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Preface

It is my pleasure to present the book entitled Radiotherapy. This book meets the experience of
several researchers who dedicate many hours a day to not only treat patients but also assess
the physical aspects of newer radiotherapy facilities.

This book comprises both clinical and physical aspects of radiotherapy modalities. Radio-
therapy plays a key role in the treatment of many cancer types. Almost two-thirds of all can-
cer patients receive some form of radiation therapy during the course of treatment,
predominantly with external beam photon therapy. There are three major aspects of radio-
therapy delivery strategies: definitive radiotherapy, adjuvant radiotherapy (either with or
without concurrent chemotherapy), and neoadjuvant radiotherapy (either with or without
concurrent chemotherapy). Highly conformal techniques such as intensity-modulated radio-
therapy with image guidance allow precise delivery of higher doses of radiation within the
target volume. With increasing technical advances, higher doses per fraction are used for
both first-line treatment and re-irradiation for many tumor types, which have a potential to
increase local control and survival in most cases. Advances in radiation therapy have con-
tributed to improvements in long-term outcomes for cancer patients. For example, a 5-year
survival of cancer has increased to approximately 68% in adults and 83% in children.

The book is divided into three sections with 14 chapters. The first section encompasses new
treatment strategies for bone metastasis, lung cancer, and gynecological tumors. Two hot
topics, re-irradiation in head and neck cancer and clinical outcomes of simultaneous inte-
grated boost technique, which changes the current practice, are depicted with clinical stud-
ies. Treatment outcomes of a rare entity —heel spur irradiation —are also discussed in detail.
Long-term survivors are at increased risk to develop treatment-induced side effects, such as
radiogenic second cancer, complications of the cardiovascular and central nervous systems,
fertility problems, and other toxicities. In other sections, the late effects of radiotherapy are
discussed. In the last section, physical parameters of new radiotherapy techniques are dis-
cussed in detail.

This book is intended to bring forward the many advancements in the field of radiation on-
cology. There are many valuable contributions from radiation oncology physicians and
medical physicists who are experts in their fields. I would like to thank all contributors for
their kind efforts in preparation of this book.

Cem Onal MD

Professor

Baskent University Faculty of Medicine

Dr. Turgut Noyan Research and Treatment Center
Adana, Turkey
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Chapter 1

New Paradigms of Radiotherapy for Bone Metastasis

Yasuo Ejima, Takeaki Ishihara, Daisuke Miyawaki,
Kenichiro Kakutani, Kotaro Nishida, Junichiro Inoue,

Yoshitada Sakai, Tianyuan Wang and Ryohei Sasaki

Additional information is available at the end of the chapter

http://dx.doi.org/10.5772/66939

Abstract

Proper care of patients with bone metastasis requires interdisciplinary treatments.
Radiotherapy (RT) plays a central role in the management of painful bone metastasis.
External beam RT can provide rapid successful palliation of painful bone metastasis in
50-80% of patients, is associated with very few adverse effects and leads to complete
pain relief at the treated site in up to one-third of patients. Intensity-modulated RT
(IMRT) or stereotactic body RT (SBRT) enables the delivery of higher doses to the target
tumor while minimizing the dose to adjacent organs. Reirradiation using IMRT or SBRT
is a valuable option for the management of bone metastases. A multidisciplinary team,
especially one consisting of a spinal surgeon and rehabilitation physician, is particularly
useful for treating patients with spinal bone metastases characterized by spinal instabil-
ity. Rehabilitation intervention which increases the physical activity level and prevents
deconditioning is important. Future developments in surgical procedures and RT will
likely improve the management protocols for bone metastases and technology to reduce
metal artifacts in radiation planning might improve the efficacy and safety of combina-
tion therapy.

Keywords: spinal metastases, intensity-modulated radiotherapy, rehabilitation,
multidisciplinary team, stereotactic body radiotherapy

1. Introduction

Bone metastases are a common manifestation of malignancies that can cause severe and
debilitating effects, including pain, spinal cord compression, hypercalcemia and pathologic

I m EC H © 2017 The Author(s). Licensee InTech. This chapter is distributed under the terms of the Creative Commons
Attribution License (http://creativecommons.org/licenses/by/3.0), which permits unrestricted use,
open science | open minds distribution, and reproduction in any medium, provided the original work is properly cited. [{cc) ExgNN



4 Radiotherapy

fractures. Proper care of patients with bone metastasis requires interdisciplinary treatments
delivered by orthopedic surgeons, radiation oncologists, rehabilitation specialists, medical
oncologists, pain medicine specialists, radiologists and palliative care professionals. Radiother-
apy (RT) has played a central role for palliation of painful bone metastasis, leading to complete
pain relief at the treated site in up to one-third of patients [1]. The role of RT and radio-
therapeutic techniques using a multidisciplinary approach for the treatment of bone metasta-
ses have been discussed recently.

2. Indications and optimal doses for bone metastases RT

External beam RT (EBRT) continues to be the mainstay treatment for painful, uncomplicated, bone
metastases. EBRT can provide rapid successful palliation of painful bone metastasis in 50-80% of
patients, is associated with very few adverse effects and leads to complete pain relief at the treated
site in up to one-third of patients. Although various fractionation schemes can provide good
palliation rates, numerous prospective randomized trials have shown that 30 Gy in 10 fractions,
24 Gy in 6 fractions, 20 Gy in 5 fractions, or 8 Gy in a single fraction provide excellent pain control
with minimal side effects (Table 1) [2-7]. Longer fractionated courses have the advantage of a
lower incidence of repeat irradiation to the same site, whereas single fractions have proved more
convenient for patients and caregivers. In addition, repeat irradiation with EBRT might be safe,
effective and less commonly necessary in patients with a short life expectancy.

Author Patients Dose and fractions  Overall pain Complete Acute Late Repeat
(n) relief (%) response (%) toxicity (%)  toxicity (%) treatment
rate (%)
BPTWP [2] 775 8 Gy in 1 Fx 78 57 30 2 23
20Gyin5Fx/30 Gy 78 58 32 1 10
in 10 Fx
Foro [3] 160 8 Gy in1Fx 75 15 13 NA 28
30 Gy in 10 Fx 86 13 18 NA 2
Hartsell [4] 898 8 Gy in 1 Fx/30 Gy in 66 15 10 4 18
10 Fx
Nielsen [5] 241 8 Gy in 1 Fx 62 15 35 5 21
20 Gy in 4 Fx 71 15 35 5 12
Roos [6] 272 8 Gy in 1 Fx 53 26 5 5 29
20 Gy in 5 Fx 61 27 11 4 24
Steenland [7] 1171 8 Gy in 1 Fx 72 37 Equivalent 4 25
24 Gy in 6 Fx 69 33 Equivalent 2 7

BPTWP, Bone Pain Trial Working Party; NA, not assessed; Fx, fraction(s).

Table 1. Outcomes of single fraction or multifraction external beam radiotherapy for painful bone metastases.
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For metastatic spinal cord compression (MSCC), EBRT is the standard of care. Although a total
of 30 Gy in 10 fractions is the most frequently employed fractionation schedule, multiple
fractionation schemes have been reported, which undoubtedly reflect the heterogeneity in
patient populations and tumor histologies (Table 2) [8—11]. In a retrospective study, Rades et al.
[11] suggested that dose escalation beyond 30 Gy in 10 fractions did not improve motor
function and local control in patients with MSCC who had radioresistant tumors such as renal
cell carcinomas, colorectal cancers and malignant melanomas. However, in patients with
breast cancer, prostate cancer, myeloma or lymphoma and others who had a favorable prog-
nosis, dose escalation beyond 30 Gy provided better local control and extended overall sur-
vival [10]. Therefore, the use of 30 Gy in 10 fractions could be regarded as the standard
therapeutic dose for MSCC, although the available evidence is limited. In patients with a
favorable survival prognosis, dose escalation beyond 30 Gy might improve local control and
overall survival, but it might not improve functional outcome and dose escalation to 40 Gy in
20 fractions might be insufficient against radioresistant tumors.

Author Study State of Dose Ambulatory rate  Motor function Local Overall
design disease before treatment improvement  control survival
(%) (%)
Maranzano RCT Unfavorable 8 Gyin1 Fx 64 12 NA 4 months
[8] prognosis (median)
16 Gyin2Fx 67 21 NA 4 months
(median)
Rades [9] Prospective  Various 8 Gy in1Fx/20 61 37 61% at 23%at 1
non-RCT tumors Gy in 4 Fx 1year year
30-40 Gy in 62 39 81% at 30% at 1
10-20 Fx lyear year
Rades [10]  Matched Favorable 30Gyin10Fx 85 40 71% at  53% at 2
cohort prognosis 2 years years
t
HmOrs 375Gyin15 85 1 92%at  68% at 2
Fx/40 Gy in 20 2 years years
Fx
Rades [11]  Retrospective Radioresistant 30 Gy in 10 Fx 62 18 76% at NA
tumors 1 year
37.5Gyin15 63 22 80 % at NA
Fx40 Gy in 20 1 year
Fx

RCT, randomized controlled trial; Fx, fraction(s); NA, not assessed.

Table 2. External beam radiotherapy outcomes for metastatic spinal cord compression.

3. Intensity-modulated RT or stereotactic body RT for bone metastases

Recently, intensity-modulated RT (IMRT) or stereotactic body RT (SBRT) has been applied
for spinal bone metastases and the development of systemic treatments has improved

5



6 Radiotherapy

survival in patients with bone metastasis. However, in such cases, the standard regimens
for bone metastases including 30 Gy in 10 fractions, 20 Gy in 5 fractions, or 8 Gy in a single
fraction were insufficient for long-term pain management. Therefore, to increase the dura-
tion of pain control, it might be necessary to consider more intense RT or treatment
regimens.

IMRT delivers high doses to tumor targets while decreasing the dose to organs-at-risk and,
therefore, presents a major dosimetric advantage over three-dimensional conformal RT. IMRT
took radiation treatment planning and delivery to a higher level by combining technologies. It
utilizes movement of the multileaf collimator (MLC) during the actual beam-on time to mod-
ulate, or alter, the radiation beam as it leaves the radiation treatment unit. Such beam modu-
lation allows the application of concave dose distributions. The computer system calculates an
IMRT plan incorporating several beams, or, alternatively, a moving arc arrangement with the
movement of the MLC to create a plan that achieves the radiation-dosing goals (Figure 1). On
the other hand, SBRT is emerging as an alternative RT technique to deliver dose-escalated
radiation to tumor targets. Due to the application of several nonisocentric beams, SBRT
delivers highly conformal large radiation dose fractions to target volumes with precision (<1
mm) and steep dose gradients. This allows for planning target volume reductions, thereby
minimizing exposure to critical adjacent organs, which produces a toxicity profile comparable
with that of conventionally fractionated RT, despite the use of higher doses per fraction
(Figure 2).

Figure 1. Comparison of radiation dose distributions between conventional radiotherapy and intensity-modulated radio-
therapy (IMRT). (A) The osteolytic change in the lumbar vertebral body and infiltration into the spinal canal. (B) The dose
distribution of conventional radiotherapy (two-directional anteroposterior-posteroanterior opposed irradiation at 30 Gy
in 10 fractions). (C) The distribution of IMRT using volumetric modulated arc therapy (50 Gy in 10 fractions).
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Figure 2. A 70-year-old male patient suffering from lung cancer with cervical vertebral bone metastasis. The schema and
dose distribution of SBRT for bone metastasis using CyberKnife treatment system. (A) The blue line indicates the beam
directions. (B) Representative dose distribution.

Three important factors should be considered for the decision to utilize IMRT or SBRT.
First, IMRT or SBRT must be adapted for the treatment of oligometastasis in the bone.
Long-term survival has been noted in patients diagnosed with isolated bone metastasis
[12-15]. Therefore, successful control of oligometastasis of the bone due to the delivery of
higher doses might contribute to improved treatment outcomes and quality of life (QOL).
Second, IMRT or SBRT can be performed for reirradiation of the same site. It is technically
difficult to reirradiate the same site using conventional RT. However, with IMRT or SBRT
the dose to the spinal cord or adjacent organs can be reduced to within the tolerable
range, facilitating reirradiation. Third, IMRT or SBRT can be applied for radioresistant
bone metastases. Therefore, when indicating IMRT or SBRT for metastatic bone tumors,
oncologists should consider the disease behavior and estimated life expectancy of the
patient.

The treatment outcomes of previous studies that utilized IMRT or SBRT for bone metastases
[16-19] are compared in Table 3. Each study performed IMRT or SBRT using various dose or
fractionation protocols because standard regimens have not yet been proposed. The majority
of studies demonstrated excellent local control without serious harmful phenomenon such as
myelopathy. However, because most previous studies were retrospective and sufficient evi-
dence has not yet been accumulated, any adaptation of IMRT or SBRT to deliver higher doses
must be carefully discussed for individual patients. A multidisciplinary team comprising
radiation oncologists, orthopedists, medical oncologists, radiologists, rehabilitation physicians

7
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and palliative care medicine doctors would be ideal for discussing and deciding treatment
options including the application of higher dose RT.

Authors Machine/type Dose LCR Adverse events

Murai [16] Tomotherapy/IMRT 40Gyin8fx/48 Gyin16 fx  84% (l-year)  No radiation-induced
myelopathy

Yamada [17] Linear accelerator/IMRT ~ 18-24 Gy in 1 fx 90% No radiation-induced
myelopathy

Guckenberger [18]  Linear accelerator/SBRT Median24 Gy in 3 fx 84% (2-year)  No radiation-induced
myelopathy

Degen [19] CyberKnife/SBRT 24 Gy in1 fx 90% No radiation-induced
myelopathy

IMRT, intensity modulated radiotherapy; SBRT, stereotactic body radiotherapy; LCR, local control rate.

Table 3. Outcomes of IMRT or SBRT in bone metastasis.

4. Assessment of instability due to spinal metastasis: surgery, RT and the
combination of both treatments

Oncologic care is improving and the survival rates of patients with various malignancies
are increasing. Since the advent of recent technologic advancements in the detection
methods used to locate new lesions and metastasis, orthopedic surgeons have been
confronted with an increasing number of patients with spinal metastasis. Such patients
can develop sudden paraplegia due to pathological fracture or tumor invasion into the
spinal canal. Patients with symptomatic spinal metastasis present with severe pain and
poor QOL [20].

If a multidisciplinary conference between radiation oncologist, spinal surgeons, physiothera-
pists and medical oncologists was developed, appropriate treatment strategies could be
discussed and implemented. For example, a patient who develops sudden paraplegia some-
times needs urgent treatment including surgical decompression. Therefore, a simple classifica-
tion method with easily assigned radiographic and patients factors could be helpful to
facilitate communication and appropriate referral among the multidisciplinary oncology team,
ensuring prompt and optimal treatment decisions.

Most cases of spinal metastasis occur in the vertebral body, intervertebral disc and anterior
and/or posterior longitudinal ligament, whereas the involvement of anatomical structures
related to spinal motion is rare. Batson's venous plexus and the avalvular vein of the vertebral
venous system play an important mechanistic role in the pathology of spinal metastasis.
Namely, all cancers with a preference toward bone metastasis, such as bronchial, breast and
prostate cancers are disseminated to the spine via these vessels. Consequently, the anterior
spinal column is the most frequent site of spinal metastases, with ~80% of lesions appearing in
the vertebral body [21].
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Instability has been classified as segmental instability, which is mostly the result of trauma
or degenerative changes, or component instability, which is caused by tumor invasion in
the vertebral body. The type of instability present should be determined when considering
the therapeutic management of spinal metastases. Therefore, specific criteria for stability
assessments are required. In 2010, Fisher et al. [22] reported a novel classification system
for spinal instability in neoplastic disease, which was established using the best evidence
provided by systematic reviews and expert opinions. The spine instability neoplastic score
(SINS) is a comprehensive classification system based on patient symptoms and radio-
graphic criteria without consideration of neurologic status, histology, or general physical
condition. The SINS considers spinal metastasis location, type, pain and lesion quality,
spinal alignment, the extent of vertebral body collapse and posterolateral spinal element
involvement. Furthermore, the predictive value of the SINS was validated by the analysis
of the clinical and radiographic data of 30 patients. The SINS score is categorized into a
three-tier system with 0-6 being stable, 7-12 being potentially unstable and 13-18 being
unstable [23]. A surgical consultation is recommended for patients with a SINS score
greater than 7.

Surgical treatment decisions are broadly based on spinal stability and patient-specific factors
including patient health, prognosis and tumor histology [24]. The surgical approach is indicated
for pathological fractures and sudden onset of neurological symptoms. The current indications
for spinal surgery are radioresistant tumors, progressive neurologic deficits lasting no longer
than 24 hours, bone fragments in the spinal canal and spinal instability due to pathologic
fracture. In addition, life expectancy should be at least 3 months. Survival duration in patients
with bone metastases is largely dependent upon controllability of the primary tumor. Several
prognostic scoring systems have been reported in an attempt to indicate the appropriate surgi-
cal strategy [24-26]. Tokuhashi et al. [24] and Tomita et al. [25] recommended that patients
expected to have a good prognosis should undergo wide excision including total en bloc
spondylectomy, those expected to have an intermediate prognosis should undergo marginal or
intralesional excision and spinal stabilization (Figure 3) and those expected to have a poor
prognosis should be managed conservatively. However, it should be emphasized that local
spinal pathology, rather than tumor histology, determines the degree of pain or severity of
neurologic deficits. The ultimate surgical goals are to obtain good QOL and activity of daily
living (ADL) scores by relieving pain and improving neurologic status (Tables 4 and 5).

Recently, a prospective analysis of the surgical outcome in 70 patients with symptomatic
spinal metastasis was conducted [27]. Laminectomy and posterior stabilization following RT
significantly improved the performance status and ADL in >95% of patients, with sustained
improvement for at least 6 months in >80%. In a randomized, multicenter, nonblinded trial
in 101 patients, Patchell et al. [28] revealed a major breakthrough for surgical treatment
followed by RT. They compared the efficacy of surgery followed by RT with that of RT
alone. Fifty patients were assigned to surgery followed by RT and 51 to RT alone. Signifi-
cantly more patients were able to walk after surgery followed by RT (84%) compared with
after RT alone (57%). Moreover, the duration of walking ability maintenance was signifi-
cantly longer in the surgery followed by RT Arm (median, 122 days) compared with the RT
alone Arm (median, 13 days).

9



10 Radiotherapy

Figure 3. Laminectomy and posterior stabilization in a 76-year-old male with C5 metastasis of thyroid cancer. A patient
presented with right deltoid muscle weakness and intractable pain in the right shoulder. The Tomita and Tokuhashi scores
were 7 and 9 points, respectively. He underwent combination spinal surgery with a C5 laminectomy and C2 to T2
posterior stabilization, and postoperative conventional radiation therapy (30 Gy in 10 fractions). (a) Preoperative com-
puted tomography. (b) and (c): Preoperative magnetic resonance imaging with T1-weighted and T2-weighted images,
respectively. (d): Intraoperative image. (e) and (f): Postoperative radiographs.

Treatment Baseline 1 month 3 months 6 months
Median PS Surgery 4 2 1 1
Nonsurgery 3 4 4 4
Mean BI Surgery 43.8+28.0 742 +26.7 749+ 31.8 82.5+28.1
Nonsurgery 48.5+31.9 37.9+34.1 35.5+31.0 31.7+10.4

Surgery patients (1 = 46), nonsurgery patients (1 = 24). PS, Eastern Cooperative Oncology Group Performance Status; BI,
Barthel Index.

Table 4. Surgical outcome of performance score and activities of daily life in patients with spinal metastases.

The complication rate after surgery can be as high as 20-30% and this must be weighed
against the intended benefits. Postsurgical complication and mortality rates were evaluated
in 26,233 patients included in the National Inpatient Sample of United States [29]. The in-
hospital mortality rate was 5.6% and the complication rate was 21.9%. Pulmonary (6.7%)
and postoperative (5.9%) hemorrhage or hematoma were the most commonly reported
complications. Complication rates were higher in older patients and those with
comorbidities including hypertension, chronic lung disease and diabetes mellitus; having a
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single comorbidity increased the risk of in-hospital death by ~4 fold. In a retrospective
series of 123 patients treated for spinal metastases, the rate of major wound complications
(dehiscence or wound infection) was 32% in the group that underwent RT before surgery,
whereas it was 12% in the group of patients first treated using surgery. Therefore, in
patients with symptomatic MSCC, postoperative RT appeared to be more beneficial than
preoperative RT [30].

Total Surgery Nonsurgery
No. (%) (n=70) No. (%) (n = 46) No. (%) (n=24)
PS
Improved 49 (70.0) 45 (97.8) 4(16.7)
Unchanged 13 (18.6) 1(2.2) 12 (50.0)
Deteriorated 8 (11.4) 0(0.0) 8 (33.3)
Redeteriorated 9 (12.9) 9 (20.0) 0(0.0)
ADL
Improved 45 (64.3) 44 (95.7) 1(4.2)
Unchanged 14 (20.0) 2 (4.3) 12 (50.0)
Deteriorated 11 (15.7) 0(0.0) 11 (45.8)
Redeteriorated 9(12.9) 9 (20.5) 0(0.0)

PS, Eastern Cooperative Oncology Group Performance Status; ADL, activities of daily living.

Table 5. Outcomes of endpoints in patients undergoing surgical treatment and nonsurgical treatment.

In patients with spinal bone metastasis, the goals of spinal surgery are to restore spinal
stabilization, preserve neurologic function and provide pain relief. For appropriately indicated
patients, spinal surgery can provide significant improvements in both QOL and ADL, possibly
leading to the administration of adjuvant systemic therapies.

5. Rehabilitation for bone metastasis after surgery or RT

Because of the advances in diagnostic and therapeutic technologies, the overall survival of
cancer patients has been prolonged, although the cancer survivors treated with RT has
increasing. Patients during/after RT often suffer from the RT-related toxicities including
radiation sickness, fatigue, nausea, vomiting, mucous membrane disorder, etc. These symp-
toms markedly reduce the physical activity level of patients and lead to deconditioning,
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such as muscular weakness, flexibility deterioration, cardiorespiratory dysfunction and
psychological symptoms. Therefore, the rehabilitation intervention which increases the
physical activity level and prevents deconditioning is important. Mock et al. reported that
the walking exercise program during RT improved the physical functions, fatigue, emo-
tional distress and difficulty sleeping in breast cancer patients during RT [31]. And Segal
et al. showed that the resistance/aerobic training improved the QOL, aerobic fitness and
strength in prostate cancer patients during RT [32]. Also in the guidelines from American
College of Sports Medicine (ACSM) [33], the rehabilitation intervention recommended to
improve physical function, aerobic fitness, QOL and fatigue in cancer patients during/after
RT.

Furthermore, the number of elderly cancer patients treated with RT has been recently increas-
ing. The elderly patients who have sarcopenia and frailty easily suffer from RT-related toxic-
ities and deconditioning, then, decrease the completion rate of treatment [34], so the
rehabilitation should be positively applied to cancer patients during/after RT, especially for
elderly patients.

Moreover, the incidence of cancer survivors with bone metastasis has increased. Trouble-
some bone metastasis develops in 10-20% of patients with cancer. The majority of these
patients have an increased risk for skeletal-related events (SREs) including pathologic frac-
tures, spinal cord compression, the need for surgery, the need for RT and hypercalcemia [35].
SREs have been associated with significant morbidity, limited function and a decreased QOL
[36-38]. In particular, pathologic fractures and spinal cord compression restrict ADL. There-
fore, multidisciplinary team management of SREs (so-called bone management) is para-
mount in these patients. In these patients, rehabilitation over the course of treatment for the
prevention of SREs and improvement of ADL and QOL is a key aspect of “bone manage-
ment”.

5.1. Purpose of rehabilitation for patients with bone metastasis

The essential points of the rehabilitative interventions for patients with bone metastasis are as
follows [39]. (1) Rehabilitation aims to prevent patients from becoming bed-bound and helps
them to maintain as much independence as possible with regard to ADL. (2) Rehabilitation
commonly focuses on training patients to use their residual functions or to develop compen-
satory techniques by training in the use of assistive equipment or orthoses and educating both
patients and their family members to help them adjust to the altered way of life. (3) Rehabili-
tation has inherent risks such as pathologic fractures and spinal cord compression. Improve-
ments in physical function and physical activity levels due to rehabilitation might lead to an
increased risk of pathologic fracture during ADL. However, bed rest, as an alternative, has
various complications including muscle contractures, weakness and atrophy, orthostatic hypo-
tension, pressure sores, pneumonia, confusion and disorientation (so-called disuse syndrome).
Therefore, rehabilitation with the management of SREs risk would be more beneficial com-
pared with bed rest.
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5.2. Rehabilitative intervention paradigms

For patients with bone metastasis, rehabilitation mostly provides the adequate settlement of
bed rest angles, training for the use of orthoses, instructions for adequate movements for ADL
and exercises to maintain and increase physical function and ADL through discussion at bone
metastasis board.

5.2.1. Settlement of bed rest levels: spinal bone metastasis

In cases of pathologic fracture or fragility in the vertebral body (high risk of paralysis), the
head end of the Gatch bed should be raised by 30 degrees and patients wear a rigid spinal
brace. Patients are moved using the logroll technique without flexion or rotation of the spine.
In cases with a low risk of pathologic fracture (bone cortex remains), patients should wear a
rigid spinal brace, but there is no restriction on the bed rest angle.

5.2.2. Settlement of bed rest levels: pelvic/lower extremity bone metastasis

In the case of pathologic fracture or fragility in weight-bearing bones or joints, patients are
advised to avoid weight-bearing on the affected bone or joint. In patients with remaining bone
cortex and an absence of pain, there are no restrictions in ADL.

5.2.2.1. Introduction of orthoses

In patients with bone metastasis, orthoses are applied to decrease bone pain, prevent or treat
pathologic fractures and paralysis and to improve physical function. In patients with cervical
metastasis, in stable cases, a soft cervical collar is applied to restrict flexion and extend the
cervical vertebrae. In unstable cases, a Philadelphia collar and halo vest is applied to inhibit
flexion, extension, rotation and lateral bending of the cervical vertebrae. In patients with
thoracolumbar metastasis, spinal orthoses are applied to facilitate local rest by restricting the
flexion, extension, rotation and lateral bending of the spinal column, which helps to reduce
bone pain and inflammation, thereby reducing adverse psychological effects.

In the case of conservative treatment, a functional brace is applied to the humeral diaphyseal
fracture and a patellar tendon-bearing orthosis is applied to the weight-bearing bone or joint
below the lower leg. It takes a long time to increase bone strength, even after RT and long-term
nonweight bearing is necessary. Therefore, surgery should be considered for the bone metas-
tasis in the weight-bearing bones of the lower extremities.

5.2.2.2. Instructions for adequate movements

In the rehabilitation setting, to decrease the risk of the pathologic fractures and pain,
patients are instructed on how to move when conducting ADL. The examples are shown
in Table 6.
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Examples

Daily life behaviors -For patients with spinal bone metastasis, excess flexion, and rotation of the trunk should be
avoided in rolling over and getting up from bed.

-For patients with bone metastasis of the weight-bearing bones in the lower extremities and pelvis,
the transfer of motion with non-weight bearing should be instructed.

‘In getting up from the bed, patients should use the automatic bed Gatch up function.
Assistive device ‘A cane, crutch, or walker should be used to decrease pain and weight-bearing.

-A wheelchair should be used to decrease the physical burden in moving long distances.

-Self-help devices, such as a Sox aid, should be used to avoid the pain caused by trunk flexion.
Living environment -Install handrails to decrease pain with ambulation.

adjustment ‘Install handrails and higher toilet seats in the restroom to decrease pain and assist with standing up
from a seated position.

Table 6. Examples of instructions of movements for activities of daily living.

5.2.2.3. Bone metastasis board

Under the concept of “bone management,” the multidisciplinary team approach is necessary
to achieve the early detection and treatment of bone metastasis and the clinical practice of
multidisciplinary therapy. In the treatment of bone metastasis, surgery, radiation therapy,
rehabilitation and pain control should be considered, so the multidisciplinary team should
discuss and decide the treatment plan in bone metastasis board. The necessity of rehabilitation
and orthosis, settlement of bed rest level and risk management are also discussed in bone
metastasis board, so the rehabilitation intervention can be safely provided to the bone meta-
static patients.

5.3. Efficacy of rehabilitation

Previous studies have reported that rehabilitation during multidisciplinary therapy
improved pain, physical function, ADL, QOL and prognosis in patients with bone metasta-
sis (Table 7). Ruff et al. [40] showed that patients with spinal epidural metastasis who
underwent rehabilitation had less pain, consumed less pain medication, were less
depressed and had a greater satisfaction with life, compared with those who did not
undergo rehabilitation. Other studies have reported that the rehabilitative intervention in
patients with bone metastases improved functional independence measure scores, progno-
sis, physical function (muscle strength, submaximal aerobic exercise capacity and ambula-
tion), physical activity level and QOL [41-44]. The rehabilitation with risk management by
the multidisciplinary team could be effective in preventing SREs and improving pain, ADL,
QOL and prognosis in patients with bone metastases. However, reports on the efficacy of
rehabilitation in patients with bone metastasis are limited and were usually conducted in
small populations. Therefore, further studies in larger populations are needed to validate
the efficacy of rehabilitation.
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Author Subjects Study design Intervention Primary outcome  Major results

Ruff [40] 42, spinal Controlled Training in transfers,  Pain, depression, Intervention group had less
epidural retrospective  bowel and bladder life satisfaction pain, consumed less pain
metastasis study care, incentive medication, were less

spirometry, nutrition, depressed, and had greater
and skin care life satisfaction.

Tang [41] 63, Retrospective  Neuro-oncology Functional Functional independence
metastatic  descriptive rehabilitation, tailored independence measure score improved.
spinal cord ~ study to the needs of the measure scores, Longer survival in patients
compression patient Tokuhashi score with high Tokuhashi scores.

Cormie [42] 20, bone Randomized  Aerobic exercise and  Fatigue, physical ~ Physical function, physical
metastatic  controlled resistance exercise function, body activity level, and lean mass
prostate study composition improved.
cancer

Jane [43] 72, bone Randomized  Massage: 3-month Pain intensity, sleep Beneficial effects on pain,
metastasis  controlled training program quality, symptom  mood, muscle relaxation, and

study distress scale sleep quality.

Rief [44] 60, bone Randomized Isometric resistance Pain, concurrent Pain relief over a 6-months
metastasis  controlled training of the muscles medication, oral period and reduced oral

study along the entire morphine morphine equivalent dose, as
vertebral column equivalent dose well as concomitant pain
medication.

Table 7. Details of previous reports concerning rehabilitation for bone metastasis patients.

6. Reirradiation for bone metastases

RT is one of the most useful modalities for pain relief in patients with bone metastases.
Although the American Society for Therapeutic Radiology and Oncology guidelines rec-
ommend 8 Gy in a single fraction as the standard method for palliative RT in uncompli-
cated painful bone metastases, reirradiation is required in 20-40% of cases [45, 46]. The
reirradiation rates are 2.5-fold higher after single fraction RT compared with after
multifraction RT [1]. Single fraction RT is commonly used for reirradiation. According to
the prospective randomized trial of reirradiation undertaken by the National Cancer
Institute of Canada Clinical Trial Group, single fraction RT of 8 Gy seemed to be
noninferior and less toxic than multifraction RT of 20 Gy [47]. The pain relief response
rate following reirradiation is 60-70%, with complete and partial responses of about 20
and 50%, respectively [46, 48], which are similar to the response rates seen with an initial
effective RT. Although initial responders are more likely to respond to reirradiation than
initial nonresponders, about half of the nonresponders can be expected to respond to
retreatment [48].

Reirradiation is also effective to maintain walking abilities of patients with MSCC. However,
the median duration of response is relatively short (about 4-5 months) [49, 50]. The degree of
motor function after reirradiation is associated with the walking ability before RT. More than
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80% of ambulant patients before RT will be expected to maintain the walking ability, whereas
less than 20% of not ambulant patients will recover the function [49, 50]. SBRT is well suited for
reirradiation of the spine due to its superiority of dose distribution compared with conven-
tional techniques. SBRT has a major potential to provide superior local control without increas-
ing toxicity (Table 8) [51-54]. A care must be taken when SBRT is applied to patients with
MSCC, because the existence of tumor too close to the spinal cord is a risk factor for local
recurrence due to underdose [51]. Relatively little is known regarding the long-term toxicities
of reirradiation. Because reirradiation has the potential to exceed normal tissue tolerance, it
might be appropriate to sum the biologically effective doses (BEDs) from the initial and repeat
treatment regimens to estimate the safety of treatment. The BED is calculated according to the
liner-quadratic model [BED = D x (1+ d/a/f), D: total dose, d: fractional dose] with generally
using a/p value of 2 (Gyy) for the late effects. For example, the BED for 30 Gy in 10 fractions is
75 Gy, and 8 Gy in single fraction is 40 Gy,. Regarding the spinal cord, higher cumulative RT
doses (BED > 135.5 Gy»), higher doses for each RT course (BED > 98 Gy,) and a short interval
between the courses (<6 months) could be associated with a higher probability of developing
radiation-induced myelopathy [55]. These dose constraints for the spinal cord seem to be
reproducible in SBRT [56].

Author Patients/ Previous EBRT Median dose/Fx (range) Local control Overall Neural
(year) lesions (n) dose/Fx survival toxicity
Garg [52]  59/63 NA 30Gyin5fx,27Gyin3 76%at1year 76%atl 20f G3
fx year Radiculopathy
Mahadevan 60/81 30Gyin10fx 24 Gyin 3 fx, 25-30 Gy in 93% at last 11 month None
[53] (median) 5 fx follow-up (median)
Hashmi 215/247 30Gyin10fx  8-22Gyin1fx, 1450 Gy 93% at 6 64% at 6 None
[54] (median) in 3(2-20) fx months months

SBRT, Stereotactic body radiotherapy; EBRT, external beam radiotherapy; Fx, fraction; NA, not available; G3, grade3

Table 8. Outcomes of reirradiation by spinal SBRT.

7. Beyond metal implant artifacts

Metallic surgical implants are commonly used in patients who undergo RT for bone metas-
tasis. In computed tomography, metallic hardware can dramatically attenuate the X-ray
beam and severe beam hardening effect and lead to faulty or inconsistent projection data
[57, 58]. Consequently, so-called metallic artifacts or bright and dark streak artifacts can
dramatically degrade the image quality. Figure 4 illustrates a typical case of a patient who
underwent spine-stabilization before adjacent RT. Strong artifacts induced by the titanium-
based pedicle screws make it difficult to distinguish target lesions from surrounding nor-
mal tissues.
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Figure 4. Artifacts of metallic surgical implants. (A) 2D radiography image shows a patient with implanted titanium
pedicle screws. (B) Computed tomography image of a patient with titanium pedicle screws. Streak artifacts are present
around the metallic implants.

For modern-era RT protocols, target delineation and dose calculation are performed on CT
images using treatment-planning systems. Therefore, metallic artifacts, that are commonly
located directly adjacent to the target volume and organs-at-risk and that degrade the
delineation accuracy and dose calculation might lead to poor local control and a high risk of
complications. Several studies have investigated the metallic-implant-related dosimetric
impact using Monte Carlo simulations. Spadea et al. [59] reported that low-Z materials such
as titanium might not cause relevant dose discrepancies, while high-Z materials including
gold and platinum might lead to underestimation of the delivered dose during photon beam
irradiation. Verburg et al. [60] investigated the effect of titanium implants on dosimetric
errors in photon therapy treatment planning. They revealed dose discrepancies of up to
10% with range differences of up to 10 mm in artifact-contaminated areas. Figure 5 illus-
trates examples of dose differences caused by titanium-based artifacts introduced by
Verburg [58]. Factors including the beam-implant interaction, radiation beam type and the
physical characteristics of the metals differ and eventually lead to dose uncertainties. For
bone metastasis, especially in cases of infield recurrence of metastatic spinal lesions, the high
dosimetric accuracy for organs-at-risk becomes clinically significant because of the limited
spinal cord radiation tolerance. Recently, several promising approaches to reduce metallic
artifacts have been proposed, such as metal artifact reduction (MAR) algorithms [61-63] and
monoenergetic extrapolations from dual-energy computed tomography (DECT) [64, 65].
Figure 6 briefly illustrated reduction of metal artifacts using a frequency split MAR method
introduced by Meyer et al. Antiartifact approaches have proven useful for improving target
delineation and dose calculation in RT, but to date, they have not been widely implicated for
routine clinical use.

17
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SCaN With Titaniu

Figure 5. Differences in dose calculation of photon beams passing through the metal artifact region. (A) Dose calculation
on the artifact-affected computed tomography image. The arrow indicates the titanium insert. (B) Dose calculation on the
ground truth computed tomography image without the artifact.

B

Figure 6. Reduction of metal artifacts using a frequency split MAR method. (A) Patient with implanted pedicle screws.
(B) Patient with implanted unilateral hip endoprosthesis, Left: original computed tomography image; right: MAR
corrected computed tomography image.
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In conclusion, in cases of bone metastases, the impact of dose uncertainties due to metallic
implants is critical in modern RT, especially in patients undergoing reirradiation. Promising
antiartifact approaches might be useful options to achieve the anticipated magnitude of clinical
benefit.

8. Conclusion

RT plays a central role in the management of painful bone metastasis. Compared with
conventional RT, IMRT, or SBRT enables the delivery of higher doses to the target tumor
while minimizing the dose to adjacent organs. Not only pain relief but also the restoration
of spinal stability and preservation of neurologic function are associated with RT in patients
with spinal bone metastases. A multidisciplinary team, especially one consisting of a spinal
surgeon and rehabilitation physician, is particularly helpful for treating patients with spinal
bone metastases characterized by spinal instability. Reirradiation using IMRT or SBRT is a
valuable option for the management of bone metastasis. Future developments in surgical
procedures and RT will likely improve the management protocols for bone metastases and
technology to reduce metal artifacts in radiation planning might improve the efficacy and
safety of combination therapy.
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Abstract

Lung cancer remains one of the top five cancers worldwide. Around 85% are nonsmall cell
lung cancer (NSCLC) and only one-third present with early stage diseases. Radiotherapy
had an important role both in radical and palliative treatment. With advancement in
technology, newer techniques of stereotactic body radiotherapy allow delivery of much
higher biologically effective dose to tumor achieving similar outcomes to radical surgery
in early stage diseases. However, the usually large tumor volume together with preex-
iting poor lung condition makes radiotherapy challenging to deliver a radical dose to
tumor while maintaining normal tissue constrains. In this chapter, different indications
and techniques used in treating NSCLC will be discussed and reviewed.

Keywords: nonsmall cell lung cancer, external beam radiotherapy, stereotactic body
radiotherapy

1. Introduction

According to the World Cancer Report 2014, lung cancer remains the top five most com-
mon cancers among both men and women worldwide. And it is also the leading cause of
cancer deaths. Majority (around 85%) are nonsmall cell lung carcinomas [1, 2]. Incidence of
adenocarcinoma had been rising and now became the most common histological subtypes
in both men and women. About one-third of them are presented with early stage local-
ized disease (stage I-1I), another one-third with locally advanced disease (stage III), and
remaining one-third with metastatic disease (stage IV) at diagnosis [3, 4].
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2. Anatomy

Lungs are a paired structure that is separated into left and right by the mediastinum, which
contains the tracheal, heart, esophagus, and lymph nodes. The left lung is divided into upper
and lower lobe by oblique fissure, while the right lung is divided into three lobes (upper,
middle, and lower) by oblique and horizontal fissures.

Lung cancers can arise from mucosa of the tracheobronchial tree or the alveolar lining cells of
peripheral lung parenchyma. Tumor can spread locally within lung parenchyma or invading
surrounding structures including mediastinum, major vessels, or chest wall (Figure 1). They can
also spread along major airways causing obstruction, distal collapse, or atelectasis (Figure 2).

Figure 1. Tumor invasion to chest wall.

Figure 2. Tumor over left main bronchus causing collapse of left upper lobe (red arrow).
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There is rich lymphatic within the respiratory system that accounts for the high rate of nodal
metastasis. The lymph node map proposed by the International Association for the Study of
Lung Cancer (ISALC) in 2009 divides the lymph nodes into 14 stations and sever zones [5]. It is
adopted by the latest seventh edition of AJCC and UICC Manual for N staging, with involve-
ment of ipsilateral hila node as N1, ipsilateral mediastinal nodes as N2, and contralateral medias-
tinal or supraclavicular nodes as N3. Lymph nodes drainage depends on the location of tumors,
with those in left upper lobe drain predominantly into subaortic node and those in right upper
lobe drain predominantly into right upper paratracheal node. Middle and lower lobe tumors
drain more commonly into subcarinal and lower paratracheal nodes. However, skip metastasis
to mediastinal nodes bypassing hilar nodes occur in around 10-25% tumors [6]. Lymph nodes
with short axis diameter >10 mm is considered suspicious of nodal metastasis (Figure 3).

Figure 3. Enlarged mediastinal lymph node over (a) right upper paratracheal node (station 2R) and (b) subaortic node
(station 5).

3. Staging and assessment

All patients with suspected Iung cancer should have computer tomography (CT) of thorax with
intravenous contrast for proper staging. Histological proof from primary tumors can be obtained
by bronchoscopy if centrally located or by image-guided approach if peripherally located. For
those patients planned for radical treatment, positron emission tomography (PET) scan is recom-
mended to exclude any distant metastasis. Unanticipated metastasis may be detected in up to
10-20% cases. It is also more useful than CT in differentiating collapse or atelectasis from primary
tumors (Figure 4). Any suspicious lymph nodes based on enlargement on CT or uptake in PET
should be confirmed by needle technique (e.g., endoscopic ultrasound) or mediastinoscopy.

Figure 4. Use of PET in differentiating primary tumor with intense uptake (red arrow) from surrounding collapse or
atetactasis (white arrow).
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4. Indications of radiotherapy

4.1. Nonsmall cell lung cancer
4.1.1. Early stage I-1I disease: curative treatment

Radical surgery remained the preferred treatment in early stage I-II lung cancer with 5-year
overall survival rate of around 60-80%. Radical radiotherapy can be an alternative to patients
who are medically unfit for surgery due to medical comorbidities or who declined surgery.
Currently, there are no phase III trials to directly compare the outcomes after surgery with
radiotherapy. Retrospective and historical databases showed that the long-term survival after
conventional radiotherapy may be half (or even less) than that after surgery, with 5-year sur-
vival of around 20-30% in most series. But this indirect comparison is difficult due to the dif-
ferent population groups with more elderly, comorbidities, or poor lung function in those
nonsurgical series. For elderly patients, hypofractionated scheme using 55 Gray (Gy) in 20 daily
fractions is as effective as conventional radiotherapy in 2Gy per fraction.

Stereotactic body radiotherapy (SBRT) is now a newly emerging treatment option that allows
delivery of a much higher radiation dose to a precise area than conventional radiotherapy.
The reported local control rate in early stage lung cancer can be up to 80-90% in 2 years and is
well tolerated. Therefore, it becomes the preferred radiotherapy modality for stage I lung can-
cer patients who are not fit for surgery. But extra care should be given when treating tumors
that are centrally located around the major airways due to the potential higher complications
with the hypofractionated regime.

4.1.2. Locally advanced stage III disease: curative treatment

This stage of disease was considered locally advanced either due to extensive primary tumor
extension to extrathoracic structures nearby (T3 or T4) or mediastinal lymph nodes involve-
ment (N2 or N3). It is a heterogeneous population that requires multimodality treatments.
The reported 5-year survival was around 10-30%. A multidisciplinary discussion involv-
ing cardiothoracic surgeons, radiologists, and oncologists is needed to individualize and
optimize the treatment plan for each patient. Patients with good performance status 0-1,
no significant weight loss of >10% in the preceding 3 months and good pulmonary function
(forced expiratory volume in 1 second FEV1 > 1.0 L) are candidates for radical combined
modality treatment.

For potentially operable N2 disease, induction treatment with either chemotherapy alone
or chemoirradiation is recommended over surgery alone. There is no solid evidence to sup-
port the superiority of either approach. Addition of preoperative radiotherapy may have
the potential effect in downstaging the tumor and achieving a higher pathological complete
remission rate of mediastinal disease. Special precaution should be given with its use in can-
didates before a planned pneumonectomy due to the higher perioperative mortalities. When
preoperative radiotherapy is considered, a dose higher than 45-54 Gy in 1.8-2 Gy per fraction
had not been shown to give addition survival benefit.
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For infiltrative N2 or N3 (contralateral mediastinum) disease, risk of systemic micrometasta-
ses is high. Definitive chemoirradation is the commonly used approach. Addition of chemo-
therapy to radical radiotherapy led to a survival benefit of 5-10% at 5 years. Concomitant use
of chemotherapy had a further improvement in survival by 4.5% at 5 years when compared
with sequential approach, but with the expense of higher toxicities (mainly esophagitis and/
or pneumonitis). Platinum-based doublet chemotherapy is the preferred regime and usually
2—4 cycles are given [7, 8]. Thus, concurrent chemoirradiation is the preferred strategy for fit
patients, while sequential approach can be used for less fit patients with disease still within a
treatable radical radiotherapy volume. A dose higher than 70 Gy in conventional fractionation
is not recommended due to the associated higher toxicities but no added survival benefit. A
continuous, hyperfractionated, accelerated radiotherapy (CHART) using 54 Gy in 36 fractions
of 1.5 Gy three times per day can be considered for selected patients opting for radiotherapy
alone. It had around 20% relative risk reduction in 2-year local progression rate and survival
compared with conventional radiotherapy, but implementation can be challenging.

For patients with performance status 3—4, significant comorbidities and poor lung function
that preclude a radical treatment approach, palliative radiotherapy may be considered for
local symptoms control.

4.1.3. Metastatic stage IV disease: palliative treatment

Early radiotherapy to thorax in patients with incurable disease but no or minimal symptoms
had not been shown to improve symptom control, survival, or quality of life. Hence, pallia-
tive thoracic radiotherapy can be deferred till symptoms emerged. Common indications are
cough, hemoptysis, chest pain, and airway obstruction [9]. The optimal radiotherapy dose
and fractionation schedule remained unclear. While there is no significant difference in symp-
tom control with different dose schedules, a small survival improvement may be seen with
higher dose radiotherapy.

For malignancy-related superior vena cava obstruction, external beam radiotherapy is effec-
tive in 60% patients with nonsmall cell lung cancers and 80% patients with small cell lung can-
cers [10]. Chemotherapy is another treatment option for patients with chemosensitive tumors
like lymphoma, germ cell tumors, or small cell tumors. Intravascular stent insertion may be
considered for patients that require rapid relief of symptoms, those who fail to response or
relapse after radiotherapy.

Palliative radiotherapy can also be given to distant metastatic sites (e.g., bone, skin). Single frac-
tion radiotherapy is as effective as longer course radiotherapy in pain and local symptom control.

4.1.4. Postoperative treatment

Adjuvant postoperative radiotherapy (PORT) helps to improve local control in patients with
high risk of local recurrence after surgery, including those with pathological N2 disease and
incomplete resection either microscopically or macroscopically. A careful evaluation of gen-
eral conditions and remaining lung reserves is required before the start of treatment. It is not
routinely given to early stage I-II disease with clear resection due to the potential detrimental
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effect on overall survival from previous meta-analyses that include trials using large radiation
fields and nonconformal radiation techniques. However, its role with the use of modern radio-
therapy machine and conformal radiotherapy are unclear and further research is warranted.

5. Radiotherapy data acquisition

5.1. External beam radiotherapy
5.1.1. Immobilization

Patient will lie supine with arms above head holding a T-bar device and elbow supported
laterally (Figure 5) to facilitate different beam angle entry for treatment. Knee support can be
given to allow a more comfortable position when needed. Vacuum bag can be added to reduce
movement if treatment time is long. For palliative setting using AP beams only, patients usu-
ally lie supine with arms beside body.

Figure 5. Immobilization for thoracic radiotherapy with T-bar and elbow support.

5.1.2. Simulation

For treatment with radical intent, computer-tomography from cricoid to lower border of L1 is
needed to cover the whole lung for calculation of lung dose. Slice thickness of 3-5 mm allows
better quality of images for target volume delineation. Intravenous contrast is not essential but
is preferred when mediastinal disease is present so as to allow better visualization of the extent.
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For treatment of palliative intent, radiation field border can be defined by simple X-ray simulation.
Radio-opaque markers (e.g. lead wire) can be used to mark any clinically palpable diseases that
are going to be included for radiotherapy (e.g., chest wall mass, supraclavicular lymph nodes).

To aid set-up, tattoos will be marked on beam center or isocenter, together with lateral refer-
ence points over left and right side of the body.

5.2. Stereotactic body radiotherapy (SBRT)
5.2.1. Immobilization

Patient should be immobilized in a comfortable position to avoid movement during the lon-
ger treatment length of each fraction. In this way, a supine position with arms above head
immobilized by wing board and vacuum bag is commonly used (Figure 6).

Figure 6. Immobilization with wing board and vacuum bag for SBRT of lung cancer.
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5.2.2. Breathing motion assessment and correction

Fluoroscopy can be used to visualize tumor motion. But it only allows tumor motion assess-
ment in two dimensions and can be difficult if with indistinct border of tumors. Noncontrast
four-dimensional CT (4D CT) is a better option, which is a fast scanner that acquires multiset
of CT images over consecutive phases of breathing cycle. Information about patients’ breath-
ing cycle and amplitude can be recorded by infrared reflecting marker and a coupled camera
(Figure 7). And different CT images set will be sorted according to different phases in the
respiratory cycle (Figure 8).

tracking camera

Infrared reflective marker box

Figure 7. Infrared system including reflecting marker on patient's xiphsternum and coupled camera for tracking
breathing cycle.
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Figure 8. Sorting of 4D CT images by different phases in respiratory cycle.
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Additional methods should be considered to reduce the tumor movement when it is >1cm,
including abdominal compression, breath-hold, respiratory gating, or active breathing con-
trol. Both breath-hold and active breathing control require sufficient lung reserve to allow
holding each breath for at least 20 seconds, which may be difficult for most of patients with
lung cancers. Respiratory gating allows free breathing and beam on in certain phase of respi-
ration. But it requires the use of fiducial markers to track internal tumor motion and is time
consuming. Abdominal compression is the most commonly used method but reproducibility
can be difficult (Figure 9). So the best method to be used depends on the patient's condition,
tolerance, and corporation.

Figure 9. Abdominal compressor on patient's belly to reduce respiratory motion.
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6. Target volume delineation

6.1. Conventional radiotherapy

Any clinical information and findings from bronchoscopy and mediastinoscopy should be
gathered and correlated with diagnostic images. For postoperative cases, surgical records and
pathology reports should be reviewed. And in case with doubt, discussions with surgeons
and pathologists are encouraged to identify sites at risk of recurrence. Clips that are placed
intraoperatively at sites with incomplete resection are useful for target identification.

An appropriate window setting should be used to delineate different targets on planning
CT. Extent of primary lung tumor and mediastinal disease is best visualized by lung setting
(window width 1600 and window level -600) and soft tissue setting (window width 400 and
window level 20), respectively (Figure 10). Diagnostic imaging (e.g., CT or PET) should be
coregistered with the planning of CT for contouring. PET images can help delineate area of
collapse and atelectasis from tumors, but care should be taken when matching the images due
to poor spatial resolution and breathing motion artifact.

Figure 10. Soft tissue window setting (a) in planning CT to define the mediastinal lymph node (red arrow), which cannot
be easily seen in lung window (b).

Gross tumor volume of primary tumor (GTV-P) is best contoured on lung window setting to
include any visible tumor within lung parenchyma and the speculated border. Any local inva-
sion to surrounding structures (e.g., chest wall, vertebra) should be included as well based on
soft tissue window setting. Areas of collapse or atelectasis were excluded but can be difficult to
differentiate. Input from radiologists and PET may be useful. Elective nodal irradiation is not
recommended as isolated nodal recurrences are rare. So GIV of lymph node (GTV-N) will only
include any pathologically confirmed lymph nodes (fine needle cytology or core biopsy) and any
suspicious lymph nodes based on imaging characteristics (including short axis diameter >1 cm,
necrotic center or PET uptake). If chemotherapy had been used before radiotherapy, all initial
sites of tumor involvement should be contoured unless it exceeds a tolerable radiotherapy portal.

An isotropic margin is then added to GTV-P to cover microscopic tumor spread to form the
clinical target volume (CTV-P). Usually, a 6 mm margin for adenocarcinoma and an 8 mm
margin for squamous cell carcinoma are used as it had been shown to cover around 95% of
microscopic tumor extension on pathological specimens [11]. Subsequent CTV-P is edited
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according to the presence of natural barriers (e.g., great vessels, bone). For GTV-N, usually no
additional margin is needed for CTV.

A margin from CTV to PTV (planning target volume) depends on tumor motion and daily set-
up errors (Figure 11). Tumor motion can be quite variable from zero in cases using implanted
fiducial markers in image-guided radiotherapy to certain centimeters in cases without any
breathing motion control. Set-up errors are regularly measured in each department and usually
within 5 mm in all directions. In common practice with free breathing treatment, a 1 cm isotro-
pic margin is usually given to form the PTV. But a larger superior-inferior margin of 1.5 cm may
be used for tumors with greater movement as long as the lung dose is within the tolerance limit.

CIARIY

Figure 11. Target volume delineation: primary lung tumor (T) is contoured on lung window as gross tumor volume (GTV;
red line); an additional 6 mm is added to form clinical target volume (CTV; blue line) to cover microscopic spread; further
1 cm margin is added to form the planning target volume (PTV; green line) to account for tumor motion and set-up error.

For palliative radiotherapy using AP beams, information about tumor extent from diagnostic
imaging can be superimposed on those visible on simulator to form the GTV. And a further
1.5 cm margin from GTV can be used to define the radiotherapy field border.

6.2. Stereotactic body radiotherapy

Internal target volume (ITV) takes into account both GTV and internal tumor motion. It can
be generated from the 4D CT using the maximum intensity projection (MIP) scan, maximum
inspiratory, and expiratory scans, or all 10 phases of respiratory cycles (Figure 12). No CTV is
needed. The usual CTV to PTV margin is 3-5mm, but it depends on methods of immobiliza-
tion, tumor motion assessments, and treatment verification.

= —

Y ~3

Figure 12. Target delineation on 4D CT: tumor is contoured on MIP images to form the internal target volume (ITV; red
line); addition 5 mm margin was used to generate the planning target volume (PTV; green line).

\
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7. Organs at risk delineation

Organs at risk including heart, esophagus, and spinal cord will be contoured using soft tis-
sue window. The heart includes the whole structure within pericardial sac starting from the
pulmonary artery to the apex. All layers of esophagus will be included and contoured from
the cricoid cartilage to the esophagogastric junction. Spinal cord will be contoured at least 10
cm above and below PTV. For tumors over upper chest, the ipsilateral brachial plexus should
also be contoured. Both left and right lungs are also contoured and then used to form a new
structure called lung minus PTV after subtraction.

For SBRT, the tracheal and proximal bronchial tree should be contoured as well. Trachea
will start from the level of cricoid cartilage to 2 cm above the carina, where it then con-
tinuous with the proximal bronchial tree (PBT, Figure 13) including the distal 2 cm
trachea, main carina, bilateral main bronchi, bilateral upper lobe bronchi, lingular bron-
chus, intermedia bronchus, right middle lobe bronchus, and bilateral lower lobe bronchi.
A 2 cm margin applied around the PTB will then be used to form a PRV (planning organ
at risk volume).

= == I Defines Zone of the Proximal Bronchial Tree

Figure 13. Definition of proximal bronchial tree.
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8. Radiotherapy planning

For radical treatment, three-field conformal radiotherapy is most commonly used. The
choices of beam numbers and beam angles depend on the location of the tumor and proxim-
ity to OARSs. For early stage I-1I tumors with lateralized target volume, a lateral, anterior, and
posterior oblique beams are usually chosen to reduce irradiate contralateral lung (Figure 14).

Figure 14. Beam arrangement in a three-field conformal radiotherapy for early stage lung cancer (red line = GTV; green
line = PTV).

For more advanced stage disease with tumor involvement to mediastinum or across midline,
the above three-field technique using ipsilateral beams only may not give good dose cover-
age to target, and addition of contralateral beam will increase total lung dose. In such case,
two phases treatment should be considered. First phase will treat the mediastinum using AP
beams shaped by multileaf collimator (MLC), while the second phase will use conformal tech-
nique to give adequate coverage to all the target volume. With this approach, total lung dose
can be reduced but OARs near midline (e.g., esophagus, spinal cord) will receive higher dose.

For palliative radiotherapy, anterior and posterior fields modified by MLC are usually used
with dose prescribed to midplane. Energy of photon beam used will depend on separation at
the center of the field.
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Radiotherapy plans should be carefully evaluated using dose-volume histogram (DVH).
Optimal plan should aim at 95% PTV receiving at least 100% of the prescribed dose and 99%
PTV receiving a minimum of 90% of the prescribed dose. For OARs, commonly used dose
constrains for lung minus PTV is V20 (volume receiving >20 Gy) below 35%, preferably below
30%. However, a tighter constrain to reduce the risk of radiation pneumonitis should be con-
sidered when there is presence of other risk factors including preexiting lung disease and
concurrent use of chemotherapy. Another frequently used limit is the mean lung dose below
20 Gy. The dose constrains for other OARs are maximum dose to spinal cord less than 45 Gy
and heart V20 less than 40 Gy. Care should be given to avoid irradiation of more than 10 cm
length of the esophagus due to higher long-term risk of stricture.

For SBRT, either intensity-modulated radiotherapy using 6-8 fields (IMRT) or rapidarc ther-
apy is recommended to deliver a high and conformal dose to a precise area (Figure 15). Dose to
skin should be minimized to avoid cutaneous and subcutaneous toxicities. Recommendations
to other OARSs can be made reference to that published by ROSEL study and RTOG 0813 study.

Figure 15. Beam arrangement and dose color wash from SBRT for lung cancer using IMRT technique.
9. Radiotherapy dose and fractionation

9.1. Radical treatment

9.1.1. Early stage T1-3NO disease and fit patients: use SBRT

- For peripherally located tumor: 54 Gy in three fractions or 60 Gy in five fractions, alternate
day treatment over 1-2 weeks (more conservative schedule is recommended if PTV is in
contact with chest wall to avoid rib toxicities).
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- For centrally located tumor (defined as GTV within 2 cm from proximal bronchial tree): 50 Gy
in 10 fractions, alternate day treatment over 2 weeks.

9.1.2. Other early stage I-II disease: use conventional radiotherapy

- 60-70 Gy in 30-35 daily fractions over 6-6.5 weeks.

- Consider hypofractionated regime of 55 Gy in 20 daily fractions over 4 weeks if elderly.

9.1.3. Locally advanced stage III disease: use conventional radiotherapy

- For preoperative treatment (with or without chemotherapy): 45-54 Gy in 1.8-2 Gy per frac-
tion over 5-6 weeks.

- For definitive treatment with concurrent chemotherapy: 60-66 Gy in 30-33 daily fractions
over 6-6.5 weeks (consider treat up to 70 Gy in 35 daily fractions over 7 weeks if no chemo-
therapy given and within lung dose tolerance).

9.2. Adjuvant treatment

- For complete resection: 50 Gy in 25 daily fractions over 5 weeks.

- For incomplete resection: 60 Gy in 30 daily fractions over 6 weeks (consider boost up to 66 Gy
in 33 daily fractions if gross residual disease).

9.3. Palliative treatment

- For PS 0-1 and life expectancy >6 months: 30 Gy in 10 daily fractions over 2 weeks (consider
39 Gy in 13 daily fractions over 2.5 weeks if spinal cord not within treated volume).

- For PS >2: 20 Gy in five daily fractions over 1 week or 10 Gy single fraction.

10. Treatment verification and delivery

Portal images by electronic portal imaging device on treatment machines are taken on first
3 days on treatment and then weekly afterwards. These are compared and registered with
digitally reconstructed radiography (DRR) from CT simulations to allow offline corrections.
For SBRT, cone beam CT by onboard imaging on treatment machine is done daily to allow
online correction before delivery of each fraction of treatment.

During treatment period, patients should be reviewed at least once by radiation oncologists for
assessment of any acute radiation side effects. Mild chest symptoms like cough or dyspnea are
common but concomitant chest infection should be excluded if symptoms worsened. Dysphagia
can occur due to esophagitis which usually start at around third week. Adequate analgesics and
diet advice should be given to minimize severity and the impact on nutrition or weight loss.
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11. Follow-up

After radical treatment, CT of thorax and upper abdomen should be done 3 monthly in
the first 2 years, then half yearly till 5 years, and then annually to evaluate disease status.
Long-term toxicities especially on lung function and esophageal stricture should be regularly
reviewed and managed accordingly.
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Abstract

Lung cancer remains the leading cause of cancer death in North America and is one of the
major indications for proton therapy. Proton beams provide a superior dose distribution
due to their finite ranges, but where they stop in the tissue is very sensitive to anatomical
change. To ensure optimal target coverage and normal tissue sparing in the presence of
geometrical variations, such as tumor shrinkage and other anatomical changes, adaptive
planning is necessary in proton therapy of lung cancer. The objective of the chapter is to
illustrate the rationale, process, and strategies in adaptive lung cancer treatment using
uniform scanning proton beams. In addition, practical considerations for adaptive proton
planning are discussed, such as software limitations, the associated costs and risks, and
the criteria on whether and how to adapt a plan.

Keywords: uniform scanning, proton therapy, lung cancer, adaptive radiotherapy

1. Introduction

Lung cancer continues to be the leading cause of cancer death in the United States, and over
158,000 lung cancer deaths were estimated in 2015 [1]. Radiation is one of the major treat-
ment modalities for lung cancer treatment. Because of proton beams’ finite range, proton
beam therapy (PBT) has been increasingly used for lung cancer. Compared to 3D conformal
or intensity modulated photon radiation (IMRT), proton beams can better spare the lung,
esophagus, heart, cord, and other normal tissues while delivering the same or higher dose to
the treatment target [2—4]. The dosimetric advantage of proton therapy could lead to potential
better tumor control and less toxicity. Proton beams provide a superior dose distribution due
to their finite ranges, but where they stop in the tissue is very sensitive to anatomical change.
To ensure optimal target coverage and normal tissue sparing in the presence of geometrical
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variations, such as tumor shrinkage and other anatomical changes, plan adaptation is often
needed in proton therapy of lung cancer.

The chapter aims at illustrating the rationale and process in adaptive proton treatment of lung
cancers, as well as the strategies and practical considerations in plan adaptation, with a focus
on the use of uniform scanning proton beams.

2. Proton therapy system

Depending on how proton beams are spread out laterally and in depth, there are mainly three
proton delivery systems in clinical use: passive scattering proton therapy (PSPT), uniform
scanning proton therapy (USPT), and pencil beam scanning (PBS). In PSPT, the proton beam
is spread out laterally by a static scatterer (or double scatterers) located in the beam axis, and
the beam modulation in depth is typically achieved by using a rotating range modulation
wheel, which is composed of multiple steps of various thicknesses. Both USPT and PBS proton
therapy use scanning magnets to sweep proton beams laterally and deliver the dose to a target
volume layer by layer at various depths using proton beams of various energies. The main dif-
ference between USPT and PBS is that proton beams are scanned continuously with a uniform
intensity in a zigzag pattern at a fixed frequency for each energy layer in USPT, while deliv-
ered with various beam intensities from one spot to another or continuously for each layer in
PBS. PBS can be further divided into single field uniform dose (SFUD) delivery, which deliv-
ers a uniform dose to the target for each field, and multiple field uniform dose (MFUD), which
delivers a heterogeneous dose to the target for each field but achieves a homogeneous com-
bined dose from all fields. MFUD is also called intensity modulated proton therapy (IMPT).

Since our main focus for this chapter is USPT, a detailed description of a USPT system at our
center is described below. The proton therapy center is equipped with an IBA Cyclotron (IBA,
Louvain-la-Neuve, Belgium), which accelerates proton beams to approximately 230 MeV before
they are extracted to treatment rooms through a beam transportation system. The proton beam
passes through an energy degrader, which can lower the energy when necessary, and an energy
selection system (ESS) is then transported to a nozzle in the treatment room. After entering
the nozzle, the proton beam will first pass through a first scatterer, which broadens the beam
laterally to achieve the desired spot size at isocenter. The beam then passes through a range
modulator wheel, which does not rotate continuously for uniform scanning beam delivery and
mainly serves as an energy degrader. Together with the first scatterer, the modulator wheel
lowers the proton energy to deliver a peak dose layer by layer in depth. The beam is scanned
laterally with a constant frequency by two scanning magnets in a zigzag pattern to deliver a
uniform dose for a near rectangular scanning area. It then passes through the main and backup
ionization chambers that monitor the proton dose. At the end of the nozzle is a snout that holds
an aperture and a compensator and can translate along the beam axis to achieve variable snout
to isocenter positions. An aperture is used to collimate the beam to the treatment target later-
ally, and a range compensator is used to conform the proton penetration to the distal boundary
of the treatment target. More details on this system were described by Zheng et al. [5]. Figure 1
shows a schematic diagram of the uniform scanning nozzle at our proton therapy center.
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Figure 1. A schematic diagram of the uniform scanning nozzle at the ProCure Proton Therapy Center in Oklahoma
City. Proton beams (P) go through a first scatterer (A), a range modulator wheel (B), two scanning magnets (C and D),
the main and backup monitor unit ionization chambers (E), a snout (F), an aperture (G), a range compensator (H), and
stop at the patient (I). The nozzle has a distance of about 290 cm between the first scatterer and the isocenter, and 211 cm
between the effective source and the isocenter. (From Zheng et al. [5]).

3. Treatment techniques

3.1. Treatment simulation

Patient immobilization and simulation for lung cancer patients under proton therapy are
similar to those under photon therapy. However, since proton beams are very sensitive to
setup uncertainty and patient motion, the reproducibility of immobilization and proper
motion management are critical in proton therapy. At our center, patients typically lie
supine, are immobilized with a vacuum bag, which is on top of an index fixed framing
device (wing board), and with their arms up and hands holding the pegs on the wing board,
as shown in Figure 2. The patient is scanned at 2.5 mm slice thickness. If contrast is used,
one computerized tomography (CT) scan should be taken before the contrast is injected
in addition to one after the injection. The CT data with intravenous contrast will be used
primarily for target delineation, and the CT data set without contrast will be used for dose
calculation.

Four dimensional (4D) computerized tomography (CT) scanning is typically used for lung
cancer patients in proton therapy to evaluate patient motion. The motion can be monitored by
a belt system or a Varian RPM system during the 4D CT scan. The magnitude of tumor motion
is typically evaluated for each 4D CT scan and used to determine the strategies in motion
management. Depending on facility and beam delivery system, a limit of motion magnitude
is set, beyond which the patient will need additional motion management or be excluded
from proton treatment. For example, at our center, we generally treat patients using USPT
with a maximum motion of 10-15 mm, while at the MD Anderson Proton Therapy Center,
5 mm maximum motion was used for patients under PBS proton treatment [6]. While respira-
tory gating or breath holding could reduce the tumor motion, currently, it is only used clini-
cally in a very few proton centers due to challenges such as relatively low proton dose rate
that leads to long treatment time for gated treatment, lack of connection between the respira-
tory device and the proton beam delivery machine, and difficulty of holding breath for lung
cancer patients.
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Figure 2. Typical CT simulation and immobilization technique for lung cancer treatment using uniform scanning proton
therapy.

3.2. Treatment planning

Treatment planning can be performed on the average CT based on the 4D CT scan, or at a cer-
tain respiratory phase when gating or breast holding is used. At our center, we use the average
CT and an Internal target volume (ITV) approach to account for motion effect during treatment,
which is similar to what used at MD Anderson Cancer Center for lung treatment using pas-
sive scattering proton beams [7]. The internal gross target volume (IGTV) is contoured on the
maximum intensity pixel (MIP) images and expanded 7-10 mm to generate the clinical target
volume (CTV), which is expanded further by 5 mm to obtain the planning target volume (PTV).
The average CT will be used for treatment planning and dose calculation. The magnitude of
motion will be evaluated by a physicist, and the treatment of lung patient with uniform scan-
ning proton beams is often limited to those who have a motion magnitude of 10 mm or less.
To be conservative, a smearing of 10 mm is used in compensator calculation for all lung cancer
treatment planning. To ensure adequate coverage of the target at the presence of tumor motion,
the stopping power ratio of IGTV is overridden with the average stopping power ratio of the
tumor tissue, which is about 1.01 based on sampling of over 10 lung patients treated at our cen-
ter. Each patient is treated with uniform scanning proton beams typically using 24 fields. The
prescription is typically 74 Cobalt Gray-equivalent (CGE) at 2 CGE per fraction for 37 fractions.

3.3. Dosimetric advantages

Proton beams provide a superior dose distribution for lung cancer treatment compared to
photon beams. Chang et al. reported that PSPT significantly reduced dose to normal tissues



Adaptive Radiotherapy for Lung Cancer Using Uniform Scanning Proton Beams
http://dx.doi.org/10.5772/67445

and the integral dose to patients with non-small cell lung cancer (NSCLC) compared to three-
dimensional conformal radiation therapy (3D-CRT) and intensity modulated radiation ther-
apy (IMRT) [2]. Kadoya et al. reported that using proton beam significantly reduced Lung dose
compared to stereotactic body radiation therapy (SBRT) for Stage I non-small-cell lung cancer
[8]. The mean dose, V5, V10, V15, and V20 were 4.6 Gy, 13.2%, 11.4%, 10.1%, and 9.1% for pro-
ton therapy compared to 7.8 Gy, 32%, 21.8%, 15.3%, and 11.4%, respectively, for SBRT with a
prescribed dose for 66 Gy. In a similar study, Hoppe et al. reported that in addition to better
dose sparing to the lung, PSPT delivered less dose (D, *and D,_°) to the heart, esophagus
and bronchus compared to SBRT [9]. For locally advanced Stage IIl NSCLC patients, Wu et
al. found that proton beam therapy was feasible and superior to three-dimensional conformal
radiotherapy for several dosimetric parameters such as the mean dose for lung, heart, and
spinal cord [3]. Using IMPT, doses to normal tissues, such as the lung, spinal cord, heart, and
esophagus, can be further reduced compared to passive scattering proton therapy and IMRT
for extensive Stage IIIB NSCLC, as reported by Zhang et al. [10]. The dosimetric advantage of
IMPT would allow further dose escalation from 74 to 84.4 Gy while keeping normal tissue
sparing at a lower or similar lever. IMPT proved also advantageous in terms of lung sparing
compared to both Tomotherapy and IMRT in a study by Stuschke ef al. [11]. A brief summary
of literature on plan comparison between proton and photon therapy discussed here is listed
in Table 1.

When uniform scanning proton therapy is used, similar normal tissue sparing to passive scat-
tering proton therapy can be achieved. Figure 3 shows the dose comparison of USPT versus
IMRT for a lung case. The patient was a 72-year-old female with severe chronic obstructive
pulmonary disease (COPD) and Stage IIIA (cT1aN2MpG2) squamous cell carcinoma of the
right upper lung.

References Year Institution Tumor stage  Proton vs. photon Normal tissues receiving less dose
(patient no) from proton therapy

Chang et al. [2] 2006 MDACC  StageI(10) PSPT vs. 3DCRT  Lung, spinal cord, heart, esophagus,
and 1III (15) integral dose

Kadoya et al. [8] 2011 STPTC Stage I (21) PSPT vs. SBRT Lung
Hoppe et al. [9] 2010 UFPTI Stage I (8) PSPT vs. SBRT Lung, heart, esophagus, bronchus

Zhang et al. [10] 2010 MDACC  StagelllB (10) IMPT vs. IMRT Lung, spinal cord, heart, esophagus

Stuschke et al. [11] 2012 UHE NA (6) IMPT vs. IMRT/  Lung
tomotherapy
Wuet al. [12] 2016 NCCHE  Stagelll (33) PSPT vs.3DCRT  Lung, heart, cord

Abbreviations: MDACC: M. D. Anderson Cancer Center; STPTC: Southern Tohoku Proton Therapy Center; UFTPI:
University of Florida Proton Therapy Institute; NCCHE: National Cancer Center Hospital East; UHE: University
Hospital Essen. Others see above.

Note: Reports from the literature.

Table 1. Comparison studies between proton and photon therapy for NSCLC patients.
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Figure 3. Dose comparison of Uniform Scanning proton plan and IMRT plan. (a) Proton plan, (b) IMRT plan, and (c)
DVH comparison (solid line—proton, dashed line—IMRT). The prescribed dose was 74 cobalt gray equivalent (CGE) at
2 CGE per fraction for 37 fractions.

4. Adaptive proton therapy of lung cancers

4.1. Rationale

Adaptive radiation therapy (ART) is a closed-loop process where the treatment plan will be
re-optimized for treatment variations such as patient anatomy change using a systematic
feedback of measurements. [13]. Thanks to the advancement of imaging modalities available
for treatment planning and delivery, such as 4D CT and onboard imaging, ART has been
feasible and clinically implemented at many cancer centers. The main goal of plan adaptation
is to adjust the treatment plan to the change of patient anatomy, tumor motion, or setup, so
that the target coverage and normal tissue sparing remain optimal for each individual patient
during the whole course of treatment. For lung cancer patients, anatomy change is often
inevitable due to tumor regression, pleural and pericardial effusions, or atelectasis. Adaptive
photon therapy has been shown to be beneficial in lung cancer treatment, resulted in a mean
reduction of 21% for the volume of ipsilateral lung receiving 20 Gy (V20) [14], and an average
of 65 cGy reduction in mean lung dose and reductions in cord max dose, mean esophageal
dose, and heart dose [15]. It was reported that ART has the potential to improve the accuracy
of radiation treatments, thus reducing the exposure of organs at risk and facilitating safe dose
escalation, leading to potentially better local control and overall survival [16-19].

Because a proton beam has a finite range and sharp distal dose fall off, the dose distribution of
a proton plan is very sensitive to anatomy change; therefore, the need for lung cancer treatment
adaption in proton therapy is even greater than photon therapy. Hui ef al. found that the effects
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of inter-fractional motion and anatomic change could lead to a result of up to 8% reduction of
the CTV coverage, a mean 4% dose increase of the volume of the contralateral lung receiving
at least 5 CGE, and a mean 4.4 CGE increase in spinal cord maximum dose [20]. Koey et al.
reported that without adaptive planning, target coverage could be dropped to below 60% com-
pared with adaptive planning for some lung cancer case undergoing proton therapy [21]. The
potential considerable dose change in proton therapy due to anatomy variation indicates that
plan adaptation is essential in proton therapy of lung cancer.

4.2, Process for adaptive proton planning

A typical adaptive planning process includes measuring the treatment variations such as ana-
tomic change, evaluating their dosimetric and clinical impact, and adapting the radiation treat-
ment to the updated information as necessary. In proton therapy of lung cancer, anatomic change
is of main concern. Repeated CT scans are commonly used to measure the anatomic change dur-
ing the treatment course. Ideally, the repeated CT scans should be performed frequently with a
4D CT scan so that patient anatomy and motion can be accurately evaluated. However, depend-
ing on facility resources and patient compliance, in room CBCT or slow CT scans can also be
used. The repeated CT will be registered to the initial CT, and a QA plan will be generated by
applying the same beam configuration from the initial plan to the registered repeated CT data,
which will be evaluated on dosimetric change and potential clinical impact. The physicist and
physician will then determine whether and how the plan will be adapted. If plan adaptation is
determined necessary, plan change will be made according to the physician/physicist instruc-
tion, and the new plan will be changed and go through the process of plan review, QA, and
approval before beam delivery similar to the initial plan. In addition to deciding whether a plan
adaptation is needed, one should also decide whether any other change is needed for the patient.
For example, if the patient anatomy is likely to change significantly before the next scheduled CT
scan, we may want to increase the imaging frequency for the patient.

A clinical workflow of the adaptive planning for lung cancer treatment at our center is shown in
Figure 4. After initial 4D CT imaging, treat planning, and beam delivery, QA CT (i.e., repetitive
CT) will be performed after a patient receives 14, 30, and 50 CGE of proton dose, that is, after the
7th, 15th, and 25th fraction for most patients treated with 2 CGE per fraction. The repeated aver-
age CT was fused to the original average CT based on bony anatomy by a dosimetrist using the
Velocity Al software system (Version 3.1.0, Varian Medical Systems, Palo Alto, CA). A quality
assurance (QA) plan was generated after each CT scan by applying the same proton beams and
hardware (apertures and compensators) in the original plan to the registered new CT dataset
using the XiO TPS (Version 5.0, Elekta Inc., St. Louis, MO). A physicist will first review the CT
fusion to evaluate the anatomic change and check the correctness of the fusion. The physicist
will then review the QA plan to evaluate the dosimetric change and the correlation between
the dosimetric change and the anatomy variation. Together with the attending physician, the
physicist will make a recommendation on whether plan adaption is needed. If plan adaptation
is determined to be necessary, a dosimetrist will make the plan change, and treatment with the
new plan will start as soon as possible. The process of treatment, QA CT, QA planning, and
plan adaptation will be repeated until the patient complete the treatment course.
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Figure 4. A clinical workflow of adaptive planning for lung cancer treatment using uniform scanning proton therapy.

4.3. Strategies for plan adaptation

One straightforward way of plan adaptation is to re-plan based on the newly obtained CT,
repeating the same process as how the initial plan is created. Re-planning has been used for
most adaptive treatment in both photon therapy and proton therapy and generally includes
target contouring, beam placement, dose optimization, plan review and approval, documen-
tation and billing, calendar adjustment, QA, and so on. For adaptive proton therapy where
PSPT and USPT are used, new patient specific devices such as apertures and compensators
are also needed during re-planning, which can lead to added cost and long turnaround time
due to the manufacturing process. Substantial effort is needed from the dosimetrists, physi-
cist, and machinists, and it can take several days to make the new plan available for treatment.
Before the new plan becomes available, the patient can either continue to be treated with the
initial plan or have a treatment break, depending on the extent of anatomy change and its
impact on dose distribution and potential clinical effect. On the other hand, re-planning can
fully adapt a plan and achieve the best optimization of dose distribution based on the new
CT data set. Figure 5 shows an example of re-planning with new patient specific hardware.
Substantial tumor shrinkage was observed on the repeated CT scan, which led to a large
increase in lung and cord dose (Figure 5b). A new plan was created based on the new 4D
CT (Figure 5¢c), with an improved normal tissue sparing while maintaining target coverage
similar to the initial plan.

Another way of plan adaptation is to make some simple changes in beam parameters, such
as range, modulation, or beam weight of any combination. Because a uniform scanning or
passive scattering proton beam delivers a uniform dose to patients, it is possible to adjust
the range and/or modulation for a proton beam to shift the depth of the spread out Bragg
peak (SOBP) region so that the adjusted beam would conform to the target after the water
equivalent thickness (WET) changes due to anatomy change. For uniform scanning proton
beams, such parameter change is very easy and can be made for the TPS and R&V in minutes
plus some additional work on documentation. Figure 6 shows an example of such case that
patient developed pleural effusion at the 25th fraction. After simply increasing the proton
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) Adapted plan

Figure 5. An example case of re-planning with new patient specific device. The patient has small cell Stage IIIA lung cancer
with COPD. A 66 CGE was delivered at 33 fractions using uniform scanning proton beams. (a) Original plan; (b) QA plan;
(c) adapted plan based on the new CT data.

range by 2.2 cm, the target became fully covered while the normal tissues of lung and heart
were still well protected. This simple approach can be highly desirable for certain anatomy
changes such as patient weight change which pulls back or increase the range relatively uni-
form, and/or a quick plan adaptation is needed due to concern on treatment breaks. Please
note that such approach is unique in uniform scanning and may not be available in PBS or
passive scattering PT.

Other strategies of plan change for USPT could be beam weight change, for example, decrease
the weight of beam(s) that is adversely affected by the anatomy change, and increase the
weight of beam(s) that is least affected. In addition, a hybrid approach, such as re-planning for
one beam and range adjustment for another, can also be used as appropriate.

The strategy used for plan adaptation depends largely on the institutional practice and the
beam delivery technique used for lung cancer treatment. For lung cancer treatment with PSPT,
Koay et al. reported that 20.5% of patients underwent adaptive planning using re-planning
with new patient-specific hardware [21]. For USPT, Zheng et al. reported that 18.8% of lung
cancer patients underwent adaptive planning, using various strategies including range change
only (10.9%), range and modulation change (1.8%), range, modulation, and beam weight
change (1.2%), and re-planning with new hardware (5.5%) [22]. For PBS or IMPT, Chang et al.
reported that 26.5% patients were re-planed [6]. A brief summary of adaptive proton therapy
literature discussed here is listed in Table 2.
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¢l Adapted plan

Figure 6. The dose distribution from the right posterior oblique beam normalized at the isocenter for a lung cancer
patient undergoing adaptive proton therapy using parameter adjustment. (a) Initial plan; (b) QA plan; (c) adapted plan
with a 2.2 cm range increase. The patient had a right hilar mass and was treated with three proton beams for a total dose
of 74 CGE. Fluid buildup was observed on a repeated CT scan after the 25th fraction.

References Year Institution Treatment No. of Adaptation  Repeated CT Median time for
technique patients percentage scanning plan change
Koay et al. [21] 2012 MDACC PSPT 44 20.5% At week 3 or 4 At 24 fractions
Chang et al. [6] 2014 MDACC PBS/IMPT 34 26.5% Every 2 weeks After 10
fractions
Zhengetal. [22] 2015 ProCure USPT 165 18.8% After 7,15, and  After 18
25 fractions fractions

Abbreviations: MDACC: M. D. Anderson Cancer Center; STPTC: Southern Tohoku Proton Therapy Center; UFTPIL:
University of Florida Proton Therapy Institute; NCCHE: National Cancer Center Hospital East; UHE: University
Hospital Essen.

Note: Reports from the literature.

Table 2. Adaptive proton therapy.

5. Practical considerations

While adaptive planning can potentially improve the dose distribution and clinical outcome,
there are also many pitfalls and limitations in the current adaptive planning process. An opti-
mal adaptive planning process should be developed based on both practical considerations
and theoretical dosimetric and clinical gains.



Adaptive Radiotherapy for Lung Cancer Using Uniform Scanning Proton Beams
http://dx.doi.org/10.5772/67445

5.1. Frequency of repeated CT scanning and QA planning

The frequency of repeated CT scans depends on facility-specific protocol or individual patient
need. Chang reported that 4D CT scans were repeated during week 3 or 4 of treatment or as
clinically indicated by the treating physician for lung cancer patients undergoing PSPT [23],
and weekly or every 2 to 3 weeks for those receiving intensity modulated proton therapy at
MD Anderson Cancer Center [6]. At our center, 4D CT is generally repeated after 7, 15, and 25
fractions of treatment. However, for special cases, more repeated CT scans may be needed such
as when patients have a pleural effusion or large weight change. In addition, if hypo-fraction-
ated or hyper-fractionated treatment is used, more frequent monitoring should be considered.
Daily imaging has becoming available with the introduction of in room CT like CBCT into
proton therapy; however, its clinical implementation may be limited due to the extra treatment
time and human effort as well as concerns on the increased imaging dose to patients.

5.2. Limitations of image registration and QA planning

One key component of adaptive planning is the image registration. Accurate imaging regis-
tration can be challenging, especially for lung adaptive planning where considerable anatomy
change may be observed due to disease progression, tumor response to therapy and respira-
tory motion [24, 25]. It is important to setup and immobilize the patient for repeated CT as
close as possible to the initial CT scan that is used for the treatment planning as large patient
setup variation could lead to difficulty on image registration and anatomy change evaluation.
The accuracy of image registration needs to be carefully evaluated. In addition, there can be
limitation on how a QA plan is generated. For example, our treatment plan system does not
account for the patient pitch and roll when a QA plan is applied to the new CT data, although
our image registration software does. Another issue is that there could be human errors asso-
ciated with the image registration and QA plan process, such as beams may be placed with
an incorrect isocenter in a QA plan. Limitations or errors in the image registration and QA
plan process could result in artificial dose deviation unrelated to anatomy change and poten-
tial errors in decision-making of plan adaptation. Therefore, it is critical to understand these
limitations and evaluate the accuracy of image registration and QA planning to avoid errors
in decision-making that may lead to unnecessary plan change and potential mistreatment.
Our guideline is, in addition to review the QA plan and dose distribution beam by beam, we
also analyze the anatomy change and the correlation between the dose change and anatomy
change. Any noticeable dose change in the QA plan should be correlated to either patient
anatomy/motion change or setup variation; otherwise, the dose change may be artificial as a
result of software limitations or human errors, and further investigation should be warranted.

5.3. Correlation between dose change and anatomy variation

The penetration depth of a proton beam is a function of the proton energy and the WET of
the materials it passes through. Therefore, for a proton beam of given energy, the depth of the
dose falloff is directly correlated to the WET associated with the anatomy in the beam path.
Common changes in anatomy that could lead to plan adaptation include patient weight gain
or loss, tumor shrinkage or growth, pleural effusion, atelectasis, and so on. For example, when
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a patient gains weight, the WET in beam path will increase, leading to a range pull back. The
effect of patient weight change typically is more noticeable for anterior proton beams, and
may be addressed by simply adjusting the range and/or modulation as the WET change is
relatively uniform within the field. Similarly, tumor shrinkage will result in a decrease in WET
and beam overshoot, which could lead to more dose to normal tissues such as lung and cord.
Target coverage is generally not an issue when a tumor shrinks but can be severely compro-
mised when a tumor progresses and increases in volume. Tumor shrinkage or progression will
have an effect on the dose distribution from all beams and is likely to lead a re-planning if the
tumor volume change is considerable. About half of cancer patients develop a plural effusion,
which is a buildup of extra fluid in space between lung and chest cavity. Clearly, any change
in pleural effusion would lead to change in WET and dose deviation from the beam passing
through the fluid buildup. If the tumor is far away from the fluid buildup and no beam passes
through it, the effect of pleural effusion could be negligible on the dose distribution and no
plan adaptation is needed. In most cases, one would only need to make adjustments for the
beam(s) that passes the fluid, by either changing the range and/or modulation or re-planning
the beam with a new compensator.

Please note that for the composite dose distribution from several proton beams, the correlation
to the anatomy may not be straightforward. Anatomy and WET changes will lead to visible
dose change for one beam; their effect may not show up well on the overall dose distribution
and the DVH. For example, the volume of the target receiving at least 95% of the prescription
dose (V95) may show minimal change, while there is a clear under coverage due to a range
pullback from a certain beam and plan adaptation should be used. Therefore, beam-by-beam
analysis is strongly recommended to evaluate the dose correlation due to the anatomy change.

5.4. Patient motion and motion management

Given the sensitivity of proton beam to anatomy variation, accurate evaluation and appropriate
management of motion are very important in lung cancer therapy. For PSPT and USPT, the
patient motion is typically accounted for during the initial treatment planning using tech-
niques such as target expansion (ITV), range smearing, and stopping power ratio override
[7, 26]. In addition, motion can be managed using respiratory gated system [27]. From our
experience, the effect of motion variation in the QA plan based on repeated 4D CT scan seems
to be relatively low, and the original plan is typically robust enough to adequately cover the
target as long as no anatomy change is present. For PBS, the interplay of patient motion and
dynamic beam delivery could result in dose heterogeneity in target and potential under cov-
erage. To mitigate the interplay effect, the motion magnitude for patients treated with PBS
is often restricted, such as at a maximum of 5 mm. In addition, several techniques have been
used or proposed to mitigate the interplay effect, such as layer repainting, large beam spot,
respiratory gated beam delivery, robust planning optimization accounting for the motion, and
tumor tracking [6, 12, 28-31]. It has also been reported that the interplay effect may be aver-
aged out during fractionated treatment [32]. However, to fully achieve the potential of IMPT,
it may be necessary to routinely evaluate motion change and adapt treatment accordingly.



Adaptive Radiotherapy for Lung Cancer Using Uniform Scanning Proton Beams
http://dx.doi.org/10.5772/67445

5.5. Resource constraints and potential risk associated with plan change

When re-planning is used in plan adaptation, new patient specific apertures and compen-
sators may need to be manufactured for both PSPT and USPT. The manufacturing process
usually takes hours or more to complete, depending on field size and shape as well as the
queuing status of other hardware. If no machine shop is available onsite, the hardware needs
to be manufactured by other contracting companies which may take 1-2 days to become
available. Furthermore, additional time is needed for the following QA process for the hard-
ware and output measurement. While no hardware is needed for PBS, the robust treatment
planning and optimization and the consequent QA process can be very time and effort con-
suming. In addition, the plan change can lead to unexpected consequences and increased risk
of treatment errors, especially when it is not communicated well. Therefore, we have to take
the associated cost and risk into account in addition to the dosimetric and clinical gain when
deciding whether plan change is necessary.

5.6. Treatment volume with tumor shrinkage

It is still unclear on whether the clinical target volume should be reduced accordingly when
a tumor shrinks during the treatment course. Siker et al. cautioned field reductions for tumor
shrinkage during radiotherapy, questioning the significance of tumor regression because his-
tologic tumor clearance was hard to document [33]. However, Guckenberger ef al. believed
that adaptation of radiotherapy to the shrinking GTV did not compromise the dose coverage
of volumes of subclinical microscopic disease [34]. In adaptive proton therapy for both USPT
and PSPT, the treatment target volume is commonly kept the same as the initial plan and the
same apertures are used, while the beam penetration is adjusted, that is, the range is adjusted
or the compensator is recalculated, to account for the WET change associated with the tumor
shrinkage. Exceptions can be made per physicians’ discretion for cases that normal tissue
sparing is critical, such as for patients with a very large initial tumor volume and normal dose
can be close or exceed the tolerance with the initial plan. One proposal is to treat the initial
target volume for at least 50 Gy, the standard dose for microscopic disease, and then treat the
reduced volume to the full dose with a boost [35].

5.7. Dose accumulation

Accurate accounting doses at the presence of anatomy change and plan adaptation is important
to make informed decision on whether and how to adapt a plan. However, this can be chal-
lenging due to limitation of image registration when large anatomic change or setup variation
exist. In addition, CT scans are often repeated on a non-daily basis, and the exact patient anat-
omy between CT scans is unknown. To estimate the actual dose delivered between two image
scans when daily patient anatomy information is not available, one may use a weighted sum-
mation of the doses calculated on the two CT data sets, or interpolate patient anatomy between
the two scans and calculate doses based on the interpolated data sets. The latter can be more
realistic, but a good software tool for interpolation is needed.
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5.8. Criteria on plan change

The criteria on when and how to adapt a plan can differ from institution to institution and
depend on the attending physician and/or individual patient. There are several consider-
ations during QA plan evaluations including: (1) Is there noticeable anatomic change? How
will the anatomy change affect the dose? (2) How much does the PTV coverage change
compared to the initial plan? Is the target coverage still acceptable? (3) How much does the
normal tissue dose change? Is the normal tissue dose within tolerance? (4) How much is
the dose deviation from the original plan? Will a re-planning improve the dose distribution
significantly? (5) How long does it take to have the revised plan ready for treatment? Will
a treatment break be needed before the new plan becomes available? (6) How much are the
cost and effort for a plan adaptation (e.g., whether new hardware fabrication was involved,
or just some parameter change)? How many fractions are left? Is it worthwhile to make a
plan change for the remainder of treatment? (8) Are there any special consideration for the
patients, for example, does the patient need more sparing in lung due to pre-existing lung
function such as COPD?

Change et al. reported that the main criteria for plan adaptation was whether CTV or GTV
receives <95% of dose and whether doses for normal tissues such as heart and cord dose were
out of tolerance [6]. At our center, in addition to looking into dosimetric effect such as the tar-
get coverage and normal tissue dose, we take into account the potential clinical gain as well
as the cost and time associated with plan adaptation to decide on whether and how to adapt
a plan. For example, if the patient is close to the end of treatment and the clinical impact of
plan adaptation is low, we may use a simple adaptation strategy like range adjustment or no
adaptation at all for the rest of treatment.

6. Future directions

The technology of proton therapy is evolving very quickly, and many progresses are being
made toward more accurate and efficient adaptive planning. Currently, only offline adap-
tion has been reported in proton therapy due to the lack of accurate in-room imaging system
and long turnaround of manufacturing patient specific hardware for both PSPT and USPT.
However, PBS has been increasingly used for lung cancer treatment, and CBCT and other in-
room CT have become available. The advancement of both PBS and in-room CT makes online
adaptive planning possible in proton therapy in the future. Before online proton adaptive
planning becomes a reality, many challenges need to be addressed. Better tools are needed
for automatic image registration and dose accumulation, the dose calculation accuracy of in-
room CT such as CBCT needs to be improved, and automatic and fast robust re-planning
and QA with IMPT should be developed. In addition, criteria on plan adaptation based on
both dosimetric parameters and clinic outcome should be developed for quick and accurate
decision-making.

While adaptive planning is needed for proton therapy of lung cancer, it is time and effort
consuming, and not every patient can benefit from this process. It would be helpful to be
able to predict when adaptive planning is needed and for which patients. This would allow
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personalized adaptive planning process for patients, improve treatment efficiency, save costs,
reduce risks of treatment errors from the plan adaptation process, and eliminate unnecessary
imaging dose to patients with the repeated CT scanning. Berkovic et al. used volume and
dosimetric data to construct lookup tables in attempt to predict whether and when ART could
be useful based on the timing of the radiation treatment, the tumor volume, and whether it
was a concurrent or sequential chemo-radiotherapy [36]. Based on our experience with USPT,
it is found that patients with noticeable weight change (e.g., 3% or more), pleural effusion,
and pneumonitis in addition to the tumor volume change are indicatives of plan adaptation.

7. Summary

Adaptive planning is necessary for proton therapy treatment of lung cancer to maintain opti-
mal dosimetric distribution when patient anatomy changes. To achieve optimal adaptive
planning process and clinical outcome, we need to consider not only the benefits from the
improved dosimetric distribution and potential clinical outcome with plan adaptation but also
its cost and limitations, available resources, and potential risks associated with plan change.
Better tools for image registration, dose accumulation, and plan automation are desired to
make the plan adaption process more efficient and accurate. The plan adaptation process, for
instances, the frequency of repeated CT scanning and the criteria for plan adaptation, needs
to be adapted with institutional resource and experience. Online adaption in proton therapy
can be feasible with the advancement of pencil beam scanning and in-room CT, but many
challenges, such as the limitation of the in room CT image quality, efficient robust proton
re-planning and quality assurance, need to be addressed before its clinical use.
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Abstract

Gynaecological malignancies are the most common cancers of women and they contribute
to the significant amount of mortality. Women in developing countries are diagnosed in
late stages and hence radiation is the common modality of therapy. Radiation is required
in managing 80-90% of women with carcinoma cervix, 60% of women with endome-
trial cancer and 50% of women with carcinoma vulva. The stage of the disease is the
most important factor in survival and counselling is essential to ensure complete ther-
apy. Radiation is used as a primary therapy, adjuvant therapy, neo-adjuvant therapy
and as palliation. The techniques include external beam radiation and brachytherapy
or the combination of both. The newer techniques include IMRT-, IGRT- and PET-CT-
guided therapies. Side effects/complications occur as acute during therapy, subacute
within 3 months and chronic after 6 months. Management of these side effects is essential
for increasing compliance of the patient so as to achieve high cure rates. Management
of recurrent disease is a challenge and requires multidisciplinary approach involving
Gynaecological Oncologist, Radiation Oncologist and Surgical Oncologist.

Keywords: radiotherapy, counselling, gynaecological malignancies, side effects,
survival rates

1. Introduction

Radiation therapy in gynaecological malignancies is an essential component in achieving cure as
well as palliation. Radiotherapy is required up to 80-90% of women with carcinoma cervix, 60%
of women with endometrial carcinoma, 50% of women with carcinoma vulva, all women with
vaginal cancer and 5% of women with ovarian cancer. The aim of radiotherapy is to kill the tumour
cells without damaging the neighbouring normal tissues. The side effects of radiation can be severe
and need to be recognized early to be treated effectively. Counselling of women suffering from
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gynaecological malignancies who receive radiation is of great importance as adherence to treat-
ment is one of the factors that influences survival rates. The most important part is the selection
and categorization of women for radiation. The aim of this chapter is to appraise the readers about
the burden of the gynaecological malignancies in a tertiary-care set up, counselling and selection
criteria for radiation, methods of radiation and the side effects and the outcome.

1.1. Burden of gynaecological malignancies in tertiary care set up

Cancer is the first and foremost cause of death in developing countries and the second most
common cause in developed countries. Genital tract malignancies are the most common can-
cers in women and the most common site affected is cervix followed by ovary and Uterine
corpus [1]. The incidence of carcinoma cervix is 9 per 100,000 in developed countries as against
17.8 per 100,000 in developing countries. The mortality attributed to carcinoma cervix is 3.2 per
100,000 in developed regions when compared to 9.8 per 100,000 women in developing regions
[2]. The cancer registry of our hospital recorded carcinoma cervix to be occurring in 70%, ovar-
ian cancer in 20%, endometrial cancer in 9% and other cancers in 1% of cases in women. In
India, every year 122,844 women were reported to be diagnosed with carcinoma cervix and
67,477 died of the disease and at present the trend of this malignancy is decreasing in incidence
[3]. The incidence of carcinoma cervix has declined by 75% in developed countries [1].

2. Selection criteria for radiation

Staging of the malignant disease is the most important factor in determining therapy and while
planning contraindications to radiation to be looked for and histopathological examination
report is mandatory.

Contraindications for radiation: (1) Severe acute sepsis or febrile illness, (2) severe cancer
cachexia, (3) myocardial infarction and (4) unequivocal histopathological report. Though there
are no absolute contraindications, radiation is not the preferred therapy for radio-insensitive
tumours like fibrosarcoma, leiomyosarcoma and melanoma.

Carcinoma cervix: The most common histopathological type is squamous cell carcinoma. The
incidence of adenocarcinoma is on the rise contributing to as much as 25% [4]. In spite of the
availability of screening tests in the modern era, as high as 85% are still presenting in late
stage. Adherence to therapy is poor as it was reported that only 38.8% complete radiother-
apy [5]. Pre-therapy staging is based on clinical examination and imaging findings. Recently,
imaging techniques are playing a great role in planning therapy even though traditionally
staging is done by clinical examination.

Role of imaging in staging:

¢ The accuracy of CT in staging carcinoma cervix is 63-88%. The sensitivity and specificity of
CT in detecting pelvic lymph node involvement is shown in (Table 1)

* MRI distinguishes early from advanced disease, thereby stratifying patients for surgery
and chemoradiation.
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e MRI is used to assess cervical stromal invasion and extra-uterine extension and for assess-
ing proximal extension of cervical tumour in young women with early-stage disease for the
feasibility of fertility-preserving surgery [6].

* PET has sensitivity of 75% and specificity of 96% for the detection of pelvic lymphade-
nopathy and sensitivity of 100% and specificity of 99% for the detection of para-aortic
lymphadenopathy. Its use has been increased, combined with CT, in the detection of nodal
disease for locally advanced disease (>IB) [3, 5]. For early stage disease, the sensitivity and
specificity of PET CT were about 73% and 97%, respectively.

¢ Grigsby et al. compared CT and FDG-PET scanning for lymph node staging in 101 patients
with carcinoma of the cervix. CT detected enlarged pelvic lymph nodes and para-aortic
lymph nodes in 20 and 7 patients, respectively, whereas PET detected abnormal FDG up-
take in pelvic lymph nodes in 67, in para-aortic lymph nodes in 21 and in supraclavicular
lymph nodes in 8. Based on para-aortic lymph node status, the 2-year progression-free
survival rate was 64% in CT-negative and PET-negative patients, 18% in CT-negative and
PET-positive patients and 14% in CT-positive and PET-positive patients [7].

Survival rates are shown in Table 2.

CT Sensitivity (%) Specificity (%)
Pelvic + para-aortic lymph nodes 44 93
Para-aortic lymph nodes 67 100

Table 1. Sensitivity and specificity of CT.

Radiotherapy is advocated in the following situations:

G
6

Advanced stage carcinoma cervix following termination of pregnancy

(1) All stages especially when the woman is not fit for surgery or refuses surgery

(2) Following radical hysterectomy with positive pelvic lymph nodes

(3) StagesIIBtoIV B

(4) Fertility sparing surgery which revealed a focus of positive lymph nodal metastasis
)
)

Persistent or recurrent disease

2.1. Carcinoma endometrium/Uterine Corpus

Carcinoma endometrium is the most common cancer of the uterus and its incidence is
increasing. The median age is 63 years and more than 90% belong to 50 years of age or more
and 25% occur before pre-menopause. More than 75% are diagnosed in Stage I as the most
common symptom is abnormal or postmenopausal bleeding. Survival rates are more than
75%. Adenocarcinoma is the most common type with good prognosis, but it is relatively
radioresistant.
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S. no. Stage (FIGO) TNM (AJCO) Survival rates (5-year
observed rates)
Stage 0 93%
1 Stage [ Al (T1a1, NO, MO 93%
2 Stage I Al (T1a2, NO, M0)
3 Stage I B (T1b, NO, M0) 80%
4 Stage B 1 (T1b1, NO, M0)
5 Stagve I B2 (T1b2, NO, M0)
Stage II (T2, N0, M0) 63%
6 Stage I A (T2a, N0, M0)
7 Stage I1 Al (T2a1, N0, M0)
8 Stage I A2 (T2a2, N0, M0)
9 Stage 2 B (T2b, NO, M0) 58%
Stage III (T3, N0, M0)
10 Stage III A (T3a, N0, MO 35%
11 Stage III B T3b, N0, MO; OR T1-T3, 32%
N1, M0) Hydronephrosis
Stage IV
12 Stage IV A (T4, NO, M0) 16%
13 Stage IV B (any T, any N, M1) 15%

Table 2. Staging grouping of carcinoma cervix.

HPE grading:

Gx = Grade cannot be assessed

Grade 1 = Tumour cells are well-differentiated
Grade2 = Tumour cells are moderately differentiated

Grade 3 = Tumour cells are poorly differentiated

The histopathological types are as follows:

Endometroid adenocarcinoma (secretory, ciliated, papillary)
Adenocarcinoma with squamous differentiation
Adenoacanthoma (benign squamous component)
Adenosquamous carcinoma (malignant squamous component)
Papillary serous carcinoma

Clear cell adenocarcinoma

Carcinosarcoma/malignant mixed mullerian tumour

® N S O o= w b=

Uterine sarcomas
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9. Mucinous tumours

10.Undifferentiated.

Staging of endometrial carcinoma with survival rates is shown in Table 3. Radiotherapy is
also indicated in Stage I as per risk stratification.

TNM FIGO Surgico-pathological findings Endometrial Endometrial
stages adenocarcinoma; carcinosarcoma;
5-year survival 5-year survival
Tx Primary tumour cannot be assessed
TO No evidence of primary tumour
Tis Carcinoma in situ (Pre-invasive carcinoma)
T1 I Tumour confined to Corpus 88-75% 70%
Tla 1A Tumour limited to endometrium or Less than a half of
endometrium is involved
T1b 1B Tumour invasion of half or more than half of f
myometrium
T2 II Tumour invades stroma of cervix and confined to 69% 45%
uterus
T3a IIIA Tumour involvement of serosa and/or adnexa (direct ~ 58-47% 30%
extension or metastasis)
T3b 11 B Vaginal involvement or parametrial involvement
(direct extension or metastasis)
mc Metastasis to pelvic and/or para-aortic lymph nodes
mci Pelvic lymph node metastasis
I c2 Para-aortic lymph node metastasis
v Tumour invades bladder mucosa and/or bowel 17-15% 15%
mucosa and/or distant metastasis
T4 IVA Bladder mucosa and Bowel mucosa are involved by
tumour but no distant metastasis
Bullous oedema is not considered as involvement
IVB Distant metastasis; Lymph nodes, Lungs, bones

Upper abdomen omentum; liver

Note: T = denotes extent of the tumour; N = designates whether cancer has spread to the lymph nodes; M = denotes

distant metastasis.

Nx = Spread to nearby lymph nodes cannot be assessed; NO = no spread to nearby lymph nodes; N1 = spread to pelvic
lymph nodes; N2 = spread to para-aortic lymph nodes.

Lymph node involvement: Stage I A-5%, Stage I B-10%; Stage I C-15%; Stage 11-20% and Stage III-55%.

Distant spread: MO = there is no spread to distant lymph nodes, organs and tissues; M1 = spread to distant lymph nodes,
upper abdomen, omentum, other organs, liver, lung.

Table 3. TNM classification and FIGO staging [8].
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Stage I low risk includes Stage I A grade 1 and 2 endometroid adenocarcinoma without or with
minimal myometrial invasion.

Stage I intermediate-risk group includes Stage I with grade 1 or 2 adenocarcinoma with >50%
myometrial invasion or grade 3 adenocarcinoma with superficial invasion and with extensive
lymphovascular involvement

High-risk endometrial cancer includes Stage II with deep cervical stromal involvement and
Stage Il and IV disease.

2.2. Picture of USG and gross specimen of endometrial carcinoma (Figure 1)

Vulval and vaginal cancer:

A. Vulval carcinoma: Most common after 65 years of age but recently the incidence of carci-
noma vulva in the age group between 40 and 49 years is reported to have been doubled.
Its incidence is 1.3/100,000 women. Pathological types: Squamous cell carcinoma—90%;
others include malignant melanoma, Paget's disease' Bartholin gland tumours, adenocarci-
noma and basal cell carcinoma. Local recurrence is common when there is lymphovascular
involvement, when the growth is of infiltrative type and when prominent fibromyxoid
tumour is present at the edge of resected margins [9]. Gross picture of carcinoma vulva is
shown in Figure 2.

Primary modality of therapy is surgical excision and groin lymph node dissection. Survival
rates with staging are shown in Table 4.

Selection criteria for radiation:
Primary radiotherapy is suggested in women:

* When optimal surgical therapy is not possible.

* When Ulcerated groin nodes. Radiotherapy is followed by surgery or surgery followed
by radiotherapy. However, surgery following radiation is associated with high morbidity.

Adjuvant radiotherapy is advised to groin and pelvic nodes in the following situations

(u)

Figure 1. (A) USG (TVS) picture of endometrial carcinoma showing increased endometrial thickness and increased
vascularity and (B) picture of same uterus (panel A) as gross specimen showing endometrial carcinoma in the cavity.
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Figure 2. Cauliflower type of growth on the vulva.

(1) When one or two nodes show the spread either microscopic or extra capsular.

(2) When the resected margins are involved.

Pre-operative radiotherapy is advocated to preserve anal sphincter function when the tumour is
close to the anal sphincter. Radiotherapy may also be combined with chemotherapy. Chemo-
RT may increase the morbidity, especially skin toxicity.

Recurrence is very common in vulvar cancer and it varies from 15 to 33%. The sites of recur-
rence can be vulva itself (69.5%), groin nodes (24.3%) and distant sites (18.5%).

Stage grouping Explanation Survival rates (%)
Stage 0 (Tis,NO, M0) Carcinoma in situ(only vaginal epithelium is involved) 84
Stage I (T1, NO, M0) Cancer-confined vagina; no spread to lymph nodes/

distant sites

Stage II (T2, No,MO0) Cancer invades the connective tissue below vagina
No spread to lymph nodes and distant sites

Stage III (T3, N0/1,M0) Spread of cancer to pelvic wall but not to lymph nodes 75

or (T1,/T2,N1, M0) or distant sites
Or spread to lateral pelvic wall and/to lymph nodes
pelvic or inguinal
Not spread to distant sites
Stage IVA (T4, NO/N1,MO0) Cancer spread to rectum/bladder 57

Lymph nodes may or may not have been involved
No distant metastasis

Stage IV B (Any T, Any N, M1) Cancer involves pelvic organs and spread to distant
sites like lungs and liver, bone, etc.

Note: Five-year survival rates for all stages together are reported as 50%; for squamous cell carcinoma 50%;for
adenocarcinoma 60% and malignant melanoma 30%.

Table 4. FIGO and AJCC stage grouping and survival; carcinoma vulva.
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B Vaginal carcinoma: Vaginal cancer is rarely encountered and its incidence is reported to
be 1 in 11,000 and ocxcurs in women more than 70 years of age and only 15% occur in
women less than 40 years. Presenting symptoms are usually abnormal discharge, bleeding
per vaginum, post-coital bleeding and mass per vaginum. Symptoms during late stages
include constipation, pelvic pain and difficulty in micturition. Confirmation of diagnosis is
by speculum examination demonstrating a cervix free of disease and growth in the vagina.
Biopsy determines the type of cancer. If the growth involves cervix and vagina, it is classi-
fied under cervical cancer. If it involves vagina and vulva, it is classified as vulvar cancer.
The most common pathological type is squamous cell carcinoma (70%); and others include
adenocarcinoma (15%), melanoma (9%), sarcoma (4%) and miscellaneous [10].

3. Counselling for radiation

Counselling prior to radiotherapy is of utmost importance because of three reasons:

(1) To make the patient understand the process through which she would be going, i.e. the
technique, the duration of therapy and the possible side effects and their significance and
management.

(2) Tomake her compliant and complete the therapy for curative purposes or palliative pur-
poses and follow-up for further therapy like surgery or chemotherapy and also the pos-
sibility or chances of recurrence.

(3) To help the patient to make informed decision and consent for the process.
Informed consent: [11]

Informed consent is to be taken by the radiotherapy counsellor/radiotherapy physician and
it should include the diagnosis and stage of the disease, name of the procedure or treat-
ment like external radiotherapy or brachytherapy or radio-isotope treatment, site of the
body where radiation would be delivered and Whether the procedure is done under seda-
tion, local/regional/general anaesthesia. The duration of therapy and the proposed sessions
of therapy and whether it is for curative purpose or for palliative purpose is to be stated and
signed by the concerned health professional involved in the care of the woman. The most
common acute side effects and late side effects should be mentioned in the document signed
by the health professional. An information leaflet to the patient in the language known to her
or relatives would be desirable and is of great benefit.

The second part of the consent form should include statement that the patient has understood
the benefits of the therapy, the short-term and long-term side effects that can occur and has the
opportunity to ask questions and read the management protocol. The statement should also
include the liberty of the patient to ask to stop the treatment at any time during the therapy
after understanding the consequences of the same. A separate statement to be obtained from
the reproductive aged women that she is not pregnant at this time of initiating the therapy
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and would not plan to become pregnant during the course of therapy and she would inform
the treating physician in case of such occurrence.

A statement for storing the data of the patient and its usage for the future purpose like research
also can be included in this consent form.

Written consent would be obtained once prior to the procedure and at each session of treat-
ment a verbal consent would be taken and this statement also to be included in the written
consent form and to be signed and dated by the individual concerned.

In case of mental disease incapacitating the patient, a responsible attendant should be involved
in the counselling process and in consenting in a similar way.

3.1. Survival rates

It is important to appraise the women and the relatives regarding prognosis and survival
in addition to side effects whenever therapy is instituted. Though survival depends on
many factors like age at the development of the malignancy, type of the tissue involved for
example, cervix or endometrium or adnexa, histopathological type, modality of therapy,
complications of therapy, compliance to therapy, associated co-morbidities and the chance
for recurrence, the most important factor is found to be the stage of the disease. In other
words, spread of the cancerous tissue is the most important factor that is used to prognos-
ticate and explain the modality of therapy and its outcomes like overall survival. Survival
rates are expressed variously and the standard way is to express in terms of 5-year survival.
The survival rates for carcinoma cervix, endometrium and vulva are shown in Tables 2-4,
respectively, and these should guide the clinician to explain the patient while undertaking
counselling.

For carcinoma cervix, the survival rates reported in India include 47.7% in Mumbai-based
registry in North India and 38% in Bangalore-based registry from South India. The 5-year
survival rate for recurrent disease is reported to be between 30-60% and the main modality of
treatment for recurrence being surgery. The prognosis is better if the recurrence occurs after 6
months of initial cure and the size of the recurrence is less than 3 cm [12].

4. Radiation therapy

Radiation therapy can be delivered as

(1) Primary radiotherapy

(2) Adjuvant radiotherapy
(3) Neoadjuvant radiotherapy
(4) Palliative radiotherapy
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Primary radiotherapy: Primary radiotherapy involves the use of radiation therapy as the only
modality of treatment either alone or in combination with chemotherapy which is used as
a radiation sensitizer. Primary radiotherapy is used in the following situations: (1) women
with unresectable, locally advanced disease; (2) women with resectable disease in whom the
risk of surgical morbidity is unacceptably high and (3) women with medical risk factors that
contraindicate primary surgical therapy.

Adjuvant radiotherapy: Early stage lesions of the lower genitourinary tract can be treated surgi-
cally if resection can be accomplished with adequate negative margins and acceptable morbidity.
Post-operative radiotherapy/adjuvant radiotherapy is reserved for cases in which histopatho-
logic analysis of the removed specimen reveals features suggesting a high risk of local recurrence.

Neoadjuvant radiotherapy: In advanced stage disease, sometimes neoadjuvant radiation is used
before surgery to render an inoperable tumour operable and for preserving the organ.

Palliative radiotherapy: For women with distant metastatic disease at presentation, cure is
unlikely and the aim of the treatment is to improve the quality of life. However, palliative
radiotherapy is frequently used to palliate the symptoms of a painful bone metastasis, relieve
features of raised intracranial tension in brain metastasis and relieve dyspnoea in superior
vena cava obstruction.

4.1. Techniques of radiation

The two main modalities of irradiation are teletherapy (external beam radiation) and brachy-
therapy. External beam irradiation is used to treat the whole pelvis including the uterus,
cervix fallopian tubes and ovaries, parametria and the regional nodes. A linear accelerator is
used to deliver mega voltage photons to treat the whole pelvis. Gamma rays from a cobalt-60
machine are also used to deliver radiation.

Brachytherapy: In this modality, source of radiation is placed inside the body as close to the
tumour as possible. It usually consists of the placement of intrauterine and vaginal applica-
tors. These are then loaded with the source of radiation. Cesium-137 (*’Cs) is the most popu-
lar low-dose rate (LDR) source and Iridium-192 (**Ir) is the most common high-dose rate
source (HDR). Treatment with HDR is usually completed in a few minutes, whereas an LDR
source takes 1 or 2 days to complete the treatment.

4.2. Technique of external beam radiation

External beam radiation in the treatment of carcinoma cervix aims at treating the whole pelvis.
Whole pelvis involves treating the pelvic organs uterus, adnexa and upper third of vagina,
parametrial tissues (cardinal, uterosacral and pubo-cervical ligaments) and pelvic lymph
nodes (internal and external iliac, obturator and pre-sacral lymph nodes). Traditionally, the
whole pelvis is treated with four fields—anterior-posterior portals and two lateral fields
(Figure 3A and B)]. Upper border is placed at L4-L5 interspace to adequately cover the exter-
nal iliac and lower common iliacs. The lower border is kept 3 cm below the lower extent of
the tumour or lower border of obturator foramen if the vagina is not involved by the tumour.
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Figure 3. (A) Anterior field borders, (B) lateral field borders, and (C) HDR brachytherapy dose distribution [pear-shaped].

The lateral borders are kept 2 cm lateral to the pelvic brim in order to adequately cover the
iliac nodes. The upper and lower borders of the lateral fields correspond with those of the
AP-PA fields. The anterior border is kept at the anterior border of the pubic symphysis and
the posterior border is placed to cover the entire sacrum. High-energy beams of the range of
6-15MV are used to deliver radiation. Dose of external beam radiation is 46 Gy in 23 fractions,
200 cGy per fraction and one fraction a day 5 days a week. The dose distribution of four field
box plan is shown in Figure 4A and bladder and rectum contours are shown in Figure 4B.

A B

Figure 4. (A) 3DCRT plan showing 95% coverage with four fields and (B) dose distribution of four field box plan
showing 95% coverage with bladder and rectal contours.

4.3. 3D planning techniques

* CT scan is taken with patient supine with arms on the chest, knees and lower legs immo-
bilized, and anterior and lateral tattoos marked with radio-opaque material aligned with
lasers to prevent lateral rotation.

* Clinical examination is made in the treatment position and inferior extent of tumour in the
vagina marked with radio-opaque material.

¢ Patients will be instructed to maintain a constant bladder filling—’comfortably full’—and in-
structions will be given to empty the bladder two hours before simulation and to drink one litre
of water mixed with 60 ml of Gastrovideo oral contrast. Ondansetron 8 mg or domperidone 10
mg will be given if needed. To delineate large bowel, instructions will be given to drink one litre
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of water mixed with 60 ml of Gastrovideo oral contrast within 1 hour, 24 hours prior to simula-
tion. Only liquid diet will be allowed after that, till simulation. Domperidone 10 mg will be given.

¢ CT Scan is taken from the first lumbar vertebra to 5 cm beyond the vaginal introitus. Intra-
venous contrast is used to outline pelvic blood vessels to be used as surrogates for pelvic
nodes in CTV delineation.

o Target volume definition

While defining clinical target volume (CTV), gross tumour volume (GTV)
along with cervix, uterine volume is added. Entire uterus is delineated in-
cluding the fundus. CTV-T includes the primary GTV-T with potential mi-
croscopic spread to cervix, uterus, parametrial tissues, upper vagina, and
broad and proximal utero-sacral ligaments. If posterior extension of cervical
tumour is present, the entire utero-sacral ligaments and upper pre-sacral
nodes are included. CTV-N includes the pelvic lymph nodes, i.e. obturator,
internal, external and common iliac, and upper pre-sacral nodes. These are
delineated by identifying contrast-enhanced pelvic blood vessels on each
CT scan and using a 7 mm margin to create a 3D CTV.A typical CTV to
PTV margin of 10 mm is used around the CTV-T to allow for organ mo-
tion of cervix and uterus and measured set-up uncertainties. For CTV-N,
organ motion occurs to a lesser extent and a 7-10 mm CTV to PTV margin is
typically sufficient for set-up variations. The contours of GTV, bladder and
rectum are shown in (Figure 5).

Figure 5. Planning CT showing contours of GTV, bladder and rectum.
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4.4. Technique of brachytherapy

The high tolerance of the uterus and vagina make it ideally suited for brachytherapy. In
brachytherapy, sealed radioactive sources are used to deliver radiation at short distances.
It is possible to deliver a high dose locally to the tumour with a rapid dose fall-off from the
surrounding normal tissues. The commonly used isotope for high-dose rate brachytherapy
includes Iridium 192 and Cobalt 60. Caesium 137 is used for low-dose rate brachytherapy.
Uterine tandem is inserted into the length of which depends on the length of the uterus.
Two ovoids are placed in the fornices and the vagina is packed with gauze. This decreases
the dose to the rectum and bladder. Using an after loading technique, the source is intro-
duced into the ovoids and tandem. The dwell time and dwell position is calculated so that
the desired dose to Point A is achieved. In JIPMER, the dose prescribed to Point A is 8.5 Gy
x 3 using Iridium 192. The classical isodose for intra-cavitary brachytherapy of carcinoma
cervix is pear-shaped (Figure 3C).

4.5. JIPMER radiotherapy protocol for carcinoma cervix—summary (Table 5)

The standard treatment for women with FIGO IB2, IIA, IIB, IIIA, IIIB and IVA disease is
concurrent chemo-radiation. Surgery is not preferred because of the increased risk of posi-
tive margins and positive nodes. Concurrent chemo-radiotherapy is preferred to radiation
alone since the addition of concurrent chemotherapy confers an overall survival advantage
[RR risk reduction is 29%] [13]. Platinum-based chemotherapy is preferred over non-plati-
num-based chemotherapy since there is more benefit with platinum-based compounds
(5FU). The hazard ratio (HR) for platinum is 0.70 (95% confidence interval, CI 0.61-0.80;
p< 0.0001) compared to 0.81 (95% CI 0.56-1.16; p=0.20) for non-platinum-based chemo-
therapy. 118 chemoradiation with cisplatin alone is comparable to chemo-radiation with
cisplatin/5-fluorouracil. However, concurrent chemo-radiation for treatment of cervical
cancer is associated with increased acute toxicities specifically haematological and gastro-
intestinal toxicity [13].

4.6. RT for carcinoma cervix in special situations

(1) Acute haemorrhage

Women presenting with acute episode of hemorrhage need to be hospitalised and stabilised
with blood transfusion and vaginal packing

Broad spectrum antibiotics and antifibrinolytics are to be started.

Haemostatic RT —Whole Pelvis EBRT-2 Gy/# standard fractionation as per stage-wise treat-
ment protocol. If bleeding persists, brachytherapy with ovoids will be considered.

(2) Pregnancy: First and second trimester pregnant women are managed by medical termi-
nation of pregnancy as appropriate for gestational age by medical methods .This is fol-
lowed by stage-wise treatment after 2 weeks
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Third trimester —Pregnancy is continued till 34 weeks with fetal monitoring and institution of
steroids for fetal lung maturity followed by elective caesarean section. Stage-wise treatment is
undertaken after 4 to 6 weeks of caesarean section.

(8) Utero-vaginal prolapse: Manual reduction during RT if possible; procedentia—prolapse
reduction under anaesthesia and labial stitching followed by RT.

(4) HIV:HAART—Highly active anti-retroviral treatment

CD4 > 200 cells/ml—Stage-wise treatment with
radiotherapy + chemotherapy

CD4 50-200 cells/ml—Stage-wise treatment with radiotherapy
CD4 <50 cells/ml—palliation of symptoms

Use of universal aseptic precautions during P/V examination.

Stage EBRT ICBT-HDR BED LQED at Recommended
2 Gy/# dose to
point A
1Al 0 7 Gyx 6# 714 59.5 70-80 Gy
Ovoid &tandem
1A2, IB1, IIA1, 46 Gy/234 WP 8.5 Gyx 3# 102.4 85.3 80-85 Gy
1B2, IIA2 Ovoid &tandem or ring &tandem
1B 45 Gy/20# WP 8.5 Gyx 3# 102.3 85.2 >85 Gy
or Ring &tandem or ovoid &tandem 102.4 85.3
46 Gy/234# WP
IIA 46 Gy/234 WP 6 Gyx 3# linear applicator 96 80 85-90 Gy
4 Gy/24#PM boost
6 Gy/3# PO
1B 45 Gy/20# WP 8.5 Gyx 3# 109.8 89.8 85-90 Gy
<2/3 of upper 4.5 Gy/2# PM-Boost Ring &tandem or 107.2 89.3
vaginal Or Ovoid &tandem
involvement 46 Gy/234# WP
4 Gy/2# PM-Boost
1B 46 Gy/23# WP 6 Gy 3# Linear applicator 96 80 85-90 Gy
>2/3 of upper 4 Gy/2#PM boost
vaginal 6 Gy/3# PO
involvement
IVA 30-39 Gy/10-13# No brachytherapy 39-50.7  32.5-
(Poor performance  (Palliative RT to 42.25
status), gross disease)
Post-op 46 Gy/234 WP 8 Gyx 2# 84 70
Vault brachytherapy

Table 5. JIPMER radiotherapy protocol for carcinoma cervix —summary.



Radiation for Gynaecological Malignancies
http://dx.doi.org/10.5772/67202

4.7. Incidentally diagnosed carcinoma cervix after simple hysterectomy/Stump carcinoma
after subtotal hysterectomy for benign disease

Pathological review —no LVSI—Stage I A1— follow-up

Stage IA1 with LVSI (or) > Stage IA2 Negative margins, negative imaging —pelvic RT +
brachytherapy + chemotherapy

(or)

Complete parametrectomy + upper vaginectomy + pelvic lymph node
dissection + PA LN sampling followed by adjuvant RT or chemo RT as
per the above indications

Positive margins, gross residual disease—if imaging negative for nodal disease—chemo
RT, if imaging positive for nodal disease—consider for surgical debulking of grossly en-
larged nodes followed by chemo RT.

4.8. Carcinoma of the endometrium protocol at JIPMER

History and physical examination; biopsy report confirmation of carcinoma and type of carcinoma:

Haemogram

Kidney function tests —blood urea, serum creatinine, serum electrolytes, creatinine clearance
Liver function tests

Random blood sugar

Chest X-ray

Ultrasonography —abdomen and pelvis

HBs antigen

HIV serology

CECT/MRI abdomen and pelvis

Cystoscopy and sigmoidoscopy as clinically indicated

4.9. The evidence present in treating endometrial cancer with radiotherapy

In women with Stage I intermediate-risk external beam pelvic radiotherapy reduces the local
as well as vaginal recurrences. Vaginal brachytherapy alone also can achieve similar recur-
rence ratesin this group of women. In women with intermediate- to high-risk group, the over-
all survival is also similar with external pelvic beam radiation and vaginal brachytherapy.
The role of chemotherapy combined with radiation not well established.
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5. Evidence-based recommendation ESMO-ESGO-ESTRO consensus [14]
(Table 6)

5.1. Normal tissue tolerance

Organs at risk (OAR) in radiation therapy of endometrial cancer include the bladder, rectum,
small intestine and the femoral heads.

Radiation therapy for endometrial cancer and tissue tolerance (Table 7).

EBRT for endometrial cancer: The technique almost similar as that of carcinoma cervix planning
except that the AP/PA field upper border is placed at L5-S1 junction. The pelvis is treated with
EBRT to 45-50 Gy in 25-28 daily fractions using 6—-18 MV photon beams. The target volume is
defined by GTV of the entire uterus in inoperable cases. CTV includes vaginal cuff, obturator
nodes, external, internal and common iliac nodes. Planning target volume (PTV) is calculated
as CTV plus 0.5-1 cm or ITV (internal target volume) plus 0.5 cm.

Brachytherapy delivers high dose to the vagina while minimizing dose to organs at risk. A vagi-
nal cylinder of largest feasible diameter is the most common applicator used. The radiation
is delivered with low-dose rate (LDR) or high-dose rate (HDR) radiotherapy. 50-60 Gy is the
LDR prescription to the surface over 60-70 h when used alone. When combined with EBRT,
the prescription dose is reduced to 25-30 Gy. The HDR dose prescriptions recommended
by the American Brachytherapy Society (ABS) for adjuvant endometrial cancer is as follows.
Suggested doses of HDR alone (Table 8A) and suggested doses of HDR to be used with 45 Gy
EBRT for adjuvant endometrial cancer (Table 8B).

5.2. Carcinoma of the vulva

In patients with early stage vulval cancer with high risk features, radiation is commonly
delivered following surgery. In patients with locally advanced tumours, surgery will result
in unacceptable morbidity and poor cosmetic outcome. Radiotherapy in combination with
concurrent chemotherapy is used for ‘organ preservation’ and cure. Apart from biopsy confir-
mation of vulval lesion, FNAC of clinically positive inguinal nodes is mandatory and all other
investigations prior to RT as per other malignancies are undertaken.

Normal tissue tolerance: Organs at risk (OAR) in radiation therapy of vulvar cancer include the
bladder, rectum, small intestine and the femoral head similar to that of endometrial cancer
and the tolerance of vagina is <75-80 Gy.

5.3. RT planning techniques: simulation and field arrangements

* Photon energy of more than 6 MV is required for treatment. CT is required for measuring
the depth of inguinal nodes. Patients are simulated with custom immobilizations. Supine,
frog-leg positions are preferred to reduce the bolus effect from skin folds, with full blad-
ders to reduce dose to small bowel.

¢ Radio-opaque markers should be used to delineate vulva tumour, scars, palpable lymph
nodes, extent of vaginal involvement if present and anal verge.
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Borders of AP field should include superiorly from mid-sacroiliac joint to cover external
and internal iliac nodes or L4-L5 level to cover the common iliac nodes if internal or exter-
nal iliac nodes appear suspicious or positive.

Inferiorly it should include the entire vulva or lower margin of the tumour (whichever is
more caudal).

Lateral border should include greater trochanter to cover the inguinal nodes in the AP field
and 2 cm beyond the outermost point of the pelvic inlet on the PA field.

Narrow PA field: Superior and inferior extent to same as that of wide AP field but lateral
extent is farther off from femur-matching supplemental electron fields.

Anterior electron fields to the lateral inguinal region matched with the exit PA field. Energy
of the beam is selected depending on the CT depth of femoral vessels

Conedown: After 45 Gy to the pelvis, fields have to be reduced to include the primary tumour and
involved inguinal lymph nodes with 2-3 cm margin.

Risk group  Description Recommended management

Low Stage I endometroid, grade 1-2, <50% The risk of recurrence after surgery alone is less than 5%

myometrial invasion, LVSI negative ~ No adjuvant treatment is recommended

Intermediate  Stage I endometroid, grade 1-2, >50% Vaginal brachytherapy

myometrial invasion, LVSI negative =~ (PORTEC-2)

High- Stage I endometroid, grade 3, <50%  Node negative-brachytherapy
intermediate myometrial invasion, regardless of No surgical nodal staging:

LVSI status Adjuvant EBRT recommended for LVSI unequivocally
Stage I endometroid, grade 1-2, LVSI  positive to decrease pelvic recurrence

unequivocally positive, regardless of =~ Adjuvant brachytherapy alone is recommended for grade 3
depth of invasion and LVSI negative to decrease vaginal recurrence

High Stage I endometroid, grade 3,>50%  Surgical nodal staging performed, node negative:

myometrial invasion, regardless of ~ Adjuvant EBRT with limited fields should be considered to
LVSI status decrease locoregional recurrence
Adjuvant brachytherapy may be considered as an alternative
Adjuvant systemic therapy is under investigation
No surgical nodal staging:
Adjuvant EBRT is recommended for pelvic control and relapse
free survival
Sequential adjuvant chemotherapy may be considered to
improve PES and CSS
There is more evidence to support giving chemotherapy and
EBRT in combination rather than either treatment modality alone

High Stage II Surgical nodal staging performed, node negative:

Grade 1-2, LVSI negative: recommend vaginal brachytherapy
to improve local control

Grade 3 or LVSI unequivocally positive:

Recommend limited field EBRT

Consider brachytherapy boost

Chemotherapy is under investigation

No surgical nodal staging:

EBRT is recommended

Consider brachytherapy boost

Grade 3 or LVSI unequivocally positive: sequential adjuvant
chemotherapy should be considered
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Risk group  Description Recommended management
High Stage Il endometroid, no residual EBRT is recommended
disease IITA: Chemotherapy and EBRT to be considered

IIIB: Chemotherapy and EBRT to be considered
IIIC1: Chemotherapy and EBRT to be considered
IIIC2: Chemotherapy and extended field EBRT to be considered

High Non-endometroid (serous or clear Serous and clear cell after comprehensive staging:
cell or undifferentiated carcinoma or ~ Consider chemotherapy; clinical trials are encouraged
carcinosarcoma Stage IA, LVSI negative: Consider vaginal brachytherapy only
without chemotherapy —

Stage >IB: EBRT may be considered in addition to
chemotherapy, especially for node-positive disease
Carcinosarcoma and undifferentiated tumours:
Chemotherapy is recommended

Consider EBRT; clinical trials are encouraged

Advanced Stage III residual disease, Stage IVA  Palliative RT/Chemotherapy

Metastatic Stage IVB Palliative chemotherapy/RT/best supportive care

Note: The 5-year risk of recurrence is 2-10, 20-25 and 30 % for low risk, intermediate risk and high risk, respectively [15].

Table 6. Evidence-based recommendation ESMO-ESGO-ESTRO consensus [14].

OAR Dose limitations

Bladder V80 < 15%, V75 < 25%, V65 < 50%

Rectum V50 < 50%, V60 < 35%, V65 < 25%, V75 <15%
Small intestine V15 <120 cc, V45 < 195 cc

Femoral heads Dmax <40 Gy

Note: V = volume of tissue receiving n% of Gy.

Table 7. Radiation therapy for endometrial cancer and tissue tolerance.

Number of HDR fractions Dose/fraction Dose-specific point
3 7 0.5 cm depth

4 5.5 0.5 cm depth

5 4.7 0.5 cm depth

3 10.5 Vaginal surface

4 8.8 Vaginal surface

5 7.5 Vaginal surface

Table 8A. Suggested doses of HDR alone.
5.4. Intensity-modulated radiation therapy

Intensity-modulated radiation therapy (IMRT) improves conformality and eliminates matching
problem between electrons and photons over 3SDCRT (3D conformal radiation) for vulvar cancer.
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Number of HDR fractions Dose/fraction Dose-specific point
2 5.5 0.5 cm depth

3 4 0.5 cm depth

2 8 Vaginal surface

3 6 Vaginal surface

Table 8B. Suggested doses of HDR to be used with 45 Gy EBRT for adjuvant endometrial cancer.

IMRT reduces the dose to bladder, rectum, small bowel and head of femur. Definitions of CTV
and PTV in 3DCRT and IMRT are as follows: CTV should include 1-cm margin including the
entire vulvar region and the bilateral external iliac, internal iliac and inguinofemoral nodes. PTV
should include 1 cm margin around CTV.

5.5. Dose prescriptions (Table 9)

Carcinoma of the vagina: Colposcopy-directed biopsy of the cervix and vulva to rule out pri-
mary cervical and/or vulvar cancer is undertaken apart from other investigations prior to
radiotherapy. In women with early and locally advanced vaginal cancer, radiation is often the
sole treatment either alone or in combination with concurrent chemotherapy which is used
as a radiation sensitizer. RT comprising both external beam irradiation and brachytherapy is
the treatment of choice. Brachytherapy can be intra-cavitary or interstitial depending on the
depth of invasion. Intra-cavitary brachytherapy is used to treat superficial lesions <5mm in
depth from the vaginal surface. Interstitial brachytherapy is used to treat lesions involving
>5mm of depth from the vaginal surface.

5.6. Radiotherapy for vaginal cancer (Table 10)

5.6.1. RT planning techniques simulation and field arrangements

¢ Patients are simulated in supine, frog-leg positions (to minimize the bolus effect from skin
folds) with full bladders (to minimize the volume of small bowel in the radiation field),
with custom immobilizations.

® CT scan will be taken from the first lumbar vertebra to 5 cm beyond the vaginal introitus,
and anterior and lateral tattoos marked with radio-opaque material aligned with lasers to
prevent lateral rotation.

5.6.2. APIPA field

Superior border will be placed at L5-S1 and inferior border at 3-4 cm below the vaginal
marker and lateral borders at 1.5-2cm of the true pelvic rim. If inguinal lymph nodes are to be
treated, wide AP fields will be planned to cover inguinal regions with narrow posterior fields
with 2:1 weighting.
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Setting Scenario Dose (Gy)
Preoperative 45-50
Post-operative Microscopic residual 50

Extracapsular extension or node positive  55-60

Gross residual 65-70
Definitive Concurrent chemoradiation 60-65
Table 9. Dose prescriptions.
Stage Therapy
Stage I Brachytherapy alone or combined with EBRT
Stage I1 EBRT to the primary and pelvic lymph nodes along with brachytherapy boost is

recommended. If the parametria are involved, treatment should include parametrial boost

Stage III-IV A EBRT to the primary and pelvic lymph nodes along with parametrial boost and
brachytherapy boost, with concurrent chemotherapy is recommended

Table 10. Radiotherapy for vaginal cancer.

5.6.3. Dose prescriptions

EBRT dose of 46 Gy with brachytherapy dose of 25-30 Gy is recommended. EBRT boost to
64-70 Gy is used instead of brachytherapy for extensive lesions and those involving recto-
vaginal septum.

5.6.4. Normal tissue tolerance

Organs at risk (OAR) in radiation therapy of vaginal cancer include the bladder, rectum, small
intestine and the femoral heads Table 11.

5.7. Carcinoma of the ovary

The role of radiation is limited in carcinoma ovary. Whole-abdomen radiation has been used,
but its popularity has waned because of the favourable toxicity profiles of the current chemo-
therapeutic regimens.

6. Newer modalities

Newer external radiation techniques, such as intensity-modulated radiation therapy (IMRT),
image-guided radiation therapy (IGRT), stereotactic body radiotherapy (SBRT), proton
therapy and PET-CT-guided radiation, have been tried in gynaecological cancers, but these
require further validation.
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OAR Dose limitations
Bladder V45 <35%

Rectum V30 < 60%

Small intestine V15 <120 cc, V45 < 195 cc
Femoral heads V30<15%

Note: Vn% = volume of tissue receiving n% of Gy.

Table 11. Tissue tolerance for vaginal RT.

6.1. Intensity-modulated radiation therapy (IMRT)

The technique of IMRT was developed using inverse planning. Intensity of the beam will be
modulated spatially with the help of multileaf collimators. The advantage of IMRT lies in the
reduction of amount of radiation dose received by small bowel and bone marrow. The use
of IMRT is still under evaluation for intact cervix cases, but has been validated in the post-
operative setting. Gandhi et al. reported the toxicities of pelvic radiotherapy in 44 patients, of
which 22 received 3DCRT and 22 received IMRT. IMRT resulted in significant reduction of
gastrointestinal toxicities with comparable clinical outcome. Patients who received IMRT had
fewer grade 2 and grade 3 gastrointestinal toxicities as compared with 3DCRT [16]. Du et al.
evaluated the dosimetry, efficacy and toxicity of IMRT in advanced cervical cancer. IMRT pro-
vided better target dose conformity and better sparing of small bowel, bladder and rectum.
They concluded that IMRT resulted in improved dose distributions with significantly lower
toxicities with comparable clinical outcome [17]. The dose distribution of IMRT is shown in
Figure 6.

Figure 6. Dose distribution of IMRT showing 95% coverage.
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6.2. Image-guided radiation therapy (IGRT)

The definition of IGRT, as given by the American College of Radiology and American Society
of Radiation Oncology practice guidelines, is a procedure that refines the delivery of thera-
peutic radiation by applying image-based target relocalization to allow proper patient reposi-
tioning for the purpose of ensuring accurate treatment and minimizing the volume of normal
tissue exposed to ionizing radiation [18]. It is particularly useful in cases with a large mobile
uterus as seen in young women and with a concern regarding the position of the uterus in the
planned radiation field.

6.3. Stereotactic body radiotherapy (SBRT)

SBRT delivers radiation with large fraction sizes using highly conformal treatment tech-
niques. In isolated para-aortic node cases, it has been considered for a nodal boost. It should
not be used as replacement for brachytherapy due to the significant increase in normal tissue
doses with SBRT as compared with brachytherapy.

6.4. Proton therapy

The rationale for proton therapy lies in the improvement of therapeutic ratio by reducing the
radiation dose to non-targeted tissues, thereby reducing toxicity and facilitating dose escala-
tion to achieve increased tumour control. Proton therapy can offer the best way of sparing
the small bowel and rectum and can contribute to significant decrease in acute and chronic
toxicities in cervical cancer treatment.

6.5. Image-guided brachytherapy

Currently, image-guided adaptive brachytherapy in gynaecological malignancies is based
on CT and MRI. Ultrasonography (USG) as an imaging modality for guidance is also being
explored. Advantages of USG include easier availability, cost-effectiveness and small learning
curve which makes it highly useful in developing countries. Limited availability and acces-
sibility to CT and MRI prevented the early adoption of these promising techniques. Potter et
al. reported the clinical outcome of 156 patients treated with image-guided brachytherapy.
Ninety-seven percent of patients achieved complete remission with 3-year overall local con-
trol rates of 95%, 3-year overall cancer-specific survival rates of 74% and 3-year overall sur-
vival rates of 68%. They concluded that there is reduction in major morbidity and pelvic
recurrence with the use of image-guided brachytherapy [19].

Side effects of pelvic radiation:

Radiation-induced side effects depend on the type of tissue, dosage and methods of deliv-
ery of radiation, and the manifestations can be acute and chronic. Acute side effects usually
occur during or within the first 3 months of completing radiation. These include fatigue,
skin irritation or redness of the skin and loose bowel movements discomfort when urinating.
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Chronic side effects occur 3 months after completion of radiation. It includes skin changes
like thinning of skin, radiation enteritis which manifest as loose stools and bleeding per
rectum, cystitis, vaginal stenosis and intestinal obstruction and perforation are other uncom-
mon side effects. Common late toxicities include vaginal stenosis/shortening, dryness,
fibrosis, telangiectasia, atrophy of skin. Fracture of femoral neck has been implicated with
osteoporosis and smoking. Avascular necrosis of the femoral head, though extremely rare,
may also occur. Infection, lymphocyst formation and lymphoedema have been associated
with groin radiation. Psychosocial consequences which are related to sexual function and
body image may occur. With 200 Gy, the rate of tissue necrosis is less than 1% for cervical
tissue and vagina is more sensitive with a tolerance of 100-140 Gy, beyond which necrosis is
common. The complication of vesicovaginal fistula may result beyond a threshold of 150 Gy
and rectovaginal fistula at 80 Gy [5].

Nutrition is important and should contain high protein. Plenty of oral fluids intake of
more than 3 litre is necessary to avoid dehydration. When EBRT is employed, skin is the
most commonly affected tissue. Avoiding soap and other irritants is important to avoid
ulceration.

7. Follow-up and management of side effects

* Two months for the first year, 3 months for the next 2 years, 6 months for the next 2 years
and then annually from 5 years.

* History of side effects and physical examination including pelvic and rectal examination
and biopsy if recurrent growth.

* CT/MRI for all patients during the first year of follow-up. If cervix cannot be assessed, im-
aging will be done annually.

* Patient education regarding sexual health, vaginal dilator use, vaginal lubricants/moistur-
izers (oestrogen creams) is undertaken at each follow-up visit.

¢ Patients with fistula, who had complete response on follow-up, will be referred for fistula
repair.

8. Treatment of recurrent carcinoma of cervix

* After previous surgery

Approximately 50% of patients with localized recurrences after surgery alone may be sal-
vaged with radiation. EBRT (45-50 Gy) with concurrent chemotherapy followed by brachy-
therapy is recommended. If the tumour is inaccessible for brachytherapy, dose escalation
with IMRT with at least 65-70 Gy may be attempted.
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* After definitive irradiation

Important factors to be considered for re-irradiation are the time period between the two
treatments, beam energy, volume and doses delivered in the initial treatment. EBRT for recur-
rent tumour is given to limited volumes (4045 Gy, 1.8 Gy/fraction).

8.1. Treatment of recurrent carcinoma of endometrium

Radiation therapy can be used to treat small vaginal recurrences in patients who have not
received prior radiation. EBRT (45-50 Gy) and brachytherapy are often combined.

8.2. Treatment of recurrent carcinoma of vagina

Lesions that recur after limited surgical procedures can be treated using radiation or more
extensive surgery. Most patients have received prior EBRT and, thus, have options limited to
surgery.

8.3. Treatment of recurrent carcinoma of vulva

If there is clinical local recurrence confined to vulva or clinical nodal recurrence, no prior RT,
then EBRT with concurrent chemotherapy can be delivered. Doses range from 50.4 Gy in 1.8
Gy/# for adjuvant therapy to 59.4-64.8 Gy in 1.8 Gy/# for unresectable disease. Large nodes
may be boosted to a dose of 70 Gy.

9. Conclusion

Radiation therapy in gynaecological malignancies involves multidisciplinary approach, care-
ful planning and execution. Counselling is an essential part to increase compliance and to
achieve high cure rates.
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Abstract

Image-guided adaptive brachytherapy (IGABT) using magnetic resonance imaging
(MRI) has been accepted as a novel treatment technique for cervical cancer. During the
development of MRI-based IGABT, a very important concept called “High-risk clinical
target volume (HR-CTV)” was introduced. However, computed tomography (CT)-based
IGABT is the most common modality in Japan.

MRI-based IGABT was initiated in September 2014 at Kobe University Hospital and 50
patients were treated through March 2016. Although a total HR-CTV D90 ranging from
80 to 85 Gy equivalent dose in 2 Gy fractions in combination with 45 Gy of external beam
radiotherapy (EBRT) and 7 Gy=4 fractions of IGABT is the most standard treatment aim
in European institutions, our aim for a total HR-CTV D90 was a 70-80 Gy because of the
use of the central shielding technique for the protection of organs at risk in the late phase
of EBRT.

The mean total HR-CTV D90 for our 50 patients was 77 Gy. Although our aim was
achieved, it was relatively low because Japanese radiotherapy protocols for cervical can-
cer still differ from those in European institutions. Therefore, a new treatment protocol,
which is closer to the global standard, should be established.

Keywords: image-guided adaptive brachytherapy, high-risk clinical target volume,
D90, D2cc, magnetic resonance imaging
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1. Introduction

Image-guided adaptive brachytherapy (IGABT) using magnetic resonance imaging (MRI)
has been widely accepted as a novel treatment technique for gynecologic malignancies,
especially for cervical cancer. In 2005, the primary concept of IGABT, which is high-risk
clinical target volume (HR-CTV), was described by the Gynaeacologic (GYN) GEO-ESTRO
working group [1]. Around the same time, the first clinical report on the effectiveness of
MRI-based IGABT was published by Potter et al. [2]. In that study, 44 of 48 patients had
stage IIB to IVA disease. Overall survival at 3 years was 61%, progression-free survival was
51%, and continuous complete remission for true pelvis was 85% with a median follow up
of 33 months.

By using MRI or computed tomography (CT), three-dimensional (3D) description of the HR-
CTV and the organs at risk (OAR), such as the bladder, rectum, sigmoid colon, and small
bowel, can be achieved. Therefore, dosimetric evaluation for both the HR-CTV and OAR
using dose volume histograms (DVH) can be performed with greater accuracy than that with
traditional point A treatment planning using the definition of the ICRU report 38 for the OAR
doses [3]. The GYN GEO-EATRO working group also published recommendations regarding
the 3D dosimetric parameters [4]. Although various dosimetric parameters were described by
GYN GEO-EATRO, HR-CTV D90 and OAR D2cc have been emphasized in clinical brachy-
therapy (BT). The working group also published recommendations for the acquisition proto-
cols of MRI sequences [5].

Implementation of IGABT made it possible to use interstitial needles more safely. This is
one of the most important points in performing IGABT, because the use of interstitial nee-
dles can change the dose distribution dramatically, especially in large tumors. In European
institutions, MRI-based IGABT is a common technique and interstitial needles are frequently
used. However, CT-based IGABT is most common in Japanese institutions and interstitial
needles are less frequently used than in European institutions. In addition, 3D-conformal
radiotherapy (3D-CRT) with a central shielding (CS) technique for the protection of OAR
from higher doses has been applied as the standard external beam radiotherapy (EBRT) for
many years at most Japanese institutions, even after the introduction of intensity-modulated
radiotherapy (IMRT), which is performed without a CS technique at many European institu-
tions. Therefore, radiotherapy (RT) for cervical cancer in Japan is somewhat different from
that in institutions in other countries.

MRI-based IGABT for cervical cancer was initiated at Kobe University Hospital in September
2014 and 50 patients were treated with definitive IGABT through March 2016. Similar to
other institutions in Japan, for EBRT, a 3D-CRT with a CS technique is still performed.
Interstitial needles are applied for some patients with large tumors. The purpose of this
chapter is to provide an overview of MRI-based IGABT and the introduction of the experi-
ence at Kobe University Hospital along with a comparison with European representative
institutions.
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2. Applicators for IGABT

Applicators compatible with MRI must be used for MRI-based IGABT. Even if CT-based
IGABT is performed, traditional stainless steel applicators should not be used because severe
metal artifacts may occur when CT images are acquired. Tandem and ovoid applicators are
used most frequently in Japanese institutions.

The Medical University of Vienna, the most representative institution in Europe, and a lot of
other institutions in other countries have used Vienna applicators compatible with MRI that were
developed for combined intracavitary (IC) and interstitial (IS) BT [6]. This applicator has a tandem
and a ring part. The ring part includes the source pathway and it also has a templated function for
titanium interstitial needle implantation. By setting the dwell point in the ring, a dose distribution
the same as when using a tandem and ovoid applicator can be developed. Therefore, both MRI-
based IC-BT alone and combined with IC- and IS-BT can be performed by using the Vienna appli-
cator. Unfortunately, this applicator is not allowed to be used in Japan. In addition, only plastic
or stainless steel needles are available for IGABT. When using stainless steel needles, MRI cannot
be performed after needle implantation. CT-based IGABT, or acquisition of MR images before
needle implantation and fusion of the MRI images to the CT images acquired after needle implan-
tation, is one of the ways to deal with this problem. Plastic needles are also compatible with MRI;
however, these are not suitable for hard tumors because of the dull edge. Metal stainless needles
may help to create a pathway for plastic needles. After pathway preparation with metal stainless
needles, implantation may be easier and acquisition of MR images can be achieved.

Jiirgenliemk-Schulz et al. investigated the potential benefit of newly designed tandem and
ovoid applicators compatible with IC- and IS-BT using plastic needles [7]. They performed
MRI-based IGABT using the applicators in six patients and reported that additional improve-
ment was achieved with a combined IC/IS approach. The results are encouraging because
the newly developed applicators for both IC/IS approaches may be used in many countries
including Japan, resulting in significant progress in IGABT.

3. Definition of high risk clinical target volume (HR-CTV)

The most important target volume in IGABT, the HR-CTV, can be defined at the time of first BT.
In the recommendations from the GYN GEO-ESTRO working group, a brief definition of HR-
CTV in 3D image-based 3D treatment is described as follows (1) carrying a high tumor load,
includes the gross tumor volume (GTV) and always includes the whole cervix and presumed
extracervical tumor extension at the time of BT. Limited disease is defined as a tumor less than
4 cm and/or limited to the cervix at the time of diagnosis. Therefore, in such cases, the whole
cervix including the GTV at BT corresponds to the HR-CTV. For extensive disease, presumed
tumor extension is defined by clinical examination (visualization and palpation) and imaging
(MRI). Interstitial needles are usually required in such extensive cases. Examples of HR-CTVs
of both limited and extensive cases treated at Kobe University are shown in Figures 1 and 2.
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Figure 1. HR-CTV (pink and outer line) and GTV (red and inner line) of limited disease delineated on axial image
(original) and coronal image (reconstructed).

Figure 2. HR-CTV (pink and outer line) and GTV (red and inner line) of extensive disease delineated on axial image
(original) and coronal image (reconstructed).

4. IGABT procedure (Kobe University Hospital)

4.1. Anesthesia

To perform more appropriate IGABT, appropriate anesthesia is very important. There are
four types of anesthesia and combinations as follows: general anesthesia, lumbar subarach-
noid spinal nerve block, sacral epidural block, and intravenous sedation. Intravenous sedation
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is inadequate to perform appropriate IGABT and therefore should only be performed in
patients who cannot safely receive other anesthesia modalities. Lumber subarachnoid spinal
nerve block seems to be better than sacral epidural block. However, sacral epidural block may
be better for patients receiving anticoagulation therapy. In addition, anesthesia should be per-
formed by an anesthetist for patient safety. Lumber subarachnoid spinal nerve block or sacral
epidural block is performed most frequently. In our institution, the first choice for IGABT is
a lumbar subarachnoid spinal nerve block. A sacral epidural block is the second choice for
patients receiving anticoagulation therapy or those with severe medical complications.

4.2, Flow of IGABT

Applicator implantation should be performed using transrectal ultrasound. This is important for
guidance during dilatation of the cervical canal and tandem implantation. X-ray is also useful. If
available in the BT room, CT is very useful to verify the final position of the applicators, and also
to perform needle implantation. Moreover, when CT-based planning is performed, the entire BT
procedure (implant, imaging, planning, and irradiation) can be done in the same room. Therefore,
if an institution is going to initiate IGABT, the most important thing is to place CT in the BT room.

When MRI-based IGABT is performed, patients must be transported to the MRI room.
Transfer must be performed as quickly as possible for safety and the MRI protocol must be
limited to that necessary for treatment. After acquisition of MR images, treatment planning,
and irradiation is performed.

4.3. Imaging protocols

For the acquisition of MR images, a 1.5 or 3.0 T machine is recommended. T2-weighted images
(WI) with transverse sections are necessary for treatment planning. Sagittal sections are also
important. Diffusion-weighted images (DWI) are optional but are useful to define GTV. As an
example, details of MRI performed at Kobe University Hospital are shown in Table 1.

Sequence Slice thickness (mm) No. of slices Imaging time (seconds)
T2WI (transverse) 2 70 308

T2WI (sagittal) 25 40 85

DWI 5 25 263

Notes: T2WI: T2 weighted image, DWTI: diffusion weighted image.

Table 1. MR imaging protocol at Kobe University.

5. Treatment

5.1. Treatment schedule and details of EBRT

The Japanese protocol for EBRT and BT for cervical cancer is shown in Table 2a. Most institu-
tions, including Kobe University Hospital, still use this protocol. Most patients are treated
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with 3D conformal pelvic irradiation (PI), with a total dose of 50.4 Gy in 28 fractions. At first,
whole pelvicirradiation (WPI) is performed, and then WPI with a CS technique is performed.
Generally, BT is initiated at the end of the WPI period and before the start of PI with a CS
technique. Most patients are treated with three or four sessions of BT given once or twice a
week. Regarding combined WPI and CS technique, 30.6 Gy in 17 fractions of WPl and 19.8 Gy
in 11 fractions with CS technique are used for International Federation of Gynecologists and
Obstetricians (FIGO) stage IB to IIB disease. For more advanced disease, 41.4 Gy in 23 frac-
tions of WPI and 9.0 Gy in 5 fractions with CS technique are used. Paraaortic regional irradia-
tion is added for patients with gross metastases. For lymph node metastases, an additional 10
Gy in 5 fractions is usually applied to each metastatic region.

In contrast with the Japanese protocol, many foreign institutions such as Medical University
of Vienna deliver EBRT consisting of 45 Gy in 25 fractions without using a CS technique; at the
end of EBRT, 4 fractions of BT are administered. IMRT is usually performed. The treatment
schedules at representative institutions are also shown in Table 2b for direct comparison with
the Japanese protocol. CS technique is not used by all institutions [8-12].

5.2. Treatment planning for BT
5.2.1. Applicator reconstruction

Fusion of CT and MR images is necessary for BT treatment planning, even for MRI-based
IGABT, if the positions of the sources cannot be identified correctly due to the lack of simulated
sources compatible with MRI (Figure 3a). To achieve true MRI-based treatment planning,
home-made catheters using flexible tubes filled with normal saline solution for interstitial BT
that were compatible with MRI were used as simulated sources (Figure 3b). Using these cath-
eters, positions of the sources could be described very clearly. By using the system included
in the Oncentra Brachy applicator placement technique and these catheters, it is possible to
achieve true MRI-based treatment planning for patients treated with IC-BT (Figure 4).

5.2.2. Delineation of target and OAR

The GTV and HR-CTV are delineated based on the recommendations from GYN GEO-ESTRO
[1]. The intermediate risk clinical target volume (IR-CTV) is automatically delineated with a
5-15 mm margin from the HR-CTV, excluding the OAR.

FIGO stage, tumor size WPI (Gy) CS technique (Gy) HDR-BT (to point A)
Ib1, II (small) 20 30 6 Gy x 4 fractions
b2, II (large), III 30 20 6 Gy x 4 fractions

40 10 6 Gy x 3 fractions
IVA 40 10 6 Gy x 3 fractions

50 0 6 Gy x 2 fractions

Notes: WPL: whole pelvic irradiation, CS: central shielding, HDR-BT: high dose rate brachytherapy.

Table 2a. Details of Japanese treatment protocol for cervical cancer.
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Institutions WPI (Gy) CS technique (Gy) HDR-BT (to HRCTV)
Medical University of 45 0 7 Gy x 4 fractions
Vienna [8]

University Medical Center 45 0 7 Gy x 4 fractions
Utrecht [9]

University of Pittsburgh 45 0 25-30 Gy in 5 fractions
Medical Center [10]

Leiden University Medical 46 or 45-50.4 0 7Gy=3or, 85Gyx2
Center [11] fractions

University of California 45 0 25-30 Gy in 3-5 fractions

San Diego [12]

Notes: WPL: whole pelvic irradiation, CS: central shielding, HDR-BT: high dose rate brachytherapy, HRCTV: high risk
clinical target volume.

Table 2b. Details of treatment protocols for cervical cancer at the representative institutions.

The rectum, bladder, sigmoid colon, and small bowel are delineated using MR images. The
bladder is usually filled with 100 mL of normal saline solution to avoid high doses to the small
bowels before the acquisition of images. If necessary, the urethra is also delineated.

Figure 3. (a) MR images for treatment planning without simulated sources. (b) MR images for treatment planning with
simulated sources consisting of flexible tube for interstitial BT.
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Figure 4. MRI-based treatment planning of intracavitary BT using simulated sources and applicator placement technique.

5.2.3. Treatment aim for dosimetric parameters
5.2.3.1. HR-CTV

The most important dosimetric parameter of the target is the HR-CTV D90. Our primary
treatment aim is that the HR-CTV D90 should be more than 7.0 Gy per implant with a total of
70-80 Gy equivalent dose in 2 Gy fractions (EQD2) calculated by using the following formula:

EQD2 = n*d*((d +a/p)/(2 +a/p)) €y

where 7 is the number of fractions, d is the single fraction dose, tumor &/f = 10, normal tissue

a/p=3.

Total HR-CTV D90s calculated from the single fraction dose and the number of fractions of
IGABT and WPI are shown in Table 3a. Doses for pelvic irradiation with the CS technique are
not included. At other representative institutions, the total HR-CTV D90 is usually aimed at
more than 85 Gy in EQD2. In previous reports, Nomden et al. reported that the mean HR-CTV
D90 in EQD2 was 84 Gy [9]. Simpson et al. reported that the mean HR-CTV D90 was 86.3 Gy
[12]. Although our HR-CTV D90 per implant was equivalent to that in other institutions [8, 9],
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HR-CTV D90 in WPI: single dose x fractions (total) (Gy)

IGABT single dose x 7 ¢', 717 (30.¢) 1.8 x 23 (41.4) 1.8 x 25 (45) 1.8 x 28 (50.4)
fractions (Gy)

Total HR-CTV D90 in 3/4 fractions (Gy, EQD2)

6.5 x 3/4 56.9/65.8 67.5/76.5 71.1/80.0 76.4/85.3
7 x 3/4 59.8/69.8 70.5/80.4 74/83.9 79.3/89.2
7.5 x3/4 62.9/73.8 73.5/84.5 77.1/88.0 82.4/93.3
8 x 3/4 66.1/78.1 76.7/88.7 80.3/92.3 85.6/97.6
8.5 x 3/4 69.4/82.5 80.0/93.1 83.4/96.7 88.9/102.0
9 x 3/4 72.8/87.1 83.5/97.7 87.0/101.3 92.3/106.6

Notes: HR-CTV: high risk clinical target volume, EQD2: equivalent dose in 2 Gy fractions, IGABT: image-guided
adaptive brachytherapy, WPI: whole pelvic irradiation.

Table 3a. Total HR-CTV D90 (EQD2) calculated from the single dose and number of fractions of IGABT and WPL

the goal of total D90 was set lower because the use of the CS technique might hinder delivery
of higher D90.

5.2.3.2. OAR

For the OAR, D2cc is recognized as the most important dosimetric parameter. In clinical IGABT,
bladder, rectum, sigmoid colon, and small bowel D2cc must be calculated and recorded for every
implant. The proposed upper limit of the total bladder dose is 85 Gy with a maximum of 90 Gy in
EQD2. Those of the total rectum, sigmoid colon, and small bowel are 70 Gy with a maximum of
75 Gy in the EQD2. The upper limit of single OAR doses (non-EQD2) in IGABT calculated from
the total OAR D2cc and WPI dose are shown in Table 3b. Doses from PI with the CS technique
are not included. As for these OARs, many previous studies used similar criteria [8-10, 12].

Total D2ccin EQD2  WPLI: single dose x fractions (total) (Gy)
(Gy) 1.8 x 17 (30.6) 1.8x 23 (41.4) 1.8 x 25 (45) 1.8 x 28 (50.4)

Upper limit of single OAR dose in 3/4 fractions (Gy, non-EQD2)

Bladder

85 8.2/6.9 7.3/6.1 6.9/5.8 6.4/5.4
90 8.6/7.3 7.7/6.5 7.4/6.2 6.9/5.8
Rectum and other

bowels

70 6.8/5.7 5.7/4.8 5.3/4.4 4.6/3.9
75 7.3/6.1 6.3/5.3 5.9/4.9 5.3/44

Notes: EQD2: equivalent dose in 2 Gy fractions, OAR: organ at risk, WPI: whole pelvic irradiation.

Table 3b. Upper limit of single OAR doses (non-EQD2) in IGABT calculated from the total OAR D2cc and WPI dose.
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5.2.4. Dose prescription and optimization
5.2.4.1. Intracavitary BT

The basic treatment plan prescribed to point A according to Japanese guidelines is first cre-
ated for every implant. The point A dose is 6.0 Gy. Then, graphical optimization is performed
to achieve the treatment aim for both the HR-CTV and the OAR.

5.2.4.2. Combined intracavitary/interstitial BT

Similar to intracavitary BT, a basic plan prescribed to point A (6.0 Gy) is first created. Next,
optimization of the intracavitary applicator is performed to reduce the doses to the OAR.
Then, the interstitial needles are activated to increase the target coverage. Additional optimi-
zation is usually performed to achieve the treatment aim.

5.3. Limitations of CT-based planning

In performing CT-based planning, the most important limitation is inaccurate delinea-
tion of the HR-CTV. CT-based delineation is often very different from MRI-based delinea-
tion (Figure 5). The HR-CTV D90 may be significantly affected by the difference in imaging
modality at BT (MRI or CT). Hegazy et al. reported that CT-based HR-CTV contouring based
on FIGO stage led to a large overestimation of the width and volume. They concluded that if
only CT was available, a minimum two-third of the uterine height might be a good surrogate
for the height of the HR-CTV [13]. Clinical gynecologic examination and acquisition of MR
images just before the start of BT can help to improve the accuracy of delineation.

Figure 5. Comparison of CT-based and MRI-based delineation of HRCTV. CT-based delineation is quite large compared
to MRI-based delineation.
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6. Reported treatment results

There are an increasing number of published reports regarding treatment results of IGABT
for cervical cancer as shown in Table 4 [8-12, 14-17]. In 2011, Pétter et al. retrospectively
analyzed 156 patients with FIGO stage IB to IVA cervical cancer treated by IGABT at
Medical University of Vienna [8]. A combined IC/IS approach was used in 44% of the
patients with residual disease at the time of BT. They reported the three-year overall sur-
vival (OS) rates for stage IB, IIB, and IIIB disease were 74, 79, and 45%, respectively. They
also reported that three-year local control (LC) rates for stage IB, IIB, and I1IB disease were
100, 96, and 86%, respectively. These results indicate that IGABT can achieve excellent LC
rates even in cases of unfavorable advanced disease, such as stage IIIB disease, by using
interstitial needles.

In arecent large multicenter study called RetroEMBRACE, Sturdza et al. analyzed 731 patients
[17]. They reported that three-year overall survival rates for stage IB, IIB, and IIIB patients

Author (year) No. of median Imaging mean HRCTV LCrate (%)  CSSrate (%) OS rate (%)

patients follow up D90 (SD) in

(months) EQD2 (Gy)

Potteretal. 156 42 MRI 93 (13) 95 (3-year) 74 (3-year) 68 (3-year)
(2011) 8]
Lindegaard 140 36 MRI 91 91 (3-year) 87 (3-year) 79 (3-year)
et al. (2013)
(14]
Nomdenet 46 41 MRI 84 (9) 93 (3-year) 74 (3-year) 65 (3-year)
al. (2013) [9]
Gill et al. 128 24.4 MRI 83.2(2.7) 91.6 (3-year) 85.4 (3-year) 76.6 (3-year)
(2014) [10]
Rijkmans 83 423 MRI 80.8 NA NA 86 (3-year)
etal. (2014)
(11]
Castelnau- 225 38.8 MRI 80.4 (10.3) 86.4 (3-year) NA 76.1 (3-year)
Marchand
et al. (2015)
(15]
Simpsonet 76 17 CT 86.3 (8.1) NA NA 75 (2-year)
al. (2015)
(12]
Ribeiro etal. 170 37 MRI 85 (8.4) 96 (3-year) NA 73 (3-year)
(2016) [16]
Sturdza et 731 43 MRI/CT 87 (15) 91 (3-year) 79 (3-year) 74 (3-year)
al. (2016)
(17]

Notes: IGABT: image-guided adaptive brachytherapy, HR-CTV: high risk clinical target volume, LC: local control, CSS:
cancer specific survival, OS: overall survival.

Table 4. Reported treatment results of IGABT for cervical cancer.
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were 88, 78, and 56%, respectively. They also reported that three-year LC rates were 98, 93,
and 79%, respectively. These results indicate that IGABT is an indispensable treatment tool to
achieve excellent LC rates. Lindegaard et al. compared the treatment results of MRI-guided
IGABT to X-ray-based BT [14]. Both OS and cancer-specific survival (CSS) rates were signifi-
cantly better in the patient group treated with MRI-guided IGABT.

The mean total HR-CTVs in these reports ranged from 80.3 to 93 Gy in EQD2. All of the total HR-
CTV D90s were more than 80 Gy. In our experience with IGABT for 50 cervical cancer patients,
the mean total HR-CTV D90 was 77.0 Gy, lower than that at the representative centers. This
difference was caused by the CS technique. According to other reports from Japan, although
treatment outcomes were excellent, HR-CTV D90s were less than 70 Gy [18, 19]. These results
are also lower than our findings. The studies used CT-based planning, which also accounted for
the large difference when combined with CS technique. It is likely that a larger HR-CTV delin-
eated using CT and a lower WPI dose combined with CS technique resulted in a significantly
lower D90. MRI-based planning without CS technique might achieve HR-CTV D90 comparable
to that in foreign institutions. More institutions in Japan should perform MRI-based planning
because it may become the global standard. Use of CS technique should also be discussed.

In summary, the use of IGABT can help achieve excellent LC even in advanced stage cervical
cancer with the help of interstitial needles. Survival results with IGABT showed superiority
to those achieved with traditional X-ray-based BT. HR-CTV D90 can be easily affected by
imaging modality and variability of EBRT dosing. However, 45 Gy of WPI and MRI-based
treatment planning aiming for a total HR-CTV D90 from 80 to 85 Gy should be considered the
most appropriate treatment regimen.

7. Treatment-related adverse events

Late bladder, gastrointestinal, and vaginal toxicities have been reported by previous studies.
In the Retro-EMBRACE study [17], five-year Grade 3-5 toxicity in the bladder, gastrointesti-
nal tract, and vagina among 610 patients affected 5, 7, and 5%, respectively. Ribeiro et al. also
reported Grade 34 late rectal, urinary, sigmoid, and vaginal morbidity rates were 5, 6, 2, and
5%, respectively, in their long-term treatment outcome study [16]. They also identified a cor-
relation between rectal D2cm® > 65 Gy and Grade > 3 late morbidity. Among patients treated
at Kobe University Hospital, Grade 3 rectal toxicity occurred in two (4%) patients. No Grade
3 or greater late bladder and vaginal toxicities have occurred to date.

Acute toxicities are rarely reported in published studies. According to our experience, hema-
tological toxicity is the most frequent, especially in patients treated with concurrent chemo-
radiotherapy (CCRT). Among the 50 patients treated at Kobe University Hospital, Grade 3 or
greater acute hematologic toxicity occurred in 36 (72%) patients. Procedure-related complica-
tions should also be reported. In the early period, mild pressure ulcers around the buttocks
occurred in five patients. Respiratory suppression occurred in one patient who received intra-
venous sedation. In addition, interstitial needles may cause severe complications. The most
common is bleeding. It is sometimes difficult to manage extravaginal bleeding caused by lac-
eration of the vaginal wall. It is also important to be aware of possible intraabdominal bleeding.
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This may be caused by injury to the uterine arteries. Performing CT immediately after removal
of the applicators may be useful for the early detection of intraabdominal bleeding.

In summary, according to the results from previous studies and our experience, Grade >3 late
treatment-related toxicity occurs in approximately 5% of patients. Acute severe hematologic
toxicity frequently occurs in patients treated with CCRT. The role of the CS technique per-
formed for the protection of OAR from higher doses should be discussed from the aspect of
toxicity. Monitoring is essential for procedure-related complications. Interstitial needles can
cause severe complications. It is necessary to improve procedures, including needle implanta-
tion, to prevent complications.

8. Conclusions

In this chapter, an overview of our experience of MRI based-IGABT for cervical cancer was
described. IGABT using MRI has been widely accepted, especially in European countries,
and the combination of 45 Gy in 25 fractions of EBRT without using a CS technique and more
than 7 Gy x 4 fractions for HR-CTV is the most standard protocol. Pelvic IMRT has been
increasingly performed. The total EQD2 delivered in this protocol is usually more than 85 Gy.
Interstitial needles are often implanted for large tumors using a Vienna ring applicator, which
is very suitable for combined IC/IS BT because the ring part has the source pathway and can
be used as the template of the needles. Tandem and ovoid applicator which had function for
the template of the interstitial needles were also reported [7]. Increasing numbers of treatment
results have been reported, and the impressive role of IGABT, especially in LC, has been dem-
onstrated when delivering more than 80 Gy as a mean total HR-CTV D90s. Therefore, many
representative institutions aimed at least more than 80 Gy [9-13]. Although MRI-based IGABT
has been performed since September 2014 at Kobe University, CT-based IGABT still has been
performed at most Japanese institutions because of various circumstances, and interstitial
needles are less frequently used. CT-based IGABT is well established; however, considerable
differences in the delineation of HR-CTV can occur as compared to MRI-based BT. In addi-
tion, we continue to use a CS technique with EBRT and pelvic IMRT has not been accepted in
the definitive RT for cervical cancer. Therefore, although successful outcomes were reported
[18, 19], RT for cervical cancer in Japan is still different from that in European countries in
both BT and EBRT. In the immediate future, a new treatment protocol (MRI-or CT-based?
with or without the CS technique? 3D-CRT or IMRT?), which is closer to the global standard,
should be established for the further development of RT treatment of cervical cancer in Japan.
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Abstract

After radical treatment of head and neck cancer about 20-50% of patients are diagnosed
with the locoregional recurrence during first two years. The main treatment for recurrent
disease is salvage surgery, but in most cases, surgery is not feasible due to the high risk of
complications and morbidity, and only 20% of patients are suitable for surgical salvage.
Reirradiation is an effective treatment method with acceptable toxicity, but this treat-
ment method is limited to normal tissue tolerance to a total dose. When chemotherapy is
administered for recurrence, the response rate is up to 40%, so with the advancement of
technical measures, after introduction of intensity-modulated radiotherapy, fractionated
stereotactic body radiation therapy, high-dose-rate brachytherapy, proton beam reirra-
diation, a reirradiation is increasingly more often used for head and neck cancer relapse
treatment. In this chapter, we will discuss about reirradiation with curative intent using
new different radiation techniques (intensity-modulated radiotherapy (IMRT), stereotac-
tic body radiation therapy (SBRT), high-dose-rate brachytherapy (HDR-BRT) and proton
beam reirradiation (PBRT) for previously irradiated head and neck cancer and present
recommendations for retreatment of head and neck cancer relapse using reirradiation
alone or with systemic chemotherapy/biologic therapy.

Keywords: reirradiation, head and neck cancer, brachytherapy, proton beam therapy,
stereotactic body radiation

1. Introduction

Despite the sophisticated methods of cancer diagnosis, more than 50% of cases are still diag-
nosed when the disease has reached III/IV stage. After radical treatment of head and neck can-
cer, about 20-50% of patients are diagnosed with the locoregional recurrence during first two
years [1-3]. The main treatment for recurrent disease is salvage surgery, but in most cases,
surgery is not feasible due to the high risk of complications and morbidity, and only 15-30%
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of patients are suitable for surgical salvage [4-8], and 5-year overall survival is 16-36% [9-14].
When chemotherapy is administered for recurrence, the response rate is up to 35-40%, and
median overall survival is about 10% [15-17]. The results of retrospective studies presented in
literature, using reirradiation by three-dimensional radiotherapy (3D-RT) for head and neck
cancer recurrence, according to a 2-year overall survival and toxicity, are poor: overall sur-
vival reached 15.2-40%, the rate of severe late toxicities (grade 3 and 4) reached 1.4-47%, the
rate of degree 5 (lethal) complications reached 7.6% [18-21]. However, with the advancement
of technical measures, after introduction of intensity-modulated radiotherapy (IMRT), frac-
tionated stereotactic body radiation therapy (F-SBRT), high-dose-rate brachytherapy (HDR-
BRT), proton beam reirradiation (PBRT), a reirradiation is increasingly more often used for
head and neck cancer relapse treatment [6, 18, 22-24].

In this chapter, we will discuss about reirradiation with curative intent using new different
radiation techniques (IMRT, SBRT, HDR-BRT and PBRT) for previously irradiated head and
neck cancer and present recommendations for retreatment of head and neck cancer relapse
using reirradiation alone or with systemic chemotherapy/biologic therapy.

2. Reirradiation techniques and outcomes

2.1. Intensity-modulated radiotherapy and stereotactic body radiotherapy reirradiation

When comparing IMRT and F-SBRT against 3D-RT technique, it is possible to apply a larger
radiation total dose during IMRT and F-SBRT, better protect adjacent tissues, while also
achieving a better dose homogeneity. Lee et al. published results of 105 patients treated for
head and neck cancer relapse using external beam radiation therapy [25]. Study included
74 (70%) patients treated with IMRT, 16 (15%) patients received conformal 3D radiation
therapy and 15 (15%) patients received 2D radiation therapy. Prior to reirradiation, surgi-
cal treatment was performed on 36 (34%) patients, chemotherapy (mostly platinum-based)
was administered to 75 (71%) patients, including 45 (43%) cases combined with radiation
therapy. The median reirradiation dose was 59.4 Gy (range 30-70 Gy), median cumulative
dose was 121.4 Gy (range 88-137 Gy). The 1-year and 2-year overall survival was 56% and
37%, respectively; locoregional control was 48% and 42%, respectively. The frequencies of
early and late grade 3 and 4 toxicities were 23% and 15% (early and late, respectively). Sulman
et al. conducted a retrospective analysis of 74 patients who were treated for head and neck
cancer relapse and secondary cancer by applying IMRT to the previously irradiated area [24].
Before the reirradiation, 20 (27%) patients underwent surgery, 36 (48.6%) patients received
chemotherapy: 23 patients received concurrent chemotherapy, four (11.1%) patients received
induction chemotherapy, one (2.8%) patient received adjuvant chemotherapy, seven (19.4%)
patients received induction and concurrent chemotherapy and one patient received concur-
rent and adjuvant chemotherapy. Platinum-based chemotherapy was administered to nine
(25%) patients, 23 (64%) patients received a combined platinum- and taxane-based chemo-
therapy, three (8.3%) patients received platinum- and 5-fluorouracil-based treatment and
one patient was administered a medication based on platinum with taxanes and lonafarnib
(farnesyltransferase inhibitor). Median survival was 27.6 months; 2-year overall survival and
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locoregional control were 58% and 64 %, respectively. Severe late toxicity (grade 3 and 4) was
observed in 15 (20%) patients; one patient died (grade 5 toxic reaction). Duprez et al. pub-
lished medical results based on 84 patients treated for recurrent or secondary head and neck
cancer using IMRT [26]. Concurrent platinum-based chemotherapy was administered to 17
(20%) patients, 19 patients underwent surgical treatment and IMRT. Median dose delivered
by IMRT was 69 Gy, median cumulative dose was 130 Gy (range 71-138 Gy). Median survival
was 13.4 months; 1-year, 2-year and 5-year overall survival was 54%, 35%, and 20%, respec-
tively; progression-free survival was 58%, 42%, and 29%, respectively. Severe early toxicity
occurred in 26 (31%) patients, late toxicity occurred in 52 (62%) patients (grade 3 and 4 in
11 (13.1%) patients). Late grade 5 reactions occurred in two (2.4%) patients. It was deter-
mined during this study that T4 (p =0.013), >2 years time interval between primary radiation
therapy and reirradiation (p=0.011), and hypopharyngeal cancer (p=0.013) are statistically
significant unfavorable factors impacting the overall survival, while the concurrent chemo-
therapy (p=0.0009) is related to higher frequency of severe complications (grade 3 and 4).
Chen et al. completed a retrospective study which included 21 patients [27]. All patients were
diagnosed with recurrent head and neck cancer or secondary tumor, and IMRT was used
in combination with image-guided radiation therapy (IGRT). The 1-year and 2-year overall
survival was 65% and 40%, respectively. The authors identified severe acute toxicity frequen-
cies: skin desquamation in 12 (57%) patients, dysphagia in 9 (42%) patients and mucositis
in 5 (23%) patients. Late reactions: 2 patients were diagnosed with trismus, 1 patient was
diagnosed with brachial plexopathy and gastrostomy was performed on 12 (57%) patients to
manage swallowing disorder following the radiation therapy. Similar results were published
for application of fractional stereotactic body radiation therapy (F-SBRT). Roh et al. treated 36
patients (44 areas) diagnosed with head and neck cancer relapse [28]. Median total dose was
30 Gy (range 18-40 Gy), delivered in 3-5 fractions over 3-5 days prescribed to the 65-85% iso-
dose line. The 1-year and 2-year progression-free survival was 61% and 52.2%, respectively,
while 1-year overall survival was 52.1%, 2-year survival was 30.9%. Early grade 3 reactions
were diagnosed in 13 patients; late complications (grade 3 and 4) were diagnosed in 3 (8.6%)
patients. Cengiz et al. used F-SBRT to treat 46 patients diagnosed with unresectable recurrent
head and neck cancer [22]. Median total dose was 30 Gy (range 18-35 Gy), delivered mostly in
five fractions (range 1-5 fractions). Overall 1-year survival and progression-free survival was
47% and 41%, respectively. Frequency of early toxicity was 4.4%: one patient was diagnosed
with grade 3 dermatitis and grade 1-3 mucositis according to RTOG criteria; grade 5 compli-
cation frequency was 4.4%. Late reactions were diagnosed in six (13.3%) patients: two patients
were diagnosed with soft tissue necrosis, two patients had osteonecrosis of the mandible and
two patients were also diagnosed with grade 2 dysphagia. Five (11%) patients died due to
bleeding from the carotid artery. Siddiqui et al. used stereotactic radiation therapy to treat
44 patients (55 areas), including 21 patients (29 cases) diagnosed with head and neck cancer
relapse in primary tumor location or adjacent location [23]. Patients who were diagnosed with
the relapse in regional neck lymph nodes where not included in this group. Delivered total
dose was 36 Gy in 6 fractions or 48 Gy in 8 fractions, 2-3 fractions/week or 16-18 Gy single
fraction. In this group of patients, 1-year and 2-year overall survival was 38.1% and 14.3%,
respectively, local control was 60.6% and 40.4%, respectively. Early grade 3 toxicity was diag-
nosed in one patient; grade 4 complications were diagnosed in three patients.
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In conclusion, it can be stated that the results of external beam reirradiation therapy used to
treat head and neck cancer relapse, according to the treatment techniques, are: using IMRT,
2-year overall survival was 35-58%, locoregional control was 42-64%, 2-year progression-
free survival reaches 42%, while the frequency of grade 3 and 4 toxicity was 13.1-20%, fre-
quency of grade 5 radiotherapy reactions up to 2.8% [16, 25, 26, 28]. Results from F-SBRT
studies: 2-year overall survival was 14.3-40%, local control 40.4%, progression-free survival
was 52.2%, frequency of late severe complications was 8.6-14%, frequency of grade 5 com-
plications was 2.8-14% [16, 22, 23, 28] (Table 1). During most of these studies, prognostic
factors have been determined which influence the overall survival, locoregional control and
progression-free survival; these factors were: longer time interval between initial radiation
therapy and reirradiation; chemotherapy or biological therapy, administered in combination

Author N Treatment Late toxicity grade 3—4 Results

Lee et al. [25] 105 (a) IMRT/(n =74) 15% 1y OS—56%
(b) 3D-RT/(n =16) 2y OS—37%
(c) 2D-RT/(n = 15) 1y LRC—48%
75 pts. received platinum-based CHT 2y LRC—42%
Median dose 59.4 Gy (30-70 Gy)

Sulman et al. [24] 74 (a) Surgery + IMRT/(n = 20) 20% 2y OS—58%
(b) IMRT + CHT/(n =36) Grade 5—2.8% 2y LRC—64%

(c) IMRT/(n=48)
Median dose 63 Gy (48.8-70 Gy)

Duprezetal. [26] 84 (a) OP +IMRT/(n=19) 13.1% 1y OS—54%
(b) IMRT + CHT/(n=17) grade 5—2.4% 2y OS—35%
(c) IMRT/(n=48) 5y OS—20%
Median dose 69 Gy 1y DFS—58%

2y DFS—42%
5y DFS—29%

Chen et al. [27] 21 IMRT, median dose 66 Gy (60-70 Gy) ~ Dysphagia—57%, 1y OS—65%
trismus—9.5%, brachial 2y OS—40%
plexopathy —4.8%

Roh et al. [28] 36 F-SBRT, median dose 30 Gy (18-40 Gy)  8.6% 1y OS—52.1%
grade 5—2.8% 2y 05—30.9%
1yLRC—61%

2y LRC—522%

Cengizetal. [22] 46 F-SBRT, median dose 30 Gy (18-35Gy) 13.3% 1y OS—47%
grade 5—11% 1y DFS—41%
Siddiqui et al. [23] 21* F-SBRT/(n=10): Grade 4—14% 1y OS—38.1%
(a) 36 Gy/6 fx 2y 0O5—14.3%
(b) 48 Gy/8 fx 1y LC—60.6%
S-SBRT/(n=11): 2y LC—40.4%

Single-fraction 13-18 Gy

Notes: 3D-RT, three-dimensional conformal radiotherapy; 2D-RT, two-dimensional radiotherapy; IMRT, intensity-
modulated radiotherapy; CHT, chemotherapy; F-SBRT, fractionated stereotactic body radiation therapy; S-SBRT,
radiosurgery; OS, overall survival; LRC, locoregional control; DFS, disease free survival; LC, local control.
" 44 patients participated in study, but results are presented only for 21 patient treated for disease relapse.

Table 1. Summary of published data on IMRT and SBRT for recurrence from head and neck cancer.
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with reirradiation therapy; total dose of reirradiation therapy >50 Gy and surgical treatment
prior to reirradiation therapy. Frequency of severe toxicity (grade 3 and higher) statistically
significantly depended on the following factors: chemotherapy, administered in combination
with reirradiation therapy; total dose of reirradiation therapy >60 Gy.

Results of the discussed studies prove that it is possible to achieve good locoregional control
with acceptable toxic reactions through application of external beam reirradiation therapy. Using
IMRT method, the number of late radiation reactions was lower compared with 3D-RT or F-SBRT.

Recommendations for IMRT (Figure 1):

1. To use repeated IMRT to treat patients with good functional status (Karnofsky
Performance Score > 60) in combination with chemotherapy or biological therapy after
surgery, when there are positive resection margins, extracapsular nodal spread, perineu-
ral or lymphovascular infiltration.

2. Minimal time interval between initial radiation therapy and reirradiation 6-12 months.

3. Reirradiation volume: PTV =GTV +5 mm, total dose >50-60 Gy, using conventional frac-
tionation (1.8-2 Gy/fx).

Figure 1. Representative isodose plan for patient undergoing reirradiation: (A) axial and (B) coronal CT slice. The patient
had recurrent grade 3 adenoid cystic carcinomas of hard palate previously treated to 60 Gy with concurrent cisplatin. A
local recurrence developed after 15 months, and the patient underwent reirradiation with IMRT to 48 Gy. The clinical
and planning target volumes are showed in red, the total cumulative dose to brainstem was 51.54 Gy, spinal cord—
42.1 Gy, chiasma—50.4 Gy, n. opticus left—51.2 Gy. No late toxicity was observed after 1 year.
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Recommendations for F-SBRT (Figure 2):

1. To use repeated F-SBRT to treat patients with good functional status (Karnofsky
Performance Score > 60) in combination with chemotherapy or biological therapy after
surgery, when there are positive resection margins, extracapsular nodal spread, perineu-
ral or lymphovascular infiltration.

2. F-SBRT is not recommended to treat laryngeal and hypopharyngeal site of recurrence
due to higher frequency of late reactions.

3. Recommended total dose 35-42 Gy in 7 fractions prescribed to the 80-85% isodose line,
over 2.5 weeks (total dose must not exceed 44 Gy).
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Figure 2. Dosimetric plan (A) used for reirradiation of a patient with recurrent oropharyngeal squamous cell carcinoma;
dose-volume histogram is showed in apex (B). The patient underwent radical chemoradiotherapy as primary treatment
(total dose 68 Gy/34 fx), after local recurrence developed approximately 21 months later, and the patient underwent
reirradiation with F-SBRT—35 Gy/7 fx prescribed to the 80% isodose. The total cumulative dose to spinal cord was
57.8 Gy, mandible—93 Gy, larynx—72.4 Gy, parotid gland left—36 Gy, parotid gland right—72.4 Gy. No late toxicity
was observed after 1.6 year.

2.2. High-dose-rate brachytherapy reirradiation

When using brachytherapy, it is possible to directly irradiate the tumor and deliver sufficient
dose while also reducing the frequency of severe complications, such as trismus or severe
xerostomia [29, 30]. In published studies, which involved patients with the diagnosis of head
and neck cancer relapse and who were treated using HDR-BRT, different treatment regimens
have been selected.

Hepel et al. published results of study involving 30 patients diagnosed with head and neck
cancer relapse and treated using 192I-HDR-BRT [31]. All patients were treated using external
beam radiation therapy, delivering mean dose of 59 Gy (range 23-75 Gy), with minimal 1-year
follow-up. Adjuvant chemotherapy was administered to 43% patients, 36% were treated
using hyperthermia therapy. Using HDR-BRT, two daily fractions have been prescribed with
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minimum 6-hour separation interval. In patients with implant volume adjoined to mucosa
3 Gy/fraction was delivered, and 4 Gy/fraction in other patients. Average administered total
dose was 34 Gy (range 18-48 Gy), average implant volume 85 cm? (range 34-265 cm?). Dose
distribution was evaluated according to dose-volumes histogram (DVH), also ensuring that
implant volume irradiated by 200% of the prescribed dose (V200) would not exceed 10% PTV.
The 1-year and 2-year overall survival was 56% and 37%, respectively, local control was 69%
and 67%, respectively, progression-free survival was 54% and 45%, respectively. Medium
grade mucositis was diagnosed in most patients; late reactions (grade 3 and 4) were diag-
nosed in five (16%) patients: two were diagnosed with soft tissue necrosis, one had esophago-
cutaneous fistula, one had lower jaw bone necrosis and one patient was diagnosed with
tongue atrophy and fibrosis along with speech disorder. No grade 5 complications occurred.
Tselis et al. used the accelerated hypofractionated 192Ir-HDR-BRT to treat 74 diagnosed with
isolated head and neck cancer relapse in neck [7]. Patients had previously received radiation
therapy or chemoradiation therapy; administered median total dose was 60 Gy (range
22-72 Gy). Due to primary tumor, surgery was performed on 43 (58%) patients; lymphade-
nectomy was performed at the same time on 33 of these patients (45%). Median time interval
after primary treatment until isolated relapse was 12 months (range 3-207 months). Median
target volume was 64.7 cm® (range 6.4-622 cm?®). Prior to HDR-BRT, 9 (12%) patients have been
treated using external beam radiation therapy, administered median dose 40 Gy (range
20-70 Gy); 48 (65%) patients received chemotherapy; five (8%) received surgical treatment.
Median time interval between external beam reirradiation therapy, last palliative chemother-
apy course, or surgery and the beginning of HDR-BRT was 221 days (range 68-476 days), 53
days (range 22-819 days) and 149 days (range 94-251 days), respectively. A total of 12 (16%)
patients were not additionally treated following primary treatment until procedures of HDR-
BRT. During HDR-BRT, median Karnofsky Performance Score was 80 (range 60-100). When
performing HDR-BRT, 71 (96%) patients were prescribed two daily fractions with minimum
6-hour separation interval, and median delivered single fraction dose was 3 Gy (range 2-5 Gy).
For remaining three (4%) patients, the median delivered single fraction dose was 6 Gy (range
6-10 Gy) delivered in one daily fraction. All patients were administered a median total dose
of 30 Gy (range 10-36 Gy). A total of 69 (93%) patients were treated using stand-alone HDR-
BRT; five (7%) patients received this treatment in combination with external beam radiation
therapy; median prescribed dose was 30.6 Gy (range 2045 Gy). Dose distribution was evalu-
ated according to DVH with consideration of D90, and dose heterogeneity was assessed
according to V100, V150 and V200. In 60 (81%) patients who were prescribed with single frac-
tion dose of 3 Gy, evaluated dosimetric parameters were as follows: D90 =2.9 Gy (range 2.1-
3.7 Gy) =96.7% of the administered dose. Resulting dosimetric parameters for all the patients:
median D90—97.7% (range 70-123.3%); V100 =88.8% (range 68.8-96.9%); V150=58% (range
42-76%) and V200=38% (range 21-58%). Radiotherapy toxicity was evaluated according to
RTOG/EORTC criteria. Median overall survival was 42 weeks; 1-year, 2-year and 3-year over-
all survival reached 42%, 19% and 6%, respectively. The 1-year local control was 67%, 2-year —
67% and 3-year—67%,; 1-year, 2-year and 3-year progression-free survival was 42%, 37% and
19%, respectively. After determining that the median target volume was ~65cm?®, patients
were divided into two groups, and it was found that in patients with target volume <65 cm?
survival reached 13 months compared to 6 months in patients with target volume >65 cm?
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(p=0.0001). In patients who were prescribed with a treatment dose of <32.5 Gy based on cal-
culated EQD2, median survival was 9 months, while in patient group with accordingly calcu-
lated EQD2 > 32.5 Gy median survival was 13 months (p =0.098). In the scope of this study, no
statistically significant difference has been found between patient survival and factors such as
primary tumor location, histological type of tumor, T and N stages of the primary tumor.
Also, no statistical significant difference has been determined between local control and pri-
mary tumor location, histological type of tumor, T and N stages of the primary tumor, tumor
relapse volume, KPS or prescribed dose. Acute toxicity (grade 3 and 4) was diagnosed in 5%
of patients; frequency of late complications (grade 3 and 4) reached 8%, including three diag-
nosed with fistula. No grade 5 complications were diagnosed. Narayana et al. used HDR-BRT
to treat 30 patients diagnosed with recurrent head and neck cancer [32]. About 77% of all
patients had been diagnosed with local or regional relapse in previously irradiated location.
Prior to HDR-BRT, 18 patients received surgical treatment, and they were prescribed with a
total dose of 34 Gy administered in two 3.4 Gy daily fractions. A total of nine patients were
treated using stand-alone HDR-BRT; a total dose prescribed was 40 Gy in two 4 Gy daily frac-
tions. Remaining three patients received external beam radiation therapy 40-50 Gy and HDR-
BRT 20 Gy, delivering two 4 Gy daily fractions. Toxicity was evaluated according to RTOG
and NCI-CTC Version 3 toxicity criteria. The 2-year overall survival and local control were
63% and 71%, respectively. In group of patients who received surgical treatment and HDR-
BRT, 2-year local control was better compared to remaining patients (88% vs. 40%, p=0.05),
although no statistically significant difference has been found when comparing the overall
survival in these groups (70% vs. 43%, p=0.66). Early complications (grade 3 and 4) were
diagnosed in four patients; late grade 2 toxicity was diagnosed in six (20%) patients, late grade
3 toxicity was diagnosed in four (13%) patients: soft tissue fibrosis in two cases, one patient
was diagnosed with trismus and one patient was diagnosed with a strong constant pain
requiring nerve blockade to suppress it. No toxic reactions grade 4 and 5 occurred. Pellizzon
et al. published results from a retrospective study which involved 21 patients diagnosed with
head and neck cancer relapse in neck lymph nodes [33]. A total of 15 patients (71.4%) previ-
ously had been treated using external beam radiation therapy, with median total adminis-
tered dose of 52 Gy (range 30-66 Gy). Median time between initial and repeated treatments
was 32 months (range 14-86 months). All patients received surgical treatment; median time
between surgery and HDR-BRT was 5 days (range 4-12 days). 192Ir-HDR-BRT treatment
planning and optimization has been carried out in accordance with the Paris System princi-
ples, ensuring that the “hot spots” in the quarter of PTV would not exceed 135% of prescribed
dose, and the skin-affecting dose would not exceed 60% of prescribed dose. Median pre-
scribed total dose was 35 Gy (range 12-48 Gy), number of fractions 3-16 (median—8§ frac-
tions). After HDR-BRT, patients underwent external beam radiation therapy; median time
between these treatment stages was seven days (range 1-37 days). Median prescribed total
dose was 45 Gy (range 30-66 Gy), and in patients who already had been treated using external
beam radiation therapy median dose was 30 Gy (range 25-50 Gy). The 5-year and 8-year over-
all survival was 50% and 42.9%, respectively, disease free survival was 42.5% and 28.6%,
respectively. During this study, only a single factor has been determined which influences
overall survival and progression-free survival in statistically meaningful way (p =0.0002 and
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p=0.0007, respectively), and this prognostic factor is the condition of resection margin
(positive vs. negative resection margin). About four (19.4%) patients were diagnosed with
early radiation reactions, and four patients had severe late complications: three were diag-
nosed with local non-healing wounds, one patient had wide-neck tissue fibrosis. There were
no cases of soft-tissue necrosis. Schiefke et al. treated 18 patients diagnosed with locally
advanced head and neck cancer; treatment was carried out by performing tumor resection
and delivering 192Ir-HDR-BRT [34]. A total of 5 patients were treated for primary head and
neck cancer; 13 patients were treated for relapse. Out of 13, 10 patients who were diagnosed
with cancer recurrence had radical tumor resection during initial treatment, eight of them had
lymphadenectomy performed simultaneously; following surgery, external beam radiation
therapy was administered with a total prescribed dose 59.4-69.9 Gy; one patient received
adjuvant chemotherapy. All the patients included in this study received surgery by perform-
ing partial tumor resection and implantation of brachytherapy catheters, ensuring that the
post-operative bed including 5 mm margin is covered by 100% isodose. Median time between
surgery and HDR-BRT was 6 days (range 4-41 days), median total dose was 30 Gy (range
15-44.8 Gy), with median prescribed single fraction dose of 3 Gy (1.5-3.5 Gy); two daily frac-
tions were prescribed with minimal interval of 8 hours. Median PTV volume was 103.1 cm?
(range 25.4-220 cm®). A total of eight patients additionally received external beam radiation
therapy, total dose 6—49.6 Gy (median 45 Gy); 7 patients received chemotherapy. In patients
treated for relapse, median survival was 22.8 months (range 2.4-43.8 months) and 2-year
overall survival and progression-free survival was 59.8 and 64.8%, respectively. Median pro-
gression-free survival was 12.8 months (range 4-27 months). Severe late toxicity was diag-
nosed in four (22.2%) patients: one patient experienced bleeding from the carotid artery, one
patient experienced abnormal healing of operating wounds and was diagnosed with fistula,
two patients were diagnosed with osteonecrosis.

In published studies involving application of HDR-BRT to treat head and neck cancer relapse,
3 Gy fractions to total dose of 30 Gy, or 4 Gy fractions to total dose of 40 Gy have been deliv-
ered. Using these treatment regimens, 2-year overall survival was 19-63%, local control was
67-71%, progression-free survival was 37-64.8%, and the frequency of late grade 3 and 4
toxicity was 8-22.2%. No grade 5 reactions were diagnosed (Table 2).

Application of HDR-BRT is limited by technical possibilities to implant brachytherapy cath-
eters, and therefore this method of therapy is suitable to treat lip, oral cavity, oropharyngeal
cancers, and also is suitable for inoperable recurrent cervical lymphadenopathy.

Recommendations for HDR-BRT (Figure 3):

1. High-dose-rate brachytherapy is effective and safe method of treatment, which can be
applied to treat local head and neck cancer relapse diagnosed in previously irradiated
area, delivering total dose of 30-40 Gy in 3—4 Gy/fraction, in two daily fractions separated
by minimum 6-hour interval.

2. High-dose-rate brachytherapy is recommended to treat head and neck cancer relapse if
the relapse volume does not exceed 30—-40 cm®.
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3. In order to avoid severe late radiotherapy complications and to ensure local control, it
is recommended that: PTV volume is >5 mm away from bone structures; PTV volume
irradiated by 200% of prescribed dose (V200) does not exceed 10% of total PTV; skin-
affecting dose does not exceed 60% of prescribed dose; homogeneity index (HI) is no less
than 0.6-0.7; dose non-uniformity ratio (DNR) is not higher than 0.25-0.35.

Author N Treatment Late toxicity grade 3-4 Results
Hepel et al. [31] 22 192Ir-HDR-BRT median dose 34 Gy 16% 1y OS—56%
(18-48 Gy)/3-4 Gy/fx 2y OS—37%

1y DFS—54%
2y DFS—45%

Narayana et al. [32] 39 (a) Surgery +192Ir-HDR-BRT 34 Gy/(n=18) 13% 2y OS—63%
(b) 192Ir-HDR-BRT 40 Gy/(n=9) No grade 4 toxicity 2y LC—71%
(c) RT 40-50 Gy +192Ir-HDR-BRT 20 Gy/(n=3)

Tselis et al. [7] 100 (a) 192Ir-HDR-BRT, median dose 30 Gy 8% 1y OS—42%
(30-36 Gy)/(n=69) 2y 0S—19%

(b) 192Ir-HDR-BRT+RT, median dose 30.6 Gy 3y OS—65%

(2045 Gy)/(n=5) 1y LC—67%

2y LC—67%

3yLC—67%

1y DFS—42%
2y DFS—37%
3y DFS—19%

Pellizzon et al. [33] 84 (a) Surgery +192Ir-HDR-BRT, median dose 19.4% 5y OS—50%

Schiefke et al. [34] 23

35 Gy (12-48 Gy)/3-4 Gy/fx + RT, median dose
45 Gy (30-60 Gy)/(n=6)

(b) Surgery + 192Ir-HDR-BRT median dose

35 Gy (12-48 Gy)/3-4 Gy/fx + RT, median dose
30 Gy (25-50 Gy)/(n=15)

(a) Surgery+192Ir-HDR-BRT, median dose 22.2%
30 Gy (15-44.8 Gy)/(n=10)

8y 05—42.9%
5y DFS—42.5%
8y DFS—28.6%

2y 05—59.8%
2y DFS—64.8%

(b) Surgery+192Ir-HDR-BRT, median dose
30 Gy (15-44.8 Gy)+RT, median dose 45 Gy
(6-49.6 Gy)/(n=8)

Notes: 192Ir, iridium 192; HDR-BRT, high dose rate brachytherapy; RT, external beam radiotherapy; OS, overall survival;
DFS, disease free survival; LC, local control.

Table 2. Summary of published data on interstitial high-dose-rate brachytherapy for head and neck cancer relapses.

2.3. Reirradiation with proton beam therapy

External beam radiation therapy extends survival in patients diagnosed with head and neck
cancer; however, occurring xerostomia, dysphagia, impaired ability to sense taste, post-
radiation caries worsens the quality of life [35]. It is likely that delivering repeated exter-
nal beam radiation therapy in patients diagnosed with head and neck cancer relapse would
lead to higher frequency of late reactions. Because of advantages associated with dosimet-
ric parameters of proton therapy compared with IMRT and F-SBRT, this therapy is used for
reirradiation treatment with aim to reduce treatment-related toxicity and to protect previ-
ously irradiated healthy tissues. So far only several studies have been published involving



Re-irradiation for Recurrent Head and Neck Cancer
http://dx.doi.org/10.5772/67060

Figure 3. HDR-BRT dosimetric plan shown on axial (A), coronal (B) and sagittal (C) CT slice, 3D view of PTV (red) (D)
for a patient with isolated neck recurrence of tonsil squamous cell carcinoma. PTV volume was 37.85 cm?, V100 = 85.89%,
V150 =32.28%, V200=12.1%, HI=0.62, DNR=0.37.

application of proton beam therapy to treat head and neck cancer relapse. Romesser et al.
published results of a multi-institutional study during which 92 patients were treated using
proton beam therapy [36]. Median follow-up was 13.3 months (range 8.2-19.2 months) for
surviving patients, and 10.4 months for all patients (range 5.3-17.5 months). In total, 65
(70.7%) men and 27 (29.3%) women were included in this study with a median age of 63 years
(range 51.5-70 years); 70.7% of patients had Karnofsky Performance Score 80 and higher.
Median time between initial radiotherapy and proton beam therapy was 34.4 months (range
8.2-19.2 months). Study subject group was very heterogeneous according to tumor localiza-
tion: oropharynx—17 (18.5%), nasal cavity and paranasal sinuses—12 (13%), larynx or hypo-
pharynx—10 (10.9%), salivary glands—11 (12%) and nasopharynx—9 (9.8%); also, there were
included five patients with skin, eight patients with skull base tumors and eight patients
diagnosed with tumors in other locations. Most of subjects—52 (56.5%)—had histologically
confirmed diagnosis of squamous cell carcinoma. Prior to proton beam therapy, 36 (39.1%)
patients received surgical treatment; median prescribed dose was 60.6 Gy (range 50-66.1 Gy).
About 44 (47.8%) patients received concurrent biological therapy based on cetuximab. The
12-month regional control was 25.1%; skull base was the most frequent location of local recur-
rence. The 12-month overall survival reached 65.2%, freedom-from-distant metastasis was
84%. Late grade 3 and higher toxic skin reactions and dysphagia were diagnosed in six (8.7%)
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and four (7.1%) patients, respectively, two (2.9%) patients were diagnosed with treatment-
related bleeding (grade 5 toxicity). Phan et al. used proton beam therapy to treat 60 patients,
including 55 diagnosed with head and neck cancer relapse and five diagnosed with second-
ary tumor [37]. Largest segment (16 patients) consisted of recurrent oropharyngeal tumors,
five nasopharyngeal tumors, 11 sinonasal tumors, eight parotid gland tumors. A total of 40
(66.7%) patients had histologically confirmed squamous cell carcinoma; median time between
initial radiation therapy and proton beam therapy was 47.1 months (range 7.3-438.2 months),
median follow-up was 13.6 months (range 0-50 months). A total of 35 (58%) patients received
surgical treatment, 44 (73%) received proton beam therapy in combination with chemother-
apy. Median prescribed dose of adjuvant proton beam therapy was 61.5 Gy (range 50-70 Gy);
in patients who received a definitive PBRT median dose was 66 Gy (range 50-70 Gy). The
1-year and 2-year locoregional control was 68.4% and 55.9%, overall survival—81.3% and
69%, progression-free survival —60.1% and 48.2%, distant metastasis-free survival —75% and
63.7%, respectively. Frequency of late grade 3 toxicity was 20% (12 patients); no grade 4 toxic-
ity was diagnosed, yet death of two (3%) patients was potentially treatment related.

PBRT is an effective treatment method for patients diagnosed with head and neck cancer
relapse; however, results of this treatment method are difficult to compare with other radio-
therapy regiments (Table 3). Study groups were highly heterogeneous according to the pri-
mary tumor location, different cancer types have been included (squamous cell carcinoma,
sarcoma, adenocarcinoma, etc.), part of patients received surgical treatment before proton
beam therapy, others received combined chemotherapy or biological therapy. It is therefore
necessary to conduct further studies with aim to assess advantages of proton beam therapy
compared with IMRT or F-SBRT.

Recommendations for PBRT:

1. Proton beam therapy is recommended for patients with good functional status, decid-
ing individually and comparing treatment planning dosimetric parameters of PBRT and
IMRT or F-SBRT to each other.

2. Proton beam therapy is recommended for patients if relapse volume does not exceed

50 cm?.

Author N Treatment Late toxicity grade 3-4 Results

Romesser et al. [36] 92 (a) Surgery+PBRT (n=36) Dysphagia—7.1%, skin 1y OS—65.2%
(b) Biological therapy+PBRT (n=44) reactions—8.7% 1y DFS—84%
Median dose 60.6 Gy (50-66.1 Gy) grade 5—2.9%

Phan et al. [37] 60 (a) Surgery+PBRT/(n = 35) 20% 1y OS—81.3%
(b) PBRT+CHT/(n =44) Grade 5—2.8% 2y OS—69%
Median dose 61.5 Gy (50-70 Gy) 1y LC—68.4%

2y LC—55.9%
1y DFS—75%
2y DFS—63.7%

Notes: PBRT, proton beam therapy; CHT, chemotherapy; OS, overall survival; DFS, disease free survival; LC, local
control.

Table 3. Summary of published data on PBRT for recurrent head and neck cancer.
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2.4. Organs at risk
2.4.1. Spinal cord and brain stem

In some studies, the cumulative dose limit was <60 Gy, delivered in 2 Gy/fraction, 5 days/
week (biologically equivalent dose [BED] 120 Gy,). There were no cases of myelopathy in
these studies, and a minimal time interval between primary therapy and reirradiation was 6
months [27, 38, 39]. When applying fractionation regimen of 2 Gy/day, and after irradiating
the full cord cross-section to a total dose of 50, 60 and ~69 Gy, the frequency of myelopathy
was 0.2%, 6% and 50%, respectively [39]. However, most authors recommend not to exceed
the cumulative dose of 50 Gy [19, 24, 26]. When using the hypofractionated stereotactic body
radiation therapy, it is recommended not to exceed the cumulative dose of 25Gy (2 Gy—
equivalent dose, a/p =2), when the total dose of primary radiotherapy does not exceed 50 Gy
and the minimal time between two radiotherapy courses is 5 months [40].

2.4.2. Mandible

Up to this date there are no clear volume and dose limitations when using the reirradia-
tion therapy, although osteoradionecrosis is one of the possible late toxic reactions. Studies
published by De Crevoisier et al. and Duprez et al. indicate osteoradionecrosis frequencies
of 8% and 3.6%, when administering total cumulative dose of 130 Gy, using conventional
radiotherapy [10, 26]. In a research conducted by Salama et al., the total cumulative dose was
135 Gy, and frequency of osteoradionecrosis was 11% [41]. When using repeated stereotactic
body radiation therapy in patients who received a total dose of 66-70.2 Gy during the primary
radiotherapy, it is recommended not to exceed 25-40 Gy/5 fractions (BED 40-90 Gy,) [40].

2.4.3. Larynx/hypopharynx

In study conducted by Tanvetyanon et al., frequency of laryngeal toxicities of grade 3 and
higher was 7.8%, when administering a total cumulative dose of 124 Gy [21]. Takiar et al. com-
pleted a 15-year analysis and published its results, which include: chondroradionecrosis after
delivering 140 Gy total cumulative dose; non-healing ulcer and stenosis requiring surgery
after 2120 Gy [42]. It is therefore recommended that the total cumulative dose for larynx and
hypopharynx does not exceed 120 Gy.

It is recommended to reduce (according to possibilities) the total dose which involves such
organs as base of tongue, carotid arteries, jugular veins, oral cavity, sternocleidomastoid mus-
cle, parotid and submandibular glands; however, there is no dose limit established for these
body structures.

3. Conclusions
Reirradiation therapy is suitable and safe method of treatment for patients diagnosed with

head and neck cancer relapse. It is important to take into consideration the functional status
of the patient, recurrence location and volume, and time interval between initial radiotherapy
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and reirradiation. Surgical treatment, chemotherapy or biological therapies are more efficient
methods of treatment when combined with reirradiation. Currently there is a lack of random-
ized clinical trials comparing effectiveness and toxicity of different radiotherapy methods, so
for each case the potential of reirradiation therapy must be evaluated individually, consider-
ing recommendations presented here.
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Abstract

Radiotherapy has an established role in the treatment of cancer and represents a defini-
tive, less invasive approach for various cancer types. Its main aim is to deliver the maxi-
mum dose to the tumor with minimal toxicity on neighboring healthy tissues. Therefore,
the precise determination of the target and its spatial relation to critical surrounding
organs is of main importance. New imaging modalities such as the CT, MRI, and PET/CT
offer more anatomical detail and facilitate the accurate delineation of the target volume
and the organs at risk. The recent advances in 3D-CRT and IMRT radiation techniques
offer high accuracy in tumor targeting and ensure safe dose escalation. Moreover, the
introduction of IGRT offers the opportunity to safely apply a supplementary dose to
the macroscopic tumor. In trials conducted, a simultaneous integrated boost (SIB) has
proved to be feasible in various cancer localizations, to safely increase the total delivered
dose, shorten the total treatment time and results in increased tumor control while keep-
ing the side effects low at the same time. However, more trials need to be conducted to
establish an acceptable protocol.

Keywords: radiation therapy, simultaneous integrated boost, fractionation, radiation

dose escalation, image guided radiotherapy

1. Introduction

Radjiation therapy is the core treatment strategy with curative intent and organ preservation for
many inoperable cancer types. The main aim of radiation therapy is the local control of the tumor.

With open field conventional 2D RT, both healthy tissue and tumors are irradiated with a
similar dose per fraction of 1.8-2 Gy. Now, the 3D-CRT is the new standardized procedure.
The target volumes are defined on CT or PET-CT or other high-definition imaging such as
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the MRL During the treatment planning, a 3-D projection of the area of interest provides the
opportunity to match the high-dose radiation region to the target volume while minimizing
the radiation dose to the surrounding healthy tissue. More refined radiation techniques, which
lead to enhanced conformity, can be performed with the use of these generation machines.
3-D techniques have given way to IMRT or volumetric modulated arc therapy (V-MAT) [1-4].

High conformity is generally accepted as a way to reduce toxicity and allows dose escalation
to produce better results and long-term tumor control. This is only possible through IGRT,
which involves real-time imaging of the treatment target and normal organs during each
treatment, in order to avoid uncertainty about patient positioning and tumor targeting and to
also reduce the irradiated volumes without missing any of the targets [5].

Trials have investigated different fractionation schedules to also increase local control, which
has become of high importance in clinical oncology patient management. Randomized clini-
cal trials have established equivalent outcomes between radical surgery and organ-preserva-
tion treatment with an RT backbone for appropriately selected patients.

The radiation oncologist's main concern is local recurrence after definitive radiation therapy.
The combined chemo-radiation protocols have led to the increased tumor control and sur-
vival rates, but the results have remained unchanged for a long time. All eyes are now on
radiation therapy for a more targeted improvement of local tumor control and diminishment
of the odds of local recurrence [6].

The newly developed approach of applying different radiation doses to different areas in one
single session is called SIB or simultaneous integrated boost-intensity-modulated radiotherapy
(SIB-IMRT). By increasing the dose per fraction focally to the tumor itself while maintaining
lower dose to the elective areas of interest, a more accurate dose distribution can be achieved,
in order to improve local tumor control without putting the neighboring organs at risk. The
advances, improvements and clinical usage of this technique will be expanded in full detail [7].

2. Simultaneous integrated boost-radiation therapy strategy and
procedure

The radiation therapy strategy is an evidence-based treatment, personalized to the particular
needs of each individual patient. The 3D-CRT is the minimum standard for the delivery of a
radiation dose that conforms to the target volume and controls the exposure to surrounding
tissue (Figure 1). The evolution of the 3D-CRT is the IMRT technique. It optimizes the radia-
tion intensity distribution within each beam in order to achieve a higher rate of conformity and
target coverage especially for irregularly shaped tumors, using nonuniform radiation beam
intensities to maximize the delivery of radiation to the planned target volume while minimiz-
ing irradiation of normal tissue outside the target. It requires a precise definition of anatomy,
a treatment planning system that can calculate the dose in three dimensions, and a treatment
device that can deliver the specified dose. Randomized studies demonstrate reduced side
effects with IMRT (particularly that of xerostomia in patients with head and neck tumors) in
comparison with older 3D-CRT techniques even in the setting of concurrent chemotherapy.
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The delivery of each dose to the tumor has become much faster with the introduction of the
VMAT where the gantry moves around the patient as the beam is being modulated (Figure 2).
Typically, IMRT plans require 20-25 min for delivery of the daily treatment while a VMAT
plan can now be delivered in approximately 3-5 min (approximately 1.5 min per gantry rota-
tional arc), which is easier on patients (Figure 3) [8-10].

Figure 1. 3D-CRT RT with multileaf collimator shielding.

Figure 2. IMRT: Gradient dose distribution is achieved in the different parts of the target volume, and the surrounding
healthy tissue is less exposed to the total radiation dose.

Treatment planning is the most important procedure. Target delineation is the main concern
of the radiation oncologist. The definition of the extension of the infiltrated tissue is often an
interdisciplinary procedure where the surgeon, pathologist, radiologist and radiation oncologist
have to collaborate in order to decide on the most appropriate treatment plan. The precise deter-
mination of the target and its spatial relation to critical surrounding organs is of main impor-
tance. The reference imaging modality for RT treatment planning is the CT with which we can
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fuse additional medical images (MRI PET/CT scans) for accurate treatment planning, dosimetric
calculations and ensure safe dose escalation. The PET/CT images can change gross tumor vol-
ume (GTV) delineation in 35-60% of patients treated and show a better treatment outcome (31
months vs. 16 months) and can increase the 1-year survival rate from 8 to 17% (Figure 4) [11-15].

Figure 3. VMAT where the gantry moves around the patient as the beam is being modulated.

Figure 4. PET/CT gives information about the metabolic tumor activity.
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For accurate 3D-CRT and IMRT delivery, every day patient set up and verification systems are
required, i.e., CBCT scanners, which produce 3-D images of the treatment area (Figure 5) [10, 11].

Figure 5. IGRT real-time imaging of the treatment area fused with the computer tomography image used for the
planning.

According to ICRU-83, the GTV represents the palpable or visible (on imaging) tumor,
whereas the so-called clinical target volume (CTV) is an additional volume with a certain
probability of microscopic (subclinical) malignant disease. The irradiated planning target vol-
ume (PTV) is a geometrical concept. The PTV is defined according to the ICRU 62 report and
includes GTV, CTV and takes into account the internal organ motion and set up errors [16, 17].

In the past, radiation therapy was applied using a shrinking field approach or sequential boost,
starting with large fields and shrinking gradually depending on the pre-planned total dose to
each region. Inevitably, the high-risk target volume or GTV, the intermediate risk target vol-
ume or CTV and the low risk volume or PTV were exposed to different total doses, which have
been delivered sequentially (SeqB-IMRT intensity-modulated radiotherapy sequential boost).
This risk adaptive strategy now is modified to deliver a single efficient treatment plan with
dose levels and intensities appropriate for each elected region. The SIB-IMRT is more confor-
mal and potentially enables a slightly higher dose escalation to high-risk volumes compared
to the SeqB-IMRT. Higher conformity in combination with smaller PTV allows 25% RT dose
escalation and increases the effectiveness of therapy. A dose escalation of 10 Gy to lung cancer
patients treated with 3D-CRT is correlated with 36% decrease in local failure rates [18-20].

The concomitant boost technique is a variant of accelerated fractionation, whereby the boost
is delivered as a second daily fraction during the basic treatment course to reduce the total
duration of treatment. The incorporation of boost at the same session of RT is the SIB, which
involves the CTV with a prophylactic dose and the GTV with a curative dose.
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Simultaneous accelerated radiation therapy (SMART) boost technique initially was described
by Butler in 1999 [21]. The GTV was treated with large fractions of 2.4 Gy, while conventional
fractions of 2 Gy were delivered to the PTV, which represent the regions at risk for micro-
scopic disease up to a total dose of 60 and 50 Gy, respectively. The total treatment time was
moderately shortened than previously. The term “simultaneous integrated boost” was intro-
duced later to define such treatment, delivering different doses per fraction in different target
regions, by Mohan, 2000 [22]. The initial proposed dose delivery was either the conventional
2 Gy per fraction to the lower or intermediate dose volumes, thereby enabling a higher dose
per fraction to be delivered to the GTV, with as much as 2.4 Gy for gross disease. The SIB tech-
nique offers the biological advantage of shortened treatment duration, i.e., 70 Gy over 6 weeks,
which has been shown to significantly increase the loco-regional control compared to the same
dose delivered in 7 weeks. According to the literature provided, an increase in the biological
dose of 7.5% could be translated into an increase in loco-regional control in the order of 15%.
In this context, the gain resulting from an increase in the equivalent dose can be achieved with-
out any further increase in late normal tissue complications compared to standard treatment.
Only the normal tissues embedded in the tumor volume and thus included in the PTV will be
irradiated with a dose per fraction similar to that of the tumor itself. Provided that the dose
per fraction to the organs at risk is limited to a maximum of 2 Gy per fraction, this increase in
dose intensity will be achievable without undue damage to normal tissue (Figure 6) [23, 24].

Figure 6. SIB-IMRT gradient dose distribution in the different parts of the target volume and the surrounding healthy
issue in one single session.

In the following paragraphs, there are detailed examples of different cases where the SIB
technique has been applied.

It is a fact that the treatment of head and neck cancers is influenced by fraction size, total dose
and overall treatment time regarding the tumor control and toxicity. The total radiation dose
has demonstrated a direct impact to the tumor response as well as to the acute or late adverse
events.

The SIB-IMRT approach may be used to deliver a fraction size of 2.2 Gy to the boost volume
and a fraction size of 1.8 Gy to the elective volume in the same treatment session. As a result,
the high-risk volume is treated with fewer fractions compared to conventional protocols and
leads to reduction in the overall treatment time (6 weeks compared to 7 weeks) (Figure 7).
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Figure 7. Head and neck tumor, metabolic image activity for better targeting of GTV gross tumor volume.

According to the RTOG H-0022 trial for oropharyngeal carcinomas SIB-IMRT in head and
neck cancer, the use of 2.0, 2.11 or 2.2 Gy per session is highly effective and safe with respect
to tumor response and tolerance. However, SIB with 2.2 Gy is not recommended for large
tumors involving laryngeal structures [25-32].

Before the arrival of IMRT, the SeqB method was mostly used, within the 3D conformal
irradiation technique to treat high-grade gliomas. With the SIB method, the dose per frac-
tion to the PTV is lower when compared with the SEB, delivers an enhanced dose to the
gross tumor volume and has a greater potential of sparing of organs at risk (Figure 8)
[33-37].

Whole brain radiotherapy is the most common palliative treatment and has always been
considered the standard treatment for patients with brain metastases. As opposed to sur-
gery which was used in the past decades, today neurosurgical techniques such as radio-
surgery have been combined with whole brain radiotherapy and have allowed for using
more aggressive local treatment with the goal to increase local control probability and
potentially overall survival. The literature reports a statistical advantage on overall sur-
vival probability in patients with a single brain metastasis treated with a combination
of whole brain radiotherapy and radiosurgery compared with whole brain radiotherapy
alone.

According to RTOG, the use of 20 Gy in five fractions to the WBRT can be considered an
acceptable fractionation and is equivalent to 30 Gy in 2 weeks. Median survival (15-18 weeks)
and overall response rates probability (75-80% for symptom palliation) are similar. The SIB
together with this hypofractionated schedule in WBRT (20 Gy in five fractions) (40 Gy in
five fractions) has proven to be feasible. This schedule offers the advantage of shorter treat-
ment time, which could be very useful in oligometastatic patients that need systemic therapy
(Figure 9) [38-43].

129



130 Radiotherapy

Figure 9. Single brain metastasis treated whole brain VMAT and SAB.
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The true value of radiotherapy confined to the thorax is indisputable in the treatment of
locally advanced nonsmall cell lung cancer. However, even with standard chemo-radiation,
it is difficult to achieve durable local control, and this contributes to the high morbidity and
mortality of patients with NSCLC. Results of RTOG 0617 clinical (Phase III) trial showed that
the overall survival of stage IIl NSCLC patients given a high-dose (74 Gy) conformal radiation
therapy with concurrent chemotherapy was no better than that of patients given the standard
dose (60 Gy) [44-46]. The new idea is, instead of escalating the dose to the whole PTV, to selec-
tively increase the treatment dose using SIB-IMRT to deliver a higher dose to the GTV and a
relatively lower dose to the subclinical disease PTV [47-51].

Clinical outcomes of patients with NSCLC treated with SIB-IMRT have been retrospectively
analyzed to evaluate the feasibility of this technology and to provide evidence in support of
future clinical studies. The results so far should, at the very least, be considered encouraging
(Figure 10).

Figure 10. SIB treatment plan in lung cancer nodal recurrence.

Breast-conserving surgery followed by whole breast radiotherapy has become the standard
approach for early stage breast cancer since the survival rates have proved to be similar to
those with radical surgery. Local control can be improved by an additional boost of 16 Gy
to the lumpectomy cavity after administration of 50 Gy to the whole breast. Breast irradia-
tion with a boost to the tumor bed provides significantly higher local recurrence rates than
whole breast irradiation alone, namely, 93.8% vs. 89.8% at 10 years. In the EORTC study
22881-10882, the absolute benefit of a boost in terms of local control was most pronounced in
young patients [52-55].

A new technical perspective is to apply SIB to the whole breast 3D-CRT plan, in one integrated
treatment schedule throughout the entire course of treatment. In this case, the whole breast
represents the PTV and is exposed to a daily fraction of 1.8 Gy for 28 days, a total dose of 50,
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40 Gy. Additionally, the tumor bed CTV is delineated, guided by the presence of the surgical
clips, hematoma, seroma and/or other surgery-induced changes and is irradiated with a daily
dose of 2.3 Gy (76.2%) or 2.4 Gy (23.8%) adding up to a total dose of 64.4 Gy or 67.2 Gy. These
fractionation schemes are biologically equivalent to the sequential boost technique [56, 57].

The SIB technique is proposed for standard use in breast-conserving radiation therapy, because
it can be easily implemented to reduce excess volumes of normal tissue irradiated, shorten the
treatment course, decrease the dose per fraction for the breast, and increase the dose per frac-
tion for the boost, with a relatively low incidence of acute skin toxicity (Figure 11).

Figure 11. SIB breast cancer-tumor bed guided by the presence of the surgical clips.

The prospective RTOG 0529 phase Il trial investigated the utility of IMRT in anal cancer. The two-
year loco-regional control rate was 80%. In comparison with the results of RTOG 98-11, the use of
IMRT reduced early G3 or higher gastrointestinal toxicity from 36 to 22%, and G3 or higher skin
toxicity from 47 to 20%. However, until long-term control rates become available, concerns remain
regarding potential compromise of tumor control rates using more conformal radiotherapy.

Several different SIB-IMRT schedules are described in various literatures. In the RTOG trial,
the total dose varied according to T stage, in which 45 Gy/50.4 Gy was given to T1/T2 and
55-59 Gy/54 Gy to T3/4 tumors (RTOG 98-11, RTOG 0529). In contrast to tactics used in many
US centers, where 59 Gy were administered regardless of T stage, with very few exceptions
for very small primary tumors [58-62].

A new SIB-IMRT schedule is presented to treat patients with anal cancer in two series using
moderate single doses from 1.5 to 2.0 Gy with a total dose of 59 Gy in combination with
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mitomycin and 5FU 5FU/MMC. The results, in terms of loco-regional control and toxicity, are
comparable to the results of other studies. Remarkably, the incidence of treatment interrup-
tions was very low. Therefore, this regimen appears to be safe and favorable for clinical use.

The optimal technique of IMRT with or without SIB is still under debate, and up to date no
standard SIB-IMRT schedule has been established.

The overall radiation therapy treatment time plays an important role, since every single one
day prolongation of treatment beyond 30 days leads to 1% loss of tumor control in patients
with cervix carcinoma. The presence of lymph node metastases in cervical cancer patients is a
significant risk factor for disease recurrence. Currently available data showed that *FDG-PET\
CT detects more favorable results as far as regional disease when compared with the CT or
MRI. PET/CT contributes to better disease control as far as better diagnosis of local and regional
disease spread with consequent better delineation based on molecular data [63—66].

IMRT with simultaneous integrated boost (SIB) improves the therapeutic ratio and delivers
different doses to different parts of the irradiated volume through dose painting. Further tri-
als are needed in order to optimize the treatment procedure (Figure 12).

July 2012 July 2012

Figure 12. Follow-up of a patient treated with SIB-IMRT.

Local recurrences after external beam radiotherapy for prostate cancer are dose-dependent
and mainly occur in the dominant intraprostatic lesion, i.e., the initial tumor site. Trials pub-
lished demonstrated the feasibility and safety of delivering a SIB to the dominant intrapros-
tatic lesion. No increase in acute and late GU or rectal toxicity was observed when performing
a SIB up to an eight-year follow-up. The impact on outcome of focal boosting to the dominant
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intraprostatic lesion is currently evaluated in an ongoing phase 3 trial randomizing interme-
diate and high-risk prostate cancer patients to receive either 77 Gy (35 fractions) or 77 Gy to
the prostate with an additional boost to the macroscopic tumor up to 95 Gy [67-71].

3. Conclusion

The SIB-IMRT or SMART is feasible and time sparing with encouraging loco-regional results
and controlled side effects. From a radiobiological point of view, it appears to be an effective
RT strategy for the primary treatment of H&N cancers, and also for various other cancer types.
Many different SIB schedules have been employed so far, but a standard regimen has not yet
been defined. Based on the available published studies on the SIB-IMRT, the short-term clinical
outcome is very promising. However, very few data on late effects are available as of yet, due
to the short follow-up time in the majority of the reported studies. However, further data are
awaited shortly from ongoing clinical trials in order to determine the most efficient protocol.

For the past 5 years, our department has been using the SIB method where it is applicable. All
images shown in this chapter are actual images of patients we personally have treated.
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Abstract

Degenerative changes in the plantar fascia may cause the so-called “painful heel” with
typical projections of tenderness. This condition is often associated with a plantar heel
spur. Radiotherapy with low doses (LD-EBRT) has been well known for its anti-inflam-
matory potential. In the recent years, several microbiological mechanisms were eluci-
dated to explain immunomodulation by LD-EBRT. Furthermore, a randomized study
proved the clinical efficacy of this therapy in plantar fasciitis. Two other trials defined
a fractionation schedule of 6 x 0.5 Gy twice weekly as the new standard therapy. Taken
together, LD-EBRT is an effective and safe therapeutic option for patients over 30 years of
age and after exclusion of pregnancy. In case of an insufficient response, a second course
can be offered to the patient. There are still open questions concerning target volume
definition and fractionation of LD-EBRT. Furthermore, studies randomizing LD-EBRT
with other conservative therapeutic approaches are missing.

Keywords: low dose radiotherapy, heel spur, plantar fasciitis, reizbestrahlung, target

volume definition

1. Incidence and etiology of plantar fasciitis

About 7% of the population >65 years suffer from a painful heel, even though younger people
are often affected, too [1]. The most common cause of this symptom is the so-called “plantar
fasciitis” [2]. This term is widely used, although “plantar fasciopathy” or “plantar fasciosis”
would be a better description to point out the degenerative nature of the disease. However, as
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more than 1100 citations in Pubmed quote “plantar fasciitis” (in comparison with only 50), we
will use the traditional term in the following.

Plantar fasciitis has been associated with obesity, with acute or chronic work overload, or with
work on hard surfaces [2, 3]. It seems that physiological degeneration of the fascia at the calca-
neal insertion exacerbates due to repetitive microtraumas caused by vertical compression [4].
This causes inflammatory tissue reactions. As a result, the fascia is thickened with an associated
fluid collection to 4.0 mm and more in ultrasonography [5]. Furthermore, this inflammation
may trigger bone formation, the so-called “plantar heel spur.” This process has been studied
intensively by Kumai and Benjamin [6]. They proposed three stages of spur growth: “(a) an ini-
tial formation of cartilage cell clusters and fissures at the plantar fascia enthesis; (b) thickening
of the subchondral bone plate at the enthesis as small spurs form; and (c) development of verti-
cally oriented trabeculae buttressing the proximal end of larger spurs” [6]. The first description
of this spur formation and correlation with the clinical symptoms was carried out by Plettner
in 1900 [7]. However, not every heel spur is associated with heel pain, as these spurs are found
in 11-16% of the normal asymptomatic population [4]. On the other hand, some patients with
painful plantar fasciitis do not have a radiographic confirmation of a spur formation.

A similar mechanism (although caused by longitudinal traction and not by vertical compression)
of bone formation has been described at the insertion of the Achilles tendon [8].

According to the American clinical practice guidelines from 2010, diagnosis is established by
the typical anamnesis and the characteristic localizations of tenderness. Still, weight-bearing
radiographs are also recommended [9].

2. Treatment with LD-EBRT

2.1. Biological effects of LD-EBRT on lymphocytes and inflammatory processes

Single doses of external beam radiotherapy (EBRT) in the range of 0.3—1 Gy are called “low dose
EBRT” (LD-EBRT). These single fractions are applied two or three times a week until a total
dose of about 3-6 Gy is reached. Such radiotherapeutic concepts are used for diverse nonmalig-
nant conditions, e.g., osteoarthrosis, tendinopathy, epicondylitis, or bursitis. A comprehensive
review of the historical developments in LD-EBRT for benign diseases is given by Trott [10].

In contrast, EBRT in oncology is characterized by much higher single and total doses.
“Normofractionation” describes single doses of 1.8-2 Gy, applied about five times a week.
To treat breast cancer, the total doses of about 62 Gy are necessary, in prostate cancer even
more than 72 Gy. From a radiobiological point of view, these high cumulative doses are used
to induce DNA double strand breaks. Due to errors in a repair mechanism (nonhomologous
end joining), dicentric chromosomes can occur. These can result in unfinished mitoses, the
so-called “mitotic catastrophe,” the main mechanism to reduce clonogenic survival in tumor
cells [11]. High doses of EBRT induce local inflammation and tissue reactions.

The much lower doses of LD-EBRT act via different mechanisms. In the last two decades,
several anti-inflammatory effects have been discovered, contrary to the effects of the above-
mentioned high EBRT doses.
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(a) In vitro LD-EBRT has been shown to induce apoptosis in peripheral blood mononuclear
cells (PBMC) [12]. Interestingly, there was not a linear correlation between dose and the
amount of apoptotic cells. Instead, the maximal induction of apoptosis was observed after a
single dose between 0.3 and 0.7 Gy, higher doses (up to 3 Gy) not being more effective [12].

(b) Furthermore, doses between 0.1 and 0.5 Gy reduced the adhesion of PBMC significantly to
endothelial cells (ECs) in vitro, probably by suppressing the expression of L-selectin on the
surface of PBMC [13]. This is a very important finding, as the adhesion of leukocytes to the
cells of the vessel wall is the first event of tissue invasion in inflammatory processes [13]. An-
other reason for the reduced adhesion between PBMC and EC was identified by Rodel et al.
[14]: In irradiated EC mRNA expression and protein secretion of transforming growth factor
1 (TGF-1) were highest after 0.5 Gy, higher doses resulted in a decline to basal levels [14].
Neutralization TGF-f31 with specific antibodies restored the adhesion between PBMC and
EC. These in vitro results were confirmed in vivo in a mouse model for 0.3 Gy [15]. TGF-$
expression is dependent on activation of the nuclear factor-kappa B (NF-«B) [16]. Also, NF-
kB DNA-binding activity showed a biphasic response to LD-EBRT with a first maximum
at 0.5 Gy, a relative minimum between 0.6 and 0.8 Gy, and a second increase at 1 and 3 Gy
[16]. The above-mentioned findings show a biphasic time course with reduced adhesion of
PBMC 4 and 24 h after LD-EBRT, with a relative maximum of adhesion after 12h [17].

(c) A third mechanism was the suppression of nitric oxide (NO) production in activated mac-
rophages by LD-EBRT between 0.3 and 1.25 Gy [18]. As the expression of inducible nitric ox-
ide synthases (iNOS) proteins was not altered, the LD-EBRT seemed to act at the translational
or posttranslational level. Furthermore, a dose of 0.5 Gy significantly reduced oxidative burst
and superoxide production of stimulated macrophages [19]. A diminished release of reactive
oxygen species (ROS) can also contribute to the anti-inflammatory effects of LD-EBRT.

Taken together, all of these pathways and mechanisms showed a similar dose dependence with
a maximum effect between 0.3 and 0.7 Gy regarding a discontinuous dose-effect relation [20].

There are several in vivo studies in different animal models about the effects of LD-EBRT,
especially on osteoarthritis. A comprehensive overview is given in Ref. [20], however, as they
are not directly related to calcaneodynia, we will not further comment on them.

2.2. Results of randomized trials on radiotherapy for painful heel spur

Since 1937 [21] for decades, large retrospective studies on the efficacy of LD-EBRT in calcaneo-
dynia have been published (overview in 22). In 1970, one negative randomized trial was reported
and heavily criticized but had not been repeated [23]. Starting in the 1980s, patients were system-
atically clinically examined and interrogated in a structured manner to try to control for diverse
risk factors and to compare the efficacy of different fractionation schemes and total doses [24].

It took until the past decade to perform and report prospectively randomized trials to proof
the efficacy of LD-EBRT and to identify the optimal dose fractionation schedule. In the fol-
lowing, we report the design and the results of these trials. Table 1 gives a short overview of
the studied dose concepts and the results. Due to methodological reasons, we will describe
the studies not following their publications dates, but according to a systematic order.
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Author Year N Standard arm  Experimental = Results Conclusions
arm
Niewald etal. [26] 2012 66  6x1Gytwice 6x0.1Gy 3 months: VAS/CS/ 1. Dose-response
a week SF12 sig. better with relationship
standard
1 year: less second 2. Proof of
treatment series with  therapeutic effect of
standard LD-EBRT
Heyd et al. [30] 2007 130 6x1Gytwice 6x0.5Gy 6 months: CS no sig. 6x0.5 Gy
a week differences as standard
fractionation
Ott et al. [32] 2014 457 6x1Gytwice 6x0.5Gy 6 weeks, 2.5 years: 6x0.5Gy as
a week VAS/CS no sig. standard confirmed
differences
Niewald et al. [25] 2015 127 6x1Gytwice 12x0.5Gy 3 months: VAS/CS/SF12  Efficacy not
a week thrice a week  no sig. differences increased with 12 x
0.5 Gy standard still
6x0.5 Gy

Table 1. Summary of contemporary randomized trials on LD-EBRT of painful heel spurs: tested schedules, results, and
conclusions.

2.2.1. Clinical proof of the efficacy of LD-EBRT

Since the publication of the first randomized trial on LD-EBRT in 1970, the efficacy of LD-
EBRT was questioned [23]. Goldie et al. randomized 399 patients, however, only nine patients
suffered from calcaneodynia. This is why these results cannot be extrapolated to LD-EBRT of
a painful heel spur. Furthermore, endpoints were not clearly defined, and therapy was started
in an acute stage of the disease [25].

The landmark study to prove the efficacy of LD-EBRT was performed by the German coop-
erative group on the radiotherapy for benign diseases (GCGBD) under the responsibility
of Niewald et al. [26]. A very low dose EBRT (6 x 0.1 Gy applied twice a week up to a total
dose of 0.6 Gy) was randomized to a standard dose LD-EBRT (6 x 1 Gy twice a week up to
a total dose of 6 Gy). In the case of an unfavorable response after 3 months, the patient was
offered a second treatment series (“reirradiation”) applying a standard dose. The dosage of
the experimental arm was chosen to examine if very low doses are effective at all. Second,
it acted as a placebo irradiation, as a sham irradiation was regarded unethical. LD-EBRT
was applied using a linear accelerator (4- to 6-MV photons) using lateral parallel opposing
fields.

Inclusion criteria were tenderness of the calcaneus with a limitation of the painless walking
distance and duration of the symptoms for more than 6 months. Furthermore, a radiological
proof of a heel spur was required, and the patients had to be least 40 years of age. Patients
with previous traumata to the foot, rheumatic or vascular diseases, lymphatic edema, preg-
nancy, or breastfeeding were excluded. Concomitant therapy with oral analgesics was not
limited. However, local injections with steroids during the study period were not permitted.
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Initially, 200 patients were planned [27] to detect a difference of 10% in the quality of life
(QOL) sum score (SF-12) [28] and calcaneodynia sum score (CS) [29] (Table 2) with a power of
80% and an error probability of 5%. Furthermore, the visual analogue scale (VAS) to evaluate
pain intensity was used. However, after randomization of 66 patients and interim analysis
of 62 patients (4 had to be excluded due to a withdrawal of informed consent or violation
of the inclusion criteria), the differences in efficacy between the two treatment arms were so
pronounced, that the trial was closed early.

Criteria Extent of symptoms/alteration Points

1. Pain symptoms S =Pain at strain 6/4/2/0

(total: 30%) N = Pain during night time 6/4/2/0
D = Pain during day time (continuously) 6/4/2/0
R = Pain at rest (following any kind of strain) 6/4/2/0
I = Pain at initiation of movement/morning stiffness 6/4/2/0
none =6 ; slight = 4 ; moderate = 2 ; severe = 0 points

per single criterion o

2. Use of appliances None 15

(total: 15%) Orthopedic shoe, insoles, heel cushion 10
One cane or crutch 5
Two canes or crutches 0
=

3. Professional No limitation, maximum professional strain possible 20

activities Slight limitation, normal professional work possible 10

(total: 20%) Moderate limitation, reduced professional activity 5
Severe limitation, daily professional work impossible 0
=

4. Daily/leisure activities No limitation of daily and leisure activities and sports 15

(total: 15%) Slightly limitation/reduced leisure activities and sports 10
Moderate limitation/no leisure activities and sports 5
Complete limitation of any daily and leisure activities 0
=

5. Gait/limp No limp, normal walking is possible without a limitation 20

(total: 20%) Slightly altered, limp after walking > 1 km (2 blocks) 10
Moderately altered, limp after walking <1 km (2 blocks) 5
Severely altered, normal walking is impossible 0
=

Total score Sum of the single scores 1+2+3+4+5 =

Table 2. Calcaneodynia score of the GCG-BD [29], based on [31].

The mean age of patients was 54 years in the standard dose group and 58 years in the 6 x 0.1
Gy group. Sixty-one patients had a plantar, one patient a dorsal heel spur. In mean, patients
in the standard dose group suffered for 15.3 months before the start of LD-EBRT, in the 6 x 0.1
Gy group for 18.8 months. Twenty-one patients had symptoms on both sides. In 28 patients
the pain irradiated into the calf, only in 18 patients it was localized to the sole of the foot. Two
patients had received surgery for LD-EBRT.
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Three months after therapy VAS values, CS- and QOL-scores were significantly better after
the standard dose in comparison with the very low dose treatment arm. The higher pain
relief resulted in a better QOL. Twelve months after therapy about 64% of the patients after
6 x 0.1 Gy had to receive a second treatment series due to insufficient treatment results, in
comparison with only 17% of the patients in the standard dose treatment group. As the sec-
ond series was applied with a standard dose (6 x 1 Gy), patients in the 6 x 0.1 Gy group who
were reirradiated showed equally favorable results compared with those in the standard-dose
group who did not receive a second course [26]. This is why the second treatment series in
this clinical setting acted as a “salvage therapy.” Another interesting finding was that patients
with a good response already at 3 months remained stable or even improved at 12 months.
Furthermore, this underlines the long-lasting efficacy of LD-EBRT.

Acute side effects or long-term toxicity did not occur.

In conclusion, this randomized trial established a dose-response-relationship of the analgesic
effect of LD-EBRT, thus providing a clinical and methodological proof of the efficacy of 6 x 1 Gy
LD-EBRT on the clinical course of painful heel spurs. The early termination of the study was jus-
tified due the interim analysis showing significant differences in the clinical outcome between
both treatment arms. Still, the trial was not blinded, so both the patients and the staff were
aware of the received dose. With modern linear accelerators, a complete blinding of the staff is
nearly impossible. The only option would be a shame irradiation with closed collimator jaws,
reducing the dose to the unavoidable “leakage” radiation. A much easier and straight forward
way was used in the above-mentioned study by application of a minimal physical dose with 0.1
Gy. Another critical point might be that only half of the patients were examined 12 months after
therapy (n = 36). This reduces the reliability of the study results at this time point. However, this
does not affect the results concerning treatment efficacy 3 months after LD-EBRT.

Another potential confounder not only in this study but also in all other published prospec-
tive and retrospective case series might be that a lot of the patients had received diverse and
other conservative therapies before being referred to LD-EBRT. An interaction between one
of these other treatments and LD-EBRT cannot be ruled out due to methodological reasons.
This reflects clinical reality. Still, an interaction between one of these therapies and LD-EBRT
is rather unlikely and counter-intuitive, as patients were referred to LD-EBRT after the clinical
failure of all the other conservative treatments.

2.2.2. Looking for the minimum effective dose: optimization of fractionation and total dose of LD-EBRT
2.2.2.1. Single dose 0.5 vs. 1 Gy

Two randomized studies investigated the efficacy of 0.5 Gy single dose in comparison to 1 Gy.

The first trial was conducted by Heyd et al. [30]. They randomized 130 patients between 6 x
0.5 Gy twice weekly (low dose) and 6 x 1 Gy (standard dose). A linear accelerator was used,
applying a single field technique.

Inclusion criteria were clinical signs of a painful heel spur, radiological evidence of spur
formation, patient age >30 years and a relapse after previous conservative treatments, in
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patients >45 years LD-EBRT could be used as the primary treatment. Endpoints of the study
were changes in the “original” calcaneodynia score [31], that was documented before LD-
EBRT, at the end of the course, and 6 weeks and 6 months afterward.

One hundred and thirty patients were randomized. Mean age was 58.4 years. A 102 patients
suffered from a plantar, one patient from a dorsal, and 27 patients from combined spurs.
In mean, patients had been suffering from symptoms for 9.8 months. The symptoms had
been present in 58 patients for less than 6 months, in 72 patients for a longer time. In 7 heels
LD-EBRT was the first therapeutic approach.

At the end of LD-EBRT, 66% in the low dose group vs. 59% in the standard dose experienced
an improvement in symptoms, 6 weeks later 80 vs. 85%. At this time point, 1.5% in each
group reported an increase in symptoms, 19 vs. 14% no change. No statistically significant
differences were noted. In case of insufficient treatment results patients were offered a second
EBRT series. Thus 26 vs. 37% were treated a second time. Six weeks after that, 71 vs. 79% of
these patients reported a further improvement. Six months after LD-EBRT 88% of the patients
in both groups had an amelioration of their symptoms, the remaining patients reported no
change. During the EBRT series a slight increase in pain was reported by 26 vs. 29% of the
patients. No other acute or late toxicity occurred.

In conclusion, 6 x 0.5 Gy twice weekly was as effective as 6 x 1 Gy.

These results were confirmed by a second randomized trial [32, 33]. Ott et al. randomized 457
patients between 6 x 0.5 Gy (low dose) and 6 x 1 Gy (standard dose). In contrast to the above-
cited “Heyd-study” [30] an X-ray unit (orthovoltage) and not linear accelerators was used.
Patients received a single field (6 x 8 cm on the plantar calcaneus) with 150 kV, 15 mA, 1 mm
Cu-filter, with source-to-skin distance (SSD) of 40 cm. Six weeks after the LD-EBRT a second
series was offered to patients with an insufficient response. The endpoint was pain reduction.
CS score and VAS values were measured before and at the end of LD-EBRT (early response),
6 weeks (delayed), and 2.5 years (long-term) afterward.

With a median follow-up of 32 months the mean VAS values before treatment, for early,
delayed, and long-term response for the 0.5 and 1.0 Gy groups were 65.5 +22.1 and 64.0 + 20.5
(p=0.19), 34.8 + 24.7 and 39.0 + 26.3 (p =0.12), 25.1 + 26.8 and 28.9 + 26.8 (p =0.16), and 16.3 +
24.3 and 14.1 £ 19.7 (p =0.68) [31]. Similar results were obtained for the CS score without any
significant differences between both dose groups.

Taken together, the above-mentioned studies proofed an equivalent clinical efficacy of 6 x 0.5
Gy in comparison to 6 x 1 Gy, thus defining a new clinical treatment standard with six times
0.5 Gy twice weekly as the minimum effective dose.

Before proofing 0.5 Gy as the new standard single dose, another randomized study tried to
increase efficacy in reaching the “old” cumulative dose of 6 Gy with a single dose of 0.5 Gy.
Niewald et al. randomized between 6 x 1 Gy twice a week (old “standard dose”) and 12 x 0.5
Gy three times a week (“experimental dose”) [25]. The aim was not just to get comparable
results, but to further improve the analgesic effects. Linear accelerators (6 MV photons) apply-
ing a lateral opposing field technique were used.
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Inclusion and exclusion criteria were quite similar to the ones used in the landmark
study [26]: Clinical evidence of a painful heel spur, and duration of the symptoms for more
than 6 months; radiological proof of a spur formation; age at least 40 years; Karnofsky-Index
at least 70%. Patients with previous radiotherapy or previous trauma to the foot, rheumatic
or vascular diseases, lymphatic edema, pregnancy, breastfeeding, or severe psychiatric dis-
orders were excluded. Concomitant therapy with analgesics was allowed. However, patients
receiving surgery or shock wave therapy after randomization were excluded.

Endpoints were the SF-12 sum score, the CS sum score (Table 2), and VAS. Follow-up was
scheduled every 6 weeks for 1 year.

Two-hundred and forty patients were calculated to detect a difference of 15% in the VAS and
CS score, with a power of 80%, and an error probability of 5%. After randomization of 127
patients and an interim analysis of 107 patients, the study was closed early, as the intended
increase in analgesic efficacy by the experimental treatment was very unlikely to be achieved.

The mean age of the patients in the standard group was 56.1 Gy in comparison with 58.1 Gy
in the experimental group. The mean duration of symptoms before initiation of LD-EBRT was
17 vs. 16 months. In 98% of the standard group and 93% of the experimental group a plantar
spur was treated, in 2 and 7% a combined (plantar and dorsal) spur.

Results after 3 months have been issued so far [25], longer follow-up has yet to be published.
After 3 months, there were no significant differences neither in the VAS (standard 42.3 vs. experi-
mental 44.4) nor the CS sum score (28 vs. 28.4) nor in the QOL (SF-12) scores. Although longer fol-
low-up has to be awaited, a further increase in the analgesic effect by applying 12 x 0.5 Gy three
times a week is unlikely. This is why this fractionation schedule is currently not recommended,
as it does not follow the “as low as reasonable achievable” principle of radiation protection.

2.2.2.2. Single dose 0.3 vs. 1 Gy

Further reduced single doses in LD-EBRT (with the exception of 0.1 Gy [26]) have never been
tested in a prospectively randomized clinical trial. In radiotherapy of degenerative joint dis-
orders, single doses of about 0.3-0.4 Gy were established by von Pannewitz in the late 1920s
and published in 1933 and 1970 [34, 35]. However, two studies on calcaneodynia have raised
serious concerns on single doses as low as 0.3 Gy.

Seegenschmiedst et al. analyzed treatment efficacy in 141 patients (170 irradiated heels), who
were treated from 1984-1994 with X-ray units (250 kV/200 kV, 20 mA, 40 cm SSD), applying
a single field of 6 x 8 cm [24]. Seventy-two heels received 12 Gy with 6 x 1 Gy (three times a
week) -6 weeks break — 6 x 1 Gy (group A), 50 heels were treated with 10 x 0.3 Gy every day
(group B1), and 38 heels 10 x 0.5 Gy every day (group B2). The endpoint was the value of a
semiquantitative pain score 3 months and in mean 4 years after LD-EBRT.

The median age of patients was 55 years in group A and 59 years in group B1/B2. The mean
duration of symptoms before LD-EBRT was 8 months, in one-third, the symptoms persisted
for more than 6 months.
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Complete pain remission was achieved in 68-71% of the patients without significant differences
between the treatment groups. However, there were differences in the clinical course of patients
with partial remission of the symptoms: The best results in these patients were achieved during
longer follow-up in group B1 (10 x 0.5 Gy), followed by group A (6 x 1-6 x 1 Gy), followed by
group B2 (10 x 0.3 Gy). The latter group showed a significantly worse amelioration of symp-
toms than the other groups.

A reduced efficacy was also reported in another retrospective case series, comprising 673
heels treated with a single dose of 0.3 Gy three times weekly up to 1.5 Gy (X-ray) [36].
In case of insufficient treatment results the patients were offered a second course. After
the first treatment, only 13% reported CR, nearly all patients had undergone a second
LD-EBRT.

Taken together, to the best of our current knowledge a single dose of 0.5 Gy is standard of care
and should only be modified in controlled clinical trials.

2.3. Risk factors potentially associated with treatment failure

In Table 3 selected contemporary randomized trials and patient series are shown broken
down into several factors that might be correlated with treatment efficacy. For a better over-
view, we did not differentiate between univariate and multivariate analyses. We did not try
to collect all ever published data.

2.3.1. History of symptoms

Duration of symptoms before start of LD-EBRT has been shown to be correlated with treat-
ment efficacy in numerous studies.

Muecke et al. analyzed in a retrospective multicenter study 502 patients [22]. Duration of
symptoms <6 months was associated with 76% treatment success vs. 44% after a history >6
months. Also Seegenschmiedt et al. found in their large collectives a correlation between the
duration of heel pain and treatment outcome [24]. A significant influence of duration of symp-
toms before LD-EBRT was also reported in 73 heels by Schneider et al. [37]. With a history
of 3—6 months, the VAS value was reduced by 85%, 28 months after LD-EBRT in comparison
with a reduction of 58% with a history > 6 months. Similar results were obtained by Hermann
et al. in 285 heels comparing <12 month history of pain vs. >12 months [38].

In contrary, another study could not confirm these results [30].

2.3.2. Gender

To the best of our knowledge, in no study, an influence of gender on treatment outcome
has been confirmed [22, 24, 30, 38, 39]. In contrast to radiotherapy for oncological indica-
tions with high doses, efficacy and tolerability of LD-EBRT seems to be the same concerning
gender.
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2.3.3. Patients’ age

Several studies described a correlation between older age and better treatment results, at least
6 weeks after LD-EBRT [37]. Age somewhat over 50 years seems to be important: >50 years
[40], > 53 [38], or > 58 [22]. For a possible explanation see Section 2.3.7.

However, other studies found no influence of this patient characteristic on treatment outcome
[24, 30, 39].

2.3.4. Initial increase in pain during LD-EBRT

A very precise registration of changes in pain intensity (VAS) was done by Schneider at al. [37].
Sixty-two patients (73 treated heels) were prospectively scored every week during LD-EBRT, at
the end of therapy, 6 weeks, 28 months, and 40 months later. Additionally, subjective mechani-
cal heel stress during LD-EBRT was estimated. A linear accelerator (10 MV) was used, applying
one single field with a size of 12 x 17 cm. Patients were treated twice a week to a total dose of
5 Gy, with increasing single fraction doses (0.25 -0.25-0.5-1-1 -1 -1 Gy). Mean patient
age was 54 years, and all had a radiologically proven plantar spurn, mean symptom duration
before LD-EBRT was 6.5 months. Nearly all patients had received other conservative therapies
before LD-EBRT with insufficient results.

Interestingly, VAS scores decreased continuously during LD-EBRT: before treatment the mean
value was 6.3 + 1.5, after the first week of LD-EBRT 6.2 + 1.8, after the second week 5.5 +2 (p <
0.05), after the third 4.7 + 2.4, and 3.8 + 2.1 at the end of therapy (p <0.001). Six weeks later the
value further decreased to 3 + 2.5 (p < 0.004), 28 months after LD-EBRT to 1.6 + 2.2 (p < 0.01).
One year later no further decrease was noticed (1.8 + 2.3). Only two patients reported intensi-
fication of pain during the LD-EBRT series. However, these data are not to be extrapolated, as
increasing single doses (see above) were used to avoid this phenomenon.

In standard schedules with fixed single doses a slight increase in pain during the treatment series
was reported by 26% (during 6 x 0.5 Gy) vs. 29% (6 x 1 Gy) of the patients [30]. Unfortunately,
a possible correlation of this phenomenon with definite treatment results was not investigated.

Without further quantification, another study (6 x 1 vs. 6 x 0.1 Gy) stated, that this initial
increase in symptoms “had no influence on the final pain relief 3 and 12 months after treat-
ment” [26]. Older studies postulated a temporary reduction of the pH value in the irradiated
tissues at the beginning of the treatment series, without consequences for the long-term effi-
cacy of LD-EBRT [41].

This is contrasted by observations of LD-EBRT in peritendinitis humeroscapularis [42]. In
73 patients (86 shoulders) initial increase of pain during the treatment course was signifi-
cantly associated with a good response.

2.3.5. Use of megavoltage techniques/linear accelerators

Muecke et al. analyzed in a retrospective multicenter study the influence of different treat-
ment techniques in 502 patients [22]. Treatment failure was defined as pain persistence after
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LD-EBRT and recurrence of pain during follow-up. Treatment with MV (6-10 MV) was a
significant prognostic factor for pain relief in multivariate analysis, as MV was associated
with an eight-year event-free probability of 68 vs. 61% after X-ray beams (175 kV). There
are two possible explanations for this finding: besides the possibility of a random result, the
authors postulate a more homogenous dose distribution with MV treatment in comparison
with KV [22].

2.3.6. Number of therapy courses required

Schneider et al. reported an efficacy of just one-third after a second LD-EBRT course (so-
called “re-irradiation”) in comparison with the effects of the first course [37]. Out of 73
heels treated with 5 Gy LD-EBRT 18 heels received reirradiation due to insufficient treat-
ment response. However, pain reduction measured by means of changes in VAS shortly
after the second course and during long-term follow-up was significantly diminished in
comparison with the efficacy of the first course (about 30% reduction in pain at the last
evaluation vs. 86%).

Similar results were obtained in the large retrospective series (502 patients) by Muecke et al. [22].
Treatment failure was significantly associated with the number of treatment series: eight-year
event-free probability was about 70% after the first course in comparison with just about 30%
after reirradiation.

A systematic study on the efficacy of a reirradiation has been published by Hautmann et al.
[43]. Eighty-three patients (101 heels) with insufficient response to the first course or recurrent
pain afterward due to plantar fasciitis (83 heels), or achillodynia (28 heels) received a second
LD-EBRT course in median 10 weeks (range 4 weeks to 63 months) after the first LD-EBRT.
About 75% of the patients were treated with 6 x 1 Gy, the others 6 x 0.5 Gy. The pain was
assessed using the numeric rating scale (NRS) before and at the end of LD-EBRT, 6, and 12
weeks, and 6, 12, and 24 months thereafter.

Before reirradiation NRS values were 6 (interquartile range 5-8), at the end of LD-EBRT 5
(2-6), 6 weeks later 2 (1-4), at 12 weeks 1 (0-3), at 6 months 0 (0-2), at 12 and 24 months 0 (0-1).
Interestingly, not only the patients with recurrent pain after the first course but also patients
with insufficient responses to the first course experienced a profound and long-lasting ame-
lioration of their symptoms after the second course.

This is why a second treatment course should be recommended in case of insufficient efficacy
of the first course.

2.3.7. Heel stress during LD-EBRT

A significant correlation between avoidance of heel stress during LD-EBRT and efficacy of
LD-EBRT 6 weeks after therapy was reported by Schneider et al. in 73 heels [37]. With a
Pearson's correlation coefficient of -0.467 (p < 0.01) there was an impressing influence of this
variable on pain reduction measured by VAS values. However, this correlation was not seen
28 and 40 months after LD-EBRT.
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An intuitive explanation is given by the authors [37]: As patient age was associated with posi-
tive treatment results, too, they proposed that older patients are often retired, thus being able
to take more care of their heels.

2.3.8. Spur size

Interestingly, all randomized trials required the radiological proof of a heel spur before including
patients into the studies. Furthermore, most of the prospective and retrospective series warranted
such an objective sign. However, as a substantial part of the patients suffers from plantar heel
pain without having developed a heel spur, LD-EBRT should be effective in these patients, too.

Hermann et al. analyzed treatment efficacy in 250 patients (285 heels), who received
LD-EBRT predominantly with 6 x 1 Gy [38]. In this series, 33% of the treated heels were
without radiological evidence of a spur. In 185 patients a spur was confirmed with a mean
length of 6.5 mm (range 0.6-25 mm). Patients without evidence of a plantar heel spur had
a significantly higher chance of CR after LD-EBRT (43 vs. 35%). Furthermore, the length of
the spurs correlated directly with treatment outcome. Spurs >6.5 mm had just a 30% chance
of experiencing CR in comparison with shorter ones. No statistical differences were found
between treatment results of heels without spurs and those with spurs <6.5 mm.

Miszczyk et al. reported on 327 patients (623 LD-EBRT series) mostly treated with X-ray (180 kV,
usually Imm Cu filters) with single doses of 1.5 Gy (range 1-3 Gy) up to a total dose between 9
and 12 Gy (range 145 Gy) [39]. Mean spur size was 9 mm (range 1-30 mm). With a mean follow-
up of 74 months, no correlation between spur size and duration of pain relief was found. Analysis
concerning spur length and treatment outcome in itself were unfortunately not reported.

2.3.9. The combination of different factors

Multivariate logistic regression enables the identification of factors independently predicting
treatment outcome. By combining these factors, models can be calculated, that predict treat-
ment outcome with a high probability. An example from the study of Hermann et al. is given
in Table 4: in 285 heels treated with 6 x 1 Gy/6 x 0.5 Gy the influences of the patient character-
istics age, spur length, and duration of symptoms before LD-EBRT alone and in combination
were calculated [38]. The best results were obtained for patients > 53 years, spur length <6
mm, and a duration of symptoms <12 months with a probability for CR of 55% (CI 36-73%)
and PR of 38% (CI 22-58%). Without these characteristics, the chance for CR was just 18% (CI
9-33%), for PR 31% (17-48%).

2.4. Technique

In modern radiotherapeutic departments, X-ray sources are less and less available. This is why
nowadays most patients are treated with linear accelerators, which were initially developed for
the treatment of oncological diseases. However, these machines can be used in the treatment
of benign diseases without any modifications or problems. Due to the high efforts in physical,
technical, and organizational quality assurances for the operation of an accelerator or an X-ray
source, the concentration on accelerators and their use for all indications is recommended.
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Patient's No spur or Duration of Probability of
age>53 spur<6.5 mm symptoms No change Partial remission Complete
<12 months A
remission
1 1 1 0.38 (0.22-0.58) 0.55 (0.36-0.73)
0.07 (0.03-0.14)
1 1 0 0.13 (0.07-0.28) 0.37 (0.21-0.57) 0.50 (0.30-0.70)
1 0 1 0.15 (0.06-0.24) 0.53 (0.33-0.72) 0.32 (0.17-0.53)
1 0 0 0.25 (0.13-0.45) 0.48 (0.27-0.69) 0.27 (0.13-0.48)
0 1 1 0.17 (0.10-0.31) 0.33 (0.19-0.50) 0.50 (0.33-0.66)
0 1 0 0.34 (0.20-0.53) 0.40 (0.24-0.59) 0.26 (0.13-0.45)
0 0 1 0.30 (0.20-0.46) 0.29 (0.18-0.43) 0.41 (0.27-0.56)
0 0 0 0.51 (0.35-0.69) 0.31 (0.17-0.48) 0.18 (0.09-0.33)

Table 4. Probabilities (95%-CI) for NC, PR and CR calculated by polytomous logistic regression in dependence of the risk
factors age, spur length, and duration of symptoms before LD-EBRT according to Hermann et al. in a collective of 285
heels treated with 6 x 1/6 x 0.5 Gy (taken from [38]).

For irradiation of the heel, the patient has to be placed on the treatment couch with the feet
toward the gantry of the accelerator (so-called “feet first”). Two different patient positions
are widely used. He can be placed in supine position, with the irradiated leg is stretched
out, while the other leg is angled. Another option is to place the patient in a lateral decubitus
position on the side of the involved heel. Again, the symptomatic leg is stretched, while the
contralateral leg is bent, with a cushion placed beneath the knee. Using X-rays, the ipsilateral
knee is bent by 90% and the foot is positioned on the treatment table. One anterior-posterior
(AP) beam is usually applied in this technique.

For the treatment itself, there are also two different options. Irradiation may be given as a single
stationary field (5SD 100cm by convention). Alternatively, parallel opposing fields from 0° and
180° gantry position (in decubitus position) or lateral opposing fields (90° and 270° in supine
position) are also applicable but take a little bit longer in daily clinical practice. The hypothetical
advantage of using two opposing fields is a uniform dose distribution in the entire beam path in
the calcaneus (Figure 1). However, there has never been a clinical proof, whether this theoretical
assumption translates into any clinical advantage for the patient. When applying opposing fields,
the dose is specified according to the ICRU 50 report, normally in the center of the calcaneus.

A third option is the so-called “plantar field” with the patient lying in prone position. A single
field is positioned directly over the plantar insertion/calcaneus, potentially with rotations of
the patient table and the gantry to compensate for inclinations of the patients surface in the
irradiated field. However, this technique is regarded problematic when using linear accelera-
tors due to the dose build-up effect in the critical tissue depth. This problem is illustrated in
Figure 2: photons with 6 MV reach just the half of the prescribed dose at the skin level, 100%
is reached at 1.5 cm tissue depth. This would result in an insufficient dose in the critical struc-
tures (plantar fascia and heel spur). To overcome this problem, a silicone flap of about 1 cm
diameter must be positioned on the skin before radiation.
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Figure 1. Dose distribution of two different treatment techniques generated in a treatment planning system (XIO®). In
A and B just one single 6 MV photon field (8 x 8 cm) is applied, while C and D shows the dose distribution with two

opposing fields from 0 and 180°. In the upper row, the so-called “beams eye views” are given, while in the lower row the
respective dose distributions on an axial CT scan directly at the calcaneal insertion are shown. Note the more uniform
dose distribution with opposing fields. The 95% isodose is given as a green line (2.85 Gy). This dose encompasses larger
parts of the calcaneal bone in D (opposing fields) than in B (single field). More information is given in Section 2.4.
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Figure 2. Depth curves of different megavoltage energies. Blue 6 MV photons, red 15 MV photons. At the surface of the
body/skin (depth 0 mm), only half (or even less with 15 MV) of the prescribed dose is applied. By physical interactions
between photons and the tissue/water, there is a steep increase in dose. A 100% is reached at 1.5 cm depth with 6 MV and
at about 3 cm depth with 15 MV. KV-radiation reaches the maximum dose directly under the surface/skin (not shown).

More information is given in Section 2.4.
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3. Toxicity and potential risks of LD-EBRT

Patients are often sent to the radiotherapist after a long unsuccessful history of diverse conserva-
tive treatments. The reason for this is a widespread fear among general practitioners that LD-
EBRT might be associated with severe side effects and risks. These fears are not substantiated, as
reactions of the nerves or vessels require much higher doses than used for LD-EBRT. For exam-
ple, a dose of 45 Gy in normofractionated oncological therapy is considered to be safe for the spi-
nal cord and therefore daily clinical practice [44]. Peripheral nerves are even more radioresistant.
Acute or chronic side-effects have never been reported in all contemporary studies on LD-EBRT.

3.1. Acute reactions of the skin

Acute side effects are negligible, as very low doses of ionizing radiation (in comparison with
oncological treatments) are applied to a distal extremity. The total dose of LD-EBRT with 3
or 6 Gy is far too low to cause any acute or late reactions on the skin overlaying the calca-
neus. During normofractionated EBRT (single doses of 1.8-2 Gy, treatment on 5 days a week)
erythema and mild edema develop at about 30 Gy [45]. Hyperpigmentation occurs at about
45 Gy, moist epitheliolyses at about 50 Gy. A 50-60 Gy might cause telangiectasias years after
the therapy. This is why there is no report on acute treatment side effects in LD-EBRT until
now to the best of our knowledge.

3.2. Initial increase in pain during LD-EBRT

About one-third of the patients might experience a slight increase in pain during LD-EBRT. In
the randomized trial by Heydt et al. this phenomenon was seen in 26% (during 6 x 0.5 Gy) vs.
29% (6 x 1 Gy) [30]. It does not seem to be correlated with treatment outcome; further detailed
information is given in Section 2.3.4.

3.3. Impairment of gonad function

The dose scattered to the male gonads is somewhat higher than to the ovaries. Jansen et al.
calculated for 6 x 0.5 Gy about 1.5 mSv received by the testes and 0.75 mSv to the ovaries [46].
Comparable results have repeatedly been measured in the past [47, 48].

Taken together, the dose received by the gonads is insignificant. As the distal extremity is irra-
diated, scattered dose to the gonads is comparable to normal diagnostic radiological imaging
[49]. The hereditary effects of these doses are very small and very likely negligible [46].

Although spermatogonial cells are very radiosensitive, a single dose of at least 100 mSv is
needed to induce a temporary failure of spermatogenesis [50]. A single dose of 1000 mSv
(equivalent to 1 Gy photon irradiation) results in an azoospermia for 9-18 months [51].
Interestingly, fractionated doses harm these cells even more. A temporary oligospermia is
reported after receiving several fractions up to a cumulative dose of 160 mSv [52]. An azo-
ospermia lasting for 14-22 months has been reported for fractionated doses of 620-860 mSv
[53]. The actually during LD-EBRT received testicular dose is about 100 times smaller than the
lowest dose causing temporary changes in testicular tissues.
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The dose to the testicles can be further reduced by utilizing a special testicular shielding.
However, clinically meaningful dose reductions have been only measured in MV treatment
of subdiaphragmatic/pelvine lymphatic regions or tumors [54, 55].

The mean lethal dose for human oocytes has been estimated at 2 Gy (2000 mSv) [56]. Permanent
ovarian failure after radiotherapy is age dependent: in perimenopausal women, a dose of 6
Gy is sufficient [57], while in younger women up to 20 Gy are tolerated. The dose scattered to
the ovaries during LD-EBRT for calcaneodynia cannot cause such sequelae (0.75 mSv).

Naturally, pregnancy has to be excluded in all premenopausal women before beginning with
LD-EBRT, to avoid any risk to the fetus.

3.4. Induction of malignancies

So far, no studies with long-term observation periods have been published, describing a case
of malignancy induced by LD-EBRT for calcaneodynia. However, induction of malignancies
is a stochastic effect of ionizing radiation. This means that there is no threshold dose—in
contrast for example to the above-mentioned reactions of the skin. A photon can accidentally
trigger a mutation, which in turn leads to tumor formation many years later. The higher the
radiation dose, the higher the probability of such an event occurring.

The best available data on tumor induction of full dose EBRT in oncology has been col-
lected in patients treated with breast cancer. Almost 11,000 patients have been followed
for over 20 years. The risk of a radiation-induced tumor was approx. 1% per decade after
radiotherapy [58].

To estimate the risk associated with much lower doses of LD-EBRT, mathematical models
on the basis of epidemiological long-term observations of atomic bomb victims have been
developed by the ICRP [59].

Jansen et al. applied the ICRP model on LD-EBRT of a painful heel spur [46]. Assumed was
a single field entering at the foot sole with a size of 8 x 10 cm, 200 kV photons, SSD 40 cm.
For an LD-EBRT series with 6 x 1 Gy the average attributable lifetime risk for induction of a
fatal tumor was calculated to be about 0.5 in a thousand patients. An important risk factor for
radiogenic-induced cancer is the patient's age by the time the radiation exposure occurs. The
risk is already reduced in the 3rd decade of the patient's life, it starts to decrease steadily from
the age of 40 [60]. Applying these calculations, the estimated lifetime risk per one thousand
patients for a fatal tumor accounts for the age of 25 0.6 (male)/0.8 (female), for the age of 50
0.2/0.3, for the age of 75 0.07/0.1 [46].

However, it must be critically noted that this mathematical model was developed for radia-
tion protection and relates to the exposure of complete organ systems with approx. 1 Gy.
Therefore, other groups argue that a significantly lower risk of radiogenic cancer induction—
approx. ten times less—should be adopted [49, 61]. Furthermore, taken the new standard
scheme with 6 x 0.5 Gy into account, these risks are additionally halved.

This risk (max. 1/1000, very likely much lower) must be seen in relation to the tumor risk of
the not additionally radiotherapeutical-treated population. In 2008, the lifetime risk of a man
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in Germany to suffer from cancer was 50.7% (25.9% to die from malignancy), in women 42.8%
and 20.2% respectively [62].

By limiting the application of LD-EBRT treatment to patients > 30 years of age, an exposure of
the juvenile “relatively higher risk” patient population is avoided.

4. Future perspectives: Definition of questions in further randomized
trials and future research

4.1. Target volume definition in LD-EBRT

Traditionally target volume definition has been quite large. Field sizes of 12 x 17cm were treated,
including the entire dorsal and middle foot, and not just the calcaneus [37, 82] (Figure 3A).

A

Figure 3. Field definitions in LD-EBRT of a painful plantar heel spur/fasciitis. (A) traditional field definition including
the entire dorsal and middle foot. (B) In randomized trials and large prospective series commonly used field definition
encompassing the entire calcaneus, including insertion of the plantar fascia and the Achilles tendon. (C) Proposed small
field definition for localized painful plantar fasciitis/plantar spur, encompassing only the painful area with 2 cm margins
extending into the neighboring areas (calcaneus, fascia, fat pad).
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In the recent randomized trials and prospective observational studies target volume defini-
tion was more restricted and confined to the calcaneus (Figure 3B). “The target volume con-
sisted of the calcaneus and the region of the plantar aponeurosis” [26]. “The ventral margin
is corresponding to the ventral surface of the calcaneus, the plantar and dorsal margins are
surrounding the soft-tissue border, and the cranial margin is below the ankle” [30]. “Target
volume is the calcaneus, normally with a field size of 6 cm x 8 cm” [32]. “The calcaneus and
the plantar aponeurosis were included in the target volume” [25].

In a German national survey 2001 on LD-EBRT of painful heel spurs the target volume defini-
tion “large” (dorsal and middle foot) vs. “small” (entire calcaneus) was not correlated with
treatment outcome [83]. Consequently, very large field definitions should be regarded as
obsolete.

However, as the pathophysiological cause of calcaneodynia is thought to be a localized
inflammatory process (see Section 1), it is questionable, whether the entire calcaneus has to be
irradiated (as long as there are not a plantar as well as a painful dorsal spurs). There are some
clinical data that support a further restriction of target volume definition.

Field sizes have been given in the study by Miszczyk et al. on 327 patients treated with
X-ray beams [39]. Target volume was “... the insertion of the plantar fascia with a cal-
caneal spur and a reasonable margin. The field size varied from 27 to 150 cm? (mean 47
cm?).” However, although not explicitly stated, no correlation was found between field size
and duration of pain relief after LD-EBRT. Treatment efficacy in itself was apparently not
investigated.

In the above-mentioned series of 285 heels Hermann et al. analyzed treatment efficacy in
dependence of field sizes, too [38]. The mean field size was 74 cm? No correlation between
field size (smaller vs. larger than 74 cm?) with treatment efficacy was found. Further analyses
of small fields (< 6 x 6 cm), medium-sized fields (36-64 cm?) and larger fields revealed no
significant differences.

This is why it seems to suffice to encompass the painful region with 2 cm margins extending
into the neighboring areas (calcaneus, fascia, fat pad; Figure 3C). However, this recommen-
dation is deducted from pathophysiological considerations and the above-mentioned case
series. A randomized trial is necessary to proof clinical equivalence of a field definition “entire
calcaneus” (Figure 3B) vs. “insertion of the plantar fascia” (Figure 3C).

4.2, Fractionation of LD-EBRT

The optimal fractionation schedule has not been elucidated yet. All randomized trial used
twice weekly treatments. Only one experimental arm was scheduled three times a week [25].
In a National Survey in Germany with 146 answering institutions, about 45% applied two
fractions and 37.5% three fractions weekly [83].

Interestingly, in the landmark study by von Pannewitz a fractionation schedule of only once
per week was established [34]. Until now, there is no proof of a higher efficacy applying LD-
EBRT twice or three times per week.
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In radiotherapy of another benign disease (endocrine orbitopathy) a 1 Gy per week over 20
weeks schedule was more effective than the standard schedules (10 x 2 Gy or 10 x 1 Gy every
working day) [84]. Although other immunological mechanisms cause endocrine orbitopathy
in comparison with plantar fasciitis, there is sufficient clinical evidence to test in a random-
ized trial different fractionation schedules (twice a week vs. once a week, possibly thrice a
week).

4.3. Comparison of LD-EBRT with other therapies

Other therapies than LD-EBRT have been applied in painful heel spur. In the following, just
a rough overview can be given.

Different kinds of insoles and foot orthoses have been developed. The goal was to reduce
plantar contact pressure and to distribute the pressure uniformly over the whole rearfoot [63].
Magnetic insoles do not seem to provide additional benefit [64]. As a short-term treatment,
low-Dye taping techniques are often used. However, in a randomized trial only a modest
improvement in ‘first-step’ pain was seen in comparison with sham-intervention [65].

Manual stretching is often recommended. A systematic review of six studies found only sta-
tistically significant differences in comparison with the control in one study combining calf
muscle and plantar fascia stretches [66].

Several trials have investigated acupuncture. A systematic review from 2010 showed (limited)
evidence for the effectiveness [67]. A randomized trial published in 2014 recruited 84 patients
[68]. The authors concluded, that “dry needling provided statistically significant reductions
in plantar heel pain, but the magnitude of this effect should be considered against the fre-
quency of minor transitory adverse events.”

Ultrasound therapy has led to questionable results [69], but a randomized trial on cryo-ultra-
sound with about 100 patients published in 2014 showed good effectiveness [70].

Low-level laser light (635 nm), given twice a week for a total of six applications, reduced in a ran-
domized trial VAS scores significantly after 8 weeks in comparison with placebo [71]. However,
the study comprised of just 69 patients; other similar studies have not been reported so far.

Extracorporeal shock waves are widely applied. Three metaanalyses comprising at least five
randomized trials found significant short-term pain relief and improved functional outcomes
for this therapeutic option [72-74]. Another study compared the analgesic efficacy of ultra-
sound and shock wave therapy in 47 patients [75]. The results suggested that the shock wave
therapy had greater analgesic efficacy.

Another basic approach is the oral administration of nonsteroidal anti-inflammatory drugs
(NSAID) to achieve a symptomatic relief. Injections into the painful area are also recommended.
A recent review summarized ten randomized trials on corticosteroid injections into the plantar
fascia [76]. A significant effect of the steroids on the pain has been shown. However, it was
usually short-term, lasting 4-12 weeks in duration. No advantage of ultrasound-guided injec-
tion techniques in comparison with palpation guidance was found, and no superiority of one
type of corticosteroid over another was seen. A longer lasting pain relief has been suggested



Low-Dose Radiotherapy of Painful Heel Spur/Plantar Fasciitis as an Example of Treatment Effects in Benign Diseases
http://dx.doi.org/10.5772/67058

by a small randomized trial of botulinum toxin injections [77]. Another option is the injec-
tion of autologous platelet-rich plasma. A recent review identified three randomized trials, all
showing promising results [78]. However, a very small trial challenged this method of plasma
preparation, as the same clinical effectivity was observed after the injection of whole blood [79].

Different surgical approaches have been developed. Releases of the plantar fascia are done,
in some studies combined with a spur resection [80]. Due to a probably faster recovery after
surgery with comparable functional results endoscopic procedures are recommended nowa-
days [81]. Surgery is usually indicated after failure of conservative therapies as the ultimate
“salvage-therapy.”

There is only a limited amount of studies randomizing patients between LD-EBRT and the
above-mentioned alternative therapies.

Canyilmaz et al. randomized 123 patients between LD-EBRT (6 x 1 Gy, three times a week)
and 1 ml injection of 40 mg methylprednisolone and 0.5 ml 60 mg 1% lidocaine under the
guidance of palpation [85]. After 3 and 6 months, VAS values and CS-scores were compared
between both groups. After 3 months, the results in the radiotherapy arm were significantly
superior compared with those after injections.

To corroborate these findings, similar studies should be conducted. Furthermore, more stud-
ies randomizing LD-EBRT against other therapies (e.g. extracorporeal shock waves) are
needed. A minimum size of 50 patients per treatment arm should be assured to gain more
statistically relevant results. Recruiting patients without prior excessive other therapies for
these studies would be optimal.

The goal must be an evidence-based algorithm defining the therapeutic sequence of the dif-
ferent conservative treatment modalities for plantar fasciitis.

5. Conclusions

LD-EBRT for painful plantar fasciitis/heel spur is an effective and safe treatment option for
patients over 30 years of age and after exclusion of pregnancy. A fractionation of 6 x 0.5 Gy
twice weekly up to a total dose of 3 Gy is currently recommended. In the case of an insulffi-
cient response a second course can be offered to the patient.

Randomized trials on target volume definition and further optimization of LD-EBRT fraction-
ation are currently in the process of planning. Further trials to compare the different conserva-
tive therapies for plantar fasciitis with each other are necessary to allow the development of
an evidence-based treatment algorithm.
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AP anterior-posterior
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CR complete remission
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Gy Gray

ICRP International Commission on Radiological Protection
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iNOS inducible nitric oxide synthases
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LD-EBRT low dose external beam radiotherapy
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NSAID non-steroidal anti-inflammatory drug

PBMC peripheral blood mononuclear cells

PR partial remission

QOL quality of life

ROS reactive oxygen species

SSD skin-to-source distance

TGF-g, transforming growth factor g,
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Abstract

Radiotherapy is a treatment method using radiation for cancer treatment based on
a patient treatment planning for each radiotherapy machine. At this time, the dose, vol-
ume, device setting information, complication, tumor control probability, etc. are consid-
ered as a single-patient treatment for each fraction during radiotherapy process. Thus,
these filed-up big data for a long time and numerous patients’ cases are inevitably suit-
able to produce optimal treatment and minimize the radiation toxicity and complica-
tion. Thus, we are going to handle up prostate, lung, head, and neck cancer cases using
machine learning algorithm in radiation oncology. And, the promising algorithms as the
support vector machine, decision tree, and neural network, etc. will be introduced in
machine learning. In conclusion, we explain a predictive solution of radiation toxicity
based on the big data as treatment planning decision support system.

Keywords: big data, machine learning, radiation toxicity, predictive solution, radiation
treatment planning

1. Introduction

1.1. Definition of big data and each clinical application overview

Trifiletti et al. [1] describe the big data as follows: a lot of information and massive data sets or
number of grains of sand in the earth for human analysis with 10'>-10"® bytes [1].

Murdoch listed that the big data are the inevitable application in healthcare field as four
things [10]:

I m EC H © 2017 The Author(s). Licensee InTech. This chapter is distributed under the terms of the Creative Commons
Attribution License (http://creativecommons.org/licenses/by/3.0), which permits unrestricted use,
open science | open minds distribution, and reproduction in any medium, provided the original work is properly cited. [(cc) ExgIN



176  Radiotherapy

(a) Expanding capacity to create new knowledge

(b) Helping with knowledge dissemination

(c) Translating personalized medicine in clinical practice with EHR data

(d) Allowing for a transformation of health care by transferring information to patient [10]

This trend is called to be “big bang” to adapt and research for big data and machine learn-
ing in medicine. Especially, machine learning is widely used [4-6]. Radiotherapy is a treat-
ment method using radiation for cancer treatment based on a patient treatment planning
for each radiotherapy machine. At this time, the dose, volume, device setting information,
complication, tumor control probability, etc. are considered as a single-patient treatment
for each fraction during radiotherapy process. Thus, these filed-up big data for a long time
and numerous patient cases are inevitably suitable to produce optimal treatment and mini-
mize the radiation toxicity and complication. Thus, we describe various clinical cases and
key machine learning algorithms in radiation oncology in this chapter.

First, what is the big data for a single patient in hospital? The data type and its size for each
patient can be summarized in Table 1. In case of radiation oncology, imaging and treatment
planning information could be a major treatable data [15].

Data type Format Approx. size
Clinical features Text 10 MB

Blood tests Numbers 1MB
Administrative ICD-10 codes 1MB
Imaging data DICOM 450 MB
Radiation oncology data (planning and DICOM, RT-DICOM 500 MB
onboard imaging)

Raw genomic data BAM: position, base, quality 6GB

Total 7.9 GB

Table 1. Data type and its size for each patient. In case of radiation oncology, imaging and treatment planning information
could be the major treatable data [15].

Second, we would like to explain radiation treatment planning and decision support system
in radiation oncology. When we set up treatment planning with parameters for patient cure in
radiotherapy, it is based on the radiation treatment planning (RTP) system. The clinical target
volume (CTV) and planning target volume (PTV) have to be targeted by maximum radiation,
and critical organs have to be radiated by minimum. It is established based on the correlation
between the dose and volume, also known as dose-volume histogram (DVH). At this process,
considered parameters are the prescription dose (PD), dose distribution, dose fractionation,
dose constraints at normal tissue, target volume, treatment machine setting values, etc. [2, 16].

Third, when the finish treatment planning has been completed, the DVH is acquired. The
dose-volume distribution will be the basic information whether it could be use or not. But,
these limited information do not give hot spot for target volume, conformity, homogeneity,
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and so on. And, the tumor control probability (TCP) and normal tissue complication prob-
ability (NTCP) have to be analyzed in parallel. As the knowledge-based judgment, other
rival plans could be generated again [32]. Thus, some decision support system is needed to
select the best treatment plan for personalized patient care. These decision support systems
(BIOPLAN, CERR, DRESS, Slicer RT, etc.) that provide different functions to analyze treat-
ment efficiency. And these were being researched and studied as the software program since
the early 2000s to up to date [3, 26-28].

But now, these decision support systems are needed to add to specific function using machine
learning and historical treatment results and previously mentioned big data information to
predict patient toxicity or complication after radiation treatment.

2. Clinical application using big data in radiation oncology

2.1. Prostate cancer

Cinar et al. [25] describe prostate cancer as follows:

a. Prostate cancer occurs most frequently in men over 50.

b. Prostate cancer is currently most common in men except lung cancer [25].

Thus, this clinical application is meaningful to deal with machine learning in big data. Coates
et al. [4] studied the integrated big data research for prostate cancer in radiation oncology.
The parameters are dose-volume metrics (EUD), clinical parameter [gastrointestinal (GI)
toxicities or rectal bleeding and genitourinary (GU) toxicities or erectile dysfunction (ED)],
spatial parameters (zDVH), biological variables (genetic variables), etc., and the risk quan-
tification modeling of TCP and NTCP has performed. These modeling methods are various,
and the neural network and kernel-based methods are widely used. Figure 1 shows that the
toxicity prediction results using principle component analysis (PCA) [4].
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Figure 1. The predicted NTCP via principle component analysis (PCA) (reproduced from James Coates et al. [4]).
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De Bari et al. [5] have done the pilot study for the prediction of pelvic nodal status using
machine learning of prostate cancer. A 1555 cNO and 50 cN+ prostate cancer patients enrolled,
and decision tree and machine learning algorithm were used to study for performance results
of Roach formula and Partin table. The accuracy, specificity, and sensitivity ranging between
48-86%, 35-91%, and 17-79%, respectively, were showed through this study (Figure 2).

} Gleason alsa

3+
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= 69 @ elge
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Figure 2. A decision tree example for prediction of pelvic nodal status in prostate cancer patients [5].

In addition, several analysis articles have been reported for prostate cancer with index results,
which could be the example for adding above machine learning algorithm in the next step
[30, 31].

2.2. Lung cancer

Das et al. [6] describe radiation-induced pneumonitis as a serious problem around thorax
including the lung as follows:

a. Important problem for the incident radiation to the adjacent or surrounding normal lung.
b. Occurrence of high grade in 15-36% with retrospective studies.

Das et al. [6] conducted prediction modeling based on 234 lung cancer patients and Lyman
normal tissue complication probability (LNTCP) by decision tree analysis. Table 2 shows
injury prediction by various settings for a male patient.

2.3. Head and neck cancer

Head and neck cancer patients undergo anatomical change during radiotherapy for a few
weeks. Thus, kilovoltage cone-beam computed tomography (kV-CBCT) and mega-voltage
computed tomography (MVCT) combined with a linear accelerator (LINAC) permit to con-
trol patient’s daily anatomical change for treatment fractions in recent radiotherapy [7].
The adaptive radiotherapy (ART) could fix the anatomical variation for the patient through
the dose distribution adjustment. Finally, reducing unexpected toxicity can be possible. But,
This ART accompanies time and labor for daily setup about the variation fixing. At this time,
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when replanning has to be done daily/weekly for numerous patients, then it is laborious and
time-consuming for this process.

Plan name Histological Chemotherapy Once/twice-daily LNTCP Injury output % Injured % Uninjured

type before RT treatment (simplified patients  patients
model) below above

Al Nonsquamous No Either 0.5 0.38 3 72
A2 Nonsquamous No Either 0.73 0.49 36 29
Al Squamous No Either 0.5 0.5 37 28
Al Any Yes Twice 0.5 0.51 43 24
Al Any Yes Once 0.5 0.55 64 13
A2 Squamous No Either 0.73 0.61 88 4

A2 Any Yes Twice 0.73 0.62 91 3

A2 Any Yes Once 0.73 0.66 97 1

RT, radiotherapy; LNTCP, Lyman normal tissue complication probability.

Table 2. Comparison table of injury prediction for combinations of radiotherapy plan and various settings for a male
patient [6].

Guidi et al. [7] studied the prediction of replanning benefit using unsupervised machine
learning on retrospective data considering this process and patient characteristics. Figure 3
is the algorithm architecture for this study. From the DVH input, clustering which classifies
into data group, support vector machine (SVM) training which analyzes the parotid gland,
and clinical acceptance level with test and output process are shown in Figure 3 [7]. Thus, the
results suggest that the replanning for 77% patients is needed because the significant morpho-
dosimetric changes affect them when the fourth week of treatment starts.
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Figure 3. Algorithm architecture for prediction using clustering and support vector machine training [7].
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3. Machine learning methodology

When the machine learning method has to be selected in radiation oncology, input and out-
put variables are considered to predict expected analysis results by accuracy validation. Kang
et al. [14] describe the principles of modeling as follows (Figure 4).

Frinciple 1
Congider both dosimetric and
nondosimetric predictors

FPrinciple 2
Manually curate predictors before
anubomunled analysis

Select a method lor automated
predictor selection

Principle 4
Consider how prodiclor
multicollinearity is alfecting the model

Frinciple 5
Correctly use cross—validation to
improvie and verily generalization Lo ex bermal data

Principle 6
FProvide model gencralizability with
exlemal data sets when possible

Principle 7
Assess multiple models and compare
results with established models

Figure 4. Core principles for modeling [14].

3.1. Machine learning introduction

Ethem Alpaydin [8] defines machine learning as the computer program for optimizing
performance factor using data, and Mitchell also describes that a computer program can be
said to be learned in experience (E), task (T), and performance (P) [9].

A machine learning algorithm can be divided into the unsupervised learning and supervised
learning [8, 11]. For unsupervised and supervised learning process is little different as with
training and test in Figure 5. A differentiation is the feedback loop for training and test differ-
ence between supervised and unsupervised learning in Figure 5(a) and (b).

3.2. Supervised learning

A supervised learning is a machine learning method to find a result from training data. For
example, we know beforehand about the doughnut and bagel classification group. Doughnut
is classified from the training. Then, we classify the group whether this doughnut belongs to
doughnut group or bagel. This is the example of supervised learning.
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Figure 5. Unsupervised learning and supervised learning algorithm process and types. (a) Unsupervised learning
process; (b) supervised learning process; and (c) Supervised and unsupervised learning algorithm types.

Generally, the training data include input characteristics with vector type; the vector presents
wanted results. Thus, this continuous trial showing the result process is the regression. A clas-
sification is the division of input vector whether this value comes from several groups. When
the supervised learner is executed, training data have to be measured by proper method to
achieve final goal. The accuracy and validation for classification are needed to count numeri-
cally to measure its performance.
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3.2.1. Decision tree

A decision tree consists of node and branch. If the nodes have more complicated hierarchy,
leaf nodes and braches follow by certain decision. Thus, a diagram formed into the unknown
condition at the nodes and the decision “yes” or “no” goes to a direction in a tree. This is
beneficial to trace for a created hypothesis with the results. Figure 6 shows that a decision
tree and it is shown that its rules for their conditions whether patient characteristics about
chemotherapy, cell, treatment, and sex for RT radiotherapy.

Cherna

pre-ATY branch

0246 0245 0268 036 023 0.257

Figure 6. A decision tree and its rules for their conditions whether patient characteristics about chemotherapy, cell,
treatment, and sex for RT radiotherapy (reproduced from Das et al. [7]).

A hyperplane h(x) defines Eq. (1) for the points x [12]:

hG):wTx +b=0 (1)
where w is the weight vector and b is the offset. The generic form of a separate point for a
numeric attribute X; is given in Eq. (2):

X <v @)

i

where v = -b is the certain value in the domain of X.. The decision point X, < v thus divides
R, the input data space into two regions R,, and R,. Each split of R into R,, and R, also
induces a binary partition of the corresponding input data point D. That is, a split point of the
form X < v induces the data partition in Egs. (3) and (4):

D,, = {x| x € Dx, < V} (€))

D, = {x| x € Dx,>v} (4)

NN

where D, is the subset of data points that lie in region R, and D, is the subset of input
points that line in R, [12].
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3.2.2. Support vector machine

A support vector machine (SVM) is a machine learning method for pattern recognition and
information analysis. Generally, it is used for classification and regression analysis. The SVM
makes the decision about input data to determine whether a given set of data belongs to any
category. For understanding the SVM, data group and hyperplane terms have to be defined.

A hyperplane in d dimensions is given as the set of all points x € Rd that satisfies the equation
h(x) =0, where h(x) is the hyperplane function, defined as follows in Eq. (5) [12]:

h(x) = wTx+b )

Here, w is the d dimensional weight vector and b is the scalar, called the bias. For points that
lie on the hyperplane, it gives us Eq. (6):

hx) = wix+b =0 (6)

The hyperplane is defined as the set of all points w™ = -b. If the input data group is linearly

able to classify, then a dividing hyperplane h(x) = 0 could be found for all points classified as
yi=-1, h(xi) <0 and for all points classified as yi = +1, thus h(xi) > 0:

+1lif h(x)< 0

y= {—1ifh(x)< 0 @

wial-a2) = 0 (8)

The weight vector w can be designated at the direction that is normal to the hyperplane, how-

ever, b; the bias fixes the offset of the hyperplane in the d-dimensional space. Because w and

-w are normal to the hyperplane, the vagueness that h(xi) > 0 where yi =1 and h(xi) <0 where
yi=-1 can be removed.

Thus, let xp be the orthogonal projection, x the hyperplane, and let r, = x — xp:
X = X.+1, 9)
X = X (10)

where r is the directed distance of x from x , r, is the x from X Tiow 1s the unit weight vector.

%
r;: + when r, is in the same direction as w; r, : — when 1, is in an opposite direction to w
(Figure 7) [12].

In case of nonlinear SVM, the classes are not separable by linear SVM. The shape is in Figure 8,
and some kernels include polynomial, Gaussian, etc.

There is the library for various programming languages using the support vector machine in
Table 3.

3.2.3. Neural network

A neural network example in radiation oncology is shown in Figure 9. A three-layer neural
network defines as follows, and this would have the following model for the approximated
function as [11]
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1
Wi - the margin @, A : the support vectors

Figure 7. The support vectors and hyperplane (reproduced from Zaki and Wagner Meira [12]).
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Figure 8. A nonlinear SVM (reproduced from Zaki and Wagner Meira[12]).
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Programming language Library name Library diversity
MATLAB MATLAB toolbox and open library ®
C/C++ Open library ®
JAVA Open library @]
Python Open library o
LabVIEW Machine learning toolkit J

Table 3. Various programming languages to implement SVM algorithm (Good, O; Better, @; Best, @).

hidden nodes

output nodes

decision function
(class 1 - class 2]

decision function
(class 2 — class 3)

(EA L RN R NN ]

decision function
(class 1 = class 3]

Figure 9. Neural network for head and neck cancer of 3-class classification example [17].

f(x)=yT w® +b® (11)

where the elements are the output of the neurons:
ves(xT wlh + b)) 12)

(where x: the input vector; w®, b?: the interconnect weight vector, and j: the bias of layer)

3.3. Unsupervised learning

Unsupervised learning, otherwise supervised learning, does not know the specific group
information. But the learning algorithm infers the results such as doughnut and bagel
example. That is, there is no target value in unsupervised learning. It is related to density
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estimation on statistics. This unsupervised learning is beneficial to data characteristics
analysis and its explanation. Typical example is clustering. Another one is an independent
component analysis.

3.3.1. Principal component analysis (PCA)
Zaki and Wagner Meira defined the PCA as follows:

a. Finding r-dimensional basis that take the data variance.
b. Itis called that the largest projected variance direction is the first principal component.

c. In case of orthogonal direction, then it is the second principal component and so forth.

And also, the mean squared error can be minimized by maximizing the data variance [12].

Principal component analysis (PCA) is applied to the normalized X to identify a set of princi-
pal components (PCs) [11]:

PC = UTX = YVT (13)

where UXVT is the singular value decomposition of X.

3.3.2. Clustering

Clustering is an unsupervised learning method, and that is finding the cluster without data
label. The data and data label are required to classify. Thus, it needs different classification
methods for unlabeled data. There are several ways to define cluster. One simple way is that
we can define as “the data in same cluster inside” is close to each other, and the closest dis-
tance data could be selected. k-Means assume the data is close in same cluster. One cen-
ter exists, and cost which is a distance between center and each data can be defined. Thus,
k-means is an algorithm to reduce and minimize cost in cluster.

Given a clustering C = {C,, C,, ..., C}, the scoring function evaluates its quality. This sum of
squared error scoring function is defined as [12]

SSE(C)= 2ty Lyec

| X-u] [ (19
The goal is to find the clustering that minimizes the SSE score, thus,
C*=argmin {SSE(C)} (15)

k-Means employs a greedy iterative approach to find a clustering that minimizes the SSE
objective [12].

Here is the advantage and disadvantage of various machine learning algorithms in radiation
oncology in Table 4.
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Algorithm  Advantages Limitations
Decision tree Easy to understand Classes must be mutually exclusive
Fast Results depend on the order of attribute selection

Risk of overly complex decision trees

Naive Easy to understand Variables must be statistically independent
Bayesian Fast Numeric attributes must follow a normal
distribution
No effect of order on training Classes must be mutually exclusive

Less accurate

k-Nearest Fast and simple Variables with similar attributes will be sorted in
neighbors the same class

Tolerant of noise and missing values in data All attributes are equally relevant

Can be used for nonlinear classification Requires considerable computer power as the

number of variables increases

Can be used for both regression and classification

Support Robust model Slow training
vector Limits the risk of error Risk of overfitting

hi
fachine Can be used to model nonlinear relations Output model is difficult to understand
Artificial Tolerant of noise and missing values in data Output model is difficult to understand (black
neural box)
network and  Can be used for classification or regression Risk of overfitting
deep learning . . .

Can be easily updated with new data Requires a lot of computer power

Requires experimentation to find the optimal
network structure

Table 4. The advantages and disadvantages by various machine learning algorithms in radiation oncology [15].

4, Conclusion

We summarized various clinical applications such as head, neck, lung, and prostate cancer
using machine learning algorithm in radiation oncology [13, 18, 19]. And those machine learn-
ing algorithm introductions and several definitions were listed. For the precision medicine
in radiation oncology, radiation toxicity and complication factors are inevitable parameters
for patients after radiotherapy. The dose-volume distribution will be the basic information,
but this limited information does not give the tumor control probability (TCP) and normal
tissue complication probability (NTCP) and grade level. Thus, some decision support system
is needed to select the best treatment plan for personalized patient care. But now, although
this decision support system is needed to add specific function using machine learning and
historical treatment results and previously mentioned big data information to predict patients
toxicity or complication after radiation treatment [29].

Another current big data trend is the research for the medical imaging such as DICOM RT
in radiotherapy. The images have a lot of information for current patient status and future
undergoing information as prediction of patient’s quality of life. Thus, lung cancer and breast
cancer applications are good applications in case of using simple chest X-ray or low-cost
imaging method for big data research in clinical application.
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Figure 10. An example of the big data based on patient-specific treatment prediction in radiation oncology (a), its block
diagram (b), and overview (c).

Thus, we explain a predictive solution of radiation toxicity based on the big data as treat-
ment planning decision support system in Figure 10. From this block diagram, the input
part gives treatment data (i.e., rival plans with DVH) through a radiation treatment plan-
ning system. After this process, the dosimetric and biological index analysis process is
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performed by program. The normal tissue complication probability (NTCP) model could
be adaptable, and it is used to consider central lung distance (CLD) and maximal heart
distance information to be measured such as two-dimensional radiation therapy indica-
tors between the three-dimensional conformal radiation therapies in case of lung cancer.
Dose-volume relationship and tolerance dose in organ-at-risk information are analyzed
by some machine learning algorithm in decision support system. At this time, numerous
patient treatment “big data” could be used to evaluate machine learning results and predict
toxicity and normal tissue complication versus know-based approach. Thus, this will be
the evidence-based decision to finalize treatment plan for customized patient cure [20-24].

Therefore, current decision support system can be modified and developed to predict com-
plication and toxicity after radiotherapy by adding not only dosimetric index and bio-
logical index function but also clinical big data analysis with various machine learning
algorithms. This is the fusion solution for customized patient cure method in big data era
in radiation oncology.
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Abstract

Approximately 25-30% of patients with cancer undergo thoracic radiation therapy (RT).
RT might inadvertently induce heart injury and result in various forms of radiation-
related heart disease (RRHD). The main endpoints of RRHD include cardiac death from
RT, clinical heart disease (congestive heart disease, ischemic heart disease, and myocar-
dial infarction), and subclinical heart disease (cardiac perfusion defects). Advanced RT
techniques, such as breath control, intensity-modulated RT, and image-guided RT, as well
as limited target volume definition might spare or avoid cardiac doses and/or volume,
which may translate into decreased incidence of RRHD. The total delivered radiation
dose to cardiac implantable electronic devices was strongly recommended not to exceed
2 Gy. The treatment strategies of RRHD were based on the various recommended con-
sensus of related heart diseases in cardiology. However, the standardized definitions of
the cardiac structures, dose-volume limits during radiation planning design, the optimal
dose-volume parameters, and the dose-volume effects of various cardiac substructures
warrant further investigation. The recognition, prediction, prevention, and management
of RRHD require close collaboration between oncologists and cardiologists.

Keywords: radiation therapy, heart disease, prevention, treatment

1. Introduction

Cancer is a leading cause of death in both developed and less developed countries world-
wide, and its health burden is expected to increase rapidly [1]. In 2012, an estimated 14.1
million new cancer cases and 8.2 million deaths occurred worldwide [1]. Currently, approxi-
mately 57% of cancer cases and 65% of cancer deaths occur in less developed countries [1].
Worldwide, the new cases or deaths from lung and breast cancer were at the top of the list
[1]. In China, in 2015, an estimated 4,292,000 new cancer cases and 2,814,000 cancer deaths
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occurred [2]. Lung cancer is the most common incident cancer and the leading cause of cancer
death in China, and esophageal cancer is also commonly diagnosed. Worldwide, lung, esoph-
ageal, and breast cancer account for approximately 27% of new cancer cases which means that
more than 20% of patients will receive thoracic radiation therapy (RT). Many studies have
proven that local RT improves local control and prolongs overall survival [3-11]. However,
thoracic RT might inadvertently result in various forms of cardiac toxicity and manifest as
clinical and subclinical cardiac disease, termed radiation-related heart disease (RRHD) [12,
13]. In this chapter, we will present the epidemiological data and discuss the possible patho-
physiological mechanisms in brief. We will also address the cardiac avoidance techniques
and the dose-volume-effect relationship. Although many cytotoxic and molecularly targeted
drugs also result in various cardiac toxicities [14], consideration of these is outside the scope
of this chapter.

2. Epidemiological data for radiation-related heart disease

Following the use of mantle field radiation for Hodgkin lymphoma in the 1960s, RRHD was
recognized because substantial cardiac damage was observed to occur after the whole heart
received doses of radiation higher than 30 Gy [12]. Traditionally, RRHD mainly included radia-
tion-related pericarditis, pericardial and myocardial fibrosis, and coronary artery disease, as well
as conduction system abnormalities. However, with improvements in RT techniques and refine-
ments in RT delivery, radiation doses to the heart have decreased in the past three decades. For
example, in lung and esophageal cancer, the mean heart dose might be >20 Gy [15], while in post-
operative RT for breast cancer, it might be <10 Gy [16, 17]. As a reference point, the survivors of
the atomic bombings of Japan received up to 4 Gy [18]. The endpoints of RRHD could be catego-
rized as radiation-induced death from heart disease (mortality), clinical manifestations (clinical
disease), and imaging or laboratory abnormalities (subclinical disease) [14] as shown in Figure 1.

Breast cancer is a curable disease. Therefore, minimization of anticancer therapy-induced tox-
icity is an important concern during treatment decision-making. In a study of breast cancer,
mortality due to heart disease was increased by 27% (2p = 0.0001) in women who received
surgery plus RT compared to the rate in those who did not receive postoperative RT. The
proportional excess of vascular deaths was similar in the first decade and the period thereafter
(ratio 1-32 vs. 1-27). However, the absolute rates were about three times higher in the second
decade and the latter period for the patients with left-sided breast cancer [5]. Exposure to car-
diac radiation in the treatment of breast cancer will increase the subsequent rate of ischemic
heart disease for more than 10 years after completion of the therapy. In addition, women with
cardiac risk factors experience greater increases in risk after thoracic RT. Darby et al. quanti-
fied the dose effect of ischemic heart disease in patients with breast cancer who received
adjuvant thoracic RT. They found that the rate of major coronary events increased by 7.4%
per Gy without an apparent threshold, and the major coronary events included myocardial
infarction, coronary revascularization, and death from ischemic heart disease [13, 19]. Even in
the era of modern RT, in comparison with patients with right-sided breast cancer, those with
left-sided breast cancer experienced a small increase in the risk of percutaneous coronary
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intervention (PCI) following RT, and the 10-year cumulative incidences in patients with left-
sided and right-sided disease were 5.5 and 4.5%, respectively [20].

Heart toxicities

Endpoints acute late
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Figure 1. Radiation-related heart disease usually occurs with a certain latency from a few hours to several decades
after the heart and its substructures receive direct or indirect irradiation. The endpoints of RRHD included its mortality
and morbidity. According the occurrence timing of cardiac radiation response, RRHD includes acute and late cardiac
toxicities. Generally, the probability of RRHD is positively related to the radiation dose that the heart received.

Hodgkin lymphoma usually occurs in young patients and is also one of the most curable can-
cers. Cytotoxic treatment with anthracyclines and vinca alkaloids and RT are the cornerstone
choices for therapy of this cancer, and both are associated with the risk of cardiovascular
disease. The cardiovascular risks after chemotherapy and RT have been well established [21,
22]. According to data from old cohort studies, Hodgkin lymphoma was usually treated with
radiation doses of 35-45 Gy using extended field treatment such as mantle field radiation. The
cumulative risks of heart disease among survivors of adult Hodgkin lymphoma are approxi-
mately 5-10% at 15 years, 16% at 20 years, and 34% at 30 years, and coronary artery disease, as
the most common form, accounts for approximately 40-50% of adverse cardiac events [23]. A
recent systemic analysis showed that among 6039 patients with a median length of follow-up
of 9 years, 703 patients were recorded to have 1238 first cardiovascular events, which mostly
included ischemic heart disease (19%), congestive heart failure (12%), arrhythmia (16%), and
valvular disease (11%). The predictors of cardiovascular disease were the mean heart radia-
tion dose per 1 Gy increase (HR 1015) and the dose of anthracyclines per 50 mg/m? increase in
cumulative dose (HR 1077) [24]. In a Dutch study conducted to examine the relative and abso-
lute excess risk of cardiovascular disease incidence, 1713 cardiovascular events were detected
in 797 patients after a median follow-up of 20 years. Furthermore, 20% of patients with a
cardiovascular disease developed multiple events. Mediastinal RT, anthracycline-containing
chemotherapy, and smoking are appeared to be additive factors [25]. In addition, the data
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from both individuals exposed to radiation during a medical career [26, 27] and survivors of
the atomic bombings in Japan [28] proved that radiation was the source of the risk for RRHD.

Cardiac valvular disease is less common, typically has a late onset (10 years after RT), and is
related to higher doses (30 Gy) or young age at treatment. Treatment of a large cardiac volume
with high doses can produce acute pericarditis, although this is uncommon. At times, this
may lead to chronic or delayed reemergence of pericarditis with effusion.

Furthermore, due to the wide use of advanced imaging techniques, more subclinical mani-
festations are detected. With repeat nuclear imaging to assess changes in regional and global
cardiac function after RT for left-sided breast cancer, a prospective clinical study found that
volume-dependent perfusion defects occurred in approximately 40% of patients within the
first 2 years after RT for left-sided breast cancer, and these perfusion defects were associ-
ated with cardiac wall motion abnormalities [29]. In addition, new perfusion defects usually
occurred in the anterior left ventricle within 6 months after radiation [30]. The data from the
Surveillance, Epidemiology, and End Results Medicare database showed that patients with
left-sided breast cancer who had a history of cardiac disease had an increased risk of PCI
after thoracic RT, and there was a lower survival rate in those who received PCI. The 10-year
cumulative PCI incidence was 5.5% [95% confidence interval (CI) 4.9-6.2%] and 4.5% (95% CI
4.0-5.0%) for patients with left- and right-sided cancer, respectively [20].

For curable cancer types, such as breast cancer and Hodgkin lymphoma, both the radiation
dose to the heart and its substructures and the risks and benefits of different regimens for
individual patients should be well balanced during treatment decision-making.

3. Pathophysiological mechanisms of RRHD

The detailed pathogenesis of RRHD has been well reviewed [12, 31]. Overall, the endothelial
system of blood vessels, particularly the arteries seem to be the critical target structures. After
radiation, early functional alterations might include the pro-inflammatory responses and
other changes, followed by slow progression [31, 32]. Although experimental animal models
will help to elucidate the possible cellular and molecular mechanisms of RRHD, the results
from various animals might be species-specific, and caution should be used in extrapolating
to humans. In cancer patients, radiation induces macro- and microvascular injury. The former
accelerates age-related atherosclerosis and leads to coronary artery disease after several years
or decades due to reduced blood flow to the radiated myocardial territory. On the other hand,
the latter reduces capillary density and results in decreased vascular reverse, which usually
occurs within several months after RT and has only subclinical manifestations [12].

4, Dose-volume effect of RRHD

The dose-volume effect of RRHD is highly dependent on the definition of its endpoints.
According to the length of its latency, RRHD could be divided into acute injury, which often
manifests within a few months and is usually transient, and chronic toxicities, which often
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manifest as congestive heart failure and ischemic heart disease, among others, and occur with
along latency [33]. RRHD can have subclinical manifestations, such as localized cardiac imag-
ing abnormalities on nuclear magnetic resonance imaging or regional wall motion abnor-
malities on cardiac ultrasonic examination, but manifestations could also be clinical, such as
coronary artery disease or myocardial infarction [33].

The accurate definition of the heart and its substructures is critical to the estimation of the
radiation dose-volume effect on RRHD. However, the imprecise definition of the heart in
treatment planning computed tomography (CT) imaging poses a great challenge [33]. Feng
et al. [34] developed a heart atlas to study cardiac exposure to radiation in the treatment of
breast cancer. Using this consistent atlas for cardiac structure delineation, we could quantify
the causative effects of RT on cardiac morbidity and mortality and study the dose-volume
constraints on the heart and its substructures [34] (Figure 2).

Figure 2. Cardiac atlas is illustrated in the CT images with intravenous contrast [34] (with permission).
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In all of the published studies about the dose-volume response relationships of RRHD, mortal-
ity from pericarditis, ischemic heart disease, and decreased myocardial perfusion were three
main clinical endpoints [33]. Gagliardi et al. [33] (Figure 3) summarized the dose-volume
predictors and normal tissue complication probabilities of pericarditis/pericardial effusion,
and the results showed that the mean doses to the pericardium (>30 Gy or >26.1 Gy) or medi-
astinum (>41 Gy) might be the predictors of radiation-induced pericarditis or pericardial effu-
sion. The incidence of pericarditis was 7% (14/198) with a radiation dose of <6 Gy; 12% (5/42)
with a dose of 6-15 Gy; 19% (23/123) with a dose of 15-30 Gy; and 50% (7/14) with a dose of
>30 Gy. Regarding cardiac mortality from ischemic heart disease or myocardial infarction,
radiation dose to the mediastinum >30 Gy; 35% of heart volume receiving a radiation dose >
38 Gy; mean dose to the whole heart volume > 2.5 Gy; and radiation to the internal mammary
chain would be the predictive parameters [33]. When taking cardiac perfusion defects as the
clinical endpoints, volume of the left ventricle receiving doses higher than 23 (V) Or 33 Gy

(Vy3,) could predict myocardial perfusion defects [35].
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Figure 3. Dose-response curves of radiation-induced cardiac mortality. These data were estimated based on the breast
cancer and Hodgkin lymphoma data sets [33] (with permission).

5. Cardiac dose sparing and avoidance techniques

For curable cancers, such as breast cancer and Hodgkin lymphoma, cardiac dose protection
and/or avoidance techniques might be beneficial in minimizing RRHD. For breast cancer, sev-
eral techniques have been utilized clinically. These techniques include the following: (1) RT
delivery with breath control or holding techniques, (2) prone patient positioning, (3) new RT
techniques such as intensity-modulated RT (IMRT), proton therapy, or partial breast irradia-
tion techniques, and (4) single-fraction, intraoperative radiation [36] (Figure 4).
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Figure 4. Cardiac sparing techniques is available nowadays. These techniques included radiation techniques improvement
and patient or organ motion management.

With breath holding within inspiration, the distance from the chest wall to the heart will
increase and the cardiac volume in the field will decrease, the mean or maximal dose to the
heart or left anterior descending artery will be reduced [36], and the probability of cardiac
mortality will also be reduced (4.8 vs. 0.1%) [37]. In the delivery of RT, patients are immobi-
lized in the prone position so that the breast falls away from the chest wall and the distance
from the heart to the RT beam increases. A few studies showed that with this technique,
75-85% of left-sided breast cancer patients had reduced cardiac volume in the field [38] and
the mean cardiac dose decreased [39]. Although the main concerns of the prone position
include its reproducibility and the potential increase in radiation to other normal tissues due
to the poor setup, recent data showed that this technique could be well reproducible with
daily cone-beam CT [40, 41].

For breast cancer patients, IMRT has been proven to have a cardiac dose sparing effect
without compromising the dose homogeneity in the breast, especially for those with
left-sided lesions [36, 42]. With the IMRT technique, the cardiac dose decreased with
improved dose homogeneity in the breast [43]. A series of studies showed that, compared
with breath holding in three-dimensional conformal RT and prone position techniques,
IMRT has similar benefits and is more reproducible. The advantages of IMRT technique
included the improvement of radiation dose homogeneity in target volume, the reduction
of high cardiac dose volumes, and the decrease of normal tissue complication probability.
In addition, IMRT technique showed its advantages in sparing the high-risk cardiac sub-
regions such as the anterior part of the heart, the coronary arteries, and the left ventricle
[16, 17, 44].

Partial breast irradiation, as an alternative method to reduce the cardiac dose, could decrease
the irradiated breast volume and increase the distance from the target volume to the heart.
Hypofractionation is required by partial breast irradiation, and two recent reviews suggest
that hypofractionation has not resulted in increased cardiac morbidity [45, 46]. Dosimetric
studies showed that interstitial brachytherapy could reduce cardiac doses with image-
guided RT techniques [47, 48]. The mean cardiac dose decreased to 21% of the prescription
dose in patients with left-sided breast cancer [48] and the cardiac volume receiving low
doses (5 and 10 Gy) decreased significantly. In addition, the advantages of proton therapy
including the rapid dose falloff and the Bragg peak make it possible to spare the radiation
dose to the surrounding tissues including the heart. Several dosimetric studies showed that
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proton RT could reduce the maximal dose, V. y V. y etc [49-52]. However, because of the
limited availability and high cost, at present, this technique is not advocated for cardiac dose

sparing [36].

For Hodgkin lymphoma, the RT field has changed over the past decades. Previously, the
majority of patients received mantle field radiation with/without upper abdomen field
radiation, and a large volume of the heart had a prescribed dose irradiation. According to
the anatomical sites of disease presence, the caudal border of the mantle field individually
varied from the bottom border at the 8th-9th thoracic vertebrae (T8-T9) [53] to T10-T11
[54, 55], and the higher caudal border might spare most of the irradiated heart volume
[53]. With advanced imaging modalities such as positron emission tomography—CT and
improved RT delivery techniques such as IMRT, image-guided RT, and breath control tech-
niques, among others, the previously applied extended field and involved field techniques
have now been replaced by techniques using limited target volumes, such as involved
node RT (INRT) and involved site RT (ISRT) [56]. With the optimal imaging during the
course of treatment, both the INRT and ISRT techniques reduce the treated volume to a
safe minimum [56]. In addition, with refinements of Hodgkin lymphoma, the prescription
dose decreased to 20-36 Gy [57]. Due to more limited target volume and lower prescribed
radiation doses, greater amounts of normal healthy tissues such as lung and heart could
be spared.

Theoretically, for RT of non-small cell lung cancer, dose escalation to 74 Gy would be bet-
ter than the standardized 60 Gy dose. However, the results of a randomized phase 3 study
(RTOG 0617) showed that a higher dose did not translate to a better outcome and might
even be potentially harmful [58]. One reasonable explanation is that patients receiving doses
of 74 Gy usually had worse dose-volume effects on the heart. The dose volume parameters
including V., and V, . of the heart were the important predictors of patient survival [58].
The dose-volume effects on the heart substructures such as the pericardium, atria, and ven-
tricles will be investigated and their dose-volume limitations will be included in future lung
cancer trials. In addition, for early and locally advanced non-small cell lung cancer, proton RT

will potentially be used for cardiac sparing [59].

6. Radiation for patients with cardiac implantable electronic devices

The numbers of patients with both cardiac implantable electronic devices (CIEDs) includ-
ing pacemakers (PMs) and implantable cardiac defibrillators and cancer are expected to rise,
and patients in these situations require RT. The potential interactions between high doses of
radiation and the function, longevity, and integrity of the CIEDs, as well as the harm to the
patients, remain unclear. The results of a recent review [60, 61] showed that the risk of device
failure increases with increasing radiation doses, without a clear cutoff point. For patients
with pacemakers, the delivered total radiation dose to the device was strongly recommended
not to exceed 2 Gy and the dose in patients with implantable cardiac defibrillators should be
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within 1 Gy. The radiation energy should be less than 6 MV. Because of the potential dan-
gers of device malfunction, the radiation oncologist should have all the measures designed
to minimize the risk to patients. Furthermore, it is necessary for the cardiologist, oncologist,
radiotherapist, and physicist to collaborate closely.

7. Treatment strategies of RRHD

Generally, the treatment strategies of various RRHDs are similar to those in normal
population [62-64]. For example, radiation-induced left ventricular dysfunction or heart
failure could be treated according to the recommended guidelines of heart failure [65].
And for those with anticancer drug-induced hypertension, antihypertensive agents
should be individualized to the clinical circumstances of the patients [66]. Angiotensin-
converting enzyme inhibitors or angiotensin II receptor blockers are usually considered
for patients with proteinuria, metabolic syndrome, or high risk of chronic kidney disease
[66]. Treatment with nondihydropyridine calcium channel blockers should be avoided in
patients receiving cytochrome P450 inhibitors, while dihydropyridine calcium channel
blockers are preferred in elderly patients [67, 68]. Low-molecular weight heparin for a
minimum of 3-6 months is the recommended treatment for patients with newly diagnosed
venous thromboembolism [69].

8. Unanswered questions regarding RRHD

Variability in certain risk factors may influence the development of a radiation-associated
heart disease. These factors included patients themselves, RT techniques, the evaluable
endpoints, and social-psychological variables [19]. The patient-related factors include age,
personal alcohol and tobacco history, systemic anticancer drugs with potential cardiac
toxicities such as anthracyclines, trastuzumab, taxanes, tamoxifen, and letrozole, among
others, individual sensitivity to late heart morbidity, and hereditary heart disease [19].
The definitions of the heart and its substructures are shown in Table 1, and the standard-
ized delineation consensus and atlas should be consulted by radiation oncologists. For
the heart and cardiac substructures, further investigation should be conducted regarding
which dose-volume limitations were used during the design of radiation planning and
what optimal dosimetric parameters were reported to be necessary, such as maximal or
mean heart dose, V., V., V,, etc. The clinical endpoints included cardiac mortal-
ity and radiation-associated clinical and subclinical heart diseases [33]. The optimal RT
delivery techniques and reliable methods to evaluate these endpoints will require further
studies. The designation of RRHD might unavoidably increase the psychological bur-
den of patients. In addition, to find those patients who may develop late RRHD, health
economic evaluations should be critically performed prior to the initiation of screening
programs [19].
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Substructure

Definition

Note

Heart [16, 34, 70]

Pericardium [34]

Left atrium [34]

Left ventricle [16, 34]

Right atrium [34]

Right ventricle [34]

Left main coronary
artery [34, 70]

Right coronary artery
[34, 70]

Left anterior
descending artery
[34, 70]

Left circumflex artery
[34, 70]

Right marginal artery
[70]

Aortic valve [34]

Pulmonic valve [34]

Tricuspid valve [34]

Mitral valve [34]

Atrioventricular node
[34]

Anterior myocardial
territory [16, 17, 70]

Cranial: The whole heart starts just
inferior to the left pulmonary artery
Caudal: The heart blends with the
diaphragm

The whole heart

Begins just inferior to the left
pulmonary artery

The visible heart according to both
CT images and heart anatomy

No

No

Defined from its origin in the aortic
sinus to the first branches

Defined from where they branched at
the left or right main coronary artery

to the caudal edge of the endocardial

surface of the left ventricle

No

No

No

Comprises the myocardium from
the anterior surface of the heart up
to 1.0 cm posteriorly and the main
branches of the coronary arteries at
the anterior portion of the heart

If contrast is administered, the superior vena cava
(SVC) can generally be separately contoured from
the whole heart. In a noncontrast scan, the SVC can
be included for simplification and consistency

Cardiac vessels run in the fatty tissue within the
pericardium and should be included in the contours

Typically, anterior and to the left of the left atrium

Starts to the right of the aortic root superiorly

Lies directly beneath the sternum and connects to
the pulmonary trunk

Originates from the left side of the ascending aorta,
inferior to the right pulmonary artery

Originates from the right side of the ascending aorta

Originates from the left coronary artery and runs in
the interventricular groove between the right and
left ventricles

Originates from the left coronary artery and runs
between the left atrium and ventricle

Found within the ascending aorta and seen in cross
section on axial CT

Found within the pulmonary trunk and seen in cross
section on axial CT

Located between the right atrium and ventricle. It
is difficult to see, but it is defined as the area where
the blood pool between the atrium and ventricle is
shared

Located between the left atrium and ventricle. It is
difficult to see, but it is defined as the area where
the blood pool between the atrium and ventricle is
shared

Cannot be seen on CT. It is located on the basal
portion of the interventricular septum and extends
between the right atrium and ventricle

It is an imaged subregion in the anterior port of the
heart as a high-risk region for breast cancer radiation
therapy

Table 1. Recommended delineations of the heart and substructures.
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9. Conclusion

As a significant radiation-induced toxicity, RRHD should not be neglected during clini-
cal decision-making, especially for patients who could be cured by modern anticancer
modalities. RRHD includes radiation-induced death from heart diseases, as well as clini-
cal and subclinical heart disease. Advanced RT techniques including breath control, IMRT,
and imaging-guided RT might be used to avoid or spare cardiac doses and/or volume,
which might translate into decreased incidence of RRHD. Furthermore, the significance
and implications of RRHD differ depending on the clinical scenario; therefore, a consensus
has not yet been reached regarding the recommended dose-volume limits. It is prudent to
minimize the cardiac dose/volume and optimize the patient cardiovascular risk profiles.
The recognition, prevention and prediction, and treatment of RRHD should be within the
domain of oncocardiology, which requires close collaboration between oncologists and car-
diologists [14, 63].
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Abstract

Preferentially delivering ionizing radiation to target tissues during radiotherapy pro-
cedures is investigated using internal radiation-generating devices and microspheres
loaded with radioactive material. This chapter presumes the existence of internal
radiation-generating devices and develops their requisite characteristics to permit the
selective irradiation of tumors. The feasibility of disrupting a tumor’s vascular structure
is also investigated. Calculated absorbed dose profiles for both approaches demonstrate
that dose can be successfully localized in a target tissue while minimizing the delivery
to healthy tissue.

Keywords: absorbed dose, internal radiation-generating devices, microspheres,

radiation therapy, tumor vascular disruption

1. Introduction

A significant issue associated with existing radiotherapy approaches is that agents that
deliver dose to tumor cells also irradiate healthy tissue [1-6]. Short-term as well as long-term
detriments can appear following radiotherapy procedures. These effects occur when healthy
tissue outside the target volume is irradiated and affect the patient’s subsequent recovery
and quality of life. For example, short-term detriments (e.g., incontinence and erectile dys-
function) occur following prostate cancer therapy [7]. Long-term effects include second-
ary cancers and cardiovascular disease [8]. In view of these detriments, alternative therapy
approaches that preferentially deliver dose to the target tissue are of interest and should be
investigated.

I m EC H © 2017 The Author(s). Licensee InTech. This chapter is distributed under the terms of the Creative Commons
Attribution License (http://creativecommons.org/licenses/by/3.0), which permits unrestricted use,
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This chapter considers two approaches that have the potential to significantly minimize the
dose to healthy tissue while maximizing the dose delivered to the target tissue. The first tech-
nique utilizes internal radiation-generating devices that are in their conceptual development
phase, and the second is an enhancement of the Y microsphere approach that has been suc-
cessfully utilized to treat liver cancers by disrupting the tumor’s vasculature.

Heavy ions, neutrons, protons, and other radiation types have numerous applications
for treating a variety of cancers [1-3, 6, 9-14]. To date, these techniques have focused on
beams originating outside the body. These external beams selectively irradiate the tumor
mass, but still deliver some dose to healthy tissue. This chapter investigates the possibility
of using radiation-generating devices that would be implanted within a tumor to pref-
erentially irradiate its volume and develops their requisite characteristics to permit the
selective irradiation of tumors. These devices are postulated to have a size on the order
of 10° m [1-3, 6].

Microspheres offer a unique approach that has the potential to impact tumor cells by disrupt-
ing their vascular structure. A number of authors [15, 16] have proposed a therapy approach
that prevents the development of the tumor’s vascular supply. Vascular disruption agents
incorporate both chemotherapy [17, 18] as well as radiotherapy [18-27]. Radiotherapy vascu-
lar disruption techniques utilizing *°Y microspheres, including anti-angiogenic and radioem-
bolization therapies, are used to treat liver cancers [18-23]. Other radionuclides (e.g., *P) are
under investigation, but radiation types other than high-energy beta particles are not under
active consideration [22].

2. Internal radiation-generating devices

The requisite technology to construct internal radiation-generating devices (IRGDs) is being
developed (e.g., electron accelerators powered by lasers [28]). These devices are optical
cavities [28] whose size depends on the laser’s wavelength. The utilization of shorter wave-
length lasers leads to devices of the size envisioned for IRGDs [1-3, 6].

Refs. [1-6] provide calculations for the range of heavy ions in water. By selecting appropriate
ion and energy combinations, specific target irradiation locations are preferentially irradi-
ated. The capability to localize dose in the target is a positive feature that makes heavy ions
an attractive tool for external beam therapy and supports their potential use in an IRGD. By
adjusting the beam energy and radiation type, an IRGD has the capability to selectively irradi-
ate the tumor.

2.1. Candidate radiation types

Internal devices could incorporate pions, muons, photons, electrons, protons, and heavy ions to
deposit energy into tumors. Ranges on the order of a centimeter are achieved using 10-20 MeV
pions and muons, 30-40 MeV protons, 100-200 MeV alpha particles, and energies on the order
of 90 MeV/nucleon for ?C, *O, ®Ne ions, and heavier ions [1-6].
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2.2. IRGD characteristics and arrangement

The feasibility of using IRGDs for therapy applications is illustrated using a cubic Cartesian
configuration. This configuration is repeated to irradiate various tumor sizes. A unit cell con-
cept is arbitrary, but simplifies the calculation of absorbed dose to the tumor site.

The cubic Cartesian configuration utilizes 27 devices arranged in three planes with nine devices
in each plane. The coordinates of the devices are written in terms of a scaled dimension &:

e-X (1)

where d is the internal device grid spacing and R is the maximum ion range. This approach facil-
itates a general discussion and eliminates adjustments for specific ion-energy combinations.

The 27 devices reside at the locations (x, y, z): (0, 0, z), (§, 0, z), (§, - &, 2), (0-&, 2), (-, - &, z),
(<& 0,2), (& & 2), (0, & 2), and (§, & z) for z = -E, 0, and &. Utilizing additional devices
enhances the delivery of dose in a more uniform manner.

IRGDs should incorporate a number of characteristics to facilitate the dose delivery to the
target volume. In general, the IRGDs should have the capability to (1) irradiate 4 steradians,
(2) deliver various ion-energy combinations, (3) be controlled in real time, (4) rapidly change
the radiation type, energy, and fluence, (5) produce a variable fluence to deliver a uniform
dose, (6) position itself at a desired location, (7) monitor the delivered dose profile using posi-
tron emission tomography or other techniques to verify that it is preferentially irradiating the
tumor volume, and (8) have the capability to be removed from the body.

Delivering a uniform absorbed dose (D) requires careful control of the fluence, ion type, and
energy (E). These parameters are varied during the irradiation time (T) to deliver a uniform
dose within the unit cell:

ET 1 / dE(x, ,yi,zi,t))
i=1 p(xi’Yi ’Zi)\ Clr(Xi ’Yi’Zi)

x q)( XY, /Zy t) dx, dy, dz, dt

(2)

where r(x, y, z) is the distance measured from each device, d(x,y, z, ) is the time-dependent
fluence rate, N is the number of implanted devices, and i labels the individual device [1-3, 6].

2.3. Absorbed dose calculations

Eq. (2) is used to calculate the absorbed dose from internal radiation-generating devices
within a Cartesian lattice. Stopping powers are determined using the methodology outlined
in Refs. [1-6], and energy-dependent cross sections are obtained from Shen et al’s parameter-
ization [29] or models [1-6].

As an initial example of the internal device concept, a spectrum of eight proton groups
(i.e., 10, 20, 30, 40, 50, 60, 70, and 80 MeV) is selected to be the output of the device. A spectrum
of energies facilitates the irradiation of the entire tumor volume. A uniform distribution of
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proton dose requires a continuous proton energy distribution. The 27 proton generating
devices are distributed in a 10 x 10 x 10 cm volume of water. Each device is assumed to radi-
ate isotropically. The results of irradiating this water volume with 27 internal devices gen-
erating an output of 10, 20, 30, 40, 50, 60, 70, and 80 MeV protons are illustrated in Figure 1.
The fluence at each proton energy is selected to be the same.

Normalized Absorbed Dose Distribution
(8 Proton Group Spectrum)

Figure 1. Normalized absorbed dose distribution from 27 internal radiation-generating devices producing a spectrum of
eight proton groups (i.e., 10, 20, 30, 40, 50, 60, 70, and 80 MeV protons). The absorbed dose is proportional to the plotted
circle radius.

Since the total absorbed dose of Figure 1 is the superposition of a number of manifolds (i.e.,
the various isodose surfaces), the structure of the surface is governed by the proton output
spectrum, fluence, attenuating medium characteristics, ion stopping power, and reaction
cross section as noted in Egs. (1) and (2). Figure 1 represents the three-dimensional absorbed
dose profile. In Figure 1, the dose at each point is proportional to the plotted circle radius.

Figure 1illustrates the symmetry of the absorbed dose distribution associated with the 27 inter-
nal radiators. Although the distribution is not uniform, the IRGDs effectively irradiate the tar-
get volume. The average dose to the target 10 x 10 x 10 cm volume depends on the IRGD proton
spectrum. For example, proton energy groups of 10 MeV; 10 and 20 MeV; 10, 20, 30, and 40
MeV; and 10, 20, 30, 40, 50, 60, 70, and 80 MeV produce to an average dose over the target vol-
ume of 5.89 x 10, 5.75 x 10, 3.00 x 102, and 9.79 x 1072 relative to the peak dose, respectively.

Increasing the number of proton energy groups between 10 and 80 MeV range will continue
to increase the average absorbed dose to the tumor site. The discussion of the characteristics
of the detailed three-dimensional absorbed dose profile illustrates the complexity of therapy
planning when implementing a new technology.
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3. Radionuclide vascular disruption therapy using microspheres

Conventional radiotherapy often involves the deposition of the radionuclide within a tumor
mass. It is also feasible to attack the tumor by disrupting its blood supply. Vascular disruption
agents have been developed and utilized in chemotherapy and radiotherapy.

3.1. Tumor vasculature

The vascular structure of normal tissue provides an efficient method to deliver nutrients.
Growing tumors have a poorly developed vasculature that does not adequately nourish
the cells [17]. The tumor’s weak vascular structure can be degraded using a chemical or
radioactive agent.

Vessels that are dilated and have elongated shapes, blind ends, bulges, leaky sprouts, and
abrupt diameter changes are defects that occur in a tumor’s vascular structure. These vessel
defects create sluggish and irregular blood flow that poorly nourish cancer cells and result in
hypoxic tumors. Hypoxic conditions limit the effectiveness of both chemotherapy and radio-
therapy and provide a measure of radioresistance to tumor cells when compared to normal,
oxygenated cells. Since a tumor’s growth is dependent on sufficient nourishment, eliminating
its blood supply provides an additional opportunity to facilitate its destruction [17].

3.2. Current radiological efforts

Radiological efforts at tumor vascular disruption have focused on Y. *"Y was a logical choice
for anti-angiogenic therapy since the dose to destroy a tumor is 270 Gy. However, the 2.27
MeV Y beta particles have a range in tissue of about 1.1 cm, which deposits dose to healthy
tissue well beyond the target vasculature. Bremsstrahlung from the *Y beta particles provides
additional dose to healthy tissue. The properties of Y microspheres used in therapy applica-
tions are summarized by Kennedy et al. [22].

Medical reviews suggest that the Y approach is a safe and effective therapy method for
selected patients. However, a number of negative features are associated with Y microsphere
therapy [22]. First, Y bremsstrahlung affects healthy tissue well beyond the vasculature.
Second, resin microspheres may have trace Y on their surface, which is excreted through
urine. As the ?Y is excreted, additional absorbed dose is delivered to healthy tissues. Third,
the total dose delivered to the lung should not exceed 30 Gy to prevent radiation pneumonitis.
Fourth, patients can exhibit abdominal pain, fatigue, and nausea within three days posttreat-
ment. Fifth, dose delivered to healthy tissue causes acute damage that includes pancreatitis,
gastrointestinal ulceration, and radiation pneumonitis. Radiation-induced liver disease is a
possible late effect of Y microsphere therapy.

3.3. Theoretical methodology

A tumor’s blood supply is reduced by a vascular disruption agent that causes the vessel wall
to become restricted or breached to increase leakage. IRGDs and microspheres using alpha-
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emitting radionuclides (MAs) preferentially deliver absorbed dose to the blood vessel wall to
facilitate its disruption. The wall thicknesses for a variety of human blood vessel types [30]
are summarized in Table 1.

Blood vessel type Wall thickness Lumen diameter
Aorta 2 mm 25 mm

Artery 1 mm 4 mm

Arteriole 20 pm 30 pm

Capillary 1 pm 8 um

Venule 2 um 20 pm

Vein 0.5 mm 5mm

Vena Cava 1.5 mm 30 mm

aBarrett et al. [30].

Table 1. Characteristics of various blood vessel types®.

Tumor vessel wall sizes, including arterioles, are usually <100 um [17]. Although arterioles
are used as the base case in this chapter, the vessel sizes summarized in Table 1 suggest that
a variety of blood vessel types could service a developing tumor [30].

3.4. Microsphere radionuclide selection and characteristics

An alternative to the use of Y is provided by radionuclides that emit low-energy photons,
low-energy beta particles, or alpha particles. These radionuclides would replace Y as the
radioactive material loading the microspheres.

Desirable characteristics for the radionuclide and candidate microsphere to facilitate tumor
blood vessel disruption include the (1) nuclide has a short effective half-life, (2) range of the
emitted radiation is <100 pm or the maximum vessel wall thickness, (3) arteriole wall dose is
at least 100 Gy, (4) healthy tissue dose is minimized, (5) microsphere preferentially attaches
to the wall of the tumor’s arteriole, (6) candidate radionuclide is compatible with the micro-
sphere, and (7) the microsphere can be removed from the body at a desired time.

Although these characteristics provide a basis for the calculations presented in this chapter,
they have not been optimized to produce a viable alternative to the Y microsphere approach.
Asnoted in Refs. [4-6], both alpha-emitting and low-energy beta-gamma loaded microspheres
can be utilized to disrupt a tumor’s vasculature. However, the daughter radiation presents a
problem, and this radiation can often irradiate healthy tissue that was an original concern
associated with the *°Y approach.

Production challenges and associated availability are impediments for the use of alpha-emit-
ting radionuclides. Therefore, the availability of the selected radionuclide is an important
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consideration. *?Rn is readily available and would be a candidate for microsphere use. The
#22Rn daughters yield additional dose to the tumor vasculature, which could enhance the
approach if healthy dose is avoided.

3.4.1. Selection of radionuclide

In Refs. [4-6], a list of candidate alpha- and beta-gamma-emitting radionuclides was created.
Unfortunately, most candidate radionuclides, including ¥Tb, 2 At, #?Bi, #'*Bi, **Ra, ®Ac, and
?’Th, have daughter gamma, beta, or bremsstrahlung radiation that irradiates healthy tis-
sue well beyond the target volume, which does not meet the goal of minimizing the dose
delivered beyond the arteriole wall. As part of that goal, ?Rn was noted as an interesting
possibility since it occurs naturally as part of the #*U decay chain. Eq. (3) lists the *?Rn decay
daughters with the associated decay scheme:

Y B B B
MR ey 2P o s 24P p—y 214 | —s 24P gy 210P |y —

®)

o
210B — 210P ¢ N 206p

Although *?Rn has a number of desirable characteristics, its daughters emit beta and
gamma radiation that deliver absorbed dose well beyond the thickness of the arteriole wall.
Therefore, ?Rn is not a primary candidate to achieve selective dose delivery to the vascular
wall. However, a review of the *?Rn daughters suggests that °Po has the desired characteris-
tics for vascular disruption without significantly irradiating healthy tissue. In particular, the
%Po 5.3 MeV alpha particle irradiates the arteriole wall and limits the absorbed dose beyond
the target tissue. In addition, the weak 803 keV ?’Po photon radiation with a yield <1.0 x 10°%
delivers minimal dose beyond the target tissue.

3.4.2. Basic microsphere design

The base case microsphereisloaded with 0.3 Bq of #°Po uniformly distributed in a 1-um-diameter
12C sphere having a density of 2.0 g/cm®. Subsequent discussion provides the basis for the 0.3
Bq activity.

Subsequent discussion is based on a single microsphere. However, treatment procedures
will utilize many spheres with the actual number determined by the cancer type and
its progression. Although microsphere delivery methods other than the usual catheter
approach [2-6] may be feasible, initial efforts will likely focus on the traditional delivery
method [17-23].

3.4.3. Absorbed dose computational model

A *%Po activity of 0.3 Bq delivers an absorbed dose of about 100 Gy to the arteriole wall.
Defining a more exact activity value is not necessary because the design has yet to be refined.
The activity value also depends on the insertion and removal methods, fabrication details,
and relative biological effectiveness values for the ?’Po alpha and gamma radiation.
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3.4.3.1. Absorbed dose from alpha particles

The absorbed dose (D) delivered by ions of a specific energy as a function of penetration dis-
tance x into tissue is [1, 12]:

Do = +(- E) o0 )

where p is the density of tissue attenuating the ion, —~dE/dx is the stopping power, and ®(x)
is the alpha particle fluence at the location of interest. The particle fluence varies with tissue
penetration depth according to the relationship:

D(x) = D) e=x @)

where ®(0) is the entrance fluence and X is the macroscopic reaction cross section. Alpha
particle stopping powers are derived from Bethe’s formulation [31] and follow an approach
similar to the SPAR code [32]. The energy-dependent cross sections are obtained from Shen et
al’s parameterization [29] or models [1-6].

3.4.3.2. Photon absorbed dose
The photon absorbed dose is derived from the standard point source relationships [4-6]:

_ _S Ha
4mr? P

D E B(ux) e (6)

where S is the total number of photons irradiating the arteriole wall, r is the distance from
the microsphere, p_ /p is the mass-energy absorption coefficient, E is the photon energy, B is
a buildup factor, and  is the attenuation coefficient. The gamma absorbed dose contribution
is obtained from the ISO-PC computer code [33]. Requisite photon data for *°Po are based on
Rittman [33].

3.4.4. Relative biological effectiveness

In therapy applications, the absorbed dose is multiplied by the relative biological effective-
ness (RBE) to reflect the cell killing efficiency of a radiation type. The RBE of radiation type
x is defined as the ratio of the dose of a reference energy photon to produce an effect and the
dose of radiation type x to produce the same biological effect. Although the RBE is a simple
concept, its therapy application is complex [34], because the RBE depends on a number of
factors. These include the radiation type and its energy, the delivered absorbed dose, the
delivery method (e.g., dose fractionization sequence), and the irradiated cell and tissue types.
No RBE is applied to the absorbed doses calculated in this chapter because the design of the
2Po microsphere is being developed. However, the alpha particle RBE is greater than unity.
Therefore, the calculated absorbed doses for tumor disruption represent a lower bound for
the dose delivered by the *°Po microsphere.
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3.4.5. Microsphere results and discussion

In subsequent discussion, the >°Po microsphere resides at the inner wall of an arteriole. Figures 2
and 3 illustrate absorbed dose profiles for water thicknesses <100 pm. Following previous work,
the vessel wall is assumed to be water that is a good approximation for tissue [1-6, 12].
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Figure 2. Absorbed dose profile for 2°Po alpha particles in a water medium. The absorbed dose is delivered by 0.3 Bq
of #°Po uniformly deposited within a 1-um-diameter microsphere following the total decay of the radioactive material.
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Figure 3. Absorbed dose profile for ?°Po photons in a water medium. The absorbed dose is delivered by 0.3 Bq of
20Po uniformly deposited within a 1-um-diameter microsphere following the total decay of the radioactive material.
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Figures 2 and 3 provide the results of alpha and gamma contributions to the absorbed dose
from a ?"’Po microsphere, respectively. Since the gamma absorbed dose is significantly less than
the alpha absorbed dose, Figure 2 represents the total absorbed dose delivered by the ?°Po MA.

Since the peak dose is delivered at 35.9 um, the 100 um dose localization value is achieved. At
the Bragg peak, the alpha to gamma dose ratio is 1.7 x 10"°. Beyond the Bragg peak, "°Po pho-
tons deliver less than 0.1 uGy. Although ?"’Po MAs achieve the desired dose localization, its
longer half life (138 d) relative to *P (14.28 days) and *Y (2.669 days) [35] must be addressed.

The time (t)-dependent dose rate to the arteriole wall is given by the relationship:
D = D) e™ @)

where A is the physical decay constant of the radionuclide. Integrating Eq. 7 yields the total
dose at time T:

D)

D) = 22 (1- e™) = D(eo) (1 -e™) (8)

Since the activity is proportional to the delivered dose, early removal of the microsphere at
time T requires an increase in the initial activity loading by a factor (F), which is the ratio of
D(e<)/D(T) [5];

1
F==em ®

This activity increase delivers the required dose to disrupt the microsphere as noted in
Figures 2 and 3. For example, an activity of about 2 Bq (0.3 Bq x 7.19) is the requisite ?'°Po
activity loading to produce the doses summarized in Figures 2 and 3 if the microspheres are
removed at 30 days (F(30 days) =7.19).

3.4.6. Microsphere delivery methods

In initial studies, a catheter will introduce the MA into the tumor vasculature. Following the
methodology developed in Y microsphere liver cancer therapy, the catheter enters through
the femoral artery into the liver and deposits the microspheres into the tumor’s blood vessels.
Image-guided radiation therapy [26, 36] facilitates guiding the catheter to specifically target
the tumor vasculature.

The catheter delivery method could be utilized in the treatment of a number of tumors.
Specific catheter paths for the various tumor types will be refined and developed in a man-
ner that was similar to the evolution of the Y microsphere treatment of liver cancers [17-23].
For example, renal artery access would facilitate >’Po MA deposition into the vasculature of
kidney tumors.

Developing a method for preferentially depositing the MA into the desired blood vessel
requires additional research and development. The microsphere research and design effort
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should investigate a number of chemical and physical approaches. These approaches include
the use of electric charge, heat, pH, and electromagnetic fields to achieve the desired attach-
ment of the MA to the tumor’s vascular wall. The specific design options that require experi-
mental effort include the MAs (1) electric charge and its spatial distribution, (2) dielectric
and diamagnetic characteristics, (3) physical size and shape, and (4) material composition.
Activating agents could be used to optimize the MA design. Electromagnetic fields heat,
lasers, and a spectrum of electromagnetic radiation are possible activating agents.

3.4.7. Microsphere removal methods

Egs. (7)-(9) suggest that extraction of MAs at a specified time requires the development of
removal mechanisms. Removal could be accomplished by reversing the delivery methods
discussed previously. For example, deposition and removal could be achieved by incorporat-
ing a magnetic material in the MA. The magnetic particles facilitate placement in the desired
location using an active, localized magnetic field. Eliminating the magnetic field would facili-
tate microsphere removal. The protocol for microsphere implantation and removal requires
additional research and development.

3.4.8. Effective half-life

As noted previously, the ?°Po physical half-life (T ) must be addressed before the MA therapy
application becomes a reality. The physical half-lives of ?'Po and *Y are 138 and 2.7 days,
respectively. A Y delivery approach will not be successful for #°Po if the MA design does not
shorten the biological half-life of the device.

In the case of the shorter half-life Y, some microspheres are transported via blood into the
lung and irradiate healthy tissue. Since the physical half-life of *Y is short, this deposition
yields a relatively insignificant dose. Assuming the same transfer characteristics, ?°Po pro-
duces a larger lung dose and could create a significant biological detriment. This concern is
eliminated if the ?’Po MA design produces a shorter biological half-life in the lung.

In view of these considerations, constructing ?°Po MAs with a short effective half-life is a
design requirement. For example, the #°Po MAs could be constructed using a material hav-
ing ICRP 30 [37] Class D lung retention characteristics. Following the ICRP 30 methodol-
ogy, Class D materials have a biological half-life <10 days. Part of ?’Po MA development is
the use of a material with a short biological half-life. The ?°Po MA effective half-life in the
lung is [38]:

T

ST 4T, (10)
Following Eq. (10), the effective half-life (T ) of a radionuclide depends on its biological and
physical half-lives. Therefore, a long physical half-life is not a limiting factor if the biological
half-life (T,) is short. For example, the *'°Po effective half-life for a material with 2- and 10-day
biological half-lives is 1.97 and 9.32 days, respectively. A MA design requirement for a Class
D biological half-life eliminates the longer #°Po physical half-life concern.
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3.4.9. #°Po toxicity and patient safety

2P0 has a specific activity of 1.7 x 10" Bq/g, and its inhalation (ingestion) effective dose coef-
ficient (EDC) is 3.0 x 10 Sv/Bq (2.4 x 107 Sv/Bq) [39]. The intake pathway caused by MA
leaching has not been evaluated. In view of the inhalation and ingestion EDCs, the leaching
EDC is probably in the range of the established conventional intake pathway values. For an
initial scooping assessment, the leaching EDC is approximately 10 Sv/Bq. Considering the
proposed 0.3 Bq*Po MA, complete °Po leaching from a single microsphere produces to an
effective dose of about 0.3 uSv.

The effective dose from complete MA leakage is mitigated if the microspheres have good
retention characteristics. With good #°Po retention characteristics, the radiological hazard to
the patient is not significant. For example, if 10° 0.3 Bq MAs were administered with a ?°Po
retention of 90%, the patient’s 50-year effective dose commitment is only 30 mSv.

4. Vascular disruption using internal radiation-generating devices

Vascular disruption can also be achieved using internal radiation-generating devices. These
devices meet the desired characteristics to maximize dose to the tumor’s vascular walls while
minimizing the dose to healthy tissue. For a tissue volume irradiated by a beam of ions of a
given energy, the absorbed dose (D) as a function of penetration distance into tissue is given
by Egs. (4) and (5). Arteriole vascular disruption is outlined for beams of protons, alpha par-
ticles, and **C, Ne, and *Ca ions. All beams were assumed to be fully ionized (e.g., **C ions
have a +6 e charge).

The photon absorbed dose is derived from Eq. (6). Because higher energy photons have poor
dose localization, low-energy photons are investigated as a possible vascular disruption agent.

4.1. Internal radiation-generating device results and discussion

The base case considered in this chapter is the 20 um arteriole wall thickness. With this
emphasis, the dose delivered to the arteriole wall and blood vessel wall thicknesses <100 pm
[17] is calculated. The target dose, which is about of 100 Gy, is sufficient to disrupt the vessel
wall. Dose delivery has not been optimized, and ion fluences to reach the 100 Gy dose level
are 5 x 10°, 5 x 10%, 1 x 10%, 5 x 107, and 1 x 107 ions/cm? for protons, alpha particles, *C, *Ne,
and *Ca, respectively. 1 x 10" photons are utilized in the calculations using Eq. (6).

In subsequent absorbed dose calculations, the internal radiation-generating device is
assumed to reside at the inner arteriole wall. Table 2 summarizes the calculations for photons,
protons, alpha particles, and C, Ne, and *Ca ions and compares these results with beta-
emitting nuclides currently used in therapy applications. To further illustrate the internal
radiation-generating device concept, Figure 4 illustrates the *C absorbed dose profiles for
blood vessel wall depths <100 um. The ?C energies included in Figure 4 are 10, 20, 25, 30, 40,
and 50 MeV. Water is assumed to be the medium comprising the vessel wall.



Radiotherapy Dose Optimization in Target Tissues Using Internal Radiation-Generating Devices and Microspheres
http://dx.doi.org/10.5772/67203

Radionuclide or radiation Radiation type emitted Range (um) E (MeV)
delivery approach

oy B 1.1 x10* 2.2812

2p B 7.9 x10° 1.709°

»p B 5.9 x 10? 0.249°

*S B 3.2x10? 0.1674
IRGD® p 10-95 0.5-2.3
IRGD® ol 15-75 3.0-8.0
IRGD® 2C 5-90 10.0-50.0
IRGD® “Ne 10-85 30.0-110.0
IRGD® “Ca 10-75 100.0-300.0
IRGD® Y 0-20¢ 0.015-0.050
IRGD® Y 0-704 0.015-0.050

“Maximum beta energy.

*Internal radiation-generating device (IRGD).

“The dose decreases by a factor of about 10° over the listed depths.
4The dose decreases by a factor of about 10* over the listed depths.

Table 2. Dose localization for candidate radionuclides and radiation types.
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Figure 4. Absorbed dose profiles for *C ions in water. The absorbed dose curves peak at a greater depth with increasing
2C ion energy. The total ion fluence for all energies is 1.0 x 10® 2C ions/cm? The ions are delivered by an internal
radiation-generating device.
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Dose localization within an arteriole wall could be achieved using 1.0-1.5 MeV proton beams.
Alpha particles with energies below 3 MeV will not penetrate the arteriole wall. The arteriole
wall is disrupted, with minimal dose to surrounding tissue, by alpha particles in the 4-5 MeV
energy range. Sufficient absorbed dose to disrupt vessels with wall thicknesses between 20
and 100 pm can be delivered by alpha particles having energies below 8 MeV.

2C jons with energies below about 20 MeV do not penetrate the arteriole wall, and 20-50
MeV ions will deposit sufficient energy into a range of vessel wall thicknesses in the 20-100
um range to produce vascular disruption. Selective arteriole wall disruption is achieved using
25-30 MeV C ions. However, the generation of ?C, ®Ne, and *’Ca jons is a more significant
technical challenge than producing lighter ions in a first generation IRGD.

“Ne ions below 30 MeV do not penetrate the arteriole wall. ?Ne ions in the range of 50-110
MeV will be sulfficient to reach the range of vessel wall thicknesses addressed in this chapter.
Arteriole wall disruption with minimal dose to surrounding tissue is achieved using 50-70 MeV
“Ne ions. In a similar manner, “’Ca jons require 150-200 MeV to selectively disrupt the arteriole
wall and 100-300 MeV “Ca ions penetrate vessel wall thicknesses of 10-75 pm.

Table 2 illustrates that photon energies in the range of 15-50 keV can deposit the requisite
absorbed dose to disrupt an arteriole wall. Significant dose is also deposited in the 20-100 pm
range by the 15-50 keV photons. However, protons and ‘He, *C, *Ne, and *’Ca ions achieve
better dose localization.

Internal radiation-generating devices can also be developed to emit low-energy electrons.
Electrons present a concern because their bremsstrahlung radiation can irradiate healthy
tissue beyond the target volume. However, low-energy electrons preferentially irradiate the
arteriole wall with minimal bremsstrahlung. Table 3 summarizes the range and bremsstrah-
lung production for 20-85 keV electrons impinging on the arteriole wall.

Electron energy (keV) Range in water (um) Fraction of electron energy converted
into bremsstrahlung

20 6.79 5.26 x 10°
25 10.6 6.57 x 10
30 15.1 7.89 x 10°
35 20.3 9.20 x 10
40 26.1 1.05x 10
50 39.6 1.31x10*
60 55.1 1.58 x 10
70 72.6 1.84 x 10
80 91.8 2.10x10*
85 102 223 x10™*

Table 3. Vascular disruption by low-energy electrons from an internal radiation-generating device.
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The results summarized in Table 3 suggest that 35-40 keV electrons also offer the potential to
selectively disrupt an arteriole servicing a tumor. Dose localization is achieved with minimal
bremsstrahlung production that permits vascular disruption without delivering absorbed
dose to healthy tissue. Table 3 also illustrates that electrons below 85 keV also selectively
irradiate vessel wall thicknesses below 100 pum.

5. Conclusions

Internal radiation-generating devices and microspheres loaded with alpha-emitting radionu-
clides preferentially deposit dose in the target tissues while minimizing the dose delivered to
healthy tissue. This selective deposition minimizes stray dose and limits the side effects that
often accompany radiotherapy procedures. The microsphere approach can be realized in the
near term, but an internal radiation-generating device relies on technology that is not cur-
rently available. Additional research is required to develop the techniques proposed in this
chapter into practical radiotherapy protocols.
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Abstract

The results of a study on pMOS dosimeters manufactured by Tyndall National Institute,
Cork, Ireland and their sensitivity on radiation doses used in radiotherapy are presented.
Firstly, we deal with analysis of defect precursors created by ionizing radiation, respon-
sible for increase in fixed and switching traps, which are further responsible for threshold
voltage shift as a dosimetric parameter. Secondly, influence of some parameters, such as
gate bias during irradiation, gate oxide thickness and photons energies, on threshold
voltage shift is presented. Fading of irradiated pMOS dosimeters and possible applica-
tion of commercial MOSFETs in ionizing radiation dosimetry are also presented.

Keywords: fading, MOSFET, pMOS dosimeter, radiation dose, threshold voltage shift

1. Introduction

External radiotherapy is a well-accepted and established therapeutic modality for cancer
treatment [1]. In this technique, radiation beams, generated by either radiation source or lin-
ear accelerator, are specifically optimized to cause the death of the tumor cells without having
a greater impact on the healthy tissues. It is estimated that dose precision in radiotherapy is
approximately +5%. However, in order to ensure proper dose delivery to the designated area
and appropriate intensity, a sophisticated radiation oncology Quality Assurance (QA) pro-
gram is required [1, 2]. Also, the verification of the final dose delivered to the patient, which
can only be carried out by in vivo dosimeters, is very important and should basically be used
for all patients undergoing radiation treatment [3].

In vivo dosimetry can be measured by thermoluminescent dosimeters (TLDs) [4, 5], diode
dosimeters [6, 7] and MOSFET (Metal-Oxide-Semiconductor Field Effect Transistor) dosim-
eters [8, 9]. TLDs characteristics include the following: cable-free, accurate, small volume

I m Ec H © 2017 The Author(s). Licensee InTech. This chapter is distributed under the terms of the Creative Commons
Attribution License (http://creativecommons.org/licenses/by/3.0), which permits unrestricted use,
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and tissue-equivalence. However, an important drawback of TLDs is the reading procedure
because information is lost during the reading. Currently, TLDs are most popular dosim-
eters for QA radiotherapy despite the relatively high cost of the readout equipment and the
requirement of a highly trained operator.

Diode dosimeters provide instantaneous readout; however, diodes must be connected to
cable for applied voltage during radiation. Even though diode dosimeters are sensitive to the
temperature and dependent on the radiation beam, the correction and calibration factors are
generally well known.

The concept of radiation sensitive MOSFETs as dosimeter is based on converting the threshold
voltage shift as a dosimetric parameter into radiation dose. Ionizing radiation creates positive
charge in the MOSFETs oxide and interface trap at silicon dioxide-silicon interface leading to
a transistors threshold voltage shift. In p-channel MOSFETs, both the positive charge in the
oxide and interface traps contributes to threshold voltage shift in the same direction. This is
reason why p-channel MOSFETs instead n-channel MOSFETs are usually used as dosimeters.
p-channel MOSFETs can be application in low-field mode (without gate bias during irradia-
tion) and in high-field mode (with gate bias during irradiation). High-field mode leads to the
sensitivity increase in MOSFET dosimeters.

The p-channel MOSFET as integrating dosimeters has been proposed in 1970 [10] and
results being verified in 1974 [11]. This further leads to the production of radiation sensitive
p-channel MOSFETs, also known as RADiation-sensitive Field Effect Transistor (RADFET)
or pMOS dosimeter [12]. Besides, radiotherapy pMOS dosimeters could be used for radia-
tion space monitoring [13, 14], irradiation of food plants [15] and in personal dosimetry
[16].

A major advantage of the MOSFET as a radiation sensor is that the radiation-sensitive region,
the oxide film, is very small [11]. The sensing volume is much smaller than competing integral
dose measuring devices, such as the ionization chamber or TLD. The MOSFETs sensitive vol-
ume is typically 1 pm x 200 um x 200 pm [17] implying that it could be used in vivo dosimetry
[18]. This MOSFETs property also makes them attractive for measurements in the gradient
radiation field where the gradient mostly depends on a single space coordinate, like resolv-
ing dose of X-ray micro beams or dept dose distribution [19]. The advantages of MOSFETs
as dosimeters also include real time or delayed reading, non-destructive and immediate
dosimetric information readout, wide dose range, accuracy, competitive price and possible
integration with other sensors and/or electronics [20]. Moreover, another field where it is pos-
sible to explore their advantages is hadron therapy, which is one of the promising radiation
modalities in radiotherapy [21]. On the other hand, an important disadvantage of MOSFETs
as radiation sensors is the need to separate calibration in fields of different modalities and
energies. Furthermore, MOSFET's total accumulated dose range depends on the dosimeter
sensitivity and type. The MOSFET needs to be replaced when the upper limit of linearity is
achieved. Although, recently, the possibility of MOSFET reuse after recovering for a certain
period of time at room or elevated temperature [22] or by current annealing [23] has been
studied.
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In radiotherapy, the radiation oncologist determines the radiation dose depending on many
factors such as the type and size of tumor, location in the body, how close the tumor is to other
radiation sensitive tissues, how deep into the body the radiation need to penetrate, the patient
general health and medical history, whether the patient will have other type of cancer treat-
ments (e.g., chemotherapy) and other factors such as patient age and medical conditions.
Cumulative dose range used in radiotherapy ranges from 20 to 70 Gy [24], while typical radia-
tion dose for one fraction is from 1 up to 5 Gy.

This chapter presents some of the results obtained in our laboratory, which considers the influ-
ence of some parameters to pMOS dosimeters sensitivity and fading. Dosimeters were manu-
factured in Tyndall National Institute, Cork, Ireland. Sensitivity results are also presented for
commercial MOSFETs in order to investigate their possible application in radiotherapy.

2. Mechanisms responsible for threshold voltage shift during irradiation

The dosimetry of ionizing radiation using radiation-sensitive MOSFETs is based on the thresh-
old voltage shift, conversion into absorbed radiation dose D [25, 26]. This shift originates in
the radiation-induced electron-hole pairs formed during irradiation. Namely, gamma and
X-rays interact with the electrons in 5iO, molecules releasing secondary electrons and holes,
that is, photons break = Si_—ihSi  =and = Si_-Si_ = covalent bonds in the oxide [27] (the
index _ is used to denote silicon atom in the oxide). The released secondary electrons, which
are highly energetic, may be recombined by holes at the place of production or may escape
recombination. The secondary electrons that escape recombination pass through the oxide
bulk, break covalent bonds and create = Si_ - O**-Si = complexes, where * denotes the
unpaired electron. This complex is energetically very shallow and trapped holes can easily
escape it. It is obvious that secondary electrons play a more important role in the bond break-
ing than highly energetic photons, due to the difference in their effective masses, that is, in
their effective cross section.

The = Si -O-Si_ = mainly distributed near the Si/SiO, interface, can also the broken by
passing secondary electrons, usually created by non-bridging oxygen (NBO) centers= Si_—-O
and positively charged E'centers, = Si’ [28]. The main precursor of the traps in the oxide bulk
and in interface regions is the NBO center, as an energetically deeper centre, and represents
a more likely negative than positively charged amphoteric defect. Also, a secondary electron
can also break= Si_—Si_ =bonds and create E centers, = Si® [27] by knocking out an electron.

Positive charge is formed in oxide by holes trapping, while electrons trapping lead to creation
of negative charge. The concentration of positive charge in oxide is much higher since the
hole trapping centers are more numerous compared to electron trapping centers. Moreover,
trapped electrons and holes near Si/SiO, interface have the strongest impact on channel carri-
ers, hence on MOSFET characteristics.

Amphoteric defects Si, = Si’ (index isused to indicate a silicon atom in substrate) are marked
as true interface traps and represent defects at the Si/SiO, interface. At Si/SiO, interface, a
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silicon atom = Si: back bonds with three silicon atoms from the substrate = Si_and is mostly
marked as = Si; or Si’. Their creation can also originate from incident photons when they
pass through the gate or substrate [27]; however, the amount can be neglected. Hydrogen
released in the oxide (hydrogen-released species model H-model) [29, 30] is the main creator
of interface traps. This model proposed that H ions released in the oxide by trapped holes
at = Si_—-H and = Si - OH defects in the oxide drift toward the Si/SiO, interface under the
positive electric field. When H* ions arrive at the interface, it picks up an electron from the
substrate, becoming a highly reactive atom H° [31]. This atom reacts at the interface producing
Si* [32]. Dimerization of hydrogen atoms also exists near the Si/SiO, interface, what further
leads to creation of H, molecule [31]. The increase in Si* continues during annealing of irradi-
ated MOSFETs for a long period of time [33].

Positive trapped charge in the oxide is called fixed traps (FT), and positive trapped charge
near Si/SiO, interface is called switching traps (ST) [27], where FT represents traps in the oxide
that without the ability to exchange the charge with the channel within the MOSFET trans-
fer/subthreshold characteristic measurement time frame. On the other hand, ST represents
traps created near and at Si/SiO, interface, and they do capture (communicate with) the carrier
from the channel within the transfer/subthreshold characteristic measurement time frame.
Furthermore, one can differentiate between slow switching traps (S5T) created in the oxide
near Si/SiO, interface and fast switching traps (FST) created at Si/SiO, interface also known as
true interface traps (si’).

Threshold voltage shift AV, during irradiation is a consequence of the increase in concentra-
tion of FT, Q_, and the increase in the concentration ST, Q_. The threshold voltage v, can be
expressed as follows [33]

T 'T0 C T0 i (1)

where Vv, is the value of v_before irradiation and C_ is the gate capacitance. In p-channel
MOSFETs, both FT and ST are positive and they contribute to the threshold voltage shift in
the same direction, i. e. both v_and Vv, are negative. Also, the so-called rebound effect [34] is
absent in p-channel MOSFETs: This phenomenon is due to the competitive effect of positive
charge in the oxide and negative interface traps generated in n-channel MOSFETs leading to a
positive or negative AV, value dependence on the relative values of Q_ and Q, . This is the rea-
son why p-channel MOSFETs instead of n-channel MOSFETs are usually used in dosimetry
of ionizing radiation.

3. Response of pMOS dosimeters to gamma and X-ray radiation

3.1. Important pMOS dosimetric parameters

The most important parameters that characterize the pMOS dosimetric radiation response
are sensitivity, dose linearity and room temperature long-term stability [35, 36]. Sensitivity
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represents threshold voltage shift A V. and radiation dose D ratio (A V,/D) and could be con-
trolled by the gate bias during irradiation. It is well known [37, 38] that an increase in sensitivity
could be achieved with increase in gate bias during irradiation. In the case of positive gate
bias, the sensitivity is higher, than in the case of negative gate bias and the lowest sensitivity
being for zero gate bias [20]. Moreover, sensitivity increase can be achieved by increasing the
gate oxide thickness [36-39] and by processing conditions which determine the FT density,
their capture cross section and their location as well as the ST density [40].

In practical applications, it is most convenient for pMOS dosimeters to have a linear response
of threshold voltage shift A V. regarding observed radiation dose D. In this case, the sensitivity
is the same for considered dose interval. It was shown that the response is linear for low doses
and progressively saturates at a maximum values which respect to gate bias [40]. The linear
dependence is given by [36]

AV, = A-Dr, ()
where A is the constant and 7 is the degree of linearity. For » = 1, the constant A represents
sensitivity S:

S=AV,/D. 3)
Positive gate bias during irradiation reduces the recombination of produced electron-hole

pairs in SiO, and as a consequence the pMOS dosimeters response becomes more linear and
sensitive [33, 41].

Room-temperature long-tem stability of irradiated pMOS dosimeters can be observed by cal-
culating fading F. The percent of fading can be calculated as follows [27]:

VO -V V0 -V, .
VO -V, ~  AV0) ’ @)

where V(0) is the threshold voltage immediately after irradiation, v_ is the pre-irradiation
threshold voltage, v.(+) is the threshold voltage after annealing time, t and A V,(0) is the thresh-
old voltage shift immediately after irradiation.

3.2. Influence of gate bias on threshold voltage shift during irradiation

Figures 1 and 2 show the threshold voltage shift AV, of pMOS dosimeters with gate oxide
thickness of 1 um for X-ray (energy of 140 keV) as a function of radiation dose D in the range
from 0 to 10 cGy and from 0 to 1 Gy, while gate bias during irradiation was 0 and 5V [35],
respectively. Experimental data fitting with Eq. (2) for n = 1 shows an almost linear response
between AV, and D. Namely, for gate bias during irradiation of V, = 0V, correlation coef-
ficient is 7> = 0.98, whereas for V. = 5V, correlation coefficient is 7> = 0.99.

Figure 3 shows the threshold voltage shift AV, of pMOS dosimeters with gate oxide thickness
of 1 um as a function of gamma-ray radiation dose D (gamma radiation originate from 60Co)
in range from 0 to 1 Gy for gate bias during irradiation V., = 0 Vand V, = 5V [38]. The same

dependence for gamma-ray radiation dose in range from 0 to 5Gy is given in Figure 4 [38].
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Figure 1. Threshold voltage shift A V.. in pMOS dosimeters with 1-um-thick gate oxide as a function of X-ray radiation
dose D in the 0-10 cGy range. Gate bias during irradiation Virr was0or5V.

Experimental data fitting presented in these figures using Eq. (2) for n = 1 gives correlation coef-
ficient > = 0.99, so it is assumed that the linearity between A V and D is satisfactory for practical
application.

Figure 5 shows the AV, = f(D) dependence of pMOS dosimeters with gate oxide thickness of
1 um for gamma-ray radiation dose in the range from 0 to 50 Gy [36]. During the irradiation,
the gate biases v_were 0, 1.25, 2.50, 3.75 and 5 V. It can be seen that the threshold voltage shift
for the same radiation dose increases with gate bias increase. The radiation dose up to 50 Gy
did not significantly degrade the linearity of the pMOS dosimeters. Experimental data fitting
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Figure 2. Threshold voltage shift A V. in pMOS dosimeters with 1-um-thick gate oxide as a function of X-ray radiation
dose D in the 0-1 Gy range. Gate bias during irradiation V;_was 0 or 5V.
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Figure 3. Threshold voltage shift A V. in pMOS dosimeter with 1-pm-thick gate oxide as a function of gamma-ray
radiation dose D in the 0~1 Gy range. Gate bias during irradiation V,  was 0 or 5 V.

using Eq. (2) for n = 1 gives correlation coefficient, 7> = 0.98. Having that r? are very close
to one, it can be assumed that there is a linear dependence between AV, and D and that the
sensitivity of these devices for a given value of V. is the same in the range from 0 to 50 Gy.
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Figure 4. Threshold voltage shift A V. in pMOS dosimeter with 1-pm-thick gate oxide as a function of gamma-ray
radiation dose D in the 1-5 Gy range. Gate bias during irradiation V. was 0 or 5V.
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Figure 5. Threshold voltage shift A V. in pMOS dosimeter with 1-um-thick gate oxide as a function of gamma-ray

radiation dose D in the 0-50 Gy range. Gate bias during irradiation V' was ranging from 0 to 5 V.

Figure 6 shows the sensitivity S as a function of gate bias V, during gamma-ray irradiation
to 50 Gy of pMOS dosimeters with gate oxide thickness of 1 um [36]. The symbols stand for
experimental data, whereas the solid lines represent fits, which are exponential.

0.30 - Ve
S=-0.284-¢ 303 +0.356
0.25
= 020
o
=
@ 5154
0.10 4
0.05 T T T T T T T T T T T '
0 1 2 3 4 5 6
Virr(V)

Figure 6. Sensitivity of pMOS dosimeter with 1-pm-thick gate oxide as a function of gate bias V. _for 50 Gy gamma-ray
irradiation.
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The increase in A V_ with the increase in V,_is due to the increase in FT and ST. It is well
known that with the number of holes which have avoided the recombination with elec-
trons, the number of created FT and ST increases. When V, = 0V the electric field in the
oxide is only due to work function difference between the gate and the substrate (zero bias
conditions or dosimeter passive mode), so the probability for electron-hole recombina-
tion is higher than in the case when V, > 0 V. For higher value of V, , the large number
of holes will escape the initial recombination, which further increase the probability for
their capture at E', E, and NBO centers and increase FT and SST which leads to increase
in AV.. Such conclusion is in agreement with results shown in Figures 1-6. It should be
emphasized that during irradiation, the FT concentration is several times larger than ST
concentration. This proves that the increase in AV, value during irradiation is mainly due
to increase in FT [42].

3.3. Influence of gate oxide thickness on threshold voltage shift during irradiation

Figure 7 shows the threshold voltage shift A V. as a function of radiation dose D for pMOS
dosimeters with gate oxide thicknesses of 400 nm and 1 pm [43]. Irradiation of these devices
was performed with gamma-ray irradiation in the dose range from 0 to 5 Gy when gate bias
during irradiation was V, = 5 V. It was shown that sensitivity AV, /D increases with gate
oxide thickness increase and that there is a linear dependence between A V, and D (correlation
coefficient > = 0.99).
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Figure 7. pMOS dosimeters threshold voltage shift A V. as a function of gamma-ray dose in 0-5 Gy range. Gate bias

during irradiation was V,,, = 5 V. Gate oxide thickness was 400 nm and 1 pm.
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The Av_ = fiD) dependence for pMOS dosimeters with gate oxide layer thicknesses of 100 nm,
400 nm and 1 um is shown in Figure 8 [36]. The gamma-ray irradiation of these devices was
performed in the dose range from 0 to 50 Gy, while the gate bias V, = 5 V. It can be seen that
the increase in gate thickness leads to the increase in A V_ for the same radiation dose. It is
mainly due to the increase in FT concentration [42]. Experimental data fitting using Eq. (2) for
n = 1, gives the correlation coefficient values, for pMOS dosimeters with 100 nm, 400 nm and
1 um gate oxide thickness 0.99, 0.99 and 0.98, respectively, what proves linear dependence

between AV and D.
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Figure 8. pMOS dosimeters threshold voltage shift A V as a function of gamma-ray dose in 0-50 Gy range. Gate bias
during irradiation was Virr = 5 V. Gate oxide thickness was 100 nm, 400 nm and 1 um.

3.4. Influence of photon energy on pMOS dosimetry sensitivity

Figure 9 shows the threshold voltage shift A V. as a function of radiation dose D for 1 um gate
oxide thickness pMOS dosimeters irradiated with gamma-rays which originates from 60Co
and X-ray with energy 140 keV in dose range from 0 to 1 Gy for gate bias during irradiation
V.. = 5V [35, 38]. Experimental results fitting using Eq. (2) for n = 1 gives the value of cor-
relation coefficient r> = 0.99 assuming that there is linear dependence between AV, and D,
that is, sensitivity is the same for considered dose interval. It can be also seen from the figure

that the sensitivity is much higher for X than for gamma radiation.

The Av_ = fiD) dependence for gamma and X-rays for pMOS dosimeters with gate oxide thick-
ness of 1 um in dose range from 0 to 5 Gy and v, = 5V is shown in Figure 10 [38]. Experimental
results fitting using Eq. (2) for n = 1, gives correlation coefficient for gamma and X-rays 0.99
and 0.96, respectively. On the basis of these values, it can be concluded that for X-rays, there
is no linear dependence between A V_and D.
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Figure 9. Threshold voltage shift /| VT in pMOS dosimeter with 1-um-thick gate oxide as a function of gamma and X-ray
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From Figures 9 and 10, it can be seen that increasing in A V_ is much higher in the case when
pMOS dosimeters are irradiated with X-rays (140 keV photon energy) than in the case of
gamma-rays originating from “Co (energies of photons of 1.17 and 1.33 MeV). This is a conse-
quence of different photon energies which lead to ionization of SiO, molecules. Namely, X-ray
photons energy of 140 keV lead to molecule ionization by both photo effect and Compton's
effect, while gamma-ray photons with energies of 1.17 and 1.33 MeV lead to SiO, molecules
ionization only by Compton's effect [38]. A direct change in A V. values is caused by a larger
number of FT and ST, which are formed during X-ray irradiation compared to gamma-ray
irradiation, the reason being the probability for molecule ionization by photoeffect is signifi-
cantly higher than by Compton's effect.

4. Fading of irradiated pMOS dosimeters

As a dosimeter radiation sensitive MOSFET must satisfy a crucial demand, which implies
compromising between sensitivity to irradiation and stability with time after irradiation.
Stability represent insignificant change in AV_ of an irradiated MOSFET at room tempera-
ture for a long-time period (saved dosimetric information) [43]. Having that immediate dose
readout is not always possible, also the exact moment of irradiation is often unknown as in
the case of individual monitoring the radiation dose measurements must be performed peri-
odically. Room temperature stability of irradiated pMOS dosimeters can be determined by
calculating fading using Eq. (4).

Fading results for pMOS dosimeters with gate oxide thickness of 400 nm and 1 pm, at room
temperature previously irradiated with X-ray (energy 140keV) up to 1Gy for v_=0V and
V.. = 5V are presented in Figures 11 and 12, respectively [35]. It can be seen that fading of
PMOS dosimeters with gate oxide thickness of 400 nm (Figure 11), which were irradiated with
gate bias V. = 5V, is about 40% in the first 7 days, whereas those of pMOS dosimeters irra-
diated without gate bias during irradiation have 22% fading also in the first 7 days. For the
time period between 7 and 28 days, fading of pMOS dosimeters irradiated with gate bias 5V
increased for about 3%, whereas fading of pMOS dosimeters irradiated without gate bias dur-
ing irradiation had a nearly constant value. Fading of 1 um thick gate oxide pMOS dosimeter
(Figure 12), which were irradiated up to 1 Gy with gate bias V. = 5V, in the first 7 days was
14%, whereas for the time period between 7 and 28 days, it increases about 1%. pMOS dosime-
ters with the same gate oxide thickness, which were irradiated without gate bias the first 7 days,
have fading increase for about 1%, and this value is kept up to 28 days. From Figures 11 and
12, it can be concluded that fading is lower when the gate oxide of pMOS dosimeters is thicker
which in accordance with early study [44] showed that fading decreases with the increase in
gate oxide thickness.

The decrease in the positive trapped charge causes fading of pMOS dosimeters. This decrease orig-
inates from electron tunneling from Si into SiO,; once captured at positive oxide trapped charge,
which lead to their neutralization/compensation and change in threshold voltage shift [45].
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Figure 11. Fading F at room temperature for 30 days of pMOS dosimeter with 400 nm gate oxide thickness previously
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5. pMOS dosimeter reuse

For a while, it was widely thought that pMOS dosimeters could not be used for subsequent
determination of radiation dose. They were, namely, just used to determine the maximum
radiation dose, after which they would be replaced. However, studies on the pMOS dosim-
eter reuse are given in [46] for radiation dose 400 Gy. Recent work has shown that irradi-
ated pMOS dosimeters manufactured in Tyndall National Institute, Cork, Ireland, could be
annealed at room and elevated temperature and reused for ionizing radiation measurements.
Figures 13 and 14 show the threshold voltage shift A V. as a function of gamma radiation dose
D for gatebias V. = 5VandV, = 0V, respectively, for both the first and second irradiation
[47, 48]. After the first irradiation, the pMOS dosimeters were annealed at room temperature
for 5232 h without gate bias. Latter, the annealing process was continued at 120° C without
gate bias for 432 h. The pMOS dosimeters were then irradiated under the same conditions. It
can be seen from Figure 13 that the values of A V.. during the first and second irradiation are
very close. For pMOS dosimeters irradiated with the gate bias V, = 0V (Figure 14), the val-
ues of AV, are higher for the second than for first irradiation. Such results are contradictory
with earlier results [46] for pMOS dosimeters irradiated up to 400 Gy where it was shown that
the values of AV, during the first irradiation (for V. _ = 5V and V. = 0 V) were higher than

the values obtained during the second irradiation.
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Figure 13. Dependence of the threshold voltage shift A V. in pMOS dosimeters with 400 nm gate oxide thickness on
=5V.

the gamma-ray radiation dose D in the 0-35 Gy range during the first and second irradiation with gate bias V,
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Figure 14. Dependence of the threshold voltage shift A VT in pMOS dosimeters with 400 nm gate oxide thickness on
=0V.

the gamma-ray radiation dose D in the 0-35 Gy range during the first and second irradiation with gate bias Virr

6. Low-cost commercial p-channel MOSFETs as pMOS dosimeters

In recent years, many investigations were driven toward application of low-cost commercial
p-channel MOSFETs as a dosimeter in radiotherapy [49]. Asensio et al. [50] show results of
some most important dosimetric parameters (sensitivity, linearity, reproducibility and angu-
lar dependence) for power p-channel MOSFETs 3N163. These transistors were irradiated
by gamma-rays originating from ®Co up to 55 Gy. These devices were irradiated without
gate bias (V, = 0 V). Figure 15 shows the A V.. = (D) dependence for 15 devices. The data
showed excellent linearity with a mean sensitivity value of 29.2 mV/Gy and reasonable good
reproducibility. Moreover, the angular and dose rate dependencies are similar to those of
other, more specialized pMOS dosimeters. The authors of this paper concluded that power
p-channel MOSFET 3N163 would be an excellent candidate for low-cost system capable of
measuring gamma-radiation dose.

The possibility of vertical diffusion MOS also called double-diffusion MOS transistor or simple
DMOS as a sensor of electron beam was also investigated [51] These devices were DMOS BS250F,
ZVP3306 and ZVP4525, manufactured by Diodes Incorporated (Plano, USA). The irradiation was
performed by an electron beam of 6 MeV energy without gate bias. The same authors investigated
the behavior of p-channel MOS transistors from integrated circuit CD4007 (Texas Instruments,
Dallas, USA and NXP Semiconductor Eindhowen, Netherlands) under 6 MeV energy electron
beam. In Figure 16, the A V., versus D is plotted four samples of the ZVP3306 DMOS transistors.
The results for other type DMOS transistors are similar. As it can be seen, there is a linear depen-
dence between AV_and D to radiation dose of 25 Gy. Values of sensitivity for BS250F, ZVP4525
and ZVP3306 are 3.1, 3.4 and 3.7 mV/Gy, respectively. It was also shown [51] that p-channel MOS
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Figure 15. Threshold voltage shift A V. in p-channel MOSFETs 3N163 as a function of gamma-ray radiation dose D in

the 0-58 Gy range. Gate bias during irradiation was V; = 0'V.

transistors from integrating circuits CD4007 during irradiation without gate bias (V, = 0V) pre-
sented the sensitivity 4.6 mV/Gy with a very good linear behavior of the threshold voltage shift
compared to the radiation dose. Moreover, with the possibility of applying thermal compensa-
tion, this transistor may be a promising candidate in radiotherapy.

120 o

100 _a

30
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Figure 16. Threshold voltage shift /A VT in DMOS ZVP3306 as a function of 6 MeV electron beam radiation dose D in
the 0-25 Gy range.
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7. Conclusion

The sensitivity of pMOS dosimeters manufactured in Tyndall National Institute, Cork, Ireland,
with 100nm, 400nm and 1 pum thick gate oxide to gamma and X-ray irradiation, for radia-
tion doses used in radiotherapy, has been investigated. It is shown that their sensitivity can be
increased either by increase in gate bias during irradiation or by increasing the gate oxide thick-
ness. The sensitivity increases with the decrease in ionizing radiation photon energy. Sensitivity
of pMOS dosimeters with 1 pum thick gate oxide is satisfactory even for 1 cGy doses in low-
field mode. Unfortunately, their major disadvantage is large fading immediately after irradia-
tion. Investigations in a past few years have shown that some low-cost commercial p-channel
MOSEFETs could be good candidates for radiation dose measurements used in radiotherapy.
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Abstract

This chapter discusses the clinical application and implementation of wedge techniques
in radiation therapy. Coverage of the target region with a curative dose is critical for
treating several cancer types; to that end, wedge filters are commonly used to improve
dose uniformity to the target volume. Initially, wedges designed for this purpose were
physical and were made of high-density materials such as lead or steel. Subsequently,
nonphysical wedges were introduced; these improved the dose uniformity using com-
puter systems in lieu of physical materials. As wedge systems evolve, however, they each
continue to have their advantages and disadvantages. When using physical wedges, it is
difficult to control the generation of secondary radiation resulting from the collision of
the radiation beam with the wedge body; conversely, nonphysical wedges do not create
any secondary radiation because there is no physical interference with the beam. On the
other hand, nonphysical wedges are less suitable for treating moving tumors, such as
those in the lung, and physical wedges have better dose coverage to the target volume
than nonphysical wedges. This chapter aims to guide decision-making regarding the
choice of wedge types in various clinical situations.

Keywords: physical wedge, nonphysical wedge, radiotherapy

1. Introduction

Wedged techniques are routinely used in external beam radiotherapy delivery to improve
the dose distribution. In earlier years, physical wedges were typically constructed from high-
density materials and fixed to certain wedge angles; they were standard accessories shipped

I m Ec H © 2017 The Author(s). Licensee InTech. This chapter is distributed under the terms of the Creative Commons
Attribution License (http://creativecommons.org/licenses/by/3.0), which permits unrestricted use,
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with linear accelerators. Such wedges are usually mounted externally or internally in the
gantry head of the linear accelerators. Nonphysical wedges, first proposed in the late 1970s
by Kijewski et al., produce modulated dose distributions that were similar to those of physical
wedges [1]. They rely on the dynamic movements of a pair of independent collimating jaws
during treatment and have been widely implemented in modern radiotherapy machines.
Both modalities possess unique advantages and limitations in terms of dosimetric character-
istics, treatment accuracy, and efficiency.

In this chapter, we discuss and compare the clinical implementation and application of wedge
techniques in radiation therapy.

2. Characteristics of physical or nonphysical wedges in clinical
implementation

2.1. Fundamental properties of physical and nonphysical wedges

In radiation therapy, wedge filters are commonly used to improve dose uniformity toward the
target volume [2]. A physical wedge is usually constructed from a high-density material, such
as lead or steel, which attenuates the beam progressively across the entire field. A nonphysical
wedge generates a sloping dose distribution by moving one of the jaws with variable speed,
while the opposite jaw remains steady. Nonphysical wedges inherently have no beam attenu-
ation or beam hardening effect and thus offer more flexibility than physical wedges [3, 4].
According to the International Commission on Radiation Units and Measurements, the wedge
angle is defined as the angle at which an isodose curve is tilted at the central axis of the beam
at a specified depth (usually 10 cm) [5].

Before deciding on physical or nonphysical wedges during clinical treatment planning, the
treatment planning system (TPS) requires obtaining a number of measurements from each
wedge system. In general, the TPS requires data on the percentage depth-dose (PDD), beam
profiles, and wedge factors of the X-ray beams [6]. As an example, Figure 1 shows the profile
curve measurements when physical or nonphysical wedges at 30° and 60° were used (field
size 10 x 10 cm?).

The results show that nonphysical wedges have straighter profile curve lines than physical
wedges, which are desirable in clinical practice. These results are consistent with those previ-
ously described [7, 8]. Ahmad et al. reported that differences in profiles between physical and
nonphysical wedges were most evident in larger fields, shallow depths, thicker wedges, and
when using a low-energy beam [8].

On the other hand, the presence of a wedge filter in the path of a radiation beam decreases its
intensity; this must be taken into account when calculating treatment doses. When physical
wedges were used, photon energy fluence is reduced in the wedged beam compared to the
open beam; this effect is more pronounced when increasing the wedge angle [9]. It has also
been shown that a physical wedge factor has a stronger depth dependence than a nonphysical
wedge factor owing to beam hardening [2].
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Figure 1. The profile curves of 10 MV X-ray beams using (a) 30° or (b) 60° of physical or nonphysical wedges under
a source-surface distance of 100 cm and depth of 10 cm in water. The red line indicates profile curves of nonphysical
wedges; the black line indicates that of physical wedges.

2.2. Comparison between calculation data and measurement data

Before wedge filters are installed in clinical practice, several measurements must be incor-
porated into the TPS for beam modeling. The modeling method for the TPS varies between
manufacturers and also between calculation algorithms, as the mechanism of motion of the
nonphysical wedges is different for every manufacturer. In this section, the Eclipse planning
system (Varian Medical Systems, Palo Alto, CA, USA) and the Enhanced Dynamic Wedge
(EDW, Varian Medical Systems, Palo Alto, CA, USA) are mainly described.
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A physical wedge changes the beam energy fluence of the primary X-ray beam through the
insertion of a metallic filter at the gantry head. This effect is modeled via a wedge trans-
mission curve; specifically, depth doses, wedge profiles, and longitudinal profiles are used
for such modeling. In the Eclipse system, the energy fluence of the primary X-ray beam is
modeled as a two-dimensional spectrum that considers the mass-energy attenuation coef-
ficient, which is calculated based on the wedge filter material and thickness. Furthermore, the
physical wedge produces secondary radiation when interacting with the primary X-ray beam.
Eclipse hence considers the wedge a source of scatter, and modeling is performed using a dual
Gaussian plane. Moreover, when physical wedges are used in the Eclipse system, a separate
electron contamination source model is applied to the calculation; it is necessary to verify the
precision of the final model by comparing it to the acquired data before the wedge filters are
installed in clinical practice.

Fogliata et al. compared the calculation models and measurement data using the analytical
anisotropic algorithm (AAA) [10-13] and the Acuros XB (AXB) [14-16], which is built into
Eclipse (version 10.0) [17]. Six and 15 MV X-rays were validated in their study; measurements
were performed in water using the PTW-MP3 phantom with a 0.125 cm? cylindrical ionization
chamber (Semiflex, PTW). Next, depth-dose curves were investigated for several field sizes.
In the wedged field along the central axis, the difference in absolute dose between calculated
vs. measured values revealed deviations (including standard deviations) smaller than 1%.
Moreover, the profile curves were investigated in some field sizes at depths of d__, 5, 10,
20, and 30 cm. In the central beam region, the average difference in profile curves between
calculations and measurements was smaller than 1%, with a standard deviation lower than
1%. Output factor and monitor unit (MU) calculations were also investigated in some field
sizes at a source-surface distance (SSD) of 90 cm and a depth of 5 cm in water. The difference
between the calculated and measured MUs to deliver a fixed dose to the isocenter exhibited
a maximum deviation of 0.2%. Therefore, when using AAA or AXB under reference condi-
tions, it is possible to model correctly. However, when considering clinical use, validation
in non-reference conditions is also necessary. Van Esch et al. validated depth-dose curves at
SSDs of 80, 90, and 100 cm to verify the accuracy of modeling of the electron contamination
as a function of source-to-skin distance [18]. For depth-dose curves involving different SSDs,
they reported that the disagreement between calculated and measured data in the buildup
region was high under conditions of higher energy and small SSD. In wedge profiles for 60°
physical wedges using 18 MV for the selection of asymmetric fields (X =15 cm, Y1 =7.5 cm,
Y2 =-5 cm), deviations up to 4% in the absolute dose at the center of the field were observed.
Hence, accurate modeling using this method is difficult because the wedge produces numer-
ous scattered photons and electrons. For tolerance settings at the time of modeling, please
refer to Refs. [19, 20].

The nonphysical wedge produces a distribution similar to that of a physical wedge by mov-
ing the collimator jaw and/or modifying the dose rate. In the Varian EDW, only a single jaw
is moved; moreover, the dose rate for the Siemens virtual wedge is varied. The EDW uses the
segmented treatment table (STT) when planning the position of the moving jaw and corre-
sponding doses. The golden STT (GSTT) is used for a wedge angle of 60°, which controls all
other wedge fields (i.e., all the field sizes and the wedge angles) as well as the center axis dose
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of the open field [21]. In other words, EDW settings do not require any input data for beam
configuration other than the open beam data. The movement of the collimator in the EDW
affects the primary radiation and scatter components, as well as the backscatter of the collima-
tor. Therefore, it is necessary to verify the accuracy of the modeling by comparing calculated
estimates to the measured data.

For the EDW, Fogliata et al. also compared the calculations to the measurements using
the AAA and AXB [17]. Moreover, depth-dose curves were investigated in field sizes of
20 x 20 cm?. In wedge fields along the central axis, the difference in absolute dose between
the calculations and measurements presented deviations (including standard deviations)
smaller than 1%. Furthermore, profile curves were investigated in a field size of 20 x 20 cm?
at depths of d__, 5, 10, 20, and 30 cm. In the central beam region, the average differences
of profile curves between calculations and measurements were smaller than 1%; standard
deviations were lower than 1%. Furthermore, output factors and MU calculations were
investigated in some field sizes at SSDs of 90 cm and a depth of 5 cm in water. The differ-
ence between the calculated and measured MUs when delivering a fixed dose to the isocen-
ter presented a maximum deviation of 0.2%. Validation in a selection of asymmetric fields
(X=15cm, Y1 =7.5 cm, Y2 = -5 cm) indicated deviations up to 1.5% in the absolute dose at
the center of the field [18]. Furthermore, in a Monte Carlo simulation study, the surface dose
of TPS produced large errors of up to 40% compared to Monte Carlo simulation in depth-
dose curves [22]. This was attributed to two reasons: First, the calculation of PDDs with TPS
is based on ionization chamber measurement data; the measurements of this chamber could
be affected by contaminated electrons produced by the moving collimators. Second, the mea-
sured surface dose may be averaged incorrectly owing to the erroneous calculation of the ion
chamber volume because of the partial volume effect. Monte Carlo simulation indicated that
there are significant TPS errors at the outer regions of the field; the maximum relative error of
the position difference between TPS and the actual measurements is 20%. Lateral electronic
disequilibrium exists in the penumbra regions of the dose profile, especially for smaller field
sizes. As mentioned in the American Association of Physicists in Medicine report, TPS can-
not accurately calculate backscatter, multiple scattering, or electron disequilibrium in AAA
[23]. It is necessary to take into account the calculation precision in the region indicated by
the black arrows in Figure 2.

3. Advantages and limitations of the wedge technique in clinical
applications

3.1. Wedge property uncertainty during treatment

Tumor motion (i.e., intrafractional organ motion) is an important consideration during radio-
therapy [24]. Intrafractional motion can be caused by the respiratory, skeletal muscular, car-
diac, and gastrointestinal systems. Respiratory motion in particular affects all tumor sites in
the thorax and abdomen; the disease of most relevance in this case is lung cancer, as shown in
Figure 3. Of note, respiratory motion is just one potential source of error in radiotherapy [25].
Chen et al. reported that lung tumor motion varies from 0 to 5 cm [26]; Shirato et al. reported
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Figure 2. (a) Profile curves and (b) percentage depth-dose (PDD) curves of 10 MV X-ray beams in the treatment planning
system (TPS) and measurements. The green line indicates TPS data, the red dots indicate measurement data, and the
black line indicates the percentage of error between the TPS and actual measurements.

that the average amplitude of liver tumor motion was up to 1.9 cm [27], while Hamlet et al.
reported that the larynx elevates approximately 2 cm while swallowing [28].

Intrafractional organ motion can result in two types of effect. The first is the “dose-blurring
effect,” which results in the over/under dosage of the tumor with radiation. The second is
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Figure 3. The change over time of tumor motion in the lung between exhalation and inhalation. The red line indicates the
contour of the tumor during exhalation; the tumor moves up and down markedly during breathing.

termed the “interplay effect,” which is only a problem in the case of dynamic delivery of
intensity-modulated radiation therapy or dynamic treatments with nonphysical wedges. This
effect is the result of interplay between the moving tumor and the motion of the radiation
beam as defined by the nonphysical wedges [29, 30] and can result in dose discrepancy.

The respiratory-based interplay effects for nonphysical wedges have previously been studied;
it was reported that approximately 50% of the organ receives a dose 5-15% higher than that
prescribed when the collimator is moved from the caudal to the cranial direction. Conversely,
collimator movement in the opposite direction results in under-dosing [29]. Moreover,
Kakakhel et al. estimated the interplay effects for nonphysical wedges in a phantom study
and reported that more than 90% of the area of the target region was covered by the pre-
scribed dose when the phantom was rested. However, for a moving phantom, less than 70%
of the target region was covered by the prescribed dose [24].

For the reasons stated above, nonphysical wedges should be considered with caution before uti-
lization for treatment in cases of respiratory organ motion. On the other hand, physical wedges
have limited field sizes, densities, and composition materials; hence, they create more low-
energy electrons and photon-scattering radiation than nonphysical wedges [31]. Furthermore,
the dose outside the field using nonphysical wedges is half that of physical wedges [32].

3.2. Appropriate choice whether physical or nonphysical wedge at several irradiation
situations

The choice of physical vs. nonphysical wedges is critical in several clinical situations. As
mentioned above, nonphysical wedges have more liabilities than physical wedges for the
treatment of moving tumors. In contrast, physical wedges create more secondary radiation
than nonphysical wedges. Petrovic et al. reported that the peripheral dose of the nonphysical
wedge field is half that of the physical wedge field; this is owing to scatter outside the physi-
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cal wedge field that arises from the interaction of the beam with the material of the physical
wedge (such interactions include Compton scattering).

Clinically, this provides an advantage to the nonphysical wedge field [32]. The effect of
secondary radiation outside the field is an important consideration for breast cancer treat-
ment. For example, Figure 4 shows how the low-dose area was expanded to the opposite
breast when using physical wedges; such secondary radiation exposure may precipitate the
development of another tumor. Warlic et al. reported that the average dose outside of the
field with a nonphysical wedge was 2.7-2.8%, whereas the dose was 4.0-4.7% with a physi-
cal wedge. The nonphysical wedge is hence a practical advance that improves the dose
distribution in patients undergoing breast conservation while simultaneously minimizing
the dose to the contralateral breast, thereby reducing potential carcinogenic effects [33].

(a) Physical Wedges (b) Non-physical Wedges

Isodase [%)

Figure 4. The dose distributions of radiotherapy in a breast cancer patient using (a) physical wedges or (b) nonphysical
wedges. Each line indicates the dose corresponding to each treatment intensity planning.

Nonphysical wedges have significant benefits for both the therapists and patients. Saminathan
et al. reported that the number of MUs used to deliver a particular dose using a nonphysi-
cal wedge field is less than that used for a physical wedge field [2]. Moreover, Njeh reported
that using nonphysical wedges results in significant dose reductions to areas outside of the
treatment field [34]. The reduction of MUs can also result in minimizing treatment times; this
benefits patients who have worse performance statuses.

4. Conclusions

Each of the two wedge types, physical and nonphysical, has several characteristics that pro-
duce both advantages and disadvantages under specific conditions. Clinicians should choose
between physical and nonphysical wedges with careful consideration to tumor motion, the
effect of secondary radiation, and the performance status of the patient.
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Abstract

In this chapter a description is explained about radiotherapy as common available method
in treatment of thoracic tumors located at thorax region of patient body and move mainly
due to respiration. In radiotherapy of dynamic tumors, the correct and accurate informa-
tion of tumor position during the therapeutic irradiation determine the degree of treat-
ment success. In this chapter we investigate quantitatively the effect of tumor motion on
treatment quality by considering to possible drawbacks and errors at external surrogate’s
radiotherapy as clinical treatment modality. For this aim, tumor motion information of
a group of real patients treated with Cybeknife Synchrony system (from Georgetown
University Hospital) was taken into account. A fuzzy logic based correlation model was
employed for tumor motion tracking. Final results represent graphically the amount of
tumor motion estimated by our utilized correlation model on three dimensions with tar-
geting error calculation. It's worth mentioning that each strategy that can improve tar-
geting accuracy of dynamic tumors may strongly enhance treatment quality by saving
healthy tissues against additional high dose. In this chapter we just tried to introduce
readers with thoracic tumor motion error as challenging issue in radiotherapy and motion
compensation solutions, implemented clinically up to now.

Keywords: radiotherapy, moving thoracic tumors, external surrogate’s radiotherapy,

correlation model, motion compensation

1. Introduction

Cancer is a range of diseases including abnormal cells that grow out of control. Cancerous
cells can be formed in the tissues or organs of patient body, and the damaged cells can invade
surrounding tissues. Among different types of cancers, some of them that are known as most

I m EC H © 2017 The Author(s). Licensee InTech. This chapter is distributed under the terms of the Creative Commons
Attribution License (http://creativecommons.org/licenses/by/3.0), which permits unrestricted use,
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common cancers such as lung, breast, and prostate cancers cause many deaths independent
of human race or ethnicity. It should be noted that with early detection and treatment, most
people continue a normal life [1, 2] .

There are three common available methods for treatment of different cancers known as surgery,
chemotherapy, and radiotherapy alone or in combination mode as surgery-chemotherapy,
surgery-radiotherapy, chemotherapy-radiotherapy, or surgery-chemotherapy-radiotherapy as
the best treatment modality. Each treatment strategy depends on how the cancer is diagnosed
and its stage. In clinical treatment, doctor will discuss with patients about which treatments
are most suitable for them [1-7]. In the following, a description is explained about common
treatment methods ranging from surgery to radiotherapy.

The first and oldest option of treatment modality for a variety range of cancers is surgery or
operation that means to perform surgery. The type of surgery will depend on the type of each
cancer. Surgery is usually followed by chemotherapy or radiotherapy in modern methods in
order to enhance treatment quality. In this method, whole cancerous cells or lesion must be cut
and removed. Moreover, surrounding cells around tumors that may potentially be cancerous
cells are removed to avoid growing secondary tumors after operation. The tissue surrounding
the tumor volume is called the margin. Removing this nearby margin depends directly on the
medical doctor decision during surgery. All forms of surgery are considered as invasive proce-
dures. With conventional surgery, the surgeon makes large incisions through skin, muscle, and
sometimes bone. In some situations, surgeons can use surgical techniques that are less inva-
sive. These less-invasive techniques may speed recovery and reduce pain afterward. At surgery
strategy, in order to avoid growing secondary cancer, whole organ that include tumor cells are
removed. For example, there are two main types of breast cancer surgery as: First mode, sur-
gery to remove the cancerous cells, entitled as breast-conserving surgery, where just the tumor
and a little surrounding breast tissue are removed. Second mode, surgery to remove the whole
breast, is called a mastectomy. However, in some cases, a mastectomy can be implemented by
reconstructive surgery to recreate a bulge replacing the removed breast.

Chemotherapy involves using anti-cancer or cytotoxic medication to kill the cancer cells.
Chemotherapy is usually given as an outpatient treatment, which means patients will not
have to stay in hospital overnight. The medications are usually given through a drip straight
into the blood through a vein. Chemotherapy is also usually used after surgery to destroy any
cancer cells that have not been removed. This strategy is called as adjuvant chemotherapy. In
some cases, chemotherapy is done before surgery, which is often used to shrink big tumors
as much as possible. Several different medications are used for chemotherapy depending
on tumor type and its site. For example, the choice of medication and the combination will
depend on the type of breast cancer and how much it is spread [3, 6, 7]. Some patients may
have chemotherapy sessions once every 2-3 weeks, over a period of 4-8 months, to give the
body a rest in between treatments time. The main side effects of chemotherapy are caused by
their influence on normal, healthy cells, such as immune cells.

Radiotherapy is the use of ionizing radiation beams such as high-energy X-rays or charge par-
ticles for cancer treatment. The therapeutic ionizing beam is generated by means of machines
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called linear accelerator or cyclotron or synchrotron and can damage and destroy cancer cells
within the area being irradiated. Radiotherapy is a very specialist treatment and is a common
treatment for various ranges of cancer such as head and neck or thoracic tumors. In most
cases, radiotherapy is given after surgery. This reduces the risk of cancer coming back by
getting rid of any possible cancer cells that are still in the area. Figure 1 shows schematically
the performance of linear machine as particle accelerator for therapeutic beam generation and
irradiation to the patient [4, 5, 8].
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Figure 1. A schematic layout of linear accelerator and the process of therapeutic beam generation.

Ionizing rays are able to produce biological damages physically and chemically. They release
their energy by colliding with cells. This can produce fast-moving electrons, which ultimately
produce the biological damage to tissues. As seen in Figure 2, the therapeutic beam can
directly break the DNA known as physical effect or prepare a toxic environment around the
cancerous cell for killing them known as chemical effect.

It should be noted that healthy tissues surrounding the tumor volume are affected by ionizing
radiation, but their cells can usually recover themselves better than cancer cells implementing
proper treatment planning strategies.

In radiotherapy, the main principle is delivering the maximum dose onto tumor volume while
keeping the normal nearby tissues save against the high dose at the same time. Treatments are
usually given regularly over a period of time so that they have the greatest effect on the cancer
cells [5]. Radiotherapy can also be given implanting radioactive seeds into tumor volume.
This is called internal radiotherapy or brachytherapy. By this strategy, the normal cells will be
saved against additional dose that may have side effects. In this technique, tumor accessibility
is very important to implant radioactive seeds. Therefore, intra-cavity tumors are subjects for
brachytherapy.
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Figure 2. DNA damage of tumor cells by means of ionizing radiations.

Figure 3 represents various steps of a successful radiotherapy based on 2D or 3D treatment
planning system for tumor definition and localization. For this aim, tomography images are
utilized as first step of treatment process. Simulation step realizes the best area to be irradi-
ated as target using high dose of irradiation while causing the fewest possible side effects
considering critical organs or organs at risk (OAR). Moreover, patient positioning and verifi-
cation is another important issue of radiotherapy that must be carefully considered [4].

In general, total tumors can be categorized into two groups as static and dynamic tumors. This
dividing comes from physical motion properties of tumors that is highly important during
patient positioning and verification. In modern radiotherapy, tumor motion property is highly
effective on treatment quality and must be taken into account during treatment planning pro-
cess. In radiotherapy of dynamic tumors, the correct and accurate information of tumor posi-
tion during the therapeutic irradiation determine the degree of treatment success. Among total
tumors, dynamic tumors have been located in thorax and abdomen regions of patient body
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Figure 3. Block diagram of treatment process during radiotherapy.

move due to breathing cycle phenomena, heart beat, and gastrointestinal system motions.
The first case has the most important effect on targeting accuracy in radiation treatment. This
motions and/or possible deformation that are usually nonregular cause a constraint to achieve
the accurate knowledge of tumor location during the treatment process. This nonregular-
ity issue refers to variations on breathing motion amplitude and frequency, while these two
parameters are highly variable at each time for each patient and therefore require caution at
clinical settings. It is obvious that the parameters of breathing motion phenomena are different
at each patient, and a sort of adaptive treatment planning must be depicted for each patient on a
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case by case basis, and this issue is problematic for operators and needs more accuracy at treat-
ment planning process. This motion error that is known as intra-fractional organs motion error
may lead to a significant uncertainty of tumor localization. Therefore, a great amount of over or
under dosage is happened onto tumor, and healthy surrounding tissues may receive high dose
that is far away from prescribed dose that has been determined before irradiation [8-14]. Apart
from intra-fraction motion error, we face with another motion error known as inter-fraction
motion that refers to patient body displacement on treatment couch. This motion error must be
considered at patient positioning stage during patient setup in pretreatment time few minutes
before irradiation starting. Our focus in this chapter is on intra-fraction motion error.

At radiotherapy of dynamic tumors using old strategy, considerable margins were added
around the planning target volume as treatment site to cover whole tumor displacement and
possible deformation (known as internal target volume), and therefore, normal tissues sur-
rounding the target may irradiate unnecessarily. During the past decade, radiation treatment
of moving tumors has been undergone major technological and methodological strategies.
Such this development has been obtained by investments in research programs, computer
development, and technology transfer from research to medicine, and generating of new
generation therapy units dedicated on tumor motion tracking in real time. These assess-
ments were motivated by the requirements to enhance radiotherapy quality in patients with
dynamic thoracic tumors such as those with lung, liver, or pancreas cancers. Several strategies
have been proposed to compensate the effect of motion error on planned dose such as breath-
holding, respiratory motion-gating, and real-time tumor-tracking techniques [15-20].

In breath-holding technique, the goal is to immobilize the breast tumor by asking the patient
to keep breathing in a specific level. Breath-holding technique requires cooperating patients
that are problematic for patients with noncontrolled breathing [15, 17]. Respiratory-gated
radiotherapy was proposed as another method to save normal surrounding tissue of dynamic
region against additional high dose by irradiating the therapeutic beam only in a predefined
phase of the breathing cycle [18, 19]. In real-time tumor-tracking technique, the irradiation
beam is continuously repositioned dynamically to trace breast tumor motion in real time. In
this method that is still under developing, the beam is always ON during a treatment fraction.

The developed technologies and methods for tumor tracking in X-ray radiotherapy can also be
implemented for applications in hadron therapy using protons or heavier ions as therapeutic
beams. Recent assessments show the using of particle therapy at worldwide in recent years,
while 39 facilities were operational at the end of 2011, 33 with protons and six with carbon ions.
Moreover, 20 new facilities are currently in the planning stage or under construction. As an
example, hypo-fractionated particle therapy shows promising results in local control and overall
survival in stage one of non-small lung cancer cells. Due to physical properties of charged par-
ticles, therapeutic beams can be steered by fast magnets to follow dynamic targets in real-time
mode. Therefore, for treatment of moving tumors, charged particles such as protons and carbon
ions have better geometrical and biological selectivity in regard with photon beam, and this use-
ful property can improve tumor tracking and localization at clinical applications. At particle ther-
apy, conventional dose delivery system is based on passive range modulation of the beam. Some
scattering strategies are implemented to provide lateral beam flattering according to transverse
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size of tumor volume. Moreover, some passive devices such as ridge filters are used to make
spread out Bragg peak (SOBP) as responsible to flat the beam longitudinally in direction of beam
propagation inside tumor volume. Thus, 3D uniform dose can be generated onto tumor volume
simultaneously. In particle therapy, the treatment of dynamic tumors can be taken into account
on the basis of passive modulation technique or wobbling magnets performance.

In order to implement respiratory gated and real-time tumor-tracking radiotherapy techniques
that mentioned above, tumor position information must be extracted as function of time during
treatment. These strategies make use of time-resolved 4D imaging systems during treatment
planning process in combination with technologies of image guiding. This solution enhances
targeting accuracy during irradiation. Moreover, in treatment planning by using 4D computed
tomography, images can highly improve target and sensitive organs around the tumors can be
saved against additional doses accordingly in comparison with conventional radiotherapy. In
other word, enlargement of margins around the dynamic tumors is significantly reduced using
new technology considering tumor motion tracking.

Based on above descriptions, tumor motion monitoring requires additional imaging hard
wares at treatment room to represent inter and intra fraction motions for patient geometrical
setup in pre-treatment and real-time tumor tracking during treatment, respectively. Among
several monitoring methods, some of clinically available techniques range from continuous
X-ray imaging (i.e., fluoroscopy) to the use of external surrogates radiotherapy [20-33]. In an
ideal form, the tumor motion would be observed continuously using fluoroscopic imaging
system at external beam radiotherapy. This aim can also be achieved using cone beam com-
puted tomography (CBCT) installed at radiotherapy treatment room. It is worth mentioning
that with conventional megavoltage X-ray radiotherapy, inter-fraction daily variations can be
obtained by time-resolved on-board images taken by CBCT that show respiratory-correlated
tumor motion before treatment.

While tumor contrast is not proper during imaging of some organs by fluoroscopy or CBCT,
a fiducial marker is implanted near or inside tumor volume representing a given point of
that nonvisible tumor [8]. Therefore, internal clips represent tumor position with a 3D spatial
point shown by x(t), y(t), and z(t) over treatment time.

During each irradiation fraction, implanted fiducial is traced by means of fluoroscopy imaging
system, providing 3-dimensional (3D) coordinates at usually 30 frames per second. The tumor
motion information is then utilized to turn the beam ON, while the tumor is in the desired
place at radiotherapy based on respiratory motion-gated strategy. Apart from some advanta-
geous points of using fluoroscopy imaging, this method would deliver significant imaging
dose mainly at hypo-fractionated radiotherapy and radiosurgery [8, 9]. Therefore, a trade off
must be taken into account between additional imaging dose and motion monitoring accuracy.
As solution, using external surrogate’s technique, the patient is kept away additional imaging
dose versus fluoroscopy-based tumor motion monitoring.

At external surrogate’s radiotherapy, the external rib cage and abdomen skin motion is syn-
chronized and correlated with internal tumor motion by developing a proper correlation
model in training step before the treatment. It should be mentioned that the external motion
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is traced by means of specific external markers placed on thorax region (rib cage and abdo-
men) of patient body and recorded by some monitoring systems such as infrared optical
tracking (OTS) or laser-based systems. In contrast, the internal tumor motion is tracked using
implanted internal clips inside or near the tumor volume and is visualized using orthogonal
X-ray imaging system in snapshot mode. The generated correlation model can estimate the
tumor motion from external markers data as input when internal marker data are out of access.
The end result is a nonlinear mapping from the motion data of external markers as input to
an output, which is the estimate of tumor position versus time. Recently, several respiratory
motion prediction models have been developed in different mathematical approaches [34-37].
Since the breathing phenomena have inherently high uncertainty and therefore cause a sig-
nificant variability in input/output data set, a mathematical model with highest accuracy may
correlate input data with tumor motion estimation with less uncertainty error [8].

Since explaining all proposed strategies concerning tumor motion management is very exten-
sive, we concentrated on external surrogate’s radiotherapy in this chapter as clinical available
strategy. Therefore, in this chapter, we quantitatively investigate the effect of motion error
of thoracic tumors on treatment process at external surrogate’s radiotherapy. To do this, the
motion information of a group of real patients treated with Cyberknife Synchrony system
(from Georgetown University Hospital) was taken into account, and the amount of possible
errors of target localization was calculated using available statistical metrics [15].

2. Material and methods

The database utilized in this chapter consists of 10 patients treated with real-time compensation
of tumor motion by means of the Synchrony® respiratory tracking module, as available in the
Cyberknife® system. This system provides tumor tracking relying on external/internal correla-
tion model between the motion of external infrared markers and of clips implanted near thoracic
tumors. In this system, the correlation model will be constructed at the beginning of each treat-
ment session and will be updated over the course of treatment. Figure 4 depicts three-mentioned
steps as model configuration, model performance, and model update during treatment. The
model is built by means of training data set before starting the treatment. Training data include
3D external markers motion as model input and internal implanted clip as model output. When
the model is made, it can be applied to estimate tumor motion as a function of time during the
treatment. The model can also be updated and re-built as needed during the treatment with
X-ray imaging representing the internal marker location. For model performance, the only input
data including external markers motion are given, and the output is tumor motion estimation.
The utilized model in this flowchart is based on fuzzy logic inference system that is robust
enough for tumor motion prediction based on our previous studies [34-38].

Markers motion data set represents the position information of each marker as function of
time. This data set is saved in matrix form for model construction and performance. Figure 5
shows a matrix with n rows and nine columns including x, y, and z of three utilized external
markers located on rib cage and abdomen regions. For model construction and performance,
the motion data set should be firstly clustered. Motion data set is firstly arranged at two input
and output matrices.
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Figure 4. A block diagram of a correlation model including its construction, performance and update.

As mentioned before, the utilized correlation model is on the basis of fuzzy logic concept. In
fuzzy logic, linguistic variables represent operating parameters to apply a more human-like
way of thinking. Fuzzy logic works by means of if-then rule-based approach to solve a problem
rather than attempting to model a system mathematically. Recently, the main features of fuzzy
logic theory make it highly applicable in many systematic designs in order to obtain a better
performance when data analysis is too complex or impractical for conventional mathematical
models. Since breathing motion variability is remarkable, fuzzy logic-based correlation model
may robust and can practically be applied on a real patient data set. In fuzzy logic-based systems,
membership functions represent the magnitude of participation of each input, graphically. The
proposed fuzzy correlation model involves data clustering for membership function generation,
as inputs for fuzzy inference system section. Data clustering analysis is the organization of a col-
lection of data set into clusters based on similarity. In the implemented fuzzy logic algorithm,
data from all three external markers arranged in an input matrix with nine columns, and data

’
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Figure 5. X, Y and Z motion direction of three external markers inside matrix with n rows and nine columns.
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from internal marker set in an output matrix with 1 column are clustered initially. Sugeno and
Mamdani types of fuzzy inference systems configured by (1) data fuzzification, (2) if-then rules
induction, (3) application of implication method, (4) output aggregation, and (5) defuzzification
steps, utilized due to its specific effects on model performance. The proposed correlation model
was developed in MatLab (The MathWorks Inc., Natick, MA) using the embedded toolboxes
of fuzzy logic. Figure 6 shows nine data points (small spots) of motion data set of one external
marker clustered at three groups (large spots). The cluster centers (large spots) were distributed
as an available mathematical method that works on the basis of data points’ spatial distribution
density. After data clustering, membership functions will be obtained using the information of
clusters center. The mathematical information of these functions is used for defining the param-
eters of learning based inference system as correlation model.

s -2288
: 229
; 2292
: -229.4

-229.6

LR(mm) 1728 2098 AP(mm)

-172.4
-1726

Figure 6. Nine data points (small spots) of motion data set of an external marker with three clusters (large spots).

For real-time tumor tracking, the correlation models should be executed without a signifi-
cant delay such that on-time compensation strategy should be applied against tumor motion.
Therefore, the execute time of each correlation model that strongly depends on the utilized
mathematical procedures should be taken into account for clinical application.

3. Results

In order to show quantitatively the challenging issues of targeting accuracy concerning tho-
racic tumor, its motion and correlation model output of one lung patient were shown graphi-
cally. Moreover, root means square error (RMSE) was utilized as mathematic tool, and the
average of RMSE over total patients used in this work was reported. Table 1 illustrates the



Motion Challenge of Thoracic Tumors at Radiotherapy by Introducing an Available Compensation Strategy
http://dx.doi.org/10.5772/67444

Tumor P1 P2 P3 P4 P5 Pe6 P7 P8 P9 P10
location

RLL LLL Pancreas Right LLL  Chest Liver RUL  Left Left flank

hilum wall splenic
bed

Tumor motion 31.1 11.6 15.8 18.2 238 2.6 18.7 4.0 2.0 3.0
on SI (mm)
Tumor motion 5.0 6.1 159 12.4 3.1 32 3.3 1.8 3.5 2.2
on LR (mm)
Tumor motion 3.8 10.2 12.0 7.7 1.8 7.7 7.8 6.4 4.3 24
on AP (mm)
External 3.4 44 33 14 2.7 1.9 5.5 5.8 6.0 1.6
motion (mm)
Imaging 66.9 81.7 55.8 73.7 65.1 63.6 64.5 97.6 81.7 58.1
points
intervals (s),
mean
Imaging 33.1 32.1 33.0 38.2 320 317 29.1 44.1 328 26.0
points
intervals (s),
STD
Total 78.0 68.1 90.1 61.4 683 594 41.9 70.0 613 69.7
treatment
time (min)

Table 1. Motion features of tumors and external markers of selected patients with their treatment time.

motion information of 3D external markers and implanted clip inside tumor volume for 10
patients plus treatment time for each patient.

As seen in Table 1, tumors type include lung liver, pancreas, and chest wall. In this table, LLL,
RLL, and RUL indicate left lower lung, right lower lung, and right upper lung, correspond-
ingly. The average 3D RMSE over this patient group is 0.99 mm.

Figure 7 shows tumor motion in anterior posterior (AP), superior inferior (SI), and left right
(LR) directions obtained from stereoscopic X-ray imaging regarding with correlation model
output for a lung cancer patient. As seen in this figure, remarkable error belongs to tumor
motion tracking at SI direction versus two other directions while the minimum similarity was
happened in this direction. At both SI and LR directions, minimum targeting error is happen-
ing at middle part of total treatment time.

Figure 8 shows the tumor motion tracking of one patient with liver cancer over few minutes of
treatment time on anterior posterior (AP) directions. The stereoscopic X-ray imaging points indi-
cated by dark spots in these figures represent the exact position of tumor location at that time.

As seen in this figure, breathing condition is almost normal and tumor tracking is going well
with least uncertainty error, and there is a close correlation among model output and real
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Figure 7. Lung tumor motion in anterior posterior (AP), superior inferior (SI) and left right (LR) directions obtained from
stereoscopic X-ray Imaging in comparison with correlation model output.
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Figure 8. Motion prediction of a liver tumor by means of fuzzy-based correlation model over treatment time. Dark spots
taken by stereoscopic system represent the exact position of the tumor.
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position of tumor. For this patient, the calculated root mean square error (RMSE) is 1.7-mm
3D that represents tumor motion tracking is performing as well by means of utilized fuzzy-
based prediction model. As noncontrol patient with large error, Figure 9 represents targeting
error of one worse patient with pancreas cancer with abnormal breathing motion variation at
LR direction. As seen in this figure, tumor motion tracking is with large error; while at some
times, the distance between imaging data point and the output of correlation model is signifi-
cant. For example, third imaging point is far away from model output that represents motion
tracking is not going well. This is nonnegligible targeting error that should be considered to
be minimized.
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Figure 9. Motion prediction of a pancreas tumor by means of fuzzy-based correlation model over treatment time. Dark
spots taken by stereoscopic system represent the exact position of tumor.

4. Discussion

Cancer disease is one of the most common reasons of death at worldwide. A number of treat-
ments for cancer include surgery, chemotherapy, and radiotherapy. Radiation therapy is one
of the most common treatments for some cancer cells. It uses X-rays, gamma rays, electron
beams, or protons and heavy ions to physically and chemically damage DNA of cancer cells.
Radiation can be given alone or used with other treatment modalities, such as surgery or
chemotherapy. In principal, at radiation therapy, several strategies can be utilized to deliver
high doses of radiation to the cancer cells as target while delivering minimum dose to the sur-
rounding healthy tissues at the same time. The goal of radiation treatment is to damage cancer
cells, with as little harm as possible to nearby healthy cells. By the way, nearby normal cells
may also be affected by radiation, but they will recover and go back to work normal. Unlike
chemotherapy, which exposes the whole body to cancer-fighting drugs, in most cases, radia-
tion therapy is a local treatment.
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In this chapter, we focused on radiation treatment of moving thoracic tumors located in thorax
region of patient body and move mainly due to respiration. This motion will be problematic
for tumor localization and its aligning against therapeutic beam. In old strategies, tumor vol-
ume at its total moving space entitled internal tumor volume was considered as target for irra-
diation. In this strategy, a remarkable dose is received by nearby normal tissues that may cause
serious side effects. Then, several efforts were done for tumor motion error compensation as
motion-gated radiotherapy or real-time tumor-tracking radiotherapy. At both latter strate-
gies, tumor motion information should be extracted as a function of time during irradiation.
In this chapter, we quantitatively assess the effect of tumor motion and possible drawbacks
and errors at external surrogate’s radiotherapy. For this aim, tumor motion information of a
real patient treated with Cyberknife Synchrony system was taken into account. A fuzzy logic-
based correlation model was developed to track tumor motion using motion data set of rib
cage and abdomen region of patient. Final results represent graphically the amount of tumor
motion estimated by utilized model on 3D with a calculated targeting error. In order to reduce
such errors, more robust prediction models should be implemented. Moreover, the accuracy of
model learning and its configuration at pretreatment step before therapeutic irradiation may
reduce estimation error. At external beam radiotherapy of dynamic tumors, another issue that
must be considered is due to patient displacement or inter-fractional motion error between
each fractions of treatment process. In the modern radiotherapy, the success degree of a treat-
ment strongly depends on the compensation of both inter- and intra-fraction motion errors.

5. Conclusion

At modern radiotherapy, the main aim is enhancing treatment quality by maximizing tar-
get localization and dose delivery accuracy onto tumor volume while minimizing the dose
received by normal nearby tissues. Reaching to this aim can be problematic and difficult for
thoracic tumors where these tumors move mainly due to respiration. Therefore, while tumor
motion is an issue, target localization cannot be done carefully and an over-under dose my
deliver onto tumor volume that will not be the prescribed dose simulated at treatment plan-
ning process. In order to compensate the effect of tumor motion error during therapeutic
beam irradiation, several strategies have been implemented or under developing. Three
major strategies are as follow: breath-holding technique as old method, respiratory-gated
radiotherapy as current clinical available method, and real-time tumor tracking radiother-
apy as under developing technique. In the latter case, the irradiation beam is continuously
repositioned dynamically to trace breast tumor motion in real time. For both latter cases,
the key component for reaching to our aim is to discover the information of tumor position
versus time. To do this, some additional monitoring systems are required to track tumor
motion as real time ranging from continuous X-ray imagers to the use of external markers
or surrogates radiotherapy. In this chapter, we introduced readers with tumor motion as
a challenging issue during radiotherapy and presenting external surrogates based radio-
therapy as clinical implemented method at several radiotherapy centers or hospitals in the
worldwide. In this work, we utilized a typical fuzzy logic-based correlation model to predict
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tumor motion due to the robustness and simplicity of this model that has been proved at
our recent works. This method is still under assessment to minimize available uncertainty
errors or to remove possible drawbacks. We had several comprehensive studies on different
aspect of this strategy by introducing different prediction models for real-time tumor track-
ing, their mathematical structures, and the properties of motion data set as inputs of the
prediction models [34-38].
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