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Preface

Radiation therapy was applied for treatment of cancers empirically after the discovery
of radium . The acute and long term side effects were recorded clinically as the
patients started outliving the tumours. The combination of radiation before or after
surgery and subsequent addition of chemotherapy has revolutionized the way we
treat cancer today. Every tumour is approached through a multimodality discussion
such that the toxicity of either treatment can be reduced with maximum curative
potential. Frontiers in Radiation Oncology has been brought forth to understand the
basics of radiation sensitization, cellular and genomic stress responses to
radiation,inhibiting repair of subletahl damage along with an understanding of the
dosimetric aspects of radiation physics. The chapters on clinical aspects have been
designed to bring out the changing concepts of cure in metastatic disease with the
advent of stereotactic body radiotherapy. The effects of radiation, concurrent
chemotherapy and surgery are also the subjects of exploration in the clinical context.
Any textbook on providing care to cancer patients cannot be complete without
addressing the quality of life in cancer treatment and the nutritional needs of the high
catabolic state in the cancer patients. The last two chapters address these needs.

The book is meant for physicians, physicists, dosimetrists and counselors who are
trying to provide a holistic care in cancer while trying to understand the complex
basics of radiation interaction within the human body.

Tejinder Kataria
Radiation Oncology, Medanta-The Medicity,
India
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Chapter 1

Histone Acetyltransferases (HATS) Involved
in Non-Homologous End Joining
as a Target for Radiosensitization

Takahiro Oike, Hideaki Ogiwara, Takashi Nakano and Takashi Kohno
Additional information is available at the end of the chapter

http://dx.doi.org/10.5772/56555

1. Introduction

Radiation therapy is one of the most important treatment modalities for cancer therapy
alongside surgery and chemotherapy. However, a major problem associated with radiation
therapy in the clinical setting is that, in many cases, local control of the tumor cannot be
achieved using this modality alone. This has driven researchers into radiosensitizers, i.e.,
compounds that enhance the intrinsic sensitivity of cancer cells to ionizing radiation (IR).
Several compounds, including halogenated pyrimidines and nitroimidazole derivatives,
show radiosensitizing effects in cancer cells [1]; however, clinical application of these
compounds is limited because they are highly toxic to normal cell and tissues. Therefore,
radiosensitizers with low toxicity to normal tissues are urgently needed.

The principal target for IR-induced killing of cancer cells is DNA [2]. Of the different types of
DNA damage generated by IR, DNA double-strand breaks (DSBs) are thought to be the most
cytotoxic. DSBs induced by IR are preferentially repaired by non-homologous end joining
(NHE]J) [3, 4], which joins the two broken DNA ends without the need for sequence homology.
To enable NHE], the chromatin needs to be remodeled into an ‘open’ state so that the DNA
repair proteins can access the DSB sites [5]. We previously reported that acetylation of histone
proteins at DSB sites by the histone acetyltransferases (HATs), TIP60, CBP and p300, facilitates
NHE] through chromatin remodeling [6]. This suggests that the inhibition of HAT activity will
radiosensitize cancer cells by suppressing NHE]. In line with this, we and others demonstrated
that several natural compounds with HAT-inhibitory activity are able to radiosensitize cancer
cells [6-12]. Since some of these compounds are safe when administered to humans [13-15],
they could potentially be used as radiosensitizers in a clinical setting. Here, we discuss the role
of HATs in NHE], the radiosensitizing effects of compounds with HAT-inhibitory activity, and
the prospects for the clinical application of these compounds.

I NT EC H © 2013 Kohno et al,, licensee InTech. This is a paper 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.
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2. Radiosensitization by HAT inhibition
2.1. HATs are involved in chromatin remodeling required for DNA repair

Chromosomal DNA and histones form a highly condensed structure known as chromatin.
During the repair of DNA DSBs, the accessibility of DNA repair proteins to the DSB sites on
chromosomal DNA is regulated by the relaxation of the chromosome structure via chromatin
remodeling. Remodeling is mediated by both covalent (histone modifications, e.g., acetylation)
and non-covalent (ATPase-dependent chromatin remodeling) interactions (Figure 1). Several
studies show that the acetylation of histones located at the DSB sites is a critical step for DNA
repair [16-18]; however, the HATs involved in NHE] have not been fully identified.
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Figure 1. Chromatin remodeling is required for DSB repair. Both histone modifications and ATPase-
dependent chromatin remodeling are needed for efficient repair.

2.2. Cell-based NHE] activity assay

We developed a new assay system for evaluating NHE] repair of DSBs in the chromosomal
DNA in living human cells [6, 18] because the existing NHE] assays used only non-
chromosomal (i.e., plasmid) DNA. The assay design is outlined in Figure 2. The IRES-TK-
EGFP plasmid, which contains two recognition sites for [-Scel endonuclease [20] in the
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reverse direction, was integrated into the chromosomal DNA of H1299 human lung cancer
cells as a substrate for DSBs and subsequent NHE] repair. Human genomic DNA does not
contain I-Scel sites; therefore, the I-Scel protein transiently expressed after transfection of the
I-Scel expression plasmid specifically cleaves the two I-Scel sites in the substrate DNA to
yield DSBs with incompatible ends. This results in DSBs in the chromosomal DNA. NHE] of
the two broken DNA strands results in deletion of the herpes simplex virus-thymidine
kinase (TK) open reading frame and leads to the production of a transcript that enables the
translation of enhanced green fluorescent protein (EGFP) instead of the TK protein.
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__E_ & NHEJ
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Figure 2. Cell-based NHE] activity assay [6]. Upper panel: Assay design. Two I-Scel sites (in the reverse
direction) are indicated by the yellow arrow heads. The locations of the PCR primers used for
quantitative PCR to monitor DSB introduction by I-Scel (uncut DNA) and subsequent joining (joined
DNA) are indicated by the purple and red arrows, respectively. CMV, cytomegalovirus
promoter/enhancer; IRES, internal ribosome entry site; pA, polyA signal. Lower panel: Factors essential
for NHE]J of DSBs on chromosomal DNA.
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Therefore, the efficiency of NHE] can be assessed by monitoring EGFP production. In
addition, the DSBs produced by I-Scel and the subsequent NHE] of the two broken DNA
strands can be monitored by quantitative PCR.

Nucleotide sequencing of the joined DNA revealed that ligation required no (or very little)
sequence homology between the DNA ends, indicating that the DNA ends were joined via
NHE]. In addition, the contribution of other factors essential for the NHE] of incompatible
DNA ends (whose involvement was indicated by in vitro and in vivo plasmid-based assays)
was also confirmed in the present chromosome-based in vivo assay. These factors are KU80
and DNA-PKcs (synapsis), Artemis and PALF (DNA end resection), POLA and POLp (gap
filling), and LIG4 (ligation) [21, 22].

2.3. HATs involved in NHE]

To date, several distinct families of HAT proteins have been identified, including CBP, P300,
PCAF, GCN5 and MYST (which includes TIP60) [23]. We investigated the effects of ablating
CBP, P300, PCAF and TIP60 on NHE] using the cell-based NHE] activity assay. A decrease
in the number of EGFP-positive cells was observed upon transfection with siRNA specific
for CBP, P300 or TIP60, but not in cells transfected with siRNA specific for PCAF [6]. These
results indicate that CBP, P300 and TIP60 are involved in NHE] in human cells.

2.4. Natural compounds with HAT activity suppress NHE] activity

Several compounds derived from natural ingredients show HAT-inhibitory activity (Table
1). Curcumin, a major curcumanoid found in the spice turmeric, is a specific inhibitor of the
homologous HATs, CBP and P300 [24]. Anacardic acid, derived from the shell of Anacardium
occidentale (‘cashew nut’), inhibits P300, PCAF and TIP60 [7, 25, 26], and Garcinol, found in
the rind of Garcinia indica (mangosteen), inhibits P300 and PCAF [27].

Compound MW! Target Other target proteins/pathways DER?
HATs
Curcumin  368.38  CBP,P300  NF-«B pathway, PI3K/mTOR/ETS2 1.23

pathway, AP-1 STAT, LOX-1
Anacardic 34247 P300, PCAF, NEF-«B pathway, LOX-1, Xanthine oxidase,  1.51
acid TIP60
Garcinol 602.80 P300, PCAF NF-«B pathway, Src, MAPK/ERK, PI3K/Akt 1.61
pathways, topoisomerase I/1I

Molecular weight; 2Dose enhancement ratio (as assessed in cell viability assays [8]).

Table 1. HAT inhibitors that suppress NHEJ in human cells.

The cell-based NHE] activity assay was used to investigate the effects of curcumin,
anacardic acid, and garcinol on NHE]; the results showed that treatment with each
compound decreased the proportion of EGFP-positive cells (Figure 3) [6, 8]. This indicates
that these HAT inhibitors suppress NHE] activity in vivo.
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a Proportion of EGFP-positive cells
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b Proportion of joined DNA
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Figure 3. Suppression of NHE] by HAT inhibitors [6, 8]. H1299-dA3-1 #1 cells pretreated with curcumin
(20 uM), anacardic acid (50 uM), or garcinol (12 M) were transfected with the I-Scel expression
plasmid. (a) The proportion of EGFP-positive cells assessed by fluorescence-activated cell sorting
analysis. (b,c) Proportion of joined (b) and uncut (c) DNA in cells assessed by quantitative PCR. The
proportion of EGFP-positive cells and the proportion of joined DNA after garcinol treatment versus
those in cells treated with DMSO (expressed as a ratio). The proportion of uncut DNA remaining after
drug treatment expressed as a ratio of the amount of uncut DNA present after I-Scel transduction versus
the amount present before transduction. Results 48 h after transfection of the I-Scel expression plasmid
are shown. The results represent the mean + s.d from three independent experiments. siCTR, non-
targeting siRNA.
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2.5. HAT inhibitors radiosensitize cancer cells

Because DNA DSBs induced by IR are preferentially repaired by NHE] [3, 4], and HAT
inhibitors suppress the activity of NHE], it is thought that HAT inhibitors may enhance the
intrinsic sensitivity of cancer cells to IR. In line with this, the radiosensitizing effects of
curcumin, anacardic acid and garcinol have been studied by ourselves and others both in
vitro and in vivo (see Table 2); however, it is not certain that the observed radiosensitizing
effects of these compounds is entirely due to their HAT-inhibitory activity, since they may
also affect many other proteins or pathways considered to be important for the cancer cell
survival (see Table 1). In our own study, garcinol showed the strongest radiosensitization
effect of the compounds tested. A nontoxic concentration of garcinol (4 uM) inhibited NHE]
without significantly affecting the DNA damage checkpoint (Table 1) [8]. Further
investigations into mechanisms underlying the radiosensitizing effects of HAT inhibitors are

ongoing.
Compound Cells/mice Celllines Authors Year Journal
Curcumin Cells & SCC1 Khafif A, et al.[9] 2009 The Laryngoscope
mice
Cells HCT116 Sandur SK, et al.[10] 2009 Int ] Radiat Oncol
Biol Phys
Cells PC-3 Li M, et al.[11] 2007 Cancer Res
Cells PC-3 Chendil D, efal.[12] 2004 Oncogene
Curcumin Cells H1299 Ogiwara H, et al.[6] 2011 Oncogene
/anacardic acid
Anacardic acid Cells SQ20B, Sun, et al.[7] 2006 FEBS Lett
SCC35,
HeLa
Garcinol Cells A549, HeLa Oike, et al.[8] 2012 Int] Radiat Oncol
Biol Phys

Table 2. Radiosensitization by HAT inhibitors.

2.6. Clinical studies using compounds with HAT-inhibitory activity

There are several clinical studies reporting the administration of compounds with HAT-
inhibitory to humans (Table 3). Curcumin has been used, either alone or combined with
radiation therapy and/or chemotherapeutic agents, to treat cancer patients, and garcinol has
been used for weight-loss therapy. Although not all of the studies were designed to
specifically evaluate the radiosensitizing effects of these compounds, the data will be of help
to estimate their toxicity. The available data indicate that the side effects of these
compounds are tolerable, at least when used alone.
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Compound Disease Phase Modality Sponsor/Author
Curcumin  Rectal cancer” 1I Curcumin, RT?, M.D. Anderson
capecitabine vs. RT!, Cancer Center
capecitabine
Curcumin  Pancreatic I Curcumin, gemcitabine vs. Rambam
cancer” gemcitabine Healthcare Campus
Curcumin  Pancreatic II Curcumin alone M.D. Anderson
cancer” Cancer Center
Curcumin  Colorectal cancer 1 Curcumin alone Sharma RA, et
al.[13]
Curcumin  Healthy I Curcumin alone Lao CD, et al.[14]
volunteer
Garcinol Obesity™ II Garcinol, HCA? acid vs. Sabinsa
HCA? Corporation
Garcinol Obesity I Garcinol, HCA?, forskolin, Majeed M, et al.[15]
piperine

Details on the clinical trials are available for inspection at:
«http://www.clinicaltrials.gov/ and **http://www.garcitrin.com/clinical/.
'Radiation therapy, 2Hydroxycitric acid.

Table 3. Clinical studies using compounds with HAT-inhibitory activity.

3. Conclusions/perspectives

The growing incidence of cancer worldwide indicates that radiation therapy will become
increasingly significant as a cancer treatment [28]. Enhancing the efficacy of IR against
cancer cells is urgent needs local control of tumors. As discussed in this article,
radiosensitization of cancer cells by compounds with HAT-inhibitory activity has been
reported at the level of basic research. Clinical studies indicate that some of these
compounds can be administered to human patients with low systemic toxicity. Taken
together, the available data suggest that compounds with HAT-inhibitory activity are
promising candidates for radiosensitizers that may be applicable in clinical settings.
However, the detailed mechanisms by which these compounds radiosensitize cancer cells
are still largely unknown. Moreover, it is unclear whether these compounds can achieve
adequate levels of radiosensitization in humans at a dose that shows no (or at least low)
toxicity. Further investigations will establish whether HAT inhibitors can be used clinically
to radiosensitize cancer cells.
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1. Introduction

Like immunotherapy, chemotherapy, and surgery, radiotherapy is one of the major tools in
fighting against cancer. As acute IR is applied, cell can trigger its self-defensive mechanisms
in response to genome stresses [1]. As one of the pivotal anticancer genes within the cell, P53
can control the transcription and translation of series genes, and trigger cell cycle arrest and
apoptosis through interaction with downstream genes and their complicated signal
pathways [2]. Under radiotherapy, the outcomes of cellular response depend on the
presence of functional P53 proteins to induce tumor regression through apoptotic pathways
[3]. Conversely, the P53 tumor suppressor is the most commonly known specific target of
mutation in tumorigenesis [4]. Abnormalities in the P53 have been identified in over 60% of
human cancers and the status of P53 within tumor cells has been proposed to be one of the
determinant response to anticancer therapies [3,4]. Controlled radiotherapy studies show
the existence of a strong biologic basis for considering P53 status as a radiation predictor
[3,5]. Therefore, the status of P53 in tumor cell can be considered as a predictor for long-term
biochemical control during and after radiotherapy [6-8].

Recently, several models have been proposed to explain the damped oscillations of P53 in
cell populations [9-12]. However, the dynamic mechanism of the single-cell responses is not
completely clear yet, and the complicated regulations among genes and their signal
pathways need to be further addressed, particularly under the condition of acute IR.

Many studies have indicated that introducing novel mathematical and computational
approaches can stimulate in-depth investigation into various complicated biological systems
(see, e.g., [13-23]). These methods have provided useful tools for both basic research and
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drug development [24-33], helping understanding many marvelous action mechanisms in
various biomacromolecular systems (see, e.g., [21,34-39]).

Based on the existing models [9-12] and inspired by the aforementioned mathematical and
computational approaches in studying biological systems, here a new model is proposed for
studying the P53 stress response networks under radiotherapy at the cellular level, along
with the kinetics of DNA double-strand breaks (DSBs) generation and repair, ATM and ARF
activation, as well as the regulating oscillations of P53-MDM2 feedback loop (MDM2 is an
important negative regulator of the p53 tumor suppressor). Furthermore, the kinetics of the
oncogenes degradation, as well as the eliminations of the mutation of P53 (mP53) and the
toxins were presented. Also, the plausible outcomes of cellular response were analyzed
under different IR dose domains.

It is instructive to mention that using differential equations and graphic approaches to study
various dynamical and kinetic processes of biological systems can provide useful insights,
as indicated by many previous studies on a series of important biological topics, such as
enzyme-catalyzed reactions [18,40], low-frequency internal motions of biomacromolecules
[41-46], protein folding kinetics [47,48], analysis of codon usage [49,50], base distribution in
the anti-sense strands [51], hepatitis B viral infections [52], HBV virus gene missense
mutation [53], GPCR type prediction [54], protein subcellular location prediction [55], and
visual analysis of SARS-CoV [56,57].

In the present study, we are to use differential equations and directed graphic approaches to
investigate the dynamic and kinetic processes of the cellular responding radiotherapy.

2. Method

2.1. Model review

Under the genome stresses, many efforts have been made to enhance P53-mediated
transcription through some models [58,59] [9-12]. However, the interactions in a real system
would make these models [60] extremely complicated. Therefore, a new feasible model is
needed in order to incorporate more biochemical information. To realize this, let us take the
following criteria or assumptions for the new model: (1) only the vital components and
interactions are taken into account; (2) all the localization issues are ignored; (3) the simple
linear relations are used to describe the interactions among the components concerned; and
(4) there are enough substances to keep the system ““workable” [58].

The new integrated model thus established for the P53 stress response networks under
radiotherapy is illustrated in Fig.1. Compared with the previous models [9-12], the current
model contains more vital components, such as oncogenes, ARF and mP53, as well as their
related regulating pathways. In the DSBs generation and repair module, the acute IR
induces DSBs stochastically and forms DSB-protein complexes (DSBCs) at each of the
damage sites after interacting with the DNA repair proteins [2,3]. As a sensor of genome
stress, ATM is activated by the DSBCs signal transferred from DSBs. Meanwhile, the over-
expression of oncogenes prompted by acute IR can trigger the activation of ARF, further
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prompting the ATM activation [2] [7]. The cooperating effects of active ATM (ATM*) and
active ARF (ARF¥) switch on or off the P53-MDM?2 feedback loop [2] [7,9], further regulating
the downstream genes to control the cell cycle arrest and the cell apoptosis in response to

genome stresses [8]. Here, we use the superscript * to represent the activate state as done in
[61].

DSB ti
S ienera. on > ATM activation P53-MDM2
and repair TT feedback loop
Ii:> Oncogenes =) ARF activation /T
IR dose Signal transferring to
5 regulate the processes of

cell cycle arrest and cell
apoptosis

Figure 1. Illustration showing the integrated model of P53 stress response networks under
radiotherapy. It is composed of three modules, including DNA damage generation and repair, ATM
and ARF activation, as well as P53-MDM?2 feedback loop. As acute IR is applied, ARF is activated by the
over-expression of oncogenes, and ATM is activated with the cooperation of DSBCs and ARF*. ATM*
and ARF* corporately trigger the responding mechanism of P53-MDM2 feedback loop.

2.2. DSBs generation and repair

Under the continuous effect of acute IR dose, DSBs occur and trigger two major repair
mechanisms in eukaryotic cells: homologous recombination (HR) and nonhomologous end
joining (NHE]) [62,63]. About 60-80% of DSBs are rejoined quickly, whereas the remaining
20-40% of DSBs are rejoined more slowly [64,65]. As shown in Fig.2, the module of DSBs
generation and repair process contains both the fast and slow kinetics, with each being
composed of a reversible binding of repair proteins and DSB lesions into DSBCs, and an
irreversible process from the DSBCs to the fixed DSBs [62,65]. DSBCs are synthesized by
binding the resulting DSBs with repair proteins (RP), which is the main signal source to
transfer the DNA damage to P53-MDM2 feedback loop by ATM activation [2].

Due to the misrepair part of DSBs (Fw) having the profound consequences on the subsequent
cellular viability and the cellular response in fighting against genome stresses [1,3], we
obviously distinguish between correct repair part of DSBs (Fr) and Fw [9,10,12]. Moreover,
we further deal the total Fw in both repair processes as a part of toxins within the cell
[2,4,11], which can be eliminated by the regulatory functions of P53 during and after
radiotherapy, and treated as an indicator of outcomes in cellular response to genome
stresses [2].

Some experimental data suggest that the quantity of the resulting DSBs within different IR
dose domains obey a Poisson distribution [11]. In accordance with the experiments, we
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Figure 2. Illustration showing the module of DNA repair process. It includes both a fast repair pathway
and a slow one. DSB can be in one of four states: intact DSB (DSB), DBSC, Fr and Fw. Subscripts ‘1" and
‘2’ refer to the fast kinetics and slow one.

assume that the stochastic number of the resulting DSBs per time scale is proportional to the
number generated by a Poisson random function during the period of acute radiation [11].
The DSBs generation process is formulated as follows:

d[DT]

T k, x Poissrnd(a, xIR) (1)

where [DT] is the concentration of total resulting DSBs induced by IR in both fast and slow
repair processes. k: is the parameter to set the number of DSBs per time scale, and air is the
parameter to set the number of DSBs per IR dose.

Moreover, we assume that the limited repair proteins are available around DSBs sites, and
70% of the initial DSBs are fixed by the fast repair process. Each DSB can be in one of the
four states: intact DSB, DSBC, F: and Fw [9,10,12]. Thus, we have the following differential
equations:

dD,]

dt] :al[Dt]+kcd1[C1] _[ ]( dcl[D ]+kcross([Dl]+[D2])) (2)
2] 11D 14 K ol ] RPI(k[D, 14K, (D, 14D ] ®
d[C,]
7 dcl[D ] kcdl[ ] kcfl[Cl] (4)
diC,]
T_deZ[D 1- ch[C 1- kcfz[ ] (5)
d[GIZP] S, +k[C 1+ k,[C,] -[RP](ky,[D, ]+ ko[ D, ]+ k. ([D, 1+ [D,])) ©)
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dF,]_ klC 1+ ki, [C, ]

pr ?)

where [D], [C], and [Fw] represent the concentrations of DSBs, DSBCs, and Fw in the fast and
the slow repair kinetics respectively, kd, ke, ker, and kev are the transition rates among the
above three states; kd,, and keross represent the first-order and second-order rate constants in
both the fast and the slow repair kinetics respectively [65]. St is the basal induction rate of
repair mRNA, and subscripts ‘1" and ‘2’ refer to the fast and the slow kinetics.

2.3. ATM and AREF activation

As a DNA damage detector, ATM exists as a dimer in unstressed cells. After IR is applied,
intermolecular autophosphorylation occurs, causing the dimer to dissociate rapidly into the
active monomers. The active ATM monomer (ATM*) can prompt the P53 expression further
[64]. Meanwhile, ARF, another tumor suppressor, is activated by hyperproliferative signals
emanating from oncogenes, such as Ras, c-myc etc., further prompting the ATM activation
[2,7,10]. Based on the existing model of ATM switch [11], we present an ATM and ARF
activation module under IR. Shown in Fig.3 is the module scheme of ATM and ARF
activation, which includes five components: ATM dimer, inactive ATM monomer, ATM*,
ARF, and ARF*. Compared with the previous studies in [9-12], ARF, oncogenes, and the
related signal pathways are involved in this module [2,7. Here, let us assume that DSBCs is
the main signal transduction from DSBs to P53-MDM2 feedback loop through ATM
activation, and the rate of ATM activation is a function of the amount of DSBCs, ARF* and
the self-feedback of ATM*. Furthermore, the total concentration of ATM is a constant,
including ATM dimer, ATM monomer and ATM, as treated in {Ma, 2005 #1194].

Oncogenes over-
expression

|

konf
ARF q

ARF

1l

F(C, [ARF*], [ATM*]) \4

kat
ATM

C (DSBCs)

Kundim

ATMb d

kdim

ATM’

kar

Figure 3. Illustration showing the module scheme of ATM and ARF activation under constant IR. ARF
is activated by the over-expression of oncogenes induced by acute IR, and ATM is activated from ATM
monomers under the cooperating effects of DSBCs, ARF*, and self-feedback of ATM*.
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As a detector of DNA damage, ATM activation plays an important role in triggering the
regulatory mechanisms of P53 stress response networks [2,65]. After the acute IR is applied,
phosphorylation of inactive ATM monomers is promoted first by DSBCs and then rapidly
by means of the positive feedback from ATM*, accounting for the intermolecular
autophosphorylation [11]. Meanwhile, under the circumstance of continuous IR dose, ARF,
a detector of over-expression of oncogenes is activated by hyperproliferative signals
emanating from oncogenes, further prompting the ATM activation [2,7,10], as can be
formulated as follows:

M = lkdim [ATM ]2 =k, [ATM, ] (8)
dt 2
M ad ok [ATM 1 Ky [ATM, F K, fTATM, }+ K, [ATV] ©)
@ =k, fIATM |-k [ATM*] (10)
AAREL s, - [ARF)- K, [Oncoll ARF] )
d[AdI:F*] ~ k,, [Oncol[ ARF] -k [ ARF*] (12)
FCIATM*]) = a,C + a,[ATM*] + a,C[ATM*] +4,[ ARF*] (13)

where [ATMd], [ATM] and [ATM*] represent the concentrations of ATM dimer, ATM
monomer, and active ATM monomer respectively; [Onco], [ARF] and [ARF*] represent the
concentrations of oncogenes, ARF, and active ARF respectively; kundim, kdim, kar, and kar are
the rates of ATM undimerization, ATM dimerization, ATM monomer inactivation, and
ATM monomer activation, respectively. Sat, kont, kad and kpad are the rates of ARF basal
induction, ARF activation triggered by Oncogenes, ARF degradation, and ARF*
degradation, respetively. In addition, f is the function of ATM activation, the term a1C
implies the fact that DSBs somehow activate ATM molecules at a distance, a2[ATM*]
indicates the mechanism of autophosphorylation of ATM, a3C[ATM*] represents the
interaction between the DSBCs and ATM* [9-12,66], and a4/ ARF*] represents the regulating
function of ARF* to ATM activation [1,3,7].

2.4. Regulation of P53-MDM2 feedback loop

As shown in Fig.4, P53 and its principal antagonist, MDM2 transactivated by P53, form a
P53-MDM2 feedback loop, which is the core part in the integrated networks [9-12]. ATM*
elevates the transcriptional activity of P53 by prompting phosphorylation of P53 and
degradation of MDM2 protein [67]. Also, ARF* can indirectly prompt the transcriptional
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activity of P53 by inhibiting the expression of MDM2 and preventing P53 degradation
[2,7,9]. With the cooperating regulations of ATM* and ARF*, this negative feedback loop can
produce oscillations in response to the sufficiently strong IR dose [11].

— P53p > P53r » P53r 'y >
Sps3 I
ATM-
< Onco Toxin
A 4 A 4
mP53r A > P53 g
ARF~
v
Smpm2 :
—>  MDM2» Y |  MDM2: MDM2r |¥

Figure 4. The directed graph of P53-MDM2 feedback loop under radiotherapy. P53 is translated from
P53mRNA and phosphorylated by ATM* and ARF*. MDM2 protein promotes a fast degradation of P53
protein and a slow degradation of P53*. In addition, ATM*and ARF* stimulate the degradation of
MDM2, and then indirectly increase the regulatory activation of P53* further. Especially, oncogenes,
toxins and mP53 are decreased directly by the regulatory functions of P53*.

Especially, the mutation of P53 (mP53) triggered by oncogenes is added in this module, and
mP53 is further dealt as another detector of outcomes in cellular response to acute IR. To
account for a decreased binding affinity between inactive P53 and P53*, we assume that
MDM2-induced degradation of inactive P53 is faster than that of P53*% and only P53* can
induce target genes to depress the over-expression of oncogenes and further eliminate the
toxins within the cell [3,4,9-12]. The main differential equations used in this module are as

follows:

d[P53,]
= Sy 4, [P53 ]k, [P53, (14)
d[P53, ] .
dt s krp[P53R] + kp*p[P53 ]_dPP[P53P]
—k *[ATM*]m—k [NIDM%]m (15
app [135?,P]+]<p mp [P53,]+k,
P53 _ a3l psge_g [psa
i app [P53, ]+kp PP F
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where [P53gr], [P53r], [P53*], [MDM2g], and [MDM2r] represent the concentrations of P53
mRNA, P53 protein, active P53, MDM2 mRNA, and MDM2 protein, respectively; [Onco],
[Toxins], and [mP53] represent the concentrations of oncogenes, Fw and mP53, respectively.
Ses3, and Swmomz represent the basal induction rates of P53 mRNA and MDM2 mRNA,
respectively; k, and d represent the regulation and degradation rates among genes and
proteins, respectively. The other parameters are presented in Tables 1-3.

Parameters Description Constant
ke Rate of DSBs generation per time scale 0.01
Qir Number of DSBs generation per IR dose 35
a Percentage of DSs processed by fast repair 0.70
a Percentage of DSs processed by slow repair 0.30

kde1 Rate of DSBs transition to DSBCs in fast repair process 2
kac Rate of DSBs transition to DSBCs in slow repair process 0.2
kaa Rate of DSBCs transition to DSBs in fast repair process 0.5
kde Rate of DSBCs transition to DSBs in slow repair process 0.05
kia1 Rate of DSCs transition to Fa in fast repair process 0.001
ka2 Rate of DSCs transition to Fa in slow repair process 0.0001
keross Rate of DSB binary mismatch in second order repair process 0.001

Table 1. The parameters used in the DSBs generation and repair processes
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Parameters  Description Constant
kdim ATM dimerization rate 8
kundim ATM undimerization rate 1
kat ATM phosphorylation rate 1
kar ATM dephosphorylation rate 3
Sarf Basal induction rate of ARF mRNA 0.001
Kont AREF activation rate triggered by Oncogenes 0.06
kad ARF degradation rate 0.015
kpad ARF* degradation rate 0.01
a Scale of the activation function of ATM phosphorylation 1
a2 Scale of the activation function of ATM phosphorylation 0.08
as Scale of the activation function of ATM phosphorylation 0.8

Table 2. The parameters used in the process of ATM and ARF activation

Parameters Description Constant
Sps3 Basal induction rate of P53 mRNA 0.001
drp Degradation rate of P53 mRNA 0.02
krp Translation rate of P53 mRNA 0.12
kpp Dephosphorylation rate of P53* 0.2
kapp* ATM?*-dependent phosphorylation rate of P53 0.6
kmp MDM2-dependent degradation rate of P53 0.1
Kmp* MDM2-dependent degradation rate of P53* 0.02
dpp Basal degradation rate of P53 0.02
dpp* Basal degradation rate of P53* 0.008

Smpm2 Basal induction rate of MDM2 mRNA 0.002
kp*m P53-dependent MDM2 transcription rate 0.03
kmrp Translation rate of MDM2 mRNA 0.02
Amr Degradation rate of MDM2 mRNA 0.01
dmp Basal degradation rate of MDM2 0.003
Kmat ATM*-dependent degradation rate of MDM2 0.01
Kmar ARF*-dependent degradation rate of MDM?2 0.02

kp Michaelis constant of ATM'-dependent P53 phosphorylation 1.0
k Michaelis constant of P53-dependent MDM?2 transcription 1.0
ka Threshold concentration for MDM2-dependent P53 degradation 0.03
n Hill coefficient of MDM?2 transcription rate 4
kat Threshold concentration for ATM*-dependent MDM2 degradation 1.60
kar Threshold concentration for ARF*-dependent MDM?2 degradation 1.10
kar Threshold concentration for MDM2-dependent P53* degradation 0.32
konir Activation rate of oncogenes induced by IR 0.002

konp Degredation rate of oncogenes induced by P53* 0.006
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Parameters Description Constant
kitw Toxins accumulation rate triggered by IR 0.6
kot Toxins elimination rate triggered by P53* 0.1
kmpo Induction rate of mP53 induced by oncogenes over-expression 0.03
Kmpd Elimination rate of mP53 triggered by P53* 0.015

Table 3. The parameters used in the process of P53-MDM2 loop and toxins degradation

3. Results and discussion

To ensure the accuracy of the simulation results, we consider that the valid parameter sets
should obey the following rules [2,11,67]. (1) The model must contain oscillations because
there has been experimental evidence that oscillations occur between P53 and MDM2 after
cell stress. (2) The mechanism used to mathematically describe the degradation of P53 by
MDM2 is accurate only for low concentrations of P53. (3) The concentration of P53* is much
higher than that of inactive P53 after the system reaching an equilibrium.

Based on the above three rules and the existing parameter sets used in [11], we obtained the
kinetics of P53 stress response networks and cellular response under acute IR dose through
simulation platform in MATLAB?.0. The detailed parameters used for the current model are
given in Tables 1-3.

3.1. Kinetics of DSBCs synthesizing

During the simulation process, the continuous 2, 5, and 7Gy IR are applied into a cell
respectively. As shown in Fig.5a, owing to the condition that many DSBs occur and the
limited RP are available around damage sites, the concentration of RP begins to decrease as
IR dose overtakes 5Gy, and trends to zero versus radiation time. Meanwhile, the kinetics of
DSBCs synthesizing is shown in Fig.5b. We can see that the rates of DSBCs synthesis keep
increasing under 2, and 5Gy IR, whereas, it begins to decrease and trend to constant after
about 120min under 7Gy IR dose.

3.2. Kinetics of ARF and ATM activation

The ARF activation is used to describe the mechanisms in cellular response to the over-
expression of oncogenes induced by acute IR [2,7]. The kinetics of ARF activation is shown
in Fig.6a. Owing to the over-expression of oncogenes without depressing functions of P53%,
ARF is activated fast and ARF* keeps increasing followed by trending to dynamic
equilibrium versus radiation time.

Meanwhile, the ATM activation module was established to describe the switch-like
dynamics of the ATM activation in response to DSBCs increasing, and the regulation
mechanisms during the process of the ATM transferring DNA damage signals to the P53-
MDM?2 feedback loop. Under the cooperative function of DSBCs, ARF*, and the positive
self-feedback of ATM?*, the ATM would reach the equilibrium state within minutes due to
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the dynamic traces of RP avaliable around DSBs under 2,5,7Gy, respectively
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Figure 5. The kinetics of DSBs repairing and transferring under continuous effect of 2, 5, 7Gy IR.
(a) The dynamics of RP available around the resulting DSBs under different IR dose domains.
(b) The kinetics of DSBCs synthesized by DSBs and RP versus continuous radiation time under different

IR dose domains.
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the kinetics of ARF activation under different IR dose domains
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Figure 6. The kinetics of ARF and ATM activation under 2, 5, 7Gy IR. (a) The kinetics of ARF activation
in response to over-expression of oncogenes induced by different IR dose. (b) The switch-like kinetics of
ATM activation, ATM* reach saturation and trend to constant state in response to continuous radiation
time of different IR dose domains.
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the fast phosphorylation [2,11,67]. Kinetics of ATM activation is shown in Fig.6b. ATM is
activated rapidly and switches to “on” state with respective rates, and then trends to the
saturation state. The step-like traces suggest that the ATM module can produce an on-off
switching signal, and transfer the damage signal to the P53-MDM2 feedback loop [3].
Furthermore, under the cooperation effects of ATM* and ARF*, DNA damage signals can be
further transferred to the downstream genes and their signal pathways more efficiently
[2,7].

3.3. Outcomes of cellular responding radiotherapy

The P53-MDM2 feedback loop is a vital part in controlling the downstream genes and
regulation pathways to fight against the genome stresses [6,67,68]. In response to the input
signal of ATM* and ARF*, the P53-MDM2 module generates one or more oscillations. The
response traces of P53 and MDM2 protein under continuous application of 2, 5, and 7Gy IR
from time O are shown in Fig. 7a. Upon the activation by ATM*, ARF* and decreased
degradation by MDM2, the total amount of P53 proteins increases quickly. Due to the P53-
dependent induction of MDM2 transcription, the increase of MDM2 proteins is sufficiently
large to lower the P53 level, which in turn reduces the amount of the MDM2 proteins.

The oscillation pulses shown in Fig.7a have a period of 400 min, and the phase difference
between P53 and MDM2 is about 100 min. Moreover, the first pulse is slightly higher than
the second, quite consistent with the experimental observations [2,7,11] as well as the
previous simulation results [9,10,12,69].

Also, by comparing these simulation results, we can see that the strength and swing of these
oscillations begin to decrease as IR overtakes 7Gy, suggesting that the ability of cellular
responding genome stresses begin to decrease as IR dose exceeds a certain threshold.

Furthermore, because in the current model the toxins, mP53 and oncogenes can be degraded
directly by P53* in this module, we can plot the predictable outcomes of cellular response in
fighting against genome stresses under different IR dose domains. As shown in Fig.7b, Fw
remaining within the cell keeps decreasing with respective rate, and trends to zero versus
continuous radiation time under 2 and 5Gy IR. Whereas, when IR exceeds 7Gy, Fw begins to
increase slightly with some oscillations. Also, the kinetics of oncogenes degrading is plotted
in Fig.7c. As we can see, owing to the negative regulations of P53*, the expression level of
oncogenes keeps decreasing after the first climate under 2 and 5Gy IR dose, and then begins
to increase slowly under 7Gy IR dose. Meanwhile, as shown in Fig.7d, quite similar to the
results in Fig.7b and Fig.7c, mP53 keeps decrease after reaching the first maximum under 2
and 5Gy IR dose, and then begins to increase slowly under 7Gy IR dose. All these results
obtained by the above simulations based on the new model indicate that that P53* indeed
acts an important role in regulating downstream genes and their signal pathways, whereas
its capabilities in cellular responding DNA damage under radiotherapy begin to decrease as
the strength of IR exceeds a certain maximal threshold.
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the oscillating kinetics of P53* and MDMZ2 in response to different IR dose domains
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the kinetics of Oncogenes depressed by the functions of P53* in response to different IR
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Figure 7. The outcomes of cellular responding 2, 5, 7Gy IR under radiotherapy. (a) The oscillating
kinetics of P53* and MDM2 in response to the cooperative effect of ATM* and ARF* under different IR
dose domains. (b) The kinetics of toxins elimination triggered by the functions of P53*. (c) The
depressing dynamics of oncogenes over-expression with the regulations of P53*. (d) The kinetics of
mP53 elimination triggered by the effect of P53*.
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4, Conclusion

A new model was proposed to simulate the P53 stress response network under
radiotherapy. It is demonstrated according to our model that ATM and ARF exhibits a
strong sensitivity and switch-like behavior in response to the number of DSBs, fully
consistent with the experimental observations. Interestingly, it is shown in this study that
after the DNA damage signals transferring, P53-MDM2 feedback loop will produce
oscillations, then triggering the cellular self-defense mechanisms to degrade the toxins
remaining within the cell, such as Fw, oncogenes, and mP53. Particularly, under different IR
dose domains, the new model can reasonably predict outcomes of cellular response in
fighting against genome stresses, and hence providing a framework for analyzing the
complicated regulations of P53 stress response networks, as well as the mechanisms of the
cellular self-defense under radiotherapy.
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1. Introduction

Electron beams are widely used in radiotherapy with superior advantages in the irradiation
of near-surface targets compared to photon beams, due to their characteristic therapeutic
range and the plateau of the dose, finding between 80% and 90% of the maximum dose on
central axis, and steep falloff of the dose with depth, characteristics that not exist in photon
beams.

Thus, the electron beams are an important therapeutic modality for superficial treatments
involving: skin and lip cancer, cancer of the chest wall and neck (after surgery and for
recurrent cancers), upper respiratory and digestive tract lesions from 1 to 5 cm depth and
reinforcement in the treatment of lymph nodes, scars from surgeries and residual tumors [1].

The main dosimetric parameter used for planning in radiotherapy with electron beams is
obtained through the curves of percentage depth dose (PDD) [2]. From the PDD one can
determine the maximum, practical and therapeutic range of the beam, the depth of
maximum dose and depths that receive 90 % and 50% of the maximum dose.

Measurements of the dosimetric parameters with electron beam are more complex due to
beam characteristics, especially the high dose gradient, which is present when the dose
suffers a sharp drop after the build-up region. Standard dosimeters like ionization chamber,
TLD and film do not have a high resolution, low energy dependence and the possibility of
use with high dose gradient. Thus, the choice of the dosimeter for this type of beam is
primordial.

I NT EC H © 2013 Pianoschi and Alva-Sanchez, licensee InTech. This is a paper distributed under the terms of the Creative
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The dosimetry gel have a high resolution, with atomic number equivalent to water and the
possibility of providing measurement of high dose gradients in three-dimensions. Amongst
the gel dosimeters, the MAGIC-f gel has been showed great concordance with the reference
dosimeters.

After being exposed to ionizing radiation, the compounds of the MAGIC-f gel undergo a
polymer reaction, that results in a chain of polymers that is completed after some days. The
formation of the polymeric chain can be co-related with the absorbed dose, that can be seen
on magnetic resonance images and through this imaging a three dimensional dose in target
volume can be computed.

Another effective dosimetric tool for the study of this beam is the Monte Carlo simulation
codes, that offers a convenient alternative compared to experimental methods, with
advantage of providing detailed studies, and in different conditions that involve
experimental procedures which are lengthy, complex and expensive [3]. The use of
PENELOPE-Monte Carlo simulation code to simulate phenomena of attenuation of the dose
radiation and dose deposition has been on an increase. The reliability of the results found by
this code is directly related to the accuracy of transport models and the cross section
libraries of the particles transported [4].

This chapter will be discuss the application of the two dosimetric tools, the MAGIC-f gel
dosimeter and PENELOPE-Monte Carlo simulation code with high spatial resolution for
determination of tridimensional dose distributions in target volumes for electron beams.

2. MAGIC-f gel dosimeter

Dosimeters based on polymeric gels are compounds that polymerize when subjected to
radiation, this polymerization is related with the absorbed dose. Due to this property, these
dosimeters have the ability to store information of the dose distributions in three-dimensios
(3D). This is an advantage compared to other dosimeters providing only dose in a point or
two-dimensional, as ionization chambers and films, respectively. This advantage is
particularly important for the new technologies related with the radiation, where a
significant incidence of high dose gradients is recorded.

The proposed sensitivity of gels to radiation was suggested by Stein and Day in 1950 when
it was shown that the gels alter color depending on the absorbed dose [5]. In 1957 Andrews
and colleagues studied the dose distribution and measurements of the pH of sensitive gels
by spectroscopy [6]. The use of these gels as a dosimeter began with Gore and colleagues in
1984 when it was investigated the Fricke gels, initially studied by Fricke and Morse in 1927,
based on the principle of oxidation, and recorded the relaxation properties in nuclear
magnetic resonance (NMR) and showed that the concentration of ferric ions could be
quantified by this technique [7].

Besides the research on Fricke gel, the studies with other gel dosimeters, polymer
dosimeters as: BANANA (bis acrylamide and agarose nitrous oxide) [8], BANG (bis
acrylamide gel nitrous oxide) [9] and PAG (acrylamide polymer gelatine) were started [10].
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In polymeric dosimeters, monomeric compounds of the dosimeters are immersed in a
gelatinous matrix, aqueous polymer suffer a reaction to the absorbed dose, resulting in a
polymer gel matrix. This formation of radio-induced products changes the NMR relaxation
properties, which can be related to the absorbed dose deposition, thus presenting a potential
dosimeter for clinical dosimetry in 3D. However, the polymerization can be inhibited due to
presence of oxygen, hence hypoxic conditions are required for its manufacture. To solve this
problem Fong et al [11] created a new polymer gel, MAGIC (methacrylic and ascorbic acid
in gelatin initiated by copper), formed by the combination of methacrylate-based materials,
ascorbic acid and salt copper. The oxygen uptake is given by ascobato-copper complex,
which allows the preparation of polymeric gels in normal atmospheric conditions in
2001[12-14]. Another problem presented by the polymer gels was the melting of the samples
when stored at room temperature causing loss of information about dose distribution
thereby restricting its use. In 2008, Fernandes and colleagues [15] solved this problem by
adding formaldehyde to the original formulation of the MAGIC increasing its melting point
to 69 ° C, and named the new gel MAGIC-f.

3. PENELOPE simulation code

The Monte Carlo method is a technique that uses the sampling of random numbers and
statistical methods to find solutions to mathematical or physical problems [16]. In the Monte
Carlo simulation (SMC) of radiation transport, the history of a particle is described as a
probabilistic sequence of interactions when the particle changes its direction of movement,
losing a part or all its energy, and occasionally generating a secondary particle [4].

Among the SMC codes used to simulate the interaction of radiation with matter, EGS [17],
MCNP [18] and, more recently, PENELOPE [19] and GEANT [20] have been applied to
radiology. The quality of the results provided by different simulation codes is directly
linked with the accuracy of the transport model and implemented by libraries that contain
the data associated with the cross section of particles transported [4]. The transport
algorithm implemented by PENELOPE [3], led to its extensive use in radiotherapy [21-27].

Thus, the Monte Carlo simulation code PENELOPE, freely distributed by the Nuclear
Energy Agency (NEA) is used to simulate the transport of electrons, positrons and photons
in a complex geometry and an arbitrary material. The subroutines of FORTRAN code are
organized into four basic files: PENELOPE.f containing the subroutines of transport of
particles, PENGEOM.f containing subroutines geometry; PENVARED.f containing the
subroutines that perform the methods of reducing variations and TIMER.f, which manages
the simulation time. Besides these files, the code has a database with the characteristics of
various materials of interest in radiological physics [28] cross section libraries and other
quantities necessary for the transport of particles. One of the main advantages of using the
code SMC is the use of recent cross-section libraries, EPDL97 [19].

The algorithm uses a simulation model PENELOPE combining numerical data and
analytical cross section for the different types of interactions. It is applied from 1 keV energy
to approximately 1 GeV where a detailed transport of photons is simulated by a
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conventional method. The simulation of electrons and positrons is made by means of a
mixed algorithm because the latter undergo a large number of iterations before being
effectively absorbed by the medium, resulting in small energy losses making it impractical
to use a detailed method (or class I) for the transport of these particles.

Thus, for electrons and positrons, the PENELOPE code differs from other simulation codes
by using a mixed algorithm (or class II), which implements two simulation models: a
detailed, strong events, defined as the deflection angle (angle scattering) or loss of energy
above a preset value, and condensed to weak interactions, with angular deflection
(scattering angle) or loss of energy lower than the pre-set values. The condensed interactions
are described by an approximation of multiple scattering, which consists in transforming a
large number of weak interactions in a single artificial event. The multiple scattering theory
algorithms implemented in the simulation is made condensed approximations and can lead
to systematic errors assigned to the dependence of the simulation parameters that control
the transport.

4. Treatment planning system

Actually every service of radiotherapy uses a treatment planning system (TPS) to plan a
simulated irradiation for external or internal beam for a patient with some cancer,
the manipulation of TPS is under the responsibility of the oncologist and the medical
physicists, who try to minimize the dose in healthy structures and conform the dose in the
tumor [29].

The calculated algorithms, which are based the TPS, use medical imaging from the patient
obtained through technical images like: computed tomography, magnetic resonance
imaging and positron emission tomography [30]. Today, the modern TPS provide tools for
multimodality image matching, also known as image coregistration or fusion. Different dose
prediction models are available, including pencil beam, cone beam and Monte Carlo
simulation, with precision versus computation time being the relevant trade-off.

The treatment simulation is used to plan the geometric and radiological aspects of the
therapy using radiation. Medical physicists plan the simulation treatment based on the
prescribed dose stipulated by the oncologist and the constrains of the risk organs. Thus, the
TPS is used to place beams which can deliver enough radiation to a tumor trying both the
criteria: minimizing the dose to healthy tissue and risk organs and deliver the prescribed
dose to the tumor. For this determination many decisions are to be considered including
radiation beam (that are generally photons or electrons beams), angles of radiation
incidence, irradiation field, whether attenuation wedges are to be used, and which multileaf
collimator configuration will be used to shape the radiation from each beam [31]. Plans are
often evaluated through dose-volume histograms, that can show the uniformity of the dose
to the diseased tissue (tumor) and sparing of healthy structures. The obtained plan from the
TPS can be evaluated comparing it with experimental measurements and also through the
one simulation code.
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5. MAGIC-f, PENELOPE and TPS use for dosimetry in some clinical
cases for electron beams

5.1. Dosimetric response of the MAGIC-f gel for electron beams

Polymer gel dosimeters have been studied for use in dosimetry for photon beams for the
characteristics of high spatial resolution and determination of dose in three-dimensional
dose distributions. Some properties like response dependence on dose, energy and dose rate
are not well established for electron beams.

The objective of this work is to evaluate the use of MAGIC-f gel dosimeter for electron beam
in radiotherapy.

5.1.1. Materials and methods

Samples of MAGIC-f gel were manufactured following the protocols establish by Fernandes
[15] and poured into three cylindrical glass tubes routinely used for blood sample collection
(BD Vacutainer®) with 5ml volume, 12mm diameter for a specific measurement.
Experimental irradiations were made at Hospital de Céancer de Barretos (HCB), using a
Varian 2100c linear accelerator.

Variation of dose-response from Magic-f gel was evaluated verifying the possibility of the
linear behavior of the gel for two energies, 9 and 15 MeV at a dose range of 1 to 10 Gy. To
evaluate the response the dose rate were varied from 80cGy/min to 400cGy. The assessment
of the response of the dosimeter in different depth was performed through the percentage
depth dose (PDD) for the same energy with a irradiation field of 15 x 15 cm?at 100 cm from
the water.

The readings of the gel samples were performed with the relaxometry technique in
tomography mode of nuclear resonance magnetic (NMR), Philips 3.0 Tesla, from the section
of Radiological from Hospital Clinic. The acquisition sequence of the NMR images were
made with the multi spin-echo with 5 echoes, time echo of 20ms, repetition time and 0,250m
spatial resolution. Figure 1 shows the NMR images and their maps of R2.

(a) (b)

Figure 1. Images of the axial section of the phantom: (a) NMR images; (b) R2 maps.
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Figure 2 shows NMR images of relaxometry and R2 map normalized corresponding to the
dose maps, when can be determine the PDD.

(a) (b)
Figure 2. Phantom to determine the PDD: (a) RNM image and (b) R2 maps.

5.1.2. Results and discussions

The irradiation with different dose rates have different degrees of polymerization, which
can be visualized by the difference in tone of the phantoms irradiated, so that Figure 3
shows this difference of polymerization.

Figure 3. MAGIC-firradiated with different doses.

The results obtained from the evaluation of Magic-f gel with the variation of the dose and
dose rate are shown in figure 4.
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Figure 4. MAGIC-f response to energies of 9 and 15 MeV: (a) variation in dose and, (b) variation in dose
rate.

For all measurements the maximum uncertainty of 1.8% was found, from signal average of
each irradiated homogeneous region. This was calculated through the mean of three
acquisition images for each measurement.

From figure 4 (a) it can be observed that Magic-f gel show a dependence to different
energies, with a high variation of 50% when the signal R2 from both energies to the
absorbed dose of 15 Gy is compared. The linearity of the curves show correlation coefficient,
12, 0,9819 e 0,9916 for energies of 9 and 15 MeV, respectively.

The curve of the rate dose-response of the gel, shown in figure 4 (b), and the linearity curves
the in figure 4 (a) show the dose dependence of the gel and maximum variations of 1.7% and
3.4% were found for energies of 9 and 15 MeV, respectively.

Figure 5 shows the phantoms irradiated for determination of PDD curves. PDD curves
obtained with the gel are shown in figure 6, which were compared with the PDD obtained
through ionization chamber (ic).

Figure 5. MAGIC-firradiated with different energies.
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Figure 6. PDD obtained with Magic-f gel and ionization chamber for two energies: (a) 9 MeV e (b) 15
MeV.

The maximum percentage different of 4.0% was found on comparison of PDD curves
obtained with the Magic -f gel and ionization chamber for energies of 9 and 15 MeV.

5.1.3. Conclusion

From the results we can affirm that MAGIC-f dosimeter can be used as a complementary
dosimetric tool for determination of the characteristics of the clinical electrons beams.

5.2. Mixed dose distribution of electron and photon beams through the gel
dosimeter MAGIC-f and PENELOPE-Monte Carlo Simulation

Combining electron and photon fields in the same radiation plan can improve dose
distributions, delivering a homogeneous dose to the target while reducing the dose to
normal tissues. This treatment technique can benefit from both the finite range of the
electrons and the sharper penumbra of the photons.

The aim of this application is to evaluate the improvement in the dose distributions from
treatments using mixed photon and electron beams through polymer gel dosimetry with
MAGIC-f and Monte Carlo simulation using PENELOPE.

5.2.1. Materials and methods

A cylindrical phantom with dimensions of 10 c¢cm diameter and 12 cm height was
homogeneously filled with MAGIC-f. The phantom was irradiated with a 6 MV photon
beam and a 12 MeV electron beam. Field sizes of 3 x 7 cm? at 100 cm SSD were used to
deliver a prescribed dose of 8 Gy for each beam. The phantom analysis followed a previous
developed protocol in which an MRI image is registered one day after irradiation. A 3.0 T
MRI scanner using a head coil and a multiple spin echo sequence with 16 echos, TE = 22.5
ms and TR = 3000 ms was used for readings. From the MRI images, R2 values were
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calculated on a pixel-by-pixel basis to produce R2 maps related the absorbed dose. The same
geometry used in the irradiation process was simulated by PENELOPE with spatial
resolution of 1 mm. The depth doses and dose profiles were used to compare the results
from experiments (MAGIC-f) and simulation.

5.2.2. Results and discussions

The dose distributions obtained with Monte Carlo simulation are presented in the figure 7
and the dosimetric parameters obtained with PENELOPE and MAGIC-f are presented in
figure 8.

E ] -d
Figure 7. Dose distribution obtained with PENELOPE.
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The comparisons between PENELOPE and MAGIC-f showed maximum differences of 3.0%
and 3.2%, inside the volume of the 90% isodose for the beam profile and for the PDP curves,
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Figure 8. Dosimetric parameters obtained with PENELOPE and MAGIC-f: (a) PDD; (b) beam profile.
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5.2.3. Conclusions

The comparison between the dose distribution for PENELOPE and MAGIC-f showed that
gel dosimeter can be used in radiotherapy, for special applications, as photons and electrons
mixed fields. Also, the results showed that the mixed fields reduce the absorbed dose in
entrance of the prescribed field, compared with the typical electron treatment.

5.3. Evaluation of collimated fields with electron beam through XiO treatment
planning system and PENELOPE Monte Carlo simulation

The determination of dose distribution by system of planning and simulation codes is
different mainly due to calculation algorithm. Dose distribution may vary depending upon
the dosimetric parameters, for example, the field size. The PDP for collimated fields were
evaluated by the XiO treatment planning system (TPS) and PENELOPE Monte Carlo
simulation. Figure 9 shows the dose distribution obtained for different field size for the 9
MeV.
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Figure 9. Dose distribution obtained for different field size for the 9: (a) 10 x 10 cm?, (b) 1 x 1 cm2.

5.3.1. Materials and methods

Using the standard applicators for electrons beam of 10x10 cm? beam profiles through
PENELOPE, TPS and ionization chamber (0.1cc/IBA) were determined. From the
concordances between the two calculation algorithm, simulation code and TPS, were
studied for collimated fields. The standard applicator of 10 x 10 cm? and blocks of cerrobend
were used to collimate fields of 1x1 , 3x3 and 5x5 cm?, for 9 MeV beam(fig:10). The PDD
obtained by the code and TPS were analyzed with the MatLab® software.
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Figure 10. Cerrobend collimator.

5.3.2. Results and discussions

A maximum difference of 1.5 % when comparing the values obtained from the PENELOPE
and ionization chamber for PDD obtained at the maximum depth dose and 2.2 % when TPS
and ionization values were compared, for the two applicators respectively. A maximum
difference of 3.0% and 3.2% were also found on comparing with other depth using
PENELOPE and TPS. These differences increase to 5% for isodose less than 50 %, as shown
in figure 11.
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Figure 11. PDD in reference condition for dosimetric tool: XiO, PENELOPE and ionization chamber

The comparison of the PDD obtained at depth greater than 50% showed maximum
difference of 5.0 %, 4.3 %, 4.8 %, respectively for each studied field. These differences
increase to 12% for other depth, as shown in figure 12.
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Figure 12. PDD obtained for 9 MeV in different fields size: (a) 1 x 1 cm?, (b) 3 x 3 cm?, (a) 5 x 5 cm2.

5.3.3. Conclusion

The TPS curves did not show a continuous behavior due the interpolation of data for these
collimated fields. From the results it can be inferred that despite the differences of both
calculation algorithm the behavior of the beam profiles was similar.

5.4. Study of different materials for a conformational simulation in radiotherapy
using the PENELOPE-Monte Carlo code

The use of conformal techniques for photons beam represent the most modern procedures
in radiotherapy, like intensity modulation radiation (IMRT), the intra-operative
radiotherapy (IORT) and tomotherapy. For photon beams, irregular fields are obtained
through shielding blocks of high atomic number, specially manufactured for each patient, or
by liear accelerator accessories such as multi-leaf collimators. Since this collimation enables
better targeting of treatment of the target volume while protecting surrounding healthy
tissues, the use of conformal techniques in radiotherapy with photons beams has made it
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possible to increase the prescribed dose compared with those used in conventional
techniques.

For electron beams, currently, the irradiation units are not fitted with suitable accessories to
give a conformal technique, although with the technological progress of the radiotherapy
and the improvement of the algorithms used in the treatment planning system,
radiotherapy with modulated electron (MERT) beams may be a more tangible possibility.
Thus, the dosimetric characteristics of the irradiation fields produced by this proposal have
been investigated in this study.

Recent authors have studied different possibilities for realization of this new radiotherapy
technique, An example being the construction of the multi-leaf collimators for a specific
electron beam [32]. The possibility of using the multi-leaf collimators using only photon
beams[33] or development of collimators additional to maintain a standard feature of the
treatment with electrons beams [34,35].

However, for the modality of MERT the major limitation is the thickness of the additional
collimators used because of the short distance between the applicator and irradiated surface
pattern, requiring investigation of the possibility of using high atomic number materials in
the manufacture of additional collimator.

Hence the additional optimization of collimators may be determined using computational
simulation, which is a useful alternative to the experimental methods, it has the advantaged
of providing detailed studies and in different experimental conditions without using
methodologies that are time-consuming and costly [36].

The proposition of this study is to analyze using Monte Carlo simulation with the
PENELOPE code to determination of dose distribution, PDD, and dose profiles obtained
with the MERT technique with additional collimators of different material: cerrobend (cerr)
and acrylic (PMMA)

5.4.1. Materials and methods

The different dosimetric response of collimator for the treatment of MERT were evaluated
using Monte Carlo simulation with PENELOPE code, version 2008.The geometry of
simulation is shown in figure 13.

In this study, we used spectra electron beam 6 and 15 MeV specific for the linear accelerator
Clinac 2100 C ( Varian) irradiating an object simulator of 20 x 20 x 20 cm? filled with water.
The SSD used was 100 cm, the irradiation field of 10 x 10 cm? and collimated by the
additional applicator for an irradiation field of 1 x 1 cm? PDD and the beam profile in the
depth of treatment (85% isodose) were determined by PENELOPE code for both materials
and energy, with spatial resolution of 1 mm along the central axis of the radiation field.
Were also determined the distribution of doses deposited in planes parallel and
perpendicular to the central axis of the radiation beams used.
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(a) (b)

Figure 13. Geometry simulated for spectrum of 6 MeV with different collimators additional: (a) PMMA
and (b) Cerrobend.

The thickness of the collimators additional cerrobend and PMMA were determined using
the same attenuation in different materials and different energies. Table 1 shows the
thicknesses used in the simulation.

Thickness of the additional collimator (cm)

Energy (MeV) Cerr PMMA
6 1,8 6,0
15 3,3 10,9

Table 1. Thickness for both additional collimators

5.4.2. Results and discussions

The doses distribution of one plane is represented in phantom is shown in Figure 14,
showing, qualitatively, the difference in dose distribution obtained for the same collimator
additional material, acrylic, for both radiation beams 6 and 15MeV.

Depth (cm)
Depth (cm)

o 1 2 1 i

Distance (cm)

Distance (cm)
(a) (b)

Figure 14. Dose distributions with the acrylic collimator for the energies of: (a) 6 MeV, (b) 15 MeV.



Applications to Radiotherapy Using Three Different Dosimetric Tools:
MAGIC-f Gel, PENELOPE Simulation Code and Treatment Planning System 49

The obtained dosimetric responses for different material and energies are presented in
figures 15 and 16.
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Figure 15. Comparison of the two results obtained with the Cerrobend and PMMA for energies of 6
MeV: (a) PDD, (b) Beam profile.
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Figure 16. Comparison of the two results obtained with the Cerrobend and PMMA for energies of 15
MeV: (a) PDD, (b) Beam profile.

Table 2 shows, quantitatively, the major differences from dosimetric parameters, PDD and
beam profile at treatment depth, with collimators cerrobend and PMMA for energies of 6
MeV and 15 MeV

Since the irradiation characteristics of an electron beam, it was expected that there were
greater photon contamination when the collimator was added a material of high atomic
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number such as cerrobend, however, results presented in Figures 15 and 16 show that the
thickness of the collimator is added to attenuate photons produced contamination is
reduced, with the same responses observed with the material suitable for collimator of
electrons, such as PMMA, with the advantage of lower thickness.

Energy (MeV) PDD (%) Beam Profile (%)
6 1,2 2,5
15 1,5 3,2

Table 2. Percentages of the major differences for the dosimetric parameters, were evaluated the
additional collimators (cerr and PMMA) in the energies of 6 MeV and 15 MeV.

5.4.3. Conclusions

It can be inferred therefore, that the additional collimator for the proposed technique can be
manufactured using a material of high atomic number, conserving dosimetric characteristics
already established, with the advantage of lower thickness.
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1. Introduction

The technological advances to develop or improve devices for radiotherapy have increased
in recent years, leading to conformality in the absorbed-dose within the tumor volume and
avoiding healthy tissue. For quality assurance of the treatment, measurement of complex
dose distribution from the new devices needs to be verified in the treated volume and
healthy structure surrounding it.

According to ICRU the prescribed and administered dose must be within -5 % and + 7 % [1].
Many dosimetric protocols for radiotherapy recommend use of an ionization chamber like
reference dosimeter, however, dosimeters like TLD, film, diode and other tools can be used
although they measure the absorbed-dose at a point or in two dimensions [2,3].

A clinical system-dosimetry that can measure the dose distribution in 3D with tissue-
equivalent characteristics is not available. In this context, dosimetry based on gel has shown
a great potential for measured dose-distribution in 3D [4-7].

The MAGIC dosimeter with formaldehyde has characteristics of tissue-equivalence to water,
stability of response and high detection resolution for suitable application in 3D dosimetry
for complex treatments. Especially for use in techniques of high dose rate it can verify the
volume dose as a quality control in radiotherapy. The gel dosimeter with formaldehyde
(MAGIC-f) has been used in simulation studies as well as in clinical [8-11].

The most common used simulation algorithms, based on Monte Carlo calculations, are ITS2,
EGS4, MCNP4 and PENELOPE [12-16]. The algorithm for mixed transport of charged
particles implemented by PENELOPE algorithm led to its use in radiotherapy, simulating
several irradiations and geometry of clinical situations in radiotherapy, which have shown a
good concordance with experimental measurements using different irradiation techniques
[17-20].

I NT EC H © 2013 Alva-Sanchez and Pianoschi, licensee InTech. This is a paper 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 will approach two dosimetry tools: the MAGIC-f gel dosimeter and the
PENELOPE-Monte code. Also, this chapter will cover some clinical applications of the two
dosimetry tools with modalities like brachytheray, radiosurgery and 3D conformal therapy.

2. MAGIC-f dosimeter

Gel-based dosimeters called polymer gel dosimeters have been proposed since 1954 [21-24].
In 1992, formulations like BANANA, BANG and PAG polymer gels were proposed [25,26].
The suppression of polymerization by oxygen, present in these gels, was improved with a
proposition of MAGIC gel (Methacrylic and Ascorbic acid in Gelatin Initiated by Copper)
[27], which allows the MAGIC polymeric gels to be prepared in normal weather conditions
[28-30], which for higher temperatures beyond 25 °C loss stability. Thus, was add
formaldehyde to the original formulation of the MAGIC, re-calling as MAGIC-f, which led
to a rise in its melting point to 69 °C [31].

The monomeric compounds of the MAGIC-f dosimeter immersed in an aqueous matrix, after
exposure to irradiation suffer a polymer reaction, resulting in a polymer gel matrix. This
formation changes the NMR relaxation properties of the gel and can be related to the
deposited energy. One way to show this change in 3D is by using magnetic resonance images.

3. PENELOPE code

PENELOPE (Penetration and Energy Loss of Electrons and Positron) is a package used to
simulate the transport of electrons, positrons and photons in arbitrary materials and
complex geometries. The package has written on a FORTRAN platform, which include
characteristics of many materials, and a user file. Besides these files, the code has a database
with the characteristics of various materials of interest in radiological physics [32], cross
section libraries and other quantities necessary for the transport of particles [33]. The
simulation algorithm is based on a model that combines numerical and analytical cross
sections for different types of interactions and is applied to initial energies from 1 keV to 1
GeV. The code has been used in some applications to simulate different irradiation
techniques, reproduce the dimensions of irradiation geometry, source, energy, distance and
other dosimetric parameters.

4. Application of the two dosimetric tools for some modalities in
radiotherapy

4.1. Water-equivalent calibration of 1*2Ir HDR brachytheray source using
MAGIC-f gel

HDR brachytherapy is a treatment technique that uses sealed radioactive sources to treat
prostate, colorectal cancer and some gynecological malignancies [34,35]. The commonly
used implants are of ?Ir sources with a half-life of 74 days, emitting beta rays ranging from
530 keV to 670 keV, and a gamma ray with an energy of 370 keV [36].
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Due to the energy spectrum present in this source and the high gradient dose, a proper
source calibration is necessary, although vendors assign large uncertainties to the calibration
values (up to + 10%). The calibration protocols for HDR brachytherapy sources recommend
a specification in reference to air kerma rate using ionization chamber [37,38]. Absorbed
dose measurement in water has recently been proposed to calibrate 12Ir HDR brachytherapy
sources [39].

For determination of the water-equivalent calibration of an ®2Ir HDR source we used the
MAGI-f dosimeter, which has been shown to be a suitable dosimeter for many treatments in
radiotherapy due to its characteristics of water equivalence (effective atomic number of
7.41), spatial resolution better than 1mm and the most important characteristic of measuring
dose tridimensionally. Through the MAGIC-f were determined dosimetric parameters like
percentage dose depth (PDD), and calibration curve (CC).

The two dosimetric parameters, PDD and CC, were obtained with the three dosimetric tools
a)thermoluminescent dosimeter, b)ionization chamber and ¢)PENELOPE-Monte Carlo code
simulation. The results obtained with these dosimetric tools were compared with the
obtained data of polymer gel [40].

4.1.1. Materials and Methods

A water phantom of 50 x 50 x 50 cm?® with electronic positioning holder (0.1mm precision)
and the Gamma Med Plus 232 *?Ir source with 5.43 Ci (200.91 GBq) was employed in this
work. This source has an active cylindrical volume of 0.6 mm diameter and 3.5 mm height
encapsulated in stainless steel welded to a steel cable, as shown in figure 1.

Measurements for PDD determinations, in water, were carried out using TLDs (LiF-100 with
dimensions: 0.9 x 0.9 x 3.1 mm?) packed with plastic and a plane parallel ionization chamber
(Markus type, 0.05cm3) after proper calibration. Both dosimeters were introduced in
different depths (from 3 up to 12 mm) in a water phantom (figure 2). The catheter containing
the HDR source was set parallel to the TLDs and the ionization chamber.

3.5 mm

S

Figure 1. Design of 1%2Ir source
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Figure 2. Measurements setup for PDD determination with (a) ionization chamber and (b) TLDs.

Magic gel procedures

After preparation the solution of gel, this was poured in an acrylic cylindrical phantom of 6
cm diameter, 8 cm height and 0.5 cm thickness taking care to prevent air bubbles(figure 3).

During the PDD measurement the phantom filled with the gel was kept inside the water
phantom and the source was positioned at a distance of 2 cm from the gel phantom wall.
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(a) (b)
Figure 3. Cylindrical phantom to obtain the PDD curve: (a) with the MAGIC-f gel and (b) scheme of the
irradiation setup.

For gel calibration, part of the gel was poured into three cylindrical glass tubes with 5ml
volume, 12mm diameter and 75 mm height, closed with a 20mm hermetic stopper inserted
in a plastic cover, as shown in figure 4.

Relaxation images of the gel phantom and glass tubes were acquired using a 1.5 T scanner
(Siemens, Magneton Vision) one day after the irradiation to allow enough time for gel reaction
completion. A head coil and multi spin echo sequences with 16 echo times in multiples of 22.5
ms, a repetition time of 3000 ms and a matrix size of 512 x 512 pixels were used during image
acquisition. The slice thickness was 2mm. The transverse relaxation rate R2 (=1/T2) was
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calculated by fitting the signal intensities versus the echo time pixel by pixel. The R2 maps
were related to absorbed dose using a specific program developed in MatLab®6.5.

Glasstubes

12 mm i H] - @ . Catheter
- > : Source
75 mm Support
(a) (b)
Figure 4. (a) Glass tube of 5 ml and (b) scheme of the setup to determine the calibration curve for the
gel dosimeter.

PENELOPE-Monte Carlo

The user code was written to describe the geometry of the source and simulate all
anisotropic properties of the brachytherapy extended source. A cubic water phantom were
simulated, with dimensions of 30 cm, appropriate to obtain full scattering conditions.
Simulation spatial resolution was set tol mm.

4.1.2. Results and conclusions

Calibration curves for HDR %2 Ir source using TLD, ionization chamber and MAGIC gel are
shown in figure 5.

The three dosimeters showed linearity with relative dose with correlation coefficients (R) of
0.9948, 0.9959 and 0.9971 for CI, TLD and the gel respectively. Maximum uncertainty of 3.5
% was found for measurements with the TLD for 10 Gy and a maximum uncertainty of 0.8
% was found for 10 Gy using the other dosimeter. The CC curve obtained with the TLDs did
not show sensitivity for low doses (0.5 Gy) and MAGIC gel presented a background dose,
approximately of 1.3 s”!, which was subtracted for PDD measurements.

The calibration curve obtained with the Magic-f gel for the HDR '*2 Ir source shows that it is
possible to calibrate this source in water as stipulated in the protocol for external source [41].
Since, the gel is constituted by 90% water, effective-atomic-number of 7.41, which can be
represent interaction of radiation with the water.

For PDD determinations, dose map distributions were obtained with MAGIC-f in a few
planes as shown in figure 6.

The PDD curves were determined through percentage absorbed dose in depth, Dy, relative
to the absorbed dose in the maximum depth, Dw, as show in equation 1

PDD(d) :% x100% 1)

m
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Figure 5. HDR 2 Ir source calibration curves: (a) TLD LiF-100, (b) IC and (c) MAGIC polymer gel

The dose maps were obtained through the relaxation images and analysed with the
program, in MatLab® developed to relate the nuclear resonance signal of the image with the
absorbed dose.

RLEL

Figure 6. Relaxometry image and dose maps around the HDR %2 Ir source obtained experimentally
with MAGIC polymer gel.
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The PDD curves obtained by TLD, ionization chamber, MAGIC gel and PENELOPE code
are shown in figure 7.
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Figure 7. Percentage depth dose for HDR %2 Ir with MAGIC polymer gel, ionization chamber, TLD LiF-
100 and PENELOPE code, (b) differences between PENELOPE, IC and TLD-LiFs related to MAGIC gel.
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From the percentage depth dose and calibration curve results it can be concluded that the
MAGIC polymeric gel can be used as dosimeter in routinely clinical procedures and can be
used to check the calibration of ¥’2I sources in an water-equivalent medium as part of the
assurance quality in HDR brachytherapy.

4.2. Dose-distribution of small fields through the MAGIC-f dosimeter and
PENELOPE code

Some techniques in radiotherapy, like intensity-modulated radiation and stereotactic
radiosurgery, use small radiation fields and higher dose-radiation. Since the dosimetry of
the small fields is more critical than that for large fields, due to no-equilibrium conditions
created as consequence of the secondary electron track length and the real source size
project from the collimator to the phantom or patient. Other complication is the perturbation
of the level of disequilibrium, which is inducted bye the dosimeter when introduced in the
track of the radiation fields. Thus, due these characteristics of the small fields, an accurate
dose verification of the delivery dose of the small radiation fields is required [42-45].

The aim of this application is evaluate the response of MAGIC-f dosimeter, after being
exposed to a conformal irradiation technique using a small field to compare the results with
PENELOPE code through two dimensional dosimetric parameters [46].

4.2.1. Materials and Methods
Treatment planning system (TPS)

The TPS BrainSCAN 5.31, was used to plan a conformal irradiation with the tomography
images of the cylindrical phantom, with 9 irradiation fields from 0° to 340°. The prescribed
dose was determined through the calculated algorithm using pencilbeam for 16 Gy in 100%
of the target volume.

MAGIC-f gel and PENELOPE code

The solution of Magic-f gel was poured in a cylindrical phantom of PPMA with dimensions
of 12 cm diameter, 18 cm height and thickness 0.5 cm. The phantom containing the gel was
placed at source-phantom center distance of 100 cm, figure 8, from the linear accelerator
(Siemens MEVATROM with multileaf MX2), irradiated with 9 fields of 6 MV photon beam,
each one of 1 x 1 cm? to a total dose of 16 Gy. The experimental irradiation was made in the
same irradiation conditions as the TPS.

PENELOPE simulations were used to determine the percentage depth dose, beam profile
and a conformational dose distribution in the same irradiation and geometry condition
made by the MAGIC-f.

After the irradiation, the reading was performed through MRI using a 3 T scanner and head
coil. Relaxation images were obtained using a multi spin echo sequence with 16 echo times
in multiples of 22.5 ms, a repetition time of 3000 ms and a matrix size of 256 x 256 pixels. The
slice thickness was 2mm for each slice.
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(a) (b)
Figure 8. (a) Setup of the irradiation with the linear accelerator coupled with the multileaf, (b)
cylindrical phantom after irradiation with 9 fields

PENELOPE simulations were used to match the irradiation and geometry conditions as the
experimental irradiation. The spatial resolution for the simulations was 0.5 mm.

The two dose distributions obtained with the gel and PENELOPE were compared through
beam profiles for each irradiated field.

4.2.2. Results and conclusions

The two dosimetric tools were validated through comparison PDD and BP curves. The
determination of the PDD was made through the equation 1. The PDD curves are shown in
the figure 9 for an irradiation field of 1 x 1 cm?, source-phantom center distance of 100 cm
with energy of 6 MV and absorbed dose of 5 Gy.

The PDD curves obtained with the two dosimetric tools show the same behavior. Maximum
differences of 6.5 % were found in 10.1 cm depth comparing the two curves.

The BP determinations were made in the line along of maximum dose depth (perpendicular
to the beam irradiation) through the equation 2, since D. are de dose in the line where is the
maximum dose, Dn. The BP determinations were irradiated with the same irradiation of the
PDDs. Both BPs curves are show in figure 10.
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The BP curves obtained with the two dosimetric tools show the same behavior, with
maximum differences of 4.3 %, where compare both curves in distances more than size of the
irradiation field. Inside the irradiation field (1 cm?) the maximum difference was of 0.9 %.

The dose-distributions to a conformal irradiation technique obtained with tool dosimeters,
gel and PENELOPE, are showed in the figure 11. The dose-distributions obtained were
compared through the BP, as show in figure 12.

i
£
r :
e
- i 4 1 i 00 i
mm

(b)

Figure 11. Dose-distributions for a conformal irradiation: (a) MAGIC-f dosimeter and (b) PENELOPE
code

The comparisons between gel and PENELOPE showed maximum differences of 0.91%
inside the isodose of 50% .For isodose major of 50% the difference was up to 12.3%.
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Figure 12. Beam profiles obtained with the PENELOPE code and the Magic-f gel.
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From the results obtained it can be infer that the response of the MAGIC-f polymeric gel is
suitable and can be used routinely as a dosimeter in clinical procedures using small fields,
especially in radiosurgery.

4.3. Gamma index comparison for the conformal dose-distribution trough
dosimetric tools

The modern radiotherapy imposes high level of accuracy to deliver absorbed-dose in a
complex way, which depends on beam energy, field size, geometry of the irradiation target
and others aspects. Thus, the generated dose-distributions must be checked rigorously, both
for administered and delivered dose distributions.

MAGIC-f gel with high spatial resolution, effective-atomic-number close to water and an
ability to measure the dose in 3D and also, PENELOPE code are available with a high
concordance and estimate measurement of dose distribution in 3D.

Comparisons of dose-distributions obtained with the simulation and experimental measures
can be analyzed through a beam profile, as showed in the section 4.2, which give us a
limited information of that comparison. A subtraction pixel by pixel of the dose map
technique can offer more information but is not related the tolerance of the position. The
gamma index is a technique that relates to tolerance with the dose and position within a
limited range [47,48]. Dose-distributions obtained with the MAGIC-f gel and PENELOPE
simulation were compared through the technique of gamma index [49].

4.3.1. Materials and methods

The dose-distributions obtained with the MAGIC-f gel and PENELOPE code were
compared by determining gamma index (y) test. A program was developed in MalLab®,
which calculated the gamma index; following the parameters of distance-to-agreement
(DTA) and the tolerance of dose difference. The DTA determines the comparison tolerance
of localization of one pixel from the MAGIC-f dose-distribution to the pixels within
circumference, for an established radius, from the PENELOPE dose-distribution. Likewise,
the dose tolerance parameter determines the comparison tolerance of dose value of one pixel
from the MAGIC-f dose-distribution to the dose values to pixels within circumference, for
an established radius, from the PENELOPE dose distribution.

Thus, the formulation for determining the y values, combining the two criteria: DTA and
dose tolerance, are expressed in the equation 3:

r- \/ ) 20 ®

Ady,  ADY,
Since:

r(r,,r) :| r_rm| is the difference between the position of a reference point of PENELOPE

dose distribution, rm, with the, r, point of the Magic-f dose-distribution, that is being compared.
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o(r,,,r)=D(r)-D, (r,) is difference of doses in the position r and 7.

Adye AD}, are the criteria of DTA and dose difference, respectively.

Thus, to quantify the quality of the y index for any point within range of r-rn is chosen the
minimum value of that range, which express by equation 4.

y(rm) = min{F(rm,r)} V{r} 4)

the y test indicate that the compared of dose distribution can be consider similar into of the
criteria of the DTA and dose difference or not:

7(r,,) <1, indicate that the comparison is acceptable

7(r,,)> 1, indicate that the comparison not is acceptable

4.3.2. Results and conclusions

As shown in the section 4.4, we obtained dose-distributions for the conformational
irradiation of 9 fields of 1x1 cm?, using the Magic-f gel and the PENELOPE code.

Both dose-distributions were compared using the gamma index test through the program
developed using the criteria of DTA of 3 mm and dose tolerance of 3 %. Figure 13 show the y
map, with maximum values up to 2.5.

Figure 13. Gamma index value, obtained from comparing dose-distribution between Magic-f and
PENELOPE.

Analyzing a central region, target volume, of 1 cm diameter from the dose-distribution
obtained by the gel and PENELOPE code, 100% of the dose values pass the test under
gamma index conditions. Although for regions farther than 1 cm only 57% of the dose
values pass this test, which present gamma index values more than 1.

65



66 Frontiers in Radiation Oncology

The results have shown that the response of MAGIC-f gel has a concordance with the
simulated values in the central region. To improve the gel response some studies will be
done to minimize the difference in region with high dose gradient and low doses to that
hereafter it can be used like a dosimeter routinely in clinical procedures.

4.4. Monte Carlo simulation of MAGIC-f gel for radiotherapy using PENELOPE

A way to study and predict MAGIC- f gel results is the use of computational simulation as
the Monte Carlo method. From the codes more commonly used in radiotherapy is the
PENELOPE code. This code allows the “construction” of materials trough the use of the
compound’s chemical composition (i.e., elements present and stoichiometric index, or
weight fraction, of each element), mass density, mean excitation energy and energy and
oscillator strength.

The aim of this application was use PENELOPE to simulate MAGIC- f gel dosimetric
properties and to provide a valuable enhancement in the pre-constructed list of materials
from PENELOPE. For validation the simulated material file (MAGIC-f.mat) the percentage
depth doses (PDD) curves and a dose distribution were used, comparing experimental
values obtained with MAGIC- f gel dosimeter and simulated results [50].

4.4.1. Materials and methods

The components of MAGIG- f gel (water, gelatin, methacrilic acid, copper sulfate, ascorbic
acid and formaldehyde) and its characteristics, like atomic number, density and molar mass,
were input into the PENELOPE 2008 code to build the MAGIC-f.mat and water.mat material
files and for the simulation of PDDs and the conformal treatment. The simulations used 2 x
10° primary particles and 0.01mm? pixel size.

For experimental measurements were used MAGIC- f dosimeter. Relaxometry, weightened in
T2, with a 3.0 T, NMR Philips tomography and head coil were used for the readings of the gel
samples. The images were acquired with a multi spin-echo sequence with 16 echo times,
TE=20ms, TR=4000ms, matrix of 256 x 256 pixels, slices of 3mm thickness. The MR images
were processed and analysed with a program developed in MatLab®, that produces R2 maps.

PDDs and dose-distribution

Simulated PDDs were used to evaluate the MAGIC-fmat constructed by the code.
Simulation conditions were 10 x 10 cm? field size and 100 cm source-skin distance (SSD) for
photon beams of 6 MV and 10 MV and phantoms of 30 x 30 x 20 cm® “filled” with both
simulated materials.

Experimental PDDs were determined using MAGIC-f gel and ionization chamber (IC) of 0.6
cc for 6 MV and 10 MV beams. The measurements with the gel were performed using glass
tubes of 16 cm length and 1 cm diameter filled with gel. The irradiations were carried out
using PPMA cube filled with water and the glass tubes positioned in the center of the
volume. A dose of 10 Gy in conventional irradiation conditions for both beams was used.
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For the measurement of a coplanar dose-distribution, the gel was poured into a PPMA
cylindrical phantom of 10 cm diameter and 15 cm height. The irradiation of the phantom
was made with 5 fields of 1 x 1 cm?, with a Varian 2100 linear accelerator gantry angles of 0°
to 180°. The target was chosen in the center of the cylinder, at 100 cm SSD. The phantom was
irradiated with 10 MV beam with2 Gy per field. The conformal irradiation was simulated
using PENELOPE code in the same irradiation conditions. Both distributions were also
compared through the dose profile.

4.4.2. Results and discussions
PDDs and dose-distribution

Figure 14 shows the PDDs through the simulations and from experimental measurements,
showing them similar behavior. A maximum difference of 1.93% and 1.88% was found for
the 6 MV and 10 MV beams, respectively, when simulated PDDs with MAGIC-f.mat and
water.mat are compared.
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Figure 14. PDDs for water and MAGIC-f simulated with PENELOPE and experimental values for (a) 6
MYV beam and (b) 10 MV beam.

For the 6 MV beam, a comparison between experimental gel and water (IC) shows a
maximum difference of 3.20% until 10 cm depth. Beyond 10 cm the maximum difference is
5.72% in 12.5 cm. The same comparison was performed for the 10 MV beam and a maximum
difference of 1.93% was found until 10 cm depth and of 2.62% at 14cm depth.

The maximum differences between experimental and simulated values are 1.46% (0.5 cm
depth) and 4.3% (17cm depth) for 6 MV beam. Maximum differences of 2.14% (1 cm depth)
and 3.8% (18cm depth) were found for the 10 MV beam.

The study of conformal dose distributions for 10 MV using 5 fields was performed through
simulation using MAGIC-f.mat, shown in the figure 15.a. and experimentally using MAGIC-f
gel dosimeter as shown in the figure 15.b.
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Figure 16 shows the dose profiles obtained from both distributions.

Figure 15. Dose distribution for 10 MV obtained with: (a) PENELOPE; (b) MAGIC-f dosimeter
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Figure 16. Dose profiles of simulated and experimental distributions.

A maximum difference of 0.5% in a radial distance of 0.55 cm inside the field (approximately

half the irradiation field) was found and beyond that distance the differences between the
dose distributions are less than 7%.

The simulations using PENELOPE code showed similar behaviors with the experimental
values. Although discrepancies were found, specifically in the dose-distribution in regions
of low doses, this study shows that the code can be used to simulate the components of the

MAGIC-f gel for these energies. More over, the MAGIC-f.mat file can be useful for studies of
response and comparison of the gel.

5. Conclusions

The validation of the MAGIC-f gel and PENELOPE through the dosimetric parameters,

percentage depth dose and beam profile showed that that both dosimetric tools present
similar behavior.
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The use of two dosimeters for all radiotherapy modalities present in this work showed great
concordance, although discrepancies were found in experimental measurements, using the
MAGIC-f gel, and the simulations obtained with the PENELOPE code.

From the results obtained it can be infer that the response of the MAGIC-f polymeric gel and
simulation by PENELOPE-Monte Carlo code are suitable and can be used routinely as a
dosimeter, in case of the gel, and in the way to study or predict the response and shape of
dose-distribution by the simulation.
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1. Introduction

In radiation therapy, to deliver continuously a sufficient radiation dose to target volume
yields a better therapeutic effect. While, avoiding an exposure to healthy tissues surrounding
the target volume is also an important requirement for suppressing the adverse effect.
Image-guided radiation therapy (IGRT) has potential to achieve the two requirements and
as it’s application, stereotactic body radiation therapy (SBRT) has been used in clinic. In SBRT,
the irradiated field is positioned with millimeter accuracy by proper daily setup. The accurate
irradiation can allow the increase of radiation dose by ignoring the irradiation to the healthy
tissues. Indeed, it has been reported that the treatment result of SBRT is comparable to the
outcome from surgery [1].

As mentioned above, the higher accuracy as irradiation allows the higher planning dose to
the target. However, intra-fractional organ motion, such as respiratory motion of lung, often
makes misalignment of the isocenter and the target volume during treatment fraction. For
example, respiratory motion moves lung tumor over 10 mm per second [2, 3]. In this case,
the irradiation error caused by intra-fractional motion is not negligible in terms of adverse
effect. Therefore, the respiratory motion management is a very important task in the field of
radiation treatment [4].

To take into account the intra-fraction motion of lung tumor, some irradiation techniques
have been investigated. The technique most widely used is the use of internal target volume
(ITV) [5]. ITV includes internal margin determined by the intra-fractional organ motion.
Consequently ITV covers the target volume CTV without misalignment as shown in Figure
1). However, radiation dose must be lower than the case of the irradiation without internal
margin, because the irradiated area also covers normal tissues surrounding the target volume.
On the other hand, a gating technique can give a high radiation dose to the lung tumor [6, 7].

I NT EC H ©2013 Ichiji et al, licensee InTech. This is a paper 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.
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Figure 1. A relationship between target volumes. GTV; gross tumor volume. CTV; clinical tumor
volume. ITV; internal target volume. PTV; planning target volume.

Irradiated area
5

E 'y |t -
£ > € o0
2 . e
s - S
a | d -5
< . %
\ 4
S ) Beam off % 22 24
2 Time{s)

T

off .

Beam

1 20 22 24
LR axis (mm) Time (s)

Figure 2. A schematic diagram of gated radiotherapy. The dots denotes a three-dimensional tumor
trajectory. Irradiation is interrupted when the tumor is out of the region drawn as dotted line. AP, SI, and
LR denotes anterior-posterior, superior-inferior, and left-right axes, respectively.

This is on-and-off irradiation to static region as shown in Figure 2. The radiation dose is
delivered when the target volume is within the area planned preliminarily, and the irradiation
interrupts if the target volume is out of the planned area. The gating technique can suppress
the exposure to healthy tissues and allows high-dose-rate irradiation which is sufficient to
yield a better therapeutic effect. However, instead of high-dose exposure, the gating takes
longer treatment time to yields same therapeutic effect to SBRT due to the interruption.

An ideal irradiation to the moving target is to continuously irradiate a sufficient dose to the
tumor which can be achieved by controlling the radiation beam to chase the moving target [8].
Such real-time tumor following (or chasing) irradiation yields an ideal therapeutic effect and
can shorten the treatment duration. A schematic diagram of the tumor following irradiation
is shown in Figure 3.

The tumor following irradiation requires the following two key techniques at least.

(i) Real-time measurement of tumor position and shape.

(if) Real-time repositioning and reshaping the treatment beam
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Figure 3. A schematic diagram of tumor following radiotherapy. The dots denotes a three-dimensional
tumor trajectory. Moving tumor is continuously irradiated as the region drawn as dotted line. AP, SI,
and LR denotes anterior-posterior, superior-inferior, and left-right axes, respectively.
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Figure 4. A schematic diagram of the tumor following irradiation with system latency. In this example,
the total delay is 1 s and the delay distances the target tumor from the irradiated area over 10 mm.

The first technique for tumor localization has been achieved by using an X-ray fluoroscopic
imaging system such as real-time tumor tracking system [7]. The second technique of
beam-positioning systems can be realized by using dynamic multi-leaf collimator, robotic
couch, robotic manipulator, and so on. However, the tumor following irradiation has not been
developed clinically yet. This is because even we can obtain the precise lung tumor position
in real-time, current radiotherapy machine has mechanical and computational time delays of
up to about 1 s for controlling the irradiation field and image processing [9]. The latency can
definitely affect badly on the irradiation accuracy [10], and must be compensated. Figure 4
shows a schematic diagram of the tumor following irradiation without delay compensation.

Prediction of future lung tumor motion is a typical solution for compensating the system
latency and thus is a hot research topic for the tumor following irradiation. Then, the third
technique is needed to develop the tumor following radiation therapy.

(iii) Real-time motion prediction
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Several prediction methods have thus been proposed for the respiratory motion. These
include linear regression [11, 12], extrapolation [11], artificial neural network [11, 13], Kalman
filter [11], nonlinear regression based on the Takens theorem [12, 14], probabilistic modeling
[15, 16] and so on. More details can be found in a literature such as a survey study of the
prediction of lung tumor motion [17]. A variety of the prediction approaches indicates that
there is currently no best prediction method in clinical use because of the insufficient accuracy.

In general, the prediction is realized as an application of time series analysis. General
prediction methods, such as autoregressive moving average (ARMA) model [18], require a
stationarity of the target time series. However, the respiratory motion essentially has complex
and time-varying characteristics. For example, the repetition of inhalation and exhalation
naturally involves periodicity, but the periods are time-varying. Nevertheless the periodic
component can still help to predict the motion because the past observed motion will arise
again at periodic intervals. It means that we can predict the motion accurately if the period of
target motion is obtained. Thus, the use of the periodicity can be a good approach to predict
the respiratory motion.

The methods that focus on periodic components in respiratory motion have been developed as
seasonal autoregressive (SAR) model-based method [19] and periodic ARMA model-method
[20]. However, the periodicity in the respiratory motion fluctuates with time, and the
adaptation of these methods to time-variant periodic variation seems insufficient yet. For
example, SAR model-based method converts the target motion with time-variant period to
a new motion with constant period to use the SAR model properly. But if the conversion
from time-variant to constant period is incomplete, the prediction accuracy can decrease. On
the other hand, the periodic ARMA estimates the period of the target motion by using long
historical samples of 60 s. However, the use of long historical samples causes a hysteresis and
cannot trace the change of the periodicity. Therefore, to adapt to the time-varying periodicity
still remains as a challenge to accurately predict the respiratory motion.

In this chapter, to predict the respiratory motion by use of its periodicity, a time-variant
seasonal autoregressive (TVSAR) model-based method is proposed [21]. The proposed
method can model the time-variant periodicity more precisely, and we adopt only a small
number of samples to suppress the hysteresis. In the next section, we briefly describe the
characteristics of the lung tumor motion. Then, in section 3, TVSAR model is explained. The
model is based on SAR, but is newly developed to adapt to the fluctuated periodicity by using
unequally-spaced intervals instead of multiples of the constant period. To show the prediction
performance of TVSAR model-based method, experimental result by using some clinical data
sets of lung tumor motion is described in section 4. Section 5 provides concluding remarks.

2. Respiratory motion of lung tumor

Figure 5 shows an example of time series of respiratory motion of lung tumor. The time series
of tumor motion was observed as a location of the golden fiducial marker implanted into
around the tumor, by using a kV X-ray fluoroscopic imaging system known as RTRT system,
with sampling frequency 30 Hz, at Hokkaido University Hospital, Sapporo, Japan [7].

In general, a lung tumor motion involves a periodical component because breathing is
composed of repetition of inspiration and expiration. Figure 6 provides power spectrum
density (PSD) of the tumor motion shown in the top of Figure 5. The dominant frequency
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Figure 5. An example of time series of lung tumor motion.
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Figure 6. Power spectrum density of the respiratory induced tumor motion shown in Figure 5. The
dominant frequency component is found at 0.33 Hz.

corresponding to the respiratory cycle can be found at 0.33 Hz approximately in this example.
This means that the tumor motion has a periodical component induced by the 3 s respiratory
cycle in average.

As is clear from the analysis, one of dominant components in respiratory motion is periodic
variation due to repetition of inhalation and exhalation. However, the period of the motion
is not constant, but a time varying function. Such quasi-periodical nature of the motion is
simply found as fluctuation of peak-to-peak intervals. For example, time interval between a
peak and next peak differs each other even if the amplitude variation is sufficiently small as
shown in Figure 7. This suggests that the dominant frequency is time-varying.

Recalling that the breathing period is time-variant, short-time Fourier transform (STFT),
instead of the normal long-time Fourier transform, was performed on the motion example.
The time-variation of the frequency spectrum is shown in Figure 8. The dominant frequency
at each time is depicted as black dashed line. The line clearly indicates that the respiratory
cycle fluctuates with time. The range of the fluctuation was from 0.298 to 0.360 Hz in this
example.
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Figure 8. Time-variation of power spectrum density. The dominant frequency fluctuates with time. The
range of fluctuation is from 0.298 to 0.360 Hz in this example.

3. Prediction methods

The periodicity found in the respiratory motion is a typical one of nonlinear and complex
nature but also it can be useful to predict itself. That is, the past observed patterns in
the motion will repeatedly arise at constant period. In this section, seasonal autoregressive
(SAR) model is explained as a method with use of periodicity. Also, a limitation of general
SAR model for lung tumor motion prediction is shown. Then, time-variant SAR model is
introduced as a method designed for tumor motion prediction.

3.1. Seasonal autoregressive (SAR) model

Seasonal autoregressive integrated moving-average (SARIMA) model [22] is a general
expression of the time series which changes periodically (i.e., a periodical function of time
such that x(¢) ~ x(t —p - s)).

The SARIMA model of the time series {x(0),x(1),...,x(T)} with period s sample can be
expressed as follows.

¢(B)®(B°)(1— B)*(1—B*)Px(t) = 6(B)O(B")e(t) 1)
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where d and D are respectively the order of local and seasonal integrated components, €(t) is
the Gaussian noise of which mean and variance are 0 and ¢2, respectively, and B is a delay
operator defined by

Bfx(t) = x(t—k), k=1,2,... @)

Then, each components of the SARIMA model are given as follows.

Autoregressive: ¢(z) =1 — ¢z —- - — PppzF (3)
Moving-average: 0(z) = 1+ 61z + - - - + 0,27 4)
Seasonal AR: ®(z) =1 — Pz — - - - — Ppzl (5)
Seasonal MA: ®(z) =1— @1z + -+ - + @QZQ (6)

where p, g, P and Q are the orders of four components in (3)-(6) respectively.

The SARIMA model can express various periodical time series by designing the model
parameters. In the followings, let us consider only the seasonal autoregressive (SAR)
component to avoid the over fitting problem and to simplify the explanation of the prediction
method. Thatis, letp =g = Q =d = D = 01in (1), then for this special case, we can obtain
SAR model for the time series y(t) as follows.

P
y(t) =e(t)+ ) Pp-y(t—p xs) 7)
p=1

where P is the order of the SAR components, Dp,0=1,2,...,Pare the SAR coefficients, and
s are the constant period of the target time series.

Then, to substitute t +  for ¢, the prediction equation by using (7) can be given by

P
(t+h|t) = Z o y(t+h—pxs) 8)

where §(t + h|t) is the predicted value of future time f + h samples with h samples ahead of
current time f, and the term —p X s + h must be not longer than 0 for composing the prediction
by using only past observations.

The equations (7) and (8) show that an essential core of the general SAR depends on an
assumption that each values of the same phase correlate each other. These equations can
provide a simple description with a single model for the periodical variation with period s.
For example, if target time series are given by the following deterministic and fully periodical
function:

N n
x(t) = Ag + 2 Ay - cos (271;1? — qon) ©)
n=1

where Ay,n =0,1,2,...and ¢,,n =1,2,3,... are amplitudes and initial phases for each n-th
harmonic component, respectively. Then, let ®, = 1/P in Eq. (8), the SAR model can well

79
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predict the future value of the periodical function x(t + ) at h-sample ahead future as follows.
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Figure 9 shows a schematic diagram of SAR model-based prediction for simple periodic time
series with period s. In this example, SAR model can predict the target value (drawn as star)
by referring the past observed values (drawn as circles) which are similar to the target value
by using constant period s.

As shown by the prediction example, the SAR model-based equation (8) is useful and
powerful to predict unknown future value of periodic time series. Then, remember that
the dominant component in respiratory tumor motion is periodical component. These facts
suggest that the SAR model is suitable to predict the tumor motion. However, remember that
the periodicity in our target time series, lung tumor motion, fluctuates. The use of constant
period s in equation (8) may be improper for the tumor motion. That is, if the periodical nature
in the target time series changes with time, the constant period will provide a large prediction
error.

A simple solution for adapting the SAR model to the fluctuated periodicity is to substitute a
time-variant period s(f) forthe constant period s given by

P
g(t) = e(t) + Zl<1>p y(t—p-s(t)). (11)
‘D:
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Then the new prediction equation is written as

P
G(t+hlt) =Y @p-y(t+h—p-s(t+h)). (12)
=1

The equation above is about the same to the SAR model-based method [19] and it seems
that it can adapt to the fluctuated periodicity, but this simple extension of SAR model has a
limitation.

For explanation of the limitation, let us consider time series with a time-varying period as a
function of time ¢. For this situation, the instantaneous phase ¢(t) of the time series is given
as a time-integration of the angular velocity w(t), such as #(t) = fot w(t)dt. If the angular
velocity is given as a linear function of time t,

w(t) = wat + wy, (13)

where w,; and wq are constants. And the instantaneous phase is given a nonlinear (the
second-order in this case) function as

1
8(t) = Ewutz + wot. (14)

Then let us assume that s(t) is known or estimated correctly. That is, the term s(¢) can refer
the instantaneous phase same to the target time ¢, i.e., #(t) = ¢(t — s(t)) However, the terms
p-s(t),p =2,3,...,Pin (11) cannot refer the same instantaneous phase, i.e., ¢(t) # ¢(t —p -
s(t)) 4+ 2mp, even if the s(t) is given as a true value.

Thus, the simple SAR model-based solution by using the time-varying period s(¢) cannot
express the fluctuated periodic nature suitably, even if the change of the periodicity is
sufficiently simple such as a linear function of time. This is one of the limitations of SAR
model in the prediction of fluctuated periodical time series such as respiratory tumor motion.

3.2. Time-variant SAR (TVSAR) model

To overcome the limitation of the general SAR model, a time-variant SAR (TVSAR) model
for prediction of the lung tumor motion has been proposed [21]. The TVSAR equation
corresponding to (7) can be expressed as

P
y(t) = e(t) + 21% y(t—ro(t)). (15)
p=

where 7, (t) are reference intervals of the pth order at time ¢.

The reference intervals 7, (t) can be defined as a time interval between the current time and
the corresponding past time which has the same phase to the current one. In other words, if
an instantaneous phase 9(¢) of the time series is given, the reference intervals can be defined
as follows.

ro(t) = argrlgigl\ﬁ(t) — 2o — O(t — k)| (16)
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Figure 11. Schematic diagram of time-variant SAR (TVSASR) model-based prediction for time series
with fluctuated period.
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Figure 12. Schematic diagram of TVSAR model-based prediction system.
Also, if the period is a constant, the reference interval can be expressed by

. d%(t)  2m
t) = f ——=—. 17
ro(t) =pxs, if =2 =" 17)
Note that, the constant reference interval shown by (17) corresponds to that used in the general

SARIMA equations of (7) and (8).

Then, an ideal prediction equation of the time-variant SAR is expressed by substituting ¢ 4 &

for t as follows. ,

Gt+hlt) =) @p-y(t+h—rp(t+h)) (18)
p=1
where the term ht —r,(t +h) < 0.

Figure 11 shows a schematic diagram of TVSAR model-based prediction. The reference
intervals can refer the past values observed which are corresponding to the target value, on
the time series with fluctuated period. Also, Figure 12 shows TVSAR model-based prediction
system.

Note that, in (18), we have to know the reference interval at 1 sample ahead future, but it
is unknown in practice. In this case, we need to estimate it. The estimation method will be
explained in the next section.

3.2.1. Online estimation of reference intervals: Short-time correlation analysis

In TVSAR model, the reference interval r,(t) is an important factor to predict the lung tumor
motion accurately, and must be estimated on-line. In this study, a correlation analysis is
adopted to estimate the reference interval.

The correlation analysis based estimation procedure of the reference interval is as follows.
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1. Calculate a correlation function between the latest subset

[t =), y(t—w+1), ..., y(t = 1), ()} (19
and k-sample lagged subset
{yt—k—w),yt—k—w+1),...,y(t—k—-1),y(t—k)} (20)
where w is a window length for subset time series. The correlation function is given by
LSty — ) — e y(t—k—j) — i
tk)=— 21
(k) = ];) o o (1)

Here y; and oy are the sample mean and standard deviation of the subset time series.

2. The estimated reference intervals #,(t|t) can be obtained by the intervals between k = 0
and the peak points of the correlation function (¢, k) corresponded to each seasonal order

i
7o(t) = ar max tk 22
o) grp(tfl)flgkgrp(tfl)+17( ) (2)

where | defines the search area for the peak of (¢, k).

3. The window length is updated at each time by using the latest estimation of the first order
reference interval as
w = round(0.571 (¢|t)). (23)
Note that the windows length can affect the accuracy and response time to estimate the
fluctuated periodicity. In this study, the window length was empirically set as almost half
of single wave.

The initial condition is defined as follows.
7o(1]1) = p x5, (24)
w = round(0.57 (1]1)) (25)

where § is the average of pre-observed time variant periods of the time series. 5 = 90 sample
was used for this study.

An example of the correlation function and estimated reference intervals are shown in Figure
13. The reference intervals are thus estimated as intervals from lag 0 to p-th local maximum
points of the correlation function.

Time-variation of the correlation function and estimated reference intervals are shown in
Figure 14. As is clear from this figure, reference intervals of lung tumor motion intricately
change with time evolution.

We can now estimate the reference intervals, but we need future value of them for (18).
According to the figure 14, these reference intervals also fluctuate intricately and those
prediction is difficult. So 7,(t + k) cannot be directly used for the prediction in (18). As
a realistic way, we simply extrapolated r,(t + 1) from the current estimation 7,(t|t) with
zero-order hold: 7, (t + h|t) = 7,(t|t). Then, (18) can be rewritten as

P
(t+h|t) = Zcbp-y(wh—fp(t\t)). (26)
p=1
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Figure 13. An example of the correlation function (¢, k) and estimeted reference intervals r,(t), 0 = 1
and 2 for the tumor motion shown in Figure 5.
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Figure 14. Time-variation of the correlation function «(t,k) and estimated reference intervals 7, (t),0 = 1
and 2 for the tumor motion shown in Figure 5.

4. Experimental results

To evaluate the prediction performance of the methods described in Section 3, a prediction
experiment by using clinical data sets was performed.

4.1. Experimental setup
4.1.1. Clinical data sets of lung tumor motion

Three data sets of respiratory tumor motion time series were used for the experiment. All
the data sets were observed with sampling frequency Fs = 30 Hz and provided by Hokkaido
University Hospital. Note that, a part of the data sets and measuring condition have been
already shown in Section 2. Each data sets include three time series that correspond to spatial
axes; left-right (LR), superior-inferior (SI), and anterior-posterior (AP) axes, respectively. The
observational noises included in original data sets were preliminarily eliminated by using the
statistical and low-pass filters. Figure 15 shows the three data sets and Table 1 summarizes
data sets characteristics.
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Figure 15. Three data sets of lung tumor motion. Each rows correspond to LR: left-right, SI:
superior-inferior, and AP: antero-posterior axes.

4.1.2. Tested methods
For comparison of the prediction performance, the following four methods were tested.

1. Zero-order hold (ZOH) method assumes that the latest position of tumor will not change
in future. The prediction equation is given by

9t +hlt) = y(b). (27)

Note that the use of ZOH corresponds to the case that the system latency in radiotherapy
machine is not compensated.

2. First-order hold (FOH) method assumes that the latest position and velocity will not
change in future. The prediction equation is given by

gt +hit) = y(t) + (y(t) —y(t =1)) h. (28)

3. Seasonal autoregressive (SAR) model-based prediction given in (12). Note that the
time-variant period is given as s(¢ + h) = 1 (¢|f).

Case # Range of motion (mm)  Length Evaluation coverage Average period
LR SI AP T samples ts te 3
#1 0.7102 1.5 3500 (116.7 s) 500 (16.7 s) 3500 (116.7s) 91 (3.034 s)
#2 04110 1.6 3228 (107.6 s) 501 (16.7 s) 3228 (107.6s) 89 (2.968 s)
#3 05109 1.6 3900 (130.0 s) 502 (16.7 s) 3900 (130.0s) 91 (3.034 s)

Table 1. Brief summary of tested data sets. Range of motion is average distance from exhalation to
inspiration.
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4. Time-variant SAR (TVSAR) model-based prediction given in (26).

Parameters for SAR and TVSAR models are summarized in Table 2.

4.1.3. Performance indexes

To evaluate the prediction performance, mean absolute error (MAE) was calculated. MAE is
given as a function of prediction horizon h as follows.

1
te —ts

te
Z le(t+h|t)] (29)

t=t,

MAE() =

Here t; and f, are lower and upper bounds for the evaluation shown in Table 1, and e(f + h|t)
is a prediction error defined by the Euclidean distance between the actual position and the
predicted position.

The prediction error is calculated as follows.

i=1

3
e(t +hlt) = \l Y (9t +hlt) = yi(t+1)? (30)

where i = 1,2 and 3 denote LR, SI, and AP directions, respectively.

In addition to MAE, prediction success rate was adopted to evaluate the prediction efficiency
for short treatment time. While treatment, the irradiation must be interrupted when
unacceptable distance between the irradiated field and the target volume is detected for
patient safety. Then, frequent prediction failure may prolong the treatment fraction. Thus,
the rate of prediction success can discover better method. The prediction success rate (PSR) is
defined as follows.

_ Number of successfully predicted samples

PSR(h) = Number of all evaluated samples D)

where the numerator is calculated as the number of the prediction errors within a threshold
for tolerant accuracy. In this study, the threshold was set as 1 mm.

4.2. Results

Figure 16 shows 15 samples (0.5 s) forward prediction examples of tested methods. This
examples were performed on SI direction of the data set #1. According to the prediction
examples, SAR and TVSAR predictions seems smooth and similar to the actual position. Their
errors are around zero, but sometimes the errors become larger than 2 mm. Also, there is a

Parameters
Order P 2
Coefficients &,,0 =1,2,...,P 1/P
Maximum lag for correlation function 400

Table 2. Parameters for SAR and TVSAR models



A Respiratory Motion Prediction Based on Time-Variant Seasonal
Autoregressive Model for Real-Time Image-Guided Radiotherapy 87

(a) ZOH prediction (b) FOH prediction
10,

— -Actual — ~Actual
€ — Predicted = — Predicted
S — -Error £ — -Error
s V= s v
2 .4 2
a ) // a
<] 5
£ £
> =]

[ [
1% 88 90 92 94 96 % 88 90 92 94 96
Time (s) Time (s)
(c) SAR model-based prediction (d) TVSAR model-based prediction
10, 10

— -Actual — -Actual
T s — Predicted T s — Predicted
3 Y 3 % — -Error
5 § o —
3 i
8 8 5
<] 5
E. £ .10
[ [

% 88 2 92 9% 9 %% 88 90 92 94 9%
Time (s) Time (s)

Figure 16. Examples of 0.5 s forward future prediction. (a) Zero-order hold, (b) First-order hold, (c)
Seasonal autoregressive model, and (d) Time-variant seasonal autoregressive model. Gray dots, black
lines, dashed lines denote actual position, predicted position, and distance between the actual and
predicted positions.

difference between SAR and TVSAR predictions at 87 to 89 s. Thus, TVSAR has provided
better prediction. On the other hand, ZOH and FOH predictions are noisy and not fitted into
the actual position. Their errors are frequently larger than 5 mm.

Figures 17 and 18 show MAE and PSR as a function of prediction horizon h/ Fs (s). Each curves
of prediction performances drawn in the figures are averaged over the data sets. Also, error
bars indicates standard deviation of each performances for data sets variation.

As is clear from the figures, TVSAR is superior to SAR constantly. This suggests that the basic
concept of the TVSAR is more proper than SAR for the lung tumor motion prediction, i.e.,
reference intervals can work to improve the prediction accuracy for quasi-periodical nature.
Then, MAE and PSR curves of TVSAR are the least and the highest for prediction horizon
h/Fs > 0.2 s, respectively. It means that TVSAR is the first best method in the tested methods
for the radiotherapy machine with system latency of 0.2 s or longer. The average accuracy
and 70 % of the predicted samples respectively are sub-millimeter. This may suggest that
the TVSAR can perform tumor following irradiation during over 70 % of a single treatment
fraction.

SAR is the second-best, but the average error for prediction horizon longer than 0.5 s is over
1 mm. Note that the difference from TVSAR depends on the use of the second reference
interval in this experiment. Thus, unsuitable referring the past values by using the latest
period, p - s(t), increases the considerable prediction error.

ZOH and FOH are superior to SAR and TVSAR predictions for shorter prediction horizons
< 0.2 s. It is not remarkable because the position and velocity don’t change drastically in
short term in general. The periodicity in the respiratory motion quickly changes the position
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Figure 18. Prediction success rate as a function of prediction horizon &/ F; (s).

and velocity at each peaks. Then ZOH and FOH cannot take into account the changes arisen.
Therefore, their prediction errors drastically increase to unacceptable level with increase in
prediction horizon. Those frequent and large prediction errors cause prolong the treatment
fraction.

5. Conclusion

In this chapter, a prediction method of respiratory induced tumor motion for tumor following
radiotherapy were introduced. The respiratory motion involves quasi-periodic nature as a
dominant component and the motion causes unacceptable error of irradiation due to the
system latency between tumor localization and beam-repositioning. To compensate the
latency, prediction method of respiratory motion is very important and its prediction accuracy
directly affects irradiation accuracy. Then, as a potent prediction method, time-variant
seasonal autoregressive (TVSAR) model was introduced. TVSAR is an extended model
of seasonal autoregressive model to be adaptable to the quasi-periodical nature. An
experimental result by using clinical data sets of lung tumor motion showed the average
accuracy of TVSAR s less than 1 mm for up to 1 s forward prediction and TVSAR is superior to
other methods tested for <0.2 s ahead future prediction. Thus, TVSAR model-based prediction



A Respiratory Motion Prediction Based on Time-Variant Seasonal
Autoregressive Model for Real-Time Image-Guided Radiotherapy

method achieved accurate prediction of the respiratory tumor motion and can help the tumor
following irradiation.
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Chapter 6

Neutron Dose Equivalent in Tissue Due
to Linacs of Clinical Use

S. Agustin Martinez Ovalle

Additional information is available at the end of the chapter
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1. Introduction

When operating linear accelerators of clinical use at energies above 8 MeV, neutrons are
produced when either electron or photon configurations are used [1]. This is mainly due
to the interactions of photons and electrons of such energies with the high-Z materials present
in the accelerator head (target, scattering foils, collimators, etc.) [22]. Because of their
high relative biological effectiveness, photoneutrons are a particular source of unwanted
out-of-field exposure of patients and several authors have pointed out the possibility of
associated risks of secondary cancers after radiotherapy.

The overdose due to neutrons in patients undergoing radiotherapy is difficult to measure
or estimate. Neutron fluence and spectra in water have been measured using bubble
detectors and superheated drop detectors [8, 9, 21], 197 Au-based Bonner spheres [12] and
thermoluminescent dosemeters [11, 35, 40]. [10] measured the neutron fluence at the
patient plane for various linacs using gold-foil activation. [13], using the same technique,
measured neutron spectra for various linacs and determined neutron fluence and ambient
dose equivalents. All these measurements offer valuable information that can be compared
with the results of Monte Carlo simulations.

The Monte Carlo simulation has been used to study different problems linked to neutron
dosimetry. [18] calculated neutron fluence and spectra at different positions surrounding
a Varian Clinac 2100C/2300C linac. [31] studied the production of neutrons in the high-Z
components of a Siemens Mevatron linac. [7] investigated the field size effects, off-axis dose
profiles, neutron contribution from the linac head, and dose contribution from capture gamma
rays, phantom heterogeneity effects and effects of primary electron energy shift in some
Linac configurations. [41] calculated neutron ambient dose equivalent for different collimator
configurations in a Varian Clinac 2300 C/D. [34] studied the effects of modeling different
accelerator head and room geometries on the neutron fluence and spectra for a Siemens
Primus Linac. [3] determined neutron doses to critical organs for a Siemens Mevatron KDS.
Different versions of the Monte Carlo N-particle transport code [5] were used in all these
works. Recently [37], dose to patients due to the emitted photoneutrons were calculated by

©2013 Ovalle, licensee InTech. This is a paper distributed under the terms of the Creative Commons
I m EC H 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.
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carrying out the simulations with Geant4 [2], the latest generation of the old Geometry and
Tracking (GEANT) Monte Carlo code.

Even the Electron Gamma shower (EGS) Monte Carlo code, in particular EGS4 [30], was used
to investigate neutron sources in a Varian Clinac [23].

Despite the large amount of calculations available, there is not much information about the
increase in the dose to patients due to neutrons produced in the linac head. Only very recently,
a detailed study was carried out by [19], who calculated neutron spectra and dose equivalent
in tissue for a Varian Clinac.

Another problem occurring with the previous works is that neutron fluence and doses in
radiotherapy were analyzed with different methodologies, for various Linacs, patient or
phantom models, energies, field sizes, gantry angles, treatment modes etc. As a consequence,
the results obtained until now have significant differences between them as some authors have
pointed out [11, 21, 40].

The neutron contribution yielded by some linacs commonly used for radiotherapy was
evaluated using the Monte Carlo code MCNPX (v. 2.5) [33]. Eight different configurations
for linacs of three different manufacturers have been considered. The approach includes two
main points. First, the various linacs have been analyzed using the same methodology, thus
permitting a meaningful comparison between the results obtained. Secondly, we have focused
on the dose to patients. Thus, we have calculated neutron fluence, neutron spectra, absorbed
dose and dose equivalents in various points of an ICRU tissue phantom. The results from
studies done in this chapter have led to several publications [24-26, 36].

2. ICRU tissue phantom

The phantom used in all cases, a phantom of 100 x 50 x 30 cm3, made of ICRU tissue (11 %
Carbon, 76.2 % Oxygen, 10.1 % Hydrogen and 2.6 % Nitrogen in weight) [16], simulating a
patient was situated with its surface at 100 cm from the source. The Fig. 1 shows schematically
the phantom half, as used in the simulations.

0 ? (? ? 1|2 1|5 1‘8 2‘1 2|4 2|7 3|03§’> 3‘6 3|94|2 4|54|8

0.1

55 —]

10.5—

0

156.3—

Figure 1. Outline of 1/2 ICRU phantom indicating the position of the cells in direction at axis Z
radiation and outside the axis.

Dark gray cells are the positions where the neutron determinations and shown correspond to
the axis and transverse positions situated off axis, between 0 and 48 cm, and 0.1, 5.5, 10.5 and
17.1 cm deep. In order to improve the statistical distribution of the cells with depth in the
radiation beam axis increases proportionally with the depth from 2.0 x 2.0 x 0.1 cm?, in the
surface, to 2.0 x 2.0 X 2.4 cm3, in deep.
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3. Description of linacs

We studied three brands of accelerators. The simulated models correspond to the linacs
Varian Clinac 2100C/D for configurations of 10, 15, 18, and 20 MV, Elekta Inor of 15 MV
Elekta SL-25 18 MV and Siemens KDS 18 MV. The geometries were constructed according
to manufacturer’s specifications and following some recommendations from previous work.
Both the jaws as the system multileaf (MLC) were fitted in all cases to achieve a treatment field
of 10 x 10 cm?, with which all simulations were performed.

Siemens KDS Elekta Inor Elekta SL.25 Varian Clinac

18 MV 15MV 18 MV 15 MV 18/20 MV

target  materials Au W/Re W/Ni/Fe W
[%] 100 90/10 95/3.75/1.25 100
plgemI] 19.3 19.4 18.0 19.3

target  materials Cu Cu Cu
cover [%] 100 100 100
o lgem™3] 8.96 8.96 8.96

primary materials W W /Ni/Fe Pb/Sb w
collimator [%] 100 95/3.75/1.25 96/4 100

p[gem3] 19.3 18.0 11.12 19.3
flattening materials Cr/Fe/Ni Cr/Ni/Fe w Ta/Fe

filter [%] 18/74/8 18/74/8 100 -

o lgem™3] 8.03 8.03 19.3 16.65/7.874
secondary materials W W/Ni/Fe Pb/Sb Y
collimator [%] 100 95/3.75/1.25 96/4 100

o [gcm 3] 19.3 18.0 11.12 19.3
multileaf materials W /Ni/Fe Pb/Sb W
collimator [%] 95/3.75/1.25 96/4 100

o lgem ™3] 18.0 11.12 19.3

jaws materials W W/Ni/Fe Pb/Sb Y
[%] 100 95/3.75/1.25 96/4 100
p[gcm 3] 19.3 18.0 11.12 19.3

Table 1. Materials of the various elements of the linac heads considered in this work. The percentage
compositions and densities, p, are also given. The Varian Clinac flattening filter for 18 and 20 MV is
made of Ta with a cover of Fe.

The differences between marks of accelerators, are primarily concerned with the materials
used in the construction of each of the parts of the head of the linacs, as the target for X-ray
production, which is usually embedded within a shell material which is usually Cu, the
flattening filter or filters, with some models of those studied here compose of a double filter
flatter built of different materials depending on the marks, the MLC and the jaws, which are
usually constructed of W, and the outer shield , which is usually of Pb and Fe. All these
components, are responsible of the production of neutrons in the head of the accelerator. The
materials that make up each of these elements and their densities for the accelerators studied
here are summarized in Table 1.

The evaluation of this production cannot be neglected if one considers that these devices
produce neutrons to the order of 1012 neutrons per Gy in conventional radiotherapy treatment
[10]. Furthermore it has been demonstrated in previous studies [23]; [34]; [22] that in
fact, neutron production is defined by the material used and its respective threshold to the
photonuclear reactions. For example, it is noted that Varian models used materials (see Table
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Figure 2. Geometry of an Elekta accelerators.

1), with Z higher than those used by other models for the construction of the head. This aspect
will be reflected in the production of neutrons of the Linacs.

The mechanism that allows the generation of neutrons, is mainly the reaction (v, n), which
depends on the energy of the photons incident on these materials. The threshold energy of
the incident photon to produce this type of reaction is 7.6, 6.2, 6.7, 13.1, 7.6 and 8.1 MeV for
Ta, W, Pb, Al, Fe and Au, respectively [27], which are the main components of the target,
flattening filter, jaws, MLC systems and shield of different teams studied. This means that the
photoproduction mechanism is fully guaranteed for accelerators with energies above 10 MV.

Fig. 2a shows the geometry of an Elekta accelerator. These geometries correspond the Inor
model of 15 MV and SL25 of 18 MYV, in this case, the geometries of the two models have the
same characteristics in terms of dimensions of the various elements; the differences are in the
materials used in construction of the target, MLC system and jaws as seen in Table 1. Fig.
2b shows the target (1 mm in diameter) and target cover of Cu with the dual flattening filter
system, constructed of stainless steel.

Each of the accelerators studied requires a previous tuning process, in order to establish the
energy of incident electrons, to make it suitable for calculations. This process is carried out
by comparison between the curves of percentage depth dose (PDD) simulated and measured,
the latter provided by each of the radiophysics services from hospitals in which the respective
model is studied. However, for models Varian Clinac 2100 C/D of 10 MV and 20 MV, it was
not possible to get the experimental PDD.

The process starts by estimating the energy values around the nominal energy value of the
accelerator. For each of these energies: TPRy( 19 maguitude is calculated. Which is the amount
recommended by dosimetry protocols based on both air kerma patterns, as in patterns of
absorbed dose in water [14, 17, 39]. This quantity is defined as the ratio between the absorbed
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Figure 3. Comparison of PDD’s calculated with MCNPX for Inor Elekta accelerators of 15 MV (left) and
Elekta SL 25 of 18 MV (right) with those measured experimentally.

dose in the beam axis at 20 cm and 10 cm deep in a water phantom, obtained with a source
detector distance constant of 100 cm and a field size 10 x 10 cm? in the position of the detector.

Having determined the values of TPRy 1o to the energies considered, a calibration curve is
established and from the experimental value of TPRy 19 a tuning energy is obtained. Fig. 3
compares the experimental PDD, that were measured in hospitals Ramén and Cajal of Madrid
(Spain) and Hospital Rio Hortega of Valladolid (Spain), with those obtained after tuning to
Inor Elekta accelerators of 15 MV and 18 MV SL-25. As we see the agreement is excellent.

The value of the maximum dose due to photons supplied by the accelerator in the build-up
region is extacted from the simulated PDD. In the case of Elekta accelerators, these maximum
values are 6.06 x 1071° y 1.09 x 10715 Gy of photons emitted per electron, and are at 3.0 and
3.2 cm depth, respectively. These depths are in good agreement with those published in the
[4], for accelerators of this energy. The dose values found in the build-up region are the value
reference against which the dose equivalent due to photoneutrons is expessed.

Let’s say in conclusion that for Elekta models, the electron beam incident on the target is
simulated by a Gaussian of mean value 13.77 MeV and 0.8 MeV of FWHM for the Elekta Inor,
and 16.1 MeV and 1.5 MeV for the Elekta SL-25.

The next accelerator that was studied is the Siemens Mevatron KDS in configuration of 18 MV
(Fig. 4), the electron beam that impinges on the target (also of 1 mm diameter) was simulated
using a Gaussian of average value of 15.5 MeV and 1.5 MeV of FWHM. This energy is selected,
Based on the previous tuning of the accelerator by means of the experimental PDD and was
provided by the Hospital Universitary St. Cecilio of Granada (Spain) (Fig. 5). The maximum
dose due to photons supplied in the region of the build-up is de 4.48 x 10~'° Gy of photons
per emitted electron and is 3.2 cm deep.

The last accelerator studied and one of the most commonly found with dual energies of 6
and 15 MV or 6 MV and 18 MYV, is the accelerator Varian Clinac 2100 C/D. Fig. 6 shows the
geometry corresponding to the configurations of 10, 15, 18 and 20 MV of photons. In this
case the electron beam incident on the target of 1 mm diameter is simulated, respectively, by
a monodirectional and monoenergetic beam of 10.5, 15.04, 18.3 and 20.5 MeV. These energies
are obtained in tuning of each of the accelerators, by comparison with experimental PDDs,
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(a)

Figure 4. Geometry accelerator Siemens KDS of 18 MV.

Figure 5. Comparison of PDD calculated with MCNPX for accelerator Siemens KDS of 18 MV and

measured experimentally.

which were supplied by the Hospital Clinic Universitary of Valladolid (Spain) (for 15MV) and
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the Hospital Virgin of the Nieves in Granada (Spain) (for 18 MV).

The energies of tuning for the accelerator 10 and 20 MV were taken from [23], who simulated
these models. The maximum dose due to photons in these accelerators in the build-up region
are 2.78 x 10716, 4.85 x 1071, 6.57 x 1071¢ and 1.18 x 10~ Gy of photons per emitted
electron, and are at 2.8, 3.0, 3.2 and 3.4 cm depth, respectively, for the four configurations

analyzed.

In Fig. 6a, the geometry maintains the same dimensions for the four configurations studied,
except for materials used in the manufacture of components (see Table 1). Fig. 6b shows,
the target and your cover and the flattening filter. These accelerators are equipped with MLC
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Figure 7. Comparison of PDD calculated with MCNPX for accelerators Varian Clinac 2100 C/D of 10, 15,

18, and 20 MV and the measured experimentally for 15 and 18 MV.

system, similar to the Elekta models studied. Fig. 7 shows the different PDD’s of tuning for
each Varian accelerators studied

In this case, the geometry used for the simulations was constructed from 93 geometric
elements which include cones, cylinders, spheres, truncated cones, parallelepiped, triangular
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prisms, pyramids triangular, and quadrangular pyramids. In the simulations the Elekta
accelerators, the shielding cover of Varian accelerator was included, because it was not
possible to obtain data on the dimensions of the shielding cover of Elekta accelerator,
considering that the materials used by different manufacturing for shielding the head are
similar. wherever the shielding cover is not included we have called it geometry simplified in
contradistinction is full geometry where the shielding cover is included.

The objective to study simplified and full geometries is due to the different positions opposing
about the shielding against neutron radiation. Works like of the [23] established minimal
differences in using of simplified geometries and complete for calculating photoneutrons. This
has led most authors to use simplified geometries in their calculations [32]; [20]; [7]; [42]; [34];
[3]; [28]. Taking advantage that we have the complete geometry of the accelerator Varian
Clinac 2100 C/D, we have studied the influence of the shielding cover in this study.

4. Monte Carlo simulation

As noted above, once the tuning of each accelerator, was held from the simulated PDD, the
depth at which it obtain the maximum absorbed dose due to photons in the region of the
build-up was determinated. This value is used as reference to express all the calculations
reported here for neutron dosimetry.

4.1. Neutron fluence in ICRU tissue phantom

The fluence of neutron in each accelerator is initially calculated as a function of depth into the
phantom and on the axis of central radiation.

Fig 8 shows the results of fluence for the six accelerators studied. The white squares
correspond to the Varian accelerators, the black circles to the Elekta accelerators and the white
circles to the Siemens accelerators. The results have been grouped in each panel according
to energy. As seen, the shape of the fluence curve as a function of depth on the phantom is
similar in all accelerators. The differences between them are summarized in Table 2, showing
the highest values of fluence, ®max and depth at which this maximum is reached, dmax . As
we see, this depth varies between 2.03 and 2.55 cm in all cases except for the Elekta SL-25 of
18 MV for which the maximum is at 3.61 cm.

DPmax dmax

linac [em™2] [cm]
Siemens KDS 18 MV 0.37-10~% 2.20
Elekta Inor 15MV  0.39-1078 2.55
Elekta SL25 18 MV 2.07-10~% 3.61
Varian Clinac 15 MV 1.46-10°8 2.32
Varian Clinac 18 MV 3.25-107% 2.03
Varian Clinac 20 MV 5.30-1078 2.22

Table 2. Maximum fluence per emitted electron, ®max, and depth at which this maximum is reached,
dmax, for the various configurations and linacs studied.

The maximum fluence of neutron, increases with the energy in accelerators of the same model.
The maximum fluence is seen in the Varian 20 MV and is 1.6 times greater than in the Varian 18
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Figure 8. Neutron fluence by electron emitted as a function of depth in phantom of ICRU tissue for each
of the accelerators. Z = 0 corresponds to the surface of the phantom.

MYV, while that in Varian 18 MV it is 2.2 times greater than in the Varian 15 MV. The difference
is even greater among Elekta, in which the maximum fluence of SL-25 is 5.3 times greater than
that of Elekta Inor. On the other hand, the models Varian Clinac models show a considerably
higher fluence than Elekta and Siemens in models of the same energy. In fact, the maximum
fluence in Varian Clinac of 18 MV is 1.6 times larger than in Elekta SL-25 of 18 MV and 5.6 times
higher than that found in the Siemens KDS of 18 MV. For energies of 15 MV, the maximum
fluence found in the Varian Clinac is 3.7 times that found for the Elekta Inor.

The production of neutrons due to photons in each accelerator appears to be linked to the
target materials and to a lesser extent, to the other elements in head. As shown in Table 1, the
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Figure 9. Comparison of the neutron fluence in a Varian Clinac 21EX accelerator of 18 MV [19] and the
obtained for a Varian Clinac accelerator 2100 C/D, in this study.

target in the case of Varian Clinac is W, in the Siemens KDS is Au, while in Elekta is a mixture
of W with other lighter elements. Moreover, the flattening filter in both the KDS as in Elekta
models are made of lighter materials that filters of Varian. The jaws and multileaf include
heavy materials in all the analyzed linacs.

Neutrons emitted from the target have average energies between 1 and 1.5 MeV. At these
energies, the probability of neutron capture is negligible and neutrons mainly suffer elastic
collisions (with Hydrogen), losing energy until they become thermal neutrons. Because of
this, there is an increase of fluence to a maximun peak in the depth between 2-3 cm. When this
maximum is reached, the neutron spectrum is more thermalized and begin to disappear by
neutron capture processes, "*N(n,p)'#C and 'H(n,y)?H, much more likely at thermal energies,
and the fluence decreases monotonically with depth. It can be considered that at 2 — 3cm deep
the net fluence decreases moderately and with a thickness of 7 and 10cm There is radiation to
half, but there is also a certain dependence of the size of the phantom.

Fig. 9 compares the fluence for two different models of accelerators of the same mark,
operated at 18 MV. On one side are the results of [19] for an accelerator Varian Clinac 21EX
(black squares). With the results we have obtained here for the Varian Clinac 2100 C/D.
Fluence values are normalized with respect to the maximum in both the cases.

The phantom used in the two calculations is ICRU tissue, of the same geometric
characteristics, and we find, an agreement until 17 cm depth, in deeper points, near the base of
the phantom, we observe an increase in the curve of [19]. This may be because their simulation
includes the treatment table, and it can produce backscattering of neutrons in it, which could
contribute to the total fluence in the deepest zone of the phantom.

4.2. ICRU phantom in front of a neutron source

Then we studied the behavior of the ICRU phantom in front of the neutron flux coming from
the linacs. The effect can be studied if we calculate the spectra of fluence of neutrons just
before the phantom and inside. A tally detector was located in air at 10 cm from the surface of
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Figure 10. Spectrum of neutrons in air at 1 cm above the phantom (solid lines) and 1 cm inside the
phantom (dotted lines).

the phantom, on the beam axis, and another at 1 cm into the phantom, also on the beam axis
to achieve this end.

Energy spectra are shown in Fig. 10, wherein the histograms with solid lines correspond to
the spectrum in air, while the histograms with dotted lines correspond to the spectrum within
the ICRU tissue. We highlight some important aspects. It is observed in all cases that the peak
is more pronounced at high energy and corresponds to the spectrum of fluence in air. This
peak is due to fast neutrons that are emitted directly from the head of the linac.

The energy of these fast neutrons is within the energy range between 0.1 and 2 MeV proposed
by [29] and [15] except the Elekta accelerator SL-25 of 18 MV, which emits neutron with energy
significantly higher than the other accelerators studied.

It was also observed that at low energy, the thermal peak in tissue is greater than the thermal
peak in air in all cases. This behavior is due to increased thermal neutrons that are caused by
the interaction of fast neutrons primarily with the hydrogen the phantom. The thermal energy

101
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range can be considered, according to Fig. 10, between 19 meV and 0.28 eV for all accelerators
studied. Between the two peaks of neutron (thermal and fast), is find an epithermal neutrons
spectrum that should not be neglected in the process of thermalization.

It is generally observed that, when passing from air into phantom, a significant decrease of
fast neutrons and the increase in all cases of thermal neutron and epithermal neutrons accurs
in all accelerators. It is concluded that phantom behaves as a moderador of neutrons due
to its high content of 'H, just 11.1% of total the ICRU phantom, with a threshold of thermal

production of only 2.2 MeV [8].
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Figure 11. Absorbed dose due to neutrons as a function of depth in tissue ICRU for the different
accelerators. The values are normalized to the maximum absorbed dose due to photons.
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4.3. Absorbed dose due to neutrons

The radiation absorbed by the phantom ICRU, was calculated the kerma, which estimates the
radiation absorbed by the medium, when exist balance of charged particles; in forward called
absorbed dose, D.

The D due to neutrons was determined for all accelerators. The values obtained for the various
configurations are shown in Fig. 11. The absorbed dose due to the neutrons in each case,
is normalized to the maximum absorbed dose due to photons, however, we note that the
absorbed dose in the Varian Clinac accelerator of 18 MV is slightly higher versus the Varian
Clinac of 20 MV, although the flow is higher for the latter. This is because the values of
absorbed dose due to neutrons are normalized to the maximum absorbed dose due to photons
within the phantom.

The surface of phantom in Fig. 11, simulates the skin. The absorbed dose in each configuration
is different according to this consideration. In the case of Varian of 15 MV this is 6.2 times
greater than for Elekta Inor. The absorbed dose for Varian at 18 MV is 1.7 times greater than
in the Elekta SL-25 and 7 times greater than the provided by Siemens KDS. The absorbed dose
decreases with depth in all cases. To characterize this reduction, we determined depth in the
tissue, at which the absorbed dose is reduced by 10% compared with the value in skin. For
the Varian model, this depth is ~ 9.5 cm, for Elekta models: ~ 8.5 cm in the Inor linac and
~ 12.5 cm for the SL-25. Finally, for the Siemens KDS it was found that this distance is ~ 10
cm. These differences so marked are related, as we have been arguing, with high Z materials,
used in the construction of equipment components, resulting in the generation of greater or
lesser number of photonuclear reactions.

The absorbed dose decreases exponentially in the first 15 cm, in all cases, confirming that in a
conventional treatment with a linear accelerator, the organs that are closer to the surface will
receive a higher dose that the deeper organs.

4.4. Dose equivalent due to neutrons

The amount of radiation absorbed into tissue or organs may cause very different biological
effects, and depends on the type of radiation or agent that produces particles, the value of
the absorbed dose D is typically multiplied by the quality factors associated at the type of
radiation, to find an equivalent in energy absorbed. The resulting quantity is called dose
equivalent, H.

The dose equivalent is the amount that actually determines the biological damage to tissue
or organs. The calculations of H are expressed in uSv-UM™!, relative on the maximum
absorbed dose due to photons that provides each accelerator in the region the build-up and
then converted to Monitor Units (MU), where 1 MU = 1 cGy. According to [19], we have:

H =Y D(E) - Qu(E), 1
E

where D(E), is the absorbed dose in tissue due to neutrons and calculated from the F6 tally
([33]), and Qn(E) is the quality factor for neutrons of energy E in the corresponding material
medium, in our case ICRU tissue [38]. H can also be calculated from the spectrum of fluence
as:

H = ;CI’(E) ~Kk(E) - Qn(E), @)
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Where @ (E) is the neutron fluence, calculated by F4 tally ([33]), k(E) is the kerma factor for
neutrons of energy E in tissue, calculated by [6], and Qn (E) arequality factors for H, C, N, and
O, calculated by [38]. The product @ (E) - k(E) represents the absorbed dose D(E).
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Figure 12. Dose equivalent per unit monitor in function of depth along the direction of the incident
beam.

Fig. 12, shows the values of dose equivalent calculated for all accelerators studied, calculated
with equation 1. If we consider the cell surface dimensions 2.0 x 2.0 x 0.1 cm?, which simulate
the skin of thickness 0.1 cm, we can calculate the dose equivalent would receive this small
portion of tissue, due to each accelerator which is 5.49, 7.34, 26.71, 33.01, 47.8 and 57.4
]JSV~UM_1 for Elekta Inor, Siemens KDS, Elekta SL25 Varian Clinac de 15, 20 and 18 MV,
respectively. As can be seen the highest value corresponds to the accelerator Varian Clinac 18
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MYV and the lowest for Elekta Inor accelerator followed Siemens KDS. It is further noted that
H(z) decreases significantly after 20 cm depth in all cases.

H(0) A x° per d.o.f.
[4Gy - MU)"']  [em™1]
Varian Clinac 15MV ~ 37.0£0.9 0.263£0.007 1.45
Elekta Inor 15 MV 6.3£0.2 0.26£0.01 1.18
Varian Clinac 18 MV~ 64.0 1.0 0.251+0.004 1.52
Elekta SL.25 18 MV 31.0+0.9 0.178+0.006 2.26
Siemens KDS 18 MV 8.5+0.3 0.224+0.009 0.95
Varian Clinac20 MV~ 54.5+1.3 0.242+ 0.006 2.81

Table 3. Values of the parameters of the fitting function 3 obtained for the dose equivalent values
corresponding to the linacs analyzed in this work. The x? per degree of freedom is also given.

The behavior shown by H(z) depending on the depth on the phantom suggests an exponential
dependence allowing a fit the data to a function of the form:

H(z) = H(0) exp (~A-2), )

where H(0) is the maximum dose equivalent in surface and Z indicates the depth. The results
of this adjustment are summarized in Table 3.

A first important aspect to note is the fact that the values of A are quite similar in all cases,
ranging between 0.178 and 0.263 cm ™~ 1. Both H(0) and A coefficients depend on the primary
spectrum of neutrons produced in first generation on the target and flattening filter of each
linac by photon-neutron reactions, which in turn depends on the energy of electrons incident
on the target and of course the components of the target. The coefficient A depends of the
phenomena the interaction of these primary neutrons with ICRU tissue, being predominant
the elastic scattering on Hydrogen.

The cross section of elastic collision of the Hydrogen with the neutrons, depend inversely with
of the energy themselves, being 0.3 cm~! for 1 MeV, and between 0.1 and 0.2 cm ™~ for 3 MeV.
Note the similarity of these values with the coefficient A which gives the fit for all the curves
in Table 3.

The Fig. 13 compares the dose equivalent in depth obtained for three Varian accelerators
operating at 18 MV: The Clinac 2100 C/D studied by us, the Clinac 21EX considered by [19]
and a Varian generic simulated by [8] using a monoenergetic beam of neutron in direction
perpendicular at phantom of water. Here the values of H(z) are normalized to the maximum,
Hmax. As we see, our results (squares) are slightly on-top of the other authors in the area of
intermediate depth, between 5 and 10 cm, approximately.

These differences may be related to the following motives: The accelerator studied by [19] is a
Varian Clinac 21EX, equipped with a Millennium MLC of 120 sheets. In our case, the MLC is
one of 80 sheets. But apart from this difference, the tuning energy used by [19] was 18.0 MeV,
which differs from that set in our case (18.3 MeV). This difference in the energy of the initial
electron, produce variations in the absorbed dose due to photons, and more specifically, its
value at the isocenter, which, as already seen, can lead to differences in the values of H.
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Figure 13. Comparison of the dose equivalent normalized to the maximum due to neutrons calculated
in this study, with published results by [8] and [19].

The differences with the calculation of [8] are more evident due to that, as indicated; consider
a monoenergetic beam of neutrons of 0.24 MeV. Both the material of phantom, and that is not
considered the actual spectrum of the neutrons, are very outstanding aspects.

Now we analyze the profile of H outside the beam axis. This is important because, in a real
treatment, the patient receive neutron radiation in all the body [25]. The Fig. 14 shows the
results of dose equivalent profiles in function of distance from the central axis, at depths of
0.1 (open squares), 5.5 (dark squares), 10.5 (white circles) and 15.3 (black circles) cm, in the
phantom ICRU for different accelerators studied.

In all cases, a general trend we observe: the dose equivalent decreases rapidly within a few
inches away from the beam axis, to reach some uniformity. The region in which said reduction
occurs depends on the type of accelerator, but is mainly related to the size of the radiation
field. Indeed, an important part of H is transferred by neutrons with energies between 200
keV and the maximum available energy, 1-3 MeV. For distances larger than 5 cm off-axis
beam (remember that the radiation field is the 10 cm?), neutrons do not come directly to the
phantom, but must pass through the jaws and in general the shield. This produces a reduction
in its energy, which depend on the component materials of the head and the distance that
must to traverse through within these materials. In the case of Elekta accelerators, the dose
equivalent is increased at a distance exceeding 30 cm off-axis, which does not occur in other
accelerators, at least as clearly. It should be noted here, that the Elekta accelerators analyzed
have a flattening filter double, to which is added the fact that also a part of their secondary
collimating system is oriented perpendicularly to the axis of radiation (see Fig. 2), which does
not occur with the other accelerators. In conclusion the dose equivalent tends to be much
more uniform and smaller, when increases the depth in the phantom. This is an important
aspect to be taken into account for calculating the dose equivalent in organs [25].

4.5. Comparison of simulations and experimental measurements

If we analyze the Monte Carlo calculations and the experimental measurements, we observed
differences that can be explained, taking into account the major problems when measuring
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Figure 14. The profiles H to depths of 0.1 (open squares), 5.5 (dark squares), 10.5 (white circles) and 15.3
(dark circles) cm, inside the phantom, in direction transverse to the beam axis.

the neutron fluence. The sensitivity of the detectors used depends significantly on the neutron
energy and this greatly influences the experimental measured of dose equivalent H.

The Fig. 15 compares experimental measurements of H, made with bubble detectors and
detectors based on the CR-39 polymer by [21] and [8, 9] in water, with calculations of dose
equivalent by Monte Carlo in function of depth and in the direction of central axis. The
lower panel shows the results for 18 MV accelerators, together with the results obtained in
our calculations for the Varian Clinac accelerators, Elekta SL 25 and Siemens KDS, in the top
panel the corresponding to accelerators of 15 MV. For the Siemens Primus accelerator of 15
MY, it is observed that measures of [21] in surface are similar to the results of the calculations
for the Varian Clinac of 15 MV in this work; but with increasing depth, these experimental
results show much higher values than those obtained by [8, 9], which are more consistent
with Monte Carlo calculations performed in this work, especially for 15 MV.
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Figure 15. Dose equivalent H in function of the depth, calculated in accelerators of 15 and 18 MV,
compared with measurements on a Siemens Primus of 15 MV [21], a Siemens KD-2 of 15 MV and a
Varian Clinac 2100 C of 18 MV [8] and a CGR Saturne of 18 MV [9].

This is the general situation for all employees measurement systems for neutrons, without
having to date, the ideal detector that can respond at any desired energy range. This is where
Monte Carlo once again becomes the tool adequate for such studies.

In Fig. 16 we compared profiles dose equivalent H(y) measured and calculated in this study,
in function on the distance to the axis of incidence and for several accelerator of 15 MV (top
panel) and 18 MV (bottom panel). The behavior of the profile of H(y) is very similar in all
cases, with rapid decrease in the first 10 cm, from which have small variations, except in
the accelerators Siemens KDS 18 MV and Elekta Inor of 15 MV, due to low production of
photoneutrons, as demonstrated above. In the top panel of Fig. 16 shows some agreement
between the experimental results for the Siemens Primus accelerator and simulations for the
accelerator Varian Clinac analyzed in this study.

This suggests that the bubble detectors BD-PND used have an acceptable response in surface,
as mentioned before, which does not occur with BDT bubble detectors used in depth for the
measurement of thermal neutrons by [21]. In general, we see that from the 10 cm off axis,
H(y) has small variations, very similar behavior to that found in the studied profiles in Fig.
16.
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Figure 16. Profiles of dose equivalent to Z = 1 cm into the phantom ICRU, as function of the distance
transverse to the beam axis, for linacs of 15 and 18 MV, compared with measurements of a Siemens
Primus of 15 MV [21], a Siemens KD-2 of 15 MV [8], a Varian Clinac 2100 C of 18 MV [8] and a CGR
Saturne of 18 MV [9] and calculations for a Varian Clinac 21EX of 18 MV [19].

5. Conclusions

In this work, the photoneutron production in four linacs with a total of six energy
configurations has been analysed using the Monte Carlo code MCNPX. A detailed simulation
of the geometries of the linac head has been carried out. The aim was to study the neutron
dose equivalent in patients treated with these linacs in order to compare the differences
between them. The important point was that the same methodology was used in all the cases,
something not done till now for some of the quantities of interest here analysed.

A first result to be pointed out concerns the considerably larger photoneutron production
of the Varian Clinac 2100C in comparison with the Elekta Inor and SL-25 and the Siemens
Mevatron KDS for the same energy. This larger production can be linked to the materials
used to built-up the target in each specific linac. In any case, the maximum fluences observed
for the various linacs show a dependence almost linear with the tuned energies of the electrons
incident in the target.

Neutron spectra in air, nearby the phantom and at a depth of 1 cm in the phantom were
calculated. In air, the spectra are characterised, in all cases, by a pronounced peak at high
energy (200 keV to 3 MeV). This peak reduces notably inside the phantom, where a peak at
thermal energies appears due to neutron moderation by the medium.
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Absorbed doses and dose equivalent show a similar behaviour, as a function of the depth
in the phantom: they reduce strongly with the depth. This reduction can be reproduced
by means of an exponential function in which the reduction rate, obtained after the
corresponding fit procedure, is closely related to the cross section for elastic neutron with
Hydrogen collisions at the maximum energies present in the neutron spectra obtained in the
simulations.

The trend of the dose equivalent values, as a function of the transverse axis distance to the
beam axis, depends strongly on the radiation field used. For large distances to the beam axis,
these doses are uniform, except for the Elekta Inor and SL-25 accelerators in which they grow
up. This is linked to the material present in the secondary collimators of the linacs.

One of the main points of our work concerns the determination of the dose equivalent due to
neutrons inside the phantom. This has permitted to gain insight about the dose distribution
in patients submitted to radiotherapy with photon beams 15 MV. As a result, it was found that
surface organs are the most affected by the overdose produced by neutrons.
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1. Introduction

Metastasis is the leading cause of cancer death and in patients with proven distant
metastases from solid tumors, it has been a notion that the condition is incurable and the
treatment is usually conducted with palliative intent, with rare exceptions. Treatment
predominantly involves the use of systemic chemotherapy, targeted radiotherapy or local
measures typically reserved for symptom relief (Argiris, 2004; Escudier, 2007; Hurwits,
2004). Chemotherapy is delivered without expectation of long term survival, except for
highly chemosensitive malignancies, such as leukemia, lymphoma, and germ cell tumors.
According to the conventional treatment strategy for solid tumors, the presence of
metastatic disease is a contraindication for local therapy because it is believed that these
tumor cells have already spread systemically. However, from the viewpoint of reducing
tumor burden, local therapy may be an adequate strategy when the target lesions account
for the major portion of the total tumor volume. The local therapies are metastasectomy,
heating or cooling, and radiotherapy.

In a subset of patients with a limited number of metastases or oligometastases, local ablative
therapy, such as surgical resection, can potentially yields favorable outcomes. For instance, in
surgical literature, it has been demonstrated that surgical resection of limited lung and liver
metastases has results in prolonged survival and possibly cure in a significant proportion of
patients with oligometastases (Fong, 1999; Friedel, 1994). International registry of lung
metastases reported that lung metastasectomy is a safe and curative procedure in selected
patients with disease free interval (DFI) > 3 years, single lesion and germ cell tumor (Pastorino,
1997). And the lung and liver metastasectomy is a surgical approach used in colon and breast
cancers, with upto 22% of colon cancer patients surviving 10 years and 35-46% of breast cancer
patients surviving upto 5 years (Fong et al, 1999; Friedel et al, 1994; Pocard et al, 2001).
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However, resection may not be feasible in patients of extremely advanced age or with poor
cardiopulmonary function or multiple comorbidities because of the risk of significant
morbidity and mortality in these settings. In such patients, external radiotherapy is often the
treatment of choice. However, this treatment also has its drawbacks, including the potential to
damage adjacent or nearby structures and its association with a local failure rate that is higher
than that was seen in resection. To minimize collateral injury to normal tissues, adequate
fractionation (e.g. 1.8-2.0 Gy/fraction) over 6 to 7 weeks is commonly used. The use of
radioablative treatment such as using stereotactic radiosurgery (SRS) or stereotactic body
radiotherapy (SBRT) to overcome problems with normal tissue injury in patients with
medically inoperable metastatic tumor has now been actively studied at many institutions.

2. Oliogmetastases
2.1. Definition

In 1889, Paget’'s “seed and soil” hypothesis stated that the development of a metastasis
depends on cross talk between selected cancer cells (the seed) and a specific organ
microenvironment (the soil) (Paget, 1889). This means that successfully establishing a distant
metastasis depends on certain properties of the host organ as well as those of tumor cells.
Dissemination of tumor cells in general circulation does not necessarily mean that wide
spread metastatic disease will always develop. This hypothesis is still widely accepted.
Observing the natural history of breast cancer, Hellmann and Weichselbaum hypothesized
the existence of an intermediate state between widespread metastatic disease and locally
confined disease and coined the term “oligometastases” (Hellman & Weichselbaum, 1995).
Thus, local control of oligometastatic disease may allow better systemic control. In addition,
thanks to the evolution of radiologic imaging technique, detection of metastasis at a size
previously impossible to be detected may result in under treatment and an effective
chemotherapy may downstage these metastatic diseases to oligometastases.

2.2. Clinical significance

Clinically, there are two types of oligometastases. The De novo type is the tumor early in the
evolution of metastatic progression producing metastasis that are limited in number and
location, and the induced type is generated when effective systemic chemotherapy
eradicates the majority of metastatic deposits in a patients with wide spread metastatic
disease (MacDermed, 2008).

In a retrospective study, Mehta et al tracked the number of individual metastatic sites and
the number of organs involved using serial computerized tomography of the body in 38
patients with stage IIIb or IV non small cell lung cancer treated with chemotherapy. Seventy
four percent of patients (n=28) had a metastatic disease limited to 1-2 organs and 50% (n=29)
had a disease limited to the primary tumor and three or less metastatic lesions at
presentation. Fifty percent (n=19) had stable (n=12) or progressive (n=7) disease in initially
involved site without development of new metastatic lesion. Among the 17 patients with
four or fewer metastatic sites with no pleural effusions, 65% (n=11) had stable or progressive
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disease in initially involved sites without development of new metastatic lesions (Mehta,
2004). The results of this study suggest that a subset of patients with oligometastases from
lung cancer may benefit from a combination of systemic chemotherapy and local aggressive
therapy. In another study, records of 387 patients with advanced non small cell lung cancer
were reviewed and 64 patients with measurable advanced stage non small cell lung cancer
who received first line systemic chemotherapy and follow up were identified. Thirty four
patients were deemed theoretically SBRT eligible. Disease in the lung and liver was limited
to < 3 sites each. Among the 34 SBRT eligible patients, the pattern of failure were local only
in 68%, distant only in 14%, and mixed in 18%. The time to first progression was 3.0 months
in those with local only failure (Rusthoven, 2009). The results of this study suggest that
SBRT may improve the time to first progression in a significant proportion of patients with
metastatic non small cell lung cancer. After all, because any patient with oligometastatses
may exist in a spectrum between orderly metastatic progressions and wide spread occult
disease, the role of the local modality to ablate oligometastases need to be determined.

3. Stereotactic Body Radiation Therapy (SBRT)
3.1. Definition and characteristics

The scientific study and clinical practice of oncology have progressed remarkably in recent
years. Insights into molecular interactions occurring within a cancer cell have been
translated into novel medical treatments, and a variety of technological advances have
allowed new surgical and radiotherapeutic techniques. Within the discipline of radiation
oncology in particular, the fusion of state-of the-art tumor imaging with precision radiation
treatment delivery systems has created an opportunity to shift from the classic radiation
therapy paradigm of administering thirty or more individual allow-dose treatments toward
briefer, more intense, and more potent regimens in which a much higher dose per treatment
is used for greater clinical effect. Stereotactic body radiation therapy (SBRT) refers to an
emerging radiotherapy procedure that is highly effective in controlling early stage primary
and oligometastatic cancers at locations throughout the abdominopelvic and thoracic
cavities, and at spinal and paraspinal sites. The major feature that separates SBRT from
conventional radiation treatment is the delivery of large doses in a few fractions, which
results in a high biological effective dose (BED). In order to minimize the normal tissue
toxicity, conformation of high doses to the target and rapid fall-off doses away from the
target is critical. The practice of SBRT therefore requires a high level of confidence in the
accuracy of the entire treatment delivery process.

In SBRT, radiation is targeted almost exclusively to the tumor, while tissues not grossly
involved with the tumor are spared. However, unique radiobiology of SBRT that ensures
maximal tumor control but minimal normal tissue complication is what really sets SBRT
apart from other radiotherapy techniques. Additional defining characteristics of SBRT
include the abilities to securely immobilize the patient for the typically long treatment
sessions; to accurately duplicate patient position between simulation and treatment; to
minimize normal tissue exposure through the use of multiple- or large angle, arcing, small-
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aperture fields; to rigoursly account for organ motion; to stereoctactically register tumor
target and normal tissue structures; and to deliver ablative dose fractions with
subcentimeter accuracy to the patient (Timmerman, 2007).

Immobilization and repositioning devices include the Elekta Stereotactic Body Frame™
(Elekta, Norcross, Ga., USA), the Leibinger stereotactic body fixation system (Stryker,
Kalamazoo, Mich., USA), and the Medical Intelligence Bodyfix™ system (Medical
Intelligence, Schwabmuenchen, Germany).

Several systems provide one or another solution to the problem of respiratory motion. A
breath-hold device is the Active Breathing Coordinator™ (Elekta), which allows coordination
of beam-on time during a fixed level of inspiration; a respiratory gating system is the RPMTM
(Varian, Palo Alto, USA) which tracks inspiration and expiration and turns the accelerator off
when indicators predict that the tumor position is outside of an acceptable range of distance
from baseline; a another gating system is the ANZAI (Anzai, Japan).

(a) Siemens (CT on Rail) (b) Tomotherapy

(d) Cyberknife (e) VERO (f) Varian

(g) Novalis

Figure 1. Various system of Stereotactic Body Radiation Therapy (SBRT)
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Also now available for purchase are specialized SBRT-ready linear accelerators that combine
capacity for image-guided radiotherapy with compatibility with modern immobilization
and respiratory motion solution technology. The Novalis™ (BrainLAB, Inc.), Elekta
Synergy™, Varian Trilogy™, Siemens Atiste™ System, Tomotherapy HiArt™ System
(TomoTherapy, Madison, Wisc., USA), and Cyberknife™ (Accuray, Sunnyvale, Calif., USA)
are linear accelerators for SBRT (Fig. 1).

3.2. Radiobiologic aspect of Hypofractionated SBRT

The most prevalent method of radiotherapy in the past 100 years of radiation oncology has
been a strategy known as protracted fractionation in which daily small doses of radiation
(e.g. 1.8~4 Gy) are delivered repeatedly over many days. The basis of this method of
radiotherapy was that normal tissue repairs sublethal injury between fractions better than
does tumor tissue. With the advent of SRS to treat intracranial tumors, an alternatively
strategy of giving an ablative dose (e.g. 12~30 Gy) was born. A SBRT is an extension of this
technique to deliver ablative radiotherapy (8~30 Gy) to extracranial sites. When alternate
fractionation schemes are considered, we need some model for calculating isoeffect doses
and a linear quadratic (LQ) formalism is most commonly used for quantitative prediction of
dose/fractionation dependencies. The LQ model approximates clonogenic survival data with
a truncated power series (second order polynomial) expansion of natural log of S (surviving
proportion) as follows (see Equation 1).

InS=-a*d-p*d 1)

The d is daily dose and a & [3 are expansion parameters: « is the slope of the survival curve
at the limit d—0, and  is the parameter determining the relative contribution from the
quadratic component (Fig. 2A). This model was initially derived to fit experimental
observation of the effects of dose and fractionation on cell survival, chromosomal damage,
and acute radiation effects. Later, some ascribed underlying biological mechanism to the
mathematical terms, primarily the formation of single- and double-strand break in DNA.
The LQ model has been useful for predicting and understanding the effects of conventional
fractionated radiotherapy. The biological effective dose (BED) is a characteristic dose value
that facilitated comparisons between the effects of different dose fractionation schemes. The
BED is defined as the total dose delivered in an infinite number of infinitesimally small dose
fractions that has the same biologic effect as the dose fractionation scheme in question and
described as BED=D*[1+d/(at/P)].

This BED based on LQ model is known reasonably predictive of dose response relation,
both in vivo and vitro, in the dose per fractions range of 2 to 15 Gy (Brenner, 2008), however,
the LQ model predicts a continuously bending curve in the high dose range and
experimentally measured data have decidedly shown a linear relationship between the dose
and log of the proportion of surviving clonogen. In addition, in the early phase of its
development, one of the developers of the LQ model stated that “LQ is not intended for
doses higher than 8-10 Gy. In any case, LQ is simply a loose dose approximation to equation
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Figure 2. Shape of survival curve for mammalian cells exposed to radiation. The fraction of cells
surviving is plotted on a logarithmic scale against on a linear scale. For a-particles or low energy
neutrons (said to be densly ionizing), the dose-response curve is a straight line from the origin (i.e.,
survival is an exponential function of dose). The survival curve can be described by just one parameter,
the slope. For X- or y-rays (said to be sparsely ionizing), the dose-response curve has an initial slope,
followed by a shoulder; at higher dose, the curve tends to become straight again. A: The linear
quadratic model. The experimental data are fitted to a linear quadratic function. There are two
components of cell killing: One is proportional to dose (aD); the other is proportional to the square of
the dose (BD?). The dose at which the linear and quadratic components are equal is the ratio o/B. The
linear quadratic curve bends continuously but is a good fit to experimental data for the first few
decades of survival. B: The multitarget model. The curve is described by the initial slope (D1), the final
slope (Do), and a parameter that represents the width of the shoulder, either n or Dq(Hall, 2006).

that do become straight exponential at higher dose” (Hall, 1993). Thus, LQ model
overestimates the effect of radiation on clonogenicity in the high dose commonly used in
SBRT and inappropriate to apply at the high doses per fraction encountered in radiosurgery
because it (1) does not accurately explain the observed (in vivo) data; (2) was derived largely
from, in vitro, rather than in vivo, observations and, thus, does not consider the impact of
ionizing radiation on the supporting tissues; (3) does not consider the impact of
subpopulation of radioresistant clonogens (ie, the “cancer stem cell” response); and (4)
creates a “false belief” that this simplified model represent an absolute truth (Kirkpatrick,
2008). Substantial modifications are needed to apply the LQ model to the SBRT regimen; at
which point the model loses its simplicity and natural appeal (Guerrero & Li, 2004). The
multitarget model (Fig. 2B) provides an alternative description of the clonogenic survival as
a function of radiation dose and is still valuable because it fits the empirical data well,
especially in the high dose range. In a study of University of Texas, Park et al proposed a
new model, universal survival curve (USC), to reconcile the strengths of these LQ model
and multitarget model into single, unifying model and stressed that the proposed survival
curve model (Fig. 3) (Park, 2008).
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Figure 3. Universal survival curve (USC) and transition between dose range at which linear quadratic
(LQ) model is valid and dose range at which multitarget model is valid. Below transition dose Dt, USC
curve is identical with LQ model curve and above Dr, USC curve is identical with terminal linear
portion of multitarget model curve.

The USC model can be used to derive isoeffective relations (equivalent dose function) of any
arbitrarily fractionated RT. For SBRT, a novel concept of the single fraction equivalent dose
(SFED) can serve as an alternative and more intuitive way to compare different dose
fractionation schemes. SFED was defiend as the dose delivered in a single fraction that
would have the same biologic effects as the dose fractionation scheme in question. For total
dose D given in n fractions, each fraction with the dose, d, SFED is determined by the
intersection line crossing the effective survival curve at D=d*n (Fig. 4) (Park, 2008).

i
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Figure 4. Graphic representation of stereotactic body radiotherapy (SBRT) and conventionally
fractionated radiotherapy (CFRT) effective survival curves compared with single fraction equivalent
dose (SFED) and biological effective dose (BED). Note, Dcrrrand Dsprr are always situated between
biologically equivalent dose parameters of SFED and BED.
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The definition of BED and SFED using the USC curve remain applicable for any
fractionation regimen. The In S in fractionated conventional fractionated radiation therapy
(CFRT) and SBRT is calculated (see Equation 2A and 2B).

InS = —n*(a*d+pg*d’)ifd<D, (A)

. . _ (2)
= -n*(1/D,*d - D, /D, ) ifd>D, (B)

Thus, Equations. 2A and 2B are arranged to reflect the common clinical practice in designing
dose fraction scheme in which dcrrr and ncrrr is varied for CFRT, and nserr is fixed and dssrr
is varied for SBRT. By letting dcrrr=2 Gy, the equation for Dcrrr can be used to calculated the
standard effective dose (SED), total dose in 2 Gy fractions with equivalent effect (see
Equation 3A and 3B).

Dggpr =@ * Dy * Dy * [1 +d e /(a / ﬂ)] gy * D (A)

q

Degpr =1/ @D, {|:DSBRT - (nSBRT ¥ Dq )J / [1 +d gy /(0‘ / ﬂ)]} (B) ©

From the report of 12 non small cell lung cancer cell lines from National Cancer Institute, the
value for a, Do or Dq was obtained by determining the arithmetic mean values of each
parameter. The range of Dq was wide, between 1.5 Gy and 2.5 Gy. The mean value for a, Dy,
and Dq was 0.33 Gy, 1.25 Gy and 1.8 Gy, respectively (Carmichael, 1989; Morstyn, 1984).
The transition dose, Dr was calculated to be 6.2 Gy, reassuring results, because the dose per
fraction used in CFRT is < 6.2 Gy and SBRT regimens commonly use a dose per fraction > 6.2
Gy. This USC is a new model that may offer a superior description of the mammalian cell
survival curve in the ablative dose range beyond the shoulder, on the same time, preserving
all the strengths of the LQ model in the low dose range (around the shoulder). However, the
true survival of in vivo tumors depends on multiple factors that cannot possibly be
contained in simplified mathematical formulas. The only way to truly know the tumor
control rates or the tolerance of different fractionation schemes is through performing
prospectively designed trial.

3.3. Variable imaging technique to guarantee high accuracy radiotherapy

In delivering SBRT, many commercially available units can be utilized. Sophisticated image
guidance is a common feature to these treatment units. Units equipped with online image-
guided radiation therapy (IGRT) capability minimize the uncertainty associated with tumor
localization. In-house developed systems such as RT-RT and CT-on-rails were employed
prior to the widespread availability of in-treatment-room imaging. Recent developments
have spread the availability of in-treatment-room imaging to many facilities.

3.3.1. Cone beam CT Linear accelerator IGRT

The first commercially available cone beam CT (CBCT) IGRT system was the Elekta
Synergy™ (Elekta, Crawley, UK), the other medical linear accelerator (linac) manufacturers
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have also now embraced the IGRT concept and have either produced their own version of
an IGRT linac, Varian Trilogy™ (Varian Medical Systems, Palo Alto, Calif., USA), or are in
the process of such developments, Siemens ARTISTE™ (Siemens Medical Solutions USA,
Inc., Malvern, Pa.,USA). The Synergy and Trilogy consists of a retractable kV X-ray source,
an amorphous silicon flat panel imager mounted on the linear accelerator perpendicular to
the radiation beam direction, and a software module (referred to as the XVI system). The
system provides planar, motion, and volumetric images.

For CBCT image acquisitions, the gantry is rotated around the patient for a preset angle
(between 180° and 360° to allow sufficient data acquisition) and images are acquired via an
amorphous silicon panel. Volumetric image reconstruction is performed simultaneously
with the acquisition to expedite the process. The reconstructed three-dimensional geometry
is subsequently registered with the reference geometry planning image, either manually or
automatically (using either soft tissue or bone mode). For some disease sites, such as
prostate cancer, the soft tissue mode is conceptually ideally suited, since the prostate often
moves relative to the bones. However, at present, it is difficult to visualize the prostate in all
cases, and thus implanted radiopaque seeds are used to make the registration process more
efficient. Based on the registration, the difference between the data sets is calculated and
displayed as translation along and rotation about the three axes. Subsequent treatment table
adjustments are made and the patient treated. One can clearly appreciate that CBCT-based
IGRT shows great potential for objective, precise positioning of patients for treatment,
matching the treatment setup image model to that of the planning image model. It remains
to be determined exactly which imaging features on the integrated CBCT linacs (i.e,, kVp
CBCT, planar, motion, and MV electronic portal imaging device) are best suited for a
particular disease site.

3.3.2. Helical tomotherapy IGRT

Helical tomotherapy was first proposed by Mackie et al. in 1993 and is now commercially
available as the TomoTherapy HI -ART system (TomoTherapy, Inc., Madison, Wisc., USA).
A short in-line 6-MV linac (Siemens Oncology Systems, Concord, Calif., USA) rotates on a
ring gantry at a source-axis distance of 85 cm. The IMRT treatment is delivered while the
patient support couch is translated in the y-direction (toward the gantry) through the gantry
bore, in the same way as a helical CT study is conducted. In the patient’s reference frame,
the treatment beam is angled inwards along a helix with the midpoint of fan beam passing
through the center of the bore. Similar to helical CT, the treatment beam pitch is defined as
the distance traveled by the couch per gantry rotation, divided by the field width in the y-
direction. The width of the beam in the y-direction is defined by a pair of jaws that is fixed,
for any particular patient treatment, to one of three selectable values (1, 2.5 or 5 cm).
Laterally, the treatment beam is modulated by a 64 leaf binary multileaf collimator, whose
leaves transition rapidly between open and closed states providing a maximum possible
open lateral field length of 40 cm at the bore center. Highly modulated treatments can
achieve great conformality, though they inevitably take longer to deliver. A helical MV CT
image is acquired prior to treatment each day using the on-board xenon CT detector system
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and the 6-MV linac (detuned to 3.6 MV). Registration software is provided to compare the
daily patient setup image with the stored prescription CT planning image. After image
registration, table adjustments are then automatically made and the patient is then treated.

3.3.3. Megavoltage Cone Beam CT Linear Accelerator IGRT

The only MV Cone Beam CT (CBCT) system currently available is the most recent addition
to the family of in-room 3D systems designed for IGRT. The MV CBCT imaging system
consists of a 6-MV x-ray beam produced by a conventional linear accelerator (Oncor,
Siemens AG, Erlangen, Germany) equipped with an amorphous-silicon EPID (AG9-ES,
PerkinElmer Optoelectronics, Waltham, MA., USA) flat panel detector. The system is
controlled by a computer workstation (Syngo Coherence RTT, Siemens AG, Erlangen,
Germany) that is responsible for all tasks related to portal or MV CBCT imaging, including
calibration of the system, quality assurance, image acquisition, and image registration (2D or
3D) for patient alignment. The use of MV photons for imaging is a departure from
conventional preferences of using kilovoltage (kV) photons, which have resulted in superior
image quality for diagnostic purposes. The MV CBCT system is capable of measuring setup
errors of fiducials in an anthropomorphic head phantom with submillimeter accuracy and
reproducibility. The gantry rotates in a continuous 200° arc (270° to 110°) while acquiring
one low-dose portal image per degree. The 200 projection images acquired are then used for
MV CBCT reconstruction, which is completed approximately 2 minutes after the starts with
an automatic registration, based on a maximization of mutual information algorithm, which
utilizes all information in both 3D images to maximize the alignment of similar structures.

Routine quality assurance on the system has also demonstrated that the calibrated MV
CBCT imaging isocenter remained within 1 mm to the machine treatment isocenter over a
period of 1 year. As for the field-of-view, anatomical information situated in a 27 X 27 X27
cm?® volume centered at isocenter is reconstructed in the MV CBCT system with a half-beam
acquisition mode should increase the reconstruction size in the axial plane by up to 40 cm.

3.3.4. Vero IGRT

Vero SBRT is specifically designed for IGRT and a new type of 6 MV linac with attached
MLC is mounted on an O-ring gantry. The MLC consists of sixty 5-mm-leaves and produces
a maximum field size of 150 x 150 mm?. The gantry rotates 360 degree and the horizontal
axis, similar to a C-arm linac platform, but additionally allows rotation about the vertical
axis. The system incorporates the MHI-TM2000 linear accelerator and sophisticated software
to deliver radiation therapy. The system is equipped with a dual orthogonal kV imaging
systems attached to the O-ring at 45 from the MV beam. This imaging system allows
simultaneous acquisition of orthogonal X-rays images and fluoroscopy. Also kV CBCT
imaging is available. Vero SBRT dynamically contours the treatment beam exactly to the
tumor from every angle as the machine moves around the patient. Furthermore, Vero’s
technology allows clinicians to dynamically treat with a moving beam in order to spare
surrounding healthy tissue and organs while maximizing such as x-ray, CT and
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fluoroscopy, so that clinicians can modify their plans during treatment as needed. The
targeted beam adapts to breathing and other body movements to maintain safe, complete
and accurate dose delivery.

3.3.5. Electromagnetic tracking

One of the earliest applications of electromagnetic tracking in RT was for the
nonradiographic localication of interstitial abdominal implants for intraoperative high-dose-
rate (HDR). In this application a then-commercially available 3SPACE-FASTRAK system
(Polhemus Inc, Colchester, VT., USA) was configured to fit in the lumen of a catheter. The
system was then used to measure the spatial path of all catheters by inserting the wired
sensor sequentially into each catheter. This information was then used by the planning
system to accurately determine and calculate dwell positions and times. The stated accuracy
of the system was a root mean square (RMS) of 0.8 mm, but measurements in the operating
environment found the RMS accuracy to be 0.38 mm in the absence of metallic surgical
retractors and 0.70 mm in the presence of three retractors, with maximum absolute errors of
2.1 mm or less.

In 2000, the Paul Scherrer Institute reported on an electromagnetic tracking system they had
developed for real-time (50 Hz) target volume tracking during proton therapy with
continuous spot scanning delivery. This system consisted of an external magnetic field
generator, a wired implantable sensor, and the associated signal processing electronics.
When compared with an optical tracking device with 30 pum accuracy, the RMS spatial
accuracy was reported to be 1 mm to 2 mm, whereas the RMS angular accuracy of
determining the orientation of the dipole was 0.5 to 1 degree. The system’s ability to track
and gate was tested in a moving phantom and qualitatively shown to very nearly restore the
dose distribution to the planned static distribution when a 3-mm gating window was
implemented. The technology for this system was developed by a spin-off company from
the Paul Scherrer Institute called Mednetix AG, which was acquired by Northern Digital Inc
(Waterloo, ON, Canada). Further development efforts have focused on a wired
electromagnetic tracking system for guidance of medical instruments, which is
commercially available in the Aurora system.

3.3.6. Cyberknife IGRT

The use of a small X-band linear accelerator mounted on an industrial robot was first
developed for radiosurgery. The robot provides the capability of aiming beamlets with any
orientation relative to the target volume. The system uses two ceiling-mounted diagnostic X-
ray sources, and amorphous silicon image detectors mounted flush to the floor. The
treatment is specified by the trajectory of the robot and by the number of monitor units
delivered at each robotic orientation. During the patient's treatment, the Cyberknife System
correlates live radiographic images with preoperative CT or MRI scans in real time to
determine patient and tumor position repeatedly over the course of treatment. More details
are provided by users of this system in subsequent articles in this volume.
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3.4. Compensation of respiratory motion of the tumor and internal organ

SBRT requires precise delineation of patient anatomy, targets for planning, and clear
visualization for localization during treatment delivery. Three-dimensional data sets
assembled from CT or 4DCT for visualizations and dose calculation and/or MRI and
positron emission tomography (PET) images assist in target and visualization for SBRT.

3.4.1. Four-Dimensional CT scanning

Respiratory correlated 4DCT was developed over the past several years to address the
issues of respiratory motion in radiotherapy targeting (Rietzel, 2005). Respiration-correlated
CT uses a surrogate signal, such as the abdominal surface, respiratory air flow, or internal
anatomy to provide a signal that permits resorting of the reconstructed image data, resulting
in multiple coherent spatiotemporal data sets at different respiratory phases. The scan time
for 4DCT with multi-slice scanners is on the order of a few minutes, and post-processing
takes an additional 30 min if manual phase selection is required. The output of this process
is typically 10 CT volumes, each with a temporal resolution of approx. 1/10 of the
respiratory period. 4DCT uses multi-slice CT scanners combined with a respiratory
surrogate to develop a series of 3DCT scans each representing the patient in a different
respiratory phase. The entire 4DCT dataset can be used to determine an envelope of tumor
motion which can be expanded to include areas of subclinical disease resulting in an
internal target volume (ITV) (ICRU 1999) which can be used as the treatment target.
Alternatively, select phases from the 4DCT can be used to determine an ITV that only covers
a select range of respiratory phases (i.e. 40%-60% corresponding to a + 10% window around
end exhalation) that would be the target for gated treatments. The most common form of
motion management used in RTOG studies to date and also at many experienced centers
using SBRT across the world has been chest wall breathing with abdominal compression.
Chest wall breathing exerts forces on the intrathoracic tissues in multiple opposing
directions in contrast to the mostly craniocaudal force vectors associated with
diaphragmatic breathing. As a result, the amplitude of tumor motion with chest wall
breathing can be significantly decreased. With this technique, the patient is first coached to
expand the lungs using their upper chest wall rather than by moving their diaphragm
toward their abdomen.

The 4DCT implementation relies on sensing the respiratory phase by using the Varian RPM
system or Anzai system. 4DCT provides an imaging tool to quantify and characterize tumor
and normal tissue shape and motion as a function of time. This provides the radiation
oncologist and treatment planner with information essential in the design of an aperture
that more adequately covers the internal target volume (assuming respiration during
treatment is reproducible to that during CT simulation). 4DCT data can also be used as
input in making treatment decisions on when to intervene with gating or other motion
management strategies. In addition, the 4DCT data can be used as direct input into four-
dimensional treatment planning, and to generate time-varying dose-volume histograms or
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isodose distributions. An effective method of conveying the utility of 4DCT is through
computer animation. Dr. Choi et al. [pers. commun., 2005] have found that approximately
one half of patients with early-stage disease have motion of less than 10 mm during quiet
breathing (in approx. 100 cases). Seppen woolde et al. reported on the motion of 21 lesions
in 20 patients and found a mean motion of 5.5 mm in the craniocaudal direction (data
ranged from 0 to 2.5 cm). Average periodicity was observed to be 3.5 s, and ranged from 2.8
to over 6 s. The clinical importance of 4DCT is that it provides insight into patient-specific

organ motion.

Full respiratory eycle

End-inspiration

End exml-*a’rmn k.

. \ [ cT Image Snr"rmg Prugmm

|I A\

Mid-exhale "End-exhale” “"Mid-inhale” End-inhale

Figure 5. Overview of respiratory phase “bin” generation from four-dimensional computed
tomography data.
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3.4.2. Image registration & Motion management

SBRT treatments do not use invasive external frames. A body frame system has been
developed that incorporates several features to ensure reproducible setup, including a
vacuum bag that is fit to the patient at the time of simulation, a scale that facilitates
reproducible positioning of the patient in the frame, an abdominal compression paddle to
restrict abdominal motion, and external fiducial markers to improve setup accuracy (Lohr,
1999; Hadinger, 2002). This system is particularly useful when the patient is to be imaged in
one room and the entire patient/body frame system is moved to the treatment room.
Without a body frame, either implanted fiducial markers or in-room volumetric imaging is
required for accurate internal soft tissue-based setup.

One technique for minimizing the effects of respiratory motion is to activate the radiation
beam only when the tumor is at a predetermined location in the respiratory cycle. This is
referred to as respiratory gating (Shirato, 2000; Starkschall, 2004; Nelson, 2005; Underberg,
2005). The use of gating requires some measure of the tumor location within the respiratory
cycle, which can be done directly but is more often done through some respiratory surrogate
such as abdominal height or diameter. Spirometry has also been used to gate based on tidal
volume (Zhang, 2003).

Alternative motion management techniques include dynamic gating and breath-hold
techniques. During dynamic gating the patient is allowed to breath normally with or
without audio or visual coaching and the radiation beam is activated only when the patient
reaches the planned points in their respiratory cycle. Breath-hold gating requires the patient
to hold their breath at a given abdominal height or tidal volume generally with the aid of
visual feedback and the radiation beam is activated only when the patient is holding their
breath in this target position. The breath-hold can either be voluntary or assisted with an
occlusion valve. Breath-hold has several benefits over dynamic gating including the ability
to do volumetric imaging over a series of breath holds, longer irradiation times to allow
radiotherapy beams to stabilize, and the ability to expand the lungs and give more fall-off
distance between the target and nearby critical structures.

Gating is performed with real time or near time verification of the target position in the gate
with in-treatment-room imaging. An early example of in-treatment-room imaging was
developed by Shirato et al. (Shirato, 1999) who developed a real-time tumor tracking
method in which four sets of x-ray tubes and fluoroscopic imagers are used to measure the
position of four implanted radiopaque markers relative to the isocenter. The linear
accelerator was configured so that it irradiated the tumor only when the markers were
within certain coordinates. This system is effective for the treatment of lung tumors but
requires the invasive implantation of fiducial markers. In addition this system has not
become commercially available. A similar method is used by two commercially available
stereotactic systems, Novalis®/Exactrac® (BrainLAB, Feldkirchen, Germany) (Yin, 2002) and
Cyberknife® (Accuray, Sunnyvale, CA) (Adler, 1997). These systems both have room
mounted orthogonal x-ray systems that can observe the patient’s anatomy in the treatment
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position. Implanted fiducial markers are required for all lung tumors on the Novalis®
system but the Cyberknife® can use either fiducial markers or direct imaging depending on
the tumor location. The Novalis® system does not employ real-time tumor tracking but
rather relies on a relationship between external surrogates and the tumor position
developed immediately prior to treatment. Cyberknife® can either confirm the position of
the target at regular intervals during treatment or utilize a respiratory tracking system that
continuously synchronizes beam delivery to the motion of the target.

Non-radiographic localization was investigated by Balter et al. (Balter, 2005) who studied
the use of the Calypso™ 4D system for patient positioning based on real-time localization of
implanted electromagnetic transponders (beacons). This study demonstrated the accuracy of
the system before clinical trials were conducted. The system consists of 5 major components:
wireless transponders, a console, a detector array, a tracking station and infrared cameras.
The array emits electromagnetic radiation that excites the implanted transponders. Due to
the resonance response the array can locate the 3D coordinates of the wireless transponders.
The infrared cameras allow the registration of the position of the array relative to the
isocenter of the linear accelerator. This system offers the potential for real-time tracking and
is commercially available for prostate but not yet for other body sites including the lungs.

3.5. Quality Assurance of SBRT

An important goal of a quality assurance (QA) program is to instill confidence that patients
are receiving their prescribed treatments accurately. The goal should not be simply getting
through some mandatory tests as quickly and painlessly as possible. Unfortunately, many
catastrophic events are produced by failures happening at a moment that cannot be
predicted or caught by routine quality control (QC) procedures. As there are built-in
interlocks in treatment devices, most failures occur in human processes rather than in
equipment. Finding the proper balance between effort spent on specific QC procedures and
effort spent on an overall quality management program is major challenge at most
institutions.

The QA program for an SBRT process based on IGRT system must evaluate the entire
treatment process, including patient immobilization, setup, simulation imaging, treatment
planning (including the production of reference images to guide corrections), verification
imaging, image registration, patient position correction, and treatment. Tests that assess the
entire process from beginning to end inspire confidence that the overall process is accurate
and robust. In such as study, planning images of a phantom are acquired and transferred to
the treatment planning system. A treatment plan is designed and reference images are
produced. The phantom is then taken to the treatment unit and positioned for treatment. A
verification images is acquired and registered to the reference image. Any necessary
corrections to the position are made. Treatment is then delivered and measured by using an
ion chamber and/or film. The dosimeter readings are compared with the expected values
from the treatment plan. The frequency of such tests should be based upon an analysis of
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system stability during the initial operation of the SBRT system. Also, the image-guidance
procedures should be reviewed on a regular basis to ensure that the procedures are
consistent with the initial design and to initiate appropriate changes if necessary. The review
results and any new changes must be communicated among staff. The review of the
guidance elements of a patient’s treatment can be integrated into the institutional chart
rounds and quality control programs to verify that the image guidance procedure is
operating correctly.

Conventional linear accelerator-based IGRT consists of imaging in the treatment room
during a course of radiotherapy. Planar (two-dimensional [2D]) and volumetric (three-
dimensional [3D]) imaging are used for repositioning the patient immediately prior to
treatment. The common elements of a QA program include: (1) safety and functionality, (2)
geometric accuracy (agreement of MV and kV beam isocenters), (3) image quality, (4)
registration and correction accuracy, and (5) dose to patient and doseimetric stability.

Helical Tomotherapy requires synchrony of gantry rotation, couch translation, linear
accelerator pulsing, and opening and closing of the binary MLC leaves used to modulate the
radiation beam. The accuracy of this highly dynamic treatment process depends on the
correct performance of the radiation source, MLC, gantry, and couch table. The dose
delivered to the patient depends on the static beam dosimetry, system geometry, system
dynamics, and system synchrony. Systematic QA of the system dynamics and synchrony
has been suggested, which includes jaw width constancy, actual fraction of time leaves are
open, couch drive distance, speed and uniformity, linear accelerator pulsing and gantry
synchrony, leaf opening and gantry synchrony, and couch drive and gantry synchrony.

Quality assurance programs for IGRT are not easy to implement. Rapid development of new
IGRT techniques and devices is quickly making traditional QA guidelines outdated. Because
of the diversity of IGRT, it is extremely difficult to develop industry-wide specific QA
guidelines, forcing a conversion to process-centered quality management guidelines, which
each institution can tailor to its individual needs. An optimal QA program is always a
balance between available resources, manpower, and time to perform the work.

Patient-specific QA procedures for SRS/SBRT should be developed as an integrated part of a
comprehensive ongoing QA program in the clinic. Therefore, before implementing an SBRT
program, the clinic first needs to determine which system(s) will be used and develop QA
procedures to match. SBRT-enabled systems often have specialized equipment such as
immobilization systems, localization systems, and on-board imaging systems which are not
always found in the clinic. In other cases, the entire system is specialized for SBRT (e.g. the
Accuray Cyberknife). For example, Table 1 summarizes the stereotactic localization and
image guidance strategies used by commercially-available systems. These specialized
components require detailed and specialized QA procedures, over and beyond the general
guidelines for external beam radiotherapy as specified in the AAPM Reports of TG 40, 142,
and 45.
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stereotactic coordinates/CT on rails

Author Site Immobilization/repositioning Reported accuracy
Lax, 1994 Abdomen | Wood frame/stereotactic coordinates | 3.7 mm Lat. 5.7 mm
on box to skin marks Long
Hamilion, 1995|  Spine Screw fixation of spinous processes 2 mm
to box
Murphy, 1997 Spine Frameless/implanted fiducial 1.6 mm radial
markers with real-time imaging and
tracking
Lohr, 1999 Spine Body cast with stereotactic < 3.6 mm mean vector
coordinate
Yenice, 2003 Spine Custom stereotactic frame and in- 1.5 mm system
room CT guidance accuracy, 2-3 mm
positioning accuracy
Chang, 2004 Spine MI™ BodyFix with stereotactic 1 mm system accuracy
frame/linac/CT on rails with 6D
robotic couch
Tokuuye, 1997 Liver Prone position jaw and arm straps 5 mm
Nakagawa, Thoracic MVCT on linac Not reported
2000
Waulf, 2000 | Lung, liver Elekta™ body frame 3.3 mm Lat. 4.4 mm
long
Fuss, 2004 |Lung, liver MI™ Body Fix Bony anatomy
translation 0.4, 0.1, 1.6
mm (mean X, Y, Z);
tumor translation before
image guidance 2.9, 2.5,
3.2 mm (mean X, Y, Z)
Herfarth 2001 Liver Leiginger body frame 1.8-44mm
Nagata, 2002 Lung Elekta™ body frame 2 mm
Fukumoto, Lung Elekta™ body frame Not reported
2002
Hara, 2002 Lung | Custom bed transferred to treatment 2 mm
unit after confirmatory scan
Hof, 2003 Lung Leibinger body frame 1.8 -4 mm
Timmerman, Lung Elekta™ body frame Approx. 5 mm
2003
Wang, 2006 Lung Medical Intelligence body frame |0.3+1.8 mm AP. -1.8+3.2

mm Lat. 1.5+3.7 mm SI

Table 1. Achievable accuracies reported in the literature categorized by body site and
immobilization/repositioning device.(AAPM TG101)
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isocenter coincidence

Source Purpose Proposed test Reported |Proposed frequency
achievable
Ryu et al.,, End-to-end Stereo x ray/DRR  |1.0 to 1.2 mm Initial
2001 localization fusion root mean |commissioning and
accuracy square annually thereafter
Ryuetal, Intrafraction Stereo x ray/DRR 0.2 mm Daily (during
2001 targeting fusion average, 1.5 treatment)
variability mm
maximum
Verellen et End-to-end Hidden target (using| 0.41+0.92 Initial
al., 2003 localization stereo x ray/DRR mm commissioning and
accuracy fusion) annually thereafter
Verellen et End-to-end Hidden target (using| 0.28 +0.36 Initial
al., 2003 localization implanted fiducials) mm commissioning and
accuracy annually thereafter
Yu etal, End-to-end Dosimetric 0.68 +0.29 Initial
2004 localization assessment of hidden mm commissioning and
accuracy target (using annually thereafter
implanted fiducials)
Sharpe et al.,| CBCT mechanical Constancy 0.50 £ 0.5 mm Baseline at
2006 stability comparison to MV commissioning and
imaging isocenter monthly thereafter
(using hidden
targets)
Galvin et al., | Overall positioning| Wiston-Lutz test <2 mm for Initial
2008 accuracy, including| modified to make multiple | commissioning and
image registration | use of the in-room | couch angles | monthly thereafter
(frame-based imaging system
systems)
Palta et al., MLC accuracy Light field, <0.5 mm Annually
2008 radiographic film or | (especially
EPID for IMRT
delivery)
Solberg et al., End-to-end Hidden targetin |1.0 +0.42 mm Initial
2008 localization anthropomorphic commissioning and
accuracy phantom annually thereafter
Jiang et al., |Respiratory motion| Phantoms with N/A N/A
2008 tracking and gating|  cyclical motion
in4D CT
Bissonnette | CBCT geometric Portal image vs 2 mm daily
et al., 2008 accuracy CBCT image

Table 2. Summary of published QA recommendations for SBRT and SBRT-related techniques. .(AAPM

TG101)
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4. Clinical aspect
4.1. Proper selection of patients

The most important goal of SBRT in oligometastases is to achieve local control, however,
whether obtaining local control of the metastasis would translate into clinical or survival
benefit of the patients is dependent on multiple factors, including age, performance status,
medical comorbidities and histology of malignancies. Therefore, the patients” whole condition
should be fully considered. In general, patients with younger age, high performance status,
controlled primary sites, limited number of metastases from three to five or fewer,
metachronous occurrence of primary disease and metastatic disease, histologies, such as
colorectal carcinoma, breast cancer and radioresistant cancer including renal cell ca, melanoma
and sarcoma, are most likely to benefit from SBRT of their oligometastases (Carey-Sampson et
al, 2006). In addition, SBRT delivers the individual ablative radiation doses to a planning target
volume with a steep dose gradient outside the lesion treated and it is crucial that the lesions to
be treated must be easily delineated on diagnostic imaging.

4.2. Lung metastases

type No of pts | Dose(Gy/fx) | FU LC Survival
[targets (mo) (%)
Blomgren et al, | retrospective |  10/14 7.7-45Gy/1- 8 92 Med.S 11.3mo
1995a 4fx
Uematsu et al, | retrospective | 22/43 33-71Gy/5- 9 98
1995b 15fx
Nakagawa et | retrospective |  14/21 16-24Gy/1fx | 10 95 2YOS 35%
al, 2000
Waulf et al, 2001 | retrospective 41/51  |30-37.5 Gy/3fx;| 14 80% 2YOS 33%
26 Gy/1fx
Hara et al, 2002] retrospective |  14/18 20-30Gy/1fx | 12 78
Lee et al, 2003 | retrospective | 19/25 30-40 Gy/3- 18 88 Med.LPFS
4fx 18mo

Hof et al, 2007 | retrospective 61/71 12-30 Gy/1fx 14 |88.6 (1YR)| 3YOS 47.8%
Okunieff et al, | retrospective |  42/125 50 Gy/10fx | 18.7 94 |Med.S23.4mo

2006
Norihisa et al, | retrospective | 34/43 48-60 Gy/4- 27 90 2YOS 84.3%
2008 5fx
Kim et al, 2009 | retrospective | 31/134 50 Gy/10fx 16 87.1 Med.S 16mo
Ernst-Stecken | prospective 21/39 | 35-40 Gy/5fx | NA | CR:51 Med.LPES
et al, 2006 PR:33 6.4mo

SD:3
Rusthoven et | prospective 38/63 | 48-60 Gy/3fx | 15.4 96 Med.S 19mo
al, 2009

Table 3. Results of SBRT in lung metastases
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There are numerous retrospective studies on the use of SBRT for the treatment of lung
oligometastases from North America, Europe and East Asia (Table 3). Early results from
Blomgren’s and Uematsu’s studies showed excellent local control rates of 92% and 98%,
respectively although the follow up periods were short (Blomgren et al, 1995; Uematsu et al,
1995). Subsequently, Nakagawa treated 14 patients with 21 tumors with SBRT to a single dose
of 16 to 24 Gy. The local control rate and 2 year overall survival rate were 95% and 35%,
respectively (Nakagawa et al, 2000). In a report of Wulf et al, the 41 patients with 51 metastatic
lung tumors were treated with SBRT of 30 to 37.5 Gy in 3 fractions or 26 Gy of a single dose.
The crude local control rate was 80% at a median follow up 14 months and 2 years overall
survival rate was 33% (Wulf et al, 2001). And Hof et al also treated 61 patients with 71 lung
metastases with SBRT to a single dose of 12 Gy to 30 Gy. The actuarial local progression free
rate was 79% at 1 year and overall survival rate was 47.8% on 3 years (Hof et al, 2007). In a
report of Okunieff et al, they treated 50 patients with five or fewer lung metastases with SBRT.
At a median follow up of 18.7 months, 94% local control rate and 50% of 2 years overall
survival rate were yielded (Okunieff et al, 2006). Kim et al also treated the patients with
multiple lung metastases with SBRT to a dose of 50 Gy in 10 fractions during 2 weeks. The
local control rate was 87.1% and median survival time was 16.0 months (Kim et al, 2009). Two
prospective studies” outcomes were also shown in table 3. In a report from Germany, Ernst-
Stecken et al reported the results of dose escalating phase I/II trial of SBRT for lung tumors,
Overall, 21 patients (three with primary lung tumors) with 39 tumors were treated with SBRT
starting at dose level of 35 Gy (7 Gy x 5) and the dose was then escalated to 40 Gy (8 Gy x 5). In
total, 21 and 18 tumors were treated to 35 Gy and 40 Gy, respectively. Rates of complete
response, partial response, stable disease and progressive disease were 51%, 33%, 3% and 13%,
respectively (Ernst-Stecken et al, 2006). In 2009, in a multi-institutional phase I/II trial of SBRT
for patients with 1 to 3 lung metastatic tumors less than 7 cm diameter, the total radiation dose
was safely escalated from 48 Gy to 60 Gy in 3 fractions. The 2 year actuarial local control rate
was 96% and median survival time was 19 months (Rusthoven et al, 2009).

4.3. Liver metastases

type No of pts [Dose(Gy/fx)  |FU (mo) |LC(%) [Survival
[targets
Blomgren etal, |retrospective |17/21 20-40 Gy/1-2fx (9.6 95
1998
Katz et al, 2007  |retrospective |69/174  |30-55Gy/2-6fx |14.5 76-57  |Med.S
14.5mo
Wulf et al, 2001 retrospective |23/23 28-30Gy/2-4fx |9 76-61
Herfarth et al, 2001 |prospective |33/56 14-26Gy/1fx |18 67 1YSR 72%
Kanavagh etal, |prospective |21/28 36-60Gy/3fx |18 93
2006
Mendez-Romero |prospective |17/34 37.5Gy/3fx 12.9 100-86
et al, 2006

Table 4. Results of SBRT in liver metastases
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Blomgren’s early data on SBRT for liver metastases showed promising results of 95% local
control rate on 9.6 months follow up (Blomgren et al, 1998). In the study of University of
Rochester, which represents the largest study in SBRT for liver metastases, Katz et al treated
69 patients with 174 liver metastases with SBRT to a median dose of 48 Gy(range, 30-55Gy)
in 2 to 6 fractions. The mean number of lesions was 2.5 (range, 1-6). The most common
primary sites were colorectal (n=20) and breast (n=16). The median follow up was 14.5
months. The local control rates were 76% and 57% at 10 and 20 months, respectively. The
median overall survival time was 14.5 months (Katz et al, 2007). Wulf et al reported their
experience on 23 patients treated with SBRT for liver metastases. The prescribed dose was 30
Gy in three fractions. The actuarial local control rates on one and two year after treatment
were 76 and 61%, respectively (Wulf et al, 2001). Herfarth et al performed a dose escalation
study utilizing single dose SBRT from 14 Gy to 26 Gy. Fifty six liver metastases of 33
patients were treated and their local control rate was 67% on 18 months after treatment.
Local failures were observed mainly in patients treated to a lower dose. For patients treated
to higher dose (>20 Gy), the actuarial local control rate was 81% (Herfarth et al, 2001). In a
study of Colorado University, Kavanagh et al reported 93% of actuarial local control rate on
18 months and indicated that a very high rate of durable in-filed tumor control can be safely
achieved with SBRT to one to three liver lesions to a prescription dose of 60 Gy in 3 fractions
(Kanavagh et al, 2006). Mendez-Romero et al reported the results of 17 patients with 34
metastatic liver tumors treated in phase I/II study of SBRT. The prescribed dose was 37.5 Gy
in 3 fractions. The actuarial one and two year local control rates were 100% and 86%,
respectively and the actuarial overall survival rate at one and two years were 85% and 62%,
respectively (Mendez-Romero et al, 2006).

4.4. Spine metastases

SBRT has emerged as a novel treatment modality in the multidisciplinary management of
spinal metastasis. Compared with conventional radiotherapy, SBRT can deliver a much
higher biologic equivalent dose to the spinal tumor while respecting the dose constraints of
the spinal cord or cauda equine, which are usually the dose limiting structures. The
inclusion criteria for spinal SBRT are solitary or oligometastatic disease or bone only disease
in otherwise high performance status patients, maximum of two consecutive or non
contiguous spinal segments involved by tumor, failure of prior XRT (upto one course and 45
Gy maximum) or surgery, non myeloma tumor type, gross residual disease or deemed to
high risk for recurrence postsurgery, patients refusal or medical comorbidities precluding
surgery, gross tumor optimally more than 5 mm from the spinal cord, Karnofsky
performance status > 40-50, MRI- or CT documented spinal tumor, histologic confirmation
of neoplastic disease and Age > 18. These are yielded from reports by various authors for
spine SBRT. And these criteria are based on relevant studies, which include those reporting
both the dose/fractionation used and duration of follow up for patients treated for
metastatic spinal tumors. However, the final treatment recommendation should involve
ideally a multidisciplinary tumor board composed of surgeons, radiation oncologists,
medical oncologists, and medical physicists.
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Number of Target Dose/fx Re-RTx FU | LC/criteria
Tumor/pts | volume/image (mo)
Ryu et al, 61/49 Involved 10-16 Gy/1fx [ERT 25 Gy/10 |6-24 |93%/imaging
2004 spinal plus SBRS and clinical
segment/CT or boost 6-8
MR Gy/1
Milker-Zabel [19/18 PTV=GTV plus |24-45 Gy,  |19/18 Median |12 |95%)/clinical
et al, 2003 entire VB/CT- |Median2  (39.6 Gy, 2 Gy
MRI fusion Gy fraction |fraction
Gerszten et al,{26/26 Postkypoplasty|16-20 Gy/1fx 4-36 |92%/imaging
2005 VB+extension/ or clinical
CT
Gerszten et al,{500/393 GTV=PTV/CT |12.5-25 Gy/1 |7 patients 3-53 |88%/imaging
2007 combined
EBRT plus
SBRT boost
Sahgal etal, [60/38 GTV=PTV/CT |8-30 Gy/1-5 |37/26 tumors |1-48 |87%/imaging
2007 had previous and clinical
irradiated
Chang etal, |74/63 GTV + 30 Gy/5fx or |35/63 (55.6%) |1-50 |77%/imaging
2007 potential 27 Gy/ 3fx  |patients of
extension of previous
structure /CT spinal RT
(median 33
Gy; range 30-
54 Gy)was
allowed

Table 5. Clinical Results of SBRT in spinal metastasis

In a report from Henry Ford Hospital, Ryu et al treated 61 spinal tumors in 49 patients with
single dose of SBRT alone to a dose of 10 to 16 Gy. With follow up time ranging from 6 to 24
months, the local control rate was 93% on imaging and clinical response including complete
or partial pain control was achieved in 52 of 61 tumors (85%) (Ryu et al, 2004). In a report of
SBRT as reirradiation, Milker-Zable treated 19 tumors from 18 patients with a dose range
from 24 to 45 Gy in 2 Gy fractions. Their previous median dose was 39.6 Gy in 2 Gy
fractions. With a median follow up time 12 months, the clinical response rate was 95%. They
defined PTV as a gross tumor volume plus entire vertebral body through CT with MRI
fusion and defined spinal cord as spinal cord from MRI plus safety margin of 2 to 3 mm.
Dose constraints of spinal cord on SBRT as reirradiation was maximal dose to spinal cord
less than 20 Gy in 10 fractions to a median percent of spinal cord (Milker-Zabel et al, 2003).
In a postoperative SBRT series from Pittsburg Medical center, Gerszten et al reported the
results of SBRT using Cyberkinife from 26 tumors in 26 patients. The prescribed dose was 16
to 20 Gy at the 80% isodose line with a median follow up of 16 months, the local control rate
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was 92%. Pain control was evaluated using a ten point verbal visual analog scale and was
improved in 24 out of 26 patients (Gerszten et al, 2005). And in the largest report from same
group, Gerszten et al treated a total of 393 patients with 500 spinal metastases with
Cyberknife based single dose SBRT to doses ranging from 12.5 to 25 Gy. Seven patients also
received external radiation therapy. With a median follow up of 21 months, the local control
rate was 88%. Among the 336 evaluable patients, 290 (86%) achieved improvement in pain
based on a ten point visual analog scale (Gerszten et al, 2007). Sahgal et al reported the
treatment results of Cyberknife based SBRT for spinal metastases from University of California
SanFrancisco in abstract form. They treated 60 spinal metaststases in 38 patients with a dose
ranging from 8 to 30 Gy in one to five fractions (median 24 Gy in three fractions). With a
median follow up of 8.5 months, the local control rate was 87% and the pain improvement was
achieved in 31 out of 46 tumor sites (67%) (Sahgal et al, 2007). In a phase I/II trial from MD
Anderson Cancer Center, Chang et al reported the results of 63 patients with 74 tumors treated
with SBRT to a dose of 30 Gy in five fractions or 27 Gy in three fractions. Thirty five patients
had prior external radiotherapy. With a median follow up of 21.3 months, the local control rate
was 77% and the one year progression free rate was 84% (Chang et al, 2007).

4.5. Multiple organ oligometastases

Authors No of Sum of GTV  |Dose/fx FU (mo) |Outcome
pts/tumors
Milano et al, |121 /293 0.3-422 ml 50Gy/10 2 year
2008 Med. 28 ml  |(SRS 10- OS/PFS/LC/DC,
20Gy/1) 50%/26%/67 %/34%,;
4 year
OS/PFS/LC/DC,
28%/20%/60%/25%
Salama et al, |29/56 Max. 24-36 Gy/3  |5.3-27 Response rate 59%;
2008 dimension of (med. PFSR 21%; LC 57%
volume < 14.9)
10cm or <
500cm?
Salama et al, |61/113 Max. 24-48 Gy/3  |Med. 20.9 |1 year OS/PFS
2011 dimension of 81.5%/33.3%; 2 year
volume < OS/PFS 56.7%/22.0%
10cm or <
500cm?

Table 6. Clinical results of 5 or fewer oligometastases

There are fewer reports about SBRT in multisite oliogometastases (Table 6). Among them
the largest trial was performed in Rochester University hospital. Milano et al reported that
the 4 year overall survival, progression free survival, local control and distant control were
28%, 20%, 60% and 25%, respectively after SBRT for multiple sites oligometastases from 121
patients. And they showed that number of metastases (range, 1~5) was not correlated with
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treatment outcomes. Salama et al firstly performed dose escalation study of SBRT in patients
with oligometastases involving multiple organs (Milano et al, 2008). In phase I/II trial, they
treated 56 tumors in 29 patients with a dose to 24 to 36 Gy in 3 fractions. With a median
follow up 14.9 months, local control and progression free survival rate were, 57% and 21%,
respectively (Salama et al, 2008). In a final report from same group, Salama et al could
escalate the dose from 24 Gy to 48 Gy in 3 fractions. Fifty six tumors in 29 patients were
treated and their 1 and 2 year overall survival rate was 81.5% and 56.7%, respectively. And
they showed superior outcome in the patient with one to three metastases to the others with
four or five metastases (2 year overall survival; 60.3% vs 21.9%) but there was not statistical
significance (p=0.22) (Salama et al, 2011).

4.6. Dose constraints to prevent normal tissue toxicity

SBRT has been defined as hypofractionated (1-5 fractions) extracranial stereotactic radiation
delivery, thus when selecting the fractional and total dose, several clinical considerations are
important, including; (1) predicted risks of late normal tissue complications; (2) predicted
tumor control; (3) financial costs and time expenditure for treatment planning and delivery.
Among these, the long term effect of hypofractionated dose delivery to small volumes of
normal tissues is not well understood, and certainly more clinical studies with longer follow
up are needed to better define the variable associated with risks of late toxicity. Table 7
shows the normal tissue dose volume constraints to prevent late radiation complication in
NCCN guidleline version 2.2012.

OAR 1 fraction 3 fractions 4 fractions 5 fractions
Spinal cord 14 Gy 18 Gy 26 Gy 30 Gy
(6 Gy/fx) (6.5 Gy/fx) (6 Gy/fx)
Esophagus 15.4 Gy 30 Gy 30 Gy 32.5 Gy
(10 Gy/fx) (7.5 Gy/fx) (6.5 Gy/fx)
Brachial plexus 17.5 Gy 21 Gy 27.2 Gy 30 Gy
(7 Gy/tx) (6.8 Gy/fx) (6 Gy/fx)
Heart/pericardiu 22 Gy 30 Gy 34 Gy 35 Gy
m (10 Gy/fx) (8.5 Gy/fx) (7 Gy/fx)
Great vessels 37 Gy 39 Gy 49 Gy 55 Gy
(13 Gy/fx) (12.25 Gy/fx) (11 Gy/fx)
Trachea & 20.2 Gy 30 Gy 34.8 Gy 325Gy
proximal bronchi (10 Gy/fx) (8.7 Gy .fx) (6.5 Gy/fx)
Rib 30 Gy 30 Gy 34.8 Gy 325Gy
(10 Gy/fx) (8.7 Gy.fx) (6.5 Gy/fx)
Skin 26 Gy 30 Gy 36 Gy 40 Gy
(10 Gy/fx) (9 Gy/fx) (8 Gy/fx)
Stomach 12.4 Gy 27 Gy 30 Gy 35 Gy
(9 Gy/fx) (7.5 Gy) (7 Gy/fx)

Table 7. Normal tissue dose volume constraints for SBRT from NCCN guidelines



Curative Radiotherapy in Metastatic Disease:
How to Develop the Role of Radiotherapy from Local to Metastases

The recommendation from Table 7 is frequently referenced in SBRT for non small cell lung
cancer (Ettinger et al, 2012) and so, there is no information about intra abdominal organ
including small intestine, liver and kidney. Radiobiologically, normal tissues can be
categorized into two groups of serially arranged tissues and parallel arranged tissues. In a
review article from Rochester University in New York, Milano et al recommended the
fractional dose limitations to small volume of normal tissue which were expected to be safe
with respect to risk of radiation necrosis in serially arranged tissues and they also noted the
dose constraints of parallel arranged normal tissues such as lung, liver and kidney for safe
SBRT in same article (table 8 and 9) (Milano, 2008).

Number of fractions

Normal tissue 1 3 5 8 10
Spinal cord 8-10 Gy 5-6 Gy 4-5 Gy 3-4 Gy 3Gy
Trachea & bronchi - - 7-9 Gy 6-7 Gy 4-5 Gy
Brachial plexus - - 8-10 Gy 6-7 Gy 5-6 Gy
esophagus - - 6-8 Gy 4-5 Gy 3-4 Gy
Chest wall/ribs - 10-15 Gy 6-8 Gy 6-7 Gy 5-6 Gy
Small bowel 10-12 Gy 10-12 Gy 6-8 Gy 5-6 Gy 4-5 Gy
Lung 20 Gy 20 Gy 8-10 Gy 7-8 Gy 5-7 Gy
Liver 25 Gy 20 Gy 8-10 Gy 7-8 Gy 5-6 Gy

Table 8. Recommendation for safe hypofractionated SBRT fractional dose to small volume of serially
arranged tissues.

Lung 700-1000 ml of lung not involved with gross disease or planning target volume
V20 of 25-30%
Liver 700-1000 ml of liver not involved with gross disease or planning target volume

Two thirds of normal liver <30 Gy

Kidney | Minimize dose receiving >20 Gy
Two thirds of one kidney <15 Gy (with another functional kidney)

Table 9. Recommendation for safe hypofractionated SBRT dose volume metrics for parallel arranged
normal tissues

Deriving standard acceptable maximally effective and minimally toxic dose fractionation
schemes presents a challenge, even with available outcome data. In fact, this complexity
arises from not only the different dose-fractionation schemes used, but also in differences in
how the dose is prescribed. Further study and longer follow up are needed to ascertain the
dose fractionation schedule that optimizes tumor control while minimizing toxicity and to
better understand the optimal normal tissue dose volume constraints.

4.7. Patterns of failure

A subset of patients with oligometastases have been alive a prolonged disease free state,
some > 7 years, most eventually succumbed to further metastatic progression. There are
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several studies which have examined the pattern of recurrence after resection,
radiofrequency ablation, or cryosurgery and SBRT of oligometastases. Table 10 shows the

literature summary of the pattern of recurrence after treatment of limited liver metastases.

First author Sugiharaet |Aloiaetal, |Kosarietal, |Ravikumar |Milano etal,
al, 1993 2006 2002 etal, 1991 2010

Primary cancer colorectal colorectal various colorectal | various

Treatment modality | resection resection radio- cryosurgery | SBRT

frequency

Number of 64/107 (60%) | 71/150 (57%) | 23/45 (51%) |17/24 (71%) |37/42 (88%)

recur/total

Follow up(mo) 6-164 4-138 6-34 5-60 6-67
Median 35 |Median31 [Median 19.5 |[Median24 |Median 21

Recurrence in

Liver only - 18% 52% 35% 22%

Extrahepatic only |- 62% 4% 6% 5%

Liver+extrahepatic |- 20% 43% 59% 73%

Liver 53% 38% 96% 94% 95%

Lung 31% 58% - - 32%

CNS - 1% - - 8%

Bone - 6% - - 19%

other 28% 17% - - 32%

Table 10. The pattern of recurrence after local treatment of limited liver metastases

All authors reported that the first new recurrence or metastases occurred quite commonly in
the same organ, although metastases to other organs are common as well. New metastases
occurring shortly after completion of treatment including SBRT presumably represents the
growth of initially occult metastatic disease versus rapid metastatic progression, whereas
new metastases that occurs after a longer time interval represents more indolent growth of
initially occult metastatic disease versus a more remote occurrence of distant spread.
However, a few present studies can determine a mechanism to account for new metastases.
Some variables are thought important in predicting where subsequent metastases are likely
to occur. The initial organ involvement, use of chemotherapy, type of local therapy, primary
cancer type, histology and grade are expected to be important which can impact the pattern
of subsequent recurrence. In addition, genotypic and phenotypic changes which lead to
metastatic potential must exist and should be explained in the future.
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5. Conclusion and future aspect

In its current form, stereotactic hypofractionated radiotherapy is still in its infancy as an
experimental treatment for oligometastases. At this point, a recommendation cannot be
made for a fractionation scheme, which suggests the need for prospective investigation.
There are multiple ongoing clinical trials on the use of SBRT for oligometastases in various
body sites and the results of those trials are eagerly awaited. Given the high propensity for
distant progression, the combination of novel systemic therapy and SBRT is to be explored.
Interested readers can visit the web site (www.clinicaltrials.gov) to a full list of clinical trials
of SBRT for various metastatic sites.
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Locally Advanced Esophageal Cancer

Hend Ahmed El-Hadaad and Hanan Ahmed Wahba

Additional information is available at the end of the chapter

http://dx.doi.org/10.5772/56484

1. Introduction

Cancer of the esophagus is a highly lethal malignancy. There are approximately 16,980
people diagnosed with esophageal cancer each year in the United States and 14,710 deaths
from the disease (Siegel et al., 2011). It currently ranks ninth among the most frequent
cancers in the world (Lerut et al., 2001), and it is the sixth leading cause of death from cancer
(Falk et al., 2007). Although the best treatment for locally advanced esophegeal cancer is still
being debated, the use of neoadjuvant chemoradiotherapy has gained acceptance (Tepper et
al., 2008). The rationale for chemoradiotherapy (CRT) followed by surgery has potential to
downsize the tumor, thereby increasing the rate of tumor-free (RO) resections, reducing
early relapses, and improving survival (Swisher et al., 2005; Brucher et al.2006).
Chemoradiotherapy (CRT) has proved effective against resectable/unresectable esophageal
squamous cell carcinoma. The Radiation Therapy Oncology Group (RTOG) trial 85-01
demonstrated the superiority of CRT with cisplatin (CDDP), 5-fluorouracil (5-FU), and
concurrent irradiation (50.4 Gy) over radiotherapy alone (64 Gy) in patients with T1-3N0O-
1MO esophageal cancer (Herskovic et al., 1992). Definitive chemoradiotherapy is appropriate
for locally advanced cancer in patients who do not want surgery or in whom surgery is not
possible as a result of technical or medical reasons. The higher doses of radiation
administered with concurrent chemotherapy was explored in the protocol RTOG9504 which
established 50.4 Gy as the standard dose of radiation to be administered concurrently with
chemotherapy (Minsky et al., 2002). Three-dimensional conformal radiotherapy (3D-CRT) is
an approach to the planning and delivery of radiation therapy and numerous investigators
have demonstrated the benefits of this modality in a variety of cancers. These benefits
include its normal tissue-sparing capabilities and its ability to deliver higher radiation doses
compared with conventional radiotherapy (Oh et al., 1999).

To enhance the efficacy and tolerability of multimodal treatment, new chemotherapeutic
agents such as oxaliplatin and capecitabine have been incorporated into esophegeal cancer
therapy. Oxaliplatin is a third generation platinum compound, it forms inter and intrastrand
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cross links with DNA that inhibit DNA replication and transcription. In phase I and II, trials
suggest that it has been found to be at least as effective as cisplatin in esophageal cancer and
better tolerated (Khushalani et al., 2002). Neoadjuvant concurrent chemoradiotherapy with
capecitabine and oxaliplatin concurrently with conformal radiotherapy in patients with
locally advanced esophageal cancer better tolerated and effective with OAR 54.8% (Wahba
et al., 2012).

Objectives:
The chapter examines:

- Diagnostic procedures

- Recommendations for treatment of locally advanced esophageal cancer

- The use of neoadjuvant chemotherapy and radiotherapy for treatment of locally
advanced esophageal cancer

- Concurrent chemotherapy and radiotherapy for definitive treatment

- Follow-up care

2. Diagnosis and staging

In Western countries, the diagnosis of esophageal cancer is generally made by endoscopic
biopsy of the esophagus. In the Far East, cytologic evaluation is frequently used.

The most accurate staging modalities are CT scanning and endoluminal ultrasound (EUS).
CT scanning most accurately detects distant visceral metastases although both EUS and
laparoscopic ultrasound are capable of detecting small metastases, particularly in the left
lobe of the liver that may be missed on CT (Nguyen et al., 1999 & Wakelin et al., 2000). In
locoregional staging, EUS is considerably more accurate than CT.

PET: Positron emission tomography (PET) scanning is a more recently described staging
modality that detects uptake of fluorodeoxyglucose by tumor cells. Early studies suggest it
may be more reliable than EUS alone in detecting nodal metastases (Choi et al., 2000 & Lerut
et al.,, 2000), several recent studies have applied PET scanning for the assessment of response
to neoadjuvant chemoradiation, demonstrating a correlation between fluorodeoxyglucose
uptake, pathologic response at surgery, and subsequent survival (Kato et al., 2002).

As PET becomes more widely available; its use will probably become an important part of
the preoperative evaluation of these patients.

Accurate staging provides useful information relating to prognosis and has considerable
therapeutic implications.
3. Treatment of locally advanced esophageal cancer

3.1. Treatment principles

The treatment of locally advanced esophageal cancer is a multidisciplinary approach; single
modality approaches have disappointing control rates.
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Radiochemotherapy is the standard of care; neoadjuvant chemoradiotherapy is associated
with a higher response rate in comparison to chemotherapy alone.

Definitive chemoradiation remains a reasonable therapeutic option for patients.

External beam radiation therapy alone can be considered for definitive treatment when
chemotherapy is contraindicated.

For palliation of symptomatic locally advanced esophageal cancer, radiotherapy is highly
effective, also endoscopic procedures such as dilating, stenting, and laser ablative
techniques are effective in rapid symptoms alleviation.

3.2. Neoadjuvant chemotherapy

A trial performed by the Medical Research Council Oesophageal Cancer Working Group
randomized 802 patients to surgery alone versus two cycles of preoperative cisplatin/5-FU.
At a relatively short median follow-up of only 2 years, the chemotherapy-treated group
demonstrated improved median OS (16.8 vs 13.3 months) and 2-year survival (43% vs 34%).
The curative resection rate was improved marginally from 55% to 60%, and the pCR rate
was 4% in the preoperative therapy group (Medical Research Council Oesophageal Cancer
Working Group 2002). A French trial of 224 patients with gastric or lower esophageal
adenocarcinoma (Boige et al., 2007), in which patients were randomized to two or three
cycles of preoperative cisplatin/5-FU followed by surgery versus surgery alone. Those
patients who appeared to benefit clinically or radiographically from preoperative therapy or
who had persistent T3 or node-positive disease at surgery also received an additional three
or four cycles of chemotherapy. Preoperative chemotherapy was associated with a
significant improvement in RO resection rate (74% vs 87%), 5-year disease-free survival (34%
vs 21%), and 5-year OS (38% vs 24%). the survival benefit seen with preoperative cisplatin/5-
FU on this trial appears to be very similar to that seen with perioperative ECF in the MAGIC
trial (Cunningham et al., 2006). Polee et al have evaluated a biweekly combination of
cisplatin and paclitaxel in a phase II study, with promising results. Objective responses
occurred in 59% of 49 patients. No patients had progressive disease. Although 71% of
patients had severe neutropenia, it was often asymptomatic. Forty-seven patients
underwent resection subsequently. Complete pathologic responses occurred in 14% of
patients. The median survival of patients in this study was 20 months, but it was 32 months
in patients who had disease responsive to chemotherapy. The 3-year survival rate was 32%
(Polee et al., 2003).

3.3. Neoadjuvant RadiationTherapy

Trials that evaluated the use of preoperative radiation as a single modality have consistently
reported no benefit. Whenever a survival benefit was suggested, it tends to be modest,
similar to neoadjuvant chemotherapy alone (Arnott et al., 1992; 2005 & Nygaard et al., 1992).
One randomized trial revealed no benefit for either preoperative radiation or chemotherapy,
concluding that both treatment modalities might be necessary to treat both local and
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systemic disease. Also, a meta-analysis could not demonstrate a significant survival benefit
for preoperative radiation as a single modality (Arnott et al., 1992).

3.4. Neoadjuvant chemoradiotherapy

Chemoradiotherapy typically involves regimens of cisplatin or mitomycin and continuous-
infusion 5-FU, with radiotherapy dosages from 30 to 40 Gy and up to 60 Gy in some trials. It
results in pCR rates of 20-40%, with long-term survival of no more than 25-35% (Coia et al.,
1991 & Valerdi et al., 1993). Superior survival is consistently achieved, though, in patients
achieving a pCR to chemoradiotherapy (up to 50-60% at 5 years) (Berger et al., 2005; Makary
et al., 2003; Stahl et al,, 2005 &Heath et al., 2000). A meta-analysis of randomized trial
comparing neoadjuvant chemoradiation therapy followed by surgery with surgery alone
found that neoadjuvant concurrent chemoradiation therapy improved 3-year survival (odds
ratio, 0.66) compared with surgery alone, with a non significant trend toward increased
mortality with neoadjuvant treatment (Kaklamanos et al., 2003).

Newer chemotherapy agents are active and may improve outcome over conventional
cisplatin/5-FU-based regimen such as paclitaxel, irinotican, oxaliplatin, xeloda and
docetaxel.

A phase II trial of 129 patients employed paclitaxel/carboplatin [Paraplatin]/5-FU with 45
Gy of radiation therapy followed by esophagectomy. A pathologic complete response was
seen in 38% of patients, with a median survival of 22 months and a 3-year survival of 41%
(Meluch et al., 2003).

Ajani et al reported a series of 43 patients who received 12 weeks of cisplatin and irinotecan
(Camptosar) followed by weekly paclitaxel with infusional 5-FU and concurrent radiation
therapy (4,500 cGy) and then esophagectomy. Therapy was well tolerated, with no deaths
from chemotherapy or chemoradiation therapy, and an operative mortality rate of 5%.
Cisplatin and irinotecan induced responses in 37% of patients, and 91% of patients
underwent complete resection. Pathologic complete responses occurred in 26% of patients,
and some tumor shrinkage was noted in 63% of patients. With a median follow-up of more
than 30 months, the median disease progression free survival was 10. 2 months, the median
survival was 22.1 months, and the 2-year survival was 42%. The patients who had a
pathologic response to therapy had significantly better outcomes than the rest of the study
population. However, systemic recurrences remained a prominent cause of failure, with five
patients experiencing recurrence first in the brain and an additional five patients, in the liver
(Ajani et al., 2004).

Neoadjuvant concurrent capecitabine and oxaliplatin with conformal radiotherapy (45Gy) in
42 patients reported OAR 54.8% and pathological response 38%.Median survival time was
20 months and 2-year survival rate 42 % (Wahba et al., 2012).

A phase II trial assessed the feasibility and safety of induction chemotherapy with cisplatin
(25 mg/m? d1-5, d29-34)/docetaxel (75 mg/m? d1, d29)/5-fluorouracil ((5-FU, 750 mg/m? d1-5,
d 29-34) followed by external beam radiotherapy concurrent with docetaxel (15 mg/m?
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d1,8,15,22) and 5-FU (300 mg/m? continuous infusion on the days of radiotherapy).Twenty-
four patients with locally advanced carcinoma of the esophagus were included. Following
chemotherapy and chemoradiation eligible patients underwent esophagectomy. Sixteen
patients underwent resection. Pathologic complete remission was achieved in 5 of those 16
patients, 13 patients had downstaging of disease. RO resection was feasible in all 16 patients
(Eisterer et al., 2011).

The incidence of residual disease in patients who have a complete clinical response to
chemoradiation therapy is 40%-50%. Patients with complete response following
chemoradiation therapy have the best survival rates with surgery. RTOG 9207 Phase I/II
treated 49 patients with concurrent 5-FU, cisplatin+radiotherapy (50Gy/25 fractions and high
dose rate brachytherapy 5Gyx3 or low dose rate 20x1); reported 24% grade 4 toxicity,12%
fistula,10% treatment related deaths with median survival 11 months. Brachytherapy not
recommended due to high toxicity (Caspar et al., 2000).

3.5. Positron emission tomography-directed therapy

18F-2-fluoro-deoxy-D-glucose positron emission tomo-graphy (PET) scanning is emerging
as an important tool to investigate response to therapy. Several studies have demonstrated
that the degree of response detected by PET following preoperative chemoradiotherapy
(Downey et al., 2003 & Flamen et al 2002) or chemotherapy (Ott et al., 2006 & Weber et al.,
2001) is highly correlated with pathologic response at surgery and with patient survival.

The German MUNICON trial evaluated the strategy of taking patients with locally
advanced GE junction tumors with a suboptimal response to 2 weeks of induction
chemotherapy with cisplatin/5-FU, as determined by serial PET scans, directly to immediate
surgery, instead of continuing with presumably ineffective chemotherapy (Lordic et al.,
2007). Patients with a metabolic response by PET (defined as >35% reduction in standard
uptake value between baseline and repeat PET scan) continued with an additional 12 weeks
of chemotherapy prior to surgery. This trial revealed a significantly improved RO resection
rate (96% vs. 74%), major pathologic response rate (58% vs. 0%), median event-free survival
(29.7 vs. 14.1 months), and median OS (median not reached vs. 25.8 months) for PET
responders versus PET non responders. The outcome for PET non responders referred for
immediate surgery was similar to the outcome of such patients in an earlier trial who
completed 3 months of preoperative chemotherapy (Ott et al., 2006), indicating that non
responding patients were not compromised by referral to immediate surgery.

3.6. Primary chemoradiation therapy

Patients with locally advanced esophageal cancer (T1-4 NO-1 M0O) may be cured with
definitive chemoradiation therapy. Randomized trials have demonstrated a survival
advantage for chemoradiation therapy over radiotherapy alone in the treatment of
esophageal cancer. In an RTOG randomized trial involving 129 patients with esophageal
cancer, irradiation (50 Gy) with concurrent cisplatin and 5-FU provided a significant

151



152  Frontiers in Radiation Oncology

survival advantage (27% vs 0% at 5 years) and improved local control over radiation
therapy alone (64 Gy). Median survival also was significantly better in the combined-
therapy arm than in the irradiation arm (14.1 vs 9.3 months) (Cooper et al., 1999).

A Cochrane review confirmed the superiority of chemoradiotherapy versus radiotherapy in
fit patients (Rebecca, 2003).

3.7. Radiotherapy

Radiotherapy is one of the main, effective and relatively safe treatment modalities for cancer
esophagus. It could be used for early stage and advanced diseases and as locally palliative
treatment for metastatic disease.

The Radiation Therapy Oncology Group (RTOG) 85-01 trial was a randomized controlled
comparison of definitive radiotherapy alone (64 Gy), and definitive concurrent
chemoradiation (50 Gy delivered concurrently with 5-fluorouracil [5-FU] and cisplatin). A
statistically significant benefit was noted for overall survival among patients receiving
concurrent chemoradiation (Cooper et al., 1999).The Intergroup trial 0123 subsequently
randomized 231 patients to receive definitive chemoradiation with 50 Gy delivered
concurrently with 5-FU and cisplatin vs. 64 Gy delivered concurrently with the same
chemotherapeutic regimen. No significant differences were noted in median or overall
survival or locoregional control (al-Sarraf et al.,, 1997).Given these findings, the current
standard of care for inoperable esophageal cancer is concurrent chemoradiation with 50 Gy
radiotherapy.

3.7.1. 3D Conformal Radiotherapy

Three-dimensional conformal radiation therapy (3-DCRT) has been demonstrated to
improve dose distribution, thereby allowing significant increase of target dose and decrease
of lung and heart doses.

Target volume delineation:

It is based on the International Commission on Radiation Units and Measurements (ICRU)-
50 definitions of gross tumour volume (GTV), clinical target volume (CTV), and planning
target volume (PTV). To cover both submucosal tumour spread and lymphatics along the
oesophagus, enlarged longitudinal safety margins have been validated by clinical and
pathological reviews (Hosch et al., 2001 & Gao et al., 2007).

GTV (gross tumor volume) is tumor extension visible in imaging, including primary tumor
and enlarged lymph nodes. The commonly used imaging methods include endoscope,
esophagogram, CT, MRI; PET-CT. Complementary effect exists between each imaging
examination method, and could significantly improve the accuracy and sensitivity when
judging the gross tumor volume. Many studies recommend PET-CT for planning simulation
(Konshi et al., 2005 & Moureau-Zabotto et al., 2005). Leong et al., (2006) enrolled 21
esophageal carcinoma patients in a prospective trial to determine effects of PET-CT on
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delineation of tumor volume for radiation therapy planning. PET-CT detected disease in
eight patients that was not detected by CT scan: four of these patients were found to have
metastatic disease and four had regional nodal disease. In 16 of 21 patients who proceeded
to the radiotherapy planning phase of the trial, 69%had PET-CT-positive disease that would
have been excluded if CT alone had been used for radiation planning. In cases where an
endoscope is unable to pass through a stenosed oesophagus to visualize the lower boundary
of the tumour, PET may be the only way to estimate the lower border of the tumour. PET
has a significant impact on GTV and PTV in oesophageal cancer, often helping to avoid
geographic miss by identifying unsuspected lymph node involvement.

CTV (clinical target volume) refers to the range of subclinical lesions. The microscopic
infiltration ranges were < 3 cm superior and inferior along the vertical axis of esophagus in
94% of the patients with esophageal carcinoma as reported by Gao et al. (2007) who
concluded that a 50 mm CTV would be necessary to cover distal microscopic spread in 94%
of adenocarcinomas of the gastroesophageal junction. A 30 mm CTV would be adequate to
cover microscopic disease spread in 94% of squamous cell carcinomas and for coverage of
proximal microscopic spread for adenocarcinomas of the gastroesophageal junction.

Clinical target volume node refers to the lymphatic drainage districts of esophageal
carcinoma. There is no high grade evidence identifying the range of lymphatic drainage
districts in prophylactic radiation for esophageal carcinoma. The final CTV may be larger
since for cervical primaries; the supraclavicular nodes need to be included; and for distal
primaries, the celiac nodes need to be included.

Planning Target Volume (PTV) will provide margin around the CTV to compensate for
variations in treatment set-up, and organ motion will be included in the treatment fields.

A volumetric treatment planning CT study is required to define GTV and PTV. The local
regional nodes will be included in the clinical target volume (CTV). Each patient will be
positioned in an individualized immobilization device in the treatment position on a flat
table. Contiguous CT slices, 3-5 mm thickness of the regions harboring gross tumor and
grossly enlarged nodes and 8-10 mm thickness of the remaining regions, are to be obtained
starting from the level of the cricoid cartilage and extending inferiorly through the liver. The
GTV and PTV and normal organs are outlined on all appropriate CT slices and displayed
using beam’s eye view. Normal tissues to be contoured include lungs, kidneys, skin, heart,
spinal cord, esophagus, and liver. A measurement scale for the CT image shall be included.
Barium swallow during the planning CT is optional provided a diagnostic chest CT was
done with contrast to delineate the outline of the esophagus (RTOG 0436).

Variability in treatment setup, breathing, or motion during treatment:

Lorchel et al. (2006) and Yaremko et al. (2008) reported that the movement range of
esophagus in all directions was 0.5 cm in upper part, 0.6 - 0.7cm in middle part, and 0.8 - 0.9
cm in lower part. A margin around the CTV will define the PTV. The PTV volume must
include a minimum of 1 cm and a maximum of 2 cm around the CTV. Once again, the final
PTV may be larger, since the supraclavicular nodes need to be included in the treatment
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fields for cervical primaries and the celiac nodes need to be included in the treatment fields
for distal primaries.

The ICRU reference point is to be located in the central part of PTV. Typically, this point
should be located on the beam axis or at the intersection of the beam axis (isocenter).

Radiotherapy doses:

External beam radiation therapy to a total dose of 50.4 Gy at 1.8 Gy/fraction, in combination
with concurrent cisplatin + 5-FU chemotherapy is currently the standard regimen for
definative treatment. The Intergroup 0123 trial randomly assigned 236 patients with locally
advanced esophageal cancer (T1-4, NO/1) to radiation to a total dose of 50.4 Gy or 64.8 Gy at
1.8 Gy/ fraction. Concurrent chemotherapy (cisplatin +5-FU) was used in both groups. The
results revealed no differences in locoregional failure rates (56% versus 52%) and 2-year
overall survival rates (31% versus 40%), as well as in median survival (13 months versus 18
months) (Minsky et al., 2002). analysis of RTOG 94-05 did show that a dose of 64.8 Gy was
not superior to 50.4 Gy (Wither and Peters, 1980). Whba et.al (2012) reported overall
response rate 54.8% and median overall survival 20 months on using chemoradiotherapy
with capecitabine, oxaliplatin and radiotherapy dose 45Gy. RTOG 0436 trial recommend a
total dose of 50.4 Gy (1.8 Gy/Fx/day), the prescription dose will be specified at the ICRU-50
reference point; this point will usually be the isocenter (intersection of the beams). The
isodose curve representing 93% of the prescription dose must encompass the entire
planning target volume (PTV). The daily prescription dose will be 1.94 Gy at the
International Commission on Radiation Units and Measurement (ICRU) reference point. 1.8
Gy (which corresponds to the 93% isodose curve) is to be delivered to the periphery of the
PTV.

In the trial by Bosset and coworkers (1997) the fractionation consisted of two 1-week courses
of 3.7 Gy /5 fractions, the field included the tumor with 5-cm superior and inferior margins
and 2 cm radial margins. The celiac axis was not included. Walsh and coinvestigators (2006)
used a dose of 40 Gy in 2.67-Gy fractions. The Cancer and Leukemia Group B 9781 trial
(Krasna et al., 2006) treated to 50.4 Gy. Radial margins were 2 cm beyond the esophagus;
superior and inferior field borders were 5 cm above and below the gross tumor, including
the supraclavicular nodes for proximal tumors and the celiac axis for distal tumors.

The fractination schemes, with 50.4 Gy commonly used in the United States and lower doses
with larger fraction sizes more common in Europe (Hong et al., 2007).

RTOGY9504 established 50.4 Gy as the standard dose of radiation to be administered
concurrently with chemotherapy (Minsky et al., 2002).

Field arrangement:

The preferable method is a 3-field technique (2 anterior obliques and a posterior field). In
most cases, this is not possible; therefore, it is acceptable to initially treat AP/PA to
approximately 39.6 Gy, then switch to obliques to exclude the spinal cord. The
supraclavicular field, which is excluded from the obliques, can be supplemented with
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electrons to bring the total dose up to 50.4 Gy (RTOG 0436). A common approach is anterior:
posterior (APPA) fields for the first course, and a 3-field approach consisting of an AP and 2
posterior obliques, or opposed obliques, for the cone-down volume. The advantages of this
approach include limiting the lung dose during the AP-PA portion of treatment and then
limiting the spinal cord dose by replacing the PA field with off-cord obliques. A
disadvantage is the significant cardiac volume often included in treatment filed (Hong et al.,
2007).

Dose constraint:

The dose limitation for critical structures includes, the spinal cord dose limited to 45 Gy,
60% of the liver should not exceed 30 Gy, at least two thirds of one kidney should not
exceed more than 20 Gy, and one third of the heart should receive less than 50 Gy (Wither
and Peters, 1980). The mean lung dose should not exceed 20 Gy, and specific limits have
been recommended for volumes that receive 10, 20, and 30 Gy, respectively (V10, V20, V30)
(Hong et al., 2007).

b
Figure 1. a, b Dose distribution by using an AP field and two oblique fields.
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3.7.2. Intensity Modulated Radiation Therapy (IMRT)

Most data regarding IMRT for esophageal malignancies has been limited to dosimetric
analyses.

Wang et al (2006) reported outcomes of seven patients with locally advanced upper or
cervical esophageal cancer treated definitively with concurrent chemoradiation with a total
radiation dose of 59.4-66 Gy five- to nine-beam IMRT were used to deliver a total dose of
59.4-66 Gy (median: 64.8 Gy) to the primary tumor. After median fellow up period 15
months all 6 evaluable patients achieved complete response. Of them, 2 developed local
recurrences and 2 had distant metastases, 3 survived with no evidence of disease. After
treatment, 2 patients developed esophageal stricture requiring frequent dilation and 1
patient developed tracheal-esophageal fistula.

Another study conducted by Fu et al (2004) comparing IMRT and 3D Conformal
radiotherapy, The IMRT plans were superior in that they reduced the percent of total lung
volume exceeding 20 Gy (V20) or 30 Gy (V30) while generating more conformal and
homogeneous target coverage. Heterogeneity and conformality indices were improved with
IMRT. No significant reductions were noted in heart, spinal cord, liver and total body
integral dose (Chandra et al., 2005).

3.7.3. Follow up after radiotherapy

One month after radiotherapy then every four months in the first year, once every six
months in the second year, once every year thereafter to at least five years. If the patients
have symptoms they should be followed up according to clinical requirement. Evaluations
during these follow-up visits included blood routine, biochemistry test, upper
gastroenterography and/or esophagoscopy, chest- X ray films/chest computed tomography
(CT).

3.8. Targeted therapy

Bonner et al. (2006) conducted a phase III trial in locally advanced head and neck cancer
patients documented the benefit of combination of cetuximab and radiation and reported an
improvement in both local control and overall survival. The Brown University Oncology
Group and the University of Maryl and Greenebaum Cancer Center (Suntharalingam et al.,
2006) have piloted the addition of cetuximab with a concurrent chemoradiation (weekly
carboplatin, paclitaxel, and 50.4 Gy), this phase II trial reported complete response rate of
65% in patients presenting with locally advanced disease with no grade 4 toxicities and 20%
grade 3 esophagitis.

4. Palliative treatment of locally advanced esophageal cancer

The majority of patients presented with locally advanced or metastatic disease which is
difficult to control. Considering this fact, it is important to offer treatment providing
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adequate and rapid palliation of symptoms especially the obstructive symptoms which
reflect on the quality of life.

Several management options have been developed to palliate malignant dysphagia. These
include endoluminal stenting or surgery and external beam radiation, brachytherapy,
chemotherapy, chemoradiotherapy, laser treatment, photodynamic therapy or ablation
using injection of alcohol or chemotherapeutic agents (Weigel et al., 2002; Allum et al,,
(2002) & Bown (1991).

4.1. Surgical bypass

Surgical bypass advocated as a palliative modality, particularly when unresectability is only
discovered at an attempt at curative resection, on the basis that this offers better restoration
of swallowing than many palliative modalities (Segslin et al., 1989). However, operative
mortality is 40% or more, whichever bypass procedure is used (Segalin et al, 1989 &
Whouley et al., 2002).

4.2 Stenting

Since 1990, several case series, retrospective reviews, and prospective studies including
more than 2,000 patients have shown that Self-expandable metal stents (SEMS) are effective
in relieving dysphagia and improving dysphagia scores, with immediate success rates
between 96% and 100% (Dua, 2007).

Madhusudan et al. (2009) reported significant improvements in all QOL parameters after
stent placement in patients with advanced inoperable esophageal cancer. This improvement
was maintained until 8 weeks.

Another prospective study by Maroju et al. (2006) reported similar improvement in QOL
following stenting.

Contraindications to stent use include particularly exophytic tumors, proximal tumors due
to pharyngeal irritation caused by prostheses sited too proximally. Complications include
tumor ingrowth (predominantly with uncovered stents), tumor overgrowth at the stent
margins, and stent migration (particularly with covered stents and lesions close the
esophagogastric junction) (Hills et al., 1998 & Tytgat et al., 1986).

4.3 External beam radiotherapy

External beam radiotherapy (EBRT) is known to provide durable and effective relief of
dysphagia. However, there is a time lag before symptomatic relief occurs, and up to 6 weeks
are required for maximum benefit (Bown, 1991).

Most studies have used radiotherapy in a dose range of 40-60 Gy. However, a higher dose
of radiotherapy does not add to the therapeutic value, and may increase the loco-regional
toxicity (Minsky et al., 2002).
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4.4. Stenting and external beam radiotherapy:

Although SEMS are easy to place and the beneficial effects are immediate, recurrent
dysphagia has been observed in many patients during a follow-up period of 4-10 weeks
(Homann et al., 2008). Radiotherapy, on the other hand, provides long-term relief of
dysphagia (Bown, 1991). Zhong et al. (2003) and Han et al. (2004) have investigated the
effect of combined stenting and radiotherapy on survival of patients with advanced
esophageal cancer and reported superior results with regard to both relief of dysphagia and
survival for stenting followed by radiotherapy in those patients.

Eldeeb and El-Hadaad (2012) conducted a prospective study on 91 locally advanced
esophageal cancer patients, they reported median overall survival (OAS) 169 days in
radiotherapy group (the radiation doses ranged from 20Gy/5fractions to 30Gy/10 fractions),
119 days in stenting group and 237 days in combined radiotherapy- stenting group, the
difference between radiotherapy group and combined radiotherapy- stenting group was
significant.

4.5. Thermal ablative therapy

Laser photocoagulation has been the most studied modality; two studies have demonstrated
better palliation using laser photocoagulation, its disadvantages include the necessity to
repeat treatment at approximately 6-week intervals (Carter et al., 1992) & Loizou et al,,
1991). Laser treatment is best reserved for tumors least amenable to stent placement

4.6. Brachytherapy

The use of intracavitary irradiation (brachytherapy) in doses of 1,800 cGy in the palliation of
esophageal cancer has encouraging results (Sur M et al, 1996 & Sur RK et al., 2002).
Endoluminal approach, high dose-rate brachytherapy (HDRBT) alone may offer sustained
symptomatic relief. An established regimen is two fractions of 8 Gy, each prescribed at 1.0
cm, which has been tested in IAEA-randomized trial; it resulted in a median survival of 237
days and the incidences of strictures (11%) and fistulae (10%) (Sur RK et al., 2002).

The combination of high dose-rate brachytherapy (HDRBT) and External Beam Radiation
Therapy (EBRT) is superior to HDRBT alone for the palliation of oesophageal cancer.
Addition of EBRT to HDRBT improved dysphagia-relief experience (DRE). The average
benefit was an absolute +18% improvement in DRE which was sustained between 50 to 350
days of follow-up. The overall improvement in mean dysphagia score was -0.44. While
HDRBT alone produced, on average, a relatively stable dysphagia score, the addition of
EBRT led to a further reduction in the score compared with that from HDRBT alone
(Rosenblatt et al., 2010).

5. Conclusion and future recommendations

The treatment of locally advanced esophageal cancer is a multidisciplinary approach;
Radiochemotherapy is the standard of care; combined chemotherapy and radiation therapy
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is the definitive treatment of choice for unresectable or medically inoperable locally
advanced esophageal

Cancer, neoadjuvant chemoradiation therapy improves OAS survival.

In future, it will be crucial to improve chemotherapy regimens, radiation delivery, and
surgical techniques to reduce morbidity and mortality and to increase cure rates. All
esophageal cancer patients should be managed at a center where a multidisciplinary setting
is well established (Kaifi et al., 2011).

To improve treatments outcomes, utilization of modern radiation therapy technology
including respiratory gating, image guidance and IMRT allow high precise localization,
greater dose of radiation to target and decreasing normal tissues toxicity. Incorporation of
newer chemotherapeutic agents into chemoradiation regimens, also using targeted therapies
in combination with chemoradiotherpy may be having promising results.
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1. Introduction

1.1. Conservative surgery

Conservative surgery (lumpectomy, quadranctectomy) associated with radiation therapy is
widely applied worldwide instead of mastectomy in early-stage breast cancer, since clinical
trials reported similar survival rate [1,2].

These surgical procedures are the first choice for small primary tumours (diameter on
physical examination up to 3 cm) with no palpable nodes (NO); the choice of procedure
adopted depending upon the relation between tumour size and breast volume (small
tumour in voluminous breast).

Contraindications to a conservative surgery are: serious co-morbidities, multifocal tumour
or wide microcalcifications, clinically palpable lymph nodes and all contraindications to
radiotherapy.

The conservative surgery may expose to the patient to a higher risk of local recurrence, that
could be reduced applying wider excision with microscopic clear margins. Although there
are controversies with regard to a safe margin, it is generally accepted that there is lower
risk of recurrence with clear margin more than 10 mm, while margins less than 2 mm are
considered inadequate [3]. Excision with clear margins is important for local control and
consequently for overall survival.

In our experience sentinel node biopsy represents another step of conservative surgery
because it is important for tumour staging.
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Attribution License (http://creativecommons.org/licenses/by/3.0), which permits unrestricted use,
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1.2. Radiotherapy and IORT

The standard adjuvant therapy in early breast carcinoma includes whole breast irradiation
(WBI) after conservative surgery to minimize the risk of local failure and improve disease-
specific survival. The standard schedules for WBI is 1.8- to 2-Gy daily fractions given 5 times
a week to a total dose of 45 to 50 Gy over 5 weeks with optional addition of a boost to the
primary site of 10 to 16 Gy in 5 to 8 daily fractions over 1 to 1.5 weeks.The irradiation takes
almost 6 weeks. Recent randomized trials have shown that use of modest hypo-fractionation
for adjuvant WBI in women with early breast cancer can reduce the number of weeks of
treatment (3 or 4 depending on the schemes used) to obtain [4].

Another aspect is whether whole mammary gland needs to be irradiated to destroy
microscopic tumour foci. Few studies have systematically addressed the extent of foci of
premalignant and malignant disease in the breast after lumpectomy [5,6]. It has been shown
that around 40% of the cases had no other foci in the breast of pre-malignancy/malignancy,
thus 60% of the cases had residual foci. Moreover at a distance of >2cms from the primary
carcinoma only 14-16% had invasive tumor foci in the breast.

Nevertheless it has been uniformly demonstrated that local recurrence rate is significantly
lowered by adjuvant radiotherapy [2] and that the majority of local recurrences (LRs) occurs
in proximity to the tumour bed, while less than 20% of LRs appear “elsewhere” in the
breast. [7,8]

On the basis of these considerations, there has been a growing interest in the use of
accelerated partial-breast irradiation (APBI) as an alternative to WBI in the last decade. This
technique irradiates a limited volume of the mammary gland to a high dose in 1 to 10
fractions to be delivered in 1 to 5 days. The advantages of APBI are: a decreased overall
treatment time and decreased radiation dose delivered to uninvolved portions of the breast
and adjacent organs.

It is important to recognize that APBI is unlikely to replace WBI for all patients treated with
breast-conserving surgery and that the key to long-term success for partial breast irradiation
is proper selection to identify low risk patients.

The American Society for Radiation Oncology (ASTRO) and the Groupe Européen de
Curiethérapie-European Society for Therapeutic Radiology and Oncology (GEC-ESTRO)
[9,10] breast cancer working groups developed a consensus statement regarding patient
selection criteria for the use of APBI outside the context of a clinical trial. The
recommendations were based on the results of a systematic literature review and were
supplemented by the expert opinions of both Task Force members.

The inclusion/exclusion criteria of partial breast irradiation after conservative surgery are
shown in tab.1-2.

Similar prognostic factors are applied in both the documents developed by two groups:
patients factors (young age and BRCA mutations), pathologic factors (tumor size, lobular
carcinoma, positive margins of resections, lymph—vascular space invasion, multicentricity,
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multifocality, pure ductal carcinoma in situ, extensive intraductal component), nodal factors
(axillary dissection not performed or pN1, pN2, pN3) and treatment factors as neoadjuvant
chemo-therapy. Analyzing the prognostic factors, different categories of risk for local
relapse were drawn to exclude patients at high risk from APBI.

e Non lobular carcinoma in histological specimen after
standard lumpectomy;

e Age >45 and <85 years

¢ Lump diameter < 2 cm (pT1-T2 according to TNM-UICC
2002);

e  Safe resection margin >5 mm in the surgical specimen;

e Patient availability to out-patient follow-up;

e Patient availability for following medical examinations
such as MNR, mammography, ultrasound;

e Agreement to informed consent;

e pNO.

Inclusion criteria*

Table 1.

e Extensive intraductal component in the histological
specimen (> 3 cm of diameter);

e  Pure ductal carcinoma or lobular carcinoma;

e Multifocality;

e Neoadjuvant therapy

e Serious diseases;

e Pregnancy or breast feeding;

e Psychiatric illness;

e  Connective tissue diseases

Exclusion criteria

Table 2.

Several technique may be used for partial breast irradiation: interstitial brachytherapy,
brachytherapy using MammoSite device, 3D conformal external radiotherapy (3D CRT) and
Intraoperative Radiotherapy (IORT). The above mentioned methods for APBI have different
characteristics and they are very difficult to compare [11].

IORT is the only APBI technique that offers surgery and radiotherapy simultaneously with
great comfort for patients. It can be implemented using low energy photons (50 kV)
provided by an Intra-beam device [12] or using accelerated electrons produced by mobile
linear accelerators installed in the operating room (fig.1).

Some centers use beams of electrons produced by linear accelerators located outside the
operating room; although this process is feasible, having a dedicated accelerator in the
operating room facilitates the procedures and reduces discomfort and complications.
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Figure 1. Mobile linear accelerator in our operative room

IORT with electrons is a method for adjuvant radiotherapy developed in 1999 at European
Institute of Oncology (IEO) in Milan: Intra-operative Radiotherapy with Electrons (ELIOT)
delivers a single dose of radiation equivalent to the total dosage with external fractionated
radiotherapy directly to the tumour bed after lumpectomy or quadrantectomy using a
mobile linear accelerator located in the operating theatre.

This technique has the advantage to do radiation treatment when breast tissue is having a
rich vascular supply; thereby making it more sensitive to the action of the radiation (oxygen
effect), immediately after surgery, before tumour cells have a chance to proliferate.

Moreover, the precise application of one single high dose of irradiation directly to the
tumour bed with complete skin sparing has the great advantage of shortening radiotherapy
time from 6 weeks to one single fraction.

The biological equivalent dose (BED) for IORT needs to be discussed as for a 20-21 Gy dose
given in one fraction there are no radiobiological models that can describe what is
happening during such high doses. The tool, most commonly used for determining iso-
effective doses is the linear-quadratic (LQ) model, and it is unclear if it is applicable for
single fractions >10 Gy. Within this limit, the single dose of 21 Gy is equivalent to a
fractionated dose of 65 Gy hence, an increased incidence of severe fibrosis can be expected,
nevertheless clinical experiences, reported to date, does not support this hypothesis. [13]
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Preliminary results are encouraging, but some questions are still unclear, such as the effect
of high single doses on late morbidity and aesthetic result. All experts are waiting for the
results of prospective randomized ELIOT trial carried on by IEO, comparing the delivery of
21 Gy intraoperatively versus Whole Breast Irradiation (50Gy/25 fraction) plus additional 10
Gy boost irradiation. In the meantime, Veronesi et al have published the results of a
retrospective analysis on 1822 patient, treated from January 2000 to December 2008 at the
IEO, after a mean follow up of 36.1 months [14].

Forty-two women (2.3%) developed local recurrence, 24 (1.3%) new primary ipsilateral
carcinomas and 26 (1.4%) distant metastases as first event. Local side effects were mainly
liponecrosis (4.2%) and fibrosis (1.8%). Forty-six women died (2.5%), 28 with breast
carcinoma and 18 with other causes. Five- and ten-year survivals were, respectively, 97.4
and 89.7%. Based on these data, ELIOT seems to be promising technology. Moreover, the
authors showed that age, tumor size, numbers of positive nodes, molecular subtype, tumour
grade and peritumoural invasion are statistically significant predictors of local relapse [14].

A further study has confirmed the importance of patient selection as indicated by the
international documents mentioned above. [9,15].

IORT is a method of radiation treatment that requires close collaboration between all
components of a multidisciplinary team: oncologic and plastic surgeons, radiation
oncologists and medical physicists.

2. Oncoplastic techniques

Several techniques of reduction mammaplasty have been carried out over the years to
correct macromastia [16].

In aesthetic field the choice between different mammaplasty techniques depending upon
degree of macromastia; patients who require mild resections of 500 gr per breast can be
treated by superior pedicle techniques such as Pitanguy reduction mammaplasty with T-
shaped inverted scar (Fig.2) or other superior pedicle techniques such as Marchac, Peixoto
and Lassus Techniques that have different extension of residual scars [17].

Figure 2. Superior pedicle mammaplasty: gland resection concerns the inferior quadrants
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However, patients who require greater resection (1000 gr per breast and more) can be
treated more effectively by inferior pedicle techniques or free nipple grafting technique (Fig
3,4).

Figure 3. Inferior pedicle mammaplasty: in this case gland resection concerns the superior quadrants.
The technique suites better to great reduction.

Figure 4. Mammaplasty with free nipple grafting technique: in this case resection concerns the inferior
and the central part of the gland

However, in oncologic field the choice between the different options depends primarily on
cancer position; for example, the inferior pedicle mammaplasty is chosen, if lump is located
in the superior part of the gland; while superior pedicle mammaplasty is applied if lump is
located in inferior part of the breast.
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This practice minimizes the reshaping and displacement of residual glandular flaps, that
may be very important if external radiotherapy is applied.

3. Technique

At our Institute, since 2004 a protocol has been applied to patients with medium/large-sized
and ptotic breast (from II to IV degree ptosis) and the patients that needed breast tissue
removal of more than 10% of total volume for small breast and more than 20% of total
volume for large breast. Different techniques of reduction mammaplasty were carried out in
these cases instead of classic conservative surgery (lumpectomy, quadrantectomy).

Oncoplastic techniques have been always applied, regardless of volume/ptosis of breast, if
lump is located behind nipple-areola complex.

The introduction of IORT has greatly modified the approach to all features of conservative
treatment, both traditional or oncoplastic. Since 2010 we have started to apply oncoplastic
techniques of reduction mammaplasty in association with IORT.

The inclusion criteria include criteria of oncoplastic techniques (medium / large breast
with/or ptosis III-IV degree) together with the ones of IORT (pts aged >45, T1, T2 < 2.5 cm,
intraductal component < 25%, negative lymphatic metastasis, single lump) applied in our
Department after approval of Institute Ethical Board.

All the patients underwent oncoplastic procedures and IORT including a multidisciplinary
team (oncologic surgeon, plastic surgeon and radiotherapist) during the same surgical time.

A comprehensive preoperative consultation with plastic and oncologic surgeon including a
discussion with the patient about her physical peculiarity, psychological status, expectations
and choice between unilateral or bilateral procedure, precedes the operation; the choice
between unilateral or bilateral mammaplasty is made by the patient and is motivated
exclusively by psychological reasons.

A specific informed consent that explains the extent of the undermined tissues and scars and
the effect of IORT are discussed with each patient; it explains the different phases of surgery
and the possible alternatives (classic conservative surgery), the cutaneous incisions, the
extent of the undermined tissues and residual scars.

The possible complications are discussed with the patient, such as: cutaneous and
subcutaneous necrosis, seroma, haematoma, numbess and local anesthesia, surgical site
infection (SSI), possible asymmetry; moreover some preoperative conditions are evaluated
such as smoking that may extend the healing process or may influence the quality of
residual scars.

A specific informed consent is administered by radiotherapist that discusses with the patient
all different treatment opportunities, the extent of the disease and the agreement to the
procedure; this consent includes the explanation of the procedure and the possible
complications of IORT, such as mammary oedema, infection, fat necrosis, seroma, late
fibrosis.
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The markings on the breast are made with patient in standing position and are discussed
with the oncologic surgeon clearly showing the position of the lump and the extension of
tissues that have to be removed.The patient is consulted with regard to the amount of breast
reduction.

Usually the residual scars are T-inverted shaped; although in small reduction mammaplasty,
the scar may be only vertical.

4. Surgical and radiotherapy time

The tumour is removed, according to the preoperative drawings, with at least 1 cm of
macroscopic margin and submitted to immediate pathological analysis that ensures an
adherence to inclusion criteria of IORT (T< 2.5, intraductal component <25%, negative
margins > 5 mm). This is followed by a sentinel node biopsy to exclude positive biopsies. If
sentinel node biopsy is positive, a complete axillary dissection is performed and IORT is not
applied: such a patient is candidate for traditional radiotherapy.

After tumour resection a mobilization of the mammary gland, from the pectoralis fascia and
from the skin, is carried out to obtain a good exposure to the radiation beam. A shielding
disk (available in various diameter from 4 to 10 cm) is positioned between gland and
pectoralis muscle, in line with the collimator to protect thoracic wall, heart and lung (Fig.5)

Figure 5. The disk is positioned under the pectoralis fascia and the gland is replaced on it

The disk must be equal or greater in diameter than the collimator which will be used, to
realize the best protection of the thoracic wall. The lead disk and collimator diameters are
chosen keeping in consideration the ratio of tumour size and breast volume.

The gland is replaced over the disk with temporary and separated stitches so that breast is
homogeneous as regard the thickness and receives irradiation in the best way (Fig.6).
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Figure 6. Breast tissues sutured on the disk with temporary stitches

The breast thickness is subsequently measured by graduated needle (perpendicularly
inserted through the breast target until the hard surface of the disk can be felt), and the

effective electron energy is chosen (Fig. 7).

Figure 7. A graduated needle measures gland thickness

A total dose of 18 Gy or 21 Gy is delivered directly to the mammary gland depending on
tumour volume according to the pilot study that is ongoing in our Institute.
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In-vivo dosimetry may be useful for the optimization of the dose delivered in IORT. This
optimization can help to reduce unnecessary large over-dosage regions and allows
introducing reliable action levels for in-vivo dosimetry [18].

The sterile polymethyl methacrylate (Perspex; Hitesys SpA, Aprilia, Italy) collimator of the
linear accelerator (LINAC) is introduced through the skin incision and placed directly over
the breast target, on the tumor bed (Fig.8).

Figure 8. The collimator placed on the gland

The diameter of the collimator must be chosen according to tumor size and breast volume.
As an area of 4-5 cm around the tumour has to be irradiated, the most useful collimators are
5 and 6 cm in diameter. An involuntary herniation of the gland into the collimator must be
avoided, as it could result in an increased delivered dose to the superficial part of the target.
The radiation technologist leads the LINAC into the surgical room; then the connection to
the distal part of the applicator is performed to start the dose delivery (Fig. 9).

Figure 9. The radiation technologist and the surgeon lead the LINAC to connect to collimator
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After collimator positioning, a series of mobile barriers are positioned around the operating
table to provide a good shielding of X-rays scattered by the patient; the team then leaves
operative room and the irradiation starts (Fig.10).

Figure 10. Operative room during radiation therapy

The prescribed dose is given in two steps; by reading the dose delivered during the first
step, medical physicist and radiation oncologist can correct the second dose for giving the
prescribed dose. The duration of radiation procedure is 2-4 minutes.

The applicator is immediately removed from the surgical field and the LINAC is placed far
from the operating table. The shielding disc is removed and mammaplasty proceeds as the
preoperative design. A contra-lateral similar reduction technique is concomitantly
performed when required.

After three months a simple scale is administered to the patient and to the surgeon,
separately, to evaluate post-operative aesthetic result through 4 different values: poor,
sufficient, good, excellent. The surgeon’s assess about aesthetic outcome results from
various aspects: good proportion between size / shape of the gland and chest wall; position
of areola-nipple complex on the breast meridian; distance between areola-nipple complex
and infra-mammary fold [17]

Our experience as regards: age of patients (mean 61.4; median 63), TNM, amount of removed
tissue, type and side of mammaplasty and aesthetic final result, is shown in Table 3.

In 9 patients mammaplasty has been performed on one side, while in the remaining 7 the
surgical procedure has been bilateral (Fig. 11, 12, 13, 14, 15, 16); the choice, discussed with
the patient during the preoperative consultation, has been usually motivated by
psychological reasons.
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R Pati
Age pTNM er.noved Side Mastoplasty | atient 'S urgeon
Tissue judgment | judgment
50 P})){\F%cé(ﬁ)—( 50g Bilateral | inf-med pedicle | excellent | excellent
61 g;i:)ﬁ; 55¢g Monolateral | inf-med pedicle | excellent good
48 pT1c/G1- 55 Monolateral amputation- excellent good
PNO-pMx graft
49 E;Bfi)?\i( 27 g Monolateral inf pedicle excellent good
78 5;};;5;;; 122 ¢ Monolateral inf pedicle good good
67 gg]lo(j;,(]_;\/:[a;( 58¢g Bilateral inf pedicle excellent excellent
68 g;tk_)}/)(;i 60g Bilateral inf pedicle good good
53 pTO/pGI\(/)[_fNO- 35g Monolateral inf pedilce excellent good
52 ggli)?}/r)ﬁ;( 41¢g Monolateral inf pedicle good good
70 g;éfgi/zl; 40g Monolateral inf pedicle excellent good
72 pTZ/ISI\i-fNO- 105g | Monolateral | superior pedicle | excellent good
65 E;ﬁéﬁ; 23g Monolateral |  inf pedicle excellent | excellent
60 }I:IEIK{:)(;/ZI;( R2¢g Bilateral inf pedicle excellent excellent
49 I;;Bbl/i/}; g Bilateral inf pedicle excellent | excellent
72 S;tb}/,(;j; 40 g Bilateral Inf pedicle excellent | excellent
T1c/G3-
69 IIJ)NOZ)(;/IX 320¢g Bilateral |superior pedicle good good

Table 3.
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Figure 11.

Figure 12.

Figure 13. Preoperative view of 50-year old patient pT1c/G2-pNO-pMx ductal carcinoma on the left
side; a bilateral inferior pedicle mammaplasty was performed and 50 grams of glandular tissues was
removed from each breast
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Figure 14.

Figure 15.

Figure 16. 6-month postoperative view of the same patient
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5 of 9 patients with unilateral mammaplasty have required the contra-lateral procedure
afterwards (Fig. 17, 18, 19).

r

E

Figure 17. Preoperative view of 49-year old patient with pT1c/G2-pNO-pMx ductal carcinoma on the
right side. An inferior pedicle mammaplasty was performed and 27 gram of glandular tissue was
removed from right breast.

Figure 18. 6-month postoperative view of the same patient

Figure 19. The same patient required reduction mammaplasty on the left side. The same procedure was
applied. Final result at 3 months.
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The complications observed were: areola-nipple partial loss <25% (1 case) (Fig. 20),
liponecrosis (3 cases), partial vertical scar dehiscence (2 cases).

Figure 20. Skin necrosis with partial loss of areola in a 60-year old patient.

Liponecrosis caused discomfort to one patient with local oedema and erythema, but
resolved spontaneously without breast deformity, while in 2 patients liponecrosis required
surgical debridment in local anaesthesia. Partial areola-nipple loss is made up in local
anaesthesia with skin graft from internal part of thigh and the vertical scar dehiscence
improved with a revision in local anaesthesia. So far there is no evidence of local recurrence
after 9 month medium follow-up (range 6-22 months). The weight of specimen is variable
from 23 g to 320 g (mean g 71.13; median g 50). The postoperative result is good for 4
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patients and excellent for 12, while the surgeon judged the result good in 10 and excellent in
6. No poor result has been observed.

5. Conclusion

Oncoplastic surgery represents an established new alternative in conservative breast
surgery.

Several advantages of mammaplasty plus IORT have been elaborated along with the
cautions to be administered during the surgery, as already discussed in our previous
preliminary report [19].

The combination between glandular flaps resulting in minimal displacement and IORT,
applied on cancer site immediately after lumpectomy and before mobilizing flaps, allows
the optimization of irradiation effects and makes unnecessary the use of metal clips, used
previously to detect the tumour bed.

The preoperative planning between oncologic surgeon and plastic surgeon is important to
understand how much tissue has to be removed and which glandular pedicles can be spared,
including the undermining of glandular flaps due to the positioning of a 6-8 cm diameter disk
for radiation-therapy. All these aspects must be carefully discussed before projecting reduction
mammaplasty in order to reduce postoperative complication such as liponecrosis and areola-
nipple necrosis. If the lump is very close to nipple-areola complex, it appears safer, for
oncologic and aesthetic reason, to remove it and address a contra-lateral graft.

Postoperative breast shape is evaluated by the patients and the surgeons as good/excellent.
The aesthetic results have been, on an average, less satisfactory for the surgeons, especially
in cases where unilateral procedure was performed.

It is maybe noteworthy to recognize that a greater number of patients over 68 found the
result good, while younger patients found it excellent.

On oncologic viewpoint, we believe that the technique is reliable as long as various
principles are respected: the very rigorous criteria of inclusion and the width of margin
applied (> 1 cm around the tumour).

On this subject, many other Authors published data about the weight of histological
specimen in oncoplastic surgery that are on average greater than those obtained after
lumpectomy [20, 21].

Actually, we could verify that in another similar series of patients who were subjected to
lumpectomy at the our Department the medium weight of specimen was 24.5 (median 19).

Finally, the wider extension of cutaneous access in comparison with classic lumpectomy
plus IORT, permits to use easily larger disks and to apply radiation-therapy on wider
extension of residual glandular flaps so as to optimize the procedure.
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The technique described is reliable as long as very strict criteria of inclusion is applied. Close
collaboration between surgical oncologist, plastic surgeon and radiotherapist is essential in
preoperative planning and during surgery in order to obtain adequate tumour resection and
good aesthetic result and to minimize postoperative complications.

The excellent cosmetic results and patients satisfaction encourage us to continue on this
way, particularly in younger patients.
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1. Introduction

After adequate extirpation of tumours in the hypopharynx, the defect created should be
reconstructed appropriately to provide optimal function. Local cervical skin flaps were first
described and employed 60 years ago for the reconstruction of defects after pharyngo-
laryngectomy . However, the procedures involved had to be carried out in stages, which
typically required 4 — 6 months for completion. In addition, the subsequent ability to
swallow was frequently limited by the stenosis at the anastomotic junction. Nowadays, with
more advanced techniques, reconstruction of the circumferential hypopharyngeal defect is
nearly always performed at the time of resection as a single stage procedure 2. The most
commonly employed reconstructive options include the use of myocutaneous flaps
(pedicled pectoralis major flap or free anterolateral thigh flap) with the skin island sutured
and fashioned as a tubular conduit, or the free visceral flap (free jejunal flap).

Radiation therapy has become an integral part of treatment for malignancies in the head and
neck region. Apart from being the primary treatment for radiation sensitive cancers, or as
part of the organ-preserving therapy for early cancer of the larynx and hypopharynx, it is
more commonly used as adjuvant treatment after surgery for advanced stage cancers.
Studies showed that the 5-year survival rate as well as the loco-regional tumour control was
significantly improved after combined surgical resection and post-operative radiation
therapy, compared with single modality treatment.

Ionizing radiation, however, is not without side effects. In this chapter, we will focus on the
effect of radiation on the functional and oncological outcome on pharyngeal reconstruction
after pharyngo-laryngectomy for carcinoma of the hypopharynx.

I NT EC H © 2013 Chan and Lau, licensee InTech. This is a paper 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.
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2. Problem statement

e To investigate the effect of radiotherapy on the functional outcome of pharyngeal
reconstruction

e To investigate the effect of radiotherapy on the oncological outcome of pharyngeal
reconstruction

e To formulate the choice of reconstructive options for pharyngeal defects

2.1. Application area

¢ Reconstruction of the defect created after circumferential pharyngectomy for
malignancies in the region of the hypopharynx and cervical esophagus

2.2. Methods

We identified all consecutive patients undergoing reconstruction for circumferential
pharyngeal defects after resection of tumours of the hypopharynx and the cervical
esophagus over a 30-years interval from 1980 to 2009. All the operations were performed in
a single, tertiary referral, university based hospital. The patients” data were prospectively
collected in the head and neck cancer database of the Division of Head and Neck surgery,
including patients’ demographic data, types of cancer treated, the operations performed,
outcomes of surgery, dose of radiation given and the subsequent follow up information.

During the study period, we had performed circumferential pharyngectomy for 202 patients
suffering from tumours involving the pharyngeal region. Those with tumours requiring
pharyngo-laryngo-esophagectomy and subsequent gastric pull-up were excluded from the
study. All patients had pre-operative work-up for tumour staging, anaesthetic assessment
and nutritional build-up if necessary. All of the patients received total laryngectomy and
circumferential pharyngectomy. Cervical lymph node dissection was performed if there was
evidence of lymphatic metastasis. Intra-operative frozen section examination of the resection
margins was performed to ensure microscopic clearance of disease.

The resultant pharyngeal defect in the form of a conduit between the oropharynx above and
the esophagus below was reconstructed with either the pectoralis major (PM) flap, free
anterolateral thigh (ALT) flap or free jejunal flap as described below.

3. Myocutaneous flap

3.1. Pectoralis major myocutaneous flap

Following Ariyan’s 3 publication in 1979, Withers at al 4 described the technique of folding
the skin island of a PM flap into a tube for the reconstruction of circumferential
pharyngectomy defects. In essence, a rectangular or trapezoid skin island was designed over
the pectoralis major muscle, which was transferred together with its supplying blood vessels,
namely the thoracoacromial and lateral thoracic artery, to the neck for reconstruction of the
neopharynx (Figure 1). The length of the pharyngeal defect should be accurately measured
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Figure 1. Circumferential pharyngeal defect reconstructed with tubed pectoralis major flap. (Above,
left) circumferential defect after tumour extirpation. (Above, right) Pectoralis major myocutaneous flap
with a trapezoid skin island. Slits are made at the upper edge of the skin island so that the anastomosis
with the cervical esophagus can be performed in an interdigitating fashion. (Below, left) The flap is
transferred to the neck through a subcutaneous tunnel. The skin island is folded into a tube and sutured
to form a conduit. Nasogastric tube is inserted for feeding during early post-operative period (Below,
right) Completion of inset, showing the pectoralis muscle facing outside. It was then resurfaced with
autologous split thickness skin graft.
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and the length of the skin island marked out accordingly. In addition to the expected 10%
shrinkage in size after harvesting, the length of the skin island should be at least 2cm longer
than the defect if the interdigitating suturing method is employed at the lower (esophageal)
anastomosis. The width of the skin island should be at least 6cm in order to provide a
reconstructed skin tube with a 2ecm diameter. In order to include as many perforators as
possible, the skin island should be placed entirely on the pectoralis major muscle, and the
shape of the skin island should be in the form of a trapezium, with the shorter edge on its
upper part. This upper edge of the skin island, when transposed to the neck, will be
anastomosed to the cervical esophagus which is always smaller in caliber than that of the
oropharynx.

After passing through the subcutaneous tunnel, the skin island of the pectoralis major flap is
fashioned into a tube. It is then sutured to the oropharynx above and the cervical esophagus
below. In order to prevent stricture formation of the circular mucocutaneous anastomosis
with the esophagus, the anastomosis is carried out in an interdigitating fashion °. Three
incisions are made at the stump of the cervical esophagus. Similar incisions are made over
the skin island so that at anastomosis, skin island flaps can be sutured in an interdigitating
fashion with the corresponding flaps from the cervical esophagus. The resultant
anastomosis is in a wave-like form rather than circular. Upon healing, the scar stretches the
anastomosis wider rather than causing it to stenose.

3.2. Free anterolateral thigh flaps

Free anterolateral thigh fasciocutaneous flap was popularized by Song et al in 1984 © and
later modified by Koshima et al 7® for clinical application. As in the pectoralis major
myocutaneous flap, the skin paddle of the anterolateral thigh flap can be fashioned into a
tube for the reconstruction of the circumferential pharyngeal defects after tumour resection.
It is supplied by the musculocuatneous or the septocutaneous perforators of the descending
branch of the lateral circumflex artery and its venae commitantes. After transfer from the
donor site, the blood supply of the flap is reconstituted by microvascular anastomosis of the
vascular pedicle with appropriate vessels in the neck. The vascular anastomosis is
performed under magnification with interrupted sutures. Any suitable branch from the
external carotid artery can be used as the recipient artery, and either the external jugular
vein or any branch of the internal jugular vein can be selected as the recipient vein.

4. Free visceral flap

4.1. Free jejunal flap

The free jejunal flap was first described by Seidenberg ° in 1958. It represents one of the most
popular methods for the reconstruction of circumferential pharyngeal defects nowadays
(Figure 2). Through an upper midline laparotomy, the required length of the jejunum is
harvested. Usually, the segment of the jejunum supplied by the second vascular arcade from
the ligament of Treiz is used, as the vessels are relatively straight with a size comparable
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with that of the recipient vessels in the neck. The size of the jejunal lumen is comparable
with that of the cervical esophagus, and an end-to-end anastomosis can usually be
accomplished easily. The discrepancy in size usually occurs at the anastomosis between the
oropharynx and the jejunum. It can be handled by slitting the jejunal wall at the anti-
mesenteric border so that a longer circumference is made available for anastomosis.

In order to minimize the ischaemic time of the jejunal flap, the recipient vessels in the neck
should be prepared and ready for microvascular anastomosis before the flap is detached
from its blood supply in the abdomen. The jejuno-esophageal anastomosis is performed for
fixation of the bowel, followed by vascular anastomosis. Once the perfusion of the bowel is
restored, upper anastomosis between the oropharynx and the jejunal flap can be performed

leisurely without time constraint.

Figure 2. Circumferential pharyngeal defect reconstructed with the free jejunal flap. (Above, left)
Circumferential pharyngeal defect created after resection of tumour at the hypopharynx. The length of
the defect between the oropharynx above and the cervical esophagus below is accurately measured.
(Above, right) Through a upper midline laparotomy, the segment of jejunum of appropriate length is
harvested. The vascular anatomy is better appreciated with light shining from behind. The second
arcade of blood vessels is commonly harvested because of the favorable configuration. (Below, left) The
flap is delivered after division of the vascular pedicle. Effort should be made to shorten the ischaemic
time as much as possible. The jejuno-esophageal anastomosis is performed first, followed by
microvascular anastomosis under magnification. (Below, right) Upon completion of the upper
oropharyngo-jejunal anastomosis. The anti-mesenteric border of the jejunal flap may be splitted to
accommodate the larger size of the oropharynx.
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Post-operative gastrograffin swallow study was performed 10 days after surgery to
complete wound healing before oral feeding was resumed. For those patients who
developed pharyngo-cutaneous fistula with significant leakage, a control pharyngostome
was performed to allow the patient to recover from the inflammation before second stage
repair was contemplated. Those minor leakages with no clinical evidence of inflammation
were treated conservatively and monitored closely. Contrast swallow study was performed
subsequently to confirm complete wound healing before allowing oral feeding. Those
patients with significant delay of post-operative adjuvant chemoradiotherapy secondary to
anastomotic leakage or necrotic flap requiring multiple surgeries were excluded. All patients
were referred to clinical oncologists for post-operative adjuvant chemoradiotherapy.

External beam radiotherapy, when indicated, was commenced as soon as possible after all
the surgical wounds were healed. Radiation was delivered by Cobalt 60, 4MV, or 6MV
linear accelerator, which was given once per day with daily fraction size of 2Gy, 5 days per
week. The spinal cord was shielded after 4500 cGy and the flap for the pharyngeal
reconstruction was included in the high dose field of radiation.

All the patients were followed up regularly with clinical and endoscopic examination to
detect tumour recurrence and complications such as anastomotic stricture and donor site
morbidities. A stage-to-stage comparison of the loco-regional tumour control was
performed between different methods of reconstruction.

5. Results
5.1. Functional results after reconstruction of circumferential pharyngeal defects

Pharyngo-cutaneous fistula leading to anastomotic leakage is a serious complication during
the early post-operative period. If not detected and treated early, it will result in severe
infection and carotid artery blowout. While surgical technique is important to prevent such
complication, the choice of reconstructive options may also affect the incidence of early
anastomotic leakage. According to our experience over the past two decades °, the incidence
of early post-operative pharyngo-cutaneous fistula was 23.9% when pectoralis major flap is
used, 12.5% when the free anterolateral thigh flap is used, and 4.6% when the jejunal flap is
used. Similar results are demonstrated in other series 2. Majority (65.5%) of the patients with
salivary leakage required exteriorization by creating a control pharyngostome
pharyngostomy, followed by a second stage reconstruction after the inflammation subsided.
The rest of the patients (34.5%) were managed successfully by conservative approach. There
was no significant relationship between pre- or post-operative radiotherapy (p=0.848) and
early post-operative fistula formation. However, among the patients who leaked, those with a
history of irradiation were significantly more likely to required exteriorization to control the
infection (88.2% required exteriorization vs. 11.8% managed conservatively).

One of the most important functional problems after circumferential pharyngectomy is
swallowing. In addition to the restoration of the resected pharyngeal conduit for the passage
of food, proper swallowing in these patients requires patent anastomosis without stenosis.
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Late anastomotic stricture rate was 27.2% in the pectoralis major flap group, 12.5% in the
anterolateral thigh flap group, and 2.3% in the jejunal flap group. The mean time to develop
dysphagia secondary to the stricture was 18.4 months. The only factor that was found to
have significant association with stricture formation was the history of pharyngo-cutaneous
fistula during early post-operative period (p=0.023). The history of radiotherapy has not
significantly increased the risk of anastomotic stricture.

In the group of patients who had no demonstrable anastomotic stricture, only some of them
were able to resume the usual diet before operation, the proportion of which being 35.8% in
the pectoralis major flap group, 38.2% in the anterolateral thigh group and 61.9% in the
jejunal flap group. The rest of the patients tolerated fluid or soft diet only. The presence of
mucus secretion as well as peristalsis in the jejunal flap may aid the passage of food bolus.
Table 1 summarizes the functional outcome after different types of reconstruction techniques.

Total Early Late Resume usual Donor site
number fistula (%) stricture (%) diet (%) morbidity
(%)
Pectoralis 92 22 (23.9) 25 (27.2) 24 (35.8) 7 (7.6)
major flap
Anterolateral 24 3(12.5) 3(12.5) 8(38.1) 1(4.2)
thigh flap
lejunal flap 86 4 (4.6) 2(2.3) 52 (61.9) 2(2.3)

Table 1. Comparison of the functional outcome after different types of reconstruction of the
circumferential pharyngeal defect.

Majority of the patients require a combined surgical resection followed by post-operative
adjuvant radiotherapy for treatment of carcinoma hypopharynx. While free jejunal transfer
appears to result in the lowest rate of early anastomotic leakage as well as late anastomotic
stricture, the radiation tolerance of the visceral flap is always a concern. The jejunum is a
radiosensitive organ in its native site in the abdomen. Radiation injury to the gastrointestinal
tract is well recognized in patients with pelvic or colorectal malignancies who received
external beam irradiation up to 60Gy 3. Acute functional changes include diarrhea, bloating
and abdominal pain, and reported late sequelae include chronic diarrhea, malabsorption
with steatorrhoea, abdominal spasms, intestinal obstruction, bleeding and fistula formation
14 It is observed that, apart from the total dose of radiation delivered, the volume of the
small intestine exposed to the radiation is also important in determining the severity of the
presenting symptoms of the patients . When biopsies are taken from the mucosa of the
jejunal flap before and after radiotherapy and compared under microscopy and scanning
electron microscopy ', it was found that there is generalized edema and loss of villi during
early post-radiation period (Figure 3). The thinning of jejunal mucosa, the focal loss of
glands and the blunting of the villi are found at 6 months after completion of irradiation and
persisted throughout the following 2 years. However, none of the jejunal biopsies displayed
any area of necrosis or ulceration secondary to radiation.

191
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Figure 3. Effect of radiotherapy on the jejunal flap (Above, left) Haematoxylin and eosin stain, x 80.
Before radiotherapy. The villi of the jejunal flap in normal configuration. (Above, right) Haematoxylin
and eosin stain, x 80. 2 months after radiotherapy. Shortening and blunting of villi with increased
fibrosis and retraction of the glands noted. (Below, left) Scanning electron micrograph. Before
radiotherapy. Normal jejunal mucosa with healthy microvilli and cell boundaries well demonstrated.
(Below, right) Scanning electron micrograph. 2 months after radiotherapy. There is generalized
shortening of the microvilli. Pitted areas represent the loss of microvilli.

5.2. Oncological results after reconstruction of circumferential pharyngeal
defects

Despite the increasing popularity of organ-preserving chemoradiation for early stage cancer
of the hypopharynx, surgery remains the preferred therapeutic option for locally advanced
disease, when post-operative radiotherapy is generally indicated. Evidence shows that
adjuvant radiotherapy significantly improved locoregional control as well as survival after
surgery for carcinoma at the hypopharyngeal region 7. However, because of the potential
risk of radiation damage to the jejunal flap which has been transferred to the neck as a free
flap after tumour extirpation, it has been a common practice among the clinical oncologists
to reduce the radiation dosage for patients who had received free jejunal flap reconstruction.
Our experience showed that the mean radiation dosage given to patients after visceral flap
transfer was much lower than those after cutaneous flap reconstruction (54.8Gy vs. 62.2Gy) 8.
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At this level of radiation, there was no evidence of secondary ischaemia or necrosis of the flap
upon completion of the adjuvant treatment. Despite the reduction of radiation dosage in the
jejunal group, the difference in the 5-year actuarial loco-regional tumour control between the 2
groups of patients was not significant for TNM stage II (61% vs. 69%, p = 0.9) and III (36% vs.
46%, p = 0.2) disease. However, for stage IV disease, patients with jejunal flap reconstruction
had significantly poorer loco-regional tumour control (32% vs. 14%, p = 0.04) (Table 2). This
may be explained by the failure of the reduced dose of radiation to deal with the more
widespread microscopic tumour deposits in the advanced stage of disease. Despite the
apparently better functional outcome using the jejunal flap to reconstruct circumferential
pharyngeal defects, the choice of reconstructive options should never compromise the
oncological control. The surgeons should communicate with the oncologists, and if a reduced
dose of radiation is to be given, then jejunal transfer should not be the first choice of
reconstruction in advanced staged carcinoma of the hypopharyngeal region.

Cutaneous flap Free jejunal flap p-value
reconstruction reconstruction
Stage Il 61% 69% 0.9
Stage Il 36% 46% 0.2
Stage IV 32% 14% 0.04

Table 2. Comparison of 5-year actuarial loco-regional tumour control between patients using cutaneous
flap and free jejunal flap for pharyngeal reconstruction.

6. Conclusion

Reconstruction of circumferential pharyngeal defects after tumour extirpation remains a
therapeutic challenge. In order to achieve the best functional and oncological outcome, the
choice of the reconstructive options should be individualized according to the patients’
characteristics.
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1. Introduction

Malignant tumors are one of the biggest medical as well as social problems worldwide. The
number of patients suffering from malignant diseases has doubled in the last 30 years.
Therefore, malignant diseases are a global problem among which breast cancer is the most
common malignant tumor in women (25% out of all malignant tumors). The diagnoses of
cancer as well as functional disability due to therapeutic interventions affect life quality of
breast cancer patients. Effects of therapeutic interventions, viz.lymphoedema, limited
shoulder movement, along with socio-psychological effects, play a major influence on these
patients, but these topics have not received any significant attention.

Due to lack of National Cancer Registry as well as precise data, within Bosnia and
Herzegovina, it is still impossible to determine the exact number of breast cancer patients.
The estimated number of breast cancer patients can only be assessed based on the World
malignant illnesses database along with average malignant illnesses occurrence within the
European region. Based on literature, 1373 new breast cancer patients can be estimated on
annual basis in Bosnia and Herzegovina. (GLOBOCAN 2000. Cancer Incidence, Mortality
and Prevalence Worldwide. Version 1.0)

The total number of registered malignant illnesses patients within the Federation of Bosnia
and Herzegovina in 2007 was 4. 147. Within the Federation of Bosnia and Herzegovina a
total of 487 new breast cancer patients were registered, with 98.2% (478) females and 1.8%
(9) males. ' n 148/487 were in the age group 45-54 years followed by 132/487 in 55-64 years
and 125/487 breast cancer patients belonged to age group above 65 years of age. !

Based on Canton Sarajevo malignant illnesses database, incidence of breast cancer ranks
accounts for a total of 181cases (177 women, 4 men) !

In the same year, in Republic Srpska from 4.268 registered malignant cancer patients, 8.83%
were patients of breast cancer, (409) with 397 women and 12 men.

I NT EC H © 2013 Saric, licensee InTech. This is a paper 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.
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In Brcko District no malignant diseases registry exists. The number of affected patients is
roughly estimated from the District hospital reports. Information as such is deemed
unreliable and therefore invalid.

Due to lack of cooperation between the two entities and Brcko District the total number of
malignant diseases in Bosnia and Herzegovina does not exist.

Quality of life is defined as individual perception of his or her own position of existence
based on two contexts. Namely, within cultural context as well as within personal
assessment system context of one's existence in relation to one's expectations, goals,
standards and priorities. This concept is truly broad as its complexity encompasses
individual physical health, psychological status along with social and economic
circumstances surrounding each individual. Quality of life reflects individual perception in
relation to the level by which their needs have been met as well as the level by which their
happiness has been achieved, personal satisfaction etc., regardless of their physical health
status and their social and economic circumstances. Quality of life at its simplest definition
would pose the following question, "How good is my life for me’. Life quality enhancement
truly necessitates nourishment of human power and capability that include; optimism,
creativity, inner motivation and sense of responsibility for oneself as well as for close ones.
This is a basic human principle which projects the idea that the life we have is the life worth
living.

Breast cancer patients therefore must have a realistic view on life and be aware of all
possibilities. Their life quality can be affected not only by physical and functional deficit
caused by the malignant illness, but also by medical intervention effects which include
therapeutical interventions that significantly impair their physical as well as psychological
life quality during and after the treatment. The major effects of medical therapeutical
interventions are limited shoulder movement of the operated arm-side, lymphedema on the
operated arm-side as well, and socio-psychological effects which impair emotional ability to
function within social context.

As the treatment takes course, effects mentioned above take root. In line with that
interdisciplinary cooperation for efficient treatment and rehabilitation where the breast
cancer patient is the focus becomes of immense importance. It is also important to mention
that animation of patients’ interest and will to fight is of utmost significance. However, the
lack of maintenance and the post treatment life quality downfall among breast cancer
patients has failed to draw any significant attention of health professionals in Bosnia and
Herzegovina. Causes of this situation are many, namely health professionals are
overburdened by new cases to the extent that follow-up treatments and consultations
happen only in cases of illness residue. Needless to say this situation leaves absolutely no
space for adequate breast cancer post treatment, life quality consultation and
rehabilitation.

Early detection and diagnosis of medical intervention effects during breast cancer treatment,
offers higher treatment success and better control possibilities. 3 Patient education on
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preventive measures of post-treatment effects as well as medical treatment effects during
the course of treatment itself should be included in the breast cancer treatment protocol in
order to better enhance the quality of breast cancer patients lives.

Taking into consideration that in Bosnia and Herzegovina team work between health
professionals and breast cancer patients during the course of an early stage protocol for
prevention and rehabilitation, is not included as a standard protocol procedure, it is
important to note that proposal of such inclusion is a crucial factor in establishing a
continuum for quality of life to prevent possible side effects. Breast cancer patients’ quality
of life estimates based on standardized questionnaire of EORTC (The European
Organization for Research and Treatment of Cancer QLQ-C30 and Module BR23) 4 enables
an efficient overview of the proposed treatment protocol.

2. Goals

Goals of this research are breast cancer patients’ quality of life though post treatment period,
all estimates are based on standardized questionnaire of European Organization for
Research and Treatment of Cancer (hence onwards referred to as EORTC) QLQ-C30 and
Module QLQ-BR23 (version 3). This study will help develop a protocol, to prevent breast
cancer patients medical treatments side effects by offering an early intervention.

3. Material and methods

100 patients were selected from a Sarajevo Canton Breast Cancer Patients Association
(Renesansa) previously treated for breast cancer. Research sample selection was based on
three criteria; a)patients had completed their treatment between 1-20 years prior to
enrollment in the study b) patients had not experienced a relapse c) patients had not
experienced infection. All patients were examined and completed the quality of life
questionnaires QLQ-C30 and Module QLQ-BR23. These questionnaires are standardized by
the European Organization for Research and Treatment of Cancer (EORTC) — The Quality of
Life Unit and consist of 30 questions which include the following: *°

1. Five functional scales: physical, role, emotional, social, and cognitive.
2. Three scales of symptoms: fatigue, pain, nausea, and vomiting.
3. Scale of global health status / quality of life

QLQ-C30 includes a string of single items which estimate additional symptoms that are
often the subject of complaints of breast cancer patients: dyspnea, loss of appetite, insomnia,
constipation, diarrhea and experiencing financial burden of the disease.>°

QLQ-BR 23 consists of 23 questions and includes the following;:

1. Five multiple point scales: self-body image, sexual functioning, sexual satisfaction,
future perspectives, and scales of symptoms that encompass systematic therapy side
effects, breast symptoms, arm symptoms, disturbance due to hair loss.>°
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Questionnaire result interpretation was carried out according to EORTC scoring manual.>
The patients were divided into a) limited shoulder movement group (39%), b)
lymphoedema group (49%), c) both (27%), d) patients who experienced no effects (39%).

Correlation between risk-factors (BMI (body mass index), smoking, alcohol consumption
and physical activities) and lymphoedema occurrence was calculated. In addition a
correlation between above mentioned risk-factors and scale of physical performance was
also calculated. The quality of life differences amongst the patients, who underwent radical
mastectomy and partial mastectomy, were also examined. Moreover the correlation among
breast cancer patients who manifested side effects of a given medical treatment in
contradistinction to those who did not experience any of the side effects was assessed.

4. Results

Average age of study group was 58 (+1) years. 76% (n=100) of patients fall into the age group
of over 50 years of age, while 38% belonged to the age group 51 — 60 years and 3% were <40
years of age. The study group included 54% retired, 31% employed and 15% unemployed
patients. Work absence analysis shows 64% employed patients (n=31) had to take leave from
7 to 12 months from work for illness related reasons while 23% had leave of absence more
than a year. A total of 48% patients (n=54) retired due to breast cancer.

According to the type of surgical treatment 71% patients underwent radical mastectomy
with axillary dissection and 29% underwent partial mastectomy with axillary dissection.
The nonexistence of National Program of Early Breast Cancer Detection adds to this
number. In countries that have and practice early breast cancer detection programs
around 60% of breast cancers are diagnosed at the early stage and have a 5 year survival up
to 95%. 78

The study results show that there was a statistical significance in the difference in the
quality of life between patients undergoing radical mastectomy as compared to partial
mastectomy with partial mastectomy patients reporting a better quality of life. Thus
indicating that, whenever possible, partial mastectomy should be prioritized in order to save
and preserve QOL of breast cancer patients with reference to their body self-image.

None of the patients undergoing radical mastectomy received a breast reconstruction which
could restore the body self-image, a key indicator for a better quality of life among the
breast cancer patients. Total rehabilitation of breast cancer patients should include an option
of reconstructive surgery and should be offered to breast cancer patients as a protocol.

72% received chemotherapy post operatively in the protocol, 79% had local radiotherapy
(breast or chest wall), 76% received axillary and supraclavicular radiotherapy and 57% had
hormonal therapy.

There were 61% overall survivors at 5-year 23% for 6-10 years, 9% at 11 to 15 years and 7 %
for 16-20 year period. As compared to Bray F. et. al. 8 this study shows a lesser survival after
6 years post treatment period.
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Body mass index (BMI) indicated that 72% patients were obese while only 28% had normal
body weight. Variation range of BMI was between 22-49 kg/m?. Average BMI value was
28.1kg/m? which indicated obesity, while in the research group of arm lymphoedema (n=49)
average BMI value was 29.9 kg/m2which pointed to higher numerical value obesity.

Considering that World Health Organization lists obesity as postmenopausal breast cancer
risk factor, it is recommended that breast cancer protocols must include compulsory body
weight control along with nutritional programs and advice by a nutritionist. Several studies
researched obesity as a lymphoedema risk factor. Memorial Sloan Kettering Cancer Center °
study showed that BMI is a significant predictive lymphoedema risk factor among patients
who received radiation and surgical treatment.

From the total number of research patients (n=100) preordained physical activity of
minimum 30 minutes per day was done by 23% of research patients, while 77% followed
sedentary lifestyle. Within its report on health conditions in 2002, the World Health
Organization mentions physical inactivity as a breast cancer risk factor. 1° Sedentary way of
life causes loss of energy that directly causes lack of care for one’s physical and social
condition thus negatively affecting breast patients” quality of life.

From the total number of research patients 34% were smokers and 77% suffered from
fatigue while 60% suffered from breathing difficulties in from of dyspnea, thereby leading to
a poor quality of life.

6-12% patients consumed alcohol either regularly or sporadically. Regular alcohol
consumption increases breast cancer risk: two drinks a day by 30-40% and this is most
probably due to increased level of estradiol. !

Risk factor correlation: BMI, smoking habit, alcohol consumption and physical activities
with lymphoedema occurrence indicated the existence of statistical significance (p<0,05)
only between BMI and physical activity. This enhances the need for body weight control
along with physical activities program with the aim to prevent lymphoedema-medical-
intervention side effects. Risk factors correlation: BMI and physical activities and physical
scale, point out statistical significance on the level 0, 05 with 2 plasticity degrees, while
between smoking habits and alcohol consumption no statistical relevance was noted.

According to medical intervention side effects, 39% experienced limited range of shoulder
movement on the operated side, 49% experienced arm lymphoedema (the operated side arm
circumference is bigger by 2cm or more than the circumference of the unaffected arm), 27%
experienced lymphoedema and limited range of shoulder movement among which is one
patient with affected plexus brachial on the operated side along with one patient with breast
lymphoedema while 39% of patients experienced no side effects.

This study has shown the explicit statistical significance (p<0, 05) between breast cancer
patients quality of life differences with medical intervention side effects (lymphoedema and
limited range of shoulder movement) in relation to quality of life of breast cancer patients
that experienced no medical intervention side effects. As was to be expected, this research
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has shown that medical intervention side effects negatively affect life quality of researched
patients, hence it can be concluded that medical intervention side effects prevention
program is of immense importance and must be included in the breast cancer treatment
protocol itself.

Within sample group, lymphoedema manifestation in relation to the type surgery, from the
total number of research patients with lymphoedema (n=49) 68% of patients underwent
radical mastectomy and axilla dissection, while 32% of patients underwent partial
mastectomy and axilla dissection.

In relation to radiotherapy treatment, 84 %(n=49) patients had received local and lymph area
radiotherapy and developed lymphedema, while 16% belonged to the group which did not
receive radiotherapy treatment. The more radical the surgery and area of radiotherapy, the
bigger the chance of medical intervention side effects occurrence.

Average age within the lymphoedema research group of patients was 59, 8 years of age
while the average number within the group of patients that experienced medical
intervention side effects were 56, 5 years of age. Kiel and Rademacker '? reported that age of
breast cancer patients is a statistically speaking significant factor which leads to
lymphoedema.

All data point out to the significance and the need of early rehabilitation treatment related to
the basic illness. In this research, on the other hand, only 5% of the patients underwent early
rehabilitation treatment, 13% underwent delayed rehabilitation treatment related to medical
intervention side effects, while 82% did not undergo physical treatment related to the breast
cancer. This is to be noted as lack of treatment protocol for breast cancer patients.

Guidelines given by health professionals regarding medical intervention side effects
prevention were given to only 8% of breast cancer patients. This has severe effects on quality
of life of breast cancer patients. It is safe to conclude that all health professionals must be
educated about medical intervention side effects prevention and treatment possibilities and
options.

According to questionnaire EORTC QLQ-C30 (version 3) result analysis 100% of research
patients had satisfactory level of physical scale on different levels, 98% had satisfactory level
of daily role on different levels, 92% had satisfactory emotional scale on different levels, 97%
had satisfactory cognitive scale on different levels, 96% had social satisfactory scale on
different levels while 94% had satisfactory global life quality scale on different levels.

According to the results gained within all the functional scales, the group subject matter of
this research has exhibited high values. It is important to note that this research group is
specific in type, namely all research patients have completed medical treatment protocol of
breast cancer at least one year before joining this study group, they experienced no
reoccurrence and are socially active.

70% (n=100) patients experienced varying fatigue symptoms on different levels. It can be
said that excessive fatigue can be attributed to habits such as smoking and alcohol
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consumption as the research group of patients who smoked (n=34) reported excessive
fatigue among 73% of researched patients.

This research has shown that within the sample group of patients with limited range of
shoulder movement (n=39) 82% experienced pain on different levels. Based on the symptom
scale results, from the total number of researched patients 89% experienced no nausea and
vomiting. 68% of patients experienced insomnia on different levels. On the overall basis,
74% patients expressed concern for their future health which badly affects their existing
quality of life. 82% experienced no loss of appetite, while 85% had no constipation and 86%
experienced no diarrhea. 88% experienced financial burden caused by the illness suffered. It
is also important to note that according to the result analysis based on EORTC QLQ-BR23
questionnaire, 88% of patients expressed dissatisfaction with their body image, while 62%
experienced no sexual desire.

5. Conclusion

Results of quality of life questionnaire EORTC QLQ-C30 analysis indicate that functional
scale analysis results and overall life health status / quality are valid and applicable
estimation of our patients’ life quality. Similar results were gained from fatigue and pain
symptom scale analysis and items estimated were dyspnea, insomnia, and financial impact
of disease. Results gained from nausea and vomiting symptom scale analysis and items
which estimate loss of appetite, constipation, and diarrhea while taking into consideration
the specificity of our group were not relevant. Results obtained from Module QLQ-BR23
analysis indicate that scales of body image, sexual function, estimation of sexual pleasure,
future perspectives estimation, breast and arm symptoms scales are valid, applicable, and
relevant indicator. Systematic therapeutic side effect scale result as the item which estimates
disturbance caused by loss of hair, while taking into consideration the specificity of our
group was not relevant. Average life span of researched patients is 58 years. 71% underwent
mastectomy with axillary dissection while 79% underwent radiotherapy protocol, which
causes frequent manifestation of medical treatment effects, and significantly affects quality
of life.

Author details

Sabina Saric
Public Health Institution of Canton Sarajevo, Bosnia and Herzegovina

6. References

[1] Zavod za javno zdravstvo FBiH. Incidenca raka u Federaciji Bosne i Hercegovine 2007.
Registar raka za Federaciju Bosne i Hercegovine. Sarajevo; 2008. st. 5-91.

[2] Institut za zdravlje Republike Srpske. Zdravstveno stanje stanovnistva Republike
Srpske 2007. godine. Banja Luka; 2008. st. 5-14.



204 Frontiers in Radiation Oncology

(3]
(4]

(5]

(6]

(7]

(8]
(%]

Glodner B, Grani¢ M, Kanjuh Z: Limfedem ruke posle le¢enja raka dojke. Beograd; 2005.
st. 70-114.

Fayers PM, Machin D. Quality of Life: Assessment, Analysis and Interpretation. ] Wiley
& Sons Ltd, Chichester. 2000; 12:45-67.

Aaronson NK, Ahmedzai S, Bergman B, Bullinger M, Cull A, Duez NJ, Filiberti A,
Flechtner H, Fleishman SB, de Haes JCJM, Kassa S, Klee MC, Osoba D, Razavi D, Roffe
PB, Schraub S, Sneeuw KCA, Sullivan M, Takeda F. The European Organization for
Research and Treatment of Cancer QLQ-C30 : A quality-of-life instrument foru se in
international clinical trials in oncology. Jurnal of the National Cancer Institute 1993;
85:365-376.

Fayers PM, Aaronson NK, Bjordal K, Groenvold M, Curran D, Bottomley A,on behalf of
the EORTC Quality of Life Group. The EORTC QLQ-C30 Scoring manual ( 3rd Edition).
European Organization for Research and Treatment of Cancer, Brussels; 2001. p.154-
186.

Feuer EJ, Wun L-M, Boring CC, Flanders WD, Timmel M]J, Tong T. The lifetime risk of
developing breast cancer. ] Natl Cancer Inst 1993; 85:892-898.

Bray F, Sankila R, Ferlay ], and Perkin MD. Estimates of cancer incidence and mortality
in Europe in 1995. European Journal of Cancer 2002; 38: 99-166.

Marck P. Lymphedema: patogenesis, prevention and treatment. Cancer Practice
1997;5:32-8.

[10] The World Health Report 2002. Reducing Risks, Promoting Healthy Report. World

Health Organization; 2002. p. 8-23.

[11] Speroff L, Glass RH, Kase BG. Clinical gynaecologic endocrinology and infertility.

Lippincot Williams&Willkins; 1999. p. 617-28

[12] Drummond MF, O’Brien B, Stoddart GL. Methods for the Economic Evaluation of 12-

Health Care Programmes. Oxford University Press, Oxford, 1997; 11:143-150.



Chapter 12
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1. Introduction

As radiation therapies continue to evolve it is important that supportive care, including
effective nutrition support, also improves for best patient care and outcomes. Several sets of
evidence-based nutritional management guidelines have been developed for patients with
cancer. There is strong evidence to suggest that nutritional counselling by a dietician and/or
supplementation is beneficial in improving nutritional status and quality of life in patients
with gastrointestinal and head and neck cancer receiving radiotherapy. There is also some
evidence to suggest that specialised supplements including omega 3 fatty acids and/or
immunonutrition may be beneficial in particular patient groups. In order to provide timely
and appropriate nutrition intervention and improve patient outcomes, early and ongoing
nutrition screening and assessment needs to be implemented. As new cancer care centres
and treatments become available it is important that evidence-based nutritional care is
provided as part of multidisciplinary care for best patient outcomes.

2. Malnutrition is common in patients with cancer

Patients with cancer are one of the diagnostic groups at greatest nutritional risk (Watterson
et al 2009). A recent observational study in 191 oncology patients receiving cancer services at
a public Australian hospital found that almost one half of patients were malnourished, and
common symptoms impacting on dietary intake included taste changes, poor appetite and
nausea (Isenring et al 2010). Consequences of malnutrition include increased risk of
infections, poor wound healing, decreased quality of life and transfer to higher level care
(Watterson et al 2009). Malnutrition is particularly of concern as it has been shown to
independently lead to increased hospital readmissions and in-hospital mortality, even after
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adjusting for disease type and severity (Agarwal et al 2012). Strong evidence exists to
support the prevention and early detection of malnutrition, with nutrition intervention
significantly improving patient and clinical outcomes (Watterson et al 2009).

3. Why can radiotherapy lead to nutritional problems?

While radiotherapy techniques are continually improving they may result in significant side
effects to the patient. Radiotherapy has a localised anti-tumour effect, damaging rapidly
dividing cells, but can also affect healthy tissue within the treatment field. Radiotherapy acts
by directing X-rays to cause damage to cell DNA so cells cannot replicate. Rapidly dividing
cells (e.g. blood cells and gut mucosa) are the most susceptible to radiation change.
Therefore tumours that require radiotherapy to an area of the head and neck or
gastrointestinal tract are likely to lead to nutritional problems. Potential side effects of
radiation therapy to the head and neck area may include mucositis, odynophagia, thick
saliva, xerostomia, trismus, pharyngeal fibrosis and decreased appetite due to changes in
sense of smell and taste (Rademaker et al., 2003). Radiotherapy can also exacerbate tooth
decay due to induction of xerostomia and removal of dental floride. Patients with head and
neck cancer should see a dentist prior to commencing treatment and decayed teeth should
be removed at least 7 days prior to commencement of radiation therapy. Radiotherapy to
the thyroid gland in the neck area may lead to hypothyroidism so patients should have their
neck area checked regularly (People Living with Cancer 2012). Consuming enough calories
to prevent additional weight loss is therefore vital for survivors at risk of unintentional
weight loss, such as those who are already malnourished or those who receive anticancer
treatments affecting the gastrointestinal tract (Rock et al, 2012). Patients receiving
radiotherapy to the gastrointestinal area may experience diarrhoea, constipation, gastric
pain, indigestion and/or flatulence which can impact on nutritional status and quality of life.

An aspect of treatment not usually considered is that during radiotherapy patients are
required to spend large amounts of time receiving medical treatment and waiting for
appointments which can disrupt routines and lead to missed meals. In our experience, rural
patients may be at increased nutritional risk as they often need to travel large distances to
receive treatment. Their alternate accommodation may not have suitable cooking facilities or
equipment such as a blender for softer, pureed foods that may be required if experiencing
swallowing difficulties. The patient may not have the energy or skills to prepare suitable
foods and fluids during this time. Therefore having an occupational therapist, social worker
and/or nurse who can liaise with the patient, care givers, if available, and/or organise home
help may be particularly important for the patient at nutritional risk without sufficient
support to help with shopping and cooking.

Patients may not be aware that side effects of radiotherapy are often experienced a few
weeks after commencement, continue during treatment but may also continue to build and
be experienced for 4-6 weeks after completing radiotherapy treatment. This period is an
important time for review e.g. a telephone review by a nurse to see how the patient is
progressing. Often the patient thinks that the side effects will stop and they will feel better
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after finishing radiotherapy treatment. However, as the side effects can continue and even
become worse for 2 weeks after treatment completion, if the patient does not have adequate
support, they can become dehydrated and/or malnourished. These nutritional issues may
not be picked up unless the patient is admitted to hospital or when they next come in for a
medical review which may be 4-6 weeks later. Therefore a follow up telephone review in the
first few weeks following radiotherapy treatment can be useful to identify any problems
that may require additional medication and/or support.

Patients receiving radiotherapy to the head and neck area may also experience long term
swallowing difficulties. These swallowing difficulties may increase the risk of malnutrition.
Therefore ongoing liaison and review by the multidisciplinary team, including a dietician
and speech pathologist, may be required.

4. Importance of good nutrition during radiotherapy

The continuum of cancer survivorship raises different nutritional needs and challenges and
includes cancer treatment, recovery, living after recovery and for some, living with
advanced cancer (Rock et al, 2012). Maintaining nutritional status during anti-cancer
treatments including radiotherapy is important for a number of reasons. Significant loss of
body weight is not only an indicator of poor prognosis and associated with decreased
physical function and quality of life, but weight loss can also affect treatment schedules.
Weight loss during radiation therapy to the head and neck can place the safety and
effectiveness of the treatment at risk, requiring repeat CT scans in order to keep critical
structures to within accepted tolerance doses (Davidson et al., 2006)).

5. Overview of nutrition intervention in patients receiving radiotherapy

There is strong evidence that nutrition intervention improves patient outcomes in patients
receiving radiotherapy to the gastrointestinal or head and neck region. Dietary counselling
by a dietician and/or oral nutritional supplements are effective methods of nutrition
intervention and have been found to improve dietary intake, nutritional status and quality
of life in patients receiving radiotherapy (NHMRC grade of recommendation A) (Isenring et
al 2012).

6. Head and neck cancer patients

As previously discussed, because of the field of radiotherapy treatment, patients with cancer
of the head and neck area are often those at greatest nutritional risk. In 2011, Evidence Based
Practice Guidelines for the Nutritional Management of Adult Patients with Head and Neck
Cancer (HNC) were released. These HNC guidelines, which cover all treatment modalities
(radiotherapy, chemotherapy and surgery), reviewed 288 studies including 45 randomised
controlled trials. There is evidence (Grade A) in patients with HNC that supports weekly
dietician contact during radiotherapy and at least fortnightly for 6 weeks post treatment,
with contact as required for up to 6 months (Grade C).
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7. Early identification of nutritionally at risk patients

Medical Nutrition Therapy involves the assessment of nutritional status, nutritional
diagnosis and using professional judgement to individually tailor an appropriate nutritional
plan. Obviously, the goals and outcomes of nutrition intervention will be dependent on the
diagnosis and prognosis of the patient.

Firstly, in order for patients with cancer who are at nutritional risk to be appropriately
identified and referred to the dietician, nutrition screening should be routinely used in
oncology settings (Isenring 2008). Several valid nutrition screening tools for oncology
patients exist, including the Malnutrition Universal Screening Tool (MUST), Malnutrition
Screening Tool (MST) and Nutrition Risk Screening 2002 (NRS-2002)(Skipper et al., 2012).
Some nutrition screening tools are more detailed than others and designed for different
settings and users. Therefore it is recommended to use a valid and reliable tool appropriate
to the setting. The simplest tool, the Malnutrition Screening Tool (MST) consists of two
questions enquiring about unintentional weight loss and poor dietary intake and can be
administered by nursing or administration staff or by the patient themselves (Ferguson et al
1999). In absence of a formal screening system, malnourished patients can be overlooked,
especially if they appear normal or overweight (Watterson et al., 2009). Patients identified as
at nutritional risk by the MST can then be referred to the dietician or a trained health
professional for a comprehensive nutrition assessment.

A valid and reliable nutritional assessment tool for patients with cancer is the scored Patient
Generated — Subjective Global Assessment (PG-SGA). The PG-SGA is specific for cancer
patients and was developed from the commonly used nutritional assessment tool, Subjective
Global Assessment (SGA). Using the PG-SGA tool, patients are categorised as well-
nourished (SGA A), moderately or suspected of being malnourished (SGA B), or severely
malnourished (SGA C). The PG-SGA also has a scoring system which includes: a patient-
completed medical component (weight loss, nutrition impact symptoms, dietary intake and
functioning), and a clinician-completed component (diagnosis, age, and metabolic stress).
An increase in PG-SGA score reflects greater risk for malnutrition. This system enables
clinicians to rank the nutrition risks of individuals within the same SGA category.

Patients deemed to be at very high nutritional risk e.g. head and neck cancer receiving
chemo-radiation may bypass screening and proceed directly to nutritional assessment. If a
patient is identified as at nutritional risk and there is no dietician available, then it may be
appropriate to proceed directly to a nutrition intervention such as high energy and protein
diet, oral nutrition supplements or seek further nutritional advice from someone with
nutritional expertise e.g. oncologist or physician trained in nutrition. These health care
professionals can individualise nutritional recommendations to the patient, but some
general tips are described below:

e  Small frequent meals
e  Make every mouthful count i.e. nutritious foods eaten first, including high energy and
protein sources
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e  Use sauces to moisten meals

e Add fats and sugars to increase energy density and milk/protein powders to increase
protein density

e Milkshakes made at home, sauces, commercially available dairy convenience foods

e  Commercial high energy and protein supplements, can be dairy, soy or cordial based

e Fortify foods and fluids with protein and carbohydrate powders

If these strategies are not helping to prevent/slow weight loss then more intensive
nutritional intervention may be required e.g. enteral (tube) feeding. If the gastrointestinal
tract is not functioning appropriately then parenteral nutrition may be warranted. Nutrition
support decisions should be made by the multidisciplinary treatment team in conjunction
with the patient and carer.

8. Nutritional monitoring of cancer patients receiving radiotherapy

It is important that body weight is regularly monitored and recorded. Even small amounts
of unintentional weight loss each week can result in significant unintentional weight loss
over a few months. It is easier to slow unintentional weight loss than to try and lead to
weight gain after a patient has already lost a significant amount of weight (eg. 5% of body
weight in one month or 10% of body weight in 6 months).

Tips for effective body weight monitoring include:

e  Measure at the same time of day each week

e  Be consistent i.e. before meals, no shoes, in light clothing

e  Be aware that different conditions can affect hydration levels influencing body weight
e.g. chemotherapy, renal disorders, end stage of disease

It is important that clinicians remember that body weight gives no indication to body
composition and fat can mask significant loss of muscle mass. It is this lean tissue that
contributes to physical function impacting on patient quality of life. There are many simple
bioelectrical impedance devices that give an indication of body composition as well as body
weight. Although these devices can be affected by hydration levels, as long as their limitations
are understood they can still provide more useful information than body weight alone.

If a health professional trained in nutrition is available then regular assessment of
nutritional status by a validated tool e.g. PG-SGA is recommended. Regular nutrition
screening, early and timely referral and assessment and intervention by the dietician, as part
of the multidisciplinary team and regular monitoring of outcomes offers best nutritional
care for patients.

9. Mouth care

Sugar-free chewing gums and sweets, and alcohol-free mouth rinses can help with a dry
mouth. Artificial saliva sprays and oral lubricants may be useful, but once again appear to
be based on personal preference. Mouth care is important and many centers recommend
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patients use a made-at-home salt water and/or bicarbonate of soda mouth rinse. For a dry
mouth, carrying around a water bottle and sipping frequently as well as keeping a glass of
water by the bedside can be beneficial.

e Implement routine nutrition screening e.g. Malnutrition Screening Tool

e Refer high risk patients for nutrition and swallowing assessment e.g. Scored Patient
Generated Subjective Global Assessment

e  Consider whether patient may require a feeding tube (discuss with the
multidisciplinary team, patient, and caregiver)

e  Monitor weight regularly (ideally weekly during radiation therapy, every outpatient
appointment)

e Aim for weight maintenance (or at the very least minimize weight loss) during
treatment

e  Manage nutrition-related symptoms as a multidisciplinary team

Table 1. Summary of nutritional management of patients receiving radiotherapy

10. Nutrition and physical activity recommendations for cancer survivors

Cancer survivors are often highly motivated to seek information about food choices,
physical activity, and dietary supplements to improve their treatment outcomes, quality of
life, and overall survival (Rock et al., 2012). Many patients are interested in nutrition and
seek nutritional advice external to the cancer centre. It has been reported that 40% of cancer
patients are seeking extra nutrition resources and would like further information regarding
dietary tips for managing side effects and supplements (Isenring et al 2010). Therefore it is
important that health professionals feel comfortable answering common nutritional queries
using an evidence-based approach, have access to appropriate resources e.g. Cancer Council
handouts, or can refer to a dietician. The World Cancer Research Report recommends that
all cancer survivors receive nutritional care from an appropriately trained professional
(physician and/or qualified nutrition professional e.g. dietician) if able to do so. Unless
otherwise advised, patients should aim to follow the recommendations for diet, healthy
weight and physical activity (WCRF 2010). Patients receiving anticancer treatment can exercise
if they wish during treatment but should restrict activity if they are anaemic and should avoid
chlorine exposure to irradiated skin (eg, from swimming pools) (Rock et al., 2012).

11. Cancer cachexia

The complex clinical syndrome known as cancer cachexia (from Greek kakos (bad) and -
hexia (condition)) differs from malnutrition in that it is characterised by a negative protein
and energy balance, progressive loss of skeletal body mass (sarcopenia), anorexia and
metabolic derangements (Dewey et al 2010; Fearon et al 2011). The weight loss seen in
patients with cachexia is from both muscle and fat, which is distinct to that seen in patients
with malnutrition or anorexia where weight loss is predominantly from fat (Evans et al
2008). This variation is due to the metabolic alterations and inflammatory state that occurs in
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cachexia (Arends et al., 2006). Cancer cachexia is a multi-factorial syndrome that cannot be
fully reversed by conventional nutritional support and leads to progressive functional
impairment (Fearon et al., 2011). Cancer cachexia is most commonly exhibited in patients
with advanced disease particularly in solid tumours such as pancreatic, lung, gastric and
colorectal cancer (Bauer et al., 2005; Dewey et al., 2010). Symptoms may include severe weight
loss, anorexia, early satiety, together with associated fatigue and weakness (Bauer et al., 2005;
Dewey et al., 2010). Cachexia has a significant impact upon patient morbidity, reduced quality
of life and is implicated in 30-50% of all cancer deaths (Palomares et al., 2006).

The nutritional goals and outcomes of patients, particularly those with advanced cancer,
need to be realistic, individualised and synonymous with the overall goals for the patient
(Bauer et al., 2005). The patient’s prognosis and own wishes must be considered with the
nutrition intervention adjusted accordingly for those requiring palliative supportive care.
The Evidence Based Practice Guidelines for Nutritional Management of Cancer Cachexia provides
a clear and evidence-based framework to effectively guide nutritional intervention in
patients with cachexia (Bauer et al., 2005).

Weight stabilisation is an appropriate nutrition intervention goal for patients with cancer
cachexia as it has been shown to improve quality of life and prolong survival compared to
patients who lose weight (Andreyev et al 1998, Davidson et al 2004). In order to accomplish
weight maintenance in patients with cancer cachexia, it is important to ensure that patients
have optimal symptom control and can achieve adequate energy and protein intakes. It has
been estimated that an energy intake of at least 120kJ/kg/day and protein intake of
approximately 1.4g/kg/day should be prescribed to patients with cancer cachexia in order to
maintain weight (Davidson et al., 2004; Bauer et al., 2005). Frequent nutrition counselling
(weekly to fortnightly) by a dietitian has shown to improve nutritional and clinical
outcomes in cancer patients. The consumption of high protein energy supplements does not
appear to negatively impact upon the amount of food consumed (Isenring et al., 2004; Bauer
& Capra 2005). In addition, a multidisciplinary approach in order to effectively manage
patients with cancer cachexia has shown to be beneficial and further investigation into novel
service delivery models is warranted (Glare et al., 2010).

Some studies, though not necessarily nutrition interventions, examined energy expenditure
of oncology patients using indirect calorimetry. The Resting Energy Expenditure (REE)
ranged from 6300k]/day (Bosaeus et al 2002) to 8700+1500k]/day (Cereda et al 2007). In all of
these studies, the Harris-Benedict equation significantly underestimated total energy
expenditure compared to indirect calorimetry. Therefore there is still a gap in evidence
regarding actual total daily energy requirements and at least 120 kJ/kg/day and close
monitoring of intake and body weight is recommended. All patients should be considered
on an individual basis dependent on clinical factors and discussed amongst the medical
team.

Cancer cachexia is challenging to treat. In addition to providing adequate energy and
protein intake, other agents have been investigated, including fish oil (eicosapentaenoic
acid). Further research regarding the effectiveness of these agents is required.
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12. Antioxidants

There are three level I reviews addressing the issue of antioxidant use in radiation therapy
and chemotherapy. All reviews (Block et al., 2002; Lawenda et al., 2008; Greenlee et al., 2009)
concluded that there was insufficient evidence to provide clear guidelines on use of
antioxidant supplements, due to the lack of understanding of the dose-relationship response
and the small number of studies on each antioxidant. On the basis of these reviews, it is not
recommended that supplemental doses of antioxidants be used, at least until further well-
designed studies are published.

As part of the nutritional management of these patients, it is important to not only replenish
protein and energy intakes but also vitamin and mineral intakes. Dietary intakes of vitamins
and minerals should not be greater than the recommended dietary intakes (RDI) as these
may interfere with treatment (Rock et al., 2012). It is important that patients always notify
their medical team of any medications and vitamin, mineral and/or herbal supplements they
may be taking. Alcohol is an irritant, even in the small amounts found in mouth washes,
therefore it is reasonable to recommend that alcohol intake should be avoided or limited in
patients with or at risk of mucositis and those receiving radiation therapy to the head and
neck area (Rock et al., 2012).

13. Recommendations post radiotherapy
13.1. Long term: Healthy eating strategies for cancer survivors

If there are no long term side effects or nutritional concerns such as swallowing difficulties,
reliance on feeding tube or at risk of malnutrition, then general healthy eating and lifestyle
recommendations are the same as those for the general population. Key themes include
eating plenty of plant-based and whole grain foods, and limiting weight gain (Rock et al.,
2012). This may decrease the risk of cancer recurrence (for those with dietary link — over 25%
of all cancers including breast, HNC) and other lifestyle diseases such as Type II diabetes
mellitus and cardiovascular disease. It is recommended to achieve and maintain a healthy
weight, engage in regular physical activity with at least 150 minutes per week and strength
training on two days a week and achieve a dietary pattern that is high in vegetables, fruits,
and whole grains and reducing energy dense but nutrient poor products such as sugary
drinks (Rock et al., 2012).

13.2. Palliative care

Clinicians must always have treatment goals in mind. Therefore whether the patient is
receiving radical radiotherapy or non-curative treatment but still may have months or even
years to live. In these situations nutrition can still play an important role in terms of
preserving lean tissue and body weight and help with activities of daily living and quality
of life. If the patient is receiving palliative radiotherapy and is end stage, then the nutritional
issues become more about patient preference, eating for enjoyment and quality of life. The
use of enteral nutrition and parenteral nutrition support should be individualized with
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recognition of overall treatment goals (control or palliation) and the associated risks of
medical complications and/or ethical dilemmas (Rock et al., 2012). For patients with end-
stage disease, focus should be on patient comfort and quality of life (Isenring et al., 2008).
Patients with minimal dietary intake may require tube feeding (depending on prognosis and
in consultation with patient and medical team) (Isenring et al., 2008).

14. Summary

In conclusion, there is strong evidence to support the benefits of nutrition intervention in
improving nutritional status and quality of life in patients receiving radiotherapy. A
nutrition screening process should be in place to identify those patients at nutritional risk
and put appropriate nutritional assessment and interventions in place. A multi-disciplinary
approach is the preferred treatment option as it leads to better patient satisfaction and
outcomes. All new cancer treatment centres should include access to an Accredited
Practising Dietitian or equivalent (e.g. Registered Dietician) for best patient care. This
highlights the importance of early identification and management of nutrition-impact
symptoms with adequate follow-up in order to provide optimal care for people with cancer
undergoing radiotherapy.

Example meal plans for oncology patients undergoing radiotherapy

Based on a male weighing 70kg. Provides approximately 8500-9000k]/d (2000-
2150Kcal/d) and 110-120 g protein/d.

Standard High Energy- | Soft High Energy- Minced and Moist
High Protein High Protein High Energy-High
(no mouth pain or e.g. sore mouth Protein
swallowing difficulties) e.g. dysphagia,
mucositis

Breakfast

1 bowl of cereal with 1
tbsp nuts/seeds and 2

1 bowl cereal (without
dried fruit or nuts) e.g.

1 bowl cereal well
moistened with milk*

bread, includes crusts)
I piece of fruit

tbsp yogurt, milk*to porridge, weet bix, rice| e.g. weetbix, or
cover bubbles) with milk*, | porridge or semolina,
Or 2 scrambled or 2 tbsp yogurt

Or 2 eggs (any style) poached eggs on Or 2 scrambled or

with 2 sl toast, medium | buttered toast (no poached eggs with

spread margarine/butter| crusts) mashed baked beans
Morning Tea Cheese and 3 crackers | Nourishing drink Nourishing drink

and 1 piece of fruit Or dairy dessert Or dairy dessert
Lunch Egg, cheese or meat and | 1 sl. Quiche 150g Minced meat and

salad sandwich (2 sl any| Or soft cooked vegies

Soft sandwich (e.g. egg
and mayonnaise on 2

(e.g. Bolognaise) or

mashed baked beans
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sl. white bread with | and vegies with extra
crusts removed) gravy/white sauce
Soft fruit e.g. ripe Soft fruit e.g. cut up
banana or tinned fruit |ripe banana or cubed
tinned fruit
Afternoon Tea 1 piece of fruit Nourishing drink Nourishing drink
Nourishing drink Or dairy dessert Or dairy dessert
Dinner 150 g (cooked weight) |200g Fish or soft 200g Nourishing soup
Meat or vegetarian casserole with sauce | or minced/finely
alternative and 3-4 Well-cooked vegies chopped stew with
vegies Pudding or moist cake | extra sauce
Any dessert with custard/yogurt | Mashed banana or
stewed fruit (skin
removed or finely
chopped) with
custard/ice cream
Supper Nourishing drink Nourishing drink Nourishing drink
Tips

Milk*Fortified milk=1 heaped tbsp milk powder(FCM or skim) to 1 cup milk

Nourishing drink = 300ml drink made on milk or dairy alternative e.g. soy milk, such as
milk shake, hot chocolate or commercial oral nutrition supplement e.g. Sustagen, Ensure. If
weight loss is occurring aim for 3 nourishing drinks per day. If weight loss continues refer
to nutritional professional e.g. dietician for assessment.

Dairy dessert can include yogurt, pudding, mousse, baked custard, ice-cream etc.
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