss
state-of-the-art computational techniques to incorporate spatial consideration into
the prediction of radiation toxicities in the various contexts of brachytherapy.
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3.1 Introduction

Recent technological advances have integrated three-dimensional (3D) sectional
imaging into brachytherapy treatment planning with visualization of target volumes
[1-3], which is termed as image-guided brachytherapy (IGBT). IGBT has a poten-
tial to deliver a high radiation dose to the tumor and to avoid organs at risk (OARs) at
the same time, improving local control and reducing toxicities [4]. Moreover, fre-
quent use of imaging such as computed tomography (CT) or magnetic resonance
imaging (MRI) in clinical practice provides us detailed information on spatiotempo-
ral changes of the entire tumor during the treatment and follow-up. However,
exploiting potential information from medical imaging is only possible when proper
computational techniques are available.

In a daily clinical practice of IGBT, dose-volume histogram (DVH) has been
widely used for dose reporting within various volumes of OARs. One of the signifi-
cant limitations of DVH is that it does not provide any spatial information since
DVH reduces 3D information in the target into two-dimensional (2D) relationship
between the dose and volume. This is partly because to correlate treatment outcome
with spatial dose distribution is technically challenging due to varying patient anat-
omies. Thus, there exists significant room for improving methodologies to incorpo-
rate spatial information into the modeling of dose-response relationships in
brachytherapy.

So far, we have developed some computational technologies and frameworks to
analyze organ motion and deformation, spatial dose-response correspondence, and
intra-organ heterogeneity of radiosensitivity. Such spatiotemporal modeling by
modern computational techniques will be necessary for establishing precision
brachytherapy in the future. In this article, we describe three techniques: (1) how to
track internal organ motion and deformation for dose assessment, (2) how to topo-
logically correlate local dose effect in an organ, and (3) how to detect intra-organ
heterogeneity of radiosensitivity. Finally, we will discuss recent rapid progress of
the application of deep learning in the field of brachytherapy.

3.2  Tracking Inter-fractional Organ Motion by Non-rigid
Registration

Among several contributing factors to the overall uncertainty in clinical brachy-
therapy, Kirisits et al. demonstrated that the most substantial dose deviation was
related to inter- and intra-fractional anatomical differences [5]. Because even a
small change of spatial dose distribution may cause severe consequences due to the
steep dose gradients of brachytherapy, evaluation of organ deformation occurring
over the course of radiotherapy is essential to analyze the risk of acute and late
adverse events of OARs [6]. In this section, we discuss inter-fractional organ motion
and its dosimetric impact in the treatment of cervical cancer. Because of highly
mobile nature of pelvic organs, there have been limitations of the current treatment
planning system to calculate cumulative dose distributions over the course of
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fractionated brachytherapy since tracking large deformation of anatomies such as
the bladder and rectum is challenging.

Non-rigid registration is an essential technique to quantify the anatomical and
dosimetric changes during multiple brachytherapy fractions, which is a process to
estimate transformation parameters between two images and to bring them into the
same coordinate space [7]. Since almost all imaging data are taken at different
timeframes, aligning two different coordinates of varying organs on a reference
frame is necessary for computational analysis such as calculating dose accumula-
tion and tracking organ motion. There are multiple types of non-rigid registration
algorithms depending on matching criteria, transformation function, and optimiza-
tion method [8], widening their ranges of application in radiotherapy more
extensively.

In an article [9], we presented a novel framework to calculate spatiotemporal
dose summation in accordance with organ motion and deformation and compared it
with simple addition of DVH-based parameters in multi-fractionated brachyther-
apy. For the core of the framework, we adopted a surface-based non-rigid registra-
tion based on Gaussian mixture model (GMM) to document the changing patient
anatomy [10]. The surface-based algorithm has been employed in handling targets
with a large deformation such as organs in the pelvic region due to its higher accu-
racy and feasibility.

3.2.1 Theoretical Background of Non-rigid Registration Based
on GMM

A Gaussian mixture is defined as a convex combination of Gaussian component
densities (xI p;, X;) , where ; is a mean vector and X, is a_govariance matrix. The
probability density function is explicitly given as p(x) = Zwld)(x (T l.) , where
w; are weights associated with the components. Assuming ro prior information, the
model proposed by Jian et al. [10] is simplified as follows: (1) the number of
Gaussian components is the number of the points in the set; (2) each Gaussian com-
ponent has the same weight; (3) the mean vector of each component is given by the
location of each point; and (4) each Gaussian component has the same spherical
covariance matrix. Thus, they treated the problem of point set registration as that of
aligning two Gaussian mixtures by minimizing a certain dissimilarity between the
two corresponding mixtures. For measuring similarity, the L, distance between
Gaussian mixtures was selected. Therefore, the registration method between a model
set M and a scene set S finds a parameter 6 of a parametrized transformation model
T, which minimizes the following cost function as

d, (5.M.0)=[{gmm(S)-gmm(T(1.0))}" dx, 3.1)

where gmm(P) refers to a Gaussian mixture density constructed from a point set P.
Practically, registration process begins with estimation of an initial scale ¢ from
input point sets and specifies an initial parameter € from an identity transform. Each



26 K. Kobayashi

annealing step sets up and optimizes the objective function d, (S M ,0) by using a
numerical optimization engine. With updated parameter from the minimized objec-
tive function and decreased scale, the annealing step is repeated until some stopping
criteria are satisfied. Since the objective cost function tends to be smoother with a
larger scale than a smaller scale, decreasing scale in each step implements a hierar-
chical approach from a coarse-to-fine fashion avoiding the trap of local minima.

Andersen et al. performed a considerable study to evaluate 3D dose distribution
after two fractions of pulse-dose-rate brachytherapy by using the similar computa-
tional technique [11]. However, a difficulty lies in modeling a reference frame for
simultaneously registering multiple structures in fractionated high-dose-rate
brachytherapy, which usually needs more than four applications. Because the algo-
rithm treated two point sets as two mixtures of Gaussians in a symmetrical manner,
the deformations were independent of the direction of the registration. Therefore,
we created a patient-specific average organ structure as a reference frame for dose
summation.

Our result demonstrated that even though a systematic dose difference was
small between two applications, cumulative dosimetric uncertainties could not be
negligible (Fig. 3.1). In particular, D, for both the bladder and rectum showed
a consistent difference from the simple DVH parameter addition. The systematic
and random dose deviation is considerable so that the simple addition of DVH
parameters should be applied with a caution during the course of a large number of
brachytherapy fractions. Furthermore, the result naturally brings up the question
whether the spatial dose accumulation calculated by the non-rigid registration has
an actual association with the site of radiation injury. In the next section, we will
discuss how to topologically correlate local dose effect in an organ from this point
of view.

1st fraction 2nd fraction 3rd fraction 4th fraction

Bladder

Rectum

Fig.3.1 Inter-fractional locational variation of high-dose volumes on the bladder and rectum in a
patient with uterine cervical cancer, who underwent a total of four fractions of intracavitary
brachytherapy
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3.2.2 Dose Reconstruction for Locating the Development
of Radiation Toxicities

Small organ subvolume irradiated by a high dose has been considered to contribut-
ing to severe complication after radiotherapy. However, evidence directly demon-
strating a correspondence between the high-dose volume and the location of
radiation toxicity was limited. In each fraction of high-dose-rate brachytherapy,
maximally irradiated subvolume of OARs will be different according to the ana-
tomical variations of shape, location, and volume. Since DVH cannot incorporate
spatial consideration, non-rigid registration might be essential to investigate how
high-dose volume topologically correlates with the position of radiation morbidity.
In this section, we discuss the method how to discover the locational correspon-
dence between the spatial dose distribution and the portion of radiation injury [12].

We experienced a case of an 80-year-old man, who developed tracheobronchial
stenosis as a late radiation morbidity after high-dose-rate endobronchial brachy-
therapy followed by external beam radiotherapy (EBRT) for tracheal cancer.
Endobronchial brachytherapy can be a treatment of choice for early-stage tracheal
cancer as a boost for EBRT or as a definitive therapy [13-15]. However, in some
cases with longer follow-up, endobronchial brachytherapy leads to severe compli-
cations such as radiation-induced bronchitis, bronchial stenosis, and fatal hemopty-
sis [16, 17]. Thus, spatiotemporal dose assessment of bronchial brachytherapy is
necessary for improving its safety and efficacy.

Using non-rigid registration, we developed a dose reconstruction technique to
investigate a locational correspondence between the region irradiated by high dose
and the site where late radiation injury appeared as tracheobronchial stenosis
(Fig. 3.2). Non-rigid registration based on GMM accurately aligned pre- and post-
treatment organ structures with low distance error, even though the posttreatment
tracheobronchial surface showed a severe anatomical deformation.

Surface dose Dose mapping
on pre-treatment organ Surface-based registration on post-treatment organ

pre-treatment post-treatment

Fig. 3.2 Schematic of the image-processing pipeline for the dose reconstruction technique. The
core of the framework is the surface-based non-rigid registration, enabling to estimate irradiated
doses to the posttreatment organ from the dose distribution of the pretreatment organ
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Consequently, the reconstructed local dose on the tracheobronchial surface sig-
nificantly corresponded with the degree of radiation stenosis, demonstrating an effi-
cacy of non-rigid registration to predict the location-by-location difference in the
severity of late radiation injury. Since there have been few reports on the spatial
correspondence between high-dose volume and the site of radiation injury [18], this
approach is crucial because it has a potential to locate subsites in OARs where the
severe radiation toxicity will develop. The dose reconstruction technique might be
applicable to other treatment sites. For sophisticating and standardizing to predict
radiation toxicity with spatial consideration, we will move on to the next section and
discuss how to detect intra-organ heterogeneity of radiosensitivity.

3.2.3 3D Statistical Model to Detect Heterogeneous Intra-organ
Radiosensitivity

Some acute and late complications of radiotherapy are not only related to volumet-
ric aspects of the dose but particularly to the spatial pattern of dose distribution.
However, DVH is unable to correlate the treatment outcome with a particular dose
pattern, because it considers organs as having homogeneous radiosensitivity and
reduces the 3D dose distribution to the 2D histogram. Since different dose distribu-
tions with similar DVHs sometimes lead to different clinical consequences, the
method to unravel heterogeneous intra-organ radiosensitivity underlying between
local dose and toxicity at a voxel level is necessary for establishing precision
brachytherapy. Here, we discuss regarding the relationship between iodine-125 seed
implantation and the development of lower urinary toxicities to investigate hetero-
geneous intra-organ radiosensitivity.

Several approaches have been made to detect particular dose pattern related to
clinical outcomes. Buettner et al. demonstrated the shape of the dose distribution is
related to a late complication of the rectum after prostate radiotherapy [19]. They
also proposed a parameterized representation of the spatial dose distribution in the
rectal wall and showed its superior performance to DVH-based model regarding the
capacity of toxicity prediction [20]. More recently, Liang et al. proposed a method
applying for non-rigid image registration in combination with principal component
analysis (PCA) regression to identify particularly vulnerable regions associated
with acute hematologic toxicity after the pelvic irradiation [21].

There are two difficulties in modeling spatial parameters to predict radiation
toxicity from a population-based dataset. One is considerable difference of indi-
vidual anatomies and dose distributions, which makes it difficult to compare spatial
dose distributions with each other. As shown in previous sections, non-rigid image
registration is necessary for standardizing all the data to a common reference frame,
where voxel-wise analysis can be reasonable. Here is an example of our method to
align different shapes of the individual prostate into a standard reference frame,
which was obtained as an average morphology of the prostates in the population.
This image-processing technique is often referred to as anatomical standardization
(Fig. 3.3).
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Before standardization After standardization

'

Fig. 3.3 Anatomical standardization using non-rigid registration. Individually different intrapros-
tatic dose distributions were aligned to a common reference frame, which was created to be the
average shape from the 75 prostates

Another is in manipulating the high dimensionality of variables contained in
each data. Since dose distribution and medical imaging usually take forms of 3D
arrays, the traditional statistical analysis is often insufficient to identify a significant
spatial pattern of covariates. To cope with it, we will discuss three possible
approaches.

3.2.3.1 Voxel-Wise p-Value Mapping

Voxel-wise #-test to quantify the difference between two datasets has been used
mainly in the field of neuroimaging [22]. Regions with low p-value are considered
significant. Although this approach can be easily implemented, a significant draw-
back is that all voxels are treated as independent units, and spatial correlation cannot
be taken into consideration.

3.2.3.2 Principal Component Analysis

PCA is useful for dimensional reduction and feature extraction from high-dimen-
sional data. Here, we describe an example calculation how to apply PCA to detect
intra-organ heterogeneous radiosensitivity. We first align the data of N patients with
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M variables into a dose matrix D € RV*¥. When dose distributions were standard-
ized to a common reference frame, the position of each element in the column vec-
tor corresponds to a specific location. PCA will produce a matrix E € R¥*¥, which
is composed of eigenvectors corresponding to the nonzero eigenvalues in descend-
ing order of their values. Since the sample size of N is usually much less than the
number of dose voxels of M, there will be at most N independent eigenvectors.
Now, dose array of i-th patient was uniquely represented as

k=1
d =Y 0,e, (3.2)
N

where 6, and ¢; represent k-th principal component score and eigenvector, respec-
tively. Thus, if we can identify a set of significant eigenvectors (e;); < ; associated
with a clinical consequence by linear regression with principal component scores
(0, ...0y) as predictor variables, the model can be represented as

Yi = > ﬁkeik =2 ﬂkek 'd,', 3.3)
kel kel

where f; is a regression coefficient with statistical significance. Therefore, hypo-
thetical parameter distribution representing intra-organ radiosensitivity can be con-
sidered as sum of the eigenvectors weighted by significant regression coefficients

(7= 2 e

The main limitation of PCA is that it requires rearrangement by vectorizing
images into an array with considerable loss of spatial information, making it diffi-
cult to interpret some principal components.

3.2.3.3 Tensor Regression-Based Model

Tensor provides a natural representation for multidimensional data. A first-order
tensor is a vector, a second-order tensor is a matrix, and tensors of order 3 or higher
are called higher-order tensors. Here, we hypothesize that a toxicity of prostate can
be predicted by a parallel architecture model [23] and formulate its complication
probability model as

y=(B,X), 3.4)

where: Be R"7 and X e R"*™ represent 3D (D = 3) radiation sensitivity
and dose distribution, respectively Inner product between two tensors is defined as
B, X= X B, , x, . .Toovercome ultrahigh dimensionality of the model, Zhou
et al. pfOsted tensor regression in combination with low rank tensor decomposi-
tion [24]. A tensor of B € R”*7 admits a rank-R decomposition as

ISINC) ")
B:%ﬁl o-uoﬂD s (35)

where ﬁy) € R”™ is column vector, approximating the original signal with a small
number of parameters. In this context, the mode-d matricization and the vec opera-
tor have the following relationship [25]:
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B(d)=Bd(BD®“'OBd+1®Bd—1O"'OBI) (36)
and

VecB:(BDO-uOBl)lR, (3.7

d

Ip,x
where B, = ﬁf),m,ﬂ‘SR) IS R”X'”XR,BD O--OB, € R ! is the Khatri-Rao
product [26], and 1 is the vector of R ones. Therefore, the systemic part of the pre-
dictive model can be rewritten as

Y= (BX)=(X B o0 BY X) = (B, ©+ O B,)1,,vecX) (3.8)

Estimation of all parameters of B can be handled in the framework of linear regres-
sion, since tensor decomposition turns their covariates into simple vectors. Block
relaxation algorithm is useful for the parameter estimation [24], and the array inner
product can be obtained as

r=1
<%[)’1(r) 0---0ﬂ£’),X) =(B,.X, (BD ©--OB,,, OB, Q"‘QBl»- (3.9)

Finally, we can iteratively run this block updating calculation in the range of its
dimension until the likelihood ceases to increase.

The tensor regression-based model predicted that a region close to the prostate
base could be sensitive to the development of urinary toxicity after iodine-125 seed
implantation for prostate cancer (Fig. 3.4). Since the number of parameters still
exceeded the sample size even for a low-rank model, regularization might be neces-
sary for stabilizing the estimates to avoid overfitting. Consequently, the problem of
detecting heterogeneous radiosensitivity from the standardized dose distribution
can be treated as a structure-preserving dimension reduction method. Among the
three proposed approaches, we consider that the tensor regression-based model is
suitable for both reducing dimension and incorporating spatial consideration to pre-
dict normal tissue complication probability without any a priori knowledge.

Cranial Cranial Cranial Cranial
I Left ‘;
Left é Left >/' Left
Dorsal Dorsal Dorsal Dorsal

Fig. 3.4 The parameters calculated by the tensor regression model, showing the region close to
the prostate base might be sensitive to the urinary toxicity
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3.2.4 Future Direction Driven by Deep Learning

Deep learning is an emerging technology as a particular type of artificial neural
network resembling the multilayered human cognition system. Because of its poten-
tial to perform some visual and auditory recognition tasks at superhuman levels, it
is gaining a great deal of attention for the possible application in the wide range of
real-world tasks. The most successful type of deep learning for image analysis is
convolutional neural networks (CNNs), which won an overwhelming victory by a
large margin in the worldwide computer vision competition, ImageNet Classification,
in 2012 [27]. In subsequent years, CNNs have exhibited impressive performances
superior to human in various tasks, including medical imaging [28].

Recently, Zhen et al. introduced a CNN-based model to analyze rectum dose
distribution and predict rectum toxicity for 42 patients with cervical cancer treated
with EBRT and brachytherapy [29]. Because training a large CNN from scratch
with a limited number of clinical data would be impractical, they alternatively uti-
lized transfer learning from a pre-trained model and fine-tuned the model to predict
a new classification task, which distinguished toxicity and nontoxicity from dose
distributions. Prediction performance was reported to be satisfactory, and the gradi-
ent-weighted class activation maps showed the geometric consistency of distribu-
tion, indicating possible location of rectum toxicity.

Because deep learning offers end-to-end learning paradigm, eliminating the need
for handcrafted features, it is considerably flexible and easy to apply for various
tasks. The number of application reported in the field of brachytherapy is still lim-
ited; however, deep learning as an emerging state-of-the-art technology would have
a significant impact not only on the brachytherapy but also in medicine as a whole.

For establishing the precision brachytherapy, we reviewed several computational
approaches mainly focusing on how to incorporate spatial consideration into the
prediction of toxicities. Further in-depth investigation and validation on a large
cohort are warranted to provide practical insight into the development and sophisti-
cation of algorithms.
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Moving on from LDR to HDR

Takashi Nakano and Masaru Wakatsuki

Abstract

Low-dose-rate (LDR) intracavitary brachytherapy for the uterine cervix was a
standard treatment modality in the first half of the twentieth century. High-dose-
rate (HDR) intracavitary brachytherapy was developed to overcome some draw-
backs of LDR brachytherapy (e.g., exposure of the medical staff and long
treatment time). After biological effects including fractionation effects of HDR
brachytherapy were determined by basic and clinical studies, HDR intracavitary
brachytherapy increasingly has been used by the early twenty-first century.
Advantage of adjustability of dose distribution in HDR brachytherapy acceler-
ated the clinical application by development and introduction of CT/MRI images
in image-guided brachytherapy (IGBT) in these days.

Keywords
LDR to HDR - Brachytherapy - IGBT

4.1 Introduction

Intracavitary radiation therapy has been recognized as one of the most effective
treatment modalities for uterine cervical cancer. In the first half of the twentieth
century, low-dose-rate (LDR) intracavitary brachytherapy had produced successful
clinical results, such as Stockholm method, Paris method, and Manchester methods.
This modality, however, has some drawbacks (e.g., exposure of the medical staff
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and physical and psychological load to the patients caused by long treatment time
and difficulty keeping the precise positioning of applicators during treatment).
High-dose-rate (HDR) intracavitary brachytherapy was developed by Henschke
et al. and O’Connel et al. in 1964 to overcome these drawbacks [1, 2] and was intro-
duced in Japan by Wakabayashi et al. in 1965 [3]. At that time, the treatment was not
successful because of overdosage due to ignorance of the biological effects of HDR
brachytherapy. Arai et al. developed HDR intracavitary brachytherapy in 1968, and
this chapter introduced the moving on from LDR to HDR in Japan.

4.2 Development of the Applicators for Afterloading
Intracavitary Radiation Therapy

In Japan around 1960, intracavitary brachytherapy for uterine cervical cancer had
not been established on the standard treatment methods. In 1962, Tazaki, Arai, and
Oryu introduced the original applicator (TAO applicator) for afterloading intracavi-
tary radiation therapy for cervical cancer, which can be capable of placing the
radium source in the standard position of Manchester methods [4] (Fig. 4.1). The
shape of the outer surface of ovoids was curved according to dose distribution of
ovoid sources to give as homogeneous dose to the surface of the vagina as possible.

A e ©

R (a) Ovoid
(b) Uterine catheter
(c) Tandem tube

(d) Tandem source

Frontal view

Tazaki E, et al. Jpn J Clin Radiol 1965; 10:768-775

Fig. 4.1 TAO applicators
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Fig. 4.2 Schema of dose
calculation at point A and
point B. Two doses of
Dose distribution charts of
Tanndem and Ovoids on
transparent films are added
to calculate doses of Points
A and B

In addition, exposure to the medical staff can be decreased to 1/10 by using these
afterloading applicators [4]. After then, they have made dose distribution chart for
TAO applicators, which were corresponding to each length and angle of a tandem
and each length between ovoids (Fig. 4.2). These afterloading applicators and dose
distribution chart could establish the standard treatment methods of remote after-
loading of LDR intracavitary brachytherapy for uterine cervical cancer.

4.3  Clinical Trial of HDR Intracavitary Brachytherapy
for Patients with Cervical Cancer

High-dose-rate intracavitary brachytherapy was developed by Henschke et al. and
O’Connel et al. in 1964 to overcome these drawbacks and was introduced in Japan
by Wakabayashi et al. in 1965 [1-3]. At that time, the treatment was not successful
because of overdosage due to ignorance of the biological effects of HDR brachy-
therapy. Arai et al. initiated the clinical trial to identify equivalent doses for treat-
ment between LDR and HDR intracavitary brachytherapy for patients with cervical
cancer in 1968 [5, 6]. They conducted the phase I study which had planned HDR
brachytherapy schedule similar to the LDR schedule for stage I-II cervical cancers.
The HDR intracavitary brachytherapy is performed on a fractionation schedule with
one insertion per week, giving five fractions during a period of external pelvis irra-
diation with central shielding so that the most susceptive area of the rectum and the
bladder by brachytherapy was not irradiated by external beams. The equivalent dose
linear line showed that biologically equivalent point A dose of LDR brachytherapy
was 1.7 times higher than that of HDR brachytherapy (Fig. 4.3). The dose of HDR
intracavitary brachytherapy sets four levels: level 1, 7 Gy per fraction; level 2, 6 Gy
per fraction; level 3, 5 Gy per fraction; and level 4, 4 Gy per fraction. The results of
this clinical trial are shown in Table 4.1. These results suggested dose of level 2,
which was 30 Gy/5 fractions, might be the recommended dose for stage I-II disease
in terms of good local control with acceptable low severe complication.
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Fig. 4.3 Relation between dose and fractionation (high- and low-dose-rate intracavitary irradia-
tion). Stage I and II patients irradiated with central shielding external irradiation

Table 4.1 Dose escalation study of HDR-intracavitary brachytherapy

Dose Number of cases | Local control | Acute toxicities for rectum or bladder

Level |35 Gy/5fr |10 10/10 Mild

1

Level |30 Gy/5fr |10 10/10 None

2

Level |25 Gy/5fr |10 8/10 None

3

Level |20 Gy/5fr |5 3/5 None

4
4.4  Twenty-Year Experience of HDR Intracavitary Radiation

Therapy for Cancer of the Uterine Cervix

Retrospective analysis was performed on 1022 patients with squamous cell carci-
noma of the uterine cervix who were treated with HDR intracavitary brachytherapy
at the National Institute of Radiological Sciences [7] from 1968 to 1982 in compari-
son with LDR intracavitary brachytherapy. The patient’s population consisted of
147 patients with Stage I disease, 256 patients with Stage II disease, 515 patients
with Stage III disease, and 104 patients with Stage IV disease. Before 1968, 257
patients with cervical cancers were treated with LDR intracavitary brachytherapy.
There were 13 patients with Stage I disease, 5 patients with Stage Ila disease, 5
patients with Stage IIb disease, 143 patients with Stage IIIb disease, 21 patients with
Stage I'Va disease, and 10 patients with Stage IVb disease. The treatment schedule
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of Japanese standard protocol of radiation therapy for cervical cancer is shown in
Table 4.2.

Absolute 5-year survival rates for stage Ib, Ila, IIb, IlIb, I'Va, and IVb diseases
were 88.1%, 76.9%, 67.0%, 52.2%, 24.1%, and 13.3, respectively. For comparison,
absolute 5-year survival rates of treated patients with stage Ib, IIb, IIIb, and I'Va
diseases were 83.3%, 73.8%, 63.1%, 46.5%, and 13.5, respectively. Figures 4.4 and
4.5 show survival rates of the patients for HDR and LDR brachytherapy with exter-
nal pelvis irradiation according to stages. There were no significant differences
between LDR and HDR series.

The late complications induced by radiation after HDR and LDR brachytherapy
are shown in Table 4.3. The rates of severe complication of grade 3 and 4 were 4.1%
for the rectosigmoid colon, 1.2% for the bladder, and 1.1% for the small intestine.
There were no significant differences between LDR and HDR series.

In the case of stage I to II disease, the optimal dose from intracavitary sources was
suggested to be 29 Gy + 2 Gy at point, with four to five fractions of 6 to 7 Gy delivered

Table 4.2 Treatment protocol for cervical cancer

External irradiation Intracavitary irradiation

Size of tumor | WP (cGy) CS (cGY) High D-R (cGy/fr) Low D-R (cGy/fr)
Ib 0 4500 2900/5 5000/5
I

Small 0 5000 2900/5 5000/5

Large 2000 3000 2300/4 4000/3
111

Small 2000-3000 2000-3000 | 2300/4 4000/3

Large 3000-4000 1500-2500 | 1500/3~2400/4 2500/2~4000/3
IVa 4000-5000 1000-2500 | 1500/3~2000/4 2500/2~3300/3

WP: whole-pelvis field; CS: pelvis field with central shielding; D-R: dose rate; fr: fraction
Arai T et al. Cancer. 1992;69:175-180
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Table 4.3 Complication rates of patients after HDR and LDR intracavitary brachytherapy

Complication Rates of patients after HDR intracavitary brachytherapy

Grades of severity (%)
Site 0 1 2 3 4
Rectosigmoid colon 82.0 7.5 6.5 1.9 2.2
Bladder 85.3 8.0 5.5 0.8 0.4
Small intestine 95.9 1.3 1.8 1.0 0.1
Complication Rates of patients after LDR intracavitary brachytherapy

Grades of severity (%)
Site 0 1 2 3 4
Rectosigmoid colon 70.8 10.9 15.6 2.0 0.4
Bladder 85.6 6.6 7.0 0.4 0.4
Small intestine 98.5 0.8 0 0.4 0

over 4 to 5 weeks (Fig. 4.6). This result suggested that HDR intracavitary radiation
therapy provided clinical results comparable to those of the LDR technique [8].

4.5 Establishment of the Standard Treatment Schedule

According to this clinical trial and clinical experiences, Arai et al. established the
standard treatment of radiation therapy for uterine cervical cancer and introduced
the General Rules for Clinical and Pathological Management of Uterine Cervical
Cancer in 1987 [9]. In the same period, Nakano and Arai et al. introduced image-
guided brachytherapy (IGBT) with use of MR images to coordinate the dose from
brachytherapy in early 1987 [10] and researched the optimum dose of HDR brachy-
therapy for uterine cervical cancer. Terahara and Nakano et al. reported the retro-
spective analysis of the relationship between dose distribution and local control
using a dose-volume histogram (DVH) based on CT images in 1996 [11]. In local
recurrence, a patient’s absolute dose volume (<24Gy/4 fractions) was significantly
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Fig. 4.7 The relationship between local control and absolute DV(<24 Gy). In local recurrence
patient’s absolute DV (<24 Gy) was significantly larger compared with that in patients with local
control

larger compared with that in patients with local control (Fig. 4.7). These data sug-
gested current prescribed dose system for IGBT.

In conclusion, moving from LDR to HDR started around 1960 and was estab-
lished in 1987 in Japan. After then, there are many experiences for patients of uter-
ine cervical cancer treated with HDR brachytherapy in Japan. In the twenty-first
century, the USA and Euro countries have been moving from LDR to HDR, and
there were several reports on this. Their treatment strategies are different from the
Japanese strategy, such as central shielding and fractions of brachytherapy. In the
future, we need to respect the long experiences of HDR brachytherapy in Japan and
develop and improve more effective treatment strategies.
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Intracavitary Brachytherapy from 2D
to3D

Takafumi Toita

Abstract

Intracavitary brachytherapy (ICBT) has played an important role as the definitive
radiotherapy modality for patients with cervical cancer over the last 100 years.
ICBT has been performed based on the two-dimensional (2D) planning with the
use of orthogonal X-ray films for a long time. Doses are prescribed at point A
according to the classical or modified Manchester systems. Recently, a dramatic
shift has occurred from 2D to three-dimensional (3D) on ICBT planning.
3D-ICBT improves dose coverage of the cervical tumor while limiting overdos-
age of the surrounding normal organs. In this paper, we reviewed the history and
clinical results of the 2D- and 3D-ICBT procedures. We also mentioned the
issues and future challenges of image-guided brachytherapy (3D-IGBT) in the
treatment of uterine cervical cancer.

Keywords
Uterine cervical neoplasms - Radiotherapy - Image-guided - Intracavitary
brachytherapy

5.1 Introduction

Standard definitive radiotherapy (RT) for cervical cancer patients consists of external
beam radiotherapy (EBRT) to the whole pelvis and intracavitary brachytherapy
(ICBT) [1]. Recently, some institutions have started to use EBRT with advanced
technologies such as intensity-modulated RT (IMRT) and/or stereotactic body RT
(SBRT) as alternative treatments to ICBT [2, 3]. Han et al. measured the utilization
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Table 5.1 Treatment planning of ICBT for cervical cancer

Surveillance 2D 3D
Country Year X-ray CT MRI
USA [4, 5] 2007 43% 55% 2%
2014 15% 95% 34%
Canada [6, 7] 2009 52% 43% 5%
2012 21% 75% 38%
2015 4% 96% 57%
UK [8] 2008 73% 22% 4%
2011 26% 51% 20%
Netherlands [9] 2015 0% 55% 100%
Japan [10, 11] 2012 80% 14% 1%
2016 40% 56% 4%
Brazil [12] 2013 92% 8% 0%

ICBT intracavitary brachytherapy, CT computed tomography, MRI magnetic resonance imaging

rate of ICBT in the USA between 1988 and 2009 with data from the Surveillance,
Epidemiology, and End Results database [2]. They found that the rate decreased
from 83% in 1988 to 58% in 2009. They also found that EBRT alone was associated
with significantly worse oncologic outcomes (overall survival, cause-specific sur-
vival) compared with ICBT [2]. Based on the evidence, the NCCN Clinical Practice
Guidelines in Oncology for Cervical Cancer, Version 1.2017 clearly stated that “con-
formal external beam radiotherapies (such as IMRT) should not be used as routine
alternatives to brachytherapy for treatment of central disease of an intact cervix” [1].

Three-dimensional conformal RT (3D-CRT) planned mainly with computed
tomography (CT) images has been the standard since the 1990s. Clinical application
of IMRT for whole pelvic RT has been rapidly increasing for definitive treatment as
well as for postoperative treatment in recent years. On the other hand, ICBT has
been performed based on the two-dimensional (2D) planning with the use of X-ray
films for a long time. However, a dramatic shift of treatment planning and evalua-
tion from 2D to 3D-ICBT has occurred in the past 10 years (Table 5.1).

In this article, we review the history and clinical results of 2D- and 3D-ICBT. We
also mention the issues and future challenges of image-guided brachytherapy
(3D-IGBT).

5.2 Evidence and Issues in the Era of 2D-ICBT
5.2.1 Low-Dose Rate (LDR) vs High-Dose Rate (HDR)

With the development of a remote afterloading system (RALS), the clinical appli-
cation of high-dose-rate ICBT (HDR-ICBT) spread rapidly from the 1980s in
Japan [13]. Favorable treatment results were reported from the early years [14—18].
There are potential biological disadvantages of HDR-ICBT compared with low-
dose-rate ICBT (LDR-ICBT), although HDR has many clinical advantages [19].
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Two randomized clinical trials were performed comparing treatment results of
HDR-ICBT and LDR-ICBT for cervical cancer patients in Japan [20, 21]. Both
studies demonstrated equivalent oncologic outcomes as well as the incidence of
severe late toxicities with the two treatments. Based on the study results and some
known clinical benefits, HDR-ICBT has become to be a standard treatment method
for cervical cancer patients treated with definitive RT [22]. In contrast, there were
deep-rooted apprehensions of HDR among some US radiation oncologists for sev-
eral years [23]. The Pattern of Care Studies (PCS) indicated slow spread of the
HDR-ICBT in the US actual clinical practice [24]. However, its application
increased very quickly from the 2000s [25]. High flexibility on source dwell posi-
tion and time of the new-generation HDR-ICBT machines has strongly contributed
on the subsequent development of novel three-dimensional image-guided brachy-
therapy (3D-IGBT).

5.2.2 Optimum Dose Considerations

Japanese treatment schedules of definitive RT for cervical cancer using HDR-ICBT
were determined empirically based on extensive clinical experiences of the HDR-
ICBT in Japan [14, 15]. Although those were not determined through prospective
trials, large amount of clinical data have validated favorable local control with
acceptable incidences of late complications [15-18, 26]. A large discrepancy in
total dose is observed between the Japanese schedules and those of the USA. Table 5.2
shows standard treatment schedules in the 2D-ICBT era from the two countries [27,
28]. The Japanese doses appear lower compared with those of the USA. The US
schedules were determined mathematically based on a radiobiological formula with
LDR-ICBT clinical data from large US centers [29-34]. Similar to the Japanese
schedules, the US schedules have never been tested through prospective clinical
studies. In addition to that, clinical data of the US schedules were limited [35]. One
of the major technical features of the Japanese definitive RT is the use of central
shielding (CS) for part of whole pelvis EBRT. The use of CS might compromise the

Table 5.2 Standard dose schedules of definitive radiotherapy for uterine cervical cancer

EBRT HDR-ICBT | Cumulative

(at central pelvis) (at point A) EQD2 (at point A)
USA (ABS) All stages 45 Gy 4 x7 Gy 83.9 Gy

45 Gy 5x6 Gy 84.3 Gy

45 Gy 6 x5 Gy 81.8 Gy

45 Gy 5x5.5Gy 79.8 Gy
Japan (JASTRO) | Early stage | 20 Gy 4 x 6 Gy 52 Gy

Advanced 30 Gy 4 x 6 Gy 62 Gy
40 Gy 3 x6Gy 64 Gy

EBRT external beam radiotherapy, HDR-ICBT high-dose-rate intracavitary brachytherapy
EQD?2 equivalent dose in 2 Gy/fraction
ABS American Brachytherapy Society, JASTRO Japanese Society for Radiation Oncology
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accurate evaluation of the cumulative dose of EBRT and ICBT. Petereit et al. stated
that some EBRT radiation could get transmitted through the CS or point A might be
defined differently [35]. In Japan, two multi-institutional prospective clinical stud-
ies were conducted to explore whether the Japanese schedules with lower cumula-
tive doses were appropriate [36, 37]. One was a study of definitive radiotherapy
without chemotherapy for patients with stage IB-IIB cervical cancer whose tumors
were smaller than 4 cm in diameter as assessed by MRI (JAROGO0401/JROSG04-2)
[36]. The other was a study of concurrent chemoradiotherapy for stage III-IVA
patients JGOG1066) [37]. To maintain RT quality, protocols of the studies included
an integrated RT quality assurance (QA) process. Credentialing of participating
institutions and individual case reviews for all patients were performed [38, 39].
Both studies demonstrated that Japanese schedules could achieve oncologic out-
comes equivalent to those of the global schedules using higher cumulative doses,
with less toxicity [36, 37]. There were two retrospective studies that reported the
clinical results of cervical cancer patients treated with definitive RT using the US
schedules [40, 41]. Although favorable local control rates were demonstrated, the
incidence of late toxicities was high compared with those of the Japanese schedules
[40, 41]. In my opinion, equivalent dose calculation converted from data of LDR-
ICBT to that of HDR-ICBT, which was undertaken in the USA, has potential pit-
falls. LDR-ICBT requires longer treatment times (2-3 days) compared with
HDR-ICBT (10-20 min). During the longer time period of LDR-ICBT, some degree
of applicator displacement may have occurred, which would have led to poor adap-
tation to the tumor shapes. As a result, the actual dose delivered may have been
lower than expected with LDR-ICBT. This could be one of the reasons that lower
doses would be adequate for treatment with HDR-ICBT compared with those bio-
logically calculated based on clinical data of LDR-ICBT. On the other hand, local
control for patients with large tumors (>70 mm in diameter) was poor with Japanese
schedules (cumulative point A equivalent dose in 2 Gy/fraction [EQD2] of
62-66 Gy) in a subset analysis of the JGOG1066 [37]. This result suggested that the
Japanese schedules are inadequate to achieve local control for patients with bulky
tumors.

Basically, no clear dose-response relationship in tumor control has been demon-
strated in the definitive RT, which consists of EBRT and ICBT, for cervical cancer
in the 2D era [33-35]. Dose evaluation at a single point A is the most critical prob-
lem for the issue. It is definitely difficult to determine the optimum dose at a single
point because of various tumor diameters, shapes, and extensions among different
patients. In other words, overdose could occur for tumors of small volume, and
underdose could occur for large tumors. In addition to that, the dose at point A dose
could vary with its definition [42]. Furthermore, use of the CS for EBRT adds
another difficulty to dose-response evaluation [43]. In the current practice of EBRT,
dose response is evaluated based on dose-volume histogram (DVH) parameters. In
definitive RT for cervical cancer, which consists of a combination of EBRT and
ICBT, dose-response analyses should also be conducted in terms of the DVH param-
eters. To perform this type of appropriate evaluation, 3D-based planning will be
essential also for ICBT.
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5.3  History: Shift from 2D-ICBT to 3D-IGBT

In the ICRU Report 38, the concept of reference volume (e.g., 60 Gy) and its three-
dimensional diameter was proposed [44]. This was based on the consideration that
a dose description at one reference point is inadequate due to a significantly steep
dose gradient around the sources of ICBT. The reference volume concept appeared
to be appropriate and had potential to lead to an update of the concepts of 3D-IGBT
[45]. However, this concept did not become popular, because there was a critical
limitation with lack of actual tumor volume data [46].

In 1982, early clinical experiences of 3D-IGBT using CT were reported [47, 48].
After those, advanced clinical studies of CT-based 3D-IGBT with a quantitative
DVH evaluation were reported from Japan [49, 50]. These studies indicated that
DVH parameters as well as tumor volume were predictive for tumor control [49,
50]. In 1987, Nakano et al. firstly reported the clinical experiences of MRI-based
IGBT in the treatment of cervical cancer [51].

The early studies of 3D-IGBT revealed some limitations in the dose evaluation
used in 2D-ICBT. First, dose to organs at risk (OAR) may be underestimated with
2D-ICBT [52-54]. These studies indicated that doses calculated at specific points
(e.g., rectum and bladder) tended to be underestimated when compared with doses
calculated based on volumes on CT [52-54]. More importantly, dosimetric evalua-
tions also revealed that dose evaluation at point A is insufficient for cervical tumors
[54, 55].

From the early 2000s, vigorous efforts have been made to standardize the
3D-IGBT methods used by the USA and Europe. Nag first published guidelines for
image-based ICBT for cervical cancer in 2004, developed by the Image-Guided
Brachytherapy Working Group, which consisted of several study group members
[56]. In 2005, another recommendation was published from Europe independently
by the Gynecological (GYN) GEC-ESTRO Working Group [57]. The American
Brachytherapy Society (ABS) members agreed with the GEC-ESTRO recommen-
dations, and additional guidelines were subsequently published from GEC-ESTRO
[58, 59].

5.4 Clinical Data of the 3D-IGBT

A large amount of clinical data have been published from the mid-2000s onward
from cervical cancer patients treated with the 3D-IGBT [60-76]. These studies
demonstrated excellent local control and fewer toxicities compared with those of
2D-ICBT (Table 5.3). Dose-response relationships in both local control [78-81] and
complications [82] have been demonstrated in several studies. The ABS recom-
mended >80 Gy as the planning aim of HR-CTV D90 for patients with either a
complete response or a partial response with residual disease smaller than 4 cm and
85-90 Gy for patients with poor response or those with residual disease larger than
4 cm [27]. The same doses were recommended for 2D-ICBT prescribed at point A
in the guidelines [27]. Dimopoulos et al. analyzed clinical data of patients treated
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with 3D-IGBT and suggested that a clinical cutoff value of 87 Gy for EBRT plus
IGBT for HR-CTV D90 [78]. They also conducted dose-response analyses in the
subgroups sorted by initial tumor width and tumor response to prior EBRT [79].
They demonstrated that the threshold doses to achieve local control were 91-92 Gy
as the HR-CTV D90 in patients with large or poor response tumors [79]. Mazeron
et al. reported similar results: that 92 Gy was required to achieve 90% local control
in patients with tumor volume >30 cm® [80]. Tanderup et al. suggested that 90-95 Gy
should be dose planning aims of HR-CTV D90 based on the data from the retroEM-
BRACE [81].

The ABS guidelines also gave recommendations on dose limits for OARs [27].
The recommended EQD?2 limit for the D2cc for the rectum and the sigmoid colon
was 75 Gy and was 90 Gy for the bladder [27]. These dose limits were based on the
single institutional clinical data of 3D-IGBT reported by Georg et al. [83]. Recently,
Mazeron et al. reported more detailed dose-volume effect relationships for rectal
morbidity in the prospective multicenter EMBRACE study [82]. They demonstrated
that D2cc < 65 Gy was associated with more minor and less frequent rectal morbid-
ity, whereas a D2cc > 75 Gy was associated with more major and more frequent
rectal morbidity [82].

It is generally difficult to achieve these goals within the dose limits of OARs.
Limitations of dose distribution in usual cervical ICBT with tandem and ovoid as
well as tandem and ring applicators were also revealed through the 3D-IGBT plan-
ning process [79]. This observation prompted the idea of adding interstitial needles
to the volume that had received an insufficient dose with the usual ICBT [84]. A
combination of ICBT and interstitial brachytherapy, called hybrid brachytherapy,
achieves satisfactory dose distribution to adequately cover the entire HR-CTYV,
especially for tumor of huge and/or asymmetric shape [85]. Clinical data were
reported as showing excellent local control without increasing complications [63,
65,72, 77].

As in the 2D-ICBT series, reported values of HR-CTV D90 from Japan were
also smaller compared with those from international institutions [66, 75, 76]
(Table 5.3). Median HR-CTV D90 ranged from 60 to 70 Gy in the Japanese series
[66, 75, 76]. Despite the lower dose being delivered, oncologic outcomes were
equivalent to those of other international series. While the actual reason is not clear,
there are two possibilities. One might be the use of CS as part of EBRT. Tamaki
et al. demonstrated that not accounting for the effects of CS on the dose led to a
substantial underestimation of the actual doses delivered to the central tumor, in
their excellent phantom study [86]. In other words, the cumulative EQD2 of
HR-CTYV D90 actually delivered might be higher than the simply summated EQD2
that completely omitted doses from EBRT with CS [86]. Secondly, images utilized
for IGBT might affect the HR-CTV D90.

Overall treatment time (OTT) was also pointed out as an important predictive
factor for local control in the 3D-IGBT series [80, 81], as was also observed in the
2D-ICBT series [33]. Tanderup et al. indicated that 5 Gy of HR-CTYV is required to
compensate for a 1-week increase in OTT [81].
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5.5 Issues to Be Addressed in the 3D-IGBT
5.5.1 Imaging Modalities for IGBT

The GEC-ESTRO and international experts recommend the use of MRI T2WI as the
gold standard imaging modality for 3D-IGBT for cervical cancer [57, 87]. The main
reason is its excellent soft tissue resolution, which can distinguish between tumor and
normal tissues [88]. This is a strong advantage of the MRI-based IGBT over the
CT-based IGBT: the ability to achieve minimum variation of CTV contouring among
physicians and institutions. Standardization of HR-CTV contouring as well as goal and
constraint of the doses has been developed with MRI-based IGBT, and excellent MRI-
based IGBT clinical data have been published. However, limited access to and length
time of MRI examinations in clinical situations could be a serious barrier to its routine
applications. As shown in Table 5.1, CT has been utilized as an alternative to MRI in
the clinical practice in many countries. Some investigators have claimed that CT-based
contouring has some uncertainty compared with MR-based contouring [89-91].
Viswanathan reported that OAR delineation was nearly comparable between CT and
MRI, but HR-CTV delineated with CT was larger than that of MRI [89]. To overcome
the potential risk of variation of HR-CTV contouring, standardization of CT-based
contouring will be important to achieve. Recently, the Japanese Radiation Oncology
Group (JROSG) published consensus-based guidelines regarding CT-based HR-CTV
[92]. The guidelines recommend referring to MR images obtained immediately before
the first ICBT session to help draw the appropriate HR-CTV with CT images [92].
This process was also recommended by the US experts [5]. However, it is sometimes
difficult to distinguish normal organs, e.g., bowel loop and/or ovaries, from the uterine
body with CT images, especially in thin patients. Another difficulty in correct referenc-
ing of MRI findings into CT series is recognition of the cervical canal and of change in
uterine flexion. The cervical canal is not always visualized on MRI without insertion of
a tandem applicator. Changes in uterine flexion make it difficult to fuse MR images
without applicators into CT images with applicators.

Nasvacil et al. reported the feasibility of adaptive IGBT planning in a setting with
limited access to MRI, using MRI for the first ICBT fraction and planning of subse-
quent fractions on CT [93]. They demonstrated that the difference between the MRI-
based HR-CTV and transferred virtual HR-CTV on CT was generally small, and as a
result, the difference between the virtual and real D90 was also small [93]. This strat-
egy is promising because this could be applied even in a busy clinical situation in
which perform MRI for all ICBT fraction. There are some limitations in cases with
large tumors and complex applications, as well as situations with unfavorable OAR
topography. This strategy has also been adopted in some Japanese institutions [94].

5.5.2 Design of Multi-Institutional Clinical Trial Involving ICBT
as a Part of Protocol Treatments

Several multi-institutional prospective clinical trials are ongoing regarding defini-
tive concurrent chemoradiotherapy for cervical cancer patients. Some of these trials
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are designed to compare the oncologic outcomes of patients administered different
drugs. Most of the trial protocols allow the use of both 2D-ICBT and 3D-IGBT. In
each study, doses are prescribed and evaluated in two different ways: point A and
D90 of the HR-CTV. Despite the lack of randomized studies, some investigators
have demonstrated that 3D-IGBT was associated with significant improvement of
local control rate as well as decreased toxicity compared with 2D-ICBT [61, 62, 64,
67, 77]. In such a situation, there might be some concern whether the results could
be interpreted properly because the application of 3D-IGBT itself might have posi-
tive impact on the outcomes. Effective statistical and/or other types of mechanism
would be encouraged to reach valid interpretation of the results in the clinical trials
which allows the use of both 2D-ICBT and 3D-IGBT.

5.5.3 Otherlssues for 3D-IGBT

Tanderup et al. performed a comprehensive review regarding uncertainties in IGBT
for cervical cancer [95]. They presented an uncertainty budget quantitatively for one
ICBT fraction [95]. They showed several uncertainties that might have had an
impact on planning and prescription [95]. They noted intra- and inter-fraction (intra-
application) uncertainties were most significant, with 12% for target (HR-CTV) and
21-26% for OARs (D2cc) [95]. This might indicate that individual treatment plan-
ning per ICBT fraction is essential to achieve proper dose evaluation. However,
there are institutions in which IGBT planning is performed in the first session only.
The ICRU Report 89 covers issues of inter-application uncertainties in such condi-
tions [96]. Even in a situation in which 3D-IGBT planning per fraction is difficult,
3D image acquisition in every IGBT session should be minimum requirement to
perform IGBT appropriately.

This situation might be due to limited manpower, machine time, and insufficient
reimbursement. | think that adequate reimbursement is the most important issue for
the appropriate delivery of ICBT especially for 3D-IGBT. 3D-IGBT is a highly
time- and labor-intensive treatment and requires great skill to perform. ICBT is a
very important component of curative treatment for patients with cervical cancer
[1]. Without appropriate application of ICBT, treatment outcomes would be com-
promised. Therefore, the effort to achieve sufficient reimbursement has high
priority.

Several types of applicators that are compatible with CT/MRI-based IGBT are
commercially available. Fletcher family applicator sets consisting of tandem and
ovoids are the most popular in the Asian countries, including Japan. Tandem and
ring systems are also commonly utilized in other countries but not in Japan. The
main reason why ring systems are unavailable in Japan is the size of the sets: appli-
cators suited for small Asian women are warranted. Proper adaptability of the appli-
cators is one of the most important basic conditions [97]. In addition, additional
interstitial needles as hybrid-IGBT are usually inserted manually without template
devices in Japan [85], as no template devices are commercially available in Japan.
In this situation, the application quality of hybrid-IGBT would strongly depend on
the skill of the radiation oncologists. In such situations, safe and standardized
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performance is difficult in hybrid-IGBT. Vendors should make special efforts to
design and deliver new devices that fit Asian women with small organs, with accept-
able costs.

A combination of ICBT and additional interstitial brachytherapy, so-called
hybrid-IGBT, is an excellent strategy especially for patients with bulky and/or irreg-
ular-shaped HR-CTV. Inverse planning is commercially available and has been
tested clinically. Inverse planning has potential in cases treated with hybrid-IGBT
[98]. Tinkle et al. reported excellent clinical outcomes for cervical cancer patients
treated with inverse planned IGBT [70]. To further promote the investigation and
clinical use of the hybrid-IGBT with inverse planning, applicators with appropriate
templates, enabling the insertion of interstitial needles into the intended region,
should be strongly encouraged.
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Midline Block (Central Shielding)

Tomoaki Tamaki

Abstract

In radiotherapy for cervical cancer, because brachytherapy can provide concen-
trated dose to the primary tumor, midline block (central shielding) has been
applied at least partially in external beam therapy to lower the dose to rectum and
bladder and avoid severe complications. Although this practice has been
decreased over the years globally, the central shielding technique continues to be
used as standard in Japan. The use of central shielding in Japan has resulted in
relatively low incidence of late complications in the rectum and bladder without
compromising the disease control. Recent study of composite dose distributions
of the treatment regimen using central shielding revealed its characteristics
which explains the benefit of this technique. This chapter will cover the history,
philosophy, analysis of composite dose distributions, issues of dose reporting,
and the future prospect of this technique.

Keywords
Cervical cancer - Brachytherapy - Central shielding - Midline block - Composite
dose distributions - DVH parameters

6.1 History of Central Shielding

The current practice of radiotherapy for cervical cancer consists of external beam
radiotherapy (EBRT) and brachytherapy. At the original time of radium therapy,
however, the treatment was implemented with radium therapy alone. EBRT was
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added in order to treat lymph nodes metastasis and the tumor extension in the para-
metrial tissue where the radium brachytherapy cannot provide adequate radiation
doses.

According to the Manchester method reported by Tod and Meredith in 1938, a
method of 200-250 kV X-ray external beam irradiation to parametria was presented
[1]. In this method, a strip of lead which completely shields the center of the pelvis
was applied in the anterior and posterior fields to supplement the inadequate dose
delivered to the parametria (dose to obturator nodes defined as Point B) and to avoid
the unnecessary high dose to the cervix, rectum, and bladder. In addition, two ante-
rior and two posterior diagonal ports were added to either sides so that adequate
dose can be delivered to the parametria without the skin dose exceeding its maxi-
mum tolerance [1]. Thus, the first concept of central shielding was introduced. In
1959, Fletcher also described the possibilities and purpose of external irradiation
stating “As the primary tumor can be adequately handled by intracavitary therapy,
the aim is essentially to supplement the radium dosage in the paralethal zone (to
bring it up to an adequate level) and, if possible, to supply the main treatment to the
lateral aspects of the parametrium and the pelvic nodes, as these cannot be irradi-
ated by any other means” [2].

As telecobalt machines and high-energy X-ray teletherapy machines have
emerged, the EBRT became used to irradiate the whole pelvis including the primary
lesion and the pelvic lymph node regions up to the common iliac region. The mid-
line shielding or central shielding is applied by a rectangular or specially designed
block to the AP/PA ports in the whole pelvis ports for a portion of the EBRT [3]. The
use of midline block is to spare bladder and rectum while allowing brachytherapy to
provide adequate amount of radiation dose to the primary tumor. In general, the use
of midline block (central shielding) has decreased over the years in the United
States and Europe, and the simple whole pelvis EBRT has been increasingly used in
combination with brachytherapy. Wolfson et al. described that, in a survey con-
ducted in 1995, 88% of 33 member and affiliated centers in the Gynecologic
Oncology Group (GOG) used the midline shielding (76% standard block, 21% cus-
tomized block, 3% “step wedge”) [4]. The ABS Recommendations for HDR
Brachytherapy for Carcinoma of the Cervix in 2000 mentioned that some institu-
tions use a midline block for the pelvis EBRT after 20 Gy for patients with early
disease. In 2012, the ABS Treatment Recommendations for Locally Advanced
Carcinoma of the Cervix [5] stated that the most common treatment regimen for the
pelvis is 45 Gy without any description of central shielding, implying a decreased
use of midline block in the United States. Major clinical studies in the 1990s which
analyzed the effectiveness of chemoradiotherapy for locally advanced cervical can-
cer did not use central shielding in the treatment of EBRT [6-9]. Potter et al. reported
that, for the treatment of small tumors, the central shielding according to the 7 Gy
isodose line of brachytherapy was used in the AP/PA portals of the 4-field box pel-
vis irradiation during the period of 1993-1997 in Vienna University Hospital [10].
This methodology was continued in the treatment until 2003 and later changed to
the whole pelvis irradiation without the use of central shielding [11]. A multi-insti-
tutional prospective observational clinical study EMBRACE (an intErnational study
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on MRI-guided Brachytherapy in locally advanced Cervical cancer) did not allow
the use of central shielding in the EBRT schedule [12]. The ICRU Report 89, regard-
ing the use of midline shielding blocks, mentioned that “no real consensus, how-
ever, has been reported regarding their use” [13].

In contrast to the situations in the United States and Europe, the use of central
shielding continues to be a part of standard radiotherapy for cervical cancer in Japan.
After the 1960s, the use of central shielding has been applied as the placement of
central block in the AP/PA pelvis fields [14] (Fig. 6.1), and standardized treatment
method which combines EBRT and intracavitary brachytherapy was published in
1984 by Arai et al. [15]. Many Japanese institutions have reported clinical results of
radiotherapy for cervical cancer using central shielding techniques [16-27]. At pres-
ent, central shielding is well practiced as a part of external irradiation in Japanese
multi-institutional studies [28-30] and in combination with image-guided adaptive
brachytherapy using volumetric prescription [31].

Fig. 6.1 Examples of central shielding fields shown as the Japanese standardized radiation ther-
apy for cervical cancer (Arai et al. [15], with permission)
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6.2  Philosophy Behind the Use of Central Shielding

The treatment philosophy behind the use of central shielding is to yield a good com-
bination of EBRT and intracavitary brachytherapy which can provide adequate dose
coverage of the primary tumors, parametrial extension, and the pelvic lymph node
regions. The combination should not underdose the target volumes or overdose the
organs at risk, which are the rectum, bladder, and bowel. The pelvic lymph node
regions are predominantly covered by the dose from EBRT, and prophylactic dose
of 45-50 Gy in conventional 1.8-2 Gy/fraction will be provided to irradiate micro-
scopic diseases. The primary tumor in the cervix is to be covered by the combina-
tion of brachytherapy and EBRT. For early-stage disease which is manifested as a
small primary lesion, the dose from brachytherapy may achieve adequate coverage
without much contribution from EBRT; therefore, there may be more opportunities
for central shielding. For advanced diseases with larger primary tumors, the ratio of
EBRT may be increased (less central shielding) or brachytherapy may be increased,
or both. If brachytherapy is implemented properly and able to achieve good dose
coverage of the primary tumor, increased dose from brachytherapy should result in
more concentrated dose to the target while avoiding excessive radiation dose to the
organs at risk.

The doses of whole pelvis EBRT, centrally shielded EBRT, and high dose rate
brachytherapy were standardized in Japan by Arai et al., as Table 6.1 [15]. In this
scheme, even for treatment of Stage III disease with a large primary tumor or Stage
IV disease, central shielding is still utilized to take advantage of the concentrated
dose from brachytherapy and to minimize the dose to the rectum and bladder. It
should be noted that, in this standardized schedule, brachytherapy is applied weekly
soon after the central shielding is started to ensure that the target in the shielded
region continues to receive irradiation and to ensure that the overall treatment time
will not be prolonged.

Table 6.1 Standardized radiation treatment schedule for cervical cancer published in 1984 (Arai
et al. [15], with permission)

External beam radiation
Radiation methods | therapy Intracavitary brachytherapy
High dose rate Low dose rate
Whole (Point A (Point A
Stage (tumor size) pelvis Central shielding | prescription) prescription)
1 0 45 29 Gy/5 fractions | 50 Gy/4 fractions
II | (Small) 0 50 29/5 50/4
(Large) 20 30 (EBRT total |23/4 40/3
50)
I | (Small- 20-30 20-30 (total 50) | 23/4 40/3
medium)
(Large) 30-40 15-25 (total 15/3-20/4 25/2-33/3
50-55)
v 40-50 10-15 (total 15/3-20/4 25/2-33/3
50-60)
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While many institutions globally tend to shift away from the practice of central
shielding in EBRT, it is worth noting that Mallinckrodt Institute of Radiology con-
tinued to adopt central shielding technique with the philosophy to “maximize the
brachytherapy dose while minimizing bladder and rectal doses by limiting the exter-
nal irradiation dose centrally,” thus allowing most of the dose to the primary lesion
to be delivered by brachytherapy [32].

The distinction between “central shielding” as a part of the standard pelvis irra-
diation and “parametrial boost” after the completion of the standard pelvis irradia-
tion should be clearly made, as such distinction is made in the ICRU Report 89 [13]
(in 2.8 Radiation Therapy). Fenkell et al. point out that the “midline-blocked boost”
of 9 Gy/5 fractions after their standard whole pelvis irradiation of 45 Gy/25 frac-
tions can result in substantial dose increase in normal tissues such as the rectum,
sigmoid, and bladder [33]. This concept of “midline-blocked boost” is different
from the pelvis irradiation with central shielding which is familiar in the Japanese
standard treatment schedule.

6.3 Composite Dose Distributions of Treatment Using
Central Shielding

In the combination of EBRT and intracavitary brachytherapy, it is extremely impor-
tant to understand the composite dose of all the treatment applied. This is a chal-
lenging task especially when the dose distributions originated from external beams
are heterogenous within volumes of interests because of central shielding. In the
Manchester system, multiple external beams were applied to the parametrium so
that the summated doses from the radium therapy and external X-ray therapy
become about 6500 R at Point B [1]. In this case, the summated dose to Point A
could not be accurately reported. Fletcher also showed in his report some examples
of planning the combination of radium therapy and EBRT [2]. In this example, the
regions in the pelvis were divided into regions covered with different external beam
fields, and dose contributions of each fields and modalities were calculated with
dose ranges (Fig. 6.2).

Perez has shown model composite distribution of treatment by combination of an
external high-energy photon beam therapy and intracavitary insertions. The total
physical doses are shown in the diagram which depicted the characteristics of the
treatment using central shielding [34] (Fig. 6.3). MacDonald et al. reported the
transverse dose profiles of combinations of centrally shielded pelvis irradiation and
brachytherapy [32]. However, these composite dose distributions are created in
physical doses and unfortunately did not adequately reflect therapeutically relevant
doses.

In GEC-ESTRO recommendation [35], reporting with the use of biologically
weighted dose based on linear-quadratic model, EQD2 (equivalent dose given in
2 Gy fractions), which takes into account differences in dose-rate and fractionation
schedules, is recommended. The use of biologically weighted dose enables calcula-
tion of combining external beam doses and brachytherapy doses within the
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On the right 5,750 mg. hr. have been delivered, contributing 1,400 r, to the pelvic wall. The anteroposterior
diameter of the patient is 21 cm., and four parametrial portals (anterior, sacral, gluteal, and sciatic) are used.
These portals are narrowed during the course of treatment. The maximum tumor dose (Mx. T. D.) to the pelvic
wall from the x-rays is 7,000 r and the minimum tumor dose (Mn. T. D.) is 6,100 r in seven weeks.

On the left 10,800 mg. hr. have been delivered, contributing 2,500 r, to the pelvic wall. The anteroposterior di-
ameter is 18 cm., and only three parametrial portals (anterior, sacral, and gluteal) are used, 4 cm. wide from
the beginning. The maximum tumor dose from the x-rays is 5,200 r and the minimum tumor dose is 4,840 r in six
weeks.

Fig. 6.2 Examples of treatment planning based on doses from radium therapy and from external
radiation (Fletcher [2], with permission)

treatment of one patient, quantitative comparison of different treatment schedules,
and production of dose distributions based on clinically relevant effects. Tamaki
et al. reported on the dose distributions of the combination of centrally shielded
EBRT and intracavitary brachytherapy and analyzed the composite doses on Point
A [36] (Fig. 6.4) and DVH parameters with the focus on the amount of contribution
from the centrally shielded EBRT [37].

The composite EQD2 dose distribution of the treatment shows how the central
shielding would decrease the dose to bladder and rectum. By the use of central
shielding for 20 Gy in the 50 Gy pelvis EBRT, the isodose lines of 60 Gy and 70 Gy
(EQD2) is indented significantly in anterior-posterior direction. This indicates that
the bladder and rectum are spared while the parametrium is irradiated. Physicians
need to be aware the basic composite dose distribution when all the doses of EBRT
are given to whole pelvis without using central shielding, as seen in Fig. 6.5 (fur-
thest right at the bottom). This basic distribution should cover the target adequately
in the lateral direction (right-left direction). By applying central shielding, the dose
distributions in the anterior-posterior direction will shrink or become thinner in the
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Fig. 6.4 Composite EQD2 dose distributions of the combination of whole pelvis 30 Gy/15 frac-
tions, centrally shielded 20 Gy/10 fractions, and brachytherapy 24 Gy/4 fractions (Point A). (a)
Isodose curves in EQD2 doses on the planes of Point A. (b) Dose profiles on the RL axis (blue line)
and the AP axis (red line) (Figures from Tamaki et al. [36])

central region depending on the amount of shielding (Fig. 6.5, at the bottom row).
The clinicians need to determine whether the target is covered adequately by the
composite dose distributions in the anterior-posterior direction within the shielded
area while minimizing the dose to the rectum and bladder in this shielded region.
Therefore, identifying the shape of high risk CTV (HR-CTV) is extremely impor-
tant. In the analysis of Tamaki et al., the HR-CTV of Stage II-III cervical cancer
patients tended to be larger in lateral direction than in anterior-posterior direction at
the time of the first brachytherapy session (about 30 Gy of whole pelvis irradiation)
[37]. The analysis of the composite dose distributions may prove to favor the use of
central shielding in the treatment of cervical cancers in general.
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Plan(w20+b24) Plan(w30+b24) Plan(w40+b24) HR-CTV 4 cm

Plan(w20+c30+b24) Plan(w30+c20+b24) Plan(w40+c10+b24) Plan(w50+b24)

Fig. 6.5 The 3D distribution 60 Gy (EQD2) of various combinations of whole pelvis irradiation
(w) and centrally shielded irradiation (c) and brachytherapy (b). The numbers following “w” or “c”
indicate doses in Gy given in 2 Gy/fraction, and the brachytherapy is set as 24 Gy in four fractions
at Point A (Tamaki et al. [37], with permission)

6.4 Dose Reporting with the Use of Midline Block
(Central Shielding)

The ICRU report 89 stresses the importance of analyzing the integral dose to the
target and organs at risk [13]. Such calculation of the integral dose is simple only
when the EBRT is applied almost uniformly throughout the volumes. However, the
DVH parameters such as HR-CTV D90 and D98 and rectum D2cc cannot be easily
computed as integral values when the EBRT is applied with central shielding
because radiation is applied unevenly to the target volumes and organs at risk. The
dose from the centrally shielded field applies radiation in a manner which compen-
sates for the decreased dose from brachytherapy in the parametrial regions. Tamaki
et al. created a model of HR-CTV based on clinical data of anterior-posterior and
right-left diameters and analyzed the contribution of doses given with centrally
shielded EBRT to the integral D90 and D98 of HR-CTVs with diameters of 3, 4,
and 5 cm [37]. In this analysis, the EBRT to a total of 50 Gy/25 fractions was
applied to the pelvis, and four fractions of 6 Gy were applied to the Point A by
intracavitary brachytherapy. The amount of central shielding used in this model
was 30 Gy/15 fractions for 3 cm HR-CTV, 20 Gy/10 fractions for 4 cm HR-CTV,
and 10 Gy/5 fractions for 5 cm HR-CTV, and the contribution of centrally shielded
EBRT to the HR-CTV D90 were 24%, 42%, and 56% of the applied doses (for
detailed analysis, please see [37]). This study of DVH parameters implies that,
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while the analysis of composite dose distributions may be complex, the contribu-
tion from the centrally shielded EBRT should not be ignored. The contribution
becomes relatively larger when (1) the width of the shielding is smaller, (2) the
amount of centrally shielded EBRT dose is smaller, and (3) the tumor is larger. It
may be misleading to report the total prescribed dose to the target by completely
omitting the doses from the centrally shielded EBRT. For the organs at risk, the
contribution of centrally shielded EBRT dose to the rectum D2cc were 9% in all
cases and that to the bladder D2cc were 28%, 32%, and 28% for the cases of 3, 4,
and 5 cm HR-CTVs, respectively. These data suggest that the benefit of central
shielding to prevent adverse effect may be higher in the rectum than in the bladder.
This result is mainly because the rectum anatomically tends to conform better to
the shielding than the bladder, and the high dose region attributable from the radio-
active sources in the ovoid applicators tend to reach the bladder wall which lies
outside of the shielded region [37].

6.5 Clinical Results of the Treatment Schedule Using Central
Shielding

The Japanese treatment schedule using central shielding has achieved excellent
treatment outcomes for early-stage diseases and results comparable to data from
the United States and Europe [16-27], and the results from the institutional studies
have been validated in multi-institutional studies [28—30]. For non-bulky Stage I-II
patients, the treatment regimen with whole pelvis external beam irradiation of
20 Gy/10 fractions, centrally shielded pelvis irradiation of 30 Gy/15 fractions, and
high dose rate intracavitary brachytherapy of 24 Gy/4 fractions to Point A resulted
in 96% 2-year pelvic disease progression-free (PDPF) survival and 95% 2-year
overall survival with no Grade > 3 late toxicities [28]. In JGOG1099 study, Phase
II study of concurrent chemoradiotherapy based on the Japanese standardized
radiotherapy schedule for Stage III-IVA patients has resulted in 73% PDPF sur-
vival and with 3% Grade > 3 late toxicities at 2 years [29]. A multinational Asian
clinical study of concurrent chemoradiotherapy using the similar treatment sched-
ule as the Japanese standardized schedule for bulky Stage IIB-IIIB patients resulted
in 87.1% local control rate and 79.6% overall survival rate with only 2.5% major
rectal complication and no major bladder complication at 2 years [38].

A recent study from Gunma University on in-room CT-based image-guided
adaptive brachytherapy with EBRT using central shielding has shown excellent
results: the 5-year local control rate of 94%, PDPF rate of 90% with only 1% of
Grade > 3 late toxicities in patients with all clinical stages [31]. This study showed
no significant differences in local control between clinical stages or sizes, indicating
that the optimized image-guided adaptive brachytherapy may play a key role in the
control of pelvic diseases while the dose provided to the primary disease through
the EBRT may be adequate with the shielding of the rectum and bladder.
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6.6  Future Prospects of Central Shielding

The effectiveness of central shielding in lowering late toxicities and providing
favorable dose distributions for the treatment of cervical cancer has been shown and
proven to be effective from the clinical reports of Japanese institutions. On the other
hand, it is also true that this technique does not take into account individual varieties
in shape, extension, location of tumors, and organs at risk. With the new develop-
ment in EBRT technologies, such as intensity-modulated radiation therapy and
volumetric arc therapy, and onboard imaging modalities, new therapeutic approach
with the principle of “central shielding” is anticipated. Mallinckrodt Institute of
Radiology is implementing a unique EBRT using IMRT technique called pseudo-
step-wedge intensity modulation, which advanced from their original central shield-
ing technique with customized step wedge, in order to further optimize dose to the
target and organs at risk [32]. While the traditional practice of rectangular midline
block may continue to be effectively used, the future evolution of this technique
using modern radiotherapy and imaging technology should be sought to further
enhance the clinical outcomes of the cervical cancer patients in the future.
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Hybrid Brachytherapy

Keiko Nemoto Murofushi and Hideyuki Sakurai

Abstract

Image-guided adaptive brachytherapy (IGABT) has been widely implemented
during last the 20 years; moreover 3D planning using magnetic resonance imag-
ing (MRI) or computed tomography (CT) has been used for calculating the dose
to the tumor and organs at risk (OARs). Guidelines published by the GEC-
ESTRO (Groupe Européen de Curiethérapie—European SocieTy for
Radiotherapy & Oncology) and the American Brachytherapy Society (ABS)
defined the delineation and dose parameters of the clinical target volume and
OARs. For tumors receiving inadequate doses by intracavitary brachytherapy
(ICBT), interstitial-intracavitary brachytherapy can deliver sufficient doses to
the tumor while sparing the OARs; a Japanese group first named this technique
“hybrid brachytherapy” (HBT) in 2011. HBT involves implanting several nee-
dles into the section of the tumor that receives inadequate doses via ICBT; accu-
rate and reproducible insertion is achieved by using tandem and ring/ovoid
applicators, as the short distance between the ring/ovoid and target allows for
greater control of needle placements. In recent studies, HBT delivered higher
doses to bulky tumors, poor response tumors, and severe parametrial extensions,
achieving improved local control in all cases. Furthermore, retrospective multi-
institutional European study on MRI-guided brachytherapy in locally advanced
cervical cancer (EMBRACE) showed excellent local control and less severe tox-
icity in patients treated with CT- or MRI-based IGABT, including HBT in the
interstitial/intracavitary group defined as the facilities where more than 20%
patients were treated with HBT. A prospective multicenter EMBRACE study
includes more than 1350 patients treated with MRI-based brachytherapy includ-
ing HBT. Based on the large success of these clinical trials, a consecutive
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EMBRACE II study was initiated to validate the evidence collected from origi-
nal study. Furthermore, several clinical trials for evaluating the feasibility and
safety of IGABT, including HBT, are ongoing in Japan.

Keywords
Brachytherapy - Hybrid brachytherapy - Interstitial-intracavitary brachytherapy
Image-guided adaptive brachytherapy (IGABT) - Cervical cancer - Bulky tumor

7.1 Background

The combination of external beam radiotherapy (EBRT) and brachytherapy has an
important role in definitive radiotherapy for patients with cervical cancer.
Brachytherapy can deliver a higher dose to the tumor while sparing adjacent
organs; this leads to excellent local control. For a long time, brachytherapy was
planned using X-ray images. In particular, intracavitary brachytherapy (ICBT),
which mainly used Manchester method for planning, delivered the prescribed
dose to point A until the International Commission on Radiation Units and
Measurements (ICRU)-38 report recommended calculating the dose to point A
plus organs at risk (OAR). This “conventional” ICBT and EBRT modality
achieved local control in 80-90% of patients with early-stage cervical cancer [1,
2]. However, patients with bulky, extensive, and other tumors that may receive
inadequate doses by conventional ICBT had poor local control [3, 4]. During the
last 20 years, image-guided adaptive brachytherapy (IGABT) has become increas-
ingly common, and 3D planning using magnetic resonance imaging (MRI) or
computed tomography (CT) has made it possible to more accurately calculate the
dose received by the tumor and OARs. The Groupe Européen de Curiethérapie—
European SocieTy for Radiotherapy & Oncology (GEC-ESTRO) launched a
gynecologic working group to establish definitions for the clinical target volume
(CTV), OARs, consensual dosimetric parameters, and dose constrains [5], while
the American Brachytherapy Society also published a guideline for the recom-
mended dose to the tumor and dose limitations to OARs [6]. High-risk CTV
(HR-CTV) is defined as a region that includes the gross tumor volume (GTV) at
the time of brachytherapy, entire cervix, and gray zone on T2 sequence MRI;
furthermore, the HR-CTV Dy, which is the minimum dose delivered to 90% of
the target volume, is an important measurement of the dose delivered to the tumor
[5]. In a prospective multi-institutional European study on MRI-guided brachy-
therapy in locally advanced cervical cancer (EMBRACE), several DVH recording
and reporting are recommended (Table 7.1).

Syed et al. developed an interstitial-intracavitary brachytherapy technique
involving implanting the needles into an area of the tumor that received an inade-
quate dose via ICBT [7], while Wakatsuki et al. reported performing
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Table 7.1 Dose and volume Total reference air kerma (TRAK)
recording and reporting in
EMBRACE study

Point A dose—left, right, and average

D90 and D100 for GTV, HR-CTV, and IR-CTV

D50 for HR-CTV

V100 for HR-CTV or IR-CTV

DO.1 cc and D2 cc of the bladder, rectum, and sigmoid colon
ICRU bladder and ICRU rectal point

Abbreviations: D100, D90, D50 minimum dose to 100%, 90%,
and 50% of the target volume, respectively, V100% percentage
of the target volume receiving 100% of the prescribed dose,
DO0.1 cc, D2 cc minimum dose to maximally irradiated 0.1 and
2 cc of the organ, respectively, HR-CTV high-risk clinical tar-
get volume, /R-CTV intermediate-risk clinical target volume,
ICRU International Commission on Radiation Units and
Measurements

interstitial-intracavitary brachytherapy for the first time in Japan in 2011 and named
this technique “hybrid brachytherapy” (HBT) [8]. In recent years, HBT has been
implemented along with 3D-IGABT in several facilities, and Japanese clinical trials
to evaluate the feasibility and safety of HBT for locally advanced cervical cancer
patients are ongoing.

7.2  Brachytherapy Techniques
Brachytherapy techniques can be divided into three main types:
1. ICBT (Fig. 7.1)

ICBT has played a major role in the definitive treatment of cervical cancer
for nearly 100 years, while the high-dose-rate (HDR) approach has been per-
formed since the mid-1980s. Three sources that generally use intrauterine tan-
dem and intravaginal ovoid applicators deliver a pear-shaped isodose curve
including the prescribed dose to points A (or HR-CTV Dy). ICBT is a suitable
approach for small cervical cancers and can be performed with minimal
invasiveness.

2. Interstitial brachytherapy (IBT) (Fig. 7.2)

IBT is performed in patients who are unable to receive adequate doses with
ICBT. IBT can achieve an isodose curve along the irregular shape of the tumor
because multiple needles are inserted into or around the tumor along with applica-
tors, for several days. IBT is considered a more invasive procedure than ICBT and
HBT.
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Fig. 7.1 Planning images of ICBT. (a) Dose distribution of ICBT in the planning CT. (b)
Radiography

Fig.7.2 Planning images of IBT. (a) Dose distribution of IBT in the planning CT. (b) Radiography

3. HBT (Fig. 7.3)

HBT involves implanting several needles into an area of the tumor that received
an inadequate dose using ICBT. The invasiveness of HBT is higher than that of
ICBT but lower than that of IBT. However, the IBT procedure is generally more
difficult to perform than that of HBT.
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Fig. 7.3 Planning images of HBT. (a) Dose distribution of HBT in the planning CT. (b)
Radiography

7.3  Recent Clinical Trials of IGABT, Including HBT

The dose volume effects and outcomes from mono-institutional clinical experiences
have been reported [9, 10]; moreover, the retroEMBRACE and the EMBRACE
studies were performed. The mature retroEMBRACE clinical results showed excel-
lent local and pelvic control as well as significant dose-volume effects for IGABT
[11]. The EMBRACE study of a prospective multicenter clinical trial included more
than 1350 patients treated with MRI-based IGABT. Based on the large success of
the retroEMBRACE and EMBRACE studies, a consecutive EMBRACE 1I study
has been initiated. The radiotherapy protocol of the EMBRACE II study consists of
MRI-based IGABT and EBRT that delivers 45 Gy in 25 fractions to the pelvis and/
or para-aortic region as well as 10-15 Gy to the metastatic nodes in a simultaneous
integrated boost (2.2-2.4 Gy per fraction) by using intensity-modulated radiother-
apy or volumetric-modulated arc radiotherapy plus MRI-based IGABT.

7.4  Eligibility for HBT

HBT or IBT should be considered when an adequate dose to the HR-CTV Dy, can-
not be delivered via ICBT. Conventional ICBT may not deliver the prescribed dose
in cases of (a) bulky tumor, (b) bulky parametrial extension, (c) extensive paravagi-
nal or distal vaginal involvement, (d) narrow vagina, and (e) loss of endocervical
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canal or obliterated fornices [7, 12]. The threshold for eligibility for HBT vs. IBT
has not been determined to date. IBT generally has broader eligibility criteria
because the more needles can be inserted into a wider treatment region compared
with HBT. However, the most suitable brachytherapy technique should be chosen
according to various factors such as tumor characteristics, procedure invasiveness,
and the experience of the operators.

Several studies found that a bulky tumor is a poor prognostic factor for pelvic
control in patients treated with conventional ICBT [3, 4, 13]. The Japanese
Gynecologic Oncology Group 1066 study assessed the efficacy and toxicity for
patients stage III-IVA cervical cancer treated with concurrent chemoradiotherapy
combined with EBRT and conventional ICBT [13]. The 2-year pelvic disease pro-
gression-free survival rates were 85% for tumors <50 mm, 69% for tumors
50-70 mm, and 54% for tumors >70 mm. Perez et al. reported that patients with
stage [IB cervical cancer extending into the lateral parametrium experienced signifi-
cantly poorer pelvic control compared to those with medial parametrial involvement
[3]. In patients with stage I1IB, there was significantly better pelvic control for those
with unilateral non-bulky tumors compared to those with unilateral bulky tumors
and bilateral non-bulky/bulky tumors. Kirisits et al. reported that, when one needle
is loaded at 3 o’clock for a 34 mm normal diameter ring applicator, HBT can deliver
the prescribed dose 31 mm lateral of the tandem axis, whereas the dose on the con-
tralateral side can still be normalized at 20 mm from the tandem at the level of point
A [14]. As an example, the dose distribution of HBT with one needle inserted at
20 mm lateral from the tandem axis and contributed 10% dwell weight is shown in
Fig. 7.4b, and HBT can deliver higher dose to the lateral part compared with that of
ICBT (Fig. 7.4a). However, it is important to note that the dose distribution depends
on various factors such as the type and size of the applicator, its position and inserted
length, as well as dwell weight of the needle.

The ABS recommends IBT for vaginal tumors thicker than 5 mm just before
brachytherapy [15]. For tumors with extensive paravaginal or distal vaginal involve-
ment, IBT may be more suitable than HBT; however, HBT using the transperineal
approach may be able to deliver an adequate dose while sparing the OARs and high-
dose sleeve of the vagina. In the EMBRACE study, only 6 of 960 patients (0.6%)
had stage IIIA cervical cancer [16]. A suitable brachytherapy technique should be
carefully chosen for tumors with severe vaginal or paravaginal invasion.

Axial view Saggital view Axial view Saggital view

Fig. 7.4 Dose contributions. (a) Dose contribution of ICBT. (b) Dose contribution of HBT with
one needle
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IBT is considered if the applicators with tandem and ovoid/cylinder shapes can-
not be inserted at normal positions owing to narrow vaginas, loss of the endocervi-
cal canal, and obliterated fornices.

In several recent studies of IGABT, HBT was performed on 17.5-47.0% of cer-
vical cancer patients with stage IB-IVA [11, 16, 17]. In the retroEMBRACE study,
610 patients were divided into two groups including the intracavitary/interstitial
(IC/1S) group (n = 300), who were defined as those treated at a facility where more
than 20% of patients systematically received HBT; IC group comprised 310 patients
[11]. While 141 patients (47%) received HBT in the IC/IS group, HBT was per-
formed in only 4% of the IC group. In Japan, Ohno et al. reported that 14 of 80
patients (17.5%) with cervical cancer of stage IB-IVA received HBT [17].

In recent studies, HBT was mainly performed in patients with bulky stage IIB or
[IIB tumors.

7.5 Management of HBT and Anesthesia

International brachytherapy practice patterns in Japan/Korea (Asia), Australia/New
Zealand, Europe, and North America were surveyed by the Gynecologic Cancer
Intergroup (GCIG) [18]. The tandem and ovoid applicators are most frequently
used, with 54% of those surveyed using it for more than 75% of their cases annu-
ally; the tandem and ring applicators are used in 24% of cases, tandem and cylinder
in 4%, tandem and interstitial in 3%, and interstitial only in 1%. For applicator
insertion, anesthesia was administered to 97% patients; general anesthesia was used
in 46% of patients, spinal in 27%, intravenous conscious sedation in 28%, and/or
oral pain medication in 14%. However, the details of anesthesia for patients receiv-
ing HBT were not mentioned in their report; as such, anesthetic techniques may
vary by country and facility.

The use of epidural catheters and subarachnoid anesthesia has also been reported
with HBT [19-21]. Brachytherapy with two fractions in one application under spi-
nal/epidural anesthesia caused acute stress disorder in 30% of patients 1 week after
treatment, and posttraumatic stress disorder occurred in 41% 3 months after treat-
ment [22]. In Kirchheiner et al.’s study, the source of stress appeared not to be the
applicators insertion per se but the maintenance of these applicators under epidural
anesthesia during brachytherapy. It is therefore necessary to assess patients’ level of
distress if applicators are inserted for lengthy periods.

Leong et al. reported that HBT is feasible and safe under moderate-to-deep seda-
tion using intravenous conscious sedation, as well as with local anesthesia [23]. In
the majority of Japanese facilities, it is difficult to operate under general anesthesia
or epidural/spinal anesthesia because of the lack of personnel. In Japan, Watanabe
et al. demonstrated that a new intravenous anesthetic protocol using a combination
of propofol and ketamine achieved a median visual analog scale pain score of 0
(range, 0-10) in patients treated with ICBT [24].
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7.6  Procedure and Applicators

The applicators used in patients undergoing HBT are generally of two types: tan-
dem and ring and tandem and ovoid. The typical tandem and ring applicator is
referred to as the “Vienna applicator’” and is based on a CT/MRI-compatible tandem
ring set (Nucletron, Veenendaal, The Netherlands). It has 2 mm-diameter holes that
are drilled parallel to the ring axis; this axis is 2 mm from the outer ring surface
(Fig. 7.5) [14]. The tandem and ovoid version is also referred to as the ‘Utrecht
applicator’ and is based on a CT/MRI-compatible tandem ovoid set (Nucletron,
Veenendaal, The Netherlands); its holes are drilled into the ovoid (Fig. 7.6) [25]. In
both types of applicators, the needles are inserted into the holes of the ring or ovoid
with a guiding system; this facilitates good reproducibility of the dose distribution.
Dimopoulos et al. measured the absolute distance on the x- (latero-lateral) and
z-axes (anterior-posterior) between the planned and achieved needle positions at the
level of point A as a parameter of needle-to-tandem parallelism [21]. They found
that the mean deviation of the x-axis was 0.5 mm while that of the z-axis was
0.6 mm. Accurate and reproducible insertion was achieved by using tandem and
ring applicators because the short distance between the ring and target permitted
greater control over the placement of needles. In several Japanese institutions, tan-
dem and ovoid applicators with needles handled using free hand technique are uti-
lized for HBT [8, 17] because Vienna and Utrecht applicators have not been
approved for use in the country; moreover, the ring applicator may be too large for
the majority of Asian women. Wakatsuki et al. demonstrated that HBT can be

Fig. 7.5 Vienna applicator
(Nucletron, Veenendaal,
The Netherlands)

Fig. 7.6 Utrecht
applicator (Nucletron,
Veenendaal, The
Netherlands)
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performed using a set of Fletcher-Suit Asian Pacific applicators (Nucletron,
Veenendaal, The Netherlands) with a half-size ovoid [8].

For HBT, needles are generally inserted using the transvaginal approach, which
is considered easier than the transperineal approach because the length of the needle
in the former approach is shorter than that in the latter. However, the transperineal
approach may have an advantage in patients with extensive paravaginal or distal
vaginal involvement. The needle approach method is not defined for HBT and
should be chosen according to the operators’ experience, tumor characteristics, and
other relevant factors.

In the retroEMBRACE study, tandem and ring applicators were used for 87% of
patients in the HBT group, while tandem and ovoid applicators were used for 9% [11].

7.7  Planning Images

IGABT based on MRI is recommended according to the guidelines published by the
GEC-ESTRO and ABS [5, 6] because the tumor can more clearly be detected and
delineated on MRI compared to CT. Hence, it is important to install MRI (or if
unavailable, CT) equipment in the operating room to safely perform needle inser-
tion for HBT under image guidance. International brachytherapy practice patterns
surveyed by the GCIG showed that CT is the most commonly used imaging modal-
ity for treatment planning (57%), while MRI is used in 25% of centers [18]. In the
UK, a questionnaire survey conducted by the Royal College of Radiologists was
published to document the implementation of IGABT [25] and found that IGABT
based on MRI or CT had increased to 71% in 2011 compared to 26% in 2008.
However, in the majority of Japanese institutions, CT is commonly used to plan and
calculate the dose-volume histogram (DVH) parameters in 3D planning, and MRI is
performed just before brachytherapy to evaluate the tumor response and refer to the
delineation of the HR-CTV. A questionnaire-based survey regarding 3D-IGABT
use was performed in Japan in 2011 [26]. Of the 141 facilities, 84% used radiogra-
phy for treatment planning, 15% used CT, and only 1% used MRI. However,
3D-IGABT that mainly uses CT was planned for installation in 53% of the facili-
ties; limited time and staffing were major impediments for performing
3D-IGABT. These data may also explain the obstacles against introducing new
brachytherapy techniques such as HBT.

In the GEC-ESTRO MRI-based technical guidelines, T2 fast spin-echo for para-
axial, parasagittal, and para-coronal images of the cervix uteri should be obtained at
the time of brachytherapy [27]. Viswanathan et al. reported that, in CT-based plan-
ning, the width of the HR-CTYV is overestimated compared to that with MRI-based
planning; this leads to an increase in the volume receiving the prescription dose
(V100) as well as the HR-CTV Dy, and D, [28]. Hence, planning images should be
acquired with 1-5 mm thickness. The retroEMBRACE study included patients
treated with both MRI- and CT-based brachytherapy, but the prospective multi-
center EMBRACE trial comprised only of patients who underwent MRI-based
planning.
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7.8 Recommended Doses to the HR-CTV Dy, and Limiting
Doses to OARs

In the ABS guideline for HDR brachytherapy, an equivalent dose in 2 Gy fractions
(EQD2) greater than 80 Gy is recommended for the HR-CTV D90 [6]. The
Japanese standard regimen includes 50 Gy of pelvic irradiation, with central
shielding inserted at 30-40 Gy, plus brachytherapy delivered at 18-24 Gy/3—4
fractions to point A. The totally administered dose, which includes the dose of
pelvic irradiation before inserting the central shielding plus the point A, is approx-
imately EQD2 60-65 Gy. Murakami et al. reported that the local control rates for
patients receiving an HR-CTV Dy, of >60 Gy vs. <60 Gy were 97.3% and 72.9%,
respectively [29]. As for OARs, 90 Gy or less (EQD2) is recommended as the
minimum dose delivered to the highest irradiated 2,3 area (D,.) of the bladder,
and 75 Gy or less to the rectum and sigmoid. Kato et al. reported that the D,
value were significantly higher in patients with late rectal toxicity (average
69.3 Gy) than in those without (average 57.2 Gy) (p = 0.08) [30]. Result from the
EMBRACE study showed that grade 1 late rectal toxicity was observed in 20.1%
of the patients, grade 2 in 6.0%, grade 3 in 1.6%, and grade 4 in 0.1%. The mean
Dicrus Do.1ee and D, were 66.2 = 9.1 Gy, 72.9 = 11.9 Gy and 62.8 + 7.6 Gy,
respectively. The EQD2 of D, for a 10% probability of overall rectal grade 2 or
greater toxicity was 69.5 Gy, and more severe rectal toxicities, with higher fre-
quencies occurred with D2, value of 75 Gy or more [16].

7.9 Dose Optimization and the Needle Insertion Procedure

In the EMBRACE II study protocol (www.embrace.dk), dose optimization is per-
formed for implant geometry, dwell-time distribution, and fractionation. The HBT
plan should be based on the ICBT plan in iterative steps. As a starting point for
optimization, a pear-shaped isodose distributions normalized to point A should be
used. In a stepwise procedure, the loading pattern and the dwell times are next opti-
mized to achieve the planning aims. The same procedure should be used in the case
of HBT, the dose distribution of which is obtained by using the dose distribution of
the ICBT plus that of the needles to avoid hot and cold spots in any areas not directly
controlled by dose points or dose-volume relations.

In recent studies, it took 15-50 min to insert the needles and 20—40 min for treat-
ment planning [20, 21]. Liu et al. evaluated the feasibility of HBT in 52 patients
with tumors larger than 5 cm at the time of the first brachytherapy [20]. In 260 HBT
sessions undergone by these 52 patients, 1804 needles were inserted; 86.0% of them
were placed at the lateral 2-5 and 7-10 o’clock positions in the uterine canal. The
mean number of inserted needles was 6.9 + 1.3 for each application, and the mean
needle implantation depth was 3.0 + 0.9 cm. Kirisits et al. reported the treatment
planning and dosimetric results for 22 patients, with tumors that had a mean
HR-CTV of 44 cm?® and who were treated with the HBT using the Vienna applicator
[14]. The mean number of the inserted needles was 3.5 (range, 1-8), whereas 0—6
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needles were loaded (mean 2.8). The average relative dwell weight compared with
the dwell time of the tandem and ring position was 16%. It is necessary to take suf-
ficient caution and check that no needle is placed near an OAR if the dwell weight
is greater than 20%. Nomden et al. reported the clinical use of the Utrecht applicator
for HBT in 20 patients [31]. Fifty-four needles (range, 1-6 per application) were
inserted with an average depth of 25 mm. The average needle contribution per appli-
cation was 19% (range, 4-35%) and for individual needles was 7% (range, 2—14%).

7.10 Complications Related to the Procedure

Several studies indicated that the majority of complications related to HBT applica-
tion did not require treatment [19-21]. Kuipers et al. reported that 2 of 41 patients
(4.9%) treated with HBT experienced vaginal bleeding after removing the needle
which was stopped via gauze packing [19]; the transfusion was not necessary in
these cases. Following the management of bleeding, patients are discharged 24 h
later after routine clinical examination to exclude bleeding [21].

Preliminary results from patients treated with HBT using the Vienna applicator
[21] revealed that 23 of 170 needles (13.5%) were placed directly adjacent to the
OARs; 15 needles were inserted into the sigmoid and 8 into the bladder. However, no
signs of sigmoid or bladder wall penetration, or of peritoneal irritation, were observed.
Liu et al. demonstrated that 5 of 52 patients (9.6%) experienced intestinal injury, but
no obvious infections or other complications during insertion were observed [20]. In
both of the abovementioned studies, the radioactive source was not loaded into the
inserted area, and no special treatments for the injuries were required.

7.11 Clinical Outcomes for Patients Treated with HBT

Dimopoulos et al. reported clinical feasibility and preliminary results in 22 patients
who had tumors with insufficient responses and/or unfavorable ICBT after EBRT
and who were treated with HBT using Vienna applicators [21]. The mean tumor
width in their study was 5.5 cm at diagnosis and was 5.3 cm at the time of brachy-
therapy. In DVH analysis, the mean HR-CTV Dy, was 96 Gy, while the mean D,
values for the bladder, rectum, and sigmoid were 83, 66, and 67 Gy, respectively.
Their study showed that a sufficient dose can be delivered to the HR-CTV while
sparing the OARs. Actuarial local control and overall survival after 2 years were
95% and 43%, respectively. Furthermore, no grade 3 or greater gastrointestinal or
genitourinary acute or chronic toxicity was observed. This study showed excellent
local control and lower toxicity despite the high population of patients with very
unfavorable prognosis. Long-term clinical results of low-dose-rate (LDR) IBT were
also reported [7], showing that locoregional control was obtained in 82% of patients
with locally advanced cervical cancer with tumors smaller than 6 cm; this result was
similar to that obtained with HBT. However, 18 of 185 patients (10%) treated with
LDR-IBT developed grade 3 or 4 gastrointestinal or genitourinary chronic toxicity.
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The retroEMBRACE study evaluated the impact of HBT on local control and
late toxicity in a multicenter population that included 610 patients divided into IC
vs. IC/IS groups [11]. In patients of the IC/IS group who systematically underwent
HBT, the average HR-CTV Dy, was significantly higher (92 + 13 Gy) than that of
IC group (83 = 14 Gy) (p < 0.01). Regardless of the delivery of a higher dose to the
HR-CTV Dy in the IC/IS group, there were no significant differences in doses to
OARs. The 3-year local control rates were 92% in all patients, 89% in the IC group,
and 94% in the IC/IS group. In patients with HR-CTVs that were 30 cm? or larger,
the 3-year local control rates were 82% in the IC group and 92% in the IC/IS group
(p =0.02). For smaller tumors (<30 cm?), there was no significant difference in local
control between the two groups (p = 0.50). The incidences of gastrointestinal or
genitourinary grade 3-5 late toxicities were approximately 5% in both groups
(p =0.85 and 0.55, respectively), regardless of the significantly higher local control
rate obtained in patients with large tumors in the IC/IS group. Patients in the IC/IS
group trended to exhibit more late vaginal toxicity. An analysis from the EMBRACE
study showed that the actuarial probability of grade 3 or higher vaginal toxicity was
3.6% at 2 years after definitive radiotherapy with IGABT, including HBT [32].
Stenosis developed most frequently, while vaginal bleeding was usually mild and
observed infrequently. In a retrospective review, the maximum vaginal surface dose
of 103 Gy and maximum cumulative BED of 878.6 Gy; that were delivered with
HDR brachytherapy were not associated with fistulas, necrosis, or other grade 3 or
higher toxicities [33].

In the EMBRACE study, a volumetric analysis was performed to divide patients
into six groups according to the following criteria: (a) volume of the GTVy, (defined
as high-signal intensity primary tumor extension within the cervix, uterine corpus,
or parametrial tissue visualized on MRI at the time of diagnosis), (b) the ratio of the
CTVr to GTVp, and (c) the extent of residual parametrial disease at the time of
brachytherapy [34]. The six groups were (G1) stage IB;-like tumors, (G2) tumors
with good responses of any size, (G3) small tumors with moderate responses, (G4)
large tumors with moderate responses, (G5) tumors with poor responses, and (G6)
tumor exhibiting progressive disease. Two hundred eighteen of 481 patients (45%)
with stage IIB or IIIB cervical cancer received HBT, 2 of 55 patients (4%) in G1, 7
of 78 (9%) in G2, 53 of 123 (43%) in G3, 87 of 147 (59%) in G4, and 67 of 75
(89%) in G5; there were no patients in G6. The use of interstitial needles and the
number of active needles progressively increased in higher-severity groups. In G5,
the mean number of active needles was 6; one or two needles were inserted in only
five patients (7%).

A Japanese study revealed excellent 5-year local control (94%) and overall sur-
vival (86%) rates in 80 patients with stage IB1-IVA tumors who were treated with
IGABT, including 14 who were treated with HBT [17]. Ninety percent of patients
received more than 60 Gy as their HR-CTV Dy, value; there was no difference in
HR-CTV Dy, according to tumor sizes (<4, 4-6, and >6 cm). The proportion of
patients with a D, to the bladder of >90 Gy and a D,,, to the rectum of >75 Gy were
93% and 99%, respectively. There was no significant difference in 5-year local con-
trol between stage I, stage I, and stage III-IV. Moreover, the tumor size was not
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significantly related to local control. At the time of analysis, only one patient devel-
oped grade 3 bladder toxicity, and no grade 3 or higher gastrointestinal or genitouri-
nary late toxicities were observed.

Conclusion

For the past 20 years, IGABT has incorporated the more recent HBT; this has led
to the improvement of local control while achieving low incidence rates of severe
late toxicities. In Japan, several single-institutional studies found that IGABT
leads to excellent local control rates [17, 29], and multicenter clinical trial of
IGABT that evaluated the safety and feasibility of IGABT, including HBT, has
also been performed [35]. However, there are few institutions in Japan where
3D-IGABT can be performed and in which operators are experienced in needle
insertion. Efforts should be made to establish HBT as the primary modality in the
majority of Japanese institutions.

Clinical results showing excellent local control obtained by IGABT sug-
gest that improvement of disease-free and overall survival rates rests on the
ability to control pelvic dissemination or distant metastasis. Future studies
ought to focus on improving EBRT and systemic therapy aimed at the
improving overall survival, in addition to further investigation and popular-
ization of HBT.
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Interstitial Brachytherapy: Radical 8
and Salvage

Ken Yoshida

Abstract

Interstitial brachytherapy (ISBT) is a useful treatment modality for gynecologi-
cal cancer. Multiple treatment applicators can be implanted in and/or around
clinical target volume (CTV); ISBT may achieve a better CTV coverage than an
intracavitary  brachytherapy and intracavitary/interstitial brachytherapy
(ICISBT).

ISBT for gynecological tumor started since the 1910s, and its technique was
a two-dimensional freehand implantation technique using low-dose-rate
ISBT. The technique made progress in this century, and three-dimensional (3D)
template/freechand image-guided implantation technique using high-dose-rate
(HDR) ISBT has become mainstream. Image-guided technique made it possible
to analyze a relationship between doses for CTV and local control rate and
between doses for organs at risk and complication rates using dose-volume his-
togram (DVH) scientifically.

In this section, we introduce implantation technique, treatment outcome,
and DVH analysis of ISBT, so-called “pure” ISBT, mainly for primary uterine
cervical cancer, recurrent uterine cancer, and primary vaginal cancer. We also
introduce our experience. We (Osaka National Hospital and Osaka Medical
College) innovated our unique ambulatory implant technique for pelvic ISBT
that patient could sit down and walk during treatment period. We performed
3D magnetic resonance image-assisted computed tomography-based treatment
planning and measured applicator displacement with corrective action from a
relatively early period of time in the world. In regard to follow-up, we intro-
duce only vaginal washing.
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We exhibit many figures of our implantation technique and treatment plan-
ning method, and we hope this figures will help for readers to innovate more
sophisticated ISBT method because we believe that ISBT is very valuable treat-
ment modality and has potential for expansion.

Keywords
Interstitial brachytherapy - Gynecological tumor - Uterine cervical cancer
Recurrent uterine cancer - Vaginal cancer - Image-guided - Displacement

8.1 Primary Uterine Cervical Cancer
8.1.1 Introduction

Interstitial brachytherapy (ISBT) is a useful treatment modality for gynecological
cancer. Because multiple treatment applicators can be implanted in and/or around
clinical target volume (CTV), ISBT may achieve a better CTV coverage than an
intracavitary brachytherapy (ICBT).

ISBT for gynecological tumor started since the 1910s. Stevenson et al. reported
their experience of radium implantation [1]. Pitts et al. reported that survival rate of
stage III uterine cervical cancer was 30.9% for 110 cases treated by low-dose-rate
(LDR) ISBT between 1926 and 1933 compared with 14% for 43 cases treated by
other methods between 1921 and 1925 [2]. The implantation technique was a free-
hand implantation without guidance of three-dimensional (3D) image and
template.

The template technique was reported since the 1940s [3, 4] and progresses since
the 1970s [5, 6]. Sophisticated transperineal templates (Syed-Neblett template,
Martinez universal perineal interstitial template [MUPIT], and so forth) were devel-
oped and improved parallelism of applicators and reproducibility of implant quality.
It improved the dose coverage to the CTV and spread the treatment indication.
However, treatment planning of this method was still performed by two-dimen-
sional (2D) X-ray films at that time. And so, dose prescription was not based on
CTYV, and dose-volume relationship of CTV was ambiguous.

Since the 1990s, 3D image-guided brachytherapy using computed tomography
(CT) and magnetic resonance imaging (MRI) started [7-9]. This technique also
spreads to pure ISBT [10-12]. Thanks to these imaging modalities, physicians
could delineate the CTV and organs at risk (OARs) on isodose curve and evaluate
how many doses were delivered to the CTV and the OARs. This second wind made
it possible to deliver the prescribed doses to the CTV precisely. It also made it pos-
sible to analyze a relationship between doses for CTV and local control rate and
between doses for OARs and complication rates using dose-volume histogram
(DVH) scientifically. Japanese data is also reported since the middle of the 1990s.
Terahara et al. showed the dose relationship between local control rate and DVH
data on 1996 [13].



8 Interstitial Brachytherapy: Radical and Salvage 95

The introduction of high-dose-rate (HDR) brachytherapy is also important tech-
nical progress. LDR brachytherapy has been an important treatment and the best
radiation modality for uterine cervical cancer on the first half of the twentieth cen-
tury. However, it has a shortage of radiation exposure of medical staff. This is a big
problem for our country because Japan is an only country to have experienced
atomic bombs.

Osaka group has been achieved many contribution for development of HDR
brachytherapy [14, 15]. Shigematsu et al. reported that the local control rate (LC)
was higher in the high-dose-rate ICBT group and the complication rate was also
higher in this group than in the low-dose-rate ICBT group [14]. The overall cumula-
tive survival rate was nearly the same in both groups (55% at 5 years).

We (Osaka National Hospital and Osaka Medical College) also innovate our
unique ambulatory implant technique for pelvic ISBT [12, 16] that patient could sit
down and walk during applicator implantation. This technique allowed 3D image-
guided ISBT using CT and MRI. In this section, we introduce not only common
outcome of ISBT but also our experience of ISBT, so-called “pure” ISBT, except
intracavitary/interstitial brachytherapy (ICISBT).

8.1.2 The Indication of ISBT

At present, there are four modalities of brachytherapy for previously untreated pri-
mary uterine cervical cancer. First modality is a classical conventional ICBT
(ConvICBT) such as Manchester system. Second modality is an image-guided
ICBT (IGICBT) that treatment planning was performed depending on CT/MR
images. Third modality is a ICISBT that Kuipers et al. started primitive implanta-
tion method [17] and Medical University of Vienna progressed sophisticated image-
guided method [18, 19]. Fourth modality is a classical pure ISBT. We often wondered
which modality was the best choice for each patient.

American Brachytherapy Society (ABS) recommendations for HDR brachyther-
apy for cervical carcinoma revealed that the eligibility criteria for undergoing ISBT
were bulky lesions, narrow vagina, and inability to enter the cervical os, lateral
extension, and lower vaginal extension [20]. The indication of LDR-ISBT is almost
same [21]. However, there is no definition about bulky lesion and lateral extension.
How many sizes of CTV were adequate for ISBT? And so, we investigated simula-
tion analysis using tumor models to clarify the indication for each brachytherapeu-
tic modality [22].

We simulated a variety of sizes of high-risk (HR) CTV models using three types
of applicator positions (ICBT, ICISBT, and ISBT). We calculated four treatment
plans (ConvICBT, IGICBT, ICISBT, and ISBT) and compared DVH.

We evaluated eight types of HR CTV models. The smallest HR CTV was
2 x 2 x 2 cm (mediolateral x ventrodorsal x craniocaudal) of rectangular shape, and
the largest HR CTV was 7 x 4 x 4 cm. Tandem was positioned at the center of the
CTV. As aresult, HR CTV size of 4 x 3 x 3 cm seems to be a threshold volume in
this simulation analysis, and IGICBT is a better choice for smaller HR CTV than the
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threshold volume. On larger HR CTV, ICISBT or ISBT are the better choice.
Dy.m3(OARSs) of ISBT clearly revealed lower values than those of ICISBT for HR
CTV sizes of 5 x 4 x 4 cm or larger. From this result, we considered that ISBT
should be selected for HR CTV sizes of 5 x 4 x 4 cm or larger.

Liu et al. evaluated DVH for 58 patients treated by ICBT and ISBT and reported
almost the same conclusion [23]. Thirty patients who received ICBT were treated
before 2013, and 28 patients who received ISBT were treated after 2013 that ISBT
was introduced in their hospital. All patients had large-volume tumors and/or
parametrial extension with a remnant tumor of greater than 5 cm after EBRT of
45 Gy. Total D9O(HR CTV) for ICBT was 76.9 5.7 Gy, and total DOO(HR CTV)
for ISBT was 88.1 + 3.3 Gy. Significant difference was observed. Furthermore,
Dy.m3(OARs) of the bladder, rectum, and sigmoid for ISBT were less than those
for ICBT.

8.1.3 Implantation and Treatment Planning

Common implant technique is a template-guided technique. Implantation is per-
formed under spinal or general anesthesia. Basically, standard intracavitary
implantation (tandem application) should be performed at first. After the implanta-
tion of tandem applicator, multiple needle applicators should be implanted at uter-
ine and/or paracervical tissue to complement the doses for HR CTV. If tandem
cannot be placed because of loss of the endocervical canal, positioning and loading
of the central needles must be considered carefully to avoid a central cold spot. The
ABS Committee commented that cure of cervical cancer requires some degree of
inhomogeneity of dose at the center of both intracavitary and interstitial implants
[24]. Attention to proper needle placement is necessary to fully encompass the
tumor while avoiding the OARs. Ultrasonography (US), CT, or MRI guidance is
desired. Sharma et al. visualized the tip of needle during implantation using tran-
srectal ultrasonography (TRUS), and it makes easier to prevent from penetrating
the gut wall [25].

Titanium or flexible plastic needles are preferred as they reduce CT simulation
artifacts caused by stainless steel needles and also allow MRI-based planning.
Perineal templates, such as Syed template and MUPIT, should be used as they help
to maintain needle geometry and thus improve dose distribution.

The treatment planning is recently performed with 3D planning. CT is used for
almost institutes. The HR CTV and the surrounding OARs, including the rectum,
bladder, urethra, small bowel, etc., were contoured. The HR CTV was defined as the
presumed residual gross tumor volume (GTV) with normal cervix. Fiducial marker
seeds may be inserted at the edge of the HR CTV. Especially, it is effective to judge
the distal edge of superficial vaginal invasion.

Erickson et al. reported a review of gynecological ISBT, and the prescribed doses
to the tumor or reference point were 25-40 Gy for almost LDR-ISBT series [26].
ABS consensus guidelines recommended 3545 Gy with 45 Gy of EBRT for LDR-
ISBT. Total prescribed doses were 80-90 Gy [21].
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Dose calculation is important issue for HDR-ISBT. The dwell times of the appli-
cators those were implanted at central area (tandem and the needles near tandem)
should be longer time because main tumor lesion is distributed in this area. The
dwell times of the applicators those were implanted at the periphery should be dealt
with different manner for each dose-rate ISBT because OAR is near. In LDR-ISBT,
sparse implantation may be necessary because dose optimization cannot be per-
formed. Against it, narrow implantation interval is desired for HDR-ISBT in order
to optimize these dwell times precisely.

Dose optimization was performed using dose optimization software such as vol-
ume optimization, inverse optimization, manual optimization, etc. Prescribed iso-
dose line was decided by the DVH result at 3D-planning era. The isodose that
includes 90% of the target (D90) is mostly used for reference of the prescribed
doses.

For HDR-ISBT, ABS consensus guidelines recommended 25-30.5 Gy in 5-9
fractions with 45 Gy of EBRT and 22.5-27 Gy in 5-9 fractions with 50.4 Gy of
EBRT. Total EQD, doses were 70-80 Gy [27].

8.1.4 Experience of Osaka National Hospital
and Osaka Medical College

We innovated unique ambulatory implant technique for HDR-ISBT in order to
improve patient’s activities of daily living during treatment and prevent from
complication such as venous thrombosis [12, 16]. We use freehand implantation
using plastic applicator needles. This technique enables us to take MRI, and we
could register to planning CT images for the assistance of 3D image-guided
planning.

Before implantation, we inserted a sounding tube and compared the position and
the HR CTV by TRUS. We monitored and overlap the contour of the HR CTV for
all craniocaudal level and finally delineate a maximum total contour of the HR
CTV. Next, we measured the distance between sounding tube position and HR
CTV. If the maximum distance between the sounding tube position and the edge of
the HR CTV is more than 2-2.5 cm (Fig. 8.1a), we selected ISBT.

We made a vinyl template using above maximum contour of the HR CTV. We
also made a silicone cylinder. The cylinder had five implant holes, and the center
hole was used for the tandem needle. We change the diameter and length depending
on the patient’s vaginal cavity.

To decide implantation points, the most important thing is that physician’s imag-
ination about what kind of isodose shape is the best coverage for HR CTV without
delivering excessive doses for OARs. After the physician decide the most desired
isodose shape for each patient, we prepared a vinyl template that the implant points
were punched.

1. HR CTV and OARs were monitored by TRUS.
2. Fiducial titanium marker seeds were inserted at the edge of the CTV.



98 K. Yoshida

Fig. 8.1 (a) Transrectal ultrasonography (TRUS) image of uterine cervical cancer patient.
Sounding tube was inserted into her uterine cavity, and the distance between sounding tube position
(white arrow) and the lateral edge of high-risk clinical target volume (HR CTV) was calculated.
The distance was 3 cm. Because it is larger than 2-2.5 cm, we selected interstitial brachytherapy
for her. (b) TRUS image of the same patient as a. Doppler function is used to confirm the position
of large vessel. (¢, d) Planning computed tomography (CT) image of the same patient as a (c).
Magnetic resonance imaging was overlapped to CT image (d). The contour of the CTV delineated
with the assistance of the MRI image precisely (red line). However, MRI did not help to delineate
the bladder (light blue line) and the rectum (brown line) because these organs changed their shape
within short time between imaging time of CT and MRI (e) Planning CT image of the same
patient as a. Isodose curve was shown on the CT image. We prolonged the dwell times of applica-
tor needles implanted into the uterine cavity (light-blue line, 200% planning aim isodose line).
After enough CTV coverage was achieved, we reduced the dwell times of the needles near the
bladder and the rectum with keeping enough dose coverage for the CTV
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3. Flexible applicator needle with button stopper was inserted into the uterine cav-
ity as a tandem needle. First 1-1.5 cm of needle tip was implanted into the uter-
ine fundus in order to fix the needle position during the treatment.

4. Handmade silicone cylinder was inserted into the vagina and followed behind
the tandem needle. The center hole of the cylinder was used for the tandem
needle. As a result, the tandem needle was positioned at the center hole of the
silicone cylinder.

5. Handmade vinyl template was contacted on the perineal skin surface. The tan-
dem needle was positioned at the center hole of the vinyl template.

6. Flexible needles with button were implanted from the cylinder, vagina, and peri-
neal skin under TRUS guidance. The needles were placed at the uterine, para-
vaginal tissue and paracervical tissue to complement the radiation doses to the
region that becomes cold spot if we treat by intracavitary brachytherapy alone.
Doppler TRUS is often convenient to confirm the large vessel position near the
implantation points (Fig. 8.1b).

The needle-needle interval should be shorter near the OARs because precise
dose modification is necessary. It is a different manner from LDR-ISBT. In the
case of LDR-ISBT, physician never does it if he uses treatment sources of same
source strength.

We implanted the needles to 1-1.5 cm beyond the HR CTV to be able to cor-
rect dwell positions if the needle were displaced caudally.

7. Button stoppers were sutured to the perineal skin. The protruded connector end
of the applicator was cut down short enough to enable the patient to walk.

The CT-based planning was performed using MRI as a reference to contour the
HR CTV and OARs (rectum, bladder) (Fig. 8.1c, d). The definition of these con-
tours was based on the recommendation from the Gynecological GEC-ESTRO
Working Group for reporting 3D-sectional image-assisted brachytherapy of cervix
cancer [28, 29]. The treatment planning was performed using the computer volume
optimization with manual modification [30].

Basically, we increased the dwell times of applicator needles to cover the CTV
at first. At that time, we preferred to increase the dwell times of the needles implanted
into the uterine cavity or muscle because radiation tolerance was higher in this area.
After enough CTV coverage was achieved, we cut the isodose curve that protruded
into OARs. At that time, we preferred to reduce the dwell times of the needles near
the OARs. Because we implanted more needles near OARs showing above, such
modification became easier (Fig. 8.1e). After we could modify the isodose curve to
a certain extent, we checked the DVH. We modified furthermore with the comple-
tion of treatment planning while monitoring the DVH values.

Our planning aim was for the isodose that includes 100% of the target (D100) for
HR CTYV to be equal to the planning aim dose if D,.,,; for OARs did not become too
high. If D,.,; for OARs become too high, we compromised the dose for HR
CTV. However, we kept D90 for HR CTV within the range of not less than planning
aim dose. Our planning aim dose was 30 Gy in five fractions when center-shielded
radiotherapy was used. When only whole-pelvic radiotherapy was used, we reduce
the doses of ISBT to 25 Gy in five fractions.
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8.1.5 External Beam Radiotherapy

External beam radiotherapy (EBRT) is combined for almost radical cases. Whole-
pelvic radiotherapy (WPRT) of 45-50.4 Gy in 25-28 fractions was common.
Center-shielded radiotherapy (CSRT) is combined in some countries. This tech-
nique is superior to reduce the irradiated doses for the rectal, urethra and bladder.
However, calculation of total DVH for the CTV becomes difficult if the central
shield only blocks a partially medial side of the CTV.

8.1.6 Treatment Results

Treatment results of selected series were shown in Table 8.1. Erickson et al. reported
areview of ISBT data between the 1970s and the early 1990s [26]. Almost data was
LDR-ISBT using template technique with 2D planning. Local control rates were
25-88%. Survival rates were 22-60%. Representative ISBT reports since the late
1990s to the early 2000s [31-36] were also shown in Table 8.1. Syed AMN et al.
reported their treatment result of 185 patients (stage III-1V, 87 patients) treated
between 1977 and 1997 [31]. Prescribed doses of EBRT were 39.6 Gy for WPRT
and 10.8 Gy for CSRT. Prescribed doses of LDR-ISBT were 40-50 Gy to the
implanted volume. Local control rate (LC) was 82%, and disease-free survival rate
(DFS) was 58%. Three patients (2%) developed grade 3 (RTOG/EORTC late radia-
tion morbidity scoring scheme) late bladder complication, and 15 patients (8%)
developed grade 3 late gastrointestinal complication. Demanes et al. reported their
treatment result of 62 patients (stage III-1V, 23 patients) treated by HDR-ISBT
between 1991 and 1996 [32]. For example, the prescribed doses of WPRT, CSRT,
and ISBT were 36 Gy, 14 Gy, and 33 Gy (six fractions). LC was 94% for all 62
patients, and overall survival rate (OS) was 52%. Four patients (6.5%) developed
grade 3-4 late complication. Isohashi et al. reported their treatment result of 25
patients (stage III-1V, 20 patients) treated between 1995 and 2005 [33]. The median
prescribed doses of EBRT were 30 Gy for WPRT and 20 Gy for CSRT. Prescribed
doses of HDR-ISBT were 30 Gy in five fractions to 5 mm from applicators. For
stage III disease, the 5-year LC was 73%, and progression-free survival rate was
51%. Two of all 25 patients (8%) developed grade 3 late complication.
Image-guided ISBT was reported since the 2000s [10-12, 37-40]. Beriwal et al.
reported their CT-planning treatment result of 16 previously untreated patients
(uterine cervix/vagina = 11:5) treated between 1998 and 2004 [10]. Seven of 11
uterine cervical cancer patients were stage III-IV. The median prescribed doses of
EBRT were 45 Gy for WPRT and 9 Gy of parametrial boost. Prescribed doses of
HDR-ISBT were 18.75 Gy in five fractions to the CTV. The 5-year LC was 75%,
and cause-specific survival rate (CSS) was 64%. LC for uterine cervical cancer was
63%. The actuarial rate of grade 3—4 late complications was 7%. This group started
dose escalation of ISBT since 2005. Kannan et al. reported their CT-planning treat-
ment result of 47 previously untreated patients (stage III-IV, 41 patients) treated
between 2005 and 2011 [37]. The median prescribed doses of HDR-ISBT increased
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to 22.5 in five fractions, and the aim of total EQD, doses increased to 70-80 Gy. The
median D90 was 76.25 (range, 59-87.9) Gy. The 2-year LC was 61% and OS was
59%. Grade > 3 late complications was 10%.

Thibault et al. reported their CT/MRI-planning treatment result of 43 patients
including 34 primary cancer patients treated between 2001 and 2009 [11]. Twelve
of 34 primary cancer patients were previously untreated uterine cervical cancer
patients. Eleven of 12 uterine cervical cancer patients were stage [I[I-IV. The median
prescribed doses of EBRT were 45 Gy for WPRT. The median planning aim doses
of HDR-ISBT were 30 (range, 18-35) Gy in 4-6 fractions. The planning aim was to
insure that 95% of the CTV received 100% of the planning aim dose (V100). The
median D90 was 90.2 Gy. The 2-year LC was 87% and OS was 86% for 34 primary
cancer patients. Twelve of 43 (28%) patients showed grade 3—4 late complications.

Kamran et al. compared the treatment outcome between MRI-guided ISBT and
CT-guided ISBT [39]. They treated 56 locally advanced uterine cervical cancer
patients (MRI-guided:CT-guided = 29:27). Two-year LC rates were 96% and 87%
for MRI-guided ISBT and CT-guided ISBT (not significant difference was
observed). Two-year Kaplan-Meier OS were 84% and 56% for MRI-guided ISBT
and CT-guided ISBT, and significant difference was observed.

8.1.7 Experience of Osaka National Hospital and
Osaka Medical College

Our experience showed their CT/MRI-planning treatment result of 29 patients
(stage III-1V, 27 patients) treated between 2005 and 2009 [40]. Almost all treatment
process (indication decision, implantation, planning, treatment, and follow-up) was
done by a same physician (K.Y.). The median prescribed doses of EBRT were 30 Gy
for WPRT and 20 Gy for CSRT. Planning aim doses of HDR-ISBT were 30 (range,
30-36) Gy in five fractions, and the aim of total EQD, doses increased to 70-80 Gy.
The median D90 was 81.9 (range, 65.5-96.6) Gy. The 3-year LCs were 95% and
83% for T3 and T4. The 3-year OS was 79% and 83% for T3 and T4. Four of 29
(14%) patients showed grade 3—4 late complications.

8.1.8 Applicator Displacement

Compared with EBRT, ISBT has a merit that is less affected by motion of the tumor.
Because the treatment applicators were implanted into the tumor, the positional
relationship between the tumor and applicators is hard to change except the direc-
tion of needle implantation. However, there is a problem for this direction because
applicator displacement may occur. The displacement may occur by the movement
of the applicator or template. Edematous change and/or subcutaneous hematoma
also become causes of applicator displacement. If the needle applicator displaces
more than the cranial margin, it causes a loss of dose conformity and may lead to
unexpected marginal recurrence and complications simultaneously.
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This problem was pointed out in prostate ISBT at first [41, 42], and our group
also verified it in prostate and gynecological cancer [43—45]. Mikami et al. reported
that the median applicator displacement to caudal direction was 2 mm for 45 h after
implantation calculated using daily CT measurement. It may be a first report for
gynecological ISBT in the world [43]. There are some other reports about this at
present [46-51]. All authors used CT for data calculation and compared applicator
displacement using coordinates of the pelvic bone, the CTV, or the fiducial markers.
The average or median displacement length of applicators was 0.3—-19.1 mm for
about 48 h. Applicator displacement influenced the DVH value of the CTV [45,
49-51]. The mean reductions of D9O(CTV) were 0-6% compared with the values
without displacement. However, more than 10% reduction of D90(CTV) was
reported for some patients. And so, corrective actions of this dose delivery error will
be necessary.

8.2 Local Recurrence of Uterine Cancer
8.2.1 Introduction

Recurrent uterine cancer of the vagina is usually not suitable for curative organ-
sparing surgery because of the proximity of the tumor to the rectum, bladder, and
urethra. Recurrent uterine cervical cancer after radical radiotherapy is also not suit-
able for curative surgery because of irradiation history. And so, ICBT and ISBT play
an important role because curative dose is given to the CTV.

Recurrent uterine cancer is divided to two patterns. First is a vaginal recurrence
after surgery. In this type, the small bowel is often located just above the recurrent
tumor because the uterus is resected at the time of previous surgery. It means that
physician must take care not to irradiate too much doses to the small bowel. We also
take care a risk of bowel obstruction if EBRT is also delivered. Second is a vaginal/
uterus recurrence after radical radiotherapy. In this type, the recurrent tumor may be
aradioresistant if the tumor is a central recurrence of previous radiotherapy. Because
second radiotherapy has a higher risk of complication, EBRT should not be per-
formed, and CTV margin of brachytherapy must keep minimum level.

8.2.2 The Indication of ISBT

ABS consensus guidelines for ISBT for vaginal cancer show the treatment option of
vaginal cancer [52]. It shows that primary stage I-IVA vaginal cancers or recurrent
cervical, endometrial, or vulvar carcinoma in the vagina with residual vaginal
lesions greater than 0.5 cm thick are potential candidates for ISBT.

Ito et al. reported their treatment result of 90 vaginal stump recurrence patients
of uterine cervical cancer [53]. They divide 90 patients into 3 groups depending on
the tumor size. Forty-three patients that the tumor was visible but not palpable
belong to small group. Thirty-three patients that the tumor was palpable and its size
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was less than 3 cm belong to medium group. Fourteen patients that the tumor size
was equal to or more than 3 cm or extended to the pelvic cavity belong to large
group. They performed ICBT with or without EBRT. The incidences of local failure
were 10%, 49%, and 63% for small, medium, and large group. From this result, we
considered that ICBT should be restricted for superficial tumor lesions.

8.2.3 Implantation and Treatment Planning

ABS consensus guidelines showed implantation technique for vaginal recurrence
and primary vaginal cancer [52]. Before implantation, fiducial gold, platinum, or
carbon fiber marker seeds should be inserted to delineate the residual GTV (and, if
possible, its original extent). Titanium or flexible plastic needles reduce CT simula-
tion artifacts caused by stainless steel needles, facilitate delineation of the target
volume, and allow MRI-based planning, if available. For apical or upper vaginal
lesions, a perineal template with a vaginal cylinder is recommended for implanta-
tion. Laparoscopy, laparotomy, transabdominal US, TRUS, CT, or MRI should be
considered to help place the needles and avoid inadvertent placement of needles in
OARs. For mid or distal vaginal lesions, either freehand techniques or template-
based techniques can be used. Ideally, the CTV should be encompassed with a 1-cm
margin beyond the GTV in the lateral, inferior, and superior margins unless limited
by normal tissue constraints. This will often yield a peripheral set of catheters in the
normal tissue just beyond the CTV. After implantation, a digital rectal examination
should be performed to ensure that no catheters are perforating the rectum.

Charra et al. treated 78 vaginal stump recurrence of uterine cervical and corpus
cancer by LDR-ISBT [54]. For the patients who did not have previous irradiation
history, the mean prescribed doses of ISBT were 60.2 Gy as monotherapy or 27.2 Gy
combined with 40.9 Gy of EBRT. For the patients who had previous irradiation his-
tory, the mean prescribed doses of ISBT were 46.4 Gy as monotherapy and 28.7 Gy
combined with 30.8 Gy of EBRT.

ABS consensus guidelines showed that the recommended prescription dose for
LDR brachytherapy were 25-40 Gy with EBRT, for a total dose of 70-85 Gy,
depending on the tumor location, the extent of disease, and the response to EBRT
[52]. The preferred dose rate for LDR brachytherapy is 35-70 cGy/h.

For HDR-ISBT, these guidelines showed 30-33 Gy in six fractions with 36 Gy
of EBRT or 20-25 Gy in five fractions with 50.4 Gy of EBRT as recommended
prescribed doses.

8.2.4 Experience of Osaka National Hospital and Osaka Medical
College

Because uterine was already resected in case of vaginal stump recurrence, tandem
applicator was not used. In case of uterine and/or vaginal recurrence after radical
radiotherapy, it is also the same because uterine cavity was adhered as a late com-
plication by previous radiotherapy.
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A single flexible needle applicator was inserted into the center of the uterine
cervix or vaginal stump. After implanting the first needle, a silicone cylinder was
inserted into the vagina. The cylinder had five implant holes, and the center hole was
used for the first needle. After inserting the cylinder, we attached a custom-made
vinyl plate to the patient’s perineum with holes for needle implantation. The vinyl
plate had five holes for cylinder-guided implantation and several additional holes
for freehand implantation. We implanted the needle applicators in and around the
CTV with TRUS guidance and implanted 1-1.5 cm beyond the CTV to be able to
correct dwell positions if the needle applicator was displaced caudally.

For the patients who had no irradiation history, the CTV is the GTV with 1 cm of
margin around the GTV. Entire circumference of the vagina at the GTV level is also
included in the CTV. If the tumor is located close to the cervix or vaginal stump, the
mucosal surface of the cervix/vaginal stump is also included to the CTV.

For the patients who had irradiation history, the CTV is equal to the GTV.

The CT-based planning with the assistance of MRI is same as our planning for
previously untreated uterine cervical cancer.

For the patients who had no irradiation history, we selected ISBT combined with
EBRT for the patients who showed local recurrence within 2 years after previous
surgery or showed nodal recurrence. The median single-fraction planning aim dose
of HDR-ISBT was 6 Gy, and the median total planning aim doses were 30 Gy in five
fractions for ISBT combined with 30-40 Gy of WPRT. We reduced the planning
aim doses to 25 Gy in five fractions if WPRT is delivered to 50 Gy. We selected
ISBT as a monotherapy for patients exhibiting local recurrence for more than
2 years after the previous treatment. The median total planning aim doses were
54 Gy in nine fractions for ISBT as a monotherapy.

For the patients who had irradiation history, we omitted EBRT and also reduced
the total planning aim doses to 48 Gy in eight fractions for HDR-ISBT as a
monotherapy.

8.2.5 External Beam Radiotherapy

EBRT may be combined for previously non-irradiated cases. WPRT of 45-50.4 Gy
in 25-28 fractions were common. CSRT is combined in some countries. However,
EBRT is not combined for almost patients who had previous irradiation history.

8.2.6 Treatment Results

Treatment results of selected series were shown in Table 8.2 [11, 54-71]. The LC
and OS rates after ISBT ranged from 45-100% to 17-83%, respectively. Although
the LC after 3D dose calculation with an image-guided system (60-100%) was
theoretically superior to 2D dose calculation (45-85%), a wide variety of outcomes
were observed, and image-guided ISBT did not provide a better LC result mainly
because of the heterogeneous patient population, which featured selection bias. For
example, Nag et al. [55] reported an LC rate of 100% in 13 favorable outcome
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patients without 3D dose calculation. The 13 patients did not have previous irradia-
tion, the tumor sizes were <2 and 2—4 c¢m for 7 and 3 patients, respectively, and the
interval from hysterectomy to recurrence was more than 12 months for 9 patients.
Because the tumor size [54, 56, 57] and recurrence interval [56-58] were important
prognostic factors, the patient selection was biased toward a better outcome.

In contrast, Weitmann et al. [56] reported an LC rate of 47% for 23 patients,
although 3D dose calculation had been performed. The authors of that study treated
many higher-risk patients, 11 of whom had previous irradiation. Additionally, 8 had
larger tumor sizes (35%), and 12 (52%) had shorter recurrence intervals.

Severe late complication rate was 0-29% (Table 8.2). We must take care for the
reirradiation patients. Lee et al. reported that four patients (9%) experienced grade
3 late toxicity, including 3/13 patients (23%) treated in the reirradiation setting and
1/31 (3%) with no prior RT [59].

There are not so many reports about dose relationship between DVH and clinical
result [56, 60, 61]. Weitmann et al. reported that a prescribed total dose of higher
than 64 Gy with a coverage index higher than 0.8 yielded a better treatment outcome
[56]. Murakami et al. reported that D9O(CTV) was more than 65 Gy and single-
fraction doses was more than 5 Gy as favorable factors of local control [60].

8.2.7 Experience of Osaka National Hospital
and Osaka Medical College

We analyzed 56 patients to evaluate the effectiveness of image-guided HDR-ISBT
for pelvic recurrence of uterine cancer [61]. The 3-year LC and OS were 75% and
68%. Pre-ISBT treatments included radical hysterectomy for 35 patients (Group A),
radical hysterectomy with postoperative radiotherapy for 8 patients (Group B), and
radical radiotherapy for 13 patients (Group C). The 3-year LC were 85%, 75%, and
46% for groups A, B, and C, respectively (p = 0.017).

The 3-year LC were 70% and 79% for a D90(CTV) of <85.7 and >85.7 Gy. The
3-year OS were 63% and 71% for a D90 (CTV) of <85.7 and >85.7 Gy. The
D90(CTV) was 81.3 + 8.1 Gy for patients with local central recurrence and
90.3 + 23.6 Gy for all other patients (p = 0.14). The 3-year LC were 65% and 85%
for a D100(CTV) of <67.1 and >67.1 Gy (p = 0.098). The 3-year OS were 67% and
69% for a D100 (CTV) of <67.1 and >67.1 Gy. The D100 (CTV) was 58.1 £ 15 Gy
for patients with central recurrence and 70.3 + 20.4 Gy for all other patients (p = 0.07).
A total of 13 late complications of grades 3—5 occurred in 11 patients (20%).

Osaka group also reported 43 isolated vaginal recurrences of endometrial cancer
including our 11 patients [62]. Thirty-four of 43 patients received ISBT. The treat-
ment results for all patients were 78% and 84% for LC and OS.

We also investigated 48 patients of postoperative local recurrent uterine cancer
and analyzed the treatment result depending on histology [72]. The 4-year LC and
OS were 78% and 67% for all patients. The 4-year OS were 73%, 65%, 100%, and
20% for squamous cell carcinoma, endometrial adenocarcinoma, mucinous adeno-
carcinoma, and the others (p = 0.06). Grade > 3 late complications occurred in 11
patients (23%). Ileus was only observed for patients receiving EBRT.
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The median caudal needle applicator displacement was 3 mm (range, —4 to
16 mm) at the first 21 h, 2 mm (range, —7 to 19 mm) at 45 h, 4 mm (range, —2 to
23 mm) at 69 h, and 5 mm (range, —2 to 26 mm) at 93 h. Two of eight patients
showed more than 10% reduction in D9O(CTV) values [45].

8.3  Vaginal Cancer
8.3.1 Introduction

Vaginal cancer is also not suitable for curative organ-sparing surgery. And so, ISBT
also play an important role.

8.3.2 The Indication of ISBT

ABS consensus guidelines showed the indication of ISBT showing above (see Sect.
2) [52].

Fine et al. reported their treatment indication [73]. For stage II-1V, they treated
ISBT with EBRT (4045 Gy). For stage I, they selected ICBT (15-20 Gy) with
EBRT (45-50 Gy) if no palpable disease remained. And, ISBT (20-25 Gy) with
EBRT (45-50 Gy) was selected if palpable disease remained.

8.3.3 Implantation and Treatment Planning

ABS consensus guidelines also showed the implantation technique of ISBT (see
Sect. 2) showing below [52].

The dose should be optimized to the CTV with the goals of achieving a D9O(CTV)
>100% of the prescribed dose and minimizing the dose to normal organs.

8.3.4 Experience of Osaka National Hospital and
Osaka Medical College

Implantation technique was almost same as our technique showing above
(Fig. 8.2a-)).

For the patients who had no irradiation history, the CTV is the GTV with 1 cm of
margin around the GTV. Entire circumference of the vagina on the GTV level is also
included in the CTV. If the tumor is located close to the cervix, the mucosal surface
of the cervix is also included to the CTV. For the patients who had irradiation his-
tory, the CTV is equal to the GTV.

There is a problem about CTV definition of vaginal cancer. If the tumor is con-
fined to the vagina but located very close to the uterine cervix, the CTV definition
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Fig.8.2 (a, b) A photograph of a handmade vinyl template for a vaginal cancer patient. The maxi-
mum tumor contour was drawn by black line. The urethra (black dot) and the rectal contour (black-
dotted line) were also drawn. After we decided the implant points (red dots), implantation points
were punched. (¢) We made a suture needle with silk thread to the uterine cervix to fix the tandem
needle and handmade silicone cylinder. (d) Flexible applicator needle with button stopper was
inserted into the uterine cavity as a tandem needle. (e, f) Handmade silicone cylinder was inserted
into the vagina and followed behind the tandem needle. The cylinder was sutured by the silk
thread. From this manipulation, the complex of the tandem, button stopper, and cylinder is fixed to
the uterine cervix in order to reduce the risk of applicator displacement. Although we usually used
silicone cylinder with 5 holes, we used smaller cylinder because the patient had large tumor in the
vaginal cavity. (g) A photograph of sterilization tray for implantation. From left side, we put the
button stoppers with silk thread, flexible applicator needle with button stopper with metal obtura-
tor, obturators and fiducial marker implantation device (we previously used as an Au-grain implan-
tation device). (h) A photograph of flexible applicator needle with button stopper with metal
obturator. (i) A photograph of the vinyl template with flexible applicator needle complex. (j) A
photograph of the patient’s perineum just after the implantation. (k) A photograph of the patient’s
planning computed tomography image. Applicator needles were shown as red dots. The clinical
target volume (CTV) was delineated (red-dotted line), and the urethra is also delineated (blue-
dotted line). The silicone cylinder was clearly visualized. (I) Planning CT image of the same
patient as k. Isodose curve was shown on the CT image. The CTV was covered by 100% pre-
scribed isodose line (red line). We tried to reduce the urethral dose (green line, 110% prescribed
isodose line; pink line, 120% prescribed isodose line)
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was shown above. However, if the tumor will grow and infiltrate into the uterine
cervix, the disease changes to uterine cervical cancer. And so, the CTV of the tumor
became larger (the GTV plus the normal uterine cervix) even if the cervical infiltra-
tion was very little. In such case, we always wonder how we should do it. We must
define it depending on each patient’s clinical situation.

The median single-fraction planning aim dose of HDR-ISBT was 6 Gy, and the
median total planning aim doses were 30 Gy in five fractions for ISBT combined
with 30-40 Gy of WPRT. We reduced the planning aim doses to 25 Gy in five frac-
tions if the dose of WPRT is increased to 50 Gy.

8.3.5 External Beam Radiotherapy

EBRT should be combined for previously nonirradiated cases. WPRT of 45-50.4 Gy
in 25-28 fractions were common. CSRT is combined in some countries. However,
EBRT is not combined for the patients who had previous irradiation history or poor-
risk diseases.

8.3.6 Treatment Results

8.3.6.1 LDR Brachytherapy

Fine et al. reported their treatment result of 55 patients [73]. The median total doses
of ICBT/ISBT and EBRT were 70, 70.4, 90, and 51.75 Gy for stage I through
IV. Local failure was observed 25%, 33%, and 62% for the administered dose of
>75, 60-75, and <60 Gy. Eight of 55 patients showed severe complication.

Frank et al. reported 193 patients treated with the combination of EBRT and
brachytherapy (including 32 patients treated with ISBT) [74]. The prescribed mean
doses were 76 Gy (range, 65-90 Gy). Five-year pelvic disease control rates were
86% for stage I, 84% for stage II, and 71% for combined stages III and IVA. The
5- and 10-year risk of grade 3—4 (CTCAE ver.3.0) complications was 10% and 17%.

8.3.6.2 HDR Brachytherapy

There are some reports treated by HDR-ISBT [75-78]. The outcomes of these
reports are 68.8—71% and 39.3-83% for LC and OS. Late complication rates are of
3-16.7%.

8.3.7 Experience of Osaka National Hospital
and Osaka Medical College

Kanayama et al. reported the treatment results of 49 patients for Osaka group includ-
ing our 12 patients [78]. They showed that 3-year locoregional control and OS were
71% and 83%. Late complication was observed 12% and 0% of grades 3 and 4-5
complication (CTCAE ver. 4.0).
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8.4  Follow-Up: The Importance of Vaginal Washing

To keep better condition of vaginal mucosa, frequent vaginal washing during and
after ISBT is important. Yellowish necrotic tissue appeared from tumor surface at
first, and it also spreads to the normal mucosal surface of uterine cervix/vaginal.
This yellowish tissue causes an adhesion. And so, we performed vaginal washing
frequently and gently peeled the tissue to prevent adhesion (Fig. 8.3a—e). If the
interval of follow-up is more than 2-3 weeks within 3—6 months after ISBT, vaginal

Fig. 8.3 (a) A photograph of pretreatment tumor status of the patient who had uterine cervical
cancer histologically proven as squamous cell carcinoma categorized as T3b. (b) Photograph of
10 days after ISBT. Yellowish necrotic tissue was covered on the tumor surface. (¢) Photograph of
the same day as b. Necrotic tissue was peeled, and tumor surface was appeared. (d) Photograph of
357 days after ISBT. The uterine cervix changed pale by high doses of radiation. However, almost
all mucosa surface was free from adhesion, and we could observe uterine cervical surface clearly.
(e) Photograph of 2 years and 2 months after ISBT. The uterine cervix further changed pale.
Fortunately, adhesive change did not progress
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adhesion often occurred. In such case, we should peel off the adhered mucosa by
manual and Cusco speculum very gently. This manipulation is useful for the patients
who have a possibility to do sexual intercourse. Against it, we must take care of the
patients if they had irradiation history. Because such patients have higher risk of
severe complication such as fistula formation, we must manipulate it carefully.
Rough manipulation may cause a mucosal injury, and it may develop infection and
radiation necrosis.

Conclusion

Although ISBT is a relatively invasive method compared with ICBT and ICISBT,
ISBT has an advantage that can achieve a better tumor coverage without increas-
ing the doses for OARs, especially for large tumor. Recent technical progress
such as our ambulatory technique will make it more comfortable method, and
image-guided planning will improve the treatment outcome.

Applicator displacement is a certainly problem for pure ISBT. However, daily
measurement of the distance of displacement will lead to adequate corrective
action.

Finally, we are trying to spread the treatment indication of ISBT. With the
advent of imaging modality, applicator needle implantation to deeper-seated
tumor becomes safer and easier. For example, we performed an implantation to
internal iliac lymph node by the guidance of color Doppler TRUS and virtual
implantation [79]. Using Doppler TRUS, we could implant to the internal lymph
node tumor while avoiding injury of nearest large vessel. Virtual implantation
using preimplantation CT with template showed us the adequate needle length,
adequate needle entry point of the skin.

If treatment isotope source will become thinner and smaller, thinner applica-
tor may be developed, and it will make implantation safer. It will also lead to
spread treatment indication. Anyway, we believe that ISBT is still valuable treat-
ment modality and has potential for expansion.
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Asian Cooperation and Global Trends
in Brachytherapy for Cervical Cancer

Shingo Kato

Abstract

Brachytherapy plays an important role in the treatment of cervical cancer. Japan
is a pioneer of high-dose-rate brachytherapy for cervical cancer and has made
great contributions in the establishment of optimal therapy for this disease over
the course of five decades. Japanese institutions have recently conducted several
clinical studies of three-dimensional image-guided brachytherapy. Based on
these experiences, several Japanese institutions have conducted international
cooperative activities on radiotherapy for cervical cancer with other Asian coun-
tries for over 20 years.

Keywords
Cervical cancer - High-dose-rate brachytherapy - Three-dimensional image-
guided brachytherapy - International cooperation - FNCA - IAEA/RCA

9.1 Introduction

The combination of external beam radiotherapy (EBRT) to the pelvis and
brachytherapy (BT) to cervical tumors is the standard treatment for uterine cer-
vical cancer. Traditionally, cervical cancer was treated with low-dose rate BT
(LDR-BT) using Ra-226 or Cs-137. In 1964, Henschke et al. [1] and O’Connell
etal. [2] reported on a high-dose rate (HDR) remote afterloading system (RALS)
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using Co-60. In Japan, an HDR-RALS was installed at the National Institute of
Radiological Sciences (NIRS) in 1968. Since then, as pioneers of HDR-BT,
several Japanese institutions have conducted clinical studies to establish the
optimal dose and fractionation schedule of HDR-BT and appropriate combina-
tions of EBRT and HDR-BT for treating cervical cancer. Following several
clinical studies [3, 4], treatment guidelines of radiotherapy (RT) for cervical
cancer were established in Japan in 1987 [5]. The NIRS has also conducted
long-term follow-up studies to evaluate the efficacy and late toxicities of
Japanese HDR-BT protocols for more than 20 years [6, 7]. Clinical studies com-
paring the outcomes of LDR- and HDR-BT have also been conducted by
Japanese institutions [8, 9].

Based on these experiences, several Japanese institutions have been conducting
international cooperative activities on RT for cervical cancer with other Asian coun-
tries, including the radiation oncology project of the Forum for Nuclear Cooperation
in Asia (FNCA) and the International Atomic Energy Agency/Regional Cooperative
Agreement for research, development, and training related to nuclear science and
technology for Asia and Pacific IAEA/RCA). These activities are briefly intro-
duced in this chapter.

9.2 FNCA Radiation Oncology Project

The FNCA is a Japan-led cooperative framework for the peaceful and safe use of
nuclear science and technology in Asia. Ten projects are currently ongoing under
this framework, and the radiation oncology project is one of these. The project was
launched in 1993, and 11 countries have been participating in the project recently,
including Bangladesh, China, Indonesia, Japan, Kazakhstan, Korea, Malaysia,
Mongolia, the Philippines, Thailand, and Vietnam. The project aims to establish
optimal treatment protocols for RT and chemotherapy for predominant cancers in
Asia, to improve the quality of RT in FNCA member countries, and to improve
treatment outcomes for predominant cancers in Asia. Several activities are under-
way to this end, including international multi-institutional clinical studies of RT or
chemoradiotherapy (CRT) for various cancers in Asia. Radiation oncologists
involved in the project have organized a clinical study group and conducted clinical
studies of RT or CRT for cervical cancer, nasopharyngeal cancer, and breast cancer.
Another activity is aimed at securing physical quality assurance and quality control
(QA/QC) of RT in Asia. Medical physicists involved in the project have conducted
QA/QC audits of EBRT and BT at institutions participating in the clinical studies
[10] (Fig. 9.1).

Japan has been playing a leading role in the project: (1) a Japanese delegate has
been designated the project leader; (2) a number of Japanese radiation oncologists
have been key members of FNCA clinical studies; (3) the NIRS has been the data
center for all FNCA clinical studies; and (4) a number of Japanese medical physi-
cists are key members involved in the QA/QC activities.



9 Asian Cooperation and Global Trends in Brachytherapy for Cervical Cancer 125

Fig. 9.1 Photograph of the FNCA workshop on radiation oncology held in Surabaya, Indonesia,
in 2016, and the FNCA QA/QC audit of external beam radiotherapy

9.3 International Clinical Studies for Cervical Cancer
in the FNCA Project

Cervical cancer is one of the most common types of cancer in Southeast Asia [11].
The mortality rate associated with the disease in the region is high, as many patients
present at a relatively advanced stage of disease. Thus, developing and establishing
effective treatment strategies against the disease are major public welfare issues.
Since 1995, the FNCA radiation oncology project has been conducting international
multi-institutional clinical studies to improve the treatment outcomes of cervical
cancer. Table 9.1 provides a summary of past and ongoing clinical studies that have
been conducted under the project.

When the project began, RT standards for cervical cancer varied widely across
FNCA countries, given their diverse technical, cultural, and socioeconomic back-
grounds. Several dose and fractionation schedules were being used for BT, and
there was a lack of consensus regarding the optimal dose and fractionation schedule
for BT and EBRT and BT combinations. Against this backdrop, the first clinical
study (Cervix-I, 1996-2003) aimed to standardize RT for cervical cancer among
FNCA countries. Treatment protocols for the combination of EBRT and either
HDR- or LDR-BT for locally advanced cervical cancer were developed and stan-
dardized based on Japanese protocols [5-7], and patients with stage IIIB cervical



126 S. Kato

Table 9.1 International multi-institutional clinical studies in Asia under the FNCA Framework
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. . . . . . . . . . . .
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' ' ' ' ' ' ' ' ' Results published
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' ' ' ' '
; ; ; : ; : : : : : ! !
CRT for Advanced NPC i i i i i ' ' ' | Registration 1  Follow-u
(any TN2-3) (NPC-Ill) ; ; ; ; ; ; ; ‘
: : : : ’ ’ ’ ’ ’

Hypofractionated RT for ' ! ' o
Breast Cancer i i i i . . . . . . Registration
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RT radiotherapy, AHF accelerated hyperfractionation, CCRT concurrent chemoradiotherapy,
PALN paraaortic lymph node, 3D-IGBT three-dimensional image-guided brachytherapy, NPC
nasopharyngeal carcinoma, RO radiotherapy and oncology, I/JROBP International Journal of
Radiation Oncology, Biology, and Physics, JRR Journal of Radiation Research

cancer were treated according to these protocols. The results of the study suggested
that the standardized protocols provided favorable treatment outcomes with accept-
able rates of late complications for Asian women with locally advanced cervical
cancer [12]. This study was the first international multi-institutional clinical study
of RT for cervical cancer conducted in both high- and low/middle-income countries
in Asia.

In the second clinical study (Cervix-II, 1999-2006), the study group devel-
oped a protocol for accelerated hyperfractionated (AHF) RT to the pelvis and
evaluated its toxicity and efficacy, given the difficulty of performing CRT in
some of the low-income countries that suffer from technical and/or socioeco-
nomic constraints. Patients with stage IIB or IIIB cervical cancer were treated
with AHF RT, which consisted of 30 Gy/20 fractions/2 weeks (1.5 Gy/fraction,
twice daily) of whole pelvic EBRT followed by 20 Gy/10 fractions/2 weeks (con-
ventional 2 Gy daily fraction) of pelvic EBRT with central shielding. BT was
performed in the same manner as in Cervix-I. The results of the study showed
that AHF RT was feasible and achieved sufficient pelvic tumor control and over-
all survival without increasing severe toxicities. The study suggested that AHF
RT could be an effective alternative for low/middle-income countries in Asia
where CRT is not readily available [13].
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Concurrent CRT has been the standard treatment for locally advanced cervi-
cal cancer based on results of several phase III clinical studies conducted in the
United States [14—18] and meta-analyses [19-21]. However, whether CRT was
really feasible and effective for patients in low/middle-income countries in Asia
in early 2000 was a controversial issue. Therefore, in the third clinical study
(Cervix-III, 2003-2010), the study group conducted a phase II study of concur-
rent CRT for locally advanced cervical cancer to evaluate its feasibility, safety,
and efficacy in Asian countries. In the study, patients with stage IIB or IIIB
cervical cancer were treated with concurrent CRT. The component of RT was
similar to that of Cervix-I, and 40 mg/m? of cisplatin was administered weekly
concurrently with EBRT. The results of the study showed that concurrent CRT
achieved favorable treatment outcomes with acceptable toxicities [22]. Long-
term follow-up results confirmed the feasibility and efficacy of concurrent CRT
for locally advanced cervical cancer patients, even in low/middle-income coun-
tries in Asia [23]. Based on these results, the Cervix-III protocol has become a
standard treatment protocol of CRT for cervical cancer in FNCA member
countries.

In a fourth ongoing clinical study (Cervix-1V, 2009-), a phase II study of concur-
rent extended-field RT and weekly cisplatin chemotherapy is being conducted for
lymph node-positive locally advanced cervical cancer to evaluate the feasibility,
safety, and efficacy of the treatment.

In a fifth study scheduled to begin in 2017 (Cervix-V, 2017-), a prospective
observational study of concurrent CRT with three-dimensional image-guided BT
(3D-IGBT) will be conducted among FNCA countries. This study will evaluate the
feasibility, safety, and efficacy of 3D-IGBT for locally advanced cervical cancer in
Asian countries.

When conducting the first clinical study (i.e., Cervix-I), the study group
encountered many problems and difficulties, including (1) wide differences in
cultural and socioeconomic status among countries, which could have led to
large imbalances in patient enrollment; (2) wide differences in cancer imaging
capabilities among institutions, which could have resulted in staging error; (3)
poor compliance with the treatment protocol; and (4) poor follow-up rates [12].
However, with the dedicated efforts of physicians of the study group, these prob-
lems have been solved, and the quality of the recent Cervix-III and Cervix-1V
studies has improved, demonstrating excellent compliance with protocols and
follow-up rates [22, 23].

Radiation oncologists and medical physicists in FNCA member countries have
been trained through these numerous clinical studies. The knowledge acquired
through these studies was reflected in training courses provided under IAEA/RCA
radiation oncology projects. Moreover, networks established by the FNCA project
have the potential to promote and strengthen further international cooperation in the
field of radiation oncology in Asia, including collaborations with the South East
Asia Radiation Oncology Group (SEAROG) [24] and the Federation of Asian
Organization for Radiation Oncology (FARO) [25].
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9.4 QA/QC Audits Within the FNCA Project

Medical physicists affiliated with the FNCA project have conducted QA/QC audits
for BT and EBRT among institutions participating in FNCA clinical studies. For
BT, source intensities have been measured, source activities calibrated, and source
movement and positional accuracy checked at 12 institutions in eight FNCA mem-
ber countries. For EBRT, 46 beams (4—-18 MV) at 16 hospitals in 11 FNCA member
countries were surveyed using radiophotoluminescent glass dosimeters [26]. The
medical physicists also prepared handbooks for the QA/QC of EBRT and BT. FNCA
QA/QC programs have contributed to improvements in the quality of RT in FNCA
member countries.

9.5 IAEA/RCA Radiation Oncology Projects

The TAEA is an international organization within the United Nations that promotes
the peaceful use of atomic energy and prohibits its use for any military purpose,
including nuclear weapons. The RCA is an intergovernmental agreement that serves
as a framework for Asian member states to intensify their collaboration through
programs and projects focused on the specific shared needs of its members and to
promote and coordinate cooperative research, development, and training projects in
nuclear science and technology [27]. The RCA was developed in 1972 under the
auspices of the IAEA. There are currently 21 member states in the RCA. Since
2000, the IAEA/RCA has implemented eight radiation oncology projects, including
LDR- and HDR-BT, QA for RT, 3D-IGBT for cervical cancer, 3D conformal radia-
tion therapy (3D-CRT), image-guided radiation therapy (IGRT), stereotactic body
radiation therapy (SBRT), and intensity-modulated radiation therapy (IMRT) for
predominant cancers in Asia in order to disseminate knowledge and treatment tech-
niques to low/middle-income countries in Asia (Table 9.2). Japan has played a lead-
ing role in these efforts under the lead country coordinators Prof. Nakano of Gunma
University (RAS6035-6053, 6072) and Prof. Kato of Saitama Medical University
(RAS6062).

Each project had several activities, including regional training courses (RTCs),
expert missions, and national training courses (NTCs). RTCs have been held several
times for each project and attended by radiation oncologists and medical physicists
from each member state. Lectures and hands-on training were also provided in
RTCs (Fig. 9.2). Regarding expert missions, experts hired by the IAEA conducted
missions aligned with the purpose of each project, such as lecturers for the RTCs.
Experts also developed the curriculum for RTCs, published a technical document
[28], and conducted QA audits of RT. Each country formed its national project team
(NPT) consisting of, e.g., radiation oncologists, medical physicists, technologists,
national radiation oncology societies, the Ministry of Health, and nuclear regulatory
authorities. NPTs devised national work plans for project implementation domesti-
cally and organized NTCs. NTCs were often conducted by participants of RTCs
using the provided training materials.
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Table 9.2 List of IAEA/RCA radiation oncology projects since 2000

Project Duration Lead Project title

number country

RAS6035 |2001-2003 |Japan |LDR and HDR Brachytherapy in Treating Cervical Cancer
(RCA)

RAS6037 |2003-2004 |Japan | Quality Assurance for Treatment of Cervix Cancer by
Radiotherapy (RCA)

RAS6040 | 2005-2009 |Japan | Improvement in Quality of Radiotherapy for Frequent
Cancers in the Region (RCA)

RAS6048 | 2007-2009 |Japan | Application of High-Precision 3D Radiotherapy for
Predominant Cancers in the RCA Region (RCA)
RAS6053 | 2010-2014 |Japan | Improving Image Based Radiation Therapy for Common
Cancers in the RCA Region (RCA)

RAS6062 |2012-2015 |Japan | Supporting 3D Image-Guided Brachytherapy Services
RAS6065 |2012-2015 | Korea | Strengthening the Application of Stereotactic Body
Radiation Therapy to Improve Cancer Treatment
RAS6072 | 2015-2017 |Japan | Strengthening Intensity Modulated Radiation Therapy
Capability in the Region (RCA)

L Wl

Fig. 9.2 Photograph of the regional training course of RAS6062, held at Saitama Medical
University (Saitama, Japan) in 2014

TAEA/RCA radiation oncology projects in the past have provided meaningful
training to radiation oncology professionals in Asian countries. RAS6062 (2012-
2015) provided four RTCs, and approximately 100 radiation oncologists and medi-
cal physicists from Asian countries were trained on treatment techniques of
3D-IGBT for cervical cancer. RAS6062 also published a technical document on
3D-IGBT [28] and provided safe and effective treatment protocols for
3D-IGBT. These RTCs, the technical document, and treatment protocols helped
with the implementation of 3D-IGBT in Asian countries. In total, more than 700
radiation oncologists and medical physicists have been trained in these RTCs
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Table 9.3 Achievements of IAEA/RCA radiation oncology projects since 2000

Project number Regional |RTC Coordination | Meeting Expert | Experts
training participants | meetings participants | missions
courses

RAS6035 3 56 1 16

RAS6037 2 44

RAS6040 8 179 2 31 8 24

RAS6048 4 68 2 31

RAS6053 6 134 4 58

RAS6062 4 98 3 53 1 3

RAS6065 (ongoing) | 4 105 2 39

RAS6072 (ongoing) | 1 23 1 7

Total 32 707 15 235 9 27

RTC regional training course

(Table 9.3). IAEA/RCA radiation oncology projects also have contributed to the
strengthening of the regional network of radiation oncology professionals in Asian
countries including the SEAROG [24] and the FARO [25].

9.6 Global Trends

Ever since the Group Européen de Curiethérapie-European Society for Therapeutic
Radiology and Oncology (GEC-ESTRO) working group for gynecologic BT pro-
vided recommendations on 3D-IGBT planning in cervical cancer BT in 2005-2006
[29, 30], 3D-IGBT using computed tomography (CT) and/or magnetic resonance
imaging (MRI) has been widely performed for cervical cancer BT. Many clinical
studies have demonstrated that 3D-IGBT, according to GEC-ESTRO recommenda-
tions, improves target volume coverage and reduces doses to organs at risk, result-
ing in more favorable local tumor control and lower rates of late complications than
conventional X-ray-based two-dimensional BT [31-44]. Based on the favorable
results from these numerous studies, 3D-IGBT has become the standard treatment
modality for cervical cancer. Recently, the International Commission on Radiation
Units and Measurements published guidelines for prescribing, recording, and
reporting on 3D-IGBT for cervical cancer [45].

There have been a number of obstacles in the implementation of 3D-IGBT,
including (1) limited access to CT/MRI for BT, (2) shortage of CT/MRI-compatible
applicators and/or 3D treatment planning systems, (3) lack of manpower, (4) lim-
ited time for 3D treatment planning, (5) poor knowledge of 3D-IGBT, and (6) poor
cost remunerations. In several high-income countries, these obstacles have been
overcome, and 3D-IGBT has rapidly spread [46-52] (Table 9.4). In low/middle-
income Asian countries, however, these difficulties still exist due to technical and
socioeconomic constraints. Notwithstanding, many radiation oncologists and med-
ical physicists have been trained, and 3D-IGBT is being increasingly used in Asian
countries [27].
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Table 9.4 Imaging modalities of brachytherapy planning for cervical cancer in various

countries

Study group Year X-ray CT MRI

ABS [46, 47] 2007 43% 55% 2%
2014 15% 95% 34%

Canada [48] 2009 50% 45% 5%

UK [49] 2008 73% 22% 4%
2011 26% 53% 21%

Australia and New Zealand [50] 2009 30% 65% 5%

Japan [51, 52] 2012 84% 15% 1%
2016 42% 54% 4%

ABS American Brachytherapy Society, UK United Kingdom, CT computed tomography, MR/
magnetic resonance imaging
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Abstract

Low-dose rate (LDR) prostate brachytherapy is a highly efficacious and cost-
effective treatment with a very favorable side effect profile and has a role in the
treatment paradigm of low-, intermediate-, and high-risk prostate cancers.
Brachytherapy is typically an outpatient procedure where tiny radioactive
“seeds” are implanted in the prostate to eradicate the cancer right where it has
grown. Brachytherapy has a long and proven track record with data demonstrat-
ing it to be extremely effective when used alone in low and favorable intermedi-
ate-risk prostate cancer. Brachytherapy also shows significantly higher rates of
cancer control and tumor eradication in the higher-risk setting when used in
combination with external beam radiation therapy (EBRT) as compared to sur-
gery or EBRT alone.

Despite its efficacy, brachytherapy utilization rates are declining secondary to
competing treatment options, to include a shift to active surveillance. With pros-
tate cancer diagnosis on the rise, and prospective and randomized trials showing
brachytherapy’s superior efficacy over other modalities such as radical prostatec-
tomy and EBRT, it is important to put corrective actions in place to ensure that
brachytherapy is available to patients across the globe.
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10.1 Low-Dose Rate Prostate Brachytherapy Efficacy
Analysis and Trends

Prostate cancer accounts for approximately 8% of all newly diagnosed cancer cases
worldwide and 15% of cancer diagnoses in men, with more than 1.1 million new
cases being recorded in 2012 across the globe [1]. In the United States and many
other countries, prostate cancer is most frequently diagnosed in older men, with the
highest probability of diagnosis being between ages 65 and 74 [2]. With projections
of the male population ages 55-84 showing a significant increase for the United
States over the next four decades, prostate cancer diagnoses will likely simultane-
ously rise [2]. Screening for prostate cancer in most developed countries allows for
the disease to be caught before it spreads, increasing the likelihood of providing
curative treatment options to newly diagnosed men. Increasing diagnoses, however,
also require careful medical research, knowledge, and availability of efficacious and
cost-effective treatment regimens for these patients.

Prospective randomized comparisons of prostate cancer treatment options are
largely limited by physician biases, difficulty in patient recruitment, and the long
natural history of prostate cancer, making survival endpoints difficult to attain.
As such, researchers are often left to interpret single-institution retrospective and
single-modality prospective studies to formulate comparisons between treatment
outcomes and use of biochemical control as a surrogate endpoint for study
design.

With results published in 2012, the Prostate Cancer Results Study Group
(PCRSG) undertook a Herculean effort with the goal of distilling studies into
clinically useful comparisons and completed the first large-scale comprehensive
review of the literature comparing risk-stratified patients with long-term follow-
up by treatment option [3]. The literature review demonstrated that brachyther-
apy provides superior outcomes in patients with low-risk disease in terms of
biochemical prostate-specific antigen (PSA) free progression [3]. Additionally,
the combination of EBRT and brachytherapy was shown to be superior to EBRT
or surgery alone for intermediate-risk disease. Combination therapies involving
EBRT and brachytherapy plus or minus androgen deprivation therapy (ADT)
appear superior in terms of biochemical control as compared to more localized
treatments such as brachytherapy alone, surgery alone, or EBRT alone for high-
risk patients [3].

In 2017, the American Brachytherapy Society (ABS) formed a committee of
clinical experts in brachytherapy to update existing, but outdated, guidelines to
articulate the intricacies as well as new advances for the delivery of brachytherapy
as well as to highlight its efficacy in treating prostate cancer. Utilizing previously
published guidelines, clinical trial results, literature, and the experience of the com-
mittee members, the results outlined patient selection criteria and delivery guide-
lines for patients in both the brachytherapy monotherapy and brachytherapy boost
setting [4]. Evidence that was reviewed was similar to the findings of the PCRSG,
demonstrating that low-risk disease can be treated with brachytherapy alone
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without the need for EBRT or ADT [4]. Additionally, intermediate-risk patients
with favorable features can be treated with brachytherapy monotherapy in the
appropriate setting, and the guidelines outline that some high-intermediate- and
high-risk patients should receive EBRT with a brachytherapy boost, plus or minus
ADT as needed based on specific patient risk factors [4].

The National Cancer Database, representing an estimated 60-70% of newly
diagnosed cancers in the United States, has shown over the past 15 years a trend
in the increased utilization of prostatectomy, largely motivated by robotic-assisted
radical prostatectomy, which was FDA approved for use in 2000 in the United
States [5]. This has come at the cost of a decline in brachytherapy despite its
proven clinical efficacy, as well as EBRT [5]. With a greater number of surgeries
being performed, the use of ADT has also declined as it is not utilized with initial
surgical removal of the prostate but used in combination with radiation techniques
in the treatment of select higher-intermediate- and most high-risk and metastatic
cancers [5].

Factors negatively impacting brachytherapy are multifactorial, some of which
can be attributed to changes in screening, monitoring, and financial incentives for
physicians [6]. The United States has seen a decrease in PSA screening which has
resulted in a decrease in prostate cancer diagnosis due to the US Preventive Services
Task Force discouraging the use of the service beginning in 2012 up until a change
in 2017 [6]. Beginning in 2017, it is now recommended that PSA screening be
offered based on individual circumstance [6]. This, with a simultaneous increase in
patients electing active surveillance, has decreased treatment rates in recent years
[6]. Additionally, an increase in the number of robotic prostatectomy as mentioned
and the increased technical sophistication of EBRT technologies such as intensity-
modulated radiation therapy (IMRT), stereotactic body radiation therapy, and pro-
ton beam therapies have resulted in a decrease in patients being referred for
brachytherapy [6].

Radiation oncology practices in the United States have demonstrated a signifi-
cant reduction in the use of brachytherapy from 2004 to 2012 [7]. Considering the
superior results demonstrated for brachytherapy from multiple trials [3, 8], the
future of brachytherapy’s role in treating prostate cancer needs to be considered
carefully or a proven technology will be in jeopardy, and patients may not be
granted access to a highly effective treatment which has minimal side effects [7].
Suboptimal volume of brachytherapy procedures has resulted in less training
opportunities, leaving a question as to whether future physicians can be trained in
this procedure [7]. Lack of knowledge of brachytherapy’s efficacy also remains
widespread across the globe despite the ABS and other radiation therapy organi-
zations offering schools and other opportunities for physicians to learn brachy-
therapy delivery techniques [7]. Simulation-based trainings at academic society
organization’s annual meetings, creation of centers of excellence for training of
residents and attending physicians, as well as worldwide collaboration in provid-
ing educational opportunities in the future could remedy the downward trend of
brachytherapy’s utilization.
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10.2 Brachytherapy in Low-Risk Prostate Cancer

Results of phase II/III clinical trials and large observational studies demonstrate
brachytherapy is a highly efficacious and cost-effective treatment of low-risk pros-
tate cancer. Studies have shown that brachytherapy as monotherapy is appropriate
in low-risk prostate cancer, without the need for it to be combined with EBRT or
ADT [3].

The American College of Surgeons Oncology Group’s phase III Surgical
Prostatectomy Versus Interstitial Radiation Intervention Trial (SPIRIT) studied men
with low-risk prostate cancer who attended a multidisciplinary education session
through the University of Toronto Health Network and either elected to be random-
ized to radical prostatectomy or brachytherapy (n = 34 randomized) or chose to
elect either radical prostatectomy (n = 62) or brachytherapy (n = 94) and assessed
quality of life following treatment with a median follow-up of 5.2 years [8].
Although the trial closed secondary to poor accrual, men treated with brachytherapy
scored better on health-related quality of life surveys for urinary (91.8 vs 88.1;
P =0.02) and sexual (52.5 vs 39.2; P = 0.001) areas as well as in overall patient
satisfaction (93.6 vs 76.9; P < 0.001) as compared to patients who received radical
prostatectomy [8].

In a similar study comparing brachytherapy for organ-confined disease to histori-
cal data of prostatectomy and EBRT, researchers on RTOG 98-05 study found that
brachytherapy resulted in only 3 of 98 patients (3%) having maximum late toxicities
of grade 3, all of which were genitourinary (GU), with no grade 4 or 5 toxicities [9].
The 8-year overall survival (OS) rate was 88%, with no patients having died of
prostate cancer or toxicities related to care [9].

Research into the late effects of brachytherapy as monotherapy shows that results
in terms of biochemical failure and toxicity compare very favorably to other treat-
ment modalities [10]. The rates of biochemical relapse-free survival (bRFS), distant
metastasis-free survival (DMFS), OS, and prostate cancer-specific mortality
(PCSM) were studied in a cohort of 1989 low-, intermediate-, and high-risk patients
treated from 1996 to 2007 by Kittel et al. [10]. The overall 10-year rates for bRES,
DMES, OS, and PCSM were recorded as 81.5%, 91.5%, 76.1%, and 2.5%, respec-
tively [10]. The overall rates of late grade > 3 GU and gastrointestinal (GI) toxicity
were 7.6% and 0.8%, respectively, which are comparable to results of other studies
on brachytherapy as monotherapy in the United States [10]. Additionally, a study
looking at biochemical relapse in brachytherapy published in 2015 showed that at a
median follow-up of 5 years, 108 of 2223 patients (4.8%) treated with brachyther-
apy had developed either local or distant recurrence, proving lower rates of recur-
rence than most studies reviewed that reported on rates of distant recurrence
following prostatectomy [11].

Long-term toxicities impacting quality of life are rare when brachytherapy is
performed as monotherapy for patients with low-risk disease. Randomized evidence
[8] suggests a favorable side effect profile, subsequent patient satisfaction, and dura-
ble urinary and sexual quality of life with brachytherapy as compared to other treat-
ment modalities as well as good long-term survival outcomes.
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10.3 Brachytherapy in Intermediate-Risk Prostate Cancer

Intermediate-risk patients can be candidates for brachytherapy monotherapy when
their specific risk factors are considered by their physician. However, most often
these patients are treated with brachytherapy in combination with EBRT and/or
ADT [3]. Recent phase II/III evidence demonstrates brachytherapy provides excel-
lent biochemical control for selected patients with intermediate-risk prostate cancer
when utilized in combination with EBRT.

As with many treatment techniques, the quality of a brachytherapy implant and
patient-specific disease characteristics are highly linked to rates of cancer control.
Eleven American institutions combined data on 2693 patients diagnosed with low-
and intermediate-risk disease that were treated with brachytherapy monotherapy
between 1988 and 1998 [12]. With a median follow-up of 63 months, it was found
that outcomes after brachytherapy relate to tumor stage, Gleason score (GS), pre-
treatment PSA, year of brachytherapy implant, and post-brachytherapy dosimetric
quality, highlighting the importance of patient-specific risk factors when determin-
ing treatment recommendations for low-intermediate- and high-intermediate-risk
prostate cancers [12]. PSA nadir <0.5 ng/mL was particularly associated with dura-
ble long-term PDES [12].

RTOG 0232 compared EBRT followed by brachytherapy boost and brachy-
therapy alone in patients with intermediate-risk disease at 68 participating cen-
ters throughout the United States and Canada from 2003 to 2012 (Prestidge, 13).
Patients GS 2-6 and PSA >10 but <20 or GS 7 and PSA <10 received either
EBRT 45 Gy/25 + brachytherapy or brachytherapy monotherapy (I1125; Pd103)
[13]. Freedom from progression (FFP) was studied, and it was found that the
addition of EBRT to brachytherapy in men with intermediate-risk disease, strati-
fied by GS, PSA, and ADT utilization, did not statistically improve outcomes
[13]. At the fifth interim analysis, of the required 443 patients with 5 years of
follow-up, 5-year PFS (95% CI) was 85% (80, 89) for the EBRT plus brachy-
therapy arm and 86% (81, 90) for the brachytherapy arm (HR Z 1.02, futility P Z
0.0006) [13].

An estimate of toxicities following EBRT (45 Gy in 25 fractions), followed
2—-6 weeks later by brachytherapy to a delivered dose of 108 Gy, was published
by Lee et al. in 2006 [14]. Patients were analyzable for acute and late toxicities
[14]. Acute grade 3 toxicity was documented in 10 of 131 patients (7.6%), and no
grade 4 or 5 acute toxicities were observed [14]. The estimate of late grade 3 GU
and GI toxicity at 18 months was 3.3%, and no late grade 4 or 5 toxicities were
observed [14].

Memorial Sloan Kettering Cancer Center studied the toxicities and out-
comes of patients being treated with 45 Gy EBRT to the prostate and seminal
vesicles, followed by brachytherapy boost with 1'* (100 Gy) or Pd!® (90 Gy)
[15]. At a median follow-up of 73 months, late GI and GU toxicity grade 2 and
3 occurred in 20% and 3% of patients, respectively [15]. The OS at 72 months
was 96.1% [15].
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10.4 Brachytherapy in High-Risk Prostate Cancer

The standard recommendation for patients with high-risk disease is EBRT and ADT
as “multimodality” therapy. Recent studies have shown that the addition of brachy-
therapy to EBRT, however, improves biochemical control long-term, and therefore,
patients with high-intermediate- or high-risk disease receiving EBRT +/— ADT
should also be offered brachytherapy as a dose escalation or “trimodality”
technique.

The Canadian Androgen Suppression Combined with Elective Nodal and Dose
Escalated Radiation Therapy (ASCENDE-RT) trial studied patients with intermedi-
ate- or high-risk prostate cancer who had negative metastatic work-up with GS 8—10
or initial PSA (iPSA) 2040 ng/mL [15]. Patients who had iPSA >40, cT-Stage
>T3b, prior TUPR, and TRUS prostate volume > 75 cm?® or were unfit for general
or spinal anesthesia were excluded per protocol [16]. The randomized study assigned
men to either traditional dose-escalated EBRT in combination with ADT or EBRT
plus a brachytherapy boost [16]. The study followed these patients in follow-up for
a median of 6.5 years, and results demonstrated men who received a brachytherapy
boost were nearly twice as likely to be free of biochemical failure [16].

A phase II study of men with high-risk prostate cancer found that a trimodality
approach involving 2 years of ADT, EBRT, and brachytherapy and the addition of
upfront docetaxel is well tolerated in patients and results in limited side effects
while producing good long-term control results [17]. Eligibility for this study
included PSA >20 ng/mL or GS 7 and a PSA >10 ng/mL, any GS 8-10, or stage
T2b-T3 regardless of GS or PSA [17]. Patients received 45 Gy EBRT to the pelvis,
followed 1 month later by brachytherapy with either I'*> or Pd!® [17]. One month
after brachytherapy, patients received three cycles of docetaxel and completed
2 years of ADT [17]. The median follow-up was 5.6 years [16]. Grade 2 and 3 acute
GU and GI toxicities were 50.0% and 14.2%, respectively, with no grade 4 toxicities
[17]. The 5- and 7-year actuarial rates of late grade 2 GI/GU toxicity, with no grade
3-5 toxicities reported, were 7.7% [17]. The 5- and 7-year FFBF rates were 89.6%
and 86.5%, and corresponding rates for disease-free survival were 76.2% and 70.4%
with 5- and 7-year OS rates being 83.3% and 80.1% [17].

10.5 The Future of Prostate Brachytherapy

It is recommended by both the American Association of Physicists in Medicine
(AAPM) and ABS that a robust quality assurance program is key to ensure success-
ful patient care [18]. Quality assurance is key in brachytherapy as factors such as
inadequate training of physicians, physicist, dosimetrists, and therapists can lead to
incorrect seed placement, program structure deficiencies, inadequate procedures,
and poor management oversight of program and contractors [18]. The lack of a
peer review process or lack of a culture of safety can lead to underutilization or
improper utilization of brachytherapy to treat prostate cancer. As discussed, the
development of centers of excellence, taking advantage of organizational training
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opportunities across the globe, and the consultation of organizations such as AAPM
and ABS are critical in the creation and maintenance of a high-quality brachy-
therapy program [6].

Adoption of programs such as the design and implementation of a training pro-
gram utilizing phantom-based simulators to teach the process of brachytherapy at
The University of Texas MD Anderson Cancer Center will advance brachytherapy
techniques worldwide [19]. The MD Anderson program focuses on teaching prac-
ticing oncologists, fellows, and resident physicians to focus on quality assurance
through hands-on education for the simulation, treatment planning, implant tech-
nique, treatment evaluation, and outcome assessment of brachytherapy procedures
[19]. Analysis of the program’s participants for brachytherapy implants showed a
high degree of consistency between trainees as compared to implants in clinical
practice, highlighting the potential opportunities to train brachytherapists in the
skills necessary to safely perform and ensure quality assurance across the globe in
the future [19].

Despite brachytherapy’s low rate of toxicity to organs at risk, toxicities overall
remain a concern to radiation oncologists when prescribing radiation dose delivery.
Although rectal injury is uncommon with advanced imaging, technologies devel-
oped to assist in the protection of organs at risk such as hydrogel spacers have been
shown to greatly reduce toxicities such as grade 1-2 proctitis, which is reported in
between 1 and 21% of prostate cancer patients and can potentially prevent severe
rectal complications such as grade 3 ulcers and grade 4 fistulas. A key motivation in
the utilization of rectal spacers is the higher risk of grade 3 rectal toxicity on EBRT
+ brachytherapy arm of the ASCENDE-RT trial [16].

By placing a hydrogel spacer between the Denonvilliers’ fascia and the rectal
wall, space is created to protect the rectal wall from radiation delivered with both
EBRT and brachytherapy. A randomized controlled trial recently looked at the
dosimetry and clinical effects of perirectal hydrogel spacer application for patients
undergoing EBRT and found that late rectal toxicity was 2.0% (all grade 1) in the
spacer and 7.0% (up to grade 3) in the control group [20]. A long-term follow-up
study completed by Hamstra et al. showed grade 1+ rectal toxicity at 3 years
decreased by 75% in the spacer arm (control 9% vs spacer 2% p < 0.03), and no
grade 2+ rectal toxicity was observed in patients who received a perirectal hydrogel
spacer (p < 0.015) [21]. American institutions are beginning to incorporate rectal
spacers into brachytherapy workflows as well, placing the spacer in the operating
room immediately following radioactive seed implantation. Utilization of these
advanced technologies, which are currently in the process of becoming widely
available across the globe, can spare normal tissues from being negatively affected
by radiation delivered to eradicate nearby tumors.

Another advancement for brachytherapy in the future is the integration of
magnetic resonance imaging (MRI) technologies into treatment delivery. MRI is
the standard imaging tool for staging of prostate cancer in much of the world, and
the next step in the integration process for MRI technologies is its utilization in
the planning and delivery of brachytherapy, which has grown in investigational
and clinical use over the past decade [22]. Several advantages to MRI integration
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into brachytherapy treatment delivery include soft tissue resolution, localization
of the disease within the prostate, visualization of the prostate’s apex, as well as
localization of the bladder, rectum, and neurovascular bundles in relation to the
prostate [22].

Lack of widespread utilization of MRI technologies can be attributed to access to
these technologies, economic considerations and reimbursement, the learning curve
associated with utilization of this technology in the operating room, reproducibility
issues between treatment planning and delivery, as well as the favorable results of
brachytherapy utilizing the current standard of CT-based planning and TRUS-based
treatment delivery [22]. Investigational research in the United States has focused on
the advancement of MRI in brachytherapy treatment planning and delivery, and it is
believed that once operational costing and training opportunities are remedied,
these technologies will be more utilized globally as MRI-based treatment planning
and delivery has the potential to allow physicians to better define the prostate and
the disease within, decreasing side effects for patients and increasing clinical
outcomes.

Significant research has gone into costing analysis to define the value of brachy-
therapy as a treatment modality both with standard utilization of CT planning and
TRUS-based treatment delivery as well as with the utilization of MRI in the work-
flow. Time-driven activity-based costing analysis demonstrated low resource utili-
zation for brachytherapy overall, with 41% and 10% of costs occurring in the
operating room and with the MRI scan, respectively, with no large increase in the
cost of providing brachytherapy with utilization of an MRI as compared to the stan-
dard treatment regime of CT and TRUS-based care [23].

Conclusion

Research shows that brachytherapy is a cost-effective treatment modality with
outcomes as good, if not superior, to other modalities. Regardless, data shows
varying degrees of utilization across economic and geographic landscapes, and
the application of this technique has seen a decline at academic centers, compre-
hensive community centers, and community cancer centers alike [6]. Given the
increasing pressures facing radiation therapy centers across the globe, consider-
ation needs to be given to the utilization of brachytherapy as a form of conformal
therapy because of its ability to safely deliver high doses of radiation for disease
control and cost-effectiveness both for implementation and long-term program
sustainability [24].
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How We Led the Japanese Low-Dose-
Rate Brachytherapy to Successful
Practice (Urologist Perspective)
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Abstract

Permanent seed implantation brachytherapy (PB) with iodine-125 (I-125) seed
was first performed in Japan in September 2003. Even taking into account the
good feature of the treatment, PB in Japan had not been allowed because of the
country’s strict laws on radiation safety. However, after a long period of discus-
sion between Japanese medical associations and the government, PB was finally
approved in Japan in July 2003. The guidelines for this treatment include several
restrictions that should be followed by each institution that is to perform the
treatment. Approximately 40,000 cases are treated around the country at 118
institutes during the past 14 years without major troubles or accidents because all
institutes performing PB are following the guidelines carefully and all members
related to this treatment are trained to be highly skillful by attending training
course of PB. Numerous data have been reported from institutes performing PB
in Japan and all of them prove that PB is clinically effective with excellent cancer
control and maintenance of quality of life (QOL).

Japanese Prostate Permanent Seed Implantation Study Group (JPSS) was
established in 2004 and holds annual conference and technical training course
for PB. Most of the medical staffs involved in PB are attending the conference
and training course. JPSS are supporting three nationwide multi-institutional
clinical studies that the results would be dispatched worldwide.
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11.1 Introduction

Permanent seed implantation brachytherapy (PB) using iodine-125 (I-125) seed was
first performed in Japan in September 2003. In spite of new appearance in Japan,
this treatment has a long history in the United States (USA). Whitmore et al. first
reported the use of I-125 seeds for the prostatic interstitial irradiation in 1972, and
this treatment had been commonly performed for a decade [1]. As the procedure
was mostly based on an open retropubic freehand approach, postimplantation evalu-
ation often revealed a nonuniform distribution of the seeds, which resulted in inad-
equate radiation dose coverage. With a median follow-up of 11 years, the overall
local recurrence-free survival rates at 5, 10, and 15 years were 59%, 36%, and 21%,
respectively. And even among node-negative stage T2a patients, the 10- and 15-year
local control rates were only 56% and 34%, respectively [2]. It was concluded that
retropubic I-125 PB was less effective than other modalities in its eradication of
localized prostate cancer [3].

The subsequent development of ultrasound technique made it possible to
obtain clear images of the prostate through transrectal ultrasound (TRUS). With
the ability to introduce a seed transperineally into the prostate under the guidance
of TRUS [4], RB became more accurate and less invasive. Adequate seed distribu-
tion and radiation dose coverage in the prostate led to good clinical outcomes, and
the brachytherapy becomes a common treatment option for localized prostate can-
cer after 1990 in the USA. The number of procedures performed around the coun-
try grew rapidly (Fig. 11.1) until around 2010, and over 80,000 cases were treated
with PB each year at that time. In spite of multiple reports of excellent cancer
control and maintenance of quality of life (QOL) by RB, numbers of treatment
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Fig. 11.1 Number of PB cases each year in the USA. It rapidly grew until 2006 but reduced after
that. Data were provided by the industry
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cases are reducing after 2010 in USA. Cases of other treatment options such as
robotic prostatectomy and intensity-modulated radiation therapy (IMRT) might
be increasing.

11.2 Starting Permanent Seed Implantation
Brachytherapy in Japan

Before PB was performed in Japan, temporary placement of iridium (Ir-192) had
been performed for treating localized or locally invasive prostate cancer at about ten
institutes around the country. Mostly they were using high-dose-rate (HDR) Ir-192
based on remote-controlled afterloading system (RALS). According to numerous
data from the USA, PB seemed to be a highly expected treatment for localized pros-
tate cancer; however, it was restricted under the laws in Japan. The establishment of
guidelines based on law related to radioisotope handling and safety was dispensable
to lead to the treatment being permitted by the government. To obtain permission
for performing PB in Japan, members from the Japanese Society for Therapeutic
Radiology and Oncology (JASTRO) and Japanese Urological Association (JUA)
spent a long time discussing with the Ministry of Health, Labor, and Welfare as well
as the Ministry of Education and Science. With the accomplishment of the Japanese
guideline for PB, the treatment finally became available in July 2003. Even after the
admission in Japan, a limited number of institutes had started the treatment because
the medical cost was fixed very low by Japanese health insurance system. In April
2006, the medical cost for this treatment was revised and set higher, and many insti-
tutes have started the treatment.

[-125 as well as palladium (Pd-103) seeds are commonly used in the USA for
PB; only I-125 seed is available in Japan. All seeds are imported from the USA and
sold by two different companies. Seeds are ordered for each patient a few weeks
ahead of the treatment and delivered from the Japan Radioisotope Association.

11.3 Guidelines for Permanent Seed Implantation
Brachytherapy in Japan [5]

The procedure for permanent seed implantation performed in Japan should follow
the guideline of the JASTRO, JUA, and Japan Radiological Society (ARS). This
guideline mainly consists of radiation safety parameters, including the qualifica-
tions of the institutions and physicians to perform this treatment. The treatment
should be done at radiation treatment room registered for brachytherapy or in a
room registered for HDR Ir-192 treatment. The institution should have a radiation
oncologist approved by the JASTRO and a urologist approved by the JUA in full-
time employment. Physicians and all other staff members involved in this treatment
should attend the education course held by the Japan Radioisotope Association.
The maximum radiation activity allowed to be internally remaining at the time of
the patient leaving hospital is 1300 MBq (35.1 mCi), or the 1-cm dose equivalent
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rate should be lower than 1.8 pSv/h at a 1-m distance from the surface of the body
if total internally placed activity is over 1300 MBq. Patients should spend at least
overnight at the radiation-controlled room after the seed implantation to check the
seed expulsion, which may occasionally be seen through the urine. The annual dose
to each member of the family should be below 5 uSv, and to children and others
besides the family, the annual dose should be less than 1 uSv. If a patient dies within
1 year of seed implantation, the prostate should be taken out with the seeds by per-
forming an autopsy before cremation.

11.4 Recent Situation of Permanent Seed Implantation
Brachytherapy in Japan

The prostate cancer population is rapidly multiplying in Japan; it became the third
cancer of Japanese men in 2017, and about 86,100 patients are newly diagnosed
every year [6]. According to the increase of prostate-specific antigen (PSA) screen-
ing, those with localized stage are growing, and a number of the patients who are
receiving curative treatments, such as surgery or radiation therapy, are increasing.

Various kinds of radiation therapies are performed for the treatment of prostate
cancer such as external beam radiotherapy (EBRT) including three-dimensional
conformal radiation therapy (3D-CRT), and IMRT, PB, HDR brachytherapy or par-
ticle therapy such as proton or carbon-ion therapy. People who receive radiation
therapies as initial treatments for cancer are increasing in Japan; however, still more
people choose surgery than radiation therapy. According to the data of JASTRO,
12.3% of whole radiation therapy are for prostate cancer, and about three-quarters
of prostate radiation therapy are performed by EBRT in Japan [7] (Fig. 11.2).

HDR Particle
4% 4%

LDR
16%

3DCRT
48%

IMRT
28%

Fig. 11.2 Treatment modalities of radiation therapy for prostate cancer in Japan. Estimated from
2012 annual report of JASTRO [7] (https://www.jastro.or.jp/aboutus/child.php?eid=00048).
Particle (proton and carbon ion). 3D-CRT three-dimensional conformal radiation therapy, IMRT
intensity-modulated radiation therapy, LDR low dose rate, PB permanent brachytherapy, HDR
high-dose-rate; Ir-192 brachytherapy
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At the time PB has been permitted in Japan in 2003, the limited numbers of
qualified institutes have received the permission. But until the end of 2016, 118
institutes have performed PB, and over 37,000 cases have been treated with this
manner around the country (Fig. 11.3). The first case of PB in Japan was performed
at Tokyo Medical Center in September 2003, and the treatment became common
option for treating localized prostate cancer. The number of institutes performing
PB and the number of cases rapidly increased until 2011; however, it had been
reducing after that. The major reason of this reduction is that robotic-assisted radi-
cal prostatectomy became common in Japan, and this surgery became able to be
covered by the national insurance. Even though, cases treated with PB are slowly
recovering these years, and approximately 3300 cases were treated around the coun-
try in 2016.

Tokyo Medical Center is the leading institute for PB in Japan, and they treated
over 3000 cases during these 14 years. Figure 11.4 shows the numbers of cases
treated each year in this institution. Same as total cases around the country, the
number of cases reached peak at 2011, and reduced after that, however, it recovered
in 2014 and increased for 2 years until it reached its maximum in 2016 (271 cases).
What is interesting is that numbers of cases treated with combination of EBRT are
increasing these few years. It means higher-risk cases are recently treated more
because for numerous articles [8, 9] that present higher-risk cases which are also
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Fig. 11.3 Number of PB cases performed each year in Japan and total number of institutes that
experienced PB until each year. A total of 37,509 cases were treated until the end of 2016 in 118
institutes
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Fig. 11.4 Number of PB cases performed each year in Tokyo Medical Center. Lower part is cases
treated with PB alone, and upper part is cases treated with a combination of EBRT. A total of 2962
cases were treated from 2003 to 2016

well treated by PB when they are combined with EBRT or short-term androgen-
deprivation therapy (ADT).

11.5 Activity of Academic Study Group JPSS
for the Development of Seed Implantation
Brachytherapy in Japan

As for the restriction of performing PB by the guideline in Japan, all PB cases are
able to be taken in only at major institutes. All physicians involved in PB are well
trained, and the treatments will be performed safely with high technique. In most of
the institutes, radiation oncologists sit in the front of computer for planning, while
urologists do needle insertion and seed placement.

For the purpose of sharing the information of PB and improving its technique in
Japan, the Japanese Prostate Permanent Seed Implantation Study Group (JPSS) was
established in 2004 and holds annual conference every year. Technical training
course is also held every year and shows the live surgery to the audience and educate
treatment techniques to urologists, radiation oncologists, nurses, and physicists. All
medical staffs involved in PB are asked to attend these meetings and train them-
selves for performing PB safely and with high technique.
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Multi-institutional studies are organized by JPSS to investigate Japanese out-
comes of PB and dispatch the data to the world. The Japanese Prostate Cancer
Outcome Study of Permanent I-125 Seed Implantation (J-POPS) [10] is multi-insti-
tutional cohort study enrolling 7200 PB cases from July 2004 to December 2012,
which is approximately 40% of the entire cases treated during that period of the
time around the country. Background of cases enrolled in this study may enhance
situation of PB in Japan, and its outcomes will create evidence for establishing a
guideline of the treatment.

The Study of Seed and Hormone for Intermediate-risk Prostate Cancer (SHIP)
[11] is a multi-institutional randomized clinical trial (RCT) to compare short-term
(3 months) and long-term (9 months) effects of ADT combined with PB for treating
intermediate-risk cases of localized prostate cancer. Three hundred and seventy
cases had been enrolled in this study until July 2011 and would be followed at least
5 years.

The trimodality with brachytherapy, EBRT, and hormonal therapy for high-risk
prostate cancer (TRIP) [12] study is also a multi-institutional RCT to investigate the
effect of trimodality treatment, such as PB, EBRT, and ADT, for high-risk cases.
Two hundred and seventy cases are enrolled and randomized into two groups having
only neoadjuvant and concurrent ADT for 6 months or having continuous long-term
adjuvant ADT for another 2 years. The results from this study will show the effect
of ADT in treating high-risk prostate cancer with PB combined with EBRT, which
is not previously revealed. SHIP and TRIP studies are expected to present tremen-
dously important results for establishing evidence of PB for intermediate- and high-
risk prostate cancer.

11.6 Clinical Outcomes of Permanent Seed Implantation
Brachytherapy in Tokyo Medical Center

Between September 2003 and December 2015, 2680 patients underwent PB for
c¢T1-3NOMO prostate cancer at Tokyo Medical Center. In National Comprehensive
Cancer Network (NCCN) classification, low-risk and part of intermediate-risk
(Gleason score 3 + 4 with positive biopsy core rate < 34%) cases were treated with
PB alone, and their prescription dose was 145-160 Gy. Other intermediate-risk and
high-risk cases were treated with combination of PB and EBRT, and their prescrip-
tion dose was 100—-110 Gy for PB and 45 Gy (1.8GyX25) for EBRT. In this analysis,
median follow-up period is 6.6 years, and backgrounds of the patients analyzed
were shown in Table 11.1. Kaplan-Meier analysis was performed to evaluate their
overall survival rate (OS), disease-specific survival rate (DSS), and biochemical
progression-free survival rate (BPFS). The Phoenix definition was used to deter-
mine biochemical failure after the treatment. However, clear PSA bounce cases
were excluded from failure for the analysis. The OS, DSS, and BPFS at 10 years
were 88.7% (Fig. 11.5a), 99.3%, and 91.4%, respectively. Of 2680 patients, 972
(36.3%) were low-risk cases, 1362 (50.8%) were intermediate-risk cases, and 346
(12.9%) were high-risk cases. BPFS of each risk classification was 95.9%, 91.0%,
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Table 11.1 Backgrounds of the patients of the analysis (n = 2680)

Follow-up years median (range) 6.6 (0.1-14.0)
Age (year) 68 (38-90)
Median (range)

Initial PSA (ng/ml) 7.6 (1.0-96.8)
Median (range)

Gleason score <6: 1206 (45.0)
Cases(%) 7: 1299 (48.5)

8<: 175 (6.5)

Clinical stage
Cases (%)

Tlc: 1670 (64.8)
T2: 828 (32.2)
T3: 78 (3.0)

Bx positive care rate (%)
Median (range)

25.0 (1.3-100)

EBRT combination +: 1162 (43.4)

Cases (%) —: 1518 (56.6)
Neoadjuvant hormone Tx +: 1359 (50.7)

Cases (%) — 1321 (49.3)

Risk classifications Low risk: 972 (36.3)
Cases (%) Intmed risk: 1362 (50.8)

High risk: 346 (12.9)

and 78.6% at 10 years in the order of low, intermediate, and high risk (Fig. 11.5b).
Toxicities were scored by the criteria of Common Terminology Criteria for Adverse
Events v.4.0, and genitourinary and gastrointestinal toxicities of grade 3 or more
were 1.5% and 0.2%, respectively.

11.7 Discussion

Prostate cancer is classified into three risk groups, low, intermediate, and high.
Initially, BP was believed to be effective for lower-risk cases but not for higher risk.
However, according to the clinical outcomes at Tokyo Medical Center shown in
Fig. 11.5b, PB seems to be effective in all risk groups including high-risk cases.
Many articles reported that PB achieved better cancer control compared with sur-
gery or EBRT [13, 14]. Permanent brachytherapy, even performed alone or com-
bined with EBRT, can provide high biologically effective dose (BED) [15] to the
cancer tissue compared to high-dose EBRT. A randomized clinical trial named
ASCENDE-RT [16] was reported recently which compared PSA outcomes between
PB-based treatment and high-dose EBRT in higher-risk cases. It resulted in the PB
group having significantly greater PSA control both in intermediate- and high-risk
cases.

These data suggests that the future goal for PB is to achieve better cancer control
than other treatment options for high-risk cases. Combination with ADT must be
necessary, but the question is how long it should be used. In NCCN guidelines [17],
EBRT requires long-term (2-3 years) ADT, but it is not requested for PB. The TRIP
study may clarify the answer in a few years.
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One other field for PB is focal therapy [18]. Focal PB is surely effective for main-
taining better QOL, but there is not enough evidence for cancer control.
Further investigation is necessary in this field.

11.8 Conclusion

The beginning of PB in Japan was in 2003, but there were already prior experi-
ences in the USA, and numerous evidences had been shown at that time. We estab-
lished our own guidelines according to previous foreign experiences and followed
the recommendations. The academic study group JPSS was established immedi-
ately after the permission from the government to start this treatment. JPSS held
annual educational meetings and technical courses to educate medical staffs who
were involved in PB program in each institute. These backgrounds and efforts
made it possible to start PB safely and also in high level at each institute from the
beginning. Finally, PB has been established as one of the options for treating local-
ized prostate cancer in Japan.

With various investigations of PB, it has become increasingly apparent that its
efficacy and morbidity depend on implantation quality. Much data shows that cure
rate, urinary and rectal complications, and maintenance of sexual potency are
related to specific source distribution. So it is widely expected that all medical staffs
who are involved in providing PB will make continuous efforts to refine planning
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philosophies, intraoperative techniques, and postimplantation evaluation for the
improvement of treatment quality.

Appendix

Tokyo Medical Center is a leading institute of PB in Japan, and numerous medical
staffs were involved in this program. All of them supported the development of this
treatment not only in a single institute but also in whole country. The author pres-
ents a great appreciation for their efforts and wishes to maintain their spirits in the
program forever. The author is especially thankful to all physicians who are recently
involved in the program. Toru Nishiyama M.D.; Yasuto Yago M.D.; Masanori
Hasegawa M.D.; and Ken Nakamura M.D. are urologists, and Yutaka Shiraishi
M.D.; Kazuhito Toya M.D.; and Atsunori Yorozu M.D. are radiation oncologists.
Yasuto Yagi M.D. made an effort in analyzing statistical data of PB.
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A Review of Permanent Prostate 1 2
Brachytherapy as Practiced in Japan

Atsunori Yorozu and Shiro Saito

Abstract

Iodine-125 permanent prostate brachytherapy (PPB) was introduced in Japan in
2003. The Japanese guidelines of radiation safety control for PPB regulate radia-
tion safety parameters including the qualifications of the institutions and doctors
to perform this treatment. To evaluate the safety and efficacy of PPB for localized
prostate cancer, the nationwide Japanese Prostate Cancer Outcome Study of
Permanent lodine-125 Seed Implantation (J-POPS) was conducted between
2005 and 2010. The J-POPS study is the largest multi-institutional prospective
cohort study to achieve state-of-the-art clinical outcomes for localized prostate
cancer treated using PPB. This study, along with regular training courses and
joint radiation oncology-urology conferences, has promoted and achieves quality
PPB. Every year, 3000 patients are treated with this modality in Japan. In this
article, the early results of J-POPS and many clinical investigations are reviewed
to provide the current status of PPB as practiced in Japan. This review covers
planning techniques, postimplant dosimetry, toxicity, clinical outcomes, and spe-
cial issues of radiation safety control.
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12.1 Introduction

Since 2015, prostate cancer has been the most common malignancy in men in
Japan. It is estimated that in 2015, nearly 98,400 men were diagnosed. Current
common treatment options for early stage prostate cancer include radical prosta-
tectomy, external beam radiation therapy (EBRT), low-dose-rate (LDR) and high-
dose-rate brachytherapy, androgen deprivation therapy (ADT), and active
surveillance. Transrectal ultrasound (TRUS)-guided permanent prostate brachy-
therapy (PPB), also known as LDR brachytherapy, is a short-time procedure asso-
ciated with a rapid recovery and return to normal activity. Until 2002, a sealed
radioactive source of I-125 had not been approved in Japan. To obtain permission
from the government for this treatment in Japan, a task force for the promotion of
PPB from the Japan Radioisotope Association in cooperation with the Japanese
Society for Radiation Oncology (JASTRO) and the Japanese Urological
Association (JUA) discussed the issue extensively with representatives from the
Ministry of Health, Labor, and Welfare and the Ministry of Education and Science.
With the establishment of the Japanese guidelines for radiation safety control of
PPB, the treatment finally became available in June 2003 [1]. In September of that
year, PPB with I-125 was performed at Tokyo Medical Center for the first time in
Japan [2]. In 2004, 269 patients were treated with brachytherapy at two hospitals.
In 2006, the medical cost for this treatment was revised by government reimburse-
ment regulations. A total of 1412 patients were treated at 23 hospitals in 2005,
2783 patients were treated at 83 hospitals in 2008, and 3793 patients were treated
at 109 hospitals in 2011. It is estimated that over 30,000 patients in Japan have
been treated with this modality as of 2016. Subsequently, PPB has produced
excellent clinical outcomes associated with a relatively low toxicity. Only the
I-125 isotope is available for PPB in Japan and is supplied by two radiation source
supply companies to medical institutions via the Japan Radioisotope Association,
imported from the United States.

TRUS-guided PPB has evolved for decades since its introduction into clini-
cal practice in the United States. The Japanese Brachytherapy Group of JASTRO
made radiotherapy planning guidelines for PPB in 2012 [3], basically following
American Brachytherapy Society (ABS) recommendations [4, 5]. Joint radia-
tion oncology-urology conferences, regular technical training courses, and
multi-institutional clinical trials have also been carried out countrywide to
improve the quality of PPB, which may lead to better clinical outcomes and
radiation safety.

Over 100 articles in English have been published in the last decade from Japan,
and the techniques, planning, methods of dosimetry, and outcomes are reviewed to
provide timely updated recommendations for PPB in Japan. This review has been
categorized into six areas: (1) summary of the Japanese guidelines for radiation
safety control; (2) treatment methods, planning, and technical issues; (3) postim-
plant dosimetry; (4) toxicity and management; (5) clinical outcomes and trials; and
(6) radiation safety issues.
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12.2 Special Issues of Japanese Guidelines for Radiation
Safety Control of PPB

The procedure for permanent seed implantation performed in Japan should follow
the guidelines of JASTRO, JUA, and the Japan Radiological Society [1]. This guide-
line mainly consists of radiation safety parameters including the qualifications of the
institutions and doctors to perform this treatment. The treatment should be done in a
radiation treatment room registered for brachytherapy. The institution should have a
radiation oncologist approved by JASTRO and a urologist approved by JUA, both in
full-time employment. Doctors and all other staff members, such as nurses, radiation
therapists, or medical physicists, involved in this treatment should attend the educa-
tion course held by the Japan Radioisotope Association. To avoid unnecessarily high
radiation exposure to the public, the International Commission on Radiological
Protection recommends that a medical facility may authorize release from its control
any individual who has been administered a by-product material if the effective dose
to any other persons from exposure to this individual is not likely to exceed 5 mSv
and the effective dose to a member of the public is not likely to exceed 1 mSv [6].
The guideline introduced the regulation of two types of release criteria, not exceed-
ing the measured radiation dose rate of 1.8 uSv/h at 1 m from the patient or not
exceeding the administered radionuclide activity of 1300 MBq for I-125. These
release criteria will be deregurated soon. Patients should spend at least overnight in
the radiation controlled room after seed implantation to check for seed expulsion,
which may occasionally be seen through the urine. If a patient dies within 1 year of
the seed implantation, the prostate should be taken out with the seeds by performing
an autopsy before cremation [1, 7].

12.3 Treatment Methods, Planning, and Technical Issues

12.3.1 Recommended Treatment Protocol in a Large Cohort
Study in Japan (J-POPS)

To evaluate the safety and efficacy of PPB for localized prostate cancer, the nationwide
Japanese Prostate Cancer Outcome Study of Permanent Iodine-125 Seed Implantation
(J-POPS) was initiated in July 2005, and registration continued until December 2010
[8]. The J-POPS study is the largest multi-institutional prospective cohort study to
achieve state-of-the-art clinical outcomes for localized prostate cancer treated using
PPB, which has become a common treatment option in Japan. Recruitment for the
J-POPS study began in July 2005 and continued until December 2010. Initially, the
study aimed to enroll 2000 participants within 2 years (cohort 1), extending the period
of enrollment until December 2010 (cohort 2). Among 72 hospitals performing PPB
around the country until June 1, 2007, 46 (64%) provided cohort 1 of the J-POPS.
Each participant is treated with PPB in accordance with the ABS recommenda-
tion. All participants were treated with loose seeds, which were available in Japan at
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that time, using a specific applicator (Mick Applicator) as a seed insertion instru-
ment. I-125 seed activity specified from 0.2 to 0.4 mCi/seed is only available in
Japan. Modified peripheral loading or modified uniform loading is recommended
for seed placement. Treatment with PPB alone (monotherapy) is usually performed
in low-risk cases (PSA < 10 ng/ml, GS < 7, and clinical T stages T1-T2a), and
combined treatment with PPB and EBRT is recommended for intermediate-risk
(PSA 10-20 ng/ml or GS = 7 or clinical T stages T2b—T2c) and high-risk cases
(PSA 20 ng/ml or GS > 7 or clinical T stages T3a). Neoadjuvant ADT is recom-
mended for patients with a prostate volume >40 ml of short duration and for those
who have had high-risk diseases for several months as an adjuvant. It is difficult to
treat a large prostate with seed implantation alone because the upper limit of total
activity is 1300 MBq. According to initial experiences, 40 ml is the prostate size that
requires 1300 MBq to cover 90% of the prostate volume (D90) with at least 144 Gy.
This means that a prostate size over 40 ml probably needs ADT to reduce the size.
The median prostate volume was 25.2 mL in this cohort. Alpha-1 blockers are rec-
ommended for postoperative use to reduce adverse voiding events, such as voiding
difficulty, urinary retention, or voiding irritability.

The gross target volume (GTV) is defined as the prostate volume visualized on
images. The clinical target volume (CTV) is determined from the GTV with an
added treatment margin of 3—5 mm in all directions, except for <2 mm in the poste-
rior direction. Using online in vivo 3-D dosimetry, fluoroscopy, and sonography to
eliminate errors due to seed placement, there is no need for an expansion from the
CTV to define the PTV, i.e., PTV = CTV. A dose of 144 Gy is prescribed for the
PTV as PPB monotherapy. It is recommended that the percentage volume of the
prostate receiving 100% (V100) for PTV should be >90% or that the minimal dose
received by 90% of the prostate volume (D90) should be 144-180 Gy for planning
goals. The maximum urethral dose is <200 Gy, and that for the rectum is <200 Gy
in any slice. The prescribed dose for PPV should be 100-110 Gy for combination
therapy with EBRT and 40-50 Gy for EBRT with a 1.8-2.0 Gy/fraction. EBRT is
performed either before PPB or approximately 1 month after PPB. It is recom-
mended that the EBRT radiation field should be set for both the prostate and seminal
vesicles for intermediate-risk and high-risk cases. Irradiation of the pelvis is optional
for those classified as intermediate or high risk. The maximum urethral and rectal
dose for PPB should be <150% of the prescribed dose for combination therapy with
EBRT. A CT scan is obtained approximately 1 month after implantation for the
postimplant dosimetric assessment. The calculated dosimetry parameters are the
prostate V100, V150, and D90. Additionally, the rectal dose, expressed as the rectal
volume (ml) which received 100% and 150% of the prescribed dose (R100 and
R150, respectively), and the urethral dose, expressed as the values of the minimal
dose received by 90%, 30%, 10%, and 5% of the urethral volume (urethral D90,
D30, D10, and D5, respectively) and the volume of the urethra receiving 200% of
the prescribed dose (U200), are assessed from the dose-volume histogram (DVH)
obtained at post-planning. Urethral D30 and D10 were not included at first but are
recommended in the JASTRO guideline today. The urethral dose is defined by the
urinary catheter dose or by the dose at the center of the prostate when a catheter has
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Table 12.1 Recommended dose prescriptions and dose constraints in the planning from JASTRO
guidelines

Prescription dose 144 Gy/160 Gy as monotherapy

110 Gy as combined with EBRT of 40-50 Gy (1.8-2 Gy/fraction)
PTV D90 between 100% and 130% of the prescription dose

V100 > 98%, V150 < 50%
Urethra UD10 < 150% of the prescription, UD30 < 125% of the prescription
Rectum RV100 < 0.1 cc

EBRT external beam radiation therapy, PTV planning target volume, D90 the minimal dose
received by 90% of the PTV, V100, V150 the percentage volume of the PTV receiving 100%, 150%
of the prescription dose, UD10, UD30 the dose to 10% and 30% of the urethral volume, RV100 the
volume of rectal wall in cubic centimeters receiving 100% of the prescribed dose

not been inserted. The DVH of all enrolled cases were analyzed at the committee
and presented every year to all institutes attending J-POPS for treatment quality
assurance. This kind of feedback may be related to the improvement in treatment
quality of PPB around the country. Recommended dose prescription and dose con-
straints in JASTRO guidelines are listed in Table 12.1 [3].

The CTV for preimplant dosimetry should be the prostate gland with a margin in
the preplanning method. In contrast, the CTV in intraoperative planning is usually the
gland without a margin. Stock recommends 160 Gy as a prescription dose for the
CTYV, the prostate gland without a margin in the intraoperative planning technique [9].

12.3.2 Preplanning Versus Interactive/Intraoperative
Planning Technique

There are currently two major planning approaches to brachytherapy: preplanning
and intraoperative planning [4, 9—11]. Traditionally, PPB implants are preplanned.
With this technique, the patient is implanted with a predetermined arrangement of
seeds based on an ultrasound volume study performed several weeks in advance.
Creation of a plan well before the actual procedure allows ample time to perform
the necessary optimizations and enables precise ordering of the seeds. However,
factors such as neoadjuvant hormonal therapy, difficulty in replication of the
patient setup, relaxation of the pelvic musculature during anesthesia, and edema
subsequent to needle and seed insertion can all lead to alterations of prostate vol-
ume and shape. While advocates of the preplanning method assert that these are
nominal obstacles easily overcome with experience and minor intraoperative
adjustments, some investigators have moved toward developing a single-step pro-
cedure, bringing the entire planning and implantation process into the operating
room. The intraoperative method is supported by those who claim facilitated and
enhanced accuracy in plan execution [9]. However, it has drawbacks, as the need
for a preoperative volume study is not eliminated and costly operating room time
may be prolonged. Numerous institutions specializing in either the preplanning or
the intraoperative method have demonstrated similar postimplantation dosimetry
and excellent biochemical results [10, 11]. Yoshida compared preplanning and
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intraoperative planning, based on postimplant dosimetry, toxicity, and biochemical
outcomes for 665 patients at Tokyo Medical Center, and found similar clinical
outcomes [12]. However, urethral doses and rectal doses were significantly low-
ered in the intraoperative planning technique when prescribed dose is equivalent.
Therefore, dose escalation could be easier with the intraoperative plan. In the
J-POPS study, intraoperative or interactive planning in EBRT combination therapy
group was effective in decreasing the incidence of rectal toxicity [13]. Ishiyama
reported the intraoperative interactive plan showed a significant reduction of the
seed migration rate compared to the preplanning group [14]. Moreover, posttrau-
matic swelling following implantation is increased by cessation of hormone ther-
apy and may reduce D90; however, the intraoperative plan technique overcomes
this disadvantage of hormone therapy. At present, the intraoperative or interactive
planning method is preferred in Japan.

12.3.3 Seed Migration with Loose Seeds

Until 2010, only loose seeds were available in Japan, and seed migration was
unavoidable. The incidence and associated factors of loose-seed migration were
investigated in cohort 1 of J-POPS, consisting of 1641 patients treated with mono-
therapy and 519 patients treated with PPB combined with EBRT [15]. Seed migra-
tion was observed in 22.7% of monotherapy and 18.1% of combination. Migration
to the lungs and abdominal/pelvic region was observed in 14.6% and 11.1% of PPB
patients, respectively. This large-scale analysis showed no difference in D90 or
V100 between seed migration and the absence. The migrated seeds have been
reported to be in the heart, mediastinum, kidney, inguinal canal, liver, sacrum, ver-
tebral venous plexus, and even in varicoceles [15-17].

12.3.4 Loose Seeds Versus Intraoperatively Built
Custom-Linked Seeds

Stranded or linked seeds were introduced to Japan in 2012. The push-button seed
delivery system allows the user to create intraoperatively built custom-linked
(IBCL) seeds, using a combination of seeds, connectors, and spacers. IBCL seeds
combine the benefits of loose and stranded seeds including intraoperative custom-
ization, reduced migration, and stabilization due to linking. Ishiyama conducted a
prospective quasirandomized control trial to compare dosimetric parameters, seed
migration rates, operation times, and acute toxicities of IBCL seeds with those of
loose seeds in 140 patients [18]. They showed seed migration rate was significantly
lower in the IBCL-seed group (0%) than in the loose-seed group (55%). Mean
operation time was slightly but significantly longer in the IBCL-seed group
(57 min) than in the loose-seed group (50 min). No significant differences in acute
toxicities were seen. In the multi-institutional retrospective analysis including 854
patients in 13 Japanese centers, the learning curve for the dosimetric parameters
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and operation times were analyzed [19]. Prostate V150 and rectal V150 were sig-
nificantly higher in the loose-seed group than in the IBCL-seed group. The per-
centage of patients with seed migration in the IBCL-seed group was one-tenth that
in the loose-seed group. They revealed no dosimetric demerits, no learning curve
for dosimetry, and a slightly extended operation time for IBCL seeds. A significant
reduction in the rate of seed migration was identified in the IBCL-seed group.
Katayama showed more dose coverage postoperatively in the anterior base prostate
sector in IBCL-seed implantation compared with loose-seed implantation, while
other postimplant DVH parameters and toxicities did not differ significantly
between the two groups [20].

12.4 Postimplant Dosimetry
12.4.1 Evaluation of Postimplant Dosimetry

The ABS recommends that CT-based postoperative dosimetry be performed
within 60 days of the implant [1, 2]. Postimplant dosimetry is mandatory for good
clinical practice and quality assurance. The interval between the implant and CT
will produce differing results in postimplant dosimetry because of varying degrees
of edema. Postimplant CT obtained within 24 h of the procedure is more conve-
nient for the patient and allows early identification of dosimetric problems; how-
ever, undertaking dosimetry at this time will underestimate dosimetric parameters
because of edema. The optimum CT timing to minimize edema-derived dosimetry
error is radionuclide specific, 30.7 days for I-125. We compared the results of
intraoperative dosimetry with those of postimplant CT-based dosimetry on day 1
and day 30 in 412 patients [21]. The mean intraoperative D90 was 118.8% of the
prescribed dose versus 106.4% for day 1 (p < 0.01) and 119.2% for day 30
(p = 0.25). There were no significant correlations between the intraoperative D90
and the postimplant D90 values. Prostatic edema at day 1 had the largest effect on
the day 1 D90. The factor significantly affecting the day 30 D90 was neoadjuvant
ADT. The intraoperative and postimplant dosimetric values differed significantly
for the urethra and rectum. Consistency in timing and postimplant segmentation
is favored.

It is well known that there is inter- and intraobserver variability in postimplant
CT contouring of the prostate, which results in differences in computed doses.
Therefore, methods for improving reproducibility of postimplant dosimetry such
as MR-CT image fusion are encouraged. MRI-based dosimetry using contrast-
enhanced T1WI appears to be acceptable by Ohashi. Their results suggest that
MRI-based dosimetry is a practical method for estimation of the higher dose
distribution, especially if seeds are clustered together or close to calcifications
[22]. Katayama presented a novel method for postimplant dosimetry using
T2*-WI/T2-weighted image fusion. They reported that in T2*-weighted image
(T2*-WI), seeds can be easily detected without the use of an intravenous contrast
material [23].
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12.4.2 Dose-Response Issues

Whereas no prospective dose escalation clinical trials have been conducted on PPB
for prostate cancer, numerous studies support a dose-response relationship of bio-
chemical control associated with increasing doses or biological effective doses
(BED) [9, 24]. The optimal D90 cutoff for postimplantation dosimetry remains a
debated issue. The Mount Sinai group prescribe 160 Gy for their real-time planning,
and they recommend D90 values of 180 Gy [9]. Morris reported that D90 was not
predictive of disease-free survival [25]. They caution that these important dosimet-
ric parameters are not surrogates of oncologic endpoints. Ohashi analyzed 663
patients with low-risk and low-tier intermediate-risk prostate cancer treated with
[-125 PPB in two centers between 2003 and 2009 [26]. They concluded prostate
D90 was the only significant independent predictor of biochemical failure-free sur-
vival. We analyzed low-risk and low-tier intermediate-risk prostate cancer patients
of Tokyo Medical Center to define the optimal dose for I-125 prostate implants by
correlating postimplantation dosimetry findings with biochemical failure and toxic-
ity [27, 28]. Between 2003 and 2009, 683 patients with prostate cancer were
assessed and followed up for a median time of 80 months by Shiraishi [28]. Implant
dose was defined as the D90 on days 1 and 30 after implantation. A multivariate
analysis found day 1 D90 and day 30 D90 to be the most significant factors affecting
the 7-year biochemical failure-free rate. We found that day 30 D90 cutoff points
from 130 to 180 Gy appeared to be good for the entire cohort. Greater D90s were
associated with an increase in late genitourinary or gastrointestinal toxicity less than
grade 2, but the increase was not statistically significant. High prostate D90s, even
with doses exceeding 180 Gy, achieve better treatment results and are feasible.

In practice, many brachytherapists plan a dose higher than 144 Gy to compensate
for edema, seed placement uncertainty, and other factors. In the J-POPS study, the
median D90 was 160.6 Gy in Japanese multi-institutions [13]. At Tokyo Medical
Center, the median D90 was 184.7 Gy [27]. Based on the published literature, an
acceptable dose range for postimplant D90 for I-125 may be 130-180 Gy if normal
structures are not overdosed. D90s from 180 to 200 Gy seem to be well tolerated
without increased incidence of severe toxicity [8, 11-13, 25, 27, 28]. Tanaka
assessed the biochemical recurrence (BCR)-free rate in patients who underwent
PPB, using two different definitions (Phoenix definition and PSA > 0.2 ng/mL as in
the definition for radical prostatectomy) in 203 patients [29]. A higher BED
>180 Gy2 promises a favorable BCR-free rate, even if the strict definition is
adopted. These Japanese results are comparable with reports of favorable oncologic
results of the prostate D90 of >180 Gy. Higher-risk patients may benefit from a
D90 > 180 Gy. Recently, Ishiyama evaluated the current variability of treatment
planning of seed implantation in Japanese centers [30]. Twelve Japanese radiation
oncologists were asked to make treatment plans with the data as they would in their
own practice. A relatively high dose with a small deviation was irradiated to the
prostate (mean D90 = 188 Gy; SD = 10 Gy). Then, five radiation oncologists were
asked to participate in two virtual trials in which the D90 was (1) required to be set
at just 180 Gy and (2) increased as much as possible without violating other
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limitations. In the virtual trials, all five physicians could achieve 180 Gy for the D90
with a very small deviation, although the urethral dose showed relatively large devi-
ations. Dose escalation without increase of urethral dose or V150 was difficult,
although the rectum could be spared by most of the physicians. An addition,
Okamoto reported feasibility and an excellent outcome of high-dose (BED > 220 Gy)
radiotherapy by LDR in combination with EBRT in 60 patients with high-risk and
very high-risk cancer [31]. These recommended BED values by Stock and Stone are
supported in many Japanese institutions.

12.5 Toxicity and Management
12.5.1 GU Toxicity

Baseline data for 2339 out of 2354 patients in J-POPS were analyzed for toxicities
using the National Cancer Institute’s Common Terminology Criteria for Adverse
Events and the International Prostate Symptom Scores (IPSS) recorded prospec-
tively until 36 months after radiation therapy [32]. Grade 2+ acute urinary toxicities
developed in 7.36%. Grade 2+ late urinary developed in 5.75% of the patients. A
higher incidence of grade 2+ acute urinary toxicity occurred in the monotherapy
group than in the PPB boost group (8.49% versus 3.66%; p < 0.01). The 3-year
cumulative incidence rates for grade 2+ late urinary toxicities were 6.04% versus
4.82% for the monotherapy and PPB boost groups, respectively, with no significant
differences between the treatment groups. The mean of the postimplant IPSS peaked
at 3 months, but it decreased to a range that was within two points of the baseline
score, which was observed in 69.47% at the 1-year follow-up assessment. The acute
urinary toxicities observed were acceptable given the frequency and retention.
Tanaka evaluated the chronologic changes in IPSS, uroflowmetric parameters, and
prostate volume (PV) in 110 patients who received PPB [33]. The maximal flow
rate, voided volume, and postvoid residual urine volume showed transient deteriora-
tion at 1 and 6 months after seed implantation and had returned to the baseline
12 months later. The mean PV compared with the baseline PV showed a significant
3.8 cc decrease (11.2%) at 12 months after implantation. The patients who did not
receive neoadjuvant hormonal therapy had a 5.9 cc decrease in PV (20.2%)
12 months later. In contrast, those who received neoadjuvant hormonal therapy had
no change in PV after seed implantation. The change in the PV was different after
seed implantation in patients with or without neoadjuvant hormonal therapy. Tanaka
also summarized chronologic changes of urinary toxicity in Japan experiences [34].

12.5.1.1 Acute GU Toxicity and Management

Alpha 1-adrenoceptor blocker may improve lower urinary tract symptoms after
PPB. Oyama retrospectively assessed changes in lower urinary tract symptoms
(LUTS) within 1 year after brachytherapy in 116 patients receiving alpha 1-adreno-
ceptor antagonists [35]. Alpha 1-adrenoceptor antagonists (tamsulosin, silodosin,
and naftopidil) were given to all patients for up to 6 months after seed implantation.
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In the management of LUT after brachytherapy, silodosin may provide a more
favorable improvement. Silodosin and tamsulosin may have an advantage in improv-
ing not only voiding but also lower urinary tract storage symptoms after brachy-
therapy. Tanaka reported that approximately 70% of patients experience urinary
frequency during the first 6 months after seed implantation [34]. The incidence of
urinary retention was approximately 2—4%. A high IPSS before seed implantation
was an independent predictor of acute urinary toxicity of grade 2 or higher. The
incidence of urethral toxicity after LDR brachytherapy in a Japanese patient series
is similar to that reported recently in the United States. Tanaka conducted a random-
ized controlled trial of silodosin versus naftopidil, two different alpha-1 adrenocep-
tor antagonists, on the lower urinary tract symptoms of 141 patients who underwent
PPB [36]. Patients were randomized and allocated to two groups (silodosin 8 mg
versus naftopidil 75 mg). The primary endpoint was a change in the IPSS at 3 months
after seed implantation. The mean change in the IPSS at 3 months after seed implan-
tation in both groups was 10.6 (naftopidil) and 10.4 (silodosin), respectively
(p = 0.728). An increase in urinary frequency and a decrease in total urinated vol-
ume and mean voided volume were observed in frequency volume chart for
12 months after seed implantation. Multivariate analysis revealed that the urethral
dose (UD30) was an independent predictive parameter of IPSS recovery. Patients
with UD30 < 200 Gy showed a higher recovery rate of IPSS at 12 months after seed
implantation. A lower dose on the urethra was an independent predictor of IPSS
recovery in this important study.

12.5.1.2 Late GU Toxicity and Urinary Symptom Flare

Several predictive factors for urinary toxicities have been reported, such as urinary
symptom flare, which is a late transient worsening of urinary symptoms described
by Cesaretti [37]. In some large series, baseline IPSS, larger prostate volumes, lack
of ADT, and higher radiation doses were revealed as factors associated with late
urinary toxicity [38]. Sakayori analyzed genitourinary toxicity by follow-up of the
IPSS and Overactive Bladder Symptom Score (OABSS) after PPB for 680 patients,
with the median follow-up of 54 months [39]. The IPSS and OABSS showed similar
patterns of change. Urinary symptoms improved more rapidly in those with high
baseline IPSS levels. Age, ADT use, preimplant prostate volume, and BED were
significantly associated with urinary outcomes. From experiences of 1313 patients
in Tokyo Medical Center, Eriguchi examined the factors associated with long-term
urinary toxicities after PPB with or without EBRT [40]. Time to IPSS resolution
was not associated with BED, but baseline IPSS, total needles, and urethra D30 had
the greatest effect. Urinary symptom flare was associated with baseline IPSS, age,
BED, and EBRT. Urinary G2+ toxicity was associated with baseline IPSS, neoadju-
vant ADT, and seed density. ADT use was associated with urinary G2+ toxicity.
Higher dose and supplemental EBRT did not appear to increase moderate to severe
urinary toxicities or time to IPSS resolution; however, it influenced urinary symp-
tom flare. Miyake also showed that patients treated with higher BED had higher
risks of urinary flare [41]. They revealed that persistent lower urinary tract symp-
toms after seed implantation were attributed to storage rather than voiding issues.
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12.5.2 Gl Toxicity and Management

Rectal toxicity of PPB is variable in its presentation and can range in severity from
mild, self-limited proctitis to more severe cases of ulceration and fistula formation.
Rectal dose-volume analysis is a practical method for predicting the risk of devel-
opment of rectal toxicities. Katayama evaluated the associated factors of rectal
toxicity in 2339 patients after PPB in J-POPS [13]. The 3-year cumulative inci-
dence for grade 2+ rectal toxicity was 2.88%, 1.76%, and 6.53% in all subjects, the
monotherapy group and PPB boost group, respectively. In the multivariate analy-
sis, among all subjects, grade 2+ rectal toxicity was associated with rectal V100
and PPB boost. R100 in the monotherapy and R100 and interactive planning in the
PPB boost group were also associated with grade 2+ toxicity. Rectal toxicity was
relatively rare in this study compared with previous reports. For Japanese prostate
cancer patients, R100 < 1 mL in both monotherapy and PPB boost groups and
interactive planning in the PPB boost group may be effective in decreasing the
incidence of rectal toxicity. Nakamura examined intraoperative rectal dose-volume
constraints to prevent grade 2+ rectal bleeding in 197 patients treated with mono-
therapy using real-time intraoperative planning [42]. Postimplant dosimetry was
performed on days 1 and 30 after implantation using CT imaging. The differences
in R100s were compared among intraoperative, day 1 and day 30 dosimetry. The
mean values of R100us, R100CT_1, and R100CT_30 were 0.31, 0.22, and 0.59 cc,
respectively. These values temporarily decreased on day 1 and increased on day 30.
The maximum bleeding odds ratio was identified among patients with an R100us
value above 0.1 cc, an R100CT_1 value above 0.3 cc, and an RI00CT_30 value
above 0.5 cc. R100 should be less than 0.1 cc intraoperatively for preventing rectal
bleeding. Shiraishi determined the rectal tolerance to grade 2 rectal bleeding after
the PPB boost, based on a rectal dose-volume histogram from 458 patients with
stages T1 to T3 prostate cancer who received combined modality treatment con-
sisting of I-125 seed implantation followed by EBRT to the prostate and seminal
vesicles [43]. The prescribed doses of brachytherapy and EBRT were 100 and
45 Gy in 25 fractions, respectively. The rectal dosimetric factors were analyzed for
rectal V100 and V150 during brachytherapy and for rectal volumes receiving >30—
40 Gy (V30-V40) during EBRT therapy. As a result, 9.7% of patients developed
grade 2 rectal bleeding. In the multivariate analysis, age, R100, and V30 were
identified as risk factors for grade 2 rectal bleeding. The rectal bleeding rate
increased as the R100 increased: 5.0% for 0 ml; 7.5% for >0 to 0.5 ml; 11.0% for
>0.5to 1 ml; 17.9% for >1 to 1.5 ml; and 27.3% for >1.5 ml. Grade 2 rectal bleed-
ing developed in 6.4% of patients with a V30 < =35% and in 14.1% of patients with
a V30 > 35%. When these dose-volume parameters were considered in combina-
tion, the grade 2 rectal bleeding rate was 4.2% for a R100 < =0.5 ml and a
V30 < =35%, whereas it was 22.4% for R100 > 0.5 ml and V30 > 35%. The risk of
rectal bleeding was found to be significantly volume-dependent in patients with
prostate cancer who received combined modality treatment. Now these dose con-
straints are used in the IMRT protocol of Tokyo Medical Center and TRIP study
(described later).
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12.5.3 Erectile Function

In administering a radical treatment for prostate cancer, the preservation of male
sexual function is one of the important factors for determining the therapeutic plan.
However, cultural and racial backgrounds in relation to the age of onset and sexual
function are not necessarily the same throughout the world. The median age of onset
in Japanese prostate cancer patients is 72 years, which is older than that in Europe
and the United States [8]. Nishimura evaluated long-term erectile function follow-
ing PPB in 665 men at the Tokyo Medical Center [44]. Erectile function was
assessed before treatment and at 6 months, 1, 2, 3, 4, and 5 years after implantation
using the Mount Sinai Erectile Function Score 4-point scale. In patients who were
potent before treatment, the actuarial potency preservation rate fell to 46.2% at
6 months after brachytherapy and then slowly recovered reaching 52.0% at 5 years
after brachytherapy. Patient age at implantation and pretreatment erectile function
are predictive factors for the development of erectile dysfunction following
PPB. Neoadjuvant hormone therapy affected potency preservation only at 6 months
after brachytherapy. Recently, Okihara explored sexual function after PPB in
J-POPS [45]. A total of 482 patients were selected, and Expanded Prostate Cancer
Index Composite questionnaires were given before and at 3, 12, 24, and 36 months
after the PPB. Furthermore, changes over time in their answers to Q18 (usual qual-
ity of your erections) were analyzed. Regarding Q18, 232 patients (48.2%) selected
either “There was no sexual activity” or “There was no desire for erection” before
receiving permanent brachytherapy. Of the 482 patients, sexual function was pre-
served in 138 patients (28.7%) 3 years after PPB. Considering the baseline propor-
tion of potent patients was 41.3%, approximately 30% of potent patients had become
impotent. Overall satisfaction significantly improved without regard for the deterio-
ration of sexual function. Significant factors for maintaining sexual activity were
patient age and sexual activity before PPB. In Japanese patients undergoing PPB
alone for prostate cancer, sexual function may not be as well preserved as patients
in western countries. However, decreased sexual function does not seem to be a
major factor determining patients’ overall satisfaction. These findings might be spe-
cific to Japanese patients, in whom elderly subjects account for the majority. Tanaka
assessed the variations in HRRQOL in 109 patients who underwent PPB [46].
Sexual function showed a significant deterioration in Japanese men after seed
implantation.

12.5.4 Follow-Up and PSA Bounce

Follow-up of definitively treated cancer patients is important for the practice of
radiation oncology. Postoperative follow-up should consist of sufficient visits within
the first 3 months and then every 3—12 months subsequently. The radiation oncolo-
gist should try to obtain a long-term follow-up of patient status. To check for bio-
chemical or clinical failure, consideration should be given to the PSA bounce or
spike phenomenon in cases of spurious PSA elevation following implantation.
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Satoh examined the incidence, timing, and magnitude of the PSA “bounce” in 388
consecutive Japanese patients with T1-T2NOMO prostate cancer treated with PPB
with no ADT or EBRT in a multi-institutional pooled analysis [47]. PSA bounce is
a common phenomenon after PPB and occurs at a rate of 19-51% in Japanese men
who underwent PPB, depending on the definition used. The median time to develop
PSA bounce was 12—18 months. There was a PSA bounce magnitude of 2 ng/mL in
5.3% of patients, and 95.3% of PSA bounces occurred within 24 months after
PPB. It is more common in younger patients, and early PSA bounce should be con-
sidered when assessing a patient with a rising PSA level after PPB, before imple-
menting salvage interventions. Furthermore, PSA bounce magnitude might be
lower in Japanese than in Caucasian patients. Tanaka found that D90 of the urethra
was the most significant predictor of PSA bounce in hormone-naive patients treated
with PPB alone [48].

12.5.5 Quality of Life (QOL)

It is important that treatment selection includes patient preferences and balance of
predicted clinical outcomes over time versus potential impairment of QOL. Health-
related quality of life (HRQOL) may vary among countries and people. Namiki
investigated HRQOL in Japanese men with localized prostate cancer who under-
went PPB or retropubic radical prostatectomy (RRP) [49]. A total of 70 patients
who underwent PPB and 67 who underwent RRP were enrolled. The Medical
Outcomes Study 36-Item Short Form (SF-36), University of California, Los
Angeles; Prostate Cancer Index; and the IPSS were administered before and 1, 3, 6,
and 12 months after treatment. No patients received neoadjuvant or adjuvant ther-
apy. The PPB patients reported no significant changes in any of the general HRQOL
domains throughout the follow-up period. However, the PPB patients experienced a
significantly delayed recovery of the urinary bother score. The data from the IPSS
showed adverse effects from PPB on voiding symptoms for the initial 6 months
after treatment. No differences were found in bowel symptoms. RRP was associated
with worse sexual function than PPB. Tanaka assessed the variations in HRRQOL
in 109 patients who underwent PPB. The general HRQOL in the patients who
underwent seed implantation was well preserved during the first year after seed
implantation, whereas the urinary, bowel, and sexual function and bother scores
showed transient deterioration during the first year after PPB [46].

12.6 Clinical Outcomes
12.6.1 Mid- and Long-Term Results
Table 12.2 shows the results of brachytherapy-based treatment regimens from

Japanese institutions for prostate cancer risk categories. The biochemical disease-
free rates ranged between 87% and 98% at 5-7 years for low-risk, between 88% and
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Table 12.2 Results of PPB in Japan

Median

Authors | Reference | Year |Risk N |follow-up (year) |bNED Treatment

Uesugi [50] 2012 |Low and 4143 87% at 6 year | PPB + NADT
intermediate

Ohashi [26] 2013 | Low 488 |5 98% at 7 year |PPB + NADT
Intermediate | 175 92% at 7 year |PPB + NADT

Yorozu [27] 2013 | Low 462 5.5 98% at 7 year | PPB = NADT
Intermediate | 704 93% at 7 year |PPB + RT + NADT
High 145 81% at 7 year | PPB + RT = NADT

Tanaka | [29] 2014 | Low 93 |6 93% at 5 year | PPB + NADT
Intermediate | 92 92% at 5 year |PPB + RT + NADT
High 18 94% at 5 year |PPB + RT + NADT

Ohashi  |[51] 2014 |High 2065 85% at 5 year |PPB + RT = NADT

Sekiguchi | [52] 2014 | Low 175(5.5 94% at 5 year | PPB = NADT
Intermediate | 130 97% at 6 year | PPB + NADT

Tabata [53] 2016 | Intermediate | 292 |5.5 88% at 7 year |PPB + RT + ADT

Okamoto |[31] 2017 |High 143 |5 95% at 5 year | PPB + RT + ADT

PPB permanent prostate brachytherapy, NADT neoadjuvant androgen deprivation therapy, ADT
androgen deprivation therapy, RT external beam radiotherapy, bPNED biochemically non-evidence of
disease
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Fig.12.1 Long-term follow-up of 1313 patients according to risk groups at Tokyo Medical Center

97% for intermediate-risk, and between 81% and 95% for high-risk prostate cancer.
We reassessed 1313 patients treated with PPB at Tokyo Medical Center [27] for
long-term outcomes and show 10-year biochemical disease-free rates in Fig. 12.1.
A biochemical failure was defined by the Phoenix definition. With a median follow-
up of 9.3 years, the 10-year biochemical disease-free rate was 91% (low risk 96%,
intermediate risk 91%, and high risk 77%). A Japanese multimodality approach for
each risk prostate cancer combining PPB with or without EBRT with or without



12 A Review of Permanent Prostate Brachytherapy as Practiced in Japan 173

ADT seems to provide favorable freedom from biochemical failure compared with
excellent results reported from western countries. However, one must acknowledge
the many factors that can influence reported outcomes.

12.6.2 Salvage PPB and Focal Salvage

PPB is a good option for the treatment of the prostate cancer patient who experi-
ences a local failure after definitive radiotherapy. Shimbo evaluated the effects
and side effects of PPB for patients with postradiation local failure [54]. For 15
patients who received salvage brachytherapy, 144 Gy was given. The biochemical
relapse-free survival rate was 100% at 1 year, 91.7% at 2 years, and 60.2% at
3 years. All acute genitourinary and gastrointestinal adverse events were in grades
1-2. As for late adverse events, one patient (6.7%) developed grade 3 hematuria
at 17 months post-salvage. Although careful patient selection is needed, salvage
PPB appears to provide good prostate cancer control with an acceptable rate of
complications for patients with a local recurrence of prostate cancer after initial
radiotherapy. Hori reported a patient who was successfully treated with salvage
brachytherapy for a seminal vesicle recurrence [55]. Hosogoe reported a case of
salvage PPB for a castration-resistant and EBRT-resistant local recurrence after
radical prostatectomy [56].

The focal salvage PPB used to treat local recurrence after PPB is anticipated.
This treatment is a method to delay chemical castration and a curative treatment
option in cases of local recurrence of prostate carcinoma after PPB. Sasaki reported
salvage partial PPB for eight cases of biopsy-proven localized prostate cancer
recurrence appeared rational, technically feasible, and safe [57]. Kunogi investi-
gated the treatment results of 12 patients for focal partial salvage re-implantation
against local recurrence after PPB [58]. The focal clinical target volume (F-CTV)
was delineated on positive biopsy areas in a mapping biopsy, combining the cold
spots on the postimplant dosimetry for initial brachytherapy. The F-CTV was
expanded by 3 mm to create the planning target volume (PTV) as a margin to com-
pensate for uncertainties in image registration and treatment delivery. The pre-
scribed dose to the PTV was 145 Gy. The median follow-up time was 56 months,
and the median RD2cc and UD10 were 63 and 159 Gy, respectively. The 4-year
biochemical disease-free rate was 78%. No patients had grade 3 GU/GI toxicities
or died after salvage re-implantation.

12.6.3 Clinical Trials

Three large-scale clinical trials are ongoing in Japan. The first is the J-POPS men-
tioned earlier. The second is the Seed and Hormone for Intermediate-risk Prostate
Cancer (SHIP) 0804, which is a phase III, multicenter, randomized, controlled study
that investigates the impact of adjuvant ADT following neoadjuvant ADT and PPB
[59]. A total of 420 patients with intermediate-risk, localized prostate cancer were
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enrolled and randomized to one of two treatment arms before 2011. The patients ini-
tially underwent 3-month ADT prior to PPB. Those randomly assigned to adjuvant
therapy subsequently underwent 9 months of adjuvant ADT. The primary endpoint is
biochemical progression-free survival. The correlative study (SHIP36B) also evalu-
ates biopsy results at 36 months following treatment to examine the relationship
between the results and the eventual recurrence after completion of radiotherapy. The
third trial is a phase III, multicenter, randomized controlled trial (RCT) of trimodality
with BT, EBRT, and ADT for high-risk prostate cancer (TRIP) that investigates the
impact of adjuvant ADT following PPB and supplemental EBRT with neoadjuvant
and concurrent ADT [60]. Until 2012, a total of 340 patients with high-risk cancer
were enrolled and randomized to one of two treatment arms. The patients commonly
underwent 6-month ADT with combined androgen blockade before and during PPB
and supplemental EBRT. Those randomly assigned to the long-term ADT group will
subsequently undergo two years of adjuvant ADT with luteinizing hormone-releasing
hormone agonist. The primary endpoint is biochemical progression-free survival. The
present RCT is expected to provide additional insight regarding the potency and limi-
tations of the addition of 2 years of adjuvant ADT to this trimodality approach and to
establish an appropriate treatment strategy for high-risk prostate cancer.

12.7 Radiation Safety Issues

In accordance with the Nuclear Regulatory Commission’s recommendation that
radiation exposures to others be kept as low as reasonably achievable, prostate
brachytherapy patients are given instructions against unnecessarily exposing others
[61, 62]. Instructions are left to the discretion of the facility. Therefore, radiation
safety instructions given to patients have relied on a community consensus devel-
oped from the literature and actual practice. The Japanese Guidelines for Safety
Control of Brachytherapy with PPB recommend a strict and sophisticated approach
[1]. This special situation arises from a general anxiety about radiation risks among
the Japanese population. Published data have been limited to Europeans and North
Americans who are physically different from Asian populations; thus, those data do
not provide peace of mind for Asian patients. So, Hanada expanded the radiation
dose rate measurement data set by measuring radiation under various brachytherapy
situations to revise our guidelines [63]. Radiation exposure varies according to the
patient’s body posture, with results differing as much as approximately 40% in mea-
sured radiation dose rates at 30 cm from the anterior skin surface. Weight, body
mass index, and tissue thickness showed good correlations with measured radiation
dose rates. The magnitude of radiation exposure attenuation by shielding was
approximately 95%, similar to the attenuation ratio based on tissue measurements
made in the lateral direction. The respective mean times required to reach 1 mSv
were 1.2, 7.6, and 65.4 days in the standing position and 0.6, 4.6, and 40.4 days in
the supine position at the site of contact and at 30 and 100 cm from the anterior skin
surface. Moreover, direct radiation exposure measurements were obtained from
dosimeters provided to 25 patients who underwent PPB, along with their family
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members [63]. The estimated lifetime exposure dose and the precaution time for
holding children near the patient’s chest were calculated. The mean estimated life-
time exposure doses were 7.61 (range: 0.45-20.21) mSv for patients and 0.19
(range: 0.02-0.54) mSyv for family members. Assuming a dose limit of 1 mSv, the
precaution times for holding a child every day were 250.9 (range: 71.3, 849.4) min.
We now recommend a more sophisticated approach, considering attenuation by a
possible protective device, such as lead-lined underwear, the duration of wearing
such an undergarment, and the contact time of the involved person per day at given
distances. Under these data and circumstances, the Japanese guidelines will deregu-
late release criteria permitting administered radionuclide activity up to 2,000 MBq
from 1300 MBq today, or dose rate of 2.8 uSv/h at 1m from the patient.

If a prostate cancer patient treated with [-125 brachytherapy dies within
12 months of treatment, prostate removal before cremation is recommended to
avoid problems related to radioactivity in the ashes, such as inhalation of airborne
particulate matter by crematorium staff or nearby residents. The cremation of bod-
ies is already common in countries and is increasing in others such as the United
States. Therefore, a manual prepared under the editorial supervision of several
professional associations was issued in 2008 in Japan [7]. Satoh investigated the
incidence and causes of death and the actions taken subsequent to death, among
prostate cancer patients who died within 12 months after PPB over a 10-year period
in Japan [64, 65]. From 2003 to 2013, of the 27,976 patients who underwent PPB
during the specified period, 79 died within 12 months of implantation. The prostate
and brachytherapy source were retrieved at autopsy from 69 of the 79 patients.
Autopsies could not be performed on the other ten patients, two of whom died in
the earthquake.

Conclusions

Since 2003, PPB has been a good treatment option for localized prostate cancer
in Japan. With implantation techniques maturing in the last decade and regular
interactive education, PPB and EBRT have evolved steadily. We should pursue
better long-term clinical outcomes while maintaining quality of life for patients
and collaborate with brachytherapists worldwide.
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High-Dose-Rate Brachytherapy 1 3
as Monotherapy for Prostate Cancer

Yasuo Yoshioka, Minako Sumi, and Masahiko Oguchi

Abstract

High-dose-rate (HDR) brachytherapy as monotherapy for prostate cancer has
theoretical advantages in both aspects of radiation physics and biology compared
to other radiotherapy modalities. The three-dimensional and four-dimensional
dose distribution of HDR brachytherapy is superb, and HDR monotherapy maxi-
mizes the biological dose escalation. In the former part of this chapter, tech-
niques in implant and treatment planning of HDR monotherapy are mentioned,
followed by it’s theoretical advantages. In the latter half, clinical evidence of
HDR monotherapy is overviewed along with its history over 20 years. Since its
dawning with four- to nine-fraction regimens, HDR monotherapy has been mov-
ing on to more and more hypofractionated regimens. The latest two- or single-
fraction HDR monotherapy is vigorously discussed.

Keywords
Highdoserate - Brachytherapy - Monotherapy - Prostate cancer - Hypofractionation

13.1 Introduction

Radiation therapy, including brachytherapy and external beam radiation therapy
(EBRT), in addition to surgery, has been the mainstay of curative treatment for pros-
tate cancer. Both low-dose-rate (LDR) permanent seed brachytherapy and high-
dose-rate (HDR) temporary brachytherapy have become established as highly
effective treatments for early and locally advanced prostate cancer. Historically,
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LDR brachytherapy with or without EBRT has been examined and assessed the
most and became a standard treatment option. Next, HDR brachytherapy was intro-
duced in the context of combination therapy with EBRT, as an alternative to LDR to
boost EBRT. However, if a satisfactory dose distribution could be achieved with
HDR brachytherapy as monotherapy, without EBRT, it would definitely be the most
efficient method to achieve high conformity and dose escalation.

Several guidelines and recommendations have been published on prostate HDR
brachytherapy by some authorized groups, including the Groupe Européen de
Curiethérapie/European Society for Radiotherapy and Oncology (GEC-ESTRO) [1,
2], the American Brachytherapy Society (ABS) [3], the American Society of
Clinical Oncology/Cancer Care Ontario [4], the American College of Radiology
(ACR) [5], and the National Comprehensive Cancer Network (NCCN) [6]. In most
of them, a combination therapy of HDR and EBRT is considered as a standard treat-
ment option, whereas HDR monotherapy has not been well described reflecting the
fact that the evidence of HDR monotherapy has not been enough accumulated yet.
On the other hand, there have been published some review articles where the poten-
tial of HDR monotherapy is highly evaluated [7-12]. In this chapter, theoretical
advantage of HDR monotherapy as a radical treatment for prostate cancer will be
discussed in terms of both radiation physics and biology, and then the reported clini-
cal results will be thoroughly reviewed. Although salvage or focal HDR monother-
apy may also be an important topic, they will not be mentioned.

13.2 Technique and Theory
13.2.1 Technique: Applicator Implant and Treatment Planning

1. Applicator needle implant
A sample of implant technique has been previously described in detail by
Osaka University Hospital in Japan [10]. Under epidural anesthesia, the patient
is placed in a dorsal lithotomy position, with the perineal region sterilized. A
balloon catheter is inserted into the bladder, with air-mixed gel placed within
the prostatic urethra to enable visualization of the urethra on ultrasonography
(US). Under real-time transrectal-US (TRUS) guidance, metallic applicator
needles (Trocar Point Needles and Needle Stoppers; Elekta, Stockholm,
Sweden) are placed through the perineal skin, using an in-house template. The
template is made of transparent acryl with 167 needle holes spaced at 5-mm
intervals. The needles are placed along the line that encompasses the prostate
at the largest cross-section on US, except for the rectal side where the needles
are placed 2-3 mm inside the prostate contour. For T3 tumors, needles can be
placed outside the prostate capsule and/or into the seminal vesicles. Inner nee-
dles are inserted at 1-cm intervals, to adequately cover the base and apex of the
prostate, taking care to avoid the urethra. The total number of needles inserted
is usually around 15. The tips of the needles are placed 2 cm within the bladder
lumen for the reason described in the following section. Placing at least two
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Fig. 13.1 (a) Metallic applicator needle implant under real-time transrectal ultrasonography
guidance. The patient can be awake with the aid of epidural anesthesia, or under general anesthe-
sia, in lithotomy position. Template holes had been superimposed on the ultrasonography monitor.
(b) Fixation of the template with elastic tape. Before taping, the template had been sutured to the
perineal skin. Needle stoppers are sandwiched by the template and its cover plate, preventing
needle displacement. (¢) Plastic applicator needle implant without using a template. Under real-
time transrectal ultrasonography guidance, needles were implanted by freehand. Next, a button
was attached to each needle and was adhered by instant glue. (d) Using a small piece of thermo-
plastic shell, the buttons and needles were fixed to the perineal skin. Because no metallic material
was used, MRI-based treatment planning would be possible

metallic fiducial markers inside the prostate gland, as far apart as possible,
with one at the base and another at the apex, would be useful for recognizing
the relative shift between the prostate and the needles, as well as deformation
of the prostate itself due to edema. Differently from the abovementioned
method using the metallic needles (Fig. 13.1a, b), a method using plastic appli-
cator needles (e.g., ProGuide Sharp Needles; Elekta) is also recommended
(Fig. 13.1c, d).
2. Treatment planning

After the implantation of the needles, computed tomography (CT) data are
acquired with the patient in the supine position (not in lithotomy). The CT slice
thickness is 1.25 mm in helical mode. One hour before CT data acquisition and
each irradiation fraction, the urinary balloon catheter is clamped in place to keep
the urine within the bladder lumen, so that the cranial side of the bladder wall
and the bowel are kept away from the irradiation volume.
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CT-based treatment planning is performed with the aid of Oncentra Brachy
(Elekta). The clinical target volume (CTV) includes the whole prostate gland
with a 5-mm margin except for the posterior (rectal) margin, which varies from
2 to 5 mm depending on the distance to the rectal wall. If extracapsular and/or
seminal vesicle invasion are observed or strongly suspected, that area is included
in the CTV and applicators are placed there. The planning target volume (PTV)
is equal to the CTV. However, in the old era, they added 1-cm margin to the CTV
in the cranial direction only, and the PTV included the bladder base. The top
2 cm of the applicators were placed within the bladder lumen, so that the PTV
included a 1-cm margin in the cranial direction around the CTV. This margin was
established, not only to avoid the cold area at the base of the prostate but also to
compensate for possible needle displacement in the caudal direction. Recently
this margin is being abandoned, and they are shifting to make a replan at every
fraction.

The dose distribution is created by geometric optimization (volume method)
and manual modification (Fig. 13.2a, b). The following dose constraints are
applied: the dose to the whole urethra should be <125% of the prescription dose,
preferably <110%, and the dose to the whole rectal mucosa should be <100% of
the prescription dose, preferably <75%. The PTV coverage requirements are
D90 > 100% (mandatory) and V100 > 97% (preferable).

3. Patient management
If multiple fractions are given during one implant session, the patient remains in
bed for several hours to several days, normally undergoing irradiation twice
daily with an interval of >6 h. Continuous epidural anesthesia is useful to control
pain. Anticoagulated patients are told to stop their drugs 1-2 weeks before the
implant. The patients should be given purgatives before the implant and a glyc-
erin enema in the morning of implant and are also given low-residue meals to
suppress defecation during the treatment course. Prophylactic antibiotics are
administered. Pneumatic compression devices are attached to the patients’ lower
legs to prevent deep vein thrombosis during the treatment course. To minimize
bleeding (both from the perineum and intravesically), a coagulating agent is
administered at the time of the implant and at the time of needle removal.
Immediately after pulling the needles out, the physician should manually com-
press the prostate using both hands, one via the perineum and the other via the
rectum (as in a digital examination), to stop the bleeding. In addition, pulling the
balloon catheter, which has been replaced with a larger three-way catheter for
bladder irrigation, with the balloon inflated to its maximum, helps to stop bleed-
ing from the bladder neck. For intravesical bleeding, bladder irrigation with cold
saline is effective, and the continuous bladder irrigation technique is used to
prevent clots from occluding the balloon catheter when intravesical bleeding is
protracted.
4. Neoadjuvant and/or adjuvant androgen deprivation therapy

The benefits of adding neoadjuvant and/or adjuvant androgen deprivation ther-
apy (ADT) to HDR monotherapy are controversial. Additional benefit of com-
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Fig. 13.2 (a) Three-dimensional reconstruction of the prostate and proximal seminal vesicles
(purple), rectum (green), bladder (blue), urethra (cyan), and applicator needles and source dwell
positions (red). Dwell positions were automatically selected by designating the area up to 7 mm
outside the prostate or seminal vesicles. Note that some needles and dwell positions were entirely
outside the prostate gland and/or partly in the seminal vesicles or in the bladder lumen. (b) A dose
distribution plot of transverse plane. Note that the urethral dose was <125% of the prescription
dose and the rectal dose <100%. Most parts of the rectum received <75% of the prescription dose
and half of the rectum <50%

bining ADT over irradiation alone would be assumed smaller in the case of HDR
brachytherapy than for EBRT (e.g., classical 70-Gy EBRT), because the
biologically effective dose (BED) of HDR brachytherapy is far higher than that
of EBRT. However, some interaction between ADT and radiation may still occur,
and the volume reduction effect may be associated with less toxicity. Unfavorable
intermediate-risk patients (with two or three intermediate features) and high-risk
patients may receive 6 months of neoadjuvant ADT. For high-risk patients, fur-
ther ADT may be also added in an adjuvant setting with a duration of 1.5 or
2.5 years.
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13.2.2 Advantage and Pitfall of HDR Monotherapy in Terms
of Radiation Physics

1. As a general feature of brachytherapy, including both LDR and HDR, radiation
dose can be concentrated into the tumor, which is mainly due to the inverse
square law. Brachytherapy enables high conformity, while sparing the surround-
ing normal tissue by its rapid dose falloff. Some researchers made a simulation
study that showed dosimetric superiority of LDR and HDR brachytherapy over
intensity-modulated radiation therapy, proton therapy, or carbon ion therapy
[13].

2. Throughout the procedure of HDR brachytherapy, the public, patient’s family, or
medical staff are never exposed to radiation. Patients can stay in a regular ward
since there is no need for a shielded room. Patients only need to be in an HDR
unit room for irradiation for approximately 30 min per fraction.

3. HDR treatment planning is based on the CT images obtained after needle inser-
tion or on the TRUS images obtained at the time of needle insertion. The dwell
positions of the stepping source are determined in terms of real anatomy after the
needle insertion. The dwell time for each dwell position is then calculated with
an optimization algorithm.

4. Unlike for EBRT, inter-/intra-fraction organ motion is not a problem with HDR
brachytherapy. In the case of EBRT, several factors including daily setup errors;
retention of feces, gas, or urine; respiratory motion; or peristaltic motion result
in discrepancies between the coordinates of the tumor and the radiation beam.
With brachytherapy, these two coordinates are always concordant because the
tumor and the radioactive sources move in unison, so that PTV is normally iden-
tical to CTV. The overall treatment time for HDR monotherapy is typically in 1
or 2 days, which is significantly shorter than for EBRT.

5. Unlike for LDR brachytherapy, HDR brachytherapy needles can be placed at the
extracapsular lesion and even into the seminal vesicles and/or into the bladder
lumen. The cable-connected stepping source simply moves back and forth within
the closed space without any risk of source migration or dropping out. Therefore,
the indication for HDR monotherapy can potentially even be extended to T3a/b
or some T4 tumors. The dwell time optimization makes a significant urethral
dose reduction possible for HDR compared to that for LDR [14]. Short irradia-
tion time of HDR avoids the dosimetric uncertainties of LDR related to post-
implant volume changes due to needle trauma and subsequent edema or
deformation during the overall treatment period of several months.

6. One possible pitfall of HDR brachytherapy is the problem of applicator needle
displacement during treatment, which has been pointed out by some groups [15—
21]. However, this problem does not arise if there is one fraction per implant or
if they replan at every fraction. Another possible drawback of HDR is the require-
ment of hospitalization and patients having to stay in bed during the treatment
period.

7. HDR prostate monotherapy is still evolving and being developed, with ongoing
research to determine optimal dose-fractionations and dose-volume constraints
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Fig. 13.3 Biologically effective doses from various regimens of high-dose-rate brachytherapy as
monotherapy that have been reported in the literature (solid lines for one- or two-fraction regimen;
dashed lines for four- to nine-fraction regimens), at different o/p ratios, are juxtaposed to those
from a typical regimen of conventionally fractionated external beam radiation therapy (dotted line)

[22]. For example, a new technique enabling more accurate implantation into
seminal vesicles has been developed [23]. In view of its high degree of freedom
in the process of treatment planning, there may still be some room for improve-
ment in the dwell time optimization algorithm [24, 25]. Recent trends of HDR
monotherapy are moving toward a smaller number of fractions, which will be
described in detail at the latter part of this chapter. Such an extremely hypofrac-
tionated regimen would maximize the therapeutic ratio and at the same time
avoid the HDR brachytherapy drawback of hospitalization and needle displace-
ment during the treatment period. In the era of one- to three-fraction HDR mono-
therapy, it should become mandatory to make a treatment planning at every
fraction, which could be considered as a completed form of adaptive radiation
therapy.

13.2.3 Theoretical Advantage and Potential Pitfall of HDR
Monotherapy in Terms of Radiation Biology

Brenner and Hall in 1999 [26], as well as others later on [27-30], reported a very
low o/p ratio for prostate cancer, mostly in the range of 1.2-3.1 Gy. These findings
that the o/p ratio for prostate cancer is less than that for the surrounding late-
responding normal tissue have made hypofractionation attractive, and HDR mono-
therapy can maximize this advantage of hypofractionation. Figure 13.3 shows
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biologically effective doses (BED) from various regimens of HDR monotherapy
that have been reported in the literature. Assuming o/f} = 1.5 Gy for prostate cancer,
and using the classical linear quadratic (LQ) formula, the BED for prostate cancer
would be estimated as 238-279 Gy, which would correspond to 102-119 Gy of
biologically equivalent dose in 2 Gy per fraction (EQD,g,). As for late toxicity,
EQD,g, would range from 84 to 97 Gy, assuming o/f = 3.0 Gy. This means that,
theoretically, hypofractionation with a large fraction size can enhance BED for
prostate cancer without increasing BED for late-responding tissue.

However, when we remind that we are using an extremely high dose per fraction
as around 10 Gy or even nearly 20 Gy, we should pay careful attention to such dis-
cussions on BED or EQD,g,. Potential pitfalls seem to include the following: (1)
Does LQ formula work out well in the area of 10-20 Gy per fraction? (2) Is o/p ratio
of prostate cancer really 1.5 Gy uniformly? Miyakawa and Shibamoto et al. insisted
that LQ formula may not work well in the area of >8 Gy per fraction, based on their
experiment on cell survival of the EMT6 mouse mammary sarcoma line, deter-
mined by a standard colony assay [31]. To the contrary, Brenner et al. maintained
that LQ model is reasonably well validated, experimentally and theoretically, up to
about 10 Gy/fraction and would be reasonable for use up to about 18 Gy per fraction
[32]. Tumor heterogeneity with regard to o/f ratio would become another potential
pitfall. Even if most of the prostate cancer cells had 1.5 Gy of o/p ratio, what would
happen when that prostate cancer tissue partly had a component of 5.0 Gy? Looking
again (Fig. 13.3), 19 Gy in a single fraction would correspond to only 65 Gy of
EQD,g,, assuming a/p = 5.0 Gy, which would be significantly lower than 78 Gy in
39 fractions used in typical EBRT.

Unknown mechanism may arise in such a high-dose-per-fraction area that would
unexpectedly injure prostate cancer cells and/or healthy normal tissue cells. For
example, one may imagine a microenvironmental scenario such that mesenchymal
tissue supporting microvessels would be injured reversibly or irreversibly by such a
high dose per fraction, the mechanism of which would not be taken into consider-
ation by the theory of repair from sublethal damage. In addition, a single-fraction
HDR monotherapy would refuse the classically well-known effect in fractionated
radiation therapy: reassortment and reoxygenation. Which, cancer cells or normal
cells, would benefit or be injured relatively more by such unknown mechanisms?
Anyway, the clinical results especially for a single-fraction HDR monotherapy
should be observed with the greatest caution, which will be discussed again in sev-
eral sections later in this chapter.

13.3 Clinical Evidence

13.3.1 Nine- to Seven-Fraction HDR Monotherapy:
Japanese Evidence

HDR brachytherapy used as monotherapy for prostate cancer was initiated in Japan
in 1995, which was reported in 2000 by Yoshioka et al. [33]. They delivered eight
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or nine fractions of 6 Gy each, in total 48 or 54 Gy over 5 days [34-36]. After
10 years, they changed their dose fractionation into 45.5 Gy in seven fractions over
4 days, with 6.5 Gy per each fraction [37] (Fig. 13.4). With a median 8-year fol-
low-up and a total of 20 years of experience, they reported biochemical control
rates of 91% for intermediate-risk and 77% for high-risk patients at 8 years. Late
grade 3 GU and GI toxicity rates were 1 and 2% at 8§ years [38]. Similarly, Yoshida
et al. reported their clinical results of HDR monotherapy using 49 Gy/7 Gy/7 frac-
tions or 54 Gy/6 Gy/9 fractions. All 48 patients were high risk and received
ADT. The 5-year biochemical control rate was 87%, and late grade 3 GU and GI
toxicity rates were 4 and 2% [39].

In 2017, collected data of Japan nationwide, multicenter, retrospective study
on HDR monotherapy was published by Yoshioka et al. [40]. From 1995 through
2013, 524 patients, including 14% low-risk, 40% intermediate-risk, and 47%
high-risk patients, were treated with HDR brachytherapy as monotherapy at five
institutions in Japan. Patients >85% were treated with 7-9 fraction regimens.
Respectively, 34%, 58%, and 91% of low-, intermediate-, and high-risk patients
received ADT also. Median follow-up was 5.9 years. The 5-year biochemical con-
trol rates were 95%, 94%, and 89% for low-, intermediate-, and high-risk patients.
Late grade 3 GU and GI toxicity rates were 1 and 0.2% at 5 years. Compared to
American series, one distinct characteristic of Japanese series is that Japanese
indication for HDR monotherapy included high-risk patients and subsequently the
use of ADT was more frequent than in the American series as will be described in
the next section.
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13.3.2 Six- to Four-Fraction HDR Monotherapy:
American Evidence

Demanes et al. at California Endocuriethérapy Cancer Center (CET) in the USA
started HDR monotherapy in 1996 with 42-43.5 Gy in six fractions, including two
implants with three fractions each [41]. With a median follow-up period of 6.5 years,
they reported long-term results for 448 patients including 288 low-risk and 160
intermediate-risk patients. The actuarial 6- and 10-year PSA progression-free sur-
vival rate was 99 and 98%. Late grade 3—4 GU toxicity rate was 5%, with GI 0%
[42].

Martinez et al. at William Beaumont Hospital (WBH) in the USA launched HDR
monotherapy with 38 Gy in four fractions in 1999 [43, 44]. This four-fraction regi-
men, which can be accomplished within 2 days, was introduced into Europe,
including Germany [45] and Switzerland [46].

Rogers et al. reported their clinical results of HDR monotherapy for 284 interme-
diate-risk patients with a median follow-up of 2.7 years. Their treatment consisted
of two implant sessions, each with three fractions of 6.5 Gy during a one-night
hospitalization for a total of 39 Gy in six fractions for a mean of 19 days. The 5-year
biochemical disease-free survival was 94%, with 0.7% late grade 3 GU toxicity
without any late Grade 3 GI toxicity [47]. In general, American researchers seem to
indicate HDR monotherapy for low- and favorable intermediate-risk patients, by
contrast with Japanese or European researchers (Table 13.1).

13.3.3 Three- or Two-Fraction HDR Monotherapy:
Awaiting Mature Results

Three-fraction HDR monotherapy has ever been reported from three countries
including Australia, the UK, and Germany. Barkati et al. in Australia conducted a
dose escalation study using three fractions of 10 Gy, 10.5 Gy, 11 Gy, and 11.5 Gy.
They successfully reached to the highest dose level, showing acceptable acute and
late toxicities [48].

Zamboglou et al. published the largest series of HDR monotherapy with >700
patients from a single institution in Germany. The transition of dose fractionations
used by them looks interesting; first, they treated with one implant in four fractions
of 9.5 Gy. Second, they used two implants, separated by 2 weeks, each with two
fractions of 9.5 Gy. Finally, they adopted three implants, separated by 3 weeks, each
with a single fraction of 11.5 Gy. Although their cohort included 25% of intermedi-
ate- and 20% of high-risk patients, they reported as high as 94% biochemical con-
trol rate at 5 years for the entire cohort [49]. Strouthos et al. recently updated the
results for the three-fraction-in-three-implant cohort with 450 patients, showing a
5-year biochemical control rate of 95% with a prolonged median follow-up of
4.7 years, with late grade 3 GU toxicity as 0.8% without any late grade 3 GI toxicity
[50]. Similarly, Kukietka et al. in Poland used three separate implants with single
fraction per implant but with 15 Gy each and 45 Gy in total [51].
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Hoskin et al. in the UK started HDR monotherapy with four-fraction regimen
giving 34 or 36 Gy in total. Soon they changed their regimen into 31.5 Gy in three
fractions and then into 26 Gy in two fractions [52-54]. Finally, they are investigat-
ing a single-fraction regimen that will be mentioned in the next section [55, 56].
Their indication for HDR monotherapy was almost restricted only to intermediate-
or high-risk patients, which is a similar concept to that of Yoshioka et al. in Japan
and also is characterized by a high rate of ADT use.

Martinez and Krauss et al. compared three regimens, including the aforemen-
tioned 38 Gy in four fractions, 24 Gy in two fractions, and 27 Gy in two fractions.
They found the acute and late toxicity profiles associated with these three HDR
monotherapy schedules were similar and were well tolerated. Combined with the
fact that the clinical outcomes were similar, they concluded that all three regimens
may be acceptable options for the management of low- to intermediate-risk prostate
cancer [57, 58].

13.3.4 Single-Fraction HDR Monotherapy: Dream or Truth?

Single-fraction HDR monotherapy would be an ideal form of HDR brachytherapy
or, rather, an ultimate form of all radiotherapy. From a viewpoint of HDR brachy-
therapist, the problem of applicator displacement would be solved in case of single-
fraction HDR. In addition, patient need not be hospitalized. From a viewpoint of
radiation oncologist, only “one shot” of radiotherapy would be a highly attractive
and challenging option. Patient convenience would be maximized, while burden of
medical cost and machine and human resources would be minimized. Whether a
single-fraction HDR monotherapy can be a viable treatment method or not is the
hottest issue in our radiotherapy society.

Prada et al. in Spain reported first on single-fraction HDR monotherapy in 2012
[59]. Their preliminary results of 40 patients treated with 19 Gy HDR since 2008
were 100% for low-risk and 88% for intermediate-risk patients with 32-month actu-
arial biochemical control. However, in their second report, the actuarial biochemical
control was reported as 66% at 6 years, which was not satisfactory [60]. Considering
also their very low rate of toxicity that no grade 2 or more was observed, they
implied a possibility that 19 Gy was not an enough dose for single-fraction HDR. In
this aspect, Morton et al. in Canada conducted an interesting study, where they ret-
rospectively calculated the dose having been received by the recurrent intraprostatic
nodule in patients who had undergone single fraction 19 Gy HDR monotherapy [61,
62]. They found that most of the recurrent intraprostatic nodules had received doses
>19 Gy (prescription dose), which may also imply the possibility that 19 Gy was not
an optimal prescription dose. Some researchers may interpret the results presented
from Spain and Canada as an evidence that LQ model may not work well in the area
of such an extremely high dose per fraction, because 19 Gy would be an enough
high dose of 260 Gy in BED or of 111 Gy in EQD.g,, if LQ model had worked well
assuming o/p = 1.5 Gy.
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To the contrary, Hoskin et al. and Krauss et al. presented promising results of
19 Gy (or 20 Gy) single-fraction HDR monotherapy. Hoskin et al. reported 4-year
biochemical relapse-free survival as 94% for 19 Gy or 20 Gy single-fraction HDR
brachytherapy, which was similar to their own results obtained from two-fraction
regimen (13 Gy x 2, 93%) or three-fraction regimen (10.5 Gy x 3, 91%). The 4-year
estimates of grade 3 toxicity of single fraction were 2% for GU and 0% for GI,
which were also comparable to those of two- or three-fraction regimen [55, 56].
Krauss et al. reported 3-year biochemical control rate of 93% without any grade 3
GU toxicity but with 2% GI toxicity [63].

Major and Polgér et al. in Hungary are conducting an interesting randomized
trial comparing LDR and HDR brachytherapy as monotherapy for prostate cancer.
In their initial report on dosimetric comparison, HDR had an advantage in terms of
homogeneity, conformity, and doses to the urethra and rectum [64]. Mature clinical
results are awaited.

Conclusion

HDR brachytherapy as monotherapy for prostate cancer has theoretical advan-
tages in both aspects of radiation physics and biology compared to other radio-
therapy modalities. Japanese groups made first clinical evidence with 9-7
fraction HDR monotherapy. American groups built robust evidence for 64 frac-
tion regimens. Three- or two-fraction HDR monotherapy has been investigated
vigorously at many centers including Europe, and their mature results are being
awaited. Single-fraction HDR monotherapy is in the midst of clinical trials and
is the most attractive issue in radiotherapy research society. HDR brachytherapy
as monotherapy for prostate cancer has made a great progress with its history of
>20 years and will still be evolving.
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Abstract
In this chapter, the authors are going to describe the reason why we propose to
administer the boost with a single dose of HDR brachytherapy: first, it is an excel-
lent way to escalate the dose, and second it is a very accurate and sure method.
We are going to comment about different authors that are using single-dose
boost or several fraction boost and the advantages and withdrawals of both. The
main advantage is that we only need one surgical procedure for needle insertion,
and thus movement between fractions can be avoided. And it can be done in real-
time administering the brachytherapy in the operating theatre.
We are going to discuss about dose equivalence to normofractionation using
alpha-beta model. And last, we are going to describe our technique in detail and
our institution’s result.
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14.1 Introduction

HDR brachytherapy is probably one of the best methods of administering the
boost in patients with intermediate- or high-risk prostate cancer. Numerous clini-
cal studies [1-5] have shown that dose-escalation radiotherapy improves both
local and biochemical disease control in intermediate- and high-risk prostate
cancer. Also, it has been proven that local control improves by escalating doses
to 78 Gy or more, but dose escalation increases late genitourinary (GU) and gas-
trointestinal (GI) toxicity, particularly in the rectum [6-8]. Various approaches
have been proposed to achieve dose escalation. Some researchers use external
beam radiotherapy (EBRT) alone (either IMRT or 3D-RT), while others add a
boost, typically delivered by high-dose-rate brachytherapy (HDRB) [9, 10]. The
use of a boost has been reported to improve outcomes and reduce toxicity in
high-risk prostate cancer patients compared to external beam radiotherapy alone
[11, 12]. Prostate brachytherapy is an excellent way to escalate the dose, because
the needles are inserted inside the prostate through the perineum, and thanks to
the rapid falloff of the dose, the organs at risk, the rectum and bladder, receive
very low doses. It is also a very accurate and sure method. Especially in higher
risk cohorts, interstitial high-dose-rate brachytherapy in combination with exter-
nal beam radiotherapy is recognized as an established therapy and has been
proven to be more efficient than EBRT alone in one randomized trial, level 1
evidence [9]. The indications for brachytherapy boost in dose-escalation sched-
ules with external beam are wide ranging with all patients having localized dis-
ease eligible for this technique. Exclusion criteria are few encompassing patients
medically unfit for the procedure and those with significant urinary outflow
symptoms [13].

There are some important practical and dosimetric advantages for employing
HDR prostate brachytherapy. The use of image-guided catheter or needle placement
enables accurate implantation which can be extended to include extracapsular dis-
ease and seminal vesicles. It is possible to individualize the source positions over
the full length of the prostate based on a defined planning target volume and organs
at risk. Dose distribution optimization by inverse planning enables highly confor-
mal dose delivery. The fixation of the prostate by the implant and rapid radiation
delivery minimize the problems of target and OAR movement. The use of high
doses per fraction has a biological dose advantage for tumours with a low alpha-beta
ratio of which prostate is a common example. For a given prescribed dose and target
coverage, HDR brachytherapy equivalent uniform doses are significantly higher
than the EUDs achieved by external beam radiotherapy. This effect is caused by the
inhomogeneous dose distribution with very high doses inside the target volume.
Temporary brachytherapy (BT) using a stepping source does not need any source
preparation time, and there is good radiation protection for personnel. Finally the
use of a single source for all patients using a multipurpose facility makes brachy-
therapy highly cost-effective [13].
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14.2 Single-Dose vs Several-Fraction Boost

Once we have justified the use of a brachytherapy boost to escalate the dose, we are
going to explain the differences between single-dose boost and several-fraction
boost. Different authors have employed several combinations of external RT and
single or several-fraction boost. Several fractions can be administered with one
implant [14]. Other authors prefer to administer only one fraction per implant, usu-
ally in two implants [15]. There is no consensus regarding the timing of each modal-
ity; in some centres brachytherapy is given before external beam and in others
between EBRT fractions, while elsewhere it is given after completion of external
beam. There are a wide range of EBRT target volume concepts and treatment sched-
ules reported in the literature, and it is not possible to recommend one specific pre-
scription. Maybe the most common treatment schedule in intermediate- and
high-risk prostate cancer patients is 45 Gy of EBRT plus two fractions of HDR
brachytherapy, although treatment schemes can vary considerably due to the lack of
a generally accepted standard. Most authors have used a multifractionated boost
approach. However, the single-fraction boost technique used at our institution has
become increasingly common, as studies by Yamada et al. [16], Morton et al. [17]
and Agoston et al. [10] confirm. In fact, Agoston and colleagues used a nearly iden-
tical approach to ours—60 Gy of EBRT plus a single 10 Gy HDRB boost—to treat
280 intermediate- and high-risk patients. Their results were excellent (5-year BRFS
for the first 100 consecutive pts. of 85.5%).

At our centre, the treatment schedule is 60 Gy EBRT plus a single-fraction boost
of 9 Gy HDRB [7, 8]. The single-boost approach is still relatively uncommon, but
interest appears to be increasing [10, 16, 17]. At our institution, we have used this
approach successfully since 2002 for all high-risk (and selected intermediate-risk)
prostate cancer patients in which EBRT plus HDRB is preferred to EBRT alone to
reduce intestinal irradiation and to maintain organ risk dose constraints.

14.3 Advantages of EBRT Plus Single-Fraction HDR Boost

Now we are going to explain the advantages of EBRT plus single-fraction HDR:
HDR single boost has many advantages over treatment schedules requiring multi-
fractionated boosts. The single-implant technique avoids interfraction movements
of non-active needle [18]. The risk of errors due to needle displacement that can
occur in treatments involving multiple fractions is avoided. This displacement can
be very important. In Reynes study, median catheter displacement was 8.7 + 3.3 mm
(range, 2.7 = 1.1 mm-14.7 £ 1.7 mm) [19]. Needle displacement can generate geo-
metric variability, which can then require a new CT scan to verify needle depth and
may also require a new treatment plan. Moreover, spinal anaesthesia—which is
required to insert the transperineal needle—only needs to be administered once,
thus reducing the consequences related to the recurring trauma [20] of multiple
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implants. A single implant also shortens hospitalization time, reduces the need for
analgesia and minimizes the associated risk of deep venous thrombosis.
Consequently, this technique results in better patient comfort and convenience.
Another advantage of a single implant is the biological benefit offered by an “ultra-
hypofractionated” single dose of radiation. Prostate cancer cells are believed to be
highly sensitive to the dose per fraction. It is estimated that, unlike most cancer
cells, prostate cancer cells have a low o/p ratio (between 1.2 and 3 Gy) [21], and this
implies that such cells should be more responsive to high-dose radiation. Thus, a
hypofractionated irradiation schedule, theoretically, offers an improved radiobio-
logical advantage in terms of selective tumour-cell killing without a concomitant
increase in the development of late side effects [22]. Interestingly, our treatment
schedule results in lower overall doses (EQD?2 of 87 Gy and 203 Gy BED) than the
schemes proposed by other authors, but even with these lower doses, our results are
similar to those reported by other authors who use higher doses. This lower dose
may confer a benefit in terms of toxicity and is another advantage of our single-
fraction technique.

Dose definition and reporting also depend on the target: some authors report the
dose administered just to the peripheral zone, the area where the majority of cancers
arise; Galalae, for instance, has recently actualized Kiel’s results at 15 years using a
protocol of 50 Gy external RT to the pelvis plus two fractions of 15 Gy to the
peripheral zone in one implant [12]. In our institution, we report the dose adminis-
tered to the whole prostate.

Another interesting point to discuss is the high doses that can be administered
with brachytherapy. One of the theoretical advantages of HDRB over EBRT for
dose escalation is the ability to increase the BED dose, which should improve
tumour control while sparing important organs at risk such as the rectum and blad-
der. We can transform the doses administered with brachytherapy in equivalent
2 Gy/day to compare with the dose we can administer with external radiotherapy,
using the equivalence in alpha-beta terms [23]. In our fractionation schedule, the
EQD?2 to the tumour is 87 Gy with a BED value of 203 Gy according to linear-
quadratic model. If we assume an o/p ratio of 3.0 Gy, the EQD2 would be 81.6 Gy,
with a BED of 136 Gy. Other authors have also reported their results using different
schemes, stratifying by its biological equivalent dose (BED) [14].

14.4 Technique of HDR Prostate Brachytherapy Boost at ICO

We are going to describe our technique [7, 8]: after spinal anaesthesia, the patient is
placed in lithotomy position. A bladder catheter is placed, and the bladder is filled
with diluted radiological contrast. The ultrasound (US) probe is inserted in the rectum,
and we obtain a good US image both in axial and longitudinal. A needle-guidance
template is then attached to the US probe close to the perineum. Rigid steel or flexible
plastic catheters can be used for the implant procedure, although we usually employ
plastic needles. The position of the patient and the template position are critical before
implantation is commenced. The urethra should be identified and positioned along the
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central row of the template (usually “row D”); the inferior row of applicator positions
must reflect the lowest part of the gland to be implanted, and if seminal vesicles are to
be included in the PTV, it is essential these are also considered in the set-up [13].
Needles are inserted under transrectal ultrasound guidance. Three metallic clips are
inserted to mark the base and the apex of the prostate. We do this because the prostate
can be very well defined with the ultrasound, but when we do the CT scan, the cranial
and caudal limits of the prostate are not so easily identified. Needle depth is deter-
mined by direct visualization on ultrasound and fluoroscopy.

The needle distribution is decided inside the operating theatre depending on the
prostate volume and the position of the urethra. The number of needles we use
depends on the prostate volume and shape, between 14 and 18. Special care must be
taken not to insert the needles close to the urethra nor the rectum; they may not be
able to contribute maximally to the dose distribution due to the OAR constraint.
Peripheral coverage is most important, so it is vital to have a ring of catheters around
the edge of the peripheral zones, with a distance of about 3 mm from the prostate
CTV border. It is also important to scroll up and down the ultrasound images during
implantation to ensure there is not only good cover at the centre of the gland but also
at the base and apex where the volume changes [13]. We usually do a peripheral
implant and add some central needles to cover completely the whole prostate, which
is our clinical target volume (CTV). In brachytherapy typically we add no margin
because there are no positioning errors, so CTV = PTV (planning target volume).
Once the needles are inserted, we can sew them to the perineum and perform a CT
scan for dosimetry.

The CT scan is performed for volume delineation of the prostate and risk organs
following recovery from anaesthetic and transfer to the imaging department. CT
acquisition should be at no more than 2-3 mm. The Oncentra programme (Nucletron
B.V., Veenendaal, Netherlands) is used for dosimetry. The total prescribed HDRB
dose to the PTV is 9 Gy. The prescription constraints are as follows: V100 >= 98%,
V150 <=50% and D90 > 105% but <115. For the rectum and urethra (high-risk
organs), the constraints are as follows: rectum D2 cc <=75%, Dmax <100%; urethra
D2% <=120% (in EQD, rectum approximately 73 Gy and urethra <90Gy) [8].
Other volumes that are important for quality of life-related outcomes and can be
delineated are the penile bulb, the bladder neck and, if using MRI, the neurovascular
bundle (Fig. 1).

Once the planning is finished, the machine treatment data are then transferred to
the afterloader’s computer. The patient should be treated as soon as possible after
planning and dose calculation. Treatment will be delivered in one of two scenarios:
either in the operating room with the patient still in the lithotomy position under
anaesthetic or sedation and the transrectal ultrasound in situ or in a brachytherapy
suite distant from the operating room after removal of the transrectal ultrasound and
recovery from the anaesthetic. In the first setting, it is indispensable that the physi-
cist is inside the operating theatre to do the planning, and that is time-consuming; in
the second setting, careful quality assurance is required to identify movement of
catheters and changes in OARs in relation to the images used for planning. Before
radiation exposure, verification of the implant position is essential. Minimum
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Fig. 1 Example of a single-fraction HDR boost

requirements are for the position of the perineal template to be reviewed and con-
firmed by direct measurement to identify any displacement from the original posi-
tion on the skin. As we only administer a single-fraction boost dose, the catheter
displacement is minimal. A 9 Gy boost takes usually about 15 min, depending on
the activity of the HDR source.

14.5 Experience with HDR Prostate Brachytherapy
Boost at ICO

We have previously reported our results in 377 patients diagnosed with intermedi-
ate- or high-risk prostate cancer with a 9 Gy HDR single fraction after 60 Gy exter-
nal beam radiotherapy [7, 8]. In our institution, we tend to administer brachytherapy
as a boost mostly in the high-risk group, and we recommend to these population
3 years of complete androgen blockage. All patients were included in the overall
statistical analyses (OS, CSS). Median follow-up was 50 months. However, patients
with <26 months of follow-up were excluded from the BRFS analysis in accordance
with the recommendations of the Phoenix definition for biochemical relapse.

Median follow-up in the patients with at least 26 months of follow-up (271 pts)
was 60 months. OS and CSS for the entire cohort at 5 years were, respectively, 88%
(95% confidence interval [CI], 84-92) and 98% (95% CI, 97-99). Only five deaths
directly attributable to prostate cancer were observed at the end of follow-up period.
The 5-year BRFS rate for the 271 pts with >26 months of follow-up was 91%. With
this combination, we obtain a 5-year BRES of 91% with very low late toxicity, only
4.6% grade 2 and 1.6% grade 3 gastrointestinal toxicity and 12.2% grade 2 and just
0.8% grade 3 chronic genitourinary toxicity.
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Takayuki Nose

Abstract

Interstitial multi-catheter brachytherapy APBI (IMB-APBI) has been established
as a treatment option for early breast cancer in Europe and North America, where
simple lumpectomy can be indicated for most patients. In Asia, IMB-APBI is
gradually gaining popularity but still in a much slower pace. The breast size in
Asia is commonly smaller, and the surgical approach is accordingly different from
Western countries. Among them, Japanese breast-conserving surgery, cylindrical
resection, is especially different in that it leaves no cavity in the breast. The CTV
after Asian surgery, therefore, needs special consideration. Consensus on surgical
approach and CTV for small breast is still open for discussion. In this chapter we
focus on the surgical techniques and evidences from Asian countries.

Keywords
Interstitial multi-catheter brachytherapy - APBI - Cylindrical resection - Small
breast - Breast conservation

15.1 Introduction

Accelerated partial-breast irradiation (APBI) has first evolved in Europe since the
1980s and then spread out to North America since the 1990s. Most of their early expe-
riences were limited to interstitial multi-catheter brachytherapy APBI (IMB-APBI).
In Asian countries, the acceptance of APBI was slower than in Western countries.
In late 1990s through the early 2000s, two hospitals in Japan started initial
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experiences for IMB-APBI. As of 2017, only six groups from Asian countries, Japan,
four; South Korea, one; and Singapore, one, have reported IMB-APBI results.
Experiences of non-IMB-type APBI using single- or multi-lumen brachytherapy
(MammoSite®, Savi®, Contura®, clearPath®) have been more limited or even
scarce in Asia. In this chapter, we focus on IMB-APBI techniques and evidences.

15.2 Breast-Conserving Surgery for Small Breast

The breast size in Asia is generally smaller than that in Europe and North America.
Applicable breast-conserving surgery is technically different from that used in
Western countries. In large-breasted countries, lumpectomy is the standard surgical
option. A surgical defect after lumpectomy, i.e., a lumpectomy cavity, is surrounded
by the remaining mammary gland in all directions (Fig. 15.1).

Lumpectomy for large breast

/\
<>

Surgical defect

Lumpectomy cavity

Fig. 15.1 Lumpectomy for large breast
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Lumpectomy for small breast

e

Lumpectomy cavity

Fig. 15.2 Lumpectomy for small breast

For a small breast, a lumpectomy cavity is often surrounded by a mammary
gland only in lateral directions. Typically, anterior and posterior margins for the
lumpectomy cavity are free of mammary gland: only subcutaneous fat tissue and
pectoral muscle are bordering on the anterior margin and on the posterior margin,
respectively (Fig. 15.2). The lumpectomy resection volume depends on tumor vol-
ume, irrespective of the breast size or the mammary gland thickness (Fig. 15.3).

15.3 Breast-Conserving Surgery in Japan: Cylindrical
Resection

In Japan, breast-conserving surgery started to replace radical mastectomy gradually
in the late 1980s. In those days, there still was a nationwide allergy to “nuclear
things” or “radiation exposure,” affected by the two atomic bomb tragedies which
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Resection volume for lumpectomy

/\

large breast

small breast

The resected volume depends on tumor size.

Fig. 15.3 Resection volume for lumpectomy

occurred in 1945. National hesitation in using radiation to humans was still preva-
lent even 40 years after the tragedies. The breast-conserving pioneers in Japan,
unsurprisingly, pursued breast conservation without radiation, by securing negative
margin >5 mm. For this purpose, “cylindrical resection approach” was developed.
This approach removed the index tumor en bloc wrapped in the tissue from beneath
the skin all down to the chest wall muscles with an arbitrary lateral margin
(Fig. 15.4). The cut end is vertical to the chest wall all around the surgical defect,
while the cut end for lumpectomy is round shaped in anteroposterior direction
(Figs. 15.1, 15.2, 15.4). To avoid severe deformity by the large cylindrical defect,
the surgical margins were always sutured together to leave no cavity in the breast
(Fig. 15.4). Interestingly, as shown in Fig. 15.5, the resection volume depends not
on tumor volume but on mammary gland thickness. The larger the breast, the larger
the resection volume. From oncologic viewpoint, this approach was particularly
suitable for a small breast, easy to secure negative margins in anterior and posterior
directions and easy to assess lateral surgical margin status based on a comprehen-
sible, vertical histopathological specimen. When a positive margin was reported at
an intraoperative rapid histopathological exam, an additional crescent-shaped
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Cylindrical Resection

Surgical defect

Fig. 15.4 Cylindrical resection

volume from beneath the skin through the chest wall muscle was removed in rele-
vant direction to secure negative margin. From cosmetic viewpoint, this approach
damaged cosmesis markedly due to the larger resection volume than lumpectomy.

As time elapsed, radiotherapy has been gradually accepted in Japan as a safe and
vital method for cancer treatment along with the technical progress of radiotherapy.
The essential role of radiotherapy after breast-conserving surgery has gained popu-
larity. At this time, “cylindrical resection” had already been authorized as the stan-
dard breast-conserving surgery instead of lumpectomy. Cylindrical resection and
postoperative radiotherapy were, even ironically, combined in Japan despite the
inherent aim of this surgery to omit radiotherapy.
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Cylindrical Resection volume
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A
/x

small breast

The resection volume depends on gland thickness.

Fig. 15.5 Cylindrical resection volume

15.4 CTV for APBI

CTV for APBI is defined as the mammary gland volume surrounding the surgical
bed with a specified margin distance.

15.4.1 CTV After Lumpectomy

CTV after lumpectomy for a large breast is depicted in Fig. 15.6. When the remain-
ing mammary gland is thick enough, CTV for APBI is simply an expansion of the
lumpectomy cavity.

For a small breast, lumpectomy cavity is typically not surrounded by the mam-
mary gland on anterior and posterior margins. CTV for APBI is limited only laterally
to the cavity for a small breast (Fig. 15.7). Irrespective of the breast size, CTV
depends on the tumor size and also on the resultant lumpectomy cavity volume.

15.4.2 CTV After Cylindrical Resection

Judging from a post-cylindrical resection CT, the original tumor location in the
anteroposterior direction is difficult to find especially for a large breast (Fig. 15.5).
The full thickness of the mammary gland is inevitably targeted for APBI (Fig. 15.8).
Irrespective of the breast size, CTV depends not on tumor size but only on gland
thickness. The sutured mammary gland makes the lateral target identification
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Fig.15.6 CTV volume CTV volume after lumpectomy
after lumpectomy for large for large breast
breast

CTV volume
Fig.15.7 CTV volume CTV volume after lumpectomy
after lumpectomy for small for small breast
breast

CTV volume
Fig. 15.8 CTV volume CTV volume after cylindrical resection

after cylindrical resection

for large breast

CTV Volume

/Nr small breast

The CTV volume depends on gland thickness.

uncertain as well. To compensate for the lateral and anteroposterior uncertainty, CTV
after cylindrical resection tends to be even larger than the CTV after lumpectomy.

15.5 Japanese Experience
15.5.1 Cylindrical Resection Experience

15.5.1.1 Osaka Medical Center

From 1998 to 2003, the first Asian IMB-APBI study was initiated at Osaka Medical
Center. They recruited 20 patients including high risk of pT2 (n = 6), pN1 (1 = 3),
and positive or close (<5 mm) surgical margin (n = 3). During the same general
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anesthesia for breast-conserving surgery (cylindrical resection) and axillary dissec-
tion, 11 applicators (range, 6—18) were implanted perioperatively around the sutured
margin. Two-dimensional planning was used. Median V100 and V150 were 107 cm?
(range, 65-368 cm®) and 24 cm? (range, 12-95 cm?), respectively. The median DNR
value was 0.23 (range, 0.19-0.31). They delivered high-dose rate (HDR) of
36-42 Gy/6-7 fr over 3—4 days. Irradiation was started before the final histological
confirmation. Finally 15% of the patients had positive/close margin (<5 mm) for
intraductal component at the permanent histological report. At 52 months, one
inflammatory recurrence (5%) was observed for a patient with negative hormone
receptor and negative surgical margin. One patient presented prolonged, as long as
27 months, fat necrosis complicated with infection. For cosmetic outcome, excel-
lent and good results were observed only for 75% of the patients evaluated by
Harvard 4-point scale [1].

15.5.1.2 Osaka National Hospital

From 2002 through 2006, Yoshida et al. treated 45 patients of Tis—T2 breast cancer
using IMB-APBI at Osaka National Hospital. They included high-risk patients with
T2 (n=12),pNI1 (n=11), pN2 (n =2), and positive or close (<5 mm) surgical mar-
gin (n = 15). Applicators were implanted either perioperatively (n = 26) or postop-
eratively (n = 19). Two-dimensional planning was used. Median V100 and V150
were 141 cm?® (range, 39-315 cm?®) and 38 cm® (range, 12-83 cm®), respectively. The
median DNR was 0.29 (range, 0.2-0.41). HDR 36 Gy/6 fr (n = 43) or 42 Gy/7 fr
(n = 2) was delivered over 3—4 days. At a median follow-up of 31 months
(4-54 months), 4% of local recurrence and 4% of distant metastasis were observed.
Seven wound complications, four with and three without infection, and two rib
fractures were observed. The significant risk factors for wound complications were
nonadministration of prophylactic antibiotics during IMB-APBI (p < 0.01), periop-
erative implant (p < 0.05), and large V100 (p < 0.01) and V150 (p < 0.05). Cosmetic
outcome was not available from this group [2, 3].

15.5.1.3 Multi-institutional Prospective Feasibility Study
(UMIN000001677)

Based on the above two studies, a prospective multi-institutional feasibility study
was performed to verify reproducibility of IMB-APBI among six hospitals in Japan
from 2009 to 2016. Forty-six low-risk patients (tumor <= 3 cm, pNO, surgical mar-
gin negative for exposure, ER or PR positive) participated in the study. Cylindrical
resection and postoperative implant after confirming the permanent histopathology
were the mainstays of the protocol treatment. Planning was performed using 3D
images. HDR 36 Gy/6 fr over 3—4 days was delivered. The median cylindrical resec-
tion volume was 81 cm? (range, 28-260 cm?). Median V100 and V150 were 117 cm?
(range, 40-282 cm®) and 36 cm? (range, 12-96 cm?), respectively. The median DNR
value was 0.30 (range, 0.22-0.51).

The primary endpoint of planning reproducibility among six hospitals was pro-
spectively and statistically confirmed in terms of the clip dose (>= 36 Gy/6 fr), dose
nonhomogeneity ratio (<0.35), and V100 (principally 40-150 cm?). This result
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warrants the execution of phase II or III multi-institutional clinical trials using IMB-
APBI. Five-year clinical results were also reported: no local, regional, nor meta-
static breast cancer recurrences were observed; early and late sequelae were within
the previous IMB-APBI results; excellent or good cosmesis was observed in only
for 74% of the patients. Yoden et al. found larger resection volume in small bra cup
sizes (A/B) resulted in fibrosis >=G2, which strongly correlated with unfavorable
cosmetic outcome at 30 months follow-up [4-6].

15.5.2 Lumpectomy Experience

One of the most active APBI centers in the world is Tokyo-West Tokushukai
Hospital. Since 2008 through 2017, 432 patients have undergone IMB-APBI. Their
indication was principally limited to low-risk patients (clinical tumor size <=3 cm,
negative sentinel lymph node exam, surgical margin negative for exposure).
However, irradiation started before the final histopathological confirmation, about
10% of the patients were with positive or close surgical margin (<5 mm). Different
from other Japanese groups, lumpectomy was employed by this group. The lumpec-
tomy volume was 32 cm?® (range, 6-133 cm?). Intraoperative implantation of appli-
cators was used, and HDR 32 Gy/8 fr was delivered. Median V100 and V150 were
22 cm? (range, 1-106 cm?) and 8 cm® (range, 1-59 cm?), respectively. The median
DNR value was 0.36 (range, 0.20-0.56).

At a median follow-up of 50 months (range, 3—109 months), local recurrence
rate was 2% (TR, four patients; E, four patients). Fat necrosis was observed in 1.4%
of the patients, hemorrhage after catheter removal in 1.2%, and wound break by
infection in 4.4%. After they employed hidden scar approach for skin incision, no
wound trouble was observed thereafter. As for cosmesis, excellent and good evalu-
ation was recorded in 88% of the patients by using BCCT.core software with mini-
mal follow-up of 5 years and consent agreement to breast photos [7-10].

15.6 South Korean Experience

Between 2002 and 2006, 48 prospectively selected patients with early-stage breast
cancer received APBI using IMB-APBI following breast-conserving surgery. Their
median age was 52 years (range, 36—78). They included T2 (31%), pN1 (8%), hor-
monal receptor negative (23%), and close margins (<0.2 cm) (13%). Applicators
(median 5, range 4-6), arranged in a single plane (35%) for small and flat excision
cavity or double plane (65%) for larger cavity, were perioperatively implanted.
Planning was two dimensionally performed using four titanium clips. The PTV sur-
face is 1-2 cm from the clips. The mean V100 and V150 were 45 cm® (range,
12-101 cm?®) and 23 cm? (range, 5-46 cm?), respectively. The mean DNR was 0.5
(range, 0.43-0.56). After confirmation of final pathology, 6-9 days after implant,
HDR dose of 30 Gy or 34 Gy in ten fractions given twice daily within 5 days was
delivered to the tumor bed plus a 1-2 cm margin. Ninety-two percent of the patients
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received adjuvant systemic treatments. The median follow-up was 53 months
(range, 36-95 months). The 5-year actuarial local recurrence rate was 4.6%. Local
recurrences occurred only in patients with close margins (<0.2 cm). No regional or
distant relapse occurred. Grade 1 late skin and G 2 late subcutaneous toxicity were
seen in 11 (22.9%) and 26 (54.2%) patients, respectively. The volumes receiving
100% and 150% of the prescribed dose were significantly higher in the patients with
late subcutaneous toxicity (p = 0.02 and 0.03, respectively). Cosmesis was excellent
or good in 90% (Ex, 71%; Gd, 19%; Fr, 10%; Pr 0%) [11].

15.7 Singaporean Experience

Between 2008 and 2014, Tang et al. performed IMB-APBI for 121 patients (Chinese,
71%; other Asian, 15%). Their indication was limited to low-risk patients (tumor
<3 cm, pNO, negative surgical margin), and 72% were ER positive. All patients under-
went lumpectomy and axillary evaluation by sentinel node biopsy or axillary clearance.
After histopathological confirmation of the indication within 8 weeks post-lumpec-
tomy, mean 18 applicators (range, 8—25) were implanted with the help of templates and
CT guidance using contrast in the cavity and surgical clips. HDR 34 Gy/10 fr was
delivered to the volume expanded from the cavity by 15-20 mm. Median V100 and
V150 were 162 cm? (range, 34-330 cm?) and 39 cm? (range, 15-70 cm?), respectively.
The mean DNR was 0.24 (range, 0.16-0.43 cm?). At the median follow-up of 30 months
(range, 4-67 months), no local recurrence was observed for the 95 patients examined
by follow-up mammograms. One patient relapsed with bone metastases. Fibrosis and
fat necrosis (<= G2) were observed in three and two patients, respectively. Cosmetic
outcome was not available from this group.

They also displayed important volume data. Median breast volume and mean
lumpectomy cavity volume were 850 cm® (range, 216-2108 cm?®) and 24 cm’® (range,
3-62 cm?). Results for the IMB-APBI for these comparatively small breast-sized
Asian population seem encouraging to promote international Asian IMB-APBI
study [12-14].

15.8 Summary

Table 15.1 summarizes treatment parameters and clinical results from six Asian
groups.

For lumpectomy series, Tokyo-West and Singaporean groups displayed similar
resection volumes as 32 cm? and 24 cm?, respectively, and they were less than half
the cylindrical resection volume of 81 cm?® for the Japanese multi-institutional
group. V100 values for Tokyo-West and South Korean groups were 22 cm® and
45 cm?, respectively. They were also less than half the V100 values for cylindrical
resection groups of 107 cm?, 141 cm?, 117 cm®. The Singaporean V100 of 162 cm?
was, however and surprisingly, larger than all other groups from both lumpectomy
series and cylindrical resection series.
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Table 15.1 Treatment parameters and clinical results from six Asian groups

Lumpectomy Cylindrical resection
Study Tokyo- South Singapore Osaka Osaka Japanese
group West Korea Medical National multi-

Center Hospital institutional
Resection |32 cm? NR 24 cm? NR NR 81 cm?
volume (cavity
volume)

V100 22 cm? 45 cm? 162 cm? 107 cm? 141 cm? 117 cm?
Total 54 cm? NR 186 cm? NR NR 198 cm?
treatment
volume®
IBTR® 2% at 4.6% at 0% at 5% at 4% at 0% at 5 year

4 year 5 year 2.5 year 4 year 2.5 year
Dose 32 Gy/8fr | 30-34 34 Gy/10fr | 36-42 36-42 36 Gy/6 fr
schedule Gy/10fr Gy/6-7fr | Gy/6-T7 fr
Cosmesis | 88% 90% NR 75% NR 74%
(ex/Gd)

“The sum of resection volume and V100
°IBTR ipsilateral breast tumor recurrence

For cylindrical resection series, the cosmetic outcomes for Ex/Gd were 75% and
74% for Osaka Medical Center and for the Japanese multi-institutional group,
seemingly reproducible among them, and much worse than the lumpectomy series
that displayed 88% and 90% for cosmetic outcomes.

Total treatment volumes, as the sum of resection volume and V100, were avail-
able for Tokyo-West, Singaporean, and Japanese multi-institutional groups as 54,
186, and 198 cm?, respectively. Annual IBTR rates for these three groups were all
lower than 0.5%, satisfactory level as the contemporary breast conserving therapy
series. Among these three groups, cosmetic outcomes for Ex/Gd ratios were avail-
able only for Tokyo-West and Japanese multi-institutional groups as 88% and 74 %,
respectively. For these two Japanese groups, the large difference of the total treat-
ment volumes (54 cm?, 198 cm?®) might have contributed to the difference of cos-
metic outcomes. Somewhere between these two total treatment volumes, there
should be an ideal range of volumes that might best balance the oncologic and
cosmetic outcomes.
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Abstract

Before the era of breast-conserving therapy, BT implants were used to treat large
inoperable breast tumors. Later interstitial BT has been used to deliver an addi-
tional dose to the tumor bed after BCS and WBI. Based on the obvious dosimet-
ric advantages of interstitial breast implants (over external beam techniques)
supported by the encouraging results of modern boost series utilizing stepping-
source afterloading technology, multicatheter HDR/PDR BT remains a standard
treatment option for boosting the tumor bed after BCS and WBI.

APBI is an attractive treatment approach with considerable advantages over
conventional WBI opening new prospects for interstitial breast BT. Contemporary
APBI trials using interstitial BT with strict patient selection criteria resulted in an
annual LR rate <1%.

Development of new standards for 3D CT image-based BT treatment plan-
ning together with the implementation of inverse dose planning will further
improve the conformity of dose distribution delivered by multicatheter implants
maximizing the ballistic advantage of interstitial breast BT.
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16.1 Introduction

Before the era of breast-conserving therapy, interstitial brachytherapy (BT) implants
(with or without external beam irradiation) were used to treat large inoperable
tumors [1]. Later interstitial BT with rigid needles or multiple flexible catheters
have been used to deliver an additional (boost) dose to the tumor bed after breast-
conserving surgery (BCS) and whole-breast irradiation (WBI) [2—4]. In the last two
decades, the new concept of accelerated partial breast irradiation (APBI) opened a
new perspective for breast BT [3, 5]. APBI is an attractive treatment approach that
shortens the 3- to 7-week course of conventional postoperative radiotherapy (RT) to
4-5 days. The acceleration of RT eliminates the disadvantages of the extended treat-
ment period, especially for elderly patients, working women, and those who live at
a significant distance from the RT facility. The rationale for APBI is that the major-
ity of local recurrences (LRs) occur in close proximity to the tumor bed [2, 3]. Less
than 20% of LRs appear “elsewhere” in the breast, and the absolute number of such
failures is very low (e.g., far less than 1% per year and similar to the rate of new
contralateral tumors) [6]. In addition, some elsewhere failures are likely to be new
primary breast cancer that arose after initial therapy and hence would not have been
prevented by WBI. Thus, in the last two decades, APBI using interstitial implants
has been intensively evaluated in phase I-II and III clinical trials as a possible alter-
native to conventional WBI [3].

In this chapter, we give an overview on Hungarian and European experience with
interstitial breast BT used as a boost or sole postoperative irradiation after BCS.

16.2 Indications for Interstitial Breast Brachytherapy
16.2.1 Indications for Tumor Bed Boost

The standard technique of RT after BCS is to treat the whole breast by teletherapy
via tangential fields up to a total dose of 40-50 Gy in 15-25 fractions. The main
rationale to give an additional dose to the tumor bed after WBI was based on the
clinical observation that 67-100% of ipsilateral breast recurrences originated from
the vicinity of the original index lesion [2]. Based on the analysis of dose-response
curves, van Limbergen et al. [4] reported that above 50 Gy, an increase of 15 Gy
would reduce the LR rate by a factor of 2. To date, three randomized trials have
confirmed that a boost dose of 10-16 Gy after 50 Gy WBI significantly decreased
the LR rate [2, 7-10]. Patient age less than 50 years, close, microscopically positive
or unknown surgical margins, and the presence of extensive intraductal component
(EIC) are generally accepted as absolute indications for boost irradiation [2, 4, 5].
Other factors (e.g., lymphovascular invasion (LVI), high grade, and large tumor size
>3 c¢m) can be also considered for the indication of a tumor bed boost.
Traditionally low-dose-rate (LDR) BT, electrons, or photons have been used to
deliver the boost dose to the tumor bed [1, 7, 10-12]. Later high-dose-rate (HDR)
BT has been also accepted as a safe alternative boost modality [13-20]. Interstitial
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BT is preferable in cases of deep-seated tumor bed in large-volume breasts.
Obviously, BT offers the practical advantage of more conformal treatment of small
volumes to higher doses and lower doses to the skin [2, 4]. Therefore, in addition to
external beam boost modalities, interstitial BT is a standard treatment option to
deliver an additional dose to the tumor bed after BCS and WBI.

16.2.2 Indications for APBI

Patient selection in early European APBI clinical trials was flawed [21-24]. In later
studies patient selection criteria were refined excluding patients with high risk for
multicentricity from APBI protocols [25-30]. Based on the limited scientific evi-
dence available in 2009, the Groupe Européen de Curiethérapie-European Society
for Therapeutic Radiology and Oncology (GEC-ESTRO) Breast Cancer Working
Group has generated and published the European recommendations on patient
selection for APBI [31]. These recommendations provide conservative and useful
clinical guidance regarding the safe use of APBI outside the context of clinical tri-
als. In addition to the GEC-ESTRO “good candidate” group, the GEC-ESTRO rec-
ommendations defined an intermediate group of patients (“possible candidate”
group) for whom APBI considered acceptable only in the context of prospective
clinical trials. The third group of women (“high-risk” group) should not be treated
with APBI, as there is enough evidence against the use of APBI for such patients.

16.3 Techniques and Treatment Planning

Different techniques exist, but the implantation of the breast is always performed
using stainless steel trocars which are then exchanged with flexible plastic catheters.
Then, the catheters are fixed to the skin with locking buttons and are trimmed at a
consistent length. There are some centers where the boost dose is delivered with a
single fraction. In this case the rigid needles are used not only for insertion but also
for the irradiation. In intraoperative setting visual inspection of the lumpectomy
cavity helps to place the needles, but when the implantation is performed a few
weeks after BCS, some sort of image guidance before or during the insertions is
necessary for placing the adequate number of catheters in right geometry in relation
to the extent of the tumor bed. Different types of imaging modalities can be used,
including US, mammography, and CT. The use of a template around the involved
breast is of great help to implant the needles parallelly according to a regular (usu-
ally triangular) geometry. The template with the holes has to be visualized on an
image together with the cavity geometry in order to select the appropriate holes to
be used for needle insertions. In Hungary for breast implantation, CT guidance is
used to preplan the implant geometry as well as for treatment planning. A preim-
plant CT imaging is performed, and the cavity is outlined in axial slices, and the
target volume is created according to the contouring protocol (Fig. 16.1). Then,
using 3D rendering the patient is rotated in the “needle’s eye view,” and the target



224 C. Polgar

Fig. 16.1 PTV definition on preimplant CT images for multicatheter APBI. Tumor bed, red line;
expanded tumor bed, black line; final PTV, green line. The final PTV is defined excluding the
pectoral muscle and a 5 mm rim of tissue below the skin

Fig. 16.2 Needle’s eye
view of the template on the
breast. The projections of
the excision cavity (red
wireframes) with the
surgical clips (green dots)
and the target volume (blue
wireframes) help to
identify the holes to be
used for inserting needles

volume is projected on the rendered template with the holes (Fig. 16.2). By visual
inspection the holes covering the target volumes are identified, and their coordinates
are recorded. Then, using the predefined coordinates, the needles are inserted into
the breast which are later replaced with plastic catheters. Another (postimplant) CT
image set is acquired for planning, and the tumor bed, target volume, and organs at
risk are outlined (Fig. 16.3). According to the target definition rules used in the
GEC-ESTRO APBI trial, the planning target volume (PTV) is defined as the expan-
sion of the contoured tumor bed (including surgical clips) in each direction with an
individual margin of 20 mm minus the actual width of the pathological surgical
margin [32]. The expansion of the PTV is limited to 5 mm below the skin and at the
pectoral fascia. Finally the catheters are reconstructed and dose planning is per-
formed (Fig. 16.4).
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Fig. 16.3 PTV definition
on postimplant CT image
for multicatheter

APBI. Tumor bed, red line;
expanded tumor bed, black
line; final PTV, green line.
The final PTV is defined
excluding the pectoral
muscle and a 5 mm rim of
tissue below the skin

Fig. 16.4 Dose distribution on postimplant CT image. PTV, thick red line; 100% reference iso-
dose, thin red line; 50% isodose, green line; 150% isodose, yellow line; 200% isodose, blue line

A good implant in interstitial BT is characterized by adequate dose coverage,
high-dose homogeneity inside, and steep dose falloff outside the target volume. The
treatment planning and plan evaluation have to be based on the real 3D volume of
the PTV and organs at risk [33]. For the evaluation of dose homogeneity within a
breast implant, the dose nonuniformity ratio (DNR = V150/V100) is used [3, 33,
34]. In breast implants, the DNR is expected to be in the range of 0.2-0.35. For a
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CT-based plan, after delineation of the target volume and critical organs, target- and
organ-related dose volume histograms (DVH) can be calculated, and additional
parameters can be defined for plan evaluation [33, 34]. The coverage index (CI) is
the fraction of the PTV receiving a dose equal to or greater than the prescribed dose
(PD). According to European (GEC-ESTRO) standards, CI should be at least 0.9,
which means that at least 90% of the PTV should be covered by the PD. Maximum
skin dose should not exceed 70% of the PD to avoid early and late skin side effects.

16.4 Hungarian and European Results
16.4.1 Results of Interstitial Implants as a Boost After WBI

Only a few reports compared the outcome in patients treated with interstitial BT
or external beam boost (Table 16.1) [1, 7-9, 12, 17]. In the classical trial of the
Institut Curie, women with 3—7 cm breast cancer treated by irradiation alone were
randomized to LDR BT versus cobalt-60 teletherapy boost after WBI [1]. The
8-year LR rate was significantly lower with BT compared to external beam boost
(24% vs 39%; p = 0.02). However, in the postoperative setting, a similar local

Table 16.1 Results of European comparative studies with different boost techniques after whole-
breast irradiation with a median FUP > 5 years

Exc./
Boost Median |5-year good

Institution/ Patient | dose FUP LR % cosmesis
study Technique |no. (Gy) (years) |(n) p-value |% p-value
Institut LDR 126 20-25 8.1 24 0.02 71 0.6
Curie, Cobalt-60 | 129 11-36 8.1 (8—y)® 75
Paris [1] 39

B=y)
EORTC LDR 225 15 17.2 6.2% 0.094 |NR NA
[7] ELE 1640 16 17.2 9.9% NR

Photons 753 16 17.2 7.8¢ NR

Hopital LDR 169 15-25 6.7 8.1 0.32 61 0.001
Tenon, ELE 161 5-20 6.9 (10-y) 83
Paris [12] 13.5

(10-y)
Budapest |HDR 66 8-14.25 |5 8.5 0.43 90 0.29
[8,9] ELE 237 16 5 5.6 86
University |HDR 75 8-12 7.8 59 0.023 NR NA
Rostock ELE + 181 6-14 7.8 (10—-y) NR
[17] photons 12.5

(10-y)

FUP follow-up period, LR local recurrence, LDR low-dose-rate, HDR high-dose-rate, ELE elec-
trons, EORTC European Organisation for Research and Treatment of Cancer, NR not reported, NA
not applicable

*Crude rate

“Patients treated with radiotherapy alone
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Table 16.2 Results of European HDR brachytherapy boost series with a median FUP > 5 years

RT scheme Median Exc./good
Patient | (dose [Gy]x FUP 5-years Annual cosmesis
Institution no. fraction no.) (years) LR % LR % %
Linz [15] 212 10x 1 5.2 4.6 0.92 78
Barcelona 294 2-2.5x 811 5.8 9 1.00 96
[16] (9-years)
Wien [20] 274 7-12x 1 8.7 3.9 0.39 38
(10-years)
Valencia [14] | 125 44x%x3 7 4.2 0.84 77
Brno [18] 215 8-12x 1 5.8 1.5 0.30 73
Rostock [17] 75 8-12x 1 7.8 5.9 0.59 NR
(10-years)
Budapest [19] | 100 4-475 % 3; 7.8 7 0.87 57
6.4 %x2; (8-years)
8-10.35x 1
Madrid [35] 210 7x1 7.1 5.3 0.53 85
(10-years)
Valencia [13] | 167 7x1 7.7 4.9 0.49 97
(10-years)
All patients 1672 5.2-8.7 1.5-9 0.30-1.00 | 38-97

HDR high-dose-rate, RT radiotherapy, FUP follow-up period, LR local recurrence, NR not reported

control and cosmetic results have been reported for women boosted either with
interstitial implants or electrons/photons [8, 9, 12]. In the EORTC boost trial, the
20-year cumulative incidence of LR was 9.9% for the 1640 patients who received
an electron boost, 7.8% in the 753 patients who received a photon boost, and only
6.2% in the 225 patients who had an interstitial LDR BT boost [7]. The difference
was not significant (p = 0.094); however the trial was not powered to detect the
possible difference in local control between different boost modalities. Knauerhase
et al. [17] reported that a median dose of 10 Gy HDR BT boost yielded signifi-
cantly lower 10-year actuarial LR rate compared to external beam boost (5.9% vs
12.5%; p = 0.023).

The long-term results of several other European clinical studies proved that HDR
BT used either as a single fraction of 7-12 Gy or as a fractionated boost was safe
and yielded excellent local control (Table 16.2) [13—-16, 18-20, 35].

16.4.2 Results of Interstitial Implants as Sole APBI

16.4.2.1 Early APBI Brachytherapy Trials

Two European centers pioneered the use of different APBI regimens for unselected
patients in the 1980s and early 1990s [21-24]. However, results in all of these
early studies were poor, with high LR rates (Table 16.3). The high rates of local
failure seen in these early APBI studies reflect inadequate patient selection crite-
ria and/or suboptimal treatment technique and lack of appropriate quality assur-
ance (QA) procedures.
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Table 16.3 Results of early European interstitial brachytherapy APBI trials with a median FUP

>5 years
RT scheme Median
Dose | (dose [Gy]x | FUP Crude LR | Annual | Excellent/good
Institution rate fraction no.) | (years) % (n) LR % cosmesis %
Guy’s Hospital I | LDR 55 %1 6 37 (10 of |6.2 83
[22, 23] 27)
Guy’s Hospital I | MDR | 11 x4 6.3 18 (9 of 2.9 81
[21] 49)
Uzsoki Hospital | MDR |50 x 1 12 24 (17of |2 50
[24] 70)
All patients 6-12 25 (360f |2-6.2 |50-83
146)

APBI accelerated partial breast irradiation, RT radiotherapy, F'UP follow-up period, LR local recur-
rence, MDR medium-dose rate, LDR low-dose-rate

Uzsoki Hospital’s Cobalt-Needle APBI Study

One of the first prospective APBI studies using interstitial implants was conducted
in Hungary at the Uzsoki Hospital between 1987 and 1992 [24]. Due to the lack of
192Ir wires in Hungary, special cobalt-60 sources were designed and manufactured
to allow manual afterloading of interstitial BT catheters. During this period, 70
patients were treated with these needles following BCS, without use of WBI. Any
patient with a pathologic T1 or T2 tumor that was clinically unifocal was eligible.
Two to eight (median: 5) catheters with a fixed 4 cm active length were implanted
into the tumor bed in a single plane. A dose of 50 Gy was prescribed at 5 mm from
the surface of the sources, given in a single session of 10-22 h with 2.3-5.0 Gy per
hour. The volume included within the reference isodose surface was quite small
(median: 36 cm?). Twelve-year results of this series showed that the crude LR rate
was 24%, with 59% of patients having grade 3 or 4 complications. Unfortunately, at
that era most patients did not have preoperative mammographic evaluation, and the
vast majority of pathology reports did not contain such important informations as
microscopical margin status and the presence of multifocality. Hence, most of the
patients treated in this study would not at all be considered eligible for breast-con-
serving therapy today. Therefore, it is likely that the high rate of LR in this study
was due to having persistent (not recurrent!) tumor due to inadequate patient selec-
tion criteria and radiological and pathological evaluation, as well as a very small,
inadequate implant volume [36]. The high rate of toxicity may have resulted from
giving a high total dose (86134 Gy LDR equivalent dose) of unfractionated
medium-dose-rate (MDR) BT. Despite its obvious limitations, the pioneering expe-
rience of the Uzsoki Hospital subsequently served as a basis for the development of
more successful APBI series at the Hungarian National Institute of Oncology,
Budapest, carried out later [19, 26, 27].

Guy'’s Hospital Studies

Fentiman et al. [21-23] also explored the feasibility and limitations of partial breast BT
in two consecutive pilot trials performed at the Guy’s Hospital, London, UK. In the first
study, conducted in 1987-1988, 27 patients were treated with LDR implants using
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rigid needles [22, 23]. The target volume included a 2 cm margin around the tumor bed.
The dose prescription was based on the Paris dosimetry system with a dose of 55 Gy
given over 5-6 days using manually afterloaded *’Ir wires. With a median follow-up
of 6 years, 10 of 27 patients (37%) experienced recurrence in the treated breast [23].

A second Guy’s Hospital study enrolled 50 patients between 1990 and 1992 [21].
Patient selection criteria and surgical and implant techniques were similar to the first
Guy’s Hospital series. A MDR remote-controlled afterloading system employing
caesium-137 was used to give a total dose of 45 Gy in 4 fractions over 4 days. At a
median follow-up of 6.3 years, 8 of 49 patients (18%) developed a breast relapse.

It is to be noted that the surgical technique and patient selection criteria used in
these studies were far from optimal. No attempt was made to achieve a wide exci-
sion either grossly or microscopically. As a consequence, the surgical margins were
involved in 56% of patients in the first study and in 43% of patients in the second
one. Furthermore, in the first study, 41% of patients had tumors containing EIC, and
in both studies 44% had positive axillary lymph nodes.

16.4.2.2 Contemporary APBI Brachytherapy Trials

Based on the controversial results of earlier studies, several European groups cre-
ated APBI trial protocols incorporating more strict patient selection criteria and
better implant quality. As a result, the outcomes of these studies have been much
improved (Table 16.4) [25-30, 37-40].

Table 16.4 Results of European contemporary interstitial brachytherapy APBI trials with a
median FUP of >5 years

Excellent/
RT scheme (dose | Median Crude good
Dose [Gy]x fraction FUP LR % Annual | cosmesis

Institution/study | rate no.) (years) (n) LR % %
Orebro Medical |PDR | 50/0.83% 7.2 6.0 (3 0.83 56
Centre [25] of 50)
Hungarian phase |HDR 433 x7;52x%x7 13.8 11.1(5 ]0.80 80
11 [28, 39] of 45)
German-Austrian | PDR/ | 50/0.6%/4 x 8 5.25 298 0.55 90
phase II [29] HDR of 274)
Hungarian phase 'HDR |52x7 10.2 5.7(5 0.56 85
111 [26] of 88)
University HDR |3.4x10;4x8 5.1 14 (1 0.27 96
Nice-Sophia [38] of 70)
GEC-ESTRO PDR/ |50/0.6-0.8%/4 x8; |6.6 1.4 (9 0.21 93
phase III [30,40] HDR |43 x7 of 633)
University of HDR |4x8 8 338 0.41 96
Perugia [37] of 240)
All patients 5.1-13.8 |2.8(39 |0.21- 56-96

of 0.83

1400)

APBI accelerated partial breast irradiation, FUP follow-up period, LR local recurrence, HDR high-
dose-rate, PDR pulsed-dose-rate
“Total dose/pulse dose
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Hungarian Studies

Between 1996 and 1998, 45 selected patients with early-stage invasive breast can-
cer were treated with APBI using interstitial HDR implants at the Hungarian
National Institute of Oncology, Budapest [27, 28, 39]. Patients were eligible for
sole BT if they met all of the following conditions: unifocal tumor, tumor size
<20 mm (pT1), microscopically clear surgical margins, pathologically negative
axillary nodes or only axillary micrometastases (pN1mi), histological grade 1 or
2, and technical suitability for breast implantation. Exclusion criteria were pure
DCIS or LCIS (pTis), invasive lobular carcinoma, or the presence of EIC. The
planning target volume (PTV) was defined as the excision cavity plus a margin of
1-2 cm. A total dose of 30.3 Gy (n = 8) or 36.4 Gy (n = 37) in 7 fractions over
4 days was delivered to the PTV. The 7-year results (and later the 12- and 15-year
update) of this study were reported, including comparison with results of a control
group treated during the same time period with conventional WBI [27, 28, 39].
The control group comprised 80 consecutive patients who met the eligibility cri-
teria for APBI but who were treated with 50 Gy WBI with (n = 36) or without
(n = 44) 10-16 Gy tumor bed boost. The 12-year actuarial rate of LR was not
significantly different between patients treated with APBI (9.3%) and WBI
(11.1%). There were no significant differences in either the 12-year probability of
disease-free survival (75% and 74%, respectively) or cancer-specific survival
(91% and 89%, respectively).

Based on the encouraging results of the first Hungarian study, a randomized
study was conducted between 1998 and 2004 at the same institution in Budapest
[26]. Initial eligibility criteria were similar to those for the previous study. In addi-
tion, the trial allowed patients with breast technically unsuitable for performing
interstitial implantation to enroll and be treated with an external beam (EB)
approach. By May 2004, 258 eligible patients had been randomized to receive either
50 Gy WBI (n = 130) or partial breast irradiation (PBI, n = 128). The latter consisted
of either 36.4 Gy (given over 4 days using 7 fractions of 5.2 Gy) with HDR multi-
catheter BT (n = 88) or limited-field electron irradiation (n = 40) giving a dose of
50 Gy in 25 fractions. There has been no significant difference in the 10-year actu-
arial rate of LR (APBI, 5.9%, vs WBI, 5.1%) and disease-free (85% vs 84%), can-
cer-specific (94% vs 92%), or overall survival (80% vs 82%) between the two
treatment arms [26].

Orebro Series

The first APBI study using PDR BT was begun in December 1993 at the Orebro
Medical Centre in Sweden [25]. Inclusion criteria included being age 40 years or
older with a unifocal breast cancer measuring 5 cm or less without an EIC which
was excised with clear inked margins and up to three positive axillary lymph nodes.
Freehand plastic tube implants were used to cover the PTV defined as the excision
cavity plus 3 cm margins. Fifty patients were treated to a total dose of 50 Gy using
pulses of 0.83 Gy delivered over 5 days. At a median follow-up time of 86 months,
the 7-year actuarial LR rate was 4%.
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German-Austrian Multicentric APBI Trial

In the year 2000, two German and two Austrian institutions decided to start the first
European multi-institutional phase II trial to investigate the efficacy and safety of
HDR/PDR multicatheter APBI [29]. The four participating centers recruited 274
patients between 2000 and 2005. Patients were eligible for APBI, if they had a
tumor diameter <3 cm, complete resection with clear margins >2 mm, pathologi-
cally negative axillary lymph nodes, or singular nodal micrometastasis (pN1mi),
hormone receptor-positive tumors, and patient age >35 years. Patients were
excluded from the protocol if they showed a multicentric invasive growth pattern,
poorly differentiated tumors, residual microcalcifications, EIC, or lymph vessel
invasion. Among the 274 patients, 175 (64%) received PDR and 99 (36%) HDR
BT. Prescribed dose in the PDR BT group was 49.8 Gy in 83 pulses of 0.6 Gy each
hour. Prescribed dose for HDR BT was 32 Gy in 8 fractions of 4 Gy, twice daily.
The PTV was confined to the tumor bed plus a safety margin of 2-3 cm in each
direction. At a median follow-up of 63 months, eight patients (2.9%) had developed
ipsilateral breast recurrence, yielding a 5- and 8-year actuarial LR rate of 2.3% and
5.0%, respectively.

University of Perugia Series

Recently, Italian investigators from the University of Perugia reported the long-term
results of a phase II prospective study with APBI using multicatheter HDR BT [37].
Inclusion criteria were age >40 years, infiltrating carcinoma without lobular histol-
ogy, DCIS, tumor size <2.5 cm, surgical margins >2 mm, and negative axillary
lymph nodes. Patients having invasive lobular carcinoma, EIC, or lymphovascular
invasion were excluded. 240 patients received 32 Gy in 8 fractions of 4 Gy over
4 days. At a median follow-up of 96 months, eight patients (3.3%) developed recur-
rence in the treated breast. The 5- and 10-year cumulative incidences of LR were
1.8% and 6.6%, respectively.

The GEC-ESTRO Multicentric Randomized APBI Trial

Based on the success of the Hungarian and German-Austrian APBI studies, a mul-
ticentric phase III APBI protocol has been developed by the Breast Cancer Working
Group of the GEC-ESTRO [30, 40]. Between April 2004 and July 2009, 1184
patients were enrolled at 16 centers from 7 European countries. Patients in the con-
trol group were treated with 50 Gy WBI plus 10 Gy electron boost, whereas in the
APBI arm, patients were treated with HDR or PDR multicatheter BT. The primary
end point of the study was LR as a first event within 5 years. The scientific hypoth-
esis to be assessed and statistically tested was “nonrelevant non-inferiority” of the
experimental treatment. Eligibility criteria included unifocal DCIS or invasive car-
cinoma of the breast, tumor size <3 cm, microscopic negative margins of at least
2 mm, no EIC, no lymphovascular invasion, no more than one micrometastasis in
axillary lymph nodes (pN1mi), and patient age >40 years. The PTV was defined as
the excision cavity plus 2 cm margin minus the minimum clear pathological margin.
Postimplant CT scans were mandatory for the documentation of target coverage and
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dose homogeneity. Median follow-up was 6.6 years. The 5-year cumulative inci-
dence of LR was 1.44% with APBI and 0.92% with WBI (p = 0.42) [30]. The dif-
ference between treatments was below the relevance margin of 3%. Therefore,
APBI using multicatheter BT was proved to be non-inferior to WBI. Late side
effects and cosmetic results have been reported recently [40]. Five-year toxicity
profiles and cosmetic results were similar in patients treated in the two arms of the
study, with significantly fewer grade 2-3 late skin side effects (6.9% versus 10.7%;
p = 0.020) after APBI with interstitial BT. These findings provided further clinical
evidence for the routine use of interstitial multicatheter brachytherapy-based APBI
in the treatment of patients with selected breast cancer after BCS.

16.5 Summary and Future Perspectives of Interstitial
Breast Brachytherapy

Before the era of breast-conserving therapy, BT implants were used to treat large
inoperable breast tumors. Later interstitial BT has been used to deliver an additional
dose to the tumor bed after BCS and WBI. Based on the obvious dosimetric advan-
tages of interstitial breast implants (over external beam techniques) supported by
the encouraging results of modern boost series utilizing stepping-source afterload-
ing technology, multicatheter HDR/PDR BT remains a standard treatment option
for boosting the tumor bed after BCS and WBI.

APBI is an attractive treatment approach with considerable advantages over con-
ventional WBI opening new prospects for interstitial breast BT. Contemporary
APBI trials using interstitial BT with strict patient selection criteria resulted in an
annual LR rate <1%.

Development of new standards for 3D CT image-based BT treatment planning
together with the implementation of inverse dose planning will further improve the
conformity of dose distribution delivered by multicatheter implants maximizing the
ballistic advantage of interstitial breast BT.
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Abstract

Patients with T1-2 stage oral cancer or a positive surgical margin without lymph
node or distant metastases are eligible for low-dose-rate interstitial brachyther-
apy (LDR-BT), and iridium-192 hairpins and single pins for tongue cancer and
Au-198 grains for oral cancer are presently the most commonly used sources of
radioactivity. Their sources are implanted according to the Paterson and Parker
method or the Paris method, and a computer dose calculation using X-ray films
is obtained after implantation. The prescription dose to PTV is 60-70 Gy over
5-7 days with iridium-192 hairpins and single pins and 80-90 Gy permanently
with Au-198 grains. The 5-year survival rate for patients with oral cancer and
treated by LDR-BT can be over 70%.
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17.1 Introduction

Low-dose-rate interstitial brachytherapy (LDR-BT) was introduced in the early
1900s. Regarding oral cancer, many treatment results have been reported from both
Japan and around the world, and these results were comparable to surgery [1-3] and
showed that a high quality of life (QOL) could be maintained [4]. However, because
of the potential for medical staff to be exposed to radiation, the need for shielded
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rooms, and the insufficient supply of radioactive sources, the numbers of LDR-BT
treatment facilities and oral cancer patients receiving LDR-BT are decreasing.

Reportedly, more than 360,000 patients were diagnosed as having oral cancer
worldwide in 2012 [5]. LDR-BT should be continued as long as there are oral can-
cer patients who do not wish to undergo resection.

17.2 Treatment Policy
17.2.1 Eligibility

Patients with T1-2 stage oral cancer or a positive surgical margin without lymph
node or distant metastases are eligible for LDR-BT.

A physical advantage of LDR-BT is its ability to irradiate the target with a high
dose while reducing the dose to neighboring normal tissues, whereas a biological
advantage of LDR-BT is its ability to allow effective reoxygenation and redistribution
during irradiation. Therefore, LDR-BT can be performed in cases experiencing recur-
rences after surgery or who have a prior history of external-beam radiotherapy (EBRT)
to the head and neck region, with a low incidence of complications [6, 7]. However,
when the thickness of the cancer is greater than 10 mm, the risk of recurrence is three
times higher than that in cases with a cancer thickness of less than 5 mm [8].

17.2.2 LDR Sources

Iridium-192 hairpins and single pins and Au-198 grains are presently the most com-
monly used sources of radioactivity (Fig. 17.1). Iridium-192 hairpins and single
pins are used for tongue cancer and are implanted temporarily. During the treat-
ment, the patient must remain within a shielded room, and a nasal feeding tube and
analgesics are necessary. Au-198 grains are implanted permanently in patients with
oral cancer excluding tongue cancer or in patients with tongue cancer and an
advanced age, severe comorbidities, or a poor performance status. Patients with
implanted Au-198 grains can eat and speak immediately after the implantation but,
in Japan, must remain within a shielded room until the residual radioactivity in the
body decays to 700 MBq.

17.3 Treatment Technique

17.3.1 Treatment Plan

The gross tumor volume (GTV) is evaluated by visual inspection, tumor palpa-
tion, and sometimes MRI. The clinical target volume (CTV) is the GTV plus a
5-mm margin for expected cancer invasion. The planning target volume (PTV) is
equal to the CTV.
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Fig.17.1 Ir-198 hairpin,
single pin, and Au-198
grains

17.3.2 Source Arrangement and Dose Prescription

Ir-192 hairpins and single pins are usually arranged in a single plane according to
the Paterson and Parker method or the Paris method. When they are implanted
according to the Paterson and Parker method, the distance between pins should be
8 mm so as to avoid areas with a low irradiation dose, and the prescribed dose is
60-70 Gy over 5-7 days within a plane of 5 mm from the sources. When the pins
are implanted according to the Paris method, an Ir-192 hairpin is calculated as two
linear sources with a length of 46.5 mm, and a single pin is calculated as a linear
source with a length of 47.6 mm. The prescribed dose is 60-70 Gy over 5-7 days as
a minimum target dose.

Au-198 grains are usually arranged in a single plane according to the Paterson
and Parker method, and they are implanted at a depth of 5 mm from the mucosal
surface with a distance of 10 mm between grains. The prescribed dose is 80-90 Gy
permanently within a plane of 5 mm from the sources.

17.3.3 Implantation

The patient is asked to sit on the treatment seat, and markers showing the implanta-
tion site are inked onto the mucosa. The patient is given a local anesthetic, and in
cases where Ir-192 hairpins or single pins are being used, guide needles are
implanted according to the marks, and their arrangement is checked using X-ray
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imaging. The Ir-192 hairpins and single pins are then implanted through the guide
needles, and the guide needles are removed. The Ir-192 hairpins and single pins are
secured in place on the tongue using stitches, and a spacer is placed so as to ensure
an appropriate distance between the radioactive source and the mandibular bone.

For cases treated with Au-198 grains, the grains are inserted using special inser-
tion needles under local anesthesia. A spacer is used for patients with tongue
cancer.

17.3.4 Dose Evaluation

After implantation, a computer dose calculation using X-ray films obtained from an
anterior-posterior view and a lateral view is performed. In cases using Ir-192 hair-
pins and single pins, the period of implantation is calculated and set so that the
irradiation dose within the PTV reaches the prescription dose, but the high-dose
area (usually 200% of the prescription dose) does not spread beyond the area sur-
rounding the pins (Fig. 17.2). For cases treated with Au-198 grains, the number of
implanted grains is confirmed, and the dose distribution is calculated using X-ray
films (Fig. 17.3).

17.4 Follow-Up

Patients who have undergone LDR-BT should receive follow-up examinations from
both a radiation oncologist and an oral surgeon. The patient should be seen every
2 weeks as long as mucositis is present and then every month thereafter until 1 year
after implantation, every 2 or 3 months until 2 years after implantation, and every
3—6 months until 5 years after implantation. Most recurrences and/or lymph node
metastases are found within 2 years after brachytherapy [9].

17.5 Treatment Results

The 5-year survival rate of TINO tongue cancer patients after LDR-BT is reported
to be around 83%, while that of T2 NO tongue cancer patients is 70%—80% [1-3].
The incidence of cervical lymph node metastasis is reported to be 25%-30% for
T1 NO patients and 27%—-50% for T2NO patients [1-3].

The recurrence rates of T1-2NOMO cancer of the buccal mucosa, floor of the
mouth, and the palate and gingiva are reported to be 13% [10], 20% [11], and 26%
[12], respectively.
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Fig.17.2 Anterior-posterior view and lateral view after implantation of Ir-192 hairpins for tongue
cancer and dose distribution
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Fig. 17.3 Anterior-posterior view and lateral view after implantation of Au-198 grains for tongue
cancer and dose distribution

17.6 Complications

Mucositis within and around the treatment area occurs on the oral mucosa in all
patients but disappears within 2—3 months. Oral ulcers or mandibular bone necrosis
reportedly occur in 6%—10% of tongue cancer patients [1, 2], but the occurrence of
oral ulcers can be prevented by abstaining from smoking, drinking alcohol, and eat-
ing foods that cause irritation. The incidence of mandibular bone necrosis can be
reduced by using a spacer [13].
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17.7 Future Outlook

Recently, high-resolution MRI and PET images, etc. have become available.
LDR-BT has become somewhat old-fashioned, as it is performed based on visual
inspection and tumor palpation. The fusion of old techniques and new imaging
modalities should improve local control. Moreover, combined therapy with chemo-
therapy and/or limited surgery might improve the survival rate while maintaining a
high QOL.
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Abstract

The application of high-dose-rate (HDR) interstitial brachytherapy (ISBT) has
expanded to many areas such as the treatment of cervical cancer, endometrial
cancer, vaginal cancer, prostate cancer, and breast cancer. Likewise, HDR-ISBT
is also regularly used to treat oral cavity cancers, as it offers high local control
rates and low toxicity. Advantages of HDR-ISBT to treat oral cancers include (1)
accurate dose calculations which are made possible by complete fixation of the
flexible treatment catheters, (2) parallel source arrangement through a linked
double-button technique or custom-made vinyl template technique, (3) homoge-
neous dose distribution by stepping-source optimization through computer simu-
lations, (4) the absence of direct radiation exposure to the medical staff, and (5)
better patient care using ordinary hospital wards. Three-dimensional image-
guided HDR-ISBT has laid the groundwork for forming a stepping-source tech-
nology which offers the advantage of optimizing dose distribution by varying
dwell times. Additionally, this technique allows for real dose optimization guid-
ance to elicit homogeneous dose distribution to a planning target volume, thereby
reducing dose spillover to the organ at risk. The current chapter will elucidate
some of the (1) benefits of HDR-ISBT, (2) treatment methods, (3) results of the
definitive treatment of HDR-ISBT for oral cancer patients, (4) a mold technique,
and (v) a CT-compatible modular spacer with lead shield. In conclusion,
HDR-ISBT is an important treatment option when dealing with oral cancer.
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18.1 Introduction

Radiation therapy plays an important role in the treatment of the head and neck
cancers as it provides high locoregional tumor control as well as significant preser-
vation of organ functions. Low-dose-rate (LDR) and high-dose-rate (HDR) intersti-
tial brachytherapy (ISBT) have historically been used to treat oral cavity cancers
and offer high local control rates and low toxicity [1-3]. ISBT is an effective tech-
nique used in definitive, postoperative, recurrent, and salvage settings [4], and it
offers an important way to apply an intense and localized radiation dose within the
confines of a short treatment time, thereby minimizing unwanted exposure to nor-
mal tissue due to the rapid dose falloff around the source [5]. LDR-ISBT is being
increasingly replaced by HDR-ISBT, as the stepping-source technology offers the
advantage of optimizing the dose distribution by varying the dwell times.
Importantly, HDR-ISBT for oral cancer appears to yield local control and complica-
tion rates equivalent to those of LDR-ISBT [1, 6—8]. One meta-analysis also showed
that HDR-ISBT constituted a valid alternative to LDR-ISBT to treat early-stage oral
cancers [9]. Consequently, this chapter aims to point out (1) the benefits, (2) treat-
ment methods, (3) results of the definitive treatment of HDR-ISBT for oral cancer
patients, (4) a mold technique, and (5) a CT-compatible modular spacer with lead
shield to be used in HDR-ISBT.

18.2 Advantages of HDR-ISBT Within the Treatment
of Oral Cancers (as Compared to LDR-ISBT)

Mobile tongue cancer is highly curable with radiation therapy, especially when
employing ISBT. Many institutions have reported successful results when using
LDR-ISBT [10-14]. However, there are also some shortcomings to LDR-ISBT,
such as the unwanted radiation exposure to the medical staff and the absence of any
dose optimization regimen. To solve these problems, several institutions adopted
HDR-ISBT using a remote afterloading system for oral cancer patients. There are
some advantages of HDR-ISBT, such as the absence of radiation exposure to the
medical staff, and HDR-ISBT makes it possible to treat patients in an ordinary hos-
pital where more optimal patient care can be provided.

Some other advantages of HDR-ISBT include (1) a more accurate dose calcula-
tion enabled by a complete fixation of the flexible treatment tubes, (2) an optimized
parallel source arrangement by a linked double-button technique or custom-made
vinyl template technique, and (3) a homogeneous dose distribution by stepping-
source optimization using computer simulations [2].

Additionally, though it is relatively uncommon, in Japan, occasionally, there is a
shortage of radioactive sources to be used in LDR-ISBT (as this depends on import
from other countries). On the other hand, the radioactive sources being used in
HDR-ISBT therapies are usually readily available without any problems, as HDR-
ISBT has become widely accepted in treating many types of cancer [15].
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18.3 Treatment Procedure and Planning at Osaka
University Hospital

Catheter reconstruction is a very important step in the planning process of HDR-
ISBT to treat oral cancers. In this section, the flexible tube implants to treat
tongue cancer are shown in Fig. 18.1. This procedure takes place under local
anesthesia in most cases, typically using a submandibular approach. First, an

Fig. 18.1 Flexible plastic treatment applicator reconstruction. (a) Schematic depicting the
linked double bottom technique to treat mobile tongue cancer (/). An open-end metal needle is
implanted in the submandibular region (2) (3). Flexible plastic treatment applicator is replaced
on the needle (4). Flexible plastic treatment applicators are cut in the place having identical
length. (b) Flexible plastic tubes implanted in the right lateral border of the tongue. (¢) The
submandibular area with flexible plastic tubes attached. (d) Flexible plastic tubes were con-
nected to the microSelectron HDR®
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open-end metal needle is implanted in the submandibular region. Then, a linked
double-button or custom-made vinyl template with double button on the tongue
surface is used to determine the correct needle exit points. After the needles pen-
etrated the surface of the tongue, flexible plastic treatment applicators are placed
on the needle. These steps are repeated depending on the tumor size while keep-
ing a parallel trajectory leaving 10 mm of space between needles. Next, an addi-
tional button is inserted in each flexible plastic tube to fix it to the submandibular
skin. Then, flexible plastic treatment applicators are cut in the place each having
an equal length to ensure adequate connection to the radioactive source dis-
penser. Double buttons are applied ensuring proper coverage of the prescribed
dose to the dorsal surface of the tongue. Flexible plastic tubes are implanted on
the edge of tumor, which are evaluated using palpation and MRI the day before
treatment commences.

Before 2010, in Osaka University Hospital, dose-distribution curves and dose-
volume histograms (DVH) were created using a conventional 2D planning method.
Using this method, the reference point was set at 5 mm from the applicator position
in the central plane of the clinical target volume (CTV). Computer simulations
were performed using geometrical optimization of volume without any modifica-
tions. The prescribed dose was delivered to the reference point, and a DVH was
established. However, from 2011, a CT-based 3D treatment planning system was
installed in Osaka University Hospital (Fig. 18.2). This addition allowed us to per-
form 3D image-guided HDR-ISBT to better treat mobile tongue cancer using
image-guided brachytherapy (IGBT). CT images were taken from patients with or
without contrast media just after implantation to more precisely establish the gross
tumor volume (GTV) contours. MR images which were taken just 1 day before
implantation were used as a reference GTV contour. We defined the GTV, CTV,
and a planning target volume (PTV) to be equivalent. The PTV delivered pre-
scribed radiation doses up to 100% of the reference dose at first. However, after
that, the isodose curves were modified manually to adequately cover the PTV
through following the isodose line of the prescribed dose without imposing exces-
sive doses to the organ at risk (OAR; i.e., the mandibular bone in most cases) as
well as to avoid a large hyperdose sleeve. This 3D IGBT forms the stepping-source
technology which offers the advantage of optimizing the dose distribution by vary-
ing the dwell times. Additionally, it is possible to guide the real dose optimization
to establish a homogeneous dose distribution to the PTV as well as a dose reduc-
tion to OAR. Yoshida et al. reported the effectiveness of 3D IGBT in the treatment
of mobile tongue cancer [16]. Additionally, to prevent any additional complica-
tions from radiotherapy, we devised a “modular spacer” in our lab. At the CT plan-
ning stage, we inserted this spacer (without lead to prevent metallic artifacts) while
taking the CT scans. However, after CT planning, a lead shield was inserted, and
the spacer was sealed. The specifics of this spacer and its valuable role in HDR-
ISBT will be introduced later in this chapter.
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Fig. 18.2 Image-guided
interstitial brachytherapy
to treat tongue cancer. (a)
Planning target volume
(PTV) as shown on a CT
image. (b) PTV and
flexible plastic tubes are
shown on 3D image. (c)
Dose-distribution curves
on axial CT image. The red
line shows the 100% (6Gy/
fraction) isodose curve
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18.4 Treatment Dose and Schedule for Tongue Cancer

Occasionally, low local control rates when using HDR-ISBT in the treatment of
tongue cancer are obtained. Lau et al. reported a 53% of the local control rate when
using 45.5 Gy/7 fractions, based upon data of the linear-quadratic model [17]. This
dose is lower than the typical treatment dose used at our hospital. We typically
employ a 60 Gy/10 fractions/6—8-day dose, based on the data of a phase I/II study
[18]. Our dose schedule when applying HDR-ISBT in a phase I/II study ranged
from 35 Gy/10 fractions (bid)/week to 60 Gy/10 fractions/week [18]. Within this
schedule no severe early complications were observed. Typically, spotted mucositis
appeared starting 3 days after the end of HDR-ISBT, while confluent mucositis
developed and approached its peak at around 10 days but gradually disappeared
between the 4th and 8th week. Early mucosal reactions treated by using 60 Gy of
HDR-ISBT were comparable to those observed when using 70 Gy of LDR-
ISBT. This fits well with a phase III trial reported in the literature which was per-
formed to compare the results and complications of 70 Gy of LDR-ISBT in the
treatment of early tongue cancer with those of 60 Gy of HDR-ISBT [1, 6].
Additionally, this study reported no statistically significant differences between
LDR-ISBT and HDR-ISBT concerning local control ratio, cause-specific survival
ratio, and complications such as ulcer or mandibular bone exposure. Therefore, a
prescribed radiation dose of 60 Gy in HDR-ISBT seems to be suitable to preserve
local control and to avoid unnecessary complications.

For HDR-ISBT treatment, the aforementioned phase III trial study implemented
a dose fractionation schedule of 60 Gy in 10 fractions over approximately 8 days at
a distance of 5 mm from the radioactive source and achieved respectable treatment
results, which were comparable to those of LDR-ISBT [1, 6]. However, it is still
controversial, in terms of efficacy and safety, whether HDR-ISBT can actually
replace LDR-ISBT in the treatment of oral cancer patients. The potential radiobio-
logical disadvantage of HDR-ISBT can be compensated by using a twice-a-day
fractionation schedule. With HDR-ISBT, a smaller dose per fraction may reduce
tissue injury, but a higher number of fractions are required for the treatment. The
Groupe Européen de Curiethérapie and the European Society for Radiotherapy and
Oncology (ESTRO) recommend using a fraction dose of <3—4 Gy [19], and the
American Brachytherapy Society (ABS) recommended around <6 Gy per fraction
[20]. Some trials reported a modest local control rate when treating early tongue
cancer with HDR-ISBT [17, 21]. However, HDR-ISBT is more technically demand-
ing, and it is unknown whether this divergence may have been caused by technical
issues, such as the precise delineation of GTV, usage of treatment planning soft-
ware, remote afterloading devices, and the quality of radioactive sources. It seems
safe to advise that HDR-ISBT should be applied with the support of well-informed
technical staff and should preferably be administered by someone who has large
amount of experience using HDR-ISBT to treat oral cancer patients.

Nevertheless, HDR-ISBT is an invasive and uncomfortable method and may
pose a risk to patients, as maintaining applicators in the oral to submandibular
region for a prolonged period may cause significant irritation and a risk of sputum
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aspiration [22]. Therefore, alternative treatment schedules may be considered to
reduce the dose amount and treatment period without compromising treatment out-
comes. For example, it has been shown that applying 54 Gy in 9 fractions showed
very similar outcomes compared to administering 60 Gy in 10 fractions [22, 23].

HDR-ISBT is always performed through hyperfractionation, for example, by
administering two fractions per day with a time interval between fractions greater
than 6 h. According to one paper, a non-irradiation day, such as a weekend or hos-
pital holidays, can even be embedded in a 54—-60 Gy/9-10 fractions regimen without
affecting the treatment results. Therefore, overall treatment time can take place in a
timespan of roughly 5-9 days containing 54-60 Gy/9-10 fractions of HDR-
ISBT. However, it was reported that the overall treatment time from 5 days to 9 days
of 54-60 Gy/9-10 fractions HDR-ISBT for early mobile tongue cancer did not
significantly affect treatment results [24].

18.5 Definitive HDR-ISBT Treatment Results for Mobile
Tongue Cancer

HDR-ISBT is used as a monotherapy or in conjunction with external beam radio-
therapy (EBRT) for the treatment of mobile tongue cancer. For the smaller-sized
tongue cancers such as the T1 or T2 categories using TNM classification, HDR-
ISBT is mainly used as monotherapy (Fig. 18.3), but the combination therapy of
HDR-ISBT with EBRT is used in larger or thicker tumor such as in the T3 or T4
categories (Fig. 18.4). In Table 18.1, the dose, the fractionation schedule, and the
treatment results for HDR-ISBT as a monotherapy to treat mobile tongue cancer
are outlined. The local control rates were shown to range from 53 to 100% [1, 2, 7,
17,21-23,25-27]. Looking at the early data, which were reported before 2000, the
local control rates of HDR-ISBT were not particularly high; however, over the
course of time, they are improving gradually except for Bansal’s report [27]. This
suggests that, indeed, when applying HDR-ISBT, a large amount of clinical experi-
ence is beneficial when treating oral cancer patients. With respect to T1 or T2
tongue cancer, six out of eight studies displayed a local control rate of over 80%,
and two of them showed more than 90%. Concerning the T3 tongue cancer, both
Lau et al. and Akiyama et al. reported that local control was achieved in all of their
patients [17, 22]. Additionally, Kakimoto et al. reported a 71% local control rate (3
years) in 14 T3 tongue cancer patients treated with HDR-ISBT [24]. When using
HDR-ISBT, there is no limit to the dose prescription for the superior-and-inferior
directions as flexible tubes are applied using a submandibular approach. Therefore,
it is possible for HDR-ISBT to treat an advanced and large tongue cancer such as
a T3 cancer.

One particularly troubling problem when treating oral cancer is to maintain ade-
quate nodal control (i.e., restrain lymph node metastasis). It has been reported that
the 5-year nodal control rate of HDR-ISBT for early tongue cancer was 76% or 67%
[1, 2]. Generally speaking, occult metastasis for regional lymph nodes occurs in
about 30-40% in NO tongue cancer patients. Although, clearly, regional control
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Fig. 18.3 Inferior surface
tongue cancer patient
(TINOMO). (a) Tongue
cancer located at the left
side of the inferior surface
of the tongue and close to
the tongue tip and oral
floor at the first visit. (b, ¢)
Telangiectasia is
confirmed, but no evidence
of disease at the primary
tumor site at 3 years and

5 months post-HDR-ISBT
treatment
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Fig. 18.4 Tongue cancer
patient (T3NOMO). (a)
Tongue cancer occupying
most of the right half side
of the tongue including the
tongue tip at the first visit.
(b) Twelve flexible plastic
tubes were implanted at the
right side of the tongue. (c)
No evidence of disease at
the primary tumor site is
confirmed at 2 years and

9 months post-HDR-ISBT
treatment
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seems not to be the main treatment, as through the application of a submandibular
approach in HDR-ISBT for tongue cancer, the occult metastasis rate is almost the
same as for other treatment regimens such as surgery or LDR-ISBT. When lymph
node involvement is detected, elective treatment of the neck with surgery and/or
EBRT is recommended in most of the cases. Watchful waiting regarding the neck
lymph node may be discussed in the tongue cancer patients who are treated with
HDR-ISBT alone. Therefore, local and regional controls are still a necessary require-
ment even when only HDR-ISBT is performed in the treatment of tongue cancer.

When applying HDR-ISBT to treat tongue cancer patients, complications, such as
soft tissue ulcers and osteonecrosis, constitute a serious problem for the quality of
life in patients. For example, it has been reported that soft tissue and/or bone compli-
cations occurred in around 10-37.5% of all tongue cancer patients treated with
HDR-ISBT (Table 18.1). Consequently, Akiyama et al. tried to reduce the total dose
and duration from 60 Gy/10 fractions to 54 Gy/9 fractions [22, 23]. Bansal et al.
reported that osteonecrosis in the mandible occurred in only 1.1% of patients with
fraction size of 3-4 Gy in HDR-ISBT, although local control ratio and overall sur-
vival ratio were 64.2% and 73.2%, respectively [27]. It is therefore safe to assume
that total dose reduction decreases the amount of complications when applying
HDR-ISBT. Nowadays, 3D HDR-IGBT offers the advantage of optimizing dose dis-
tribution for homogeneous dose distribution to the PTV and dose reduction to the
OAR, thereby significantly reducing complications [28].

18.6 Applying HDR-ISBT to Patients Who Have Cancer
at the Floor of the Mouth or at the Lip

Patients with cancer at the floor of the mouth (FOM) are treated with radiation
therapy for functional and cosmetic reasons. Inoue et al. reported the treatment
results of HDR-ISBT alone and in combination with EBRT including the presence/
absence of chemotherapy for 16 FOM cancer patients [29]. The treatment dose of
60 Gy/10 fractions was used in HDR-ISBT alone, and a total dose of 30-40 Gy of
EBRT followed by a total dose of 48 Gy/8 fractions of HDR-ISBT was adminis-
tered as a combination therapy. The 5-year local control rate and cause-specific
survival rate of the FOM cancer patients both were 94%. As for complications, bone
exposure and/or soft tissue ulcer occurred in 6 of 16 patients (37.5%).

In patients with lip cancer, which is not a superficial tumor, ISBT provides better
cosmetic and functional results because tissue removal is typically avoided
(Fig. 18.5). Guinot et al. reported the treatment results of HDR-ISBT alone (101
cases) and in combination with EBRT (3 cases) for lip cancer patients [3]. The treat-
ment dose of 4.5-5.5 Gy/8-9 fractions (total 40.5-45 Gy) was used in HDR-
ISBT. Local control was achieved in 99 of 104 patients (95.2%) with no complications
such as bone or soft tissue necrosis. Feldman et al. reported T2 lip cancer patient
treatment employing a Customized Mold Sandwich technique using a combination
of interstitial sleeve catheters and a surface mold with embedded sleeve catheters
[30]. In this paper seven patients were treated with this method, and all achieved
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Fig. 18.5 Lip cancer
patient (T2NOMO). (a) The
treatment applicators
implanted in the tumor and
adjacent to tumor (i.e., the
lowest applicator). (b) Lip
cancer disappeared leaving
some small mucositis on
the lower lip at 2 months
post-HDR-ISBT treatment

local control with excellent esthetic and functional results in median 47-month fol-
low-up periods. Therefore, although, with respect to oral cancers, HDR-ISBT is
mostly used in treating tongue cancers, its usefulness can be extended to other types
of oral cancers as well.

18.7 HDR Brachytherapy Using a Mold Technique

For superficial carcinoma within the oral cavity, some authors reported the effective-
ness of HDR brachytherapy using a mold, without the need for invasive needles [31—
33]. It was reported that the carcinoma of lips, buccal mucosa, hard palate, gingiva,
and the FOM could be treated with this technique. The local control rates were
reported to range from 54.1 to 100%. Skillful dental techniques play a very important
role in construction of the mold. An impression determining the tumor margins may
prove to be very useful when the location of the catheters in or around the mold is to
be decided and the adequate dose distribution is to be planned. This technique consti-
tutes a minimally invasive treatment for superficial lip and oral cavity cancer patients.
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18.8 Modular Lead-Lined Spacer for HDR-ISBT

HDR-ISBT is an important treatment option for oral cancer patients as this method
is able to administer a very high strength dose directly to the cancer (the same as the
PTV) during a very short time (usually less than 10 min). However, the mandible
and gingiva may inadvertently also receive a strong radiation dose as well. This
could lead to severe complications such as osteonecrosis. Therefore, it is recom-
mended, whenever possible, to apply a spacer during HDR-ISBT. This device
increases the distance between the irradiation source and healthy tissue such as the
mandible and gingiva. A recent report, however, has gone one step further and
applied a modular lead shield to be inserted in the spacer during the post-planning
stage [34]. That is, it is now possible to construct a spacer (Fig. 18.6) which contains
a groove which can hold a lead shield. As lead causes severe artifacts when planning
the treatment using a CT scan, the fact that the lead can be later inserted presents an
ideal solution as CT images can be taken just after implantation with spacer, and

Fig. 18.6 CT-compatible modular spacer with lead shield. (a) Spacer was made by light photopo-
lymerization-cured resin on the plaster model. (b) The lead shield when inserted in the groove. (c)
Tongue cancer was confirmed at the right-side border of the tongue. (d) Spacer without lead shield
is fixed in the mouth and teeth before flexible tube implantation. After this, the patient will be
implanted with flexible tubes and examined by CT using the spacer without lead. (e) After CT
examination for IGBT, the lead shield is inserted and covered with resin inside the spacer. (f) The
spacer with lead shield is applied during the radiotherapy treatment



258 N. Kakimoto

Fig. 18.6 (continued)

accurate GTV and CTV contours can be drawn for IGBT. In other words, the plan-
ning stage accurately presents the treatment stage using completely the same thick-
ness to evaluate the real dose administered to the PTV and OAR. Although this type
of spacer has yet only be used within a small patient group for a relatively short
period, osteoradionecrosis and acute complication such as redness, erosion, or gin-
gival ulcers have not been observed.

Conclusion

Although reports in the clinical literature on the usage of HDR-ISBT to treat oral
cancer patients are relatively sparse, this chapter points out that it is an effective
method for accurately delivering high-dosage radiotherapy to the oral and maxil-
lofacial region. HDR-ISBT includes the application of dose optimization meth-
ods to the tumor and avoids radiation exposure to medical staff. As HDR-IGBT
planning allows for accurate dose estimations to the tumor, as well as healthy
tissue, it also leads to more precise and quantitatively reliable estimations of the
likely treatment outcomes. This chapter has reported on the (1) benefits, (2) treat-
ment methods, and (3) clinical results of the definitive treatment of HDR-ISBT
for oral cancer patients and (4) a mold technique for superficial tumors and also
(5) presents a CT-compatible modular spacer with lead to be used in IGBT. In all,
this chapter concludes that HDR-ISBT constitutes a viable and important treat-
ment option to treat oral cancer patients.
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Ocular Plaque Brachytherapy for Uveal 1 9
Melanoma and Retinoblastoma

Naoya Murakami, Shigenobu Suzuki, and Jun Itami

Abstract

The main topic of this chapter is brachytherapy for ocular tumor. A small dish-shaped
applicator is temporarily attached outside of the eyeball where the tumor is located,
and after adequate irradiation time, it is removed. Because generally eyeball moves
quickly and frequently, it is difficult to irradiate intraocular tumor with external
beam technique. When big dose is delivered with adequate margin to compensate
the organ motion, it is difficult to preserve visual function. On the other hand, when
the applicator is accurately attached to the location of the tumor, the applicator
moves together with the eyeball, and it is possible to perform very conformal irra-
diation. Therefore, ocular plaque brachytherapy is very important for the manage-
ment of ocular tumors such as uveal melanoma and retinoblastoma.

Keywords
Plaque brachytherapy - Ocular tumors - Uveal melanoma - Retinoblastoma

19.1 Uveal Melanoma
19.1.1 Introduction
Uveal melanoma is the most common type of primary ocular melanoma in adult,

accounting for approximately 79-81% of ocular melanoma cases [1]. Similar to
skin melanoma, incidence of uveal melanoma has racial difference: incidence of
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uveal melanoma was reported to be 6.02 cases in 1 million population in non-His-
panic white [2] while 0.25 cases in 1 million population in Japanese [3]. Although
local control of the tumor is generally excellent, because up to 20-50% of patients
will eventually develop distant metastasis, its mortality is relatively high. Because
the eyeball has no regional lymph node, typical mode of metastasis is hematoge-
nous metastasis, and the liver is the most commonly affected organ (89%) followed
by the lung (29%) and bone (17%) [4]. UV-B radiation exposure and wearing no
sunglasses in the daylight have reported to be associated with the development of
uveal melanoma [5].

Typically uveal melanoma patients present with visual symptoms such as visual
field defect, floaters in vision, photopsia, and blurred vision. On the other hand,
approximately 30% of patients are asymptomatic and are diagnosed by chance.
Different from other malignancies, diagnosis of uveal melanoma may often be made
by no pathological confirmation because of the possibility of developing extraocular
dissemination, intraocular bleeding, or retinal detachment through biopsy proce-
dure. Most diagnoses are made by normal funduscopic examination with or without
ultrasonography and fluorescein angiography. The major differential diagnosis for
uveal tumors would be metastasis from other sites of origin and pigmented nevi. It
is difficult to distinguish small-sized melanoma from pigmented nevi, and Shields
et al. reported that possibility of progressing malignant melanoma from pigmented
nevi was 2%, 9%, and 13% at 1, 5, and 10 years of follow-up, respectively [6].
Therefore, pigmented nevi which look similar to melanoma need to be closely fol-
lowed for potential malignant transformation.

Risk factors which relate to poor prognosis of uveal melanoma include
advanced age at presentation, male gender, large tumor size, extraocular exten-
sion, involvement of the ciliary body, and uncontrolled tumor after initial local
treatment. One of the most important prognostic factors of uveal melanoma is
tumor size (largest basal diameter (LBD) and thickness). The Collaborative
Ocular Melanoma Study (COMS) group created staging system according to
tumor size (Table 19.1) and conducted a series of prospective clinical trials
according to the tumor categories [7—10]. The 5-, 10-, and 12-year mortalities of
medium-sized tumor were 10%, 18%, and 21%, respectively, for patients treated
by I-125 plaque brachytherapy and 11%, 17%, and 17% for patients treated by
enucleation, showing no inferiority of plaque brachytherapy [7]. In the COMS
large tumor trial, disease-associated mortality at 5 and 10 years was 28% and 40%
for patients treated by enucleation [8]. Monosomy of chromosome 3 in the tumor
cell is reported to be prone to distant metastasis and associated with a worse prog-
nosis [11]. BAP1 (BRCA1-associated protein 1 gene) mutations are reported to be
present in about 1.6% of uveal melanoma patients and are also associated with

Table 19.1 The Collaborative Ocular Melanoma Study (COMS) staging of melanoma of the eye

Small Between 1 mm and 3 mm in height and between 5 mm and 16 mm LBD
Medium Between 3.1 mm and 8 mm in height and no more than 16 mm LBD
Large More than 8 mm in height or more than 16 mm LBD

LBD: largest basal diameter
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larger tumor diameters, more frequently ciliary body involvement, and higher rate
of distant metastasis resulting in poor prognosis [12]. However, if the tumor is
localized, no biopsy will be performed due to the possibility of development of
iatrogenic dissemination as written above, and no treatment strategy based on
tumor biology is currently performed for localized disease in daily practice. On
the other hand, in the United States or European countries, because of high preva-
lence of this disease and existence of well-experienced ocular pathologists, needle
biopsy is incorporated into diagnostic work-up in dedicated institutions using
very thin needles (25-27 G needles). Because no adequate tissue specimen can be
obtained by needle biopsies, to compensate its weakness, there is a primary tumor
gene expression profile (GEP) testing which can categorize patients into two
groups: low-risk Class 1 group with low metastatic potential and high-risk Class
2 group [13]. In terms of local management of uveal melanoma, there is no differ-
ence between these two groups. After local treatment, high-risk Class 2 group
patients could be monitored frequently for distant metastasis and can be offered a
clinical trial trying to prevent development of distant metastasis.

19.1.2 Diagnosis

As described above, normally biopsy is avoided due to the possibility of developing
extraocular dissemination, intraocular bleeding, and retinal detachment; patient his-
tory and physical examination taken by conventional slit lamp and ophthalmoscopy
are very important for the diagnosis of uveal melanoma. High accuracy of diagnosis
without pathological confirmation was demonstrated by one of COMS [10]. In addi-
tion to these, photography, fundus autofluorescence imaging, MRI, and I-123 IMP
SPECT (123N-isopropyl-p-[123I]-iodoamphetamine single photon emission com-
puted tomography) are also used in the diagnostic procedure. Although I-123 IMP
SPECT has high sensitivity and specificity, it is not popular in the United States and
Europe because they perform needle biopsy and GEP as described above. When it
is difficult to make diagnosis, especially for small tumors, treatment will be started
after confirmation of disease progression.

19.1.3 Local Treatment for Uveal Melanoma

Treatment of the primary tumor depends upon tumor size, location, general condi-
tion of the patient, and patient preference. Historically, enucleation had been the
treatment of choice. Since equal effectiveness of local control and overall survival
between surgical resection and plaque brachytherapy with I-125 were demon-
strated for medium-sized uveal melanoma (<8 mm in height and <16 mm in diam-
eter) by COMS phase III clinical trial [7], the majority of medium-sized localized
disease are treated with plaque brachytherapy to spare vision in the United States.
On the contrary, only one institution, the National Cancer Center Hospital, can
perform plaque brachytherapy using Ru-106 in Japan, and the number of patients
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who can be treated within a certain period of time by Ru-106 is strictly limited by
the law; majority of patients treated by plaque brachytherapy are retinoblastoma
patients, and unfortunately patients who are good candidate for plaque brachy-
therapy are usually treated with external beam radiation therapy such as stereotac-
tic radiation therapy or particle beam with which it is difficult to preserve adequate
visual function. I-125, which can treat thicker tumor than Ru-106, is not allowed
to be used for ocular plaque brachytherapy in Japan; therefore, urgent introduc-
tion of I-125 in the management of ocular tumor is warranted in Japan. Exclusion
criteria for plaque brachytherapy described in the American Brachytherapy
Society consensus guideline include tumors with extraocular extension more than
5 mm in diameter (T4e), blind painful eyes, and patients with no light perception
vision [14]. Enucleation is still the treatment of option in selected cases when
there is little probability of preserving eyesight, the tumor is too large to be treated
by other local therapies, a tumor causes extensive bleeding necessitating urgent
resection, or the patients feel anxious for eye-preservation treatment. The COMS
quality-of-life study found that although patients treated with brachytherapy
enjoyed significantly better visual function than patients treated with enucleation,
patients treated with brachytherapy were more likely to have anxiety during fol-
low-up than patients treated with enucleation [15].

Twelve-year results of COMS phase III clinical trial for medium-sized tumor of
[-125 brachytherapy vs enucleation found that cumulative all-cause mortality rates
and death with histopathologically confirmed melanoma metastasis were 43% and
21% in 1-125 brachytherapy arm and 41% and 17% in enucleation arm, respectively
[7]. Among brachytherapy patients, the most common complications during the first
5 years after treatment were loss of visual acuity and local recurrence [16]. Five-
year visual acuity of 20/200 or worse was 63%, and 5-year cumulative rate of enu-
cleation was 12%. Long-term results of carbon ion radiation therapy for locally
advanced (UICC T2-T3) uveal melanoma were reported, and 5-year overall sur-
vival and local control were 80.4% and 92.8% with 35.9% of neovascular glaucoma
incidence rate [17].

If the tumor is small enough to be treated with plaque brachytherapy, brachy-
therapy should be considered in terms of both local control and organ function
preservation.

19.1.4 Treatment-Related Complications

Radiation maculopathy or radiation optic neuropathy could be occurred especially
posteriorly located tumors. These late complications related with plaque brachy-
therapy generally occur within 3 years after treatment. Toxic tumor syndrome can
occur after large melanomas treated by radiotherapy either with plaque brachyther-
apy or proton beam radiation by inducing cytokines and cause ischemia of the retina
and exudative retinal detachment. This radiation maculopathy is the primary cause
of irreversible visual loss. Even if the tumor is controlled, enucleation is needed
when toxic tumor syndrome is developed.
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19.2 Retinoblastoma
19.2.1 Introduction

Retinoblastoma is a disease for neonatal infant or baby and is the most frequent
intraocular malignancy in children. There is no difference of incidence according
to race or sex. In Japan, about 70-90 patients are diagnosed with retinoblastoma
every year [18], and 95% of them are diagnosed until they become 5 years old.
About 60% of the patients are non-hereditary and unilateral, 25% are hereditary
and bilateral, and 15% are hereditary and unilateral. Patients with the genetic dia-
thesis are prone to develop secondary malignancies, especially soft tissue sarcomas
and osteosarcomas.

19.2.2 Diagnosis

Typical symptom for retinoblastoma for sporadic cases is leukocoria or strabis-
mus. Because infants cannot complain about visual disturbance by themselves,
most cases are found in locally advanced stage. When relatives have family his-
tory of retinoblastoma, early fundus examination occasionally finds early-stage
disease. Same as uveal melanoma, because of concern for developing dissemi-
nation, needle biopsy is thought to be a contraindication. Diagnosis is generally
done by ocular examination, detecting whitish tumors with typical calcification.
Differential diagnoses are persistent hyperplastic primary vitreous (PHPV),
Coats disease, retinal dysplasia, ocular toxocariasis, congenital cataract, and
retinal detachment. Reese-Ellsworth classification had been used to predict
prognosis when external beam radiation therapy was the main treatment modal-
ity, but now that chemotherapy became the main player for retinoblastoma [19],
it does not correlate well with prognosis. The International Classification of
Retinoblastoma (ICRB) categorizes (Table 19.2) intraocular tumor very well
and correlates with clinical results [20]. Since the 7th edition of UICC TNM, the
concept of ICRB category has been adhered fundamentally; therefore the suc-
ceeding 8th edition of TNM staging system [21] also correlates well with prog-
nosis of retinoblastoma.

Table 19.2 The International Classification of Retinoblastoma (ICRB)

Group A Small intraretinal tumors (<3 mm) away from fovea and disc

Group B Tumors >3 mm, macular or juxtapapillary location, or with subretinal fluid

Group C Tumor with focal subretinal or vitreous seeding within 3 mm of tumor

Group D Tumor with diffuse subretinal or vitreous seeding >3 mm from tumor

Group E Extensive retinoblastoma occupying >50% of the globe with or without
neovascular glaucoma, hemorrhage, extension of tumor to optic nerve or
anterior chamber
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19.2.3 Treatment

When tumor is localized in the retina, ocular preservation probability is very high,
and the ultimate goal of the treatment is visual preservation. Localized tumor thick-
ness of which is less than 3 mm can be well controlled by laser or cryotherapy, and
approximately 90% local control will be expected. Moderately large tumor thick-
ness of which is less than 5 mm can be well controlled by Ru-106 brachytherapy
and less than 8 mm by I-125. Tumors thicker than 5 mm or tumors having retinal or
vitreous dissemination require induction chemotherapy followed by local therapy,
and organ preservation rate for such tumors is about 50% with poor visual function.
There exists controversy whether to preserve the eyeball which has no adequate
visual function. Even without visual function, if the eyeball is preserved, the orbital
growth will be encouraged, and better cosmetic result will be expected. Even though
tumor is found in locally advanced stage, only if the tumor is localized within the
eye, 95% of patients can expect long-term survival. On the other hand, when tumor
develops extraocular spread, prognosis becomes very poor and requires multidisci-
plinary modalities to save the life.

19.2.4 Tumors with Less Than 3 mm Thickness (TNM(7th) T1,
TNM(8th) T1)

Either laser or cryotherapy can control such small tumors. The tumors located in
peripheral part of the retina are good candidate for periscleral cryotherapy. Both
techniques can achieve approximately 90% of local control.

19.2.5 Tumors with Less Than 5 mm Thickness or Limited
Vitreous Dissemination (TNM(7th) T2a, TNM(8th) T2a)

This category of tumors is good candidate for plaque brachytherapy, and 94% of
5-year tumor control is reported by Ru-106 plaque brachytherapy [22].

19.2.6 Tumors Larger Than 5 mm and/or Widespread
Dissemination (TNM(7th) T2b-T3, TNM(8th) T2b)

Several decades ago, external beam radiation therapy (EBRT) had been given for
such locally advanced patients. However, because of the possibility of develop-
ment of secondary malignancies, especially in patients with hereditary disease, and
concern for facial bone growth obstruction, chemotherapy has replaced the posi-
tion of EBRT [20]. Typical agents used as systemic chemotherapy are combination
of vincristine, carboplatin, and etoposide. After achievement of optimal tumor
shrinkage, which is so-called chemoreduction, local therapies described above are
applied because chemotherapy alone is not strong enough to completely destroy
the tumor. To reduce the toxicity associated with systemic chemotherapy such as
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myelosuppression, infection, nausea and vomiting, renal dysfunction, ototoxicity,
reproductive organ damage, and secondary malignancies, selective ophthalmic arte-
rial injection (SOAI) was introduced [23]. Suzuki et al. reported long-term clinical
result of retinoblastoma patients treated by SOAI using melphalan [24]. Eyes with
active vitreous seeding >3 mm from tumor are also treated with vitreous injection
of melphalan. Although plaque brachytherapy is not suitable for such large and dis-
seminated tumor, combined with systemic chemotherapy, SOAI, or vitreous injec-
tion of chemotherapy and if favorable tumor shrinkage is obtained, plaque
brachytherapy is also applied [25].

19.2.7 Tumor with Glaucoma, Massive Intraocular Bleeding,
or Orbital Inflammatory Disease (TNM(7th) T3b,
TNM(8th) T3)

Primarily eyes with such complications should be enucleated. If pathologic report
revealed the risk factor of metastasis such as massive choroidal involvement, optic
nerve invasion, or extrascleral spread, adjuvant chemotherapy will be given to pre-
vent hematogenous metastasis, central nervous system metastasis, or orbital recur-
rence, respectively. Chemotherapy agents given are similar to those used in treatment
for neuroblastoma or regimen according to those used for limited stage
Retinoblastoma such as VEC (vincristine, etoposide, and carboplatin).

19.2.8 Complications

Radiation retinopathy/maculopathy and optic neuropathy represent late-onset com-
plications of plaque brachytherapy and are characterized by a slowly progressing
occlusive vasculopathy, which produces variable ischemic changes and subsequent
visual loss [26]. Other types of complications include exudative retinal detachment,
radiation cataract, neovascular glaucoma, and retinal bleeding.

19.3 Plaque Brachytherapy Procedure

Application of brachytherapy in the management of intraocular tumor has been
started since 1930 [27]. Various types of isotopes have been used as plaque sources
including Co-60, Ru-106, I-125, Cs-131, Sr-90, and Pd-103 [17]. Ru-106 emits
beta ray and, therefore, can only treat thin tumors less than 5-6 mm in apical
thickness. In contrast, I-125 emits gamma ray and can treat up to 8-mm-thick
tumors. Because dose distribution created by Ru-106 is more conformal than
I-125, when the tumor apical dose is the same, radiation dose to the contralateral
side of the eyeball is far less in Ru-106 compared to I-125 (Fig. 19.1). Ru-106
plaque applicators (BEBIG Isotopen und Medizintechnik GmbH, Berlin,
Germany) stocked in the National Cancer Center Hospital are shown in Fig. 19.2.
Round shaped applicators, so-called CCA and CCB, are used to treat tumors away
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Fig. 19.1 Comparison of
dogse distributiof for e r e Dosgeo[(%]
Ru-106 and I-125 plaque 0Gy ] 3Gy 1000
brachytherapy. The round 40.00
represents the eyeball and 10.0 I$8:88
the brown object at the 2
bottom of the eyeball
represents a tumor. Dose is
normalized to the apex of
the tumor (40 Gy). While
contralateral side dose with o
Ru-106 is 0 Gy, it is 3 Gy )
in I-125

10.0

Ru-106

Fig. 19.2 Five different types of applicator are shown. Small applicators are used for small tumors
and large applicators for large tumors. The notched applicators are used for anteriorly located tumor to
avoid cornea and lens as shown in Fig. 19.3. Applicator, which has deep notch, COC, is used to treat
juxtapapillary tumor. Because of the presence of the optic nerve, which connects the eyeball to the
brain, it is impossible to put a plaque applicator just behind of a tumor which locates just next to the
optic nerve. Therefore, by using such an applicator which has deep notch surrounding the optic nerve,
the P rays emitted by Ru-106 turn around, and it can be expected to secure dose of the surface of the
optic nerve

from normal structures such as optic nerve, lens, or cornea. Applicators which
have shallow notch, CIA and CIB, are used to treat periphery located tumors to
avoid high dose to the lens and cornea. Applicator which has deep notch, COC, is
used to treat juxtapapillary tumor to ensure the dose which locates very close to
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Fig. 19.3 After
conjunctival incision, the
external ocular muscle is
temporarily detached to
make applicator as close to
the tumor as possible.
Applicator is sutured to the
eyeball by the surgical
thread through eyelets

the optic nerve. Because of the presence of the optic nerve, which connects the
eyeball to the brain, it is impossible to put a plaque applicator just behind of a
tumor which locates just next to the optic nerve. Therefore, by using an applicator
which has deep notch surrounding the optic nerve, the p rays emitted by Ru-106
will turn around, and it can be expected to secure dose of the surface of the optic
nerve. Tumor localization is determined by indirect ophthalmoscopy. After con-
junctival incision external ocular muscle is temporarily detached to make applica-
tor as close to the tumor as possible. Tumor margins are marked on the sclera by
indentation of the sclera using illuminator, and applicator is inserted (Fig. 19.3).
Applicator is sutured to the eyeball by the surgical thread through eyelets. Because
the thickness of Ru-106 plaque applicator is only 1 mm, it is suitable for children.
Prescription dose at the apex of the tumor is 85 Gy and 40 Gy for uveal melanoma
and retinoblastoma, respectively.
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Intraluminal Brachytherapy 20
for Endobronchial Cancer

Yoshihito Nomoto

Abstract

Endobronchial brachytherapy can be used with curative or palliative intent in
patients with lung cancer. However, the radiation dose and fraction and the setting
of the reference dose point differ according to the intent of treatment. When used
with palliative intent, endobronchial brachytherapy is effective for removal of endo-
bronchial obstruction and is recognized as a useful treatment for rapid improvement
of clinical status. However, for a relatively small tumor that is limited to the bron-
chial lumen, endobronchial brachytherapy can be used with curative intent to eradi-
cate the tumor. Given that there have been many reports on palliative endobronchial
brachytherapy and a guideline has already been published, this chapter focuses on
the indications for which this treatment can be used with curative intent.

Keywords
Lung cancer - Endobronchial brachytherapy - Curative intent - Reference dose
point - Applicator

20.1 Introduction

Lung cancer is a major health problem and a leading cause of cancer mortality
worldwide. Many patients with lung cancer have advanced disease at diagnosis and
are not candidates for surgery. Such patients often suffer with symptoms of airway
obstruction, including cough and dyspnea. Endobronchial brachytherapy plays an
important role in the palliative treatment of obstructive symptoms. Removal of
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bronchial obstruction helps to improve the patient’s clinical status. In the palliative
setting, there have been many reports demonstrating the efficacy of endobronchial
brachytherapy [1-7], and the American Brachytherapy Society (ABS) has published
a guideline with recommendations for the radiation dose and fractionation [8].
However, there are relatively few reports on curative intent endobronchial brachy-
therapy, and the ABS guideline generally recommends that radical endobronchial
brachytherapy (alone or as a boost) should be used within the confines of clinical
trials. However, there are reports of an excellent treatment effect when endobron-
chial brachytherapy is in patients with superficial centrally located endobronchial
tumors. For example, Saito et al. [9] reported impressive results of curative endo-
bronchial brachytherapy using a low-dose-rate Ir-192 source.

Endobronchial brachytherapy for curative treatment of an endobronchial tumor
needs to be compared with other available therapeutic modalities, such as stereotactic
body radiotherapy or photodynamic therapy. Unlike with stereotactic body radiother-
apy, movement of the clinical target volume during respiration does not need to be taken
into account when using brachytherapy. Further, the safety of stereotactic body radio-
therapy when used to treat centrally located bronchial tumors has not been confirmed.
Photodynamic therapy has been demonstrated to have an excellent therapeutic effect in
patients with centrally located early-stage lung cancer and tumor invasion limited to a
small area (<1 cm) [10], but the local control rate decreased when the tumor size
exceeded 1 cm. In addition, the indication for photodynamic therapy is limited to
patients in whom the tumor does not infiltrate deeper than the submucosal layer.

The beneficial outcomes of palliative endobronchial brachytherapy have been
widely described, so the focus of this chapter is on the use of endobronchial brachy-
therapy with curative intent.

20.2 Indications for Curative Endobronchial Brachytherapy

It is recognized that endobronchial brachytherapy achieves good results in patients
with centrally located superficial tumors without extension to the outside of the
bronchial wall. Such cases are identified on bronchoscopic examination for hemop-
tysis in the absence of evidence of a tumor on imaging studies and on bronchoscopic
follow-up after surgery for lung cancer. Other candidates for endobronchial brachy-
therapy are patients who have undergone surgery for lung cancer in whom patho-
logic evidence of residual tumor is found at the anastomotic site. In most such cases,
the tumor is limited to the bronchial wall. An endobronchial tumor without exten-
sion beyond the bronchial wall is a good indication for endobronchial brachyther-
apy in terms of dose distribution.

20.3 Need for an Applicator

When using endobronchial brachytherapy, especially with curative intent, it is
important to use an applicator to centralize the radioactive source in the bronchial
lumen. Otherwise, the source-delivering catheter is located on one side of the lumen,
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and this eccentric position of the catheter might result in inappropriate distribution
of the dose to the bronchial mucosa. An uneven dose distribution means that certain
areas in the bronchial mucosa receive an excessive dose, which leads to bronchial
necrosis. The use of an applicator is not necessary for palliative endobronchial
brachytherapy because the bronchus lumen is narrow and irregular by a tumor but is
necessary when this treatment modality is used with curative intent because of the
need of even dose distribution for the bronchial lumen and the expectation of longer
patient survival.

To prevent eccentric positioning of the catheter, we developed an applicator in
1997 that has two “wings” to centralize the radioactive source in the bronchial
lumen [11] (Fig. 20.1a, b). This applicator can hold the source-delivering catheter
because the wings open according to the bronchial diameter (Fig. 20.1c) and the
reference dose point can be set accordingly. The source-centralizing applicator is
necessary for curative endobronchial brachytherapy to avoid eccentric distribution

Fig. 20.1 (a) Closed
wing state at the time of
insertion. (b) Open wing
state at the tumor site.

(¢) Source-centralizing
applicator positioned in the
bronchial lumen
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of the radiation dose and to protect the mucosal membrane of the bronchus from
high-dose irradiation, as well as to set the reference dose point according to the
bronchial diameter.

20.4 Radiation Dose and Fractionation

In many reports on curative endobronchial brachytherapy, the fraction size was
5-7 Gy (Table 20.1). Although there are still no internationally recognized recom-
mendations for endobronchial brachytherapy with curative intent, the present
Japanese guideline for curative endobronchial brachytherapy recommends a radia-
tion schedule consisting of 40 Gy of external irradiation and 18 Gy in three fractions
of brachytherapy. The fraction size of 6 Gy in this guideline is based on a study by
Saito et al. [9], who reported that a combination of external radiotherapy at 40 Gy
and low-dose-rate endobronchial brachytherapy at 25 Gy achieved excellent out-
comes in patients with centrally located endobronchial cancer. The treatment sched-
ule in the Japanese guideline was designed in the same manner, and the recommended
endobronchial brachytherapy dose is comparable with conversion of low-dose-rate
brachytherapy to high-dose-rate brachytherapy.

The aim of external irradiation prior to brachytherapy is to reduce the tumor size
and to obtain a uniform distribution of the dose to the bronchial wall. It is advanta-
geous to have a smaller target volume and adequately encompass the residual disease
within the high-dose field of endobronchial brachytherapy after external beam radio-
therapy. However, for a patient with limited respiratory function, external beam irra-
diation might be omitted to preserve pulmonary function. In a study by Hennequin
et al. [13], endobronchial brachytherapy consisting of six fractions of 5 Gy or 7 Gy
achieved a local control rate of 52% and a 5-year overall survival rate of 24%.

20.5 Reference Dose Point
In most studies of endobronchial brachytherapy, the reference dose point was

set to 10 mm from the source axis, especially when this treatment was used with
palliative intent. In this setting, the actual radiation dose to the bronchial mucosa

Table 20.1 Fraction size and Reference dose points

Author Year Fraction size (Gy) Reference dose points (mm)
Perol et al. [12] 1997 7 10

Hennequin et al. [13] 1998 Sor7 10

Guilcher et al. [14] 2011 5,6,7 10

Rochet et al. [15] 2014 5~7 10

Kawamura et al. [16] 2012 5 10,7,5,3

Hosni et al. [17] 2016 8or5 10,7,5

Nomoto et al. [18] 2017 6 7,5
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might be higher than the prescription dose because the radius of the main bron-
chus is 7-8 mm or smaller on the distal side of the bronchial tree. This situation
is thought to cause bronchial necrosis and leads to massive hemoptysis. To pre-
vent overdosing of the bronchial mucosa, it is recommended that the reference
points for curative endobronchial brachytherapy be set according to the ana-
tomic bronchial diameter. Saito et al. [9] reported that the reference dose point
was 9 mm from the source axis at the trachea, 7 mm at the main bronchus, 5 mm
at the lobe bronchus, and 3 mm at the segmental bronchus. In the reports pub-
lished by Kawamura et al. [16] and Hosni et al. [17], who used high-dose-rate
Ir-192, the reference dose point was 10 mm at the trachea, and the other points
were the same as those in the report by Saito et al. [9]. At our institution, we
obtain computed tomography (CT) scans at every session and measure the dis-
tance between the source axis and the bronchial wall surface on the CT image.
The reference dose points are set according to the bronchial diameter at the
bronchial site of irradiation.

20.6 Brachytherapy Procedure

Endobronchial brachytherapy includes bronchoscopy, so it should be performed
in cooperation with a pulmonologist. The endobronchial applicator (Create
Medic Co. Ltd., Japan) has two “wings” on the tip side of the applicator. The first
step in the application procedure is to insert the source-delivering catheter via the
operating channel of a bronchoscope with a nasal approach. When the source-
delivering catheter reaches the treatment position, the bronchoscope is removed,
leaving behind the source-delivering catheter. After retracting the bronchoscope,
the endobronchial applicator is inserted under fluoro-roentgenographic guidance
with the wings closed and overlaying the source-delivering catheter. When the
applicator reaches the treatment position, the two wings open (Fig. 20.2). The
“wings” are self-expandable and adjustable according to the diameter of the
bronchial lumen. The applicator is adjusted to the optimal position such that the
tumor is located between the two wings (Fig. 20.3), and the position is confirmed
by bronchoscopy via an oral approach. After placement of the applicator, CT
scans are obtained at every treatment session to confirm the applicator’s position
and to measure the distance between the source axis and the bronchial wall
(Fig. 20.4).

Brachytherapy is performed with a fractional dose of 5 Gy or 6 Gy using a high-
dose-rate Ir-192 after-loading machine. Generally, three fractions of brachytherapy
are performed once per week in combination with 40 Gy of external beam irradia-
tion. The reference dose points vary from patient to patient depending on the bron-
chial diameter. The distance from the source axis to the bronchial wall is measured
on the planning CT image. When the irradiation length is long, multiple dose pre-
scription points are set, for example, 7 mm on the central side and 5 mm on the
peripheral side (Fig. 20.5). The irradiation length is defined according to the length
of the tumor with 2 cm proximal and distal margins.
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Fig.20.2 Insertion of the
applicator. The wings are
self-expandable and
adjustable according to the
diameter of the bronchial
lumen

Fig. 20.3 The tumor is
located between the two
wings. Measurement of the
distance between the
source axis and the
bronchial wall on a
computed tomographic
image

wings

Radiation area

At every session, dose-volume histograms should be examined for the bronchial
wall and other organs at risk using the treatment planning system (Fig. 20.6a, b).
Murakami et al. [19] reported that a D2cc >85 Gy in EQD2 for the trachea and main
bronchus was a strong risk factor for severe late respiratory complications after
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Fig.20.4 Measurement of '

the distance between the
source axis and the
bronchial wall on a
computed tomographic
image. The reference dose
points are adjusted
according to the bronchial
diameter

Fig.20.5 (a) The
reference dose points are
adjusted according to the
bronchial diameter. Dose
distribution seen on the
treatment planning system.
(b) Reference dose points
vary according to the site
in the bronchus

Irradiation length (5 cm or more)

endobronchial brachytherapy. In our study, the mean values for D0O.1 cm?, Dlcm?,
and D2cm? to the bronchial wall were 155.2% (118.5%-202.0%), 105.4% (77.4%—
119.2%), and 83.6% (65.5%—104.3%), respectively, confirming that there was no
hyper-dose area or hot spot in the bronchial wall.
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Fig.20.6 (a) Dose
distribution seen on the
treatment planning system.
(b) Reference dose points
vary according to the site
in the bronchus

20.7 Treatment Outcomes and Complications

The treatment outcomes and complications in several studies of curative endobron-
chial brachytherapy are shown in Table 20.2 [12-15, 18]. In these studies, the over-
all survival rate was in the range of 47.4%-92.3%, and the local control rate was
56%—-100%.

Hemoptysis and severe bronchitis are known to be the major toxicities of endo-
bronchial brachytherapy. Although hemoptysis likely relates to tumor recurrence, it
has been suggested that its presence after endobronchial brachytherapy is a compli-
cation of the treatment itself. Such complications may be partly explained by the
placement of the radioactive source-delivering catheter at eccentric locations in the
bronchial lumen, which can lead to localized hot spots on the mucous membrane of
the bronchus. An applicator was used to protect the bronchial mucosa from high-
dose irradiation in the reports of Kawamura et al. [16], Hosni et al. [17], and Nomoto
et al. [18]. In most studies of endobronchial brachytherapy, the reference dose point
was set to 10 mm from the source axis regardless of the site of the bronchial tree.
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Table 20.2 Treatment outcome and complication

Authors Cases (n) | Overall survival rate | Local control rate | Hemoptysis
Perol et al. [12] 19 58%, 2 years 75%, 2 years 13.3%
Hennequin et al. 149 47.4%, 3 years 60.3%, 3 years 7.4%

[13]

Guilcher et al. [14] 226 57%, 2 years 68%, 2 years 6.6%
Rochet et al. [15] 35 61%, 2 years 56%, 5 years 8.6%
Kawamura et al. 16 92.3%, 2 years 86.2%, 2 years 0%

[16]

Hosni et al. [17] 10 67%, 2 years 89%, 2 years 0%
Nomoto et al. [18] 15 79%, 3 years 100%, 3 years 0%

In this setting, the actual radiation dose to the bronchial mucosa might be higher
than the prescription dose because the bronchial radius is 7-8 mm or smaller at the
distal side of the main bronchus. There was no mention of hemoptysis in the reports
by Kawamura et al. [16], Hosni et al. [17], and Nomoto et al. [18]. Varying the refer-
ence dose points according to bronchial diameter might be one of the reasons for the
lesser toxicity in those studies.
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Optimum Dose and Indications
in the Modern Era
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Abstract

Endoluminal brachytherapy (BT) is an effective means of delivering high doses
to esophageal lesions while delivering much lower doses to surrounding tissues.
In the 1980s and 1990s, esophageal BT was a common treatment option.
However, some influential studies suggested that dose escalation with BT
resulted in significant and devastating toxicity. The cause for this relatively high
rate of severe complications could be the high total biological radiation dose to
the mucosa. In a wide esophageal lumen, larger applicators should be used,
whereas applicators with small diameters are limited to obstructing lesions. The
important dosimetry and esophageal BT emphasizes lumen diameter, applicator
diameter, wall thickness, dose at 5 mm from the applicator surface into the
esophageal wall, and dose at the applicator surface. Different treatment geome-
tries can achieve positive oncologic and palliative outcomes without excessive
toxicity. To optimize BT, it is beneficial to perform 3D CT-based treatment plan-
ning, especially in curative settings. Modern BT could play a role in the manage-
ment of locally advanced, recurrent, or superficial cancer in patients without
surgical options. Herein, we recommend some optimum regimens for superficial
and advanced tumors based on published literature and our long-term follow-up
data over 20 years.
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21.1 Introduction

Current treatment options for localized esophageal cancer are chemoradiotherapy
or a trimodality combining chemoradiotherapy followed by surgery. Historically,
definitive radiotherapy was a major option. Endoluminal brachytherapy (BT) is an
effective means of delivering high doses to esophageal lesions while delivering
much lower doses to surrounding tissues, such as the lung, heart, and spinal cord.
For decades, Japan has been a leader in the implementation of endoluminal BT for
esophageal cancer especially as a curative treatment. In the 1980s and 1990s, esoph-
ageal brachytherapy was a common treatment option in Japan. In 1980, Hishikawa
performed endoluminal high-dose-rate (HDR) BT for the first time and published
many highly regarded papers [1]. Hareyama reported excellent results in 277
patients treated with low-dose-rate (LDR) brachytherapy (BT) combined with
external beam radiotherapy (EBRT) between 1974 and 1988 [2]. Dokiya developed
a balloon-type applicator for esophageal HDR BT in 1989, which has been the stan-
dard applicator in Japan since then [3]. We showed a dose-response relationship in
esophageal toxicity after HDR BT combined with EBRT and suggested some effects
of concurrent chemoradiotherapy [4]. Okawa conducted a multi-institutional ran-
domized trial of EBRT with or without BT for esophageal cancer in Japan [5]. In
patients with a tumor length of 5 cm or less, the cause-specific survival rate was
significantly higher in the brachytherapy boost group. Thereafter, clinical outcomes
of BT for superficial esophageal cancer were reported from several institutions in
Japan [6-10]. Unexpectedly, treatment-related deaths from late esophageal ulcer-
ation were reported in some patients with superficial tumors treated with a BT
boost. An influential study suggested that dose escalation with BT resulted in sig-
nificant toxicity with no survival benefit [11]. Thus, the use of esophageal BT has
gradually declined and has been abandoned in some institutions in Japan [12].
However, several studies suggest BT may play a role in the management of locally
advanced, recurrent, or early-stage cancer in patients without surgical options [13].
Moreover, there is evidence that different treatment geometries can achieve positive
oncologic and palliative outcomes without excessive toxicity [14, 15]. In addition to
dosimetry, the procedure emphasizes lumen diameter, applicator diameter, wall
thickness, dose at 5 mm from the applicator/lumen surface into the esophageal wall,
and dose at the applicator/lumen surface [16]. We had 400 cases that experienced
esophageal BT and managed the long-term morbidity. Our long-term follow-up data
over 20 years may clarify the effect of esophageal BT to determine the optimal BT
regimen. We will highlight the clinical results of superficial tumors.

21.2 Long-Term Clinical Outcomes at Tokyo Medical Center
21.2.1 Materials and Methods
21.2.1.1 Study Patients

The study population comprised 364 patients with histologically confirmed esoph-
ageal cancer treated with BT and EBRT at Tokyo Medical Center between 1988
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and 2008. Our retrospective analysis used information from patient medical records
and databases. Most patients (80%) were deemed medically unfit due to frailty
and/or comorbidity, and 45% had extensive and unresectable disease. All patients
were staged according to the classification of malignant tumors of the UICC 1987
staging system. For the toxicity analysis, we included 22 patients who were treated
with salvage BT for local disease.

21.2.1.2 Treatment

All patients received EBRT followed by an HDR BT boost. Until 2000, patients
receiving EBRT underwent 2D radiation treatment planning. Since 2001, com-
puted tomography scans have been carried out routinely. Margins of 2 cm laterally
and 3-5 cm craniocaudally were applied to create the treatment field. EBRT was
delivered using a 6 or 10 MV photon beam using anteroposterior and oblique
fields prescribed to the midplane dose. A dose of 40-60 Gy was given, and the
median dose was 50 Gy. The daily fractional dose was 180 or 200 Gy given 5 days
a week.

HDR BT was typically given 2 weeks after the last EBRT treatment. We local-
ized the tumor with a mouthful of contrast medium. For small or superficial tumors,
we localized by verifying with metal clips using endoscopy. A 1-2 cm margin cra-
niocaudally was used to define the total treatment volume. An esophageal applicator
was placed through the mouth and positioned under slight sedation. A plastic appli-
cator, 7 mm in diameter, was used for 95 patients before 1989, and the double-bal-
loon applicator we developed was used after 1990. The inner balloon was used for
centering and the outer balloon for adhering to the esophageal mucosa by injecting
water and contrast medium. The length of the outer balloon was 10-20 cm. In most
cases, the balloons were inflated to a diameter of 15 mm with water. For dose speci-
fication, we typically used a point 12.5 mm from the mid-dwell position, which was
originally defined as 5 mm beyond the balloon surface. The median prescribed dose
per fraction was 4 Gy (2-6 Gy). The application was twice per week, one to five
times in total. The median BT dose was 16 Gy in 4 fractions, ranging from 4 to
24 Gy in total. We performed a CT scan after treatment planning and measured the
dose at the balloon surface or esophageal mucosa of each case after 1996. A recent
dose prescription is 50 Gy via EBRT followed by a BT of 12 Gy in 2 fractions at the
mucosa, and the surface of the balloon applicator diameter is 20 mm for superficial
tumors, i.e., 10 mm from the source axis.

A total of 116 patients received chemotherapy concurrently with EBRT after
1990. Fluorouracil (600 mg/m? of body surface per day) was given for the first
4 days of weeks 1 and 4, and cisplatin (60 mg/m?) was given on day 1 of each
course.

21.2.1.3 Follow-Up

The study end points were overall survival and late toxicities. Most patients were
assessed for recurrence symptomatically, radiologically, and endoscopically, at
intervals of 3 months for 2 years at minimum. Subsequent follow-up was individu-
alized. Radiotherapy toxicity was graded using the RTOG toxicity scoring criteria.
The survival curve was calculated from the start of radiotherapy using the
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Kaplan-Meier method. Statistical analysis was performed using a chi-square test,
log-rank test, and Cox regression analysis.

21.2.2 Results

21.2.2.1 Survival

Patient and disease characteristics are summarized in Table 21.1. At the time of this
analysis, 31 patients (8.5%) were still alive. The median follow-up was 9 years and
4 months. The causes of death were esophageal cancer (77.8%), intercurrent disease
(17.1%), treatment-related toxicity (4.2%), and unknown (0.9%).

The median overall survival of treated patients was 13.7 months. The 2-, 5-, 10-,
and 15-year survival rates were 31.5%, 17.4%, 9.0%, and 5.5%, respectively. The
2-, 5-, 10-, and 15-year disease-specific survival rates were 34.4%, 24.2%, 15.4%,
and 11.4%, respectively. For 22 patients treated with salvage BT for locally recur-
rent tumors, the median survival was 7.7 months, and the 2- and 5-year overall
survival rates were 13.6% and 4.5%, respectively (Fig. 21.1).

Selected prognostic variables were analyzed. Overall survival was significantly
associated with age, stage, tumor length, performance status, applicator types, treat-
ment periods, and total dose. Patients with stage I disease had a 5-year survival rate
of 53.2% compared with 21.0%, 3.5%, and 1.9% for patients with stage II, III, and
IV diseases, respectively (p < 0.001), in Fig. 21.1. In the univariate analysis, patients
receiving a total dose of 66 Gy or less (sum of a prescribed dose of BT and EBRT)
had a longer median survival compared with patients receiving a total dose higher
than 66 Gy (p < 0.001). In the multivariate analysis, stage, tumor length, perfor-
mance status, and chemotherapy were significant variables.

21.2.2.2 Treatment Failure and Cause of Death

Clinically, local recurrence or persistence occurred in 56.6% (206/364) of patients.
Repeated biopsy confirmed local control in 38.5% (140/364) of patients. The main
causes of death were distant metastases (39.8%) and local tumor progression
(33.8%), followed by intercurrent disease (15.6%). Treatment-related death was
seen in 14 patients (3.8%). Fistula and massive bleeding including tumor progres-
sion occurred in 29 patients (8.0%) and 19 patients (5.8%) of the whole cohort,
respectively.

21.2.2.3 Late Toxicity of the Esophagus

We found radiation ulcers in 51 patients (14.0%) and strictures in 26 patients (7.1%).
The interval from completion of treatment to esophageal ulcer ranged from 1 to
15 months with a median of 7 months. Esophageal ulcers were categorized as grade
2 in 19 patients (5.2%), grade 3 in 9 (2.5%), grade 4 in 2 (0.5%), and grade 5 in 7
(1.9%). Esophageal strictures were categorized as grade 2 in 11 patients (11.0%),
grade 3 in 5 (1.4%), and grade 4 in 1 (0.3%). All benign esophageal strictures
occurred from esophageal ulceration.
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Table 21.2 Toxicity according to doses for superficial tumors (n = 62)

Total dose of

BT and EBRT | n Ulcer grade 2+ | Ulcer grade 3+ | Ulcer grade 4+ | Stricture grade 2+
<66 Gy 25 |1 (4%) 0 0 0

66 Gy 20 |2 (10%) 0 0 0

>66 Gy 17 16(35.3%) 3(17.6%) 2 (11.8%) 3 (17.6%)
p-value 0.014 0.015 0.065 0.015

BT dose n Ulcer Ulcer grade 2+ Local recurrence

<16 Gy 20 1 (5.0%) 1 (5.0%) 5 (25.0%)

>=16 Gy 42 14 (33.3%) 8 (19.0%) 13(31.0%)

p-value p=0.012 p=0.138 p=0.433

BT brachytherapy, EBRT external beam radiotherapy

21.2.2.4 Outcomes for Superficial Tumors

A total of 62 patients had stage I (UICC TINOMO) cancer. The 5- and 10-year dis-
ease-specific survival rates were 75.5% and 48.1%, respectively. The 5- and 10-year
local control rates were 70.2% and 54.5%, respectively. Nine patients had mucosal
lesions and 53 had submucosal lesions. The 5-year overall survival rate was 66.7%
for mucosal cases and 50.9% for submucosal cases (p = 0.033). The 5-year disease-
specific survival rate was 85.7% for mucosal cases and 73.5% for submucosal cases
(p = 0.066). There was no significant difference in the local control rate between
mucosal cases and submucosal cases. The local control rate was not dependent on
total doses or BT doses. In regard to late toxicity, esophageal ulcer occurred in 15
patients (24.2%) including 6 in grade 2 (9.7%), 1 in grade 3 (1.6%), and 2 in grade
5 (3.2%) with massive bleeding leading to death. Esophageal strictures occurred in
4 patients (6.5%): 1 in grade 1 (1.6%), 2 in grade 2 (3.2%), and 1 in grade 3 (1.6%).
We examined the relationship between dose and ulceration (Table 21.2). Esophageal
ulcers of grades 2+ or 3+ were significantly higher in patients receiving total doses
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higher than 66 Gy compared with patients receiving lesser doses. Esophageal ulcers
occurred significantly more in patients receiving BT doses of 16 Gy or higher com-
pared with patients receiving lesser doses.

21.3 Discussion
21.3.1 Overview

This study showed the long-term outcomes of a BT boost-based approach in a popu-
lation unsuited to surgical treatment. To our knowledge, this is the largest and lon-
gest series. The 5- and 10-year overall survival rates were 17.4% and 9.0%,
respectively, for the whole cohort including early to advanced disease. Our results
compare favorably with the survival results from a published series delivering a
combination treatment [1-15]. Many prospective clinical trials including meta-
analyses support the use of BT for symptomatic patients with advanced incurable
cancer as palliative setting [14, 17, 18]. In contrast, as curative setting, the use of BT
as boost has been evaluated in several retrospective studies providing data on feasi-
bility, tumor control, and toxicity with some methodological limitations, such as
wide variations of techniques, doses, and fractionation [1-16]. In 1999, Okawa
reported outcomes of a multi-institutional randomized trial: 103 patients were ran-
domly assigned to receive BT or EBRT to deliver a 10 Gy boost to their primary
tumor, following EBRT to a total dose of 60 Gy. The overall survival rate was 20.3%
at 5 years for all patients [5]. The cause-specific survival was 27% in the EBRT
alone group and 38% in the BT boost group (p = 0.385). There was no survival
benefit overall; however, in a subgroup of patients with small tumors less than 5 cm
in length, cause-specific survival at 5 years was 64% in the BT boost group as
opposed to 31.5% in the EBRT alone group (p = 0.025). At present, we should select
good candidates for BT carefully because chemoradiotherapy with or without sur-
gery is a standard treatment.

21.3.2 Applicators

There are several variations in the applicators [16]. The common applicators are
single catheters. The diameters of these cylindrical applicators vary greatly, up to
20 mm. In a wide esophageal lumen, larger applicators are used preferentially,
whereas applicators with small diameters are limited to obstructing lesions.
Attention must be paid to irregular contact with the mucosa. To reduce the overdose
volume in the esophageal wall in applicators with a large diameter, a smaller tube
fitting the inner diameter of the applicator is inserted to center the source carrying a
small catheter within the applicator tube. We needed bougie dilatation before BT in
7.1% of patients. As obstructive tumors are sometimes rather rigid in recurrent
lesions, it is difficult to dilate the lumen mechanically. If no dilation is possible, an
applicator with a small diameter catheter is introduced, and the high dose to the
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Fig.21.2 (a) Schematic of the Japanese double-balloon applicator. (b) Inflated balloon diameters
15 mm and 20 mm

tumor surface and a significant overdose to the mucosa/submucosa are considered
in dose prescription. Bougie applicators have been constructed to gradually dilate
the esophageal lumen [3]. Dilation by bougies must be carried out with taking care
of perforation and bleeding. If there is a wide esophageal lumen, the diameter of
even a large diameter applicator (14—16 mm) may not be sufficient to fill the entire
lumen. The applicator with the largest diameter should always be used. In certain
situations, balloon applicators with double balloon lumens may be used, which
allows for a better fit with larger diameters. The balloon can be filled with a dilute
contrast medium up to a diameter of 20 mm leading to a large distance (up to
10 mm) between the source and the surface of the balloon for superficial tumors
(Fig. 21.2).

21.3.3 Dose Specification and Applicators

Dose escalation with BT boost has a significant potential for esophageal toxicity as
well as local control [3]. We found esophageal ulcer of grade 3+ in 4.9% and grade
4+ in 2.4% in 364 patients. In 2000, Gaspar reported a high incidence of fistula
formation following a BT boost in 49 patients undergoing chemoradiotherapy in a
randomized trial (RTOG 9207) [11]. In the trial, the HDR boost was given at doses
of 10-15 Gy in fractions of 5 Gy, following EBRT up to a total dose of 50 Gy. The
HDR was delivered with an applicator of 4-6 mm diameter, and dose was specified
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at a 1 cm depth. Life-threatening toxicity (grade 4) or treatment-related death
(grade 5) occurred in 24% and 10% of cases, respectively. Treatment-related
esophageal fistulas occurred in 14% of patients. The development of fistulas was
strongly associated with a higher boost dose (15 Gy), a smaller applicator diame-
ter, and chemotherapy being applied concomitantly with the BT boost. The use of
narrow catheters leads to a remarkably high dose on the applicator surface, and
decentering of thin catheters may result in regions of very high doses directly to the
esophageal mucosa. Cause for the relatively high rate of severe complications
could be the high total radiation dose to the mucosa and the high biological effec-
tive dose (BED) that was given in a high dose fraction. Dokiya invented the dou-
ble-balloon applicator (inflating outside diameter, 15-20 mm) to solve these issues
(Fig. 21.2). The inner balloon is used for centering and the outer balloon for adher-
ing to the esophageal mucosa. The applicator can be expanded to a circle of
18-20 mm diameter for small tumors by injecting appropriate amount of water into
the balloons to avoid 150% or higher dose spots in the mucosa. After implementing
this applicator, we reported that increasing incidence of esophageal ulcers was
related to the prescribed dose in BT, and doses more than 16 Gy lead to a signifi-
cant risk of ulceration in 124 patients with T1-2 tumors [3]. There were 15 patients
(12%) with a fistula or massive bleeding after treatment, of which 11 patients had
a local recurrence. Except superficial tumors, many of these complicated fistulas
were associated with tumor recurrence or were explained by T4 under staging.
ESTRO recommends recording and reporting the dose at 5 mm tissue depth (refer-
ence depth) from the lumen/applicator surface (lumen/applicator radius + 5 mm)
and at the lumen/applicator surface, indicating the dose gradient in the tumor and
the normal tissue and the dose at the lumen/tumor surface [16]. This reporting at
5 mm tissue depth is independent of the prescription strategy chosen (e.g., at
10 mm from the source axis).

21.3.4 Optimum Regimen for Superficial Tumors

In our experiences for superficial tumors, the 5-year survival rate was 53.2% in 62
patients. We found a dose-response relationship between ulceration and total doses
or BT doses. In Japanese studies for superficial tumors, several authors reported that
severe ulcers commonly encountered when large fractions as high as 5 Gy at 5 mm
below the mucosa were given using this balloon-type applicator [6, 9, 12]. Superficial
esophageal tumors are different anatomically from advanced cancer, because cancer
cells spread in the normal mucosa or submucosa without invasion deep into the
muscular layer. Normal tissues and cancer cells mixing up lie in very thin tissue of
the esophageal surface. Therefore, we could estimate normal tissue tolerance dose
after HDR boost for superficial tumors from several literatures. In Table 21.3, pro-
jected mucosal doses and observed toxicity in historic studies are shown. Mucosal
doses were reported or calculated with methods proposed by Folkert [15]. Total
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mucosal dose as BED was between 119 and 168 Gy3, late toxicity of grade 2+ from
8% to 44.4%, and grade 4+ from 0% to 11.1%. Wide ranges of mucosal doses and
EBRT doses make difficult to define clear threshold of normal tissue tolerance of
esophageal mucosa. However, grade 3+ or 4+ toxicity occurred more frequently in
the total mucosal doses between 133.7 Gy3 and 167.9 Gy3, compared to doses less
than 153.3 Gy3. Akagi showed BED > 134 Gy3 and a fraction size was associated
with late complications of grade 2+ [6]. In our study, total doses of 66 Gy or higher
and BT dose of 16 Gy or higher were associated with ulceration for superficial
tumors, and dose calculations based on sectional CT imaging in 34 in 62 patients
lead to a precise assessment of dose in the esophagus. An outside diameter of the
balloon applicator to 18-20 mm allowed the delivery of 4 Gy to the prescription
depth while limiting the mucosal surfaces to 5-6 Gy (Fig. 21.3). Ishikawa and Akagi
recommended 2.5-3 Gy per fraction prescribed at 5 mm below the mucosa after
60 Gy of EBRT. Higher doses between 119 Gy3 and 168 Gy3 at the mucosa could
not improve local control or survival in any studies (Table 21.3). From Japanese
experiences, smaller fraction sizes of 6 Gy or less at the mucosa should be consid-
ered with the aim of lowering late morbidity [6-9, 11]. Overall, we can recommend
balloon-type applicators or bougie-type applicators with 16-20 mm diameters,
especially for superficial tumors. Consequently, we recommend 12 Gy in 2 fractions
or 15 Gy in 3 fractions specified at the applicator surface, i.e., 10 mm from the mid-
axis, following 50 Gy of EBRT, equivalent with 119.3 Gy3 or 123.3 Gy3 of total
mucosal BED, respectively. Moreover, to optimize BT, we suggest performing 3D
CT-based treatment planning; the size and shape of the reference isodose may be
changed accordingly in all directions, thus improving the tumor coverage and spar-
ing of close organs at risk.

21.3.5 Modern Indications for Superficial Tumors

Recently, chemoradiotherapy with or without surgery has been a standard treat-
ment, and indications of the BT boost are rather limited in our institution. However,
new indications of BT boost are emerging. For instance, a patient with interstitial
lung disease unable to receive a full dose of EBRT should be a good candidate of
BT boost; a patient with a persistent superficial tumor several months after receiving
60 Gy of EBRT or a patient with the local recurrence as a superficial tumor several
years after receiving 50.4 Gy in 28 fractions of EBRT given with concurrent chemo-
therapy. Some recommended doses are listed in Table 21.4, in which reference dose
points at the esophageal mucosa are specified. For patients with locally recurrent,
small esophageal cancer after EBRT (median dose 60 Gy), Nonoshita gave HDR
BT of 20 Gy with 4 or 5 fractions prescribed at the mucosa with the balloon applica-
tor of 20 mm diameter [21]. No severe late complications were observed with a
median survival of 30 months, even between 146.7 Gy3 and 153.3 Gy3. Esophageal
tissue takes 6 months or longer following EBRT to recover.
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Fig. 21.3 (a) Superficial esophageal cancer: inflated balloons and isodose curves. (b) Limited
thickness of the tumor esophageal wall (3 mm). The prescribed dose of 4 Gy at 12.5 mm from the
source axis corresponds to the reference dose at 5 mm for balloon diameter 15 mm. In this case, as
the balloon is inflated to diameter 18 mm, the dose at the luminal surface (mucosa) is 5 Gy, and the
minimum peripheral tumor dose is 4 Gy. (¢) The balloon inflated without decentering can be seen
in the sagittal image
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Table 21.4 BED/EQD for acute and late effects for recently used radiotherapy schedules for
superficial tumors

EBRT dose HDR at mucosa | BED Gy3 | BED Gy10 EQD2 Gy3 | EQD2 Gy10

50 Gy/25 fractions 12 Gy/2 119.3 79.2 71.6 66.0
fractions

40 Gy/20 fractions 18 Gy/3 120.7 76.8 72.4 64.0
fractions

Persistent superficial tumors in 6 months after EBRT

60 Gy/30 fractions 10 Gy/2 126.7 87.0 76.0 72.5
fractions

Recurrent superficial tumors 1 year after EBRT

Previous 50.4 Gy/28 18 Gy/3 134.6 88.3 80.8 73.6
fractions fractions

EBRT external beam radiotherapy, HDR high-dose-rate brachytherapy, BED biologically equiva-
lent dose, EQD?2 equivalent total dose in 2 Gy fractions

21.3.6 Dose Specification for Non-superficial Tumors

Our study showed that clinical stages I-II, tumor length <5 cm, performance status
(PS 0-1), good tumor regression after EBRT, and concurrent chemotherapy were
significant variables in the multivariate analysis. For patients with tumor length
<5 cm, T2-3 lesions with good regression after EBRT, or chemoradiotherapy with
good performance status, a BT boost could have important roles for better local
control [22]. In these settings, the two major methods of dose prescription and dose
reporting are 10 mm from the source axis and 5 mm from the applicator surface.
Especially for non-superficial tumors, the significant dose variations at the mucosa/
tumor surface and within the esophageal wall depend on the applicator diameter,
lumen diameter, thickness of the tumor, and prescription point (Fig. 21.4). We use
the balloon-type applicator and prescribe at 5 mm from the applicator surface at the
narrowest lumen or 10 mm from the source axis for non-superficial tumors.
Table 21.1 shows that the survival of patients treated with the narrow applicator of
7 mm diameter was significantly inferior to patients treated with the balloon appli-
cator. Patients receiving a total dose of 66 Gy or less had longer median survival
compared with patients receiving a total dose higher than 66 Gy. Muijs analyzed
62 patients with esophageal cancer who were treated with curative-intended radio-
therapy consisting of EBRT (60 Gy in 30 fractions) followed by intraluminal BT
(12 Gy in 2 fractions) [23]. They reported severe treatment-related toxicities in ten
patients (16%). A narrow applicator diameter of 6 mm was used, and the dose was
prescribed at 1 cm from the source. The median dose at the catheter surface was
calculated at 207.6 Gy3 as the isoeffective dose with HDR. They cautioned about
the relationship between the high rate of severe complications and BT at high sur-
face doses. Aggarwal reported the median survival was independently related to
the HDR BT dose following EBRT of 30 Gy/10 fractions, with patients receiving
a 10 Gy boost showing superior median survival compared with patients receiving
a 15 Gy boost [24]. The BED for esophageal mucosa is significantly higher for the
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Fig. 21.4 (a) T3 esophageal cancer: severe stenosis remains even after 60 Gy of EBRT. (b) At
extensive stricture, the smallest distance between the source axis and the anterior mucosa/tumor
surface is 4 mm, and a dose of 3 Gy is prescribed at 10 mm from the source axis. Report dose of
3.6 Gy at 9 mm (4 + 5) from the source axis, the maximum anterior mucosa/tumor surface dose of
7.5 Gy, and the minimum peripheral tumor dose of 2 Gy at 14 mm from the source axis. Only 1
fraction is given in this case, and the maximum mucosal dose is 126.2 Gy3. (¢) On this slice, tumor
distances from the source axis range from 8 mm to 14 mm, and the doses are between 4 Gy and
2 Gy

15 Gy HDRBT schedule (150-157.5 Gy3) compared with the 10 Gy HDRBT
schedule (103—111 Gy3). They concluded that the inferior survival outcomes could
be related to increased normal tissue toxicity in patients receiving the 15 Gy regi-
men. These figures are comparable with the threshold dose derived from the super-
ficial tumor series. At present, we prefer to prescribe doses at 10 mm from the
source axis and specify maximum doses at the applicator surface and minimal
tumor doses. For advanced tumors, esophageal stenosis usually remains after
EBRT when the balloon does not inflate the esophageal lumen sufficiently
(Fig. 21.4). To minimize toxicity, we recommend 12 Gy in 2 fractions to 15 Gy in
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3 fractions specified at the applicator surface at the most stenotic lumen following
50 Gy of EBRT for advanced tumors as well. Again, 3D CT-based treatment plan-
ning offers all the advantages of an individualized treatment to achieve the opti-
mum dosimetry. In addition, HDRBT with or without chemotherapy could be safe
and beneficial for local control in the radical treatment of patients with esophageal
cancer [4, 25].

21.3.7 Palliative Setting

Whether the combination of HDRBT and EBRT is superior to HDRBT alone for
the palliation of esophageal cancer was examined in an International Atomic
Energy Agency randomized trial [14]. A total of 219 patients were randomized to
adding EBRT or not, after receiving 2 fractions of HDRBT. Each HDRBT con-
sisted of 8 Gy prescribed at 1 cm from the source center. Patients randomized to
EBRT received 30 Gy in 10 fractions. The primary outcome was dysphagia relief.
A median survival was 188 days and an 18% survival rate at 1 year. Dysphagia
relief was significantly improved with combined therapy. In contrast, weight, tox-
icities, and overall survival were not different between study arms. They con-
cluded symptom improvement occurred with the addition of EBRT to standard
HDRBT.

21.3.8 Dose for Palliation

For the management of dysphagia owing to incurable esophageal cancer, BT alone
has been proposed as an alternative to stent placement. In a phase 3 trial, single-
dose brachytherapy gave better long-term relief of dysphagia than metal stent
placement [17]. Since brachytherapy was also associated with fewer complications
than stent placement, Homs recommended it as the primary treatment for palliation
of dysphagia from esophageal cancer. A systematic review was reported to exam-
ine its efficacy and safety in the resolution of dysphagia [18]. Six studies for a total
of 9 treatment arms (623 patients) were eligible. BT was performed in the studies
using a single catheter diameter 4-10 mm, with doses specified at 1 cm from the
source axis of the applicator. After 1 month since treatment, the dysphagia-free
survival rate was 86.9%; after 3 months, it was 67.2%; after 6 months, it was
47.4%; and after 12 months, it was 29.4%. The meta-regression analysis showed
total radiation dose and number of fractions as the only positively influencing fac-
tors. The severe adverse event rate was 22.6%, and the main reported adverse
events were brachytherapy-related stenosis (12.2%) and fistula development
(8.3%). Two cases (0.3%) of deaths due to esophageal perforation were reported.
It seems that a higher total radiation dose (i.e., 18 Gy or 21 Gy) delivered in 2 or 3
fractions could be more efficient than a single session of 12 Gy. In conclusion, BT
is a highly effective and relatively safe treatment option; therefore, its underuse is
no longer justified.
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Conclusions

Intraluminal BT plays an important role in the treatment of esophageal tumors.
BT should be established as an integral part of radiotherapy treatment schedules,
both in curative and in palliative treatment settings. Selection of patients, appli-
cators, dose specifications, and dose prescriptions are very important issues
depending on the treatment aims. This treatment should be limited to facilities
where sufficient clinical experience has accumulated to allow its safe
application.
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Intraluminal Brachytherapy for Biliary 22
Tract Cancer

Naoya Murakami and Jun Itami

Abstract

In this chapter, intraluminal brachytherapy (ILBT) for biliary tract cancer is dis-
cussed. Because of its rarity and poor prognosis and generally it is difficult to
cover whole tumor with intraluminal brachytherapy, there exists no prospective
study showing survival benefit of ILBT for biliary tract cancer. However, large
retrospective study showed effectiveness of ILBT in local control for unresect-
able biliary tract cancer patients. Local control of the disease holds great signifi-
cance for such patients; therefore, ILBT could be considered when applicable.

Keywords
Biliary tract cancer - Intraluminal brachytherapy

Biliary tract cancer is a relatively rare disease and 11,205 cases are newly diagnosed
in 2013 in Japan [1]. The clinical outcome in patients with biliary tract cancer is
generally poor. Main curative treatment method of this disease is surgical resection;
however, unfortunately, because vast majority of patients are found with locally
advanced or metastatic disease, only small part of patients are candidate for curative
resection. Therefore, overall 5-year survival rates of only 10% or less have been
reported [2]. So far many attempts have been performed to improve the outcomes
for unresectable biliary tract cancer with definitive radiation therapy. Intraluminal
brachytherapy (ILBT) for biliary tract cancer patients using low-dose-rate brachy-
therapy using 192-Ir wire was first reported in the late 1970s [3], and ILBT with
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high-dose rate after loading system was started in the early 1980s with or without
external beam radiation therapy (EBRT) [4, 5]. While some researchers reported
improvement of survival with the use of ILBT [6, 7], others did not [8]. Because of
its rareness, to the best of our knowledge, no randomized control clinical trial with
enough statistical power has been performed to determine the effectiveness of ILBT
on survival outcomes for biliary tract cancers. Yoshioka et al. performed a multi-
institutional retrospective study throughout Japan involving 31 institutions with 209
unresectable biliary tract cancer patients and compared clinical results between
external beam radiation therapy with and without ILBT for unresectable biliary
tract cancer using a propensity score matched-pair analysis [9]. They found that
although the addition of ILBT had no impact on overall survival nor disease-specific
survival, it was associated with better local control which has very important mean-
ing for patient’s quality of life. In this multi-institutional retrospective study, ILBT
was performed by transpercutaneous route with use of percutaneous transhepatic
cholangiography. The median of the ILBT total dose was 18 Gy, with a median frac-
tion of 6 Gy. Generally, the ILBT dose was prescribed at a point 5—10 mm from the
center of the source.

22.1 Brachytherapy Procedure

Before brachytherapy, biliary drainage is performed by either transduodenal or per-
cutaneous transhepatic technique, and a drainage catheter is placed. Through the
drainage catheter, a 5-6 Fr intraluminal radiation catheter is inserted as a carrier for
the Ir-192 source under cholangiography. Occasionally, two catheters are inserted
when disease spreads over two branches. Because transduodenal drainage catheter
usually has strong flexure, when using transduodenal drainage catheter, it is impor-
tant to make sure that dummy source can pass through the flexure beforehand.
Generally the dose is prescribed 1 cm from the source axis (Figs. 22.1 and 22.2).
Because extrahepatic bile duct is usually situated close to the intestine, especially
the duodenum, dose distribution calculation should be based on CT image, and
delivering high dose to the intestine should be avoided. Toxicities associated with
ILBT are cholangitis, cholecystitis, gastroduodenitis, duodenal ulcer, and liver
dysfunction.

22.2 Future Direction

There exists a phase I study for determining recommended dose of ILBT alone as a
palliative treatment in extrahepatic biliary tract cancer [10], and they reported that
recommended dose was defined as 25 Gy in five fractions prescribed 1 cm from the
source axis. However, there exists no clinical trial for unresectable biliary tract can-
cers as a curative intent using combined EBRT and ILBT. Recently, with the
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Fig.22.1 An abdominal
X-ray showing a 6 Fr
intraluminal radiation
catheter inserted through
percutaneous transhepatic
cholangiodrainage tube
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Fig. 22.2 Dose distribution of intraluminal brachytherapy for biliary tract cancer. The dose is
prescribed 1 cm from the source axis. To avoid large dose to the duodenum or small intestine,
CT-based dose calculation is mandatory

advancement of the image technique and introduction of intensity-modulated radia-
tion therapy (IMRT), more accurate visualization of disease extent is possible, and
delivering high dose while sparing surrounding normal tissue is also possible.
Therefore, combined with these advanced techniques, a prospective clinical trial
trying to find optimal combination of dosage of EBRT and ILBT and to show its
role in the management of biliary tract cancer is warranted.
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