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Abstract

Background

radiation dose distribution at the cost of exposing more normal tissue to low
isodoses and greater monitor unit (MU) requirements. Hence concerns have been
raised regarding its increased carcinogenic potential.

Aims

Intensity modulated radiotherapy (IMRT) produces highly complex and conformal

carcinogenic risk through its alteration of radiation dose distribution within the

treatment portals as well as its effect on scattered dose to tissues beyond the
beam edge. The thesis examines the implications of such altered dose distribution for
carcinogenic risk using a range of credible dose-response relationships. Dose distribution
from IMRT and resultant carcinogenic risks are compared to those of three-dimensional
conformal radiotherapy (BDCRT) for beam energies and disease sites relevant to clinical
radiotherapy. The thesis also investigates the influence of beam energy on individual
components of out-of-field scatter for both modalities.

Methods

Over four experiments, this thesis examines the effect of IMRT on radio-

histogram (DVH) analysis and measures out-of-field scatter in an

anthropomorphic phantom using thermo-luminescent dosimeters, for various
clinical scenarios. Carcinogenic risks are calculated using several credible dose-response
relationships by dividing normal tissues into smaller volumes of homogenous dose and
summating their proportional carcinogenic contributions. Its findings questioned previous
assertions about IMRT’s effect on out-of-field scatter and prompted two further
experiments investigating out-of-field scatter in detail. These experiments were performed
for both IMRT and 3DCRT in a specially constructed water phantom using both low-
and high-energy photon beams. They provide detailed information on the individual
contributions of the constituent components of out-of-field dose, namely head leakage,

The first experiment analyses in-field dose disttibution through dose volume
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collimator scatter and internally scattered radiation. They analyse the implications for
carcinogenesis including the influence of photoneutrons. The fourth experiment
described in the thesis is an extension of the first, and examines the effect of high energy
pelvic IMRT on in-field dose distribution together with previously measured peripheral
doses, so as to generate carcinogenic estimates for the entire body. This experiment also
provides information regarding the clinically relevant area of gynaecologic IMRT which
was not covered in the first experiment.

Outcomes

Thus the effect of IMRT on in-field risk is variably advantageous or disadvantageous

depending on dose-response model used. IMRT is consistently demonstrated to
increase overall out-of-field scatter because of excess collimator scatter, despite a
reduction in internally scattered radiation. Head leakage contributes very little. IMRT thus
invariably increases out-of-field carcinogenic risks but these increases are small in absolute
terms. High-energy beams increase machine scatter, for both modalities but reduce
internal scatter; the net effect on out-of-field photon dose approximates zero.
Photoneutron production however is significant - especially for high-energy IMRT which
produces roughly twice as many photoneutrons as 3DCRT. These carry a high radio-
carcinogenic risk.

I MRT is demonstrated to constrict high isodoses while spreading out lower ones.

Carcinogenic risks are almost always increased by IMRT although relative risks appear
lower than initially feared, and small in absolute terms. The increase in risk varies with
dose-response model used, MU demand relative to 3DCRT, anatomical site, beam
arrangement and beam energy. Dose-response models reflecting ever-increasing risk with
increasing dose (no plateau); and less inter-modality MU disparity favour IMRT. High-
energy IMRT carries the highest carcinogenic risk.
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1. Introduction

Themse, backgronnd and structure of the thesis

1.1 Theme of the thesis

radio-carcinogenic risk through analysing the technology’s effect on radiation

dose distribution within the beam portals as well as its effect on scattered dose to

tissues beyond the beam edge. It examines the implications of such altered dose
distribution for carcinogenic risk using several calculation methods and credible dose-
response relationships. The radiation dose distribution from IMRT and resultant
carcinogenic risks are compared to those from conventional three-dimensional conformal
radiotherapy (BDCRT) for varying beam energies and disease sites relevant to clinical
radiotherapy.

T his thesis examines the effect of Intensity Modulated Radiotherapy (IMRT) on

1.2 Background

SDCRT vs. IMRT

the target volume in the beam’s eye view, IMRT is a radiotherapy technique whereby

the x-ray fluence of each shaped beam is modulated so as to be inhomogeneous. The
fluence pattern is usually generated through a process of inverse planning driven by
computer algorithm guided by a radiotherapy planner. In modern linear accelerator-based
radiotherapy the desired fluence pattern is achieved either through the use of sub-fields/
segments (step and shoot), or through the continuous and independent movement of
individual multi leaf collimator (MLC) leaves across the field at varying and inconstant

In contrast to 3DCRT which employs beams of homogenous x-ray fluence, shaped to
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speeds (sliding window). Other techniques like the use of compensators have been used
too but are time consuming and require bespoke hardware for each patient.

The inhomogeneous fluence of the treatment beam facilitates complex, curved isodose
distributions rather than the conventional geometric patterns with straight lines more
usually achieved with 3DCRT. High isodose lines are more conformal with IMRT. The
price to pay for greater complexity and conformality is an increased number of treatment
fields as well as longer beam-on time to produce an equivalent isocentre dose. IMRT is
thus monitor unit (MU) inefficient. This is a direct consequence of the intensity
modulation of each beam and perhaps the smaller effective field sizes of IMRT [1].The
longer beam-on time results in greater head leakage and collimator scatter to the patient.
In addition, IMRT usually employs more beams than the equivalent 3DCRT techniques
for the same anatomical site so larger volumes of normal tissue are directly exposed to the
treatment beams. Together with the intensity modulation this results in the spreading out
of low isodoses but conversely, in a reduction to the volumes of tissue receiving high
doses.

The resultant increase in head leakage and collimator scatter with IMRT and the increased
volumes of tissue directly exposed to treatment beams raised concerns about
consequentially higher carcinogenic risk [2-5]. In addition, when beam energies greater
than 10MV are used, the prolonged beam on times with IMRT also lead to excess
photoneutron production compared to 3DCRT which further increases relative second
tumour risk [3] .

These concepts are discussed further in the subsequent thesis chapters.

Radio-carcinogenesis

hile x-rays have the power to cure cancer, they may also induce cancer
K K / formation. This fact has been appreciated for almost as long as x-rays have
been known: in 1902, just a year after Roéntgen accepted the Nobel Prize for

his discovery, a skin cancer was reported in an area of radiation damaged skin [6].

The precise mechanism(s) whereby radiation initiates or promotes carcinogenesis is not
fully understood and many theoretical models exist [6,7]. While radiotherapy causes cell
death through producing double chromosome breaks (and possibly also double-stranded
DNA breaks), either directly or indirectly, it is probably non-lethal, single strand breaks
affecting genes controlling cellular replication, apoptosis, senescence, DNA damage
prevention or DNA repair which are the radiation lesions responsible for radio-
carcinogenesis [6]. It is important to note that cancer biologists do not yet completely
understand the process of neoplastic transformation in tissue, let alone how radiation
interplays with the process. Most cancer biologists accept that carcinogenesis is a multi-
step process [7] with carcinogens interacting as initiators and promoters of the process.
Although radiation has classically been regarded as an initiator of carcinogenesis, there is
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some data demonstrating that it can also act as a promoter, causing increased clonal
expansion (promotion) of already initiated cells in response to radiation [8-10]. Since the
precise molecular pathways of radio-carcinogenesis are neither central to the theme of the
present thesis nor relevant to the scientific hypotheses tested herein, they are not

considered further.

A vexing problem in the area of radio-carcinogenesis is the dose-response relationship for
this dreaded effect. Prospective studies in human subjects are not feasible so we rely on
in-vitro data, animal data, atomic bomb survivor data and retrospective studies. All suffer
from significant limitations. The most useful data is naturally from human studies. The
atomic bomb survivor data from the Life Span Study (LSS) is probably the gold standard
and presents data for a range of ages at exposure and radiation doses between 50mSv-2Sv
single fraction equivalent [5,11]. It is never the less beset by uncertainties including the
accuracy of the calculated gamma and neutron doses received by subjects (especially in
the very low dose range), the neutron energy spectra involved and their influence [12-15],
and very importantly for radiotherapy (although not generally for diagnostic radiology),
the influence of fractionation on radio-carcinogenesis, since subjects in the LSS received a
single exposure of radiation unlike most radiotherapy patients[14]. Although multiple
studies have been done on radiotherapy patients, they invariably have a retrospective
component or are limited in the accuracy of their clinical and/or dosimetric data
regarding the precise location that later manifested a radiogenic tumour and in the
availability of matched controls [16-19].

The shape of the dose response curve is generally accepted as linear between 50msv-2Sv
acute exposure based on LSS data, but above and below these limits there is considerable
uncertainty and the true relationship is unresolved [2,5,11,19,20]. Below 50mSv the
International Commission for Radiation Protection (ICRP) and Committee on the
Biological Effects of Ionizing Radiations (BEIR) VII reports recommend adopting the
“linear no threshold” (LNT) model which is in essence an extrapolation of the observed
data at higher doses and proposes that second cancer risk reduces linearly with reducing
dose even below 50mSv [14,21]. Others support the same conclusion, including a recent,
large Australian study of 680,000 subjects [20,22,23]. Although widely adopted, the linear
no threshold model may however be an oversimplification since there are data suggesting
that cells do not remain inert during low dose irradiation, but demonstrate adaptive
responses to this evolutionary stressor such as the up regulation of DNA repair enzymes
and antioxidant molecules, as well as senescence or apoptosis [24]. Thus the French
Academy of Sciences, for example, does not support the LNT relationship for radiation
carcinogenesis, favouring instead a hormetic response at very low radiation doses which
implies a relative insensitivity to radiation carcinogenesis in this dose range [25].
Conversely, the dose response curve might reflect hypersensitivity to radiation-induced
second cancers at very low doses due to factors like bystander cell effects [20,26,27].
Hence the cancer induction risk curve might trend upwards as well as downwards in this
dose range [5,19]. This is illustrated in Figure 1 ovetleaf.
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Figure 1. Uncertainties around the dose-response relationship for radiation-induced
cancer. Adapted from Hall, EJ. 2004 3]

Above 28v, most models predict a flattening in the radio-carcinogenesis curve as some
cells are killed outright by the higher radiation doses rather than mutated [28]. Such
models vary in their complexity and in their inclusion of variables such as repair,
repopulation, and stem cell repopulation [29]. As illustrated in Fizgure 1, they may result in
a response curve which plateaus above a certain dose (plateau dose-response) or even
decrease at a certain point (linear with a negative exponential term). Although a continued
linear increase in risk with increasing dose is theoretically possible, there is not much
human data supporting this and it is not generally accepted as likely [2]. Thus controversy
and uncertainty also prevails regarding the precise dose-response relationship at high
doses, due to the lack of reliable data. To further complicate matters, different organs
appear to have different radio-carcinogenic response curves at doses between 15-60Gy
[19]. Attributing a dose-tisk relationship for the body would depend therefore on which
organs are included in calculations [19] and could possibly account for some differences
between studies. Stomach, pancreas, lung and breast show increased risks with increasing
dose, while bladder and rectal curves remain flat [19,29]. Colon appears to show an
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inverse radiation carcinogenic dose response relationship at high doses [19]. It is
becoming clear though that cancer risk does increase in some contexts with increasing
doses, even those as high as are experienced in clinical radiotherapy [18,19,29-33]. The
true dose response curve is likely to lie somewhere between a linear-exponential and a
linear model. It is worth noting that radiation induced sarcoma’s develop almost
exclusively in areas of higher radiation dose — thus the incidence of radiation induced
sarcoma’s in atomic bomb survivors is no higher than the general population

The shape of the dose response curve for radio-carcinogenesis used for second cancer
calculations has a major impact on the resultant risk estimates, especially at doses <0.58v
and >2Gy which are applicable to the majority of tissues in an irradiated patient and
which is precisely where much of the uncertainty lies. A model predicting lineatly (or
otherwise) increasing risk predicts lower risks from IMRT compared to 3DCRT in the
higher dose regions due to its improved conformity. However, the spreading out of lower
dose regions over greater volume of tissue would increase risk — it is this effect that is
likely to dominate. Similarly, a model predicting decreasing risk with increasing dose at
high radiation doses predicts higher risks from IMRT for the same reasons — improved
conformity of high isodose lines and spreading out of lower ones conferring increasing
risk. A model predicting plateauing of risk probably also favours 3DCRT due to the larger
volumes of tissue receiving a low dose from IMRT, but this does depend on the dose
level at which the risk plateaus. The true situation is more complex though since most
cancers develop in organs within the field that receive high doses such as bladder and
rectum in the case of prostatic carcinoma treatment. IMRT decreases their dose
significantly so could ultimately reduce the in-field risk as has been demonstrated [34-38].
Out-of-field doses are low more than a few centimetres from beam edge and carcinogenic
risk will generally increase with dose in the dose range encountered, hence IMRT is likely
to pose greater carcinogenic risk to out-of-field tissues irrespective of risk model used.

Figure 2 ovetleaf, provides a graphical representation of the above concepts.
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Figure 2 lllustration of factors which may impact on the risk of radiation induced second primary cancers when using IMRT instead of
3D-conformal radiotherapy.

Figure 2. Factors which may impact on radio-carcinogenic risk from IMRT vs.
3DCRT.

Reprinted with permission from Murray et al. [39].
References 42 and 52 in the figure refer to chapters two and three of the thesis respectively.

The effect of fractionation on radio-carcinogenic risk is also unclear. Although much data
supports the protective effect of fractionation and lower dose rates on second cancer risk,
this is not entirely consistent since some data shows a counterintuitive increased risk
[40,41]. Never the less the Dose and Dose Rate Effectiveness Factor (DDREF) of 2
recommended by the ICRP is widely accepted to account for the generally accepted
protective effect of fractionation employed in modern radiotherapy [14].

These controversies are further discussed in chapters two and three, and to a lesser degree
in other chapters.
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1.3. Rationale, and structure of the thesis

The thesis is placed in its bistorical context along with the reasoning
bebind its undertaking. Each chapter is then framed within the
logical progression of the thesis as questions and gaps in knowledge
raised by preceding chapters are excplored in subsequent ones.

indeed an important consideration since the clinical benefits of IMRT over

3DCRT have still not been demonstrated in terms of improved survival or local
control. However, randomised evidence does support IMRT’s supetiority at spating
organs at risk [42-44]. This randomised evidence was not mature at the time the research
in this thesis was begun, but even now, in the absence of demonstrated survival
advantage, dosimetric and functional advantages of IMRT still need to be weighed against
potentially higher rates of second cancer induction. Thus establishing whether its
postulated excess carcinogenic risks are valid and accurately quantifying them, was and
still is, an important area in clinical radiation oncology and worthy of study. This is
evidenced by the commissioning of a European Society of Therapeutic Radiation
Oncology (ESTRO) review of the data in this area [39].

The possibility of greater carcinogenic risk from IMRT compared to 3DCRT is

At the time this research was begun, IMRT was just beginning to enjoy wider and
accelerating uptake into general clinical practice. Its attractiveness lay in its ability to
produce highly conformal dose distributions offering superior target coverage while
simultaneously providing supetior sparing of organs at risk [42,44-48]. As noted above,
despite the increasing enthusiasm for IMRT, several authors had raised concerns about
potentially increased second cancer risk over 3ADCRT, suggesting that these risks might be
increased as much as eight-fold using the newer technology [2-4,49,50].

However, these studies were flawed in that their conclusions were based on incomplete
assessments of the alterations in dose deposition brought about by IMRT. Some only
considered IMRT’s effects on the tissues within the DVH, ignoring tissues in the rest of
body [2]; while others considered only tissues distant from the primary beam portals,
ignoring the effects of altered dose distribution within the beam portals [3,4,50]. Since
carcinogenic risk is body-wide, all body tissues — both within and beyond the beam
portals — must be included in risk calculations to obtain the true second cancer risk. Just a

11
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single study had considered risks to both tissues inside and outside the DVH, but did not
actually measure or calculate the dose to tissues beyond the DVH. Instead it assumed a
homogenous dose for all out-of-field tissue, irrespective of distance from field edge, based
on a single measurement 50cm away from field edge. In addition, it was performed in
1995 using a linac which is likely to vary in terms of head architecture and construction
from those a decade later [51].

bhe second Cb@f@f Qf #he thesis thus describes the experiment performed

to obtain the first complete and accurate assessment of second cancer risk from

IMRT compared to 3DCRT. This study differs from the four published before

it [2,35,52,53] because it accurately measures and calculates dose distribution
from IMRT for the body in its entirety, not just a limited portion thereof. Alterations in
dose distribution within the portals, scattered dose close to beam edge as well as to distant
tissue, and consequential complete carcinogenic risks for the patient were assessed using
current radiotherapy techniques for both 3DCRT and IMRT applied to multiple clinical
sites. 'The results were unexpected based on the previously published limited data;
although risks differed depending on site and radiotherapy technique, in some situations
risks were comparable or even marginally lower with IMRT (prostatic and two-field
breast radiotherapy). Perhaps most surprising was that in situations where MU
discrepancy was not great between modalities, the scattered radiation dose to distant
tissues from IMRT was slightly reduced compared to 3DCRT. Since MU demand was
higher, leakage from the treatment head would unavoidably have been higher and
therefore IMRT appeared to be reducing either collimator scatter or internal patient
scatter (phantom scatter) or both. Hypotheses were generated to explain this
phenomenon and a subsequent experiment was designed to test those hypotheses. That
experiment is described in the third chapter of the thesis.

be third Cb@f@f Qf the thesis desctibes the experiment performed to

separate out the three constituent components of scattered radiation dose to

peripheral tissue for 6-megavolt (MV) IMRT and to compare them to 3DCRT.

Six MV beam energy was chosen as it is the most commonly used energy for
IMRT. The hypothesis that internally scattered radiation might be reduced by IMRT was
shown to be correct and explains the phenomenon observed in the first chapter whereby
out-of-field scatter may be reduced with IMRT if MU demands are modest relative to
3DCRT. In that scenario, reduced internal scatter may counterbalance the modest
increase in machine scatter. The second experiment thus answers the question that
prompted its undertaking. In addition the experiment provides insight into the relative
contributions of different scatter components to out-of-field dose at varying distances
from field edge. The chapter also discusses the implications of its results for second
cancer induction in distant tissues.

Because the experiment was limited to 6MV beam energy, neither the effects of beam
energy on peripheral scatter nor the effect of intensity modulation on high-energy beams
are examined in this chapter. Furthermore, the low photon energies investigated do not
require consideration of photoneutrons, which are potent carcinogens, since these are
only produced by beams of 10MV or more. Since chapters two and three do not

12
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investigate the effects of high energy beams on scattered dose from IMRT compared to
3DCRT and the implications for carcinogenesis, a third experiment was designed to
investigate these issues and is discussed in the next chapter.

be ﬁﬂﬁb L’b@fﬁ' Qf the thesis describes the experiment performed to

measure the components of out-of-field dose for 18MV IMRT compared to

18MV 3DCRT and discusses the findings. The implications of high beam energy

for second cancer induction are also considered for both IMRT and 3DCRT.
The design of the experiment allows comparison with the measurements for 6MV beams
reported in chapter two for most of the components of peripheral scatter. Thus chapter
four also examines the differences in out-of-field scatter for 6- vs. 18MV IMRT and for
6- vs. 18MV 3DCRT respectively.

Chapters two to four thus provide a comprehensive investigation into the effect of
intensity modulation on scattered dose to out-field-tissue as well as the effect of 6MV
IMRT on dose distribution inside the beam portals. They also examine the likely
implications of IMRT for second cancer induction using a variety of calculation methods
and plausible dose response relationships. Since high energy IMRT is seldom used
clinically, chapters two to four provide an almost complete investigation of this topic
from a clinically relevant point of view.

However, while the effect of high energy IMRT on out-of-field dose is examined, its
effect on dose distribution in-field is not. Furthermore, because chapter two focuses on
scenarios applicable to real life clinical practice, 6MV pelvic IMRT is analysed compared
to 18MV 3DCRT (in the prostatic setting). From an academic point of view, and also to
provide data to those centres that do use high energy IMRT — although in the minority —
an experiment compatring pelvic 18MV IMRT to 18MV 3DCRT in terms of both in-field
and out-of-field dose is desirable. It is also desirable to provide data for IMRT performed
for gynaecological malignancy that is not examined in the second chapter. Such an
experiment would essentially render an examination of the topic of the present thesis
complete from all clinically relevant angles and is presented in the next chapter.

be féﬁ‘b Cb@f@f' Qf the thesis describes the study of second cancer risk

from both 6- and 18MV IMRT compared to 18MV 3DCRT for the adjuvant

radiotherapy of the female pelvis. In addition to providing information on the

effect of high energy IMRT on dose distribution within the portals which has not
yet been considered in the thesis, it also provides second cancer risk estimates for a
clinically relevant scenario, regularly encountered, which is not covered in the second
chapter. Furthermore, the method used to calculate second cancer risk is a refinement of
that used in the first chapter, although conceptually identical. Since the main thrust of the
experiment is the radio-carcinogenic effect of 18MV IMRT on in-field tissues - the source
of the majority of the risk - the scattered out-of-field dose was not measured but assumed
to be homogenous and was based on previous measurement. Detailed measurements of
peripheral scatter from 18MV IMRT compared to 3DCRT have however, already been
comprehensively covered in chapter four of the thesis.

13
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Clinically, the context of adjuvant pelvic radiotherapy for gynaecological cancers was
selected for this chapter, as it was an area of increasing clinical interest where IMRT could
be expected to deliver significant toxicity reduction over 3DCRT. The Radiation Therapy
Oncology Group (RTOG) 0418 trial had recently been activated to explore this issue
further. Presently, the conclusions presented in the chapter are more relevant than ever
because of the positive results of that trial which confirmed reduced toxicity and

tavourable tumour control outcomes leading to ever wider uptake of IMRT in this setting
[54,55].

14
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The effect of intensity modulated
radiotherapy on radiation-induced
second malignancies

A comparison with 3DCRT of various energies using bean
arrangements that reflect current clinical practice at several anatomical
sites commuonly encountered in clinical radiotherapy.

subsequent thesis chapters on page twelve of chapter one.

T he chapter is framed in terms of its background context and its relationship to
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Purpose: To compare intensity-modulated radiotherapy (IMRT) with three-dimensional conformal radiotherapy
(3D-CRT) in terms of carcinogenic risk for actual clinical scenarios.

Method and Materials: Clinically equivalent IMRT plans were generated for prostate, breast, and head-and-neck
cases treated with 3D-CRT. Two possible dose-response models for radiocarcinogenesis were generated based on
A-bomb survivor data corrected for fractionation. Dose—volume histogram analysis was used to determine dose
and its distribution to nontargeted tissues within the planning CT scan volume and thermoluminescent dosimetry
for the rest of the body. Carcinogenic estimates were calculated with and without a correction factor accounting for
cancer patients’ advanced age and reduced longevity.

Results: For the model assuming a plateau in risk above 2-Gy single-fraction-equivalent (SFE), IMRT and 3D-CRT
produced risks of 1.7% and 2.1%, respectively, for prostate; 1.9% and 1.8%, respectively, for nasopharynx; 1%
each for tonsil; and 1.4-2.2% and 1.5-1.6 %, respectively, depending on technique, for breast. Assuming a reduction
in risk above 2-Gy SFE, risks for IMRT and 3D-CRT were 1.1% and 1.5%, respectively, for prostate; 1.4% and
1.2%, respectively, for nasopharynx; 1% each for tonsil; and 1.3-1.8% vs. 1.3-1.6%, respectively, for breast.
Applying a correction factor of 0.5 for cancer patients halved these risks and their relative differences.
Conclusions: Carcinogenic risks were comparable in absolute terms between modalities. Risks are dependant on
technique used. Risks with IMRT are influenced by monitor unit demand and are therefore software/hardware de-
pendant. The dose-response model accounting for cell killing at higher doses fitted best with actual observed

risks. © 2008 Elsevier Inc.

IMRT, Carcinogenesis, Late effects, 3D conformal radiotherapy, Second malignancy.

INTRODUCTION

Radiation-induced cancers are an uncommon but feared late
complication of radiation therapy. Carcinogenic risk seems to
be highest for tissues receiving low doses (=6 Gy) (1, 2).
However, there seems to be a tissue-specific dose—response
effect for radiocarcinogenesis, with radiation-induced sarco-
mas developing in tissues receiving higher doses (30-60Gy)
and carcinomas developing in tissues receiving much lower
doses (3, 4). Both the integral dose to normal tissue and its
dose distribution therefore influence this risk.

Dosimetric studies have established intensity-modulated
radiotherapy (IMRT) as superior to three-dimensional con-
formal radiotherapy (3D-CRT) in terms of target coverage,
conformity, and sparing of normal tissues. In addition,
IMRT is superior in terms of functional sparing of critical

organs and offers control and survival outcomes equivalent
to those with 3D-CRT (5-7). However, concern has been
raised regarding its carcinogenic potential (3, 8, 9). Conven-
tional wisdom holds that IMRT increases integral dose to nor-
mal tissues. In addition, IMRT spreads out radiation dose so
that a larger volume of tissue receives lower, more carcino-
genic radiation doses (10, 11). Intensity-modulated RT might
therefore be expected to pose a greater carcinogenic risk than
3D-CRT. It has been estimated that IMRT may increase the
risk of a second fatal cancer by a factor of 1.2-8 (3, 9, 12).
Previous studies examining the carcinogenic implications
of IMRT have either considered only dose to tissues within
the planning CT volume using dose—volume histogram
(DVH) analysis (3) or dose to distant tissues through thermo-
luminescent dosimeter (TLD) measurements (9, 12). In the
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Table 1. Radiotherapy techniques

Primary site IMRT

3D-CRT

Prostate (3 cases)
Breast (2 cases)

5-, 7-, and 9-field plans for each (6 MV)

additional segments per field

2) Inverse planned, 4 fields, angles chosen to provide

optimal target coverage
Tonsil (1 case) 7 equispaced beams
Nasopharynx (1 case)
neck field

1) Forward planned, 2 tangential fields with 3

7 equispaced beams plus conventional lower anterior

3-, 4-, and 6-field plans for each (18 MV)

1) 2 tangential fields with 1 additional segment per
field. Virtual wedge in lateral beam only.

2) 2 tangential fields with 1 additional segment per
field. Physical wedges in both beams.

3 phases incorporating spinal shielding, matching
electron fields, and conformal boosts to tumor bed.

5-field conformal plan with boosts to nodal masses in
neck and conventional lower anterior neck field

Abbreviations: IMRT = intensity-modulated radiotherapy; 3D-CRT = three-dimensional conformal radiotherapy.

present study we compared the carcinogenic risk of IMRT
with that of 3D-CRT considering the body in totality, includ-
ing both tissues represented in the DVH as well those outside
this volume through TLD measurements. We aimed to com-
pare the two modalities for real clinical situations using actual
patient plans and commonly used treatment techniques.

METHODS AND MATERIALS

Treatment planning

Existing 3D-CRT plans were de-archived for prostate, breast, ton-
sillar, and nasopharyngeal cancers, and clinically equivalent IMRT
plans were generated using Plato RTS v1.8 and Plato-ITP v2.5, re-
spectively (Nucletron, Veenendaal, The Netherlands). The clinically
equivalent IMRT plans provided at least equivalent target coverage
and conformed to the same critical organ tolerances or better as those
set out for 3D-CRT. Additional 3D-CRT and IMRT plans with vary-
ing beam arrangements were produced for prostatic cases as enumer-
ated in Table 1. 18 MV photons were used for prostatic 3D-CRT.
Although many departments use 18 MV for IMRT too, the majority
use 6 MV (3). We intended to compare the two modalities for real-life
situations and therefore chose 6 MV for our prostatic IMRT. In any
case, work from Pirzkall ez al. (13) suggests that integral dose (on
DVH analysis) is unaffected by IMRT beam energy.

Dosimetric analysis and treatment delivery

Normal tissue was defined as all tissue outside the planning target
volume (PTV). Dose—volume histogram analysis provided dosimet-
ric data for normal tissue within the planning CT volume. Normal
tissue lying beyond the planning CT volume, and therefore not
included in the DVH, was defined as “‘distant normal tissue.”” For
distant normal tissue, dosimetric data was obtained from TLD
measurements (TLD-100; Bicron, Solon, OH). Each treatment
plan was delivered to a RANDO phantom with 22-26 TLDs evenly
distributed throughout the distant normal tissue (Fig. 1). Beginning
5 cm from the edge of the CT volume, TLDs were symmetrically
placed in the mid-coronal plane, 5 cm either side of the midline,
every 5 cm in the craniocaudal direction. Each plan was delivered
as a single fraction to minimize the possible insensitivity of TLDs
to tiny radiation doses. TLD’s were annealed (TLD Ofen Typ
1321, PTW, Freiberg) for 3 hours before analysis (Auto TLD reader
QS 5500, Harshaw, Solon, OH). Thermoluminescent dosimeters
underwent regular calibration as part of our departmental quality
assurance protocol.

The volume of tissue represented in the DVH was obtained from
the planning software. The volume of distant normal tissue was cal-
culated by subtracting the DVH volume from the total volume of the

phantom. Dose to limbs was ignored because these tissues are less
radiogenic than others and are not represented in the RANDO
phantom (3).

Calculation of carcinogenic risk

The process of radiocarcinogenesis is not yet fully understood,
and an accurate risk model does not exist. The best data for carcino-
genic risk from radiation is from A-bomb survivor studies, although
this is subject to important limitations.

First, because these data relate to a general population they over-
estimate the risk in cancer patients, who are usually older than aver-
age and have a reduced life expectancy anyway because of their
disease. A correction factor may therefore be required when apply-
ing such data to the radiotherapeutic setting. On the basis of A-bomb
data, a correction factor of 0.85 would account for the advanced
average age of cancer patients (>50 years) (14). However, this factor
requires further attenuation to account for the reduced longevity of
cancer patients compared with an average population. A correction
factor of 0.5 was thus ultimately employed.

Second, A-bomb survivors received a single exposure of radia-
tion, whereas radiotherapy patients receive fractionated therapy
over an extended period, allowing for some repair of DNA damage.
A dose rate effectiveness factor (DREF) of 2, as recommended by

Volume included
within planning CT
scan

Rest of body
with TLD's
inserted

TLD's inserted every S5cm J

from edge of CT volume in
cranio-caudal direction

Fig. 1. Schematic illustrating computed tomography (CT) scanned
volume for prostate radiotherapy planning and thermoluminescent
dosimeter (TLD) placement in the rest of the body.
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Fig. 2. Clinical studies using adequate patient numbers, follow-up periods, and control groups show an increased risk of
cancer induction by radiotherapy. Studies by Brenner et al. (20), Boice et al. (21), and Neugut et al. (19) suggest a risk in
therapy patients similar to that for A-bomb survivors (38, 39) who received low doses only. They therefore support a pla-
teauing of risk above 2 to 3-Gy single fraction whole-body exposure. Data from Boice ez al. (21) regarding leukemic risk
and from Sigurdson ez al. (25) regarding thyroid cancer induction in children exposed to radiotherapy suggest a reduction in

carcinogenesis at higher doses.

the International Commission on Radiological Protection and the
National Council on Radiation Protection and Measurements (15,
16), was used to account for this. Thus, in terms of carcinogenic
potential, for a DREF of 2, an exposure of 2 Sv of atomic bomb
radiation equates to 4 Sv of fractionated radiotherapy.

Third, A-bomb data are most reliable for single exposures up to
approximately 3 Gy. The data show that risk is linear up to 2 Gy
(4 Gy of fractionated radiotherapy) reaching 8%, after which the
curve begins to bend downward (3, 17, 18). Above this level the
dose-response curve is not known with certainty, but three plausible
dose-response relationships could be postulated:

(1) Risk continues to rise linearly with increasing dose (linear-
no-threshold model). There are no reliable human data to support
this, and it must therefore be considered an unlikely possibility.

(2) Risk levels off and plateaus. Some studies of radiotherapy

patients exposed to high doses of therapeutic irradiation show

rates of solid cancer induction comparable to those of

A-bomb survivors who received only small doses (19-21),

suggesting a plateauing of risk at high doses. Models accounting

for cell killing but also considering either repair (22) or repopu-
lation (23) also support such a relationship.

Risk decreases with increasing dose. Carcinogenic risk may de-

crease with increasing dose because of cell killing at higher doses

(24). Clinical evidence supporting such a dose—response rela-

tionship in humans includes data for leukemic risk in adult radio-

therapy patients, as well as for thyroid cancer induction in the

Childhood Cancer Survivor Study cohort (2, 25). Other obser-

vations that support this theory are the higher relative risk in

A-bomb survivors compared with therapeutically irradiated pa-

tients (26) and a study by Dorr and Herrmann (1) showing that

cancer induction is less likely in tissues receiving higher doses.

—
(5]
=

Figure 2 illustrates the clinical evidence for dose—response rela-
tionships 2 and 3.

Because of the uncertainty regarding the dose—response rela-
tionship for carcinogenesis at radiotherapy doses =4 Gy, we
constructed two different dose-response curves to account for
scenarios 2 and 3 above. Both model an initial linear increase in
risk with dose, but one saturates at 8% risk at 4 Gy of fractionated
radiotherapy (assuming a plateauing of risk), whereas the other de-
cays after this maximum is reached with a slope defined by a Dy = 10
(assuming a decreasing risk with increasing dose above 4 Gy due to
the effects of cell killing at higher doses). This value of 10 for Do
approximates that observed for leukemia induction at doses >4 Gy
in cervical cancer patients who received radiotherapy (2, 3). The
two curves are represented in Fig. 3.

For tissue represented in the DVH, carcinogenic risk was calcu-
lated as follows. Normal tissue DVHs were divided into dose bins
of 04 Gy, 4-8 Gy, and then every 8 Gy. The volume in each bin
was calculated, as well as its proportional contribution to the total
normal tissue volume in the DVH. The risk associated with each
bin was calculated by averaging the risk for each 1-Gy increment
within the bin according to the dose—response curves in Fig. 3. The
overall risk for normal tissue within the DVH was calculated by sum-
ming the risks for each bin in proportion to each one’s contribution to
the total volume of normal tissue within the DVH. For distant tissue
the average dose was obtained from TLD readings. These doses cov-
ered a very narrow range, and all but the closest TLDs to the field
edge for the four-field breast IMRT plan received <1 Gy. Their aver-
age value is thus likely to be representative of the carcinogenic risk.

Photoneutrons are produced in the collimator and treatment head
when photons of 10 MV or more are used. They were thus included
in carcinogenesis calculations for 18-MV prostatic 3D-CRT but are
not relevant for other scenarios in which only 6-MV photons were
used. Measured data for effective neutron dose with 18-MV radio-
therapy using 10 x 10-cm fields were obtained from D’Errico et al.
(27) and Vanhavere et al. (28). Effective neutron dose at 40 cm from
the central axis at 5-cm depth was used to represent dose to distant
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Fig. 3. Dose-response models for radiocarcinogenesis.

tissue, and effective dose at 7.5 cm from central axis at 5-cm depth
was used for tissues within the planning CT volume.

After calculating the risk associated with the tissue represented in
the planning CT volume and that associated with the remainder of the
body, an overall carcinogenic risk was then calculated for each tu-
mour site and modality by averaging the two figures according to their
proportional contribution to the total body volume of the phantom.

RESULTS

Carcinogenic risks assuming no reduction above 4 Gy of
fractionated radiotherapy

The carcinogenic risks of IMRT were comparable to those
for 3D-CRT at all sites.

For prostate radiotherapy IMRT carried a 0.8% risk and
3D-CRT a 1.0% risk. However, most prostate cancer patients
enjoy long-term survival, and our proposed correction factor
is inappropriate for these patients. In this scenario, omitting
the correction factor produced estimates of 1.7% and 2.1%
for IMRT and 3D-CRT, respectively.

For head-and-neck radiotherapy, both modalities produced
equivalent risk estimates of 0.5% and 0.9% at the tonsil and
nasopharynx, respectively. If we omitted the correction factor
that is inappropriate for long-term survivors, risk estimates
were 1% for both modalities for tonsillar carcinoma and
1.9% and 1.8% for IMRT and 3D-CRT, respectively, for
nasopharyngeal carcinoma.

In the setting of breast cancer, forward-planned tangential-
field IMRT was associated with 0.7% risk, compared with
0.8% for 3D-CRT using a virtual wedge. The risk was higher
for four-field IMRT at 1.1% compared with 0.8% for 3D-
CRT with physical wedges. Because most patients who
undergo breast-conservation therapy will be long-term survi-
vors, it may be most appropriate to use uncorrected risk esti-
mates of 1.4%, 1.5%, 1.6%, and 2.2% for two-field IMRT,
3D-CRT (virtual wedge), 3D-CRT (physical wedges), and
four-field IMRT respectively.

Carcinogenic risks assuming a reduction in risk above
4 Gy with a slope of Dy = 10

Again, carcinogenic risks were comparable between the
two modalities. In the prostatic setting, the risk estimates

were 0.6% and 0.8% for IMRT and 3D-CRT, respectively.
In long-term survivors for whom the correction factor was
omitted, the risks increased to 1.1% and 1.5%, respectively.
For tonsillar radiotherapy both modalities produced risks of
0.5% (1% in long-term survivors). Nasopharyngeal IMRT
resulted in 0.7% risk compared with 0.6% for 3D-CRT
(1.4% and 1.2%, respectively, if not corrected for age and
cancer mortality risk). Breast IMRT using tangential fields
and 3D-CRT using a virtual wedge both resulted in 0.7%
risk (1.3% risk in long-term survivors). Four-field breast,
IMRT, however produced an estimate of 0.9%, and 3D-
CRT with physical wedges, 0.8% (1.8% and 1.6%, respec-
tively, in long-term survivors).

DISCUSSION

Although it has been widely held that IMRT increases car-
cinogenic risk compared with 3D-CRT, our results show that
this is not necessarily true. Indeed, this was not generally the
case for the software and hardware combination used in our
study. Compared with 3D-CRT, IMRT tends to spread out
low, carcinogenic doses to tissues within the DVH volume,
but the integral dose to these tissues actually remains rela-
tively constant (29-32). Consequently, only a small increase
in risk for these tissues was observed (Table 2).This risk to
these nearby tissues would be influenced by the shape of
the dose—response curve above 4 Gy. However, the overall
risk of cancer induction is body-wide. Thus the dose to dis-
tant tissues that make up the bulk of the body is also impor-
tant. This dose comprises three main components: internal
patient scatter, collimator scatter, and head leakage. The
former two factors might actually be lower with IMRT
than with 3D-CRT because of smaller field sizes and the
<100% intensity of IMRT beams. These two factors domi-
nate the picture for tissues 15-30 cm from the field edge
(33, 34). For more distant tissue, however, head leakage
predominates and is unavoidably higher with IMRT because
of an increase in monitor units (MU). Because the dose of
scattered and leakage radiation to distant tissues is very
low, so is the associated risk. Nevertheless, if the dis-
crepancy in MU demand is too great between IMRT and
3D-CRT, excessive head leakage with IMRT could over-
whelm any possible gains in scattered radiation dose. This
coupled with IMRT’s higher carcinogenic risk for tissue
in-field and nearby (within the DVH volume) would ulti-
mately result in a higher risk of second cancers with
IMRT. In the setting of our study, however, MU demand
with IMRT was only 2 to 4 times higher, and hence its asso-
ciated risks were very comparable to those of 3D-CRT. Such
may not be the case for other software/hardware combina-
tions: Kry et al. (9) found a 5 times greater MU requirement
for IMRT, which translated into a substantially increased risk
of cancer induction in distant tissue. That study, however,
did not consider tissues within the DVH. Hall and Wuu (3)
explored the effect of IMRT on carcinogenesis using DVH
analysis of a prostatic radiotherapy plan. Their risk estimates
were similar to our own if considering DVH analysis alone
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Table 2. Carcinogenic risk related to the DVH volume compared to the rest of the body,
together with monitor units for cases studied

Risk in DVH  Risk in rest of ~ Monitor
Tumor site volume (%) body (%) units
Risk peaks 8%  3D-CRT Prostate 1.50 0.59 9,494
at 4 Gy and IMRT 1.45 0.21 17,812
saturates
thereafter 3D-CRT ) Breast 1.38 0.12 5,430
(virtual wedge)
IMRT 2-field IMRT 1.38 0.07 5,280
3D-CRT Breast 1.32 0.25 14,030
(physical wedges)
IMRT 4-field IMRT 1.98 0.26 72,175
3D-CRT Nasopharynx 1.60 0.20 116,829
IMRT 1.59 0.30 406,141
3D-CRT Tonsil 0.86 0.16 14,018
IMRT 0.86 0.17 19,985
Risk peaks 8%  3D-CRT Prostate 0.96 0.59 9,494
at 4 Gy and IMRT 091 0.21 17,812
declines
thereafter 3D-CRT ) Breast 1.17 0.14 5,430
(virtual wedge)
IMRT 2-field IMRT 1.16 0.14 5,280
3D-CRT Breast 1.15 0.50 14,030
(physical wedges)
IMRT 4-field IMRT 1.26 0.52 72,175
3D-CRT Nasopharynx 0.81 0.39 116,829
IMRT 0.79 0.60 406,141
3D-CRT Tonsil 0.67 0.33 14,018
IMRT 0.64 0.34 19,985

Abbreviations: DVH = dose-volume histogram; IMRT = intensity-modulated radiotherapy;
3D-CRT = three-dimensional conformal radiotherapy.

(3.8%/3.1% for IMRT/3D-CRT, respectively, vs. 3.6%/3.3%
for Dy = 10 in the present study), but once we factored in
dose to the rest of the body, risk estimates dropped consider-
ably. Although we expected the risks to distant tissue to be
much greater for IMRT than for 3D-CRT, this was not actu-
ally the case. In the prostatic setting these risks were more
than halved (Table 2). Although MU demand was double
for IMRT, smaller field size and reduced average field inten-
sity seem to have reduced scatter sufficiently to more than
compensate for any increase in head leakage. For four-field
breast and nasopharyngeal IMRT, risks to distant tissue
were increased, but only marginally in absolute terms. Be-
cause the MU demand of nasopharyngeal IMRT was 4 times
higher than with 3D-CRT the resultant carcinogenic risk to
distant tissue was 1.5 times higher; but because the associ-
ated absolute risk is so small, the real effect of IMRT was
minimal. It seems therefore that our concerns about the car-
cinogenic potential of IMRT based on increased scatter and
leakage may have been excessive.

Breast radiotherapy using physical wedges increases
wedge scatter and also head leakage compared with virtual
wedges (35) (because of higher MU demand). This is re-
flected in the doubling of carcinogenic risk to distant tissue
observed in our study (Table 2). However, because the abso-

lute risks involved are so minute there is little effect on over-
all risk of cancer induction. The dose distribution to tissues
around the target is similar in both cases, and so too is the
associated risk. Ultimately therefore, there is little difference
in absolute terms between virtual and dynamic wedges.
IMRT and 3D-CRT likewise produced similar risk estimates
in absolute terms.

Although it is recognized that organs vary in carcino-
genicity (36), the different radiogenic potentials of different
organs are accounted for in our calculations because we
have used A-bomb survivor data, which reflect whole-body
exposure. Thus we did not attempt to estimate the positions
of viscera not physically replicated within the phantom. In
addition, we believe that the accuracy of such a process is
limited.

Although uncertainty about the carcinogenic dose—
response at >4 Gy is less relevant for the majority of normal
tissues, which lie at some distance from the field edge and
mostly received <0.5 Gy (data not shown), the major compo-
nent of carcinogenic risk was tissue within the DVH volume,
which received >4 Gy (Table 2). Our results are based on
dose-response modeling for doses above 4 Gy and are also
dependant on correction factors like the DREF. We acknowl-
edge therefore that they may imperfectly reflect the actual
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risks. Our calculated value for long-term survivors of
prostatic 3D-CRT of 1.5% using Dy = 10 is encouraging
however, being almost identical to the 1.4% actual risk
observed for patients surviving =10 years according to
SEER data reported by Brenner er al. (20). Similarly, our
findings of only 0.7-1.6% risk for breast 3D-CRT are in
keeping with those of Obedian et al. (37), who performed
a study of more than 1000 patients with adequate follow-up
and a surgical control group. Even if the absolute risk values
in the present study may ultimately be inaccurate, the risk
ratios of IMRT vs. 3D-CRT should remain valid.

CONCLUSION

Integral dose to nontargeted tissues within the DVH
volume is relatively unchanged by IMRT and may even

be reduced (29-31). The spreading of low doses by IMRT
could increase the carcinogenic risk in these tissues if the
dose-response curve does in fact curve downward at higher
doses because of cell killing; this effect was small, however,
in the cases we examined. Although IMRT has been reported
to increase integral dose to distant normal tissue and hence
carcinogenic risk (9), this seems critically dependant on
MU demand and was not observed using our software/
hardware except for nasopharyngeal IMRT.

Absolute risks for cancer induction were similar for
IMRT and 3D-CRT when the body was considered in total-
ity. These risks may vary with planning algorithms and
hardware combinations. Our calculated results fitted best
with observed risks when a model assuming cell killing at
higher doses was used rather than one assuming a plateauing
of risk.
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Comparison of Out-of-Field Dose and
Its Constituent Components for
IMRT Versus 3DCRT: Implications
for Carcinogenesis

T test the hypothesis generated in chapter one that IMRT may reduce
some components of out-of-field scatter rather than increase them as
previously held, and to characterise and compare the contribution of
individual components of scatter to out-of-field dose for both modalities.

other thesis chapters on page twelve of chapter one.

T he chapter is framed in terms of its background context and its relationship to
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CLINICAL INVESTIGATION Normal Tissue

A COMPARISON OF OUT-OF-FIELD DOSE AND ITS CONSTITUENT COMPONENTS
FOR INTENSITY-MODULATED RADIATION THERAPY VERSUS CONFORMAL
RADIATION THERAPY: IMPLICATIONS FOR CARCINOGENESIS

JereMY D. Rusen, FCRADONC, FRANZCR, M.Mep.,* Craic M. LANCASTER, B.Sc.,*
PuiLLip Jongs, B.AppSct.,* aND Ryan L. SmitH, M.Sc., MACSPEM.*

*William Buckland Radiotherapy Centre, The Alfred, Melbourne, Australia; and "Monash University, Melbourne, Australia

Purpose: To investigate differences in scatter and leakage between 6-MYV intensity-modulated radiation therapy
(IMRT) and three-dimensional conformal radiation therapy (3DCRT); to describe the relative contributions of in-
ternal patient scatter, collimator scatter, and head leakage; and to discuss implications for second cancer induction.
Methods and Materials: Dose was measured at increasing distances from the field edge in a water bath with a slop-
ing wall (1) under full scatter conditions, (2) with the field edge abutting but outside the bath to prevent internal
(water) scatter, and (3) with the beam aperture plugged to reflect leakage only.

Results: Internal patient scatter from IMRT is 11% lower than 3DCRT, but collimator scatter and head leakage
are five and three times higher, respectively. Ultimately, total scattered dose is 80% higher with IMRT; however
this difference is small in absolute terms, being 0.14% of prescribed dose. Secondary dose from 3DCRT is mostly
due to internal patient scatter, which contributes 70 % of the total and predominates until 25 cm from the field edge.
For IMRT, however, machine scatter/leakage is the dominant source, contributing 65% of the secondary dose. In-
ternal scatter predominates for just the first 10 cm from field edge, collimator scatter for the next 10 cm, and head
leakage thereafter.

Conclusions: Out-of-field dose is 80% higher with IMRT, but differences are tiny in absolute terms. Reductions in
internal patient scatter with IMRT are outweighed by increased machine scatter and leakage, at least for small
fields. Reductions from IMRT in dose to tissues within the portals and in internal scatter, which predominates close
to the field edge, means that calculations based solely on dose to distant tissues may overestimate carcinogenic
risks. © 2011 Elsevier Inc.

IMRT, scatter, leakage, second cancer risk, 3D conformal radiation therapy.
INTRODUCTION from the treatment head that in turn, has led to concern about
the increased potential for second cancers after IMRT (4, 5).
There is, however, a third component of scatter, which is
internal or patient scatter produced through radiation
interactions with the patient’s body tissues. For 3DCRT,
internal scatter has been reported as the dominant source of
radiation dose outside the field for approximately 18 to 30
cm (6, 7). This component is likely to be reduced by IMRT
for two reasons. First, because appropriately optimized
IMRT requires narrower lateral beam margins than 3DCRT
(8), IMRT field sizes may be smaller; and second, because
an ever-changing portion of the portal that may include the
PTV is always shielded, the intensity of each IMRT field is
less than 100% that of an unmodulated beam.
The components of scatter have been investigated for
3DCRT (6); however we are unaware of similar data for

The use of intensity-modulated radiation therapy (IMRT) in
clinical practice is becoming more widespread. IMRT uses
multiple, conformally shaped radiation beams with heteroge-
neous fluence profiles to produce complex isodose distribu-
tions. It thus improves target coverage while simultaneously
avoiding organs at risk (1-3). Using a multileaf collimator
(MLC), the fluence pattern of an IMRT beam is modulated
through the use of multiple smaller segments, or by use of
a sliding window whereby the MLC leaves move across the
portal in an ever-changing sequence, irradiating only a portion
of the field at any moment in time. Beam-on time and monitor
unit requirements of IMRT are therefore higher than for three-
dimensional conformal radiation therapy (3DCRT). This re-
sults in an increase in collimator scatter and leakage radiation
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conventional MLC-based IMRT, although head leakage
from the largely defunct NOMOS-Peacock system has
been described (9). The contributions of each component
to total patient dose and its distribution are relevant for radi-
ation carcinogenesis. The increase in collimator scatter and
head leakage with IMRT has been estimated to double carci-
nogenic risk (5, 10). Such estimates, however, are based on
dose to distant tissues only, and neglect the effect of IMRT
on tissue within and surrounding the radiation portals.
Studies that have included both dose to distant tissues
(from scatter and leakage radiation) as well as to tissues
within and close to the beam portals (from the primary
beams and internal patient scatter) have found little
increase in second cancer risk with IMRT, and even
a decrease in risk in some cases (11-13). This might be
explained by a reduction in integral dose within the beam
portals, a reduction in internal patient scatter and possibly
a difference in the dose distribution through IMRT,
although the effect of the latter depends on the dose—
response relationship for second cancer induction.

In the present work, we examine differences in scatter and
leakage from IMRT compared to 3DCRT, characterize the
relative contributions of leakage and the two components
of scatter as well as their spatial distributions, and attempt
to explain discrepancies in the literature about the effect of
IMRT on second cancer induction.

y Collimator
Mulileaf Collimator

(c)

Head Shielding (primary colimator)

METHODS

For the purposes of this study, 6-MV 3DCRT and IMRT plans were
produced for the same tonsillar target volume. Both plans used five
fields with identical gantry angles. Both provided 95% to 107% tar-
get coverage with acceptable spinal cord dose. The IMRT plan deliv-
ered 3.7 times more monitor units (MU) than its 3DCRT counterpart,
in good agreement with previous studies (5, 12). The average field
size was 6.5 x 6.5 cm for IMRT and 7 x 7 cm for 3DCRT.

A 75 x 30 x 35-cm water tank was constructed from Perspex,
with one end angled to match the divergent beam of a Varian
21EX Linac (Varian Medical Systems Inc, Palo Alto, CA) fitted
with a Millennium multileaf collimator (MLC). The water tank
was filled to a depth of 30 cm. A sliding Perspex clasp holding
a Farmer-type FCO65-P ionisation chamber (IBA Dosimetry
GmbH, Schwarzenbruck, Germany) was fitted along the length of
the side wall to achieve reproducible position measurements. The
chamber was positioned at 10 cm depth, and source to surface dis-
tance (SSD) was set at 90 cm.

The IMRT plan and the 3DCRT plan were then delivered in turn.
The first measurement was performed 10 cm away from the central
axis (~6 cm from the field edge), and the chamber was moved in 5-
cm increments away from the field edge before each subsequent
dose measurement. All five fields were delivered for each measure-
ment position for each plan. All fields were delivered at gantry angle
of 0° to coincide with the tank’s divergent edge. The process was
performed using three different set-up arrangements to separate
out the individual dose contributions from head leakage, collimator
scatter, and internal patient scatter, as described below (Fig. 1).

(b)

Head Shielding (primary collimator)

Secondary Collimator
Mulileaf Collimator

Lead block

i

]

Fig. 1. (a) To measure water scatter + collimator scatter + head leakage. (b) To measure collimator scatter + head leakage.

(c) To measure head leakage.
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To measure the total dose of scattered radiation from head leak-
age, collimator scatter, and internal patient scatter, the water tank
was positioned so that the treatment beam passed through the water
in the tank (Fig. 1a). For the second experiment, the water tank was
moved relative to the isocenter so that the angled edge of the tank
aligned with the divergent edge of the primary beam. The beam thus
did not pass through or interact with the water in the tank, and so
eliminated the contribution of internal scatter. The resultant dose
thus reflected only head leakage and collimator scatter (Fig. 1b).
By subtracting the doses obtained in Experiment 1b from those
of Experiment la, the contribution of internal patient scatter was
calculated (6). The water tank was left in the same position for
the third experiment, but the Y-jaws of the secondary collimator
that move parallel to the long axis of the tank were now closed,
and the beam aperture was plugged with a lead block (Fig. Ic).
This reduced the measured primary beam transmission at the iso-
center by 99.9%. The position of the open X-jaws was left unaltered
to maintain treatment head geometry in the measurement axis rel-
ative to the previous measurements. The doses for IMRT and the
conformal field were again delivered in turn. The measured dose
at each out-of-field position was thus a result of leakage radiation
through the treatment head only. By subtracting the measurements
obtained in Experiment 1c from those of Experiment 1b, the contri-
bution of collimator scatter could be calculated.

RESULTS

Figures 2a to 2e plot the doses measured in 5-cm incre-
ments from the field edge under the various experimental
conditions. Figure 2a represents the total dose of scattered
radiation from all sources. It can be appreciated that out-
of-field dose is higher from IMRT than 3DCRT everywhere
in the phantom. Integrating the area under the curves shows
IMRT secondary dose to be 1.8 times higher than 3DCRT.
The absolute difference is very small, however, being only
about 0.14% of the prescribed dose.

Figure 2b illustrates the contribution of internal patient
scatter alone. Integrating the areas under the graphs reveals
that patient scatter from IMRT is 11% lower than from
3DCRT. However this represents a reduction of just 0.02%
of the prescribed dose in absolute terms.

Figure 2c demonstrates the combined contributions from
collimator scatter and head leakage. These measurements
represent the total scattered radiation from the machine
head (machine scatter). As expected, given the increased
monitor units with IMRT, these values were on average
3.7-fold higher with IMRT. There is a prominent spike in
the machine scatter over a distance of 5 cm, beginning ap-
proximately 15 cm away from the edge of the field. Although
small in absolute terms, scattered radiation is more than dou-
bled over this short distance. The same phenomenon is not
observed in Fig. 2b, representing internal scatter. Although
only a slight hump can be discerned in collimator scatter
dose in Fig. 2d, a prominent spike in leakage radiation
dose over this distance is clear from Fig. 2e. The spike is
a product of the treatment head geometry, namely, leakage
radiation penetrating through the Y-jaw of the secondary col-
limator before passing through a gap between the lateral
edge of the MLC and the primary collimator. Leakage radi-
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ation traveling along ray lines closer than 15 cm from the
field edge is attenuated by the MLC, whereas ray lines be-
yond 20 cm are attenuated by the primary collimator incor-
porated into the treatment head.

Collimator scatter is five times higher for IMRT than for
3DCRT because of longer beam-on times (Fig. 2d). The dif-
ference is, however, only 0.2% of prescribed dose in absolute
terms at 6 cm from the field edge, and decreases exponen-
tially with increasing distance. Given the longer beam on
times with IMRT, it is not surprising that head leakage to tis-
sues greater than 20 cm away may be many-fold higher than
3DCRT. Head leakage under the tested conditions was ap-
proximately 3 times higher with IMRT (Fig. 2e). Because
of the efficient shielding of the primary collimator, however,
the absolute dose at any point from head leakage is very low,
usually under 1/1,000 of the prescribed dose.

Figures 3a and 3b show the relative contributions of each
component to the total scatter dose for IMRT and 3DCRT, re-
spectively. Figures 4a and 4b compare internal patient scat-
ter to total machine scatter (collimator scatter plus head
leakage). With 3DCRT, internal scatter is the dominant
source of radiation dose for a distance of approximately 25
cm from the field edge. It is by far the major component of
scattered dose until approximately 20 cm from field edge,
findings that are in good agreement with previous reports
(6, 7). In contrast, IMRT produces larger amounts of
machine scatter (collimator scatter plus leakage) relative to
internal/patient scatter. Machine scatter thus overshadows
internal scatter as the major source of dose beyond 10 cm
from field edge. For 3DCRT, total scattered dose is largely
due to internal patient scatter (Fig. 4b), whereas, for
IMRT, machine scatter is the dominant source (Fig. 4a),
with internal scatter for the first 10 cm from field edge, col-
limator scatter for the next 10 cm and head leakage thereaf-
ter. Machine scatter contributes 65% of the secondary dose
for IMRT and 30% for 3DCRT. Collimator scatter and
head leakage contribute 33% and 32%, respectively, for
IMRT and 11% and 19%, respectively, for 3DCRT. Internal
scatter contributes 70% of the secondary dose for 3DCRT
but just 35% for IMRT.

DISCUSSION

Our results confirm a reduction in internal patient scatter
with IMRT. As expected, because of longer beam-on times
with IMRT, head leakage and collimator scatter are
several-fold higher than with 3DCRT. Although internal pa-
tient scatter is the dominant source of dose to tissues close

to the beam edge, reductions in this component of scatter

from IMRT are undone by increases in machine scatter and
leakage. Scattered dose is thus always higher with IMRT, ir-
respective of distance from the field edge. IMRT results in an
80% greater out-of-field integral dose than does 3DCRT un-
der the conditions tested. In absolute terms, this is a differ-
ence of just 0.14% of the prescribed dose.

The increase in machine scatter and leakage with IMRT
appears to be proportional to monitor unit demand, in
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Fig. 2. (a) Total scatter dose from IMRT vs. 3DCRT. (b) Internal/water scatter dose from IMRT vs. 3DCRT. (c) Collima-
tor scatter and head leakage from IMRT vs. 3DCRT. (d) Collimator scatter fom IMRT vs. 3DCRT. (e) Head leakage from

IMRT vs. 3DCRT.

keeping with others’ observations (14). However we found
a disproportionate increase in IMRT collimator scatter rela-
tive to MU requirements. This may reflect inaccuracies in
our measurement of sub-milligray doses in the presence of
background activity at distances far from the field edge.
On the other hand, the increase in collimator scatter may
be real and could reflect increased exposure of MLC leaves
to the beam during IMRT.

The relative contributions of the different scatter compo-
nents depend on field size, MU demand, and measurement
depth (6, 15, 16). The contribution of internal/patient

scatter increases with increasing field size as this directly
increases the irradiated volume (6). Internal scatter also in-
creases with measurement depth (6), reflecting an increase
in backscatter. Machine scatter increases in proportion to in-
creasing MU demand. Because IMRT produces less internal
scatter than 3DCRT and reduces integral dose to tissues
within the primary beams (17-20), if the MU difference
between the modalities is small enough to sufficiently
minimize increases in machine scatter, and if fields are
substantial enough to maximize reductions in internal
scatter, then IMRT could theoretically produce a lower
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Fig. 3. (a) Individual components of scattered dose for IMRT. (b) Individual components of scattered dose for 3DCRT.

total integral dose to the patient. Previous measurements of
ours using Plato v2.5 (Nucletron BV, Veenendaal, the
Netherlands), for which the MU demand of IMRT was
only twice that of 3DCRT, did in fact show a 15%
reduction in total body integral dose for prostate and
breast IMRT (data not shown). Similarly, effective dose
from IMRT, which is a measure of carcinogenicity
according to International Commission on Radiological
Protection (ICRP)-65, was reduced relative to 3DCRT,
according to work by Howell et al. (14).

The present study ignores the contribution of photoneu-
trons produced when high-energy radiation beams are

used. Such photoneutrons have a high relative biological ef-
fectiveness (RBE) for radiocarcinogenesis (21). IMRT using
photon energies of more than 10 MV greatly increases pho-
toneutron production relative to 3DCRT secondary to pro-
longed head activation (14). This component of scattered
dose has been investigated elsewhere (14). Because of atten-
uation in tissue, the measured neutron dose decreases with
increasing depth within the patient (22).

Thus out-of-field dose with IMRT would increase relative
to 3DCRT with decreasing field size, increasing MU ineffi-
ciency, increasing distance from field edge, and diminishing
depth of measurement; but would decrease relative to
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3DCRT with increasing field size, decreasing MU ineffi-
ciency, decreasing distance from field edge, and increasing
depth of measurement.

Reduced internal patient scatter from IMRT helps to ex-
plain in part the differing results between studies comparing
differences in second cancer induction between IMRT and
3DCRT. Differences in MU between studies, however, are
also important. Those studies considering only dose to dis-
tant tissues, where dose consists almost exclusively of
machine scatter, have shown large relative risks with
IMRT (5, 23). In contrast, those studies considering both
the dose to tissues within and around the primary beams,

as well as dose to distant tissues, showed either much
smaller differences in second cancer risk (11, 12) or
a reduced risk with IMRT (12, 13). This can be partly
explained by the findings of the present study, which shows
that internal scatter, the dominant source of dose close to
the beam edge, is actually reduced by IMRT. Total machine
scatter, on the other hand, is increased. The increase in
scattered dose with IMRT relative to 3DCRT thus increases
with distance from field edge. In addition, IMRT has also
been shown to reduce the integral dose to tissues within the
primary beam (17-20), which would likely reduce its
carcinogenic risk further (the magnitude of this reduction
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depends heavily, however, on the dose—response relationship
used in modeling such risks). Therefore, if the contribution of
nearby tissues to the total second cancer risk is ignored and
only distant tissues are considered, then risk estimate
calculations for IMRT may be excessive.

CONCLUSION

As expected, based on our study findings, IMRT results in
a higher total dose of scattered radiation to the patient than
does 3DCRT. This increase is small in absolute terms and
is due to an increase in dose to distant tissues because of
greater collimator scatter and head leakage. The increase
in machine scatter may be offset to varying degrees by a re-
duction in the dose to tissues within and immediately sur-

JEREMY DAVID RUBEN

Volume 81, Number 5, 2011

rounding the primary beam. With IMRT, internal patient
scatter is the dominant source of radiation dose for a distance
of only 10 cm from the field edge, but with 3DCRT for ap-
proximately 30 cm, after which machine scatter predomi-
nates. This would be influenced by field size and the MU
demand of IMRT. The contribution of photoneutrons to total
scatter dose was not investigated in this study, which used 6
MV only. The relative contributions of different components
of scatter and leakage are likely to vary with field size, beam
energy, MU requirements of IMRT, and depth of measure-
ment. Under conditions tested, total machine scatter contrib-
uted 65% of the secondary dose for IMRT but only 30% for
3DCRT. Importantly, collimator scatter and head leakage are
also dependant on linear accelerator and collimator design.
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Constituent Components of out-of-
field Scatter Dose for 18MV IMRT
vs. 3DCRT: A Comparison With 6MV
and Implications for Carcinogenesis

An extension of chapter three, this chapter characterises the composition
of out-of-field scatter for high energy IMRT and 3DCRT and
compares them. It also excplores the effect of beam energy on scattered
dose including photoneutron dose. Implications for carcinogenesis are
discussed.

he chapter is framed in terms of background context and its relationship to other
thesis chapters on page thirteen of chapter one.
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Summary

This study measured and
compared the constituent
components of out-of-field
dose for both high- and low-
energy IMRT compared with
3D conformal radiation
therapy. Internal patient
scatter, collimator scatter,
and head leakage were
measured. Neutron dose was
calculated. The effects of
varying beam energies and
techniques on second cancer
risks are discussed.

Purpose: To characterize and compare the components of out-of-field dose for 18-MV
intensity modulated radiation therapy (IMRT) versus 3-dimensional conformal radia-
tion therapy (3D-CRT) and their 6-MV counterparts and consider implications for sec-
ond cancer induction.

Methods and Materials: Comparable plans for each technique/energy were delivered
to a water phantom with a sloping wall; under full scatter conditions; with field edge
abutting but outside the bath to prevent internal/phantom scatter; and with shielding
below the linear accelerator head to attenuate head leakage. Neutron measurements
were obtained from published studies.

Results: Eighteen-megavolt IMRT produces 1.7 times more out-of-field scatter than
18-MV 3D-CRT. In absolute terms, however, differences are just approximately
0.1% of central axis dose. Eighteen-megavolt IMRT reduces internal/patient scatter
by 13%, but collimator scatter (C) is 2.6 times greater than 18-MV 3D-CRT. Head
leakage (L) is minimal. Increased out-of-field photon scatter from 18-MV IMRT
carries out-of-field second cancer risks of approximately 0.2% over and above the
0.4% from 18-MV 3D-CRT. Greater photoneutron dose from 18-MV IMRT may result
in further maximal, absolute increased risk to peripheral tissue of approximately 1.2%
over 18-MV 3D-CRT. Out-of-field photon scatter remains comparable for the same
modality irrespective of beam energy. Machine scatter (C+L) from 18 versus 6 MV
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is 1.2 times higher for IMRT and 1.8 times for 3D-CRT. It is 4 times higher for 6-MV
IMRT versus 3D-CRT. Reduction in internal scatter with 18 MV versus 6 MV is 27%
for 3D-CRT and 29% for IMRT. Compared with 6-MV 3D-CRT, 18-MV IMRT in-
creases out-of-field second cancer risk by 0.2% from photons and adds 0.28-2.2%

from neutrons.

Conclusions: Out-of-field photon dose seems to be independent of beam energy for
both techniques. Eighteen-megavolt IMRT increases out-of-field scatter 1.7-fold over
3D-CRT because of greater collimator scatter despite reducing internal/patient scatter.
Out-of-field carcinogenic risk is thus increased (but improved in-field dose conformity
may offset this). Potentially increased carcinogenic risk should be weighed against any
benefit 18-MV IMRT may provide. © 2014 Elsevier Inc.

Introduction

Radiation oncologists tend to concentrate on the dose dis-
tribution to target volumes and nearby critical organs,
whereas scattered dose out of field receives little attention.
This is because scattered dose more than a few centimeters
from the field edge is very low. Furthermore, such dose is
usually delivered in multiple, even tinier fractions, further
reducing its biological effects.

In recent years, though, concerns have been raised about
higher scattered dose to distant tissues with intensity
modulated radiation therapy (IMRT) and the subsequently
increased potential for second cancer induction (1, 2). This
is because the longer beam-on time with IMRT increases
collimator scatter and head leakage. There is, however, a
third component of out-of-field scattered dose. This is ra-
diation internally scattered by the patient’s body tissues, or
“phantom scatter” in physics terms. We theorized (3) and
subsequently demonstrated using 6-MV beams that this
component of scatter is actually reduced by IMRT (4). The
risk of second cancer induction from IMRT may be
somewhat mitigated by this phenomenon, although it ulti-
mately depends on the reduction in phantom scatter relative
to the larger increases in machine scatter, as well as on the
altered dose distribution within the portals. Furthermore,
photon beams of >10 MV produce highly carcinogenic
photoneutrons through interactions in the linear accelerator
head, couch, and patient tissues. This has implications for
high-energy IMRT, for which beam-on time is several times
longer than for 3D-CRT. Although some authors have re-
ported dosimetric advantages to high-energy IMRT for
targets that are deep-seated or within large breasts (5, 6),
most studies show little difference, and the practice is not
widespread.

The characterization of scattered dose in terms of its
constituent components is of interest in radiation oncology
because it may lead to improvements in shielding design and
dose optimization. Such measurements have been performed
for low-energy 3-dimensional conformal radiation therapy
(3D-CRT) (4, 7) and IMRT (4). For high-energy 3D-CRT,
Chofor et al (8) described phantom versus machine scatter,
without differentiating collimator scatter from leakage, but

no studies have been performed for high-energy IMRT as far
as we are aware. Understanding the impact of such treatment
on out-of-field dose is worthwhile given the potential of
IMRT to induce second cancers in patients cured of their
primary malignancy. In this work we characterize the con-
stituent components of scattered dose for high-energy IMRT
compared with 3D-CRT and compare them with their 6-MV
counterparts. We also consider the implications for second
cancer induction.

Methods and Materials

To compare scatter from 18-MV IMRT with that from
18-MV 3D-CRT, as well as with their 6-MV counterparts,
we performed an experiment identical to our previous
6-MV experiment (4) but using 18-MV plans. Unfortu-
nately, using the identical methodology produced excess
scatter with 18-MV beams when blocking the treatment
aperture, and this part of the experiment was consequently
modified as detailed below.

Eighteen-megavolt IMRT and 3D-CRT plans were pro-
duced to complement existing 6-MV plans for the same
target volume. All plans used 5 fields with identical gantry
angles. All provided 95%-107% target coverage with
acceptable spinal cord dose. Total monitor units (MUs)
delivered per fraction were 241, 240, 742, and 697 for
6-MV 3D-CRT, 18-MV 3D-CRT, 6-MV IMRT, and 18-MV
IMRT, respectively. Average field sizes were 36.65 cm? and
42.08 cm? for 18-MV IMRT and 3D-CRT, respectively, and
36.26 cm” and 41.55 cm” for 6-MV IMRT and 3D-CRT,
respectively.

A 75 x 30 x 35-cm water tank was constructed from
Perspex, with one end angled to match the divergent beam
of a Varian 21EX linear accelerator and filled to a depth of
30 cm. A sliding Perspex clasp fitted along the length of the
sidewall held a Farmer-type FC65-P ionization chamber
(IBA Dosimetry, Schwarzenbruck, Germany). The chamber
was positioned at 10 cm depth, and source-to-surface dis-
tance was set at 90 cm. All 5 fields were delivered at gantry
angle 0° to coincide with the tank’s divergent edge for each
measurement position for each plan. The first measurement
was performed 10 cm from the central axis (CA;
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approximately 5.5 cm from field edge). The chamber was
moved in 5-cm increments away from field edge for 4
subsequent measurements and 10 cm for the last 2 mea-
surements. The process was performed using 3 different
setup arrangements to separate out the individual contri-
butions from head leakage (L), collimator scatter (C), and
internal patient/water scatter (W), as described below
(Fig. 1).

To measure the total dose of scattered radiation (head
leakage plus collimator scatter plus patient scatter), the water
tank was positioned so that the beam passed through the
water in the tank to ensure full scatter conditions (Fig. 1a).
For the second experiment the tank was moved to align its
angled edge with the divergent edge of the primary beam. The

Head Shielding (primary collimator)

Secondary Collimator
Multileaf Collimator

Secondary Collimator
Multileaf Collimator

§ Lead block

mmmmmmmm

Head Shielding (primary collimator)

e O

|

Fig. 1.
MYV); and (d) C (used for 18-MV measurements). L, head leakage; C, collimator scatter; W, internal patient/water scatter.

beam thus did not pass through or interact with the water in
the tank, eliminating the contribution of internal scatter.
Resultant dose thus reflected only L+C (Fig. 1b). By sub-
tracting doses obtained in experiment 1b from la, internal
patient scatter was calculated. The water tank remained in the
same position for the third experiment, but the Y-jaws of the
secondary collimator parallel to the long axis of the tank were
closed and, as in our previous 6-MV experiment, the beam
aperture was initially plugged with a lead block (Fig. 1¢). The
measured dose out of field was thus expected to represent
head leakage only (treatment beam being blocked to prevent
interaction with the collimator system or with the water in the
tank). By subtracting the measurements of 1c from those of
1b, the contribution of collimator scatter was calculated (7).

\
§ Lead block

Experimental setup to measure (a) W+C+L; (b) C+L; (c) L (used for 6-MV measurements but abandoned for 18-
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However, these measurements showed that there was sig-
nificant scatter from the lead block due to the high-energy
photons, which was not the case in our previous 6-MV
experiment. The setup was thus modified to circumvent
this problem as follows (Fig. 1d). The tank remained in the
same position. Lead blocks were placed immediately adja-
cent to the collimator system and beneath the linear accel-
erator head to absorb head leakage. This arrangement
eliminated both W and L and reflected only scatter emanating
from the secondary and multileaf collimators. By subtracting
this measurement from those of 1b, head leakage was
calculated. Plotted results for each experiment were inte-
grated using Matlab software (Mathworks, Natick, MA).
Identical apparatus and methods were used to measure
water and “machine scatter” (C+L) in the current 18-MV
experiment and our previous 6-MV experiment (4). The
treatment plans for respective photon energies and tech-
niques were highly comparable in terms of field size and
MU demand. This allows us to compare W and C+L for
low- versus high-energy IMRT and 3D-CRT. However,
because of the different methods used to discriminate be-
tween head leakage and collimator scatter for the present
18-MV and previous 6-MV experiments, these scatter
components cannot be compared between the 2 studies.

Results
18-MV IMRT versus 18-MV 3D-CRT

In Figure 2 we compare 18-MV IMRT with 3D-CRT in
terms of overall scattered photon dose as well as individual
scatter components.

Total photon scatter dose is 1.7 times higher from
18-MV IMRT compared with 18-MV 3D-CRT (Fig. 2a).
This is mainly due to a 2.6-fold increase in collimator
scatter (Fig. 2b and c). True head leakage contributes very
little (Fig. 2c), with the absolute increase of <0.001% of
CA dose from IMRT being less than the inherent error in
experimental setup and measurement.

Internal patient scatter, on the other hand, is reduced by
IMRT by 13% (Fig. 2d). Internal scatter predominates for
just the first approximately 6 cm from field edge with
18-MV IMRT, compared with approximately 10 cm with
6-MV IMRT (4). This is because of increased collimator
scatter from 18-MV IMRT, which contributes most to
scattered dose from approximately 6 cm onward (Fig. 2b
and e). By contrast, for 18-MV 3D-CRT, internal scatter
predominates for 16 cm from field edge (Fig. 2f).

In relative terms, the difference in scattered dose be-
tween modalities is modest: approximately 8% close to
field edge. Relative increased scatter with IMRT becomes
more marked with increasing distance from field edge,
approximately 1.6 times greater at 150 mm and 2.6 times
greater 300 mm from isocenter. This is because increased
collimator scatter from IMRT is mitigated close to the field
edge by reduced internal patient scatter relative to 3D-CRT,

but the contribution of internal scatter relative to total di-
minishes over distance. In absolute terms, however, the
increase in overall scattered dose is extremely small,
approximately 0.1% of CA dose.

Implications for second cancer induction in
peripheral tissues

As endorsed by International Commission on Radiological
Protection report 103 (ICRP 103), we may assume line-
arity of dose response for second cancer induction at the
low doses seen from radiation therapy scatter (9). The
average dose to peripheral tissues within 400 mm of field
edge is 0.33% and 0.22% of CA dose for IMRT and
3D-CRT, respectively, or 0.23 Gy and 0.15 Gy, respec-
tively, for a 70-Gy course. Multiplying these by the ICRP
103 nominal lethality-adjusted cancer risk coefficient for
the “whole population” of 5.5% Sv~ ' and applying a dose
and dose-rate effectiveness factor of 2 as per ICRP 103
recommendations to account for fractionation, predicts a
lifetime risk of second cancer induction of approximately
0.64% to distant tissues from IMRT, and 0.40% from
3D-CRT. This must be added to the risk to tissues inside
the portal to obtain the whole-body risk. The effect of
IMRT on in-field tissues depends on the dose distribution
and the dose-response model used and has been considered
elsewhere (1, 3, 10, 11).

The second source of risk for cancer induction is from
neutron dose. Neutrons have a carcinogenesis weighting
factor of up to 21 (9). Acknowledging the difficulties and
potential inaccuracies inherent in neutron measurement,
recent studies suggest that peripheral neutron dose sec-
ondary to 15- to 18-MV IMRT is 1.2-2.3 times higher than
with 18-MV 3D-CRT (12-15). The absolute values are very
low, however. Thus it is reasonable to assume a linear dose
relationship for radiocarcinogenesis in this dose range. The
highest ratio of peripheral neutron dose reported by
(Howell et al [15]) for IMRT versus 3D-CRT is 2.3 times
higher, corresponding to 0.37 Sv versus 0.16 Sv over a 70-
Gy radiation therapy course. Applying the whole-body risk
coefficient of 5.5% recommended by ICRP 103 predicts a
maximal absolute increase in risk to peripheral tissue of
approximately 1.2% over 3D-CRT. The same study reports
a total body neutron dose 1.6 times higher for 18-MV
IMRT versus 3D-CRT.

6-MV versus 18-MV beam energy for 3D-CRT and
IMRT

In Figure 3a-c we compare scatter measurements from
18-MV IMRT with those from previous work using 6-MV.
Because of differences between the current experiment and
the previously reported 6-MV experiment, we can only
validly compare 18-MV versus 6-MV in terms of internal
patient scatter (W), machine scatter (C+L), and total
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Fig. 2. Eighteen-megavolt intensity modulated radiation therapy (IMRT) versus 3-dimensional conformal radiation therapy

(3DCRT): scatter and its constituent components. L, head leakage; C, collimator scatter; W, internal patient/water scatter.
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Fig. 3. Eighteen- versus 6-MC and intensity modulated

radiation therapy (IMRT) versus 3-dimensional conformal
radiation therapy (3DCRT): scatter and its constituent
components. L, head leakage; C, collimator scatter; W,
internal patient/water scatter.

scattered dose (W+C+L). We cannot compare C or L as
individual components.

Figure 3a demonstrates that beam energy does not affect
total photon scatter, but technique does. Total scatter re-
mains comparable for the same technique (3D-CRT or
IMRT) irrespective of energy, but IMRT generates more
total scatter than 3D-CRT. This can be appreciated in
quantitative form in Table 1, which tabulates W-+C+L
versus C+L versus W for each energy and technique using
6-MV 3D-CRT as the reference dose. Table 1 illustrates that
compared with 3D-CRT, IMRT increases total scatter by a
factor of 1.7 and 1.8 for 18-MV and 6-MV, respectively.
Figure 3b and Table 1 illustrate that machine scatter (C+L)
is higher with IMRT; and higher for 18-MV than for 6-MV
for both treatment techniques (1.2 times higher for IMRT
and 1.8 times higher for 3D-CRT). From Table 1, the
increased machine scatter with 18-MV versus 6-MV is 1.2
and 1.8 times higher for IMRT and 3D-CRT, respectively,
and 4 and 2.6 times higher for 6-MV and 18-MV IMRT
versus 3D-CRT, respectively. In contrast, internal patient
scatter is reduced by IMRT irrespective of energy and
reduced with 18-MV compared with 6-MV for both IMRT
and 3D-CRT (Fig. 3c). From Table 1, the reduction is 13%
and 11% for 18-MV IMRT and 6-MV IMRT, respectively.
The reduction in internal scatter with 18-MV versus 6-MV
is 27% for 3D-CRT and 29% for IMRT. The effects of
different techniques and beam energies on the components
of peripheral scatter are summarized in Tables 2 and 3.

Internal scatter predominates for just 6 cm from beam
edge for 18-MV IMRT, compared with 25 cm for 6-MV.
This is because of the increased collimator scatter with
18 MV that dominates from 6 cm onward and contributes
75% of total photon scatter.

6 versus 18 MV: Implications for second cancer
induction

Photon scatter from18-MV 3D-CRT is not clinically
significantly different from 6-MV 3D-CRT, but 18-MV
IMRT increases 6-MV 3D-CRT risk 1.8 times. This may,

Table 1  Total out-of-field dose and contribution of individ-
ual components relative to 6-MV 3D-CRT
Voltage W+C+L C+L w
6-MV
3D-CRT 1.00* 0.29 0.71
IMRT 1.78 1.16 0.63
18-MV
3D-CRT 1.05 0.52 0.52
IMRT 1.79 1.34 0.45
Abbreviations: 3D-CRT = 3-dimensional conformal radiation

therapy; C = collimator scatter; C+L = machine scatter; IMRT =
intensity modulated radiation therapy; L = head leakage; W = in-
ternal patient/water scatter; W+C+L = total scattered dose.

* 6-MV 3D-CRT is the reference dose and represented as unity.
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Table 2 Differences in out-of-field scatter between energies and techniques
C+L
Variable W+C+L W (machine scatter) C IL,

18-MV IMRT 1.7 x higher than 13% lower than 1.2 x higher than 2.6 x higher Comparable to
18-MV 3D-CRT 18-MV 3D-CRT 6-MV IMRT, than 18-MV 18-MV 3D-CRT
but comparable and 29% lower and 2.6 x higher 3D-CRT
to 6-MV IMRT than 6-MV IMRT than 18-MV

3D-CRT

6-MV IMRT 1.8 x higher than 11% lower than 4 x higher than Not compared with 18-MV
6-MV 3D-CRT 6-MV 3D-CRT 6-MV 3D-CRT

18-MV 3D-CRT Comparable to 27% lower than 1.8 x higher than Not compared with 6-MV
6-MV 3D-CRT 6-MV 3D-CRT 6-MV 3D-CRT

6-MV 3D-CRT Reference technique

Abbreviations as in Table 1.

however, be compensated for through improved dose con-
formity and lower doses to in-field organs (10, 15).

Regarding photoneutrons, the whole-body neutron dose
for a 35-fraction course of radical IMRT is reported as 0.05-
0.47 Sv (10, 14-16). The corresponding increase in second
cancer induction is approximately 0.28%-2.6% compared
with 6-MV, where no photoneutron production occurs.
Considering peripheral tissues only, the corresponding risk
for 18-MV IMRT is approximately 0.28%-2.2% versus
0 for 6-MV (14, 15, 17).

Discussion

Both 18-MV IMRT and 3D-CRT produce less internal/pa-
tient scatter than their 6-MV counterparts. This is rational
because scatter vectors for higher-energy photons remain
closer aligned to their original direction of motion than
lower-energy photons, which are more prone to lateralized
scatter out of field. It is also rational that machine scatter is
greater for 18-MV beams for both techniques, as observed,
because higher-energy photons are less readily attenuated
by the collimator system and so are more likely to reach
out-of-field tissue. It seems that the reduction in internal
scatter from 18-MV relative to 6-MV IMRT (25% vs 35%
of total) is counterbalanced by increased collimator scatter
(75% vs 65% of total). The net result is that the total out-
of-field dose is closely comparable between low- and high-
energy IMRT.

Possible explanations for the reduced internal scatter
from IMRT include the smaller field sizes required for

Table 3
of out-field-scatter

coverage of the same target volume compared with 3D-
CRT (18), as well as the shielding of portions of the field by
the moving multileaf collimator leaves for part of the beam-
on time. Machine scatter is markedly increased with IMRT,
roughly proportional to the increased MU demand. Out-
of-field dose with IMRT relative to 3D-CRT increases
with decreasing field size, increasing MU inefficiency,
increasing distance from field edge, and diminishing depth
of measurement (4).

Although neutron dose is low relative to photons,
neutrons are particularly important from a carcinogenic
perspective, carrying a weighting factor as high as 21
compared with photons (9). Intensity modulated radiation
therapy produces more neutrons than 3D-CRT—roughly
proportionate to MU demand. This is due to the increase
in IMRT beam-on time, possibly exacerbated by increased
interaction of primary beam photons with the multileaf
collimator leaves. Accurate assessment of effective
neutron dose is extremely difficult owing to uncertainties
about neutron energy spectra and the specificity, sensi-
tivity, and accuracy of neutron dosimeters. As a result
there is significant variation in published results and
general scepticism in accepting any as completely reli-
able. Linear accelerators from different manufacturers
produce varying proportions of photoneutron contamina-
tion (13, 17).

Taken as a whole, several recent studies suggest that
peripheral neutron dose secondary to 15- to 18-MV IMRT
is 1.2-2.3 times higher than with 18-MV 3D-CRT (12-15).
Peripheral neutron doses may be in the range of 4.7-11
USv/MU (13, 14) or 5.2-5.4 mSv/Gy of prescribed dose (15,

Effect of treatment technique (irrespective of beam energy) and beam energy (irrespective of technique) on the components

Comparison W+C+L w

C L C+L

IMRT vs 3D-CRT Increased with IMRT Reduced with IMRT

6-MV vs 18-MV  No difference

Increased with IMRT Comparable

Reduced with 18-MV

Increased with IMRT
(for 18-MV)*

Increased with 18-MV

Abbreviations as in Table 1.

* Leakage <0.001% of central axis dose higher with 18-MV IMRT versus 18-MV 3D-CRT.

FLA 5.2.0 DTD m ROB22273_proof m 29 July 2014 m 12:20 am W ce JS

38



MD THESIS JEREMY DAVID RUBEN

8 Ruben et al.

International Journal of Radiation Oncology e Biology e Physics

17) or 0.04-0.43 Sv over a 70-Gy IMRT course (10, 12, 14,
15, 17). If these values are correct, then out-of-field neutron
dose is low and of modest clinical significance. Although
neutron dose may be higher within the primary beam, this
finding is inconsistent and relatively modest (2, 10, 14, 15).
In-field neutron doses of 0.05-0.47 Sv over a treatment
course have been reported for 15- to 18-MV IMRT (10, 14-
16), and according to reported measurements, the whole-
body neutron dose for a 35-fraction course of IMRT is
similarly 0.05-0.47 Sv (10, 12-14, 16, 19). Even if we
consider the highest of these point doses reported, corre-
sponding to 0.47 Sv over a 72-Gy IMRT course (15), it is
evident that neutron dose from high-energy IMRT may not
be as clinically significant as previously feared. On the
basis of this highest reported point dose and assuming the
maximum reported increase in neutron point dose for IMRT
relative to 3D-CRT of 2.3 (15), using ICRP 103 risk coef-
ficient of 5, 5% Sv! (9), the extra 0.22-Sv neutron dose
would carry a lifetime risk of second cancer induction of
approximately 1.1% over and above 18-MV 3D-CRT.
Compared with 6-MV radiation therapy, neutrons may add
up to 2.5% excess risk, although at least 2 studies incor-
porating both photon and neutron contributions have
calculated a comparable or lower overall cancer risk from
15- to 18-MV versus 6-MV IMRT despite their additional
photoneutron dose (10, 15). This was because the photon
dose to in-field organs was reduced with higher-energy
IMRT, which compensated for the additional neutron risk.
The phenomenon seemed to be magnified when comparing
IMRT with 3D-CRT, whereby the relative risks were even
lower with IMRT regardless of energy (15). The maximum
measured neutron point dose used for the above calcula-
tions is unlikely to represent the true overall body dose,
which is more likely between 0.05 and 0.39 Sv (10, 12-14,
16) and corresponds to 0.28%-2.15% absolute risk.
Because observed results suggested second cancer risks of
only 1.4%, values toward the lower end of this range are
more likely correct than higher ones (20). Our neutron
estimates are in keeping with the published literature
reviewed by Takam et al (21), and the maximum risk is also
congruent with Chibani et al, whose risk estimate of 2% is
based on the highest (calculated) neutron dose published
(21, 22). Although scattered dose (photon and neutron) is
low, increasing work suggests the possibility that bystander
effects may play a role in carcinogenesis and bystander
effects are highest in the scatter dose range (23). Bystander
radio-carcinogenic mechanisms are not considered proven
by ICRP 103, and because ICRP risk coefficients are based
mostly on observed data, they incorporate all involved
mechanisms anyway.

Conclusions

IMRT increases overall scatter compared with 3D-CRT for
both 18 and 6 MV—by a factor of 1.7 and 1.8, respecti-
vely—despite reducing internal scatter. This is because

collimator scatter is disproportionately higher for IMRT
and outweighs the reduction in internal scatter. The effect
of head leakage on out-of-field dose seems to be minimal.

The effect of intensity modulation on out-of-field scatter
for 18-MV energy is similar to that for 6 MV, but 18-MV
IMRT further reduces W while further increasing C+L.
These 2 phenomena effectively compensate for each other
though, so that the total out-of-field photon dose remains
relatively constant and essentially independent of beam
energy. This is the case for 3D-CRT as well.

Effective neutron dose from 18-MV IMRT is likely to be
<0.5 Sv. This corresponds to a maximal possibly increased
total body cancer risk of approximately 0.28%-2.59%
compared with 6-MV IMRT. In terms of cancer risk to
peripheral tissues, 18-MV IMRT neutron risks are 1.2-2.3
times higher than with 3D-CRT; this is in addition to the 1.7
times higher risk from higher out-of-field photon doses.
Eighteen-megavolt IMRT would thus be expected to
increase second cancer risk in peripheral tissue over 18-MV
3D-CRT, although absolute values are small. This increase
out of field seems to be offset by reductions in dose to
organs at risk within the field, however, so the net whole-
body risk might actually be reduced or only modestly
increased (10, 15).

Ultimately, given the uncertainties around neutron
dosimetry and radio-carcinogenic dose response to in-field
doses, no firm conclusions can be drawn, and a potentially
increased risk of second cancer induction from 18-MV
IMRT cannot be excluded. This possibility should be
weighed against any dosimetric benefit IMRT may provide.

References

. Hall EJ, Wuu CS. Radiation-induced second cancers: The impact of

3D-CRT and IMRT. Int J Radiat Oncol Biol Phys 2003;56:83-88.

2. Kry SF, Salehpour M, Followill DS, et al. The calculated risk of fatal
secondary malignancies from intensity-modulated radiation therapy.
Int J Radiat Oncol Biol Phys 2005;62:1195-1203.

3. Ruben JD, Davis S, Evans C, et al. The effect of intensity-modulated
radiotherapy on radiation-induced second malignancies. Int J Radiat
Oncol Biol Phys 2008;70:1530-1536.

4. Ruben JD, Lancaster CM, Jones P, Smith RL. A comparison of out-of-
field dose and its constituent components for intensity-modulated ra-
diation therapy versus conformal radiation therapy: Implications for
carcinogenesis. Int J Radiat Oncol Biol Phys 2011;81:1458-1464.

5. Pirzkall A, Carol MP, Pickett B, et al. The effect of beam energy and
number of fields on photon-based IMRT for deep-seated targets. Inr J
Radiat Oncol Biol Phys 2002;53:434-442.

6. Vicini FA, Sharpe M, Kestin L, et al. Optimizing breast cancer
treatment efficacy with intensity-modulated radiotherapy. Int J Radiat
Oncol Biol Phys 2002;54:1336-1344.

7. Kase KR, Svensson GK, Wolbarst AB, et al. Measurements of dose
from secondary radiation outside a treatment field. /nt J Radiat Oncol
Biol Phys 1983;9:1177-1183.

8. Chofor N, Harder D, Rithmann A, et al. Experimental study on
photon-beam peripheral doses, their components and some possibil-
ities for their reduction. Phys Med Biol 2010;55:4011-4027.

9. The 2007 recommendations of the International Commission on

Radiological Protection. ICRP publication 103. Ann ICRP 2007;37:

1-332.

FLA 5.2.0 DTD m ROB22273_proof m 29 July 2014 m 12:20 am W ce JS

39



MD THESIS

Volume M e Number Hll ¢ 2014

JEREMY DAVID RUBEN

Comparing peripheral scatter for IMRT vs 3DCRT and 18 vs 6MV 9

10.

Hussein M, Aldridge S, Guerrero Urbano T, et al. The effect of 6
and 15 MV on intensity-modulated radiation therapy prostate
cancer treatment: Plan evaluation, tumour control probability
and normal tissue complication probability analysis, and the theoret-
ical risk of secondary induced malignancies. Br J Radiol 2012;85:
423-432.

. Zwahlen DR, Ruben JD, Jones P, et al. Effect of intensity-modulated

pelvic radiotherapy on second cancer risk in the postoperative treat-
ment of endometrial and cervical cancer. Int J Radiat Oncol Biol Phys
2009;74:539-545.

. Vanhavere F, Huyskens D, Struelens L. Peripheral neutron and gamma

doses in radiotherapy with an 18 MV linear accelerator. Radiat Prot
Dosimetry 2004;110:607-612.

. Kry SF, Salehpour M, Followill DS, et al. Out-of-field photon and

neutron dose equivalents from step-and-shoot intensity-modulated
radiation therapy. Int J Radiat Oncol Biol Phys 2005;62:1204-
1216.

. Ipe NE, Roesler S, Jiang SB, Ma CM. Neutron measurements for

intensity modulated radiation therapy. In Proceedings of the 22nd
Annual International Conference of the IEEE. Engineering in Medi-
cine and Biology Society 2000;4:3234-3237.

. Howell RM, Hertel NE, Wang Z, et al. Calculation of effective dose

from measurements of secondary neutron spectra and scattered photon
dose from dynamic MLC IMRT for 6 MV, 15 MV, and 18 MV beam
energies. Med Phys 2006;33:360-368.

16.

20.

21.

22.

23.

Becker J, Brunckhorst E, Schmidt R. Investigation of the neutron
contamination in IMRT deliveries with a paired magnesium and boron
coated magnesium ionization chamber system. Radiother Oncol 2008;
86:182-186.

. Reft CS, Runkel-Muller R, Myrianthopoulos L. In vivo and phantom

measurements of the secondary photon and neutron doses for prostate
patients undergoing 18 MV IMRT. Med Phys 2006;33:3734-3742.

. Mohan R, Wu Q, Wang X, et al. Intensity modulation optimization, lateral

transport of radiation, and margins. Med Phys 1996;23:2011-2021.

. Howell RM, Ferenci MS, Hertel NE, et al. Measurements of secondary

neutron dose from 15 MV and 18 MV IMRT. Radiat Prot Dosimetry
2005;115:508-512.

Brenner DJ, Curtis RE, Hall EJ, et al. Second malignancies in prostate
carcinoma patients after radiotherapy compared with surgery. Cancer
2000;88:398-406.

Takam R, Bezak E, Marcu LG, et al. Out-of-field neutron and leakage
photon exposures and the associated risk of second cancers in high-energy
photon radiotherapy: Current status. Radiat Res 2011;176:508-520.
Chibani O, Ma CMC. Photonuclear dose calculations for high-energy
photon beams from Siemens and Varian linacs. Med Phys 2003;30:
1990-2000.

Hatzi VI, Laskaratou DA, Mavragani IV, et al. Non-targeted radiation
effects in vivo: A critical glance of the future in radiobiology. Cancer
Lert 13 Dec 2013 [Epub ahead of print]. http://dx.doi.org/10.1016/j.
canlet.2013.11.018.

FLA 5.2.0 DTD m ROB22273_proof m 29 July 2014 m 12:20 am W ce JS

40



MD THESIS JEREMY DAVID RUBEN

Effect of Intensity-Modulated
Pelvic Radiotherapy on Second
Cancer Risk in the Postoperative
Treatment of Endometrial and
Cervical Cancer

Building on chapter one, this chapter investigates the dosimetric and
carcinogenic implications of IMKT in the gynaecological setting using a
finessed method for in-field risk calculation.

preceding thesis chapters on page thirteen of chapter one. As noted there, the

findings of this chapter are even more relevant today than when they were first

published given the subsequent publication of RTOG 0418. RTOG 0418 was a
phase II trial examining adjuvant pelvic IMRT in high-risk gynaecological settings. Its
positive outcomes included both favourable toxicity and tumour control, and hence
IMRT is now more widely adopted in this clinical context. This makes the findings of the
present chapter more widely applicable and clinically relevant than ever [54,55].

T he chapter is framed in terms of its background context and relationship to

The footnote to the title page of the resultant publication acknowledges the equal first
author contributions of my friend and colleague Dr. Daniel R. Zwahlen and myself to the

papetr.
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EFFECT OF INTENSITY-MODULATED PELVIC RADIOTHERAPY ON SECOND
CANCER RISK IN THE POSTOPERATIVE TREATMENT OF ENDOMETRIAL AND
CERVICAL CANCER
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AND UWE SCHNEIDER, Pu.D.*

*Radiation Oncology, Alfred Hospital and Monash University, Melbourne, Australia; t Department of Radiation Oncology, University
Hospital Zurich; and *Division of Medical Physics, Department of Radiation Oncology and Nuclear Medicine, Triemli Hospital,
Zurich and Vetsuisse Faculty, University of Zurich, Zurich, Switzerland

Purpose: To estimate and compare intensity-modulated radiotherapy (IMRT) with three-dimensional conformal
radiotherapy (3DCRT) in terms of second cancer risk (SCR) for postoperative treatment of endometrial and cer-
vical cancer.

Methods and Materials: To estimate SCR, the organ equivalent dose concept with a linear-exponential, a plateau,
and a linear dose-response model was applied to dose distributions, calculated in a planning computed tomogra-
phy scan of a 68-year-old woman. Three plans were computed: four-field 18-MV 3DCRT and nine-field IMRT with
6- and 18-MYV photons. SCR was estimated as a function of target dose (50.4 Gy/28 fractions) in organs of interest
according to the International Commission on Radiological Protection

Results: Cumulative SCR relative to 3DCRT was +6 % (3 % for a plateau model, —4 % for a linear model) for 6-MV
IMRT and +26% (25%, 4%) for the 18-MV IMRT plan. For an organ within the primary beam, SCR was +12%
(0%, —12%) for 6-MV and +5% (—2%, —7 %) for 18-MV IMRT. 18-MV IMRT increased SCR 6-7 times for organs
away from the primary beam relative to 3DCRT and 6-MV IMRT. Skin SCR increased by 22-37% for 6-MYV and
50-69% for 18-MV IMRT inasmuch as a larger volume of skin was exposed.

Conclusion: Cancer risk after IMRT for cervical and endometrial cancer is dependent on treatment energy. 6-MV
pelvic IMRT represents a safe alternative with respect to SCR relative to 3DCRT, independently of the dose-re-
sponse model. 18-MV IMRT produces second neutrons that modestly increase the SCR. © 2009 Elsevier Inc.

Cervical cancer, Endometrial cancer, Second cancers, Intensity-modulated radiotherapy, Comparative treatment
planning.

INTRODUCTION operative pelvic intensity-modulated RT (IMRT) in endome-
trial and cervical Consensus guidelines for
delineation of the clinical target volume (CTV) were pub-
lished (5). The IMRT reduces doses to OAR significantly
and decreases rates of gastrointestinal and hamatologic toxic-
ities (6). Another potential benefit may be the ability to dose-

escalate while minimally increasing toxicity to the OAR (7).

. . . . cancer.
Postoperative radiotherapy (RT) is recommended in endome-

trial and cervical cancers if findings in the surgical specimen
indicate a high risk of pelvic recurrence. Randomized trials
have demonstrated that whole-pelvic RTafter hysterectomy
reduces the rate of pelvic recurrence (1, 2).

Traditional whole-pelvic RT, commonly delivered in

a four-field technique, irradiates large volumes of organs at
risk (OAR), such as rectum, bladder, bone marrow, and small
bowel, which tend to fall into the space left after hysterec-
tomy. This increases the risk of bowel toxicities (3, 4) and
limits the dose that can be delivered to target structures.

In 2006, the Radiation Therapy Oncology Group (RTOG)
commenced prospective trial (RTOG 0418) evaluating post-

This may translate into improved local tumor control and in-
creasing cancer cure rates, and hence larger numbers of long-
term cancer survivors are expected.

Second cancers may be a consequence of more successful
primary cancer cure, and Chaturvedi et al.(8) showed that af-
ter RT, long-term survivors of cervical cancer presented with
increased second cancer risk (SCR).
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There are several reasons why IMRT may increase SCR
relative to three-dimensional conformal RT (3DCRT) (9).
First, a change from 3DCRT to IMRT involves more fields,
and therefore a larger volume of normal tissue is exposed.
Second, IMRT requires a longer beam-on time because
more monitor units (MU) are needed (10). Patient dose may
increase because of head leakage and collimator scatter (9,
11). Third, the dose from secondary neutrons produced with
photon energies >10 MV contributes to integral dose and in-
creases carcinogenic risk (9, 10, 12). Secondary neutron pro-
duction is greater for 18-MV IMRT than for 3DCRT (13).

The aim of this study was to estimate the SCR for pelvic IMRT
compared with 3DCRT in the postoperative treatment of gyneco-
logic cancers using consensus guidelines for CTV definition (5).

METHODS AND MATERIALS

Treatment planning

After ethics approval, a 68-year-old woman, weighing 65 kg after
total abdominal hysterectomy and bilateral salpingo-oophorectomy,
underwent a planning computed tomography (CT) scan that included
the neck, chest, abdomen, pelvis, and proximal lower extremities.
The CTV was contoured according to the recommendations of the
RTOG 0418 published by Small et al. (5). The CTV included the
common, external, and internal iliac lymph nodes and the presacral
lymph nodes (approximately 1-2 c¢cm of tissue anterior to the S1,
S2, and S3 segments), as recommended for patients with cervical
cancer, or endometrial cancer with cervical stromal invasion. Bone
and small bowel were excluded from the CTV.

The 18-MV 3DCRT consisted of a standard four-field technique
(anteroposterior, posteroanterior, and two lateral fields). Both 6-MV
and 18-MV IMRT plans were produced, and they used a dynamic
multileaf collimator technique (sliding window) using nine equi-
spaced fields. Five- and seven- field plans were abandoned because
of significant hotspots. The dose prescribed was 50.4 Gy, at 1.8 Gy
per fraction to the isodose encompassing at least 97% of the plan-
ning target volume. The field limits used for IMRT were defined
as follows (5): CTV upper border, 7 mm below the L4/L5 inter-
space; CTV lower border, 1 cm above the inferior extent of the ob-
turator foramen. For the planning target volume, a 7-mm margin was
added around the CTV.
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Photon dose distributions for both 3DCRT and IMRT were calcu-
lated using the Pencil Beam Convolution 7310 algorithm (Eclipse
External Beam Planning Software 6.5, Varian Medical Systems,
Palo Alto, CA). Differential dose volume histograms (DVHs)
were generated for the whole CT-stack. For distant tissues not in-
cluded in the CT scan, a homogeneous dose bath of phantom scatter,
collimator scatter, and neutron dose was assumed. Photon scatter
dose was estimated from measured data at a point 50 cm away
from the center of a 10- x 10-cm treatment field at a depth of 10
cm (14). Measured neutron dose data on medical electron accelera-
tors were taken from d’Errico et al. (15). Photon scatter and neutron
dose were weighted with the applied MU for each treatment plan.

Calculation of risk estimates

Calculations of SCR are based on effective dose (16) (sum of the
equivalent doses in all specified tissues and organs of the body, each
multiplied by its respective tissue weighting factor). The calculation
of effective dose, however, is based on the premise of low doses and
homogenous dose distributions, neither of which is applicable to
RT. Doses to nearby organs are high and heterogeneous; thus, sim-
ple dose averaging in organs of interest is not a valid method of ob-
taining an effective dose. In this work we used the concept of organ
equivalent dose (OED) to organs of interest, to calculate a realistic
effective dose that would more accurately reflect carcinogenic risk
than one relying only on an average dose to each organ. The OED
is derived from the DVH and is proportional to SCR (17). The
OED is an overall organ dose derived from the sum of homogenous
dose voxels within the organ, weighted with an appropriate dose—re-
sponse relationship for radiation-induced cancer and divided by the
total organ volume. The major uncertainty in using this method is
the dose-response relationship for carcinogenesis at higher doses
(18). For doses <2 Gy, the linear-no-threshold model applies with
good precision. For doses >2 Gy, two extreme possibilities exist
for the shape of the dose-response curves: the curve remains linear
(19), or the curve decreases linearly-exponentially with increasing
dose, owing to cell kill at higher doses (17, 18, 20). A plateau
dose-response model was included, which lies midway between
the other two, accounting for repopulation effects from fractionation
(20, 21).

In Table 1, the organs of interest with the corresponding tissue
weighting factors wt and CT volumes are reported according to
the 2007 recommendations of the International Commission on

Table 1. Organs of interest according to ICRP 2007 with the corresponding tissue weighting factors and volumes

Organ/tissue Volume in CT (cm?)

Volume out CT (cm?)

Volume total (cm?) Weighting factor ot

Bone marrow 1301.3 775.9 2077.2 0.12
Colon 399.6 0 399.6 0.12
Lung 3121.9 0 31219 0.12
Stomach 238.9 0 238.9 0.12
Breast 930.1 0 930.1 0.12
Remainder tissues 25787.5 15376.8 41164.3 0.12
Bladder 40.5 0 40.5 0.04
Esophagus 15.7 0 15.7 0.04
Liver 1340.2 0 1340.2 0.04
Thyroid gland 6.8 0 6.8 0.04
Brain - - - 0.01
Skin 2945.3 1756.2 4701.5 0.01
Salivary glands - - - 0.01
Bone surface 5.1m? 3.0 m? 8.1 m? 0.01

Abbreviations: ICRP = International Commission on Radiological Protection; CT = computed tomography.
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Table 2. Absolute and relative OED with 3DCRT and IMRT for the organs of interest according to ICRP 2007 for a linear, plateau and
linear-exponential dose—response model

Absolute OED (Gy)

Relative OED (3DCRT=1)

Organ/Tissue Model 3DCRT 6-MV IMRT 18-MV IMRT 6-MV IMRT 18-MV IMRT
Bone marrow Linear 7.391 7.568 7.896 1.02 1.07
Plateau 1.724 1.721 2.059 1.00 1.19
Linear-exponential 1.805 1.751 2.092 0.97 1.16
Colon Linear 15.687 14.741 15.045 0.94 0.96
Plateau 4.534 4.553 4.607 1.00 1.02
Linear-exponential 5.172 5.233 5.273 1.01 1.02
Lung Linear 0.102 0.107 0.652 1.05 6.40
Plateau 0.101 0.107 0.624 1.05 6.17
Linear-exponential 0.101 0.107 0.634 1.05 6.25
Stomach Linear 0.341 0.421 0.722 1.23 2.12
Plateau 0.332 0.404 0.687 1.22 2.07
Linear-exponential 0.335 0.410 0.699 1.22 2.09
Breast Linear 0.105 0.107 0.652 1.02 6.23
Plateau 0.104 0.106 0.624 1.02 6.00
Linear-exponential 0.104 0.107 0.634 1.02 6.08
Remainder tissues Linear 6.329 7.091 7.119 1.12 1.12
Plateau 2.000 2.268 2.508 1.13 1.25
Linear-exponential 2.237 2.568 2.820 1.15 1.26
Bladder Linear 47.940 42.411 44.386 0.88 0.93
Plateau 7.181 7.155 7.052 1.00 0.98
Linear-exponential 5.810 6.511 6.079 1.12 1.05
Liver Linear 0.229 0.221 0.670 0.97 2.93
Plateau 0.225 0.216 0.639 0.96 2.85
Linear-exponential 0.226 0.218 0.650 0.96 2.87
Esophagus Linear 0.107 0.107 0.652 1.00 6.09
Plateau 0.106 0.106 0.624 1.00 5.87
Linear-exponential 0.106 0.106 0.634 1.00 5.95
Thyroid Linear 0.091 0.107 0.652 1.18 7.17
Plateau 0.090 0.106 0.624 1.17 6.90
Linear-exponential 0.091 0.106 0.634 1.18 7.00
Skin Linear 1.558 2.131 2.331 1.37 1.50
Plateau 0.821 1.003 1.388 1.22 1.69
Linear-exponential 0.947 1.158 1.551 1.22 1.64
Bone surface Linear 7.391 7.568 7.896 1.02 1.07
Plateau 1.724 1.721 2.059 1.00 1.19
Linear-exponential 1.805 1.751 2.092 0.97 1.16
Brain Linear 0.091 0.107 0.652 1.18 7.17
Plateau 0.090 0.106 0.624 1.17 6.90
Linear-exponential 0.091 0.106 0.634 1.18 7.00
Salivary glands Linear 0.091 0.107 0.652 1.18 7.17
Plateau 0.090 0.106 0.624 1.17 6.90
Linear-exponential 0.091 0.106 0.634 1.18 7.00

Abbreviations: OED = organ equivalent dose; 3DCRT = three-dimensional conformal radiotherapy; IMRT = intensity-modulated radiother-

apy; ICRP = International Commission on Radiological Protection.

Radiological Protection (ICRP) (16). The tissue-weighting factor wr
is the factor by which the equivalent dose to each organ is weighted
to represent the relative contribution of that organ to the total cancer
risk. According to the 2007 ICRP recommendations, wr for breast
has been increased from 0.05 to 0.12, and two more tissues (brain
and salivary glands) have been included. Calculations were adjusted
for incompletely scanned organ volumes (bone, bone marrow, skin,
brain, salivary glands, and “‘remainder tissues’’). The DVHs of ra-
diosensitive ICRP organs were calculated using the computed
dose distribution in the CT scan. The DVHs were then convoluted
with the three different dose—response models, and separate OED
for ICRP organs were obtained in the following fashion:

The linear dose—response model, which is the conventional way
to obtain the average organ dose:

OED; = VLZDVH(D,)D, 1)
T3

where DVH (D;) is the volume that corresponds to the dose D, and
the summation is done for all voxels of organ T of volume V7.

The OED for the linear-exponential dose—response curve is calcu-
lated from the DVH as follows:

l —aDj
OED; = v E’_ DVH(D;)D; e ?)
where o = 0.044 Gy (22).

For a plateau dose—response relationship with &« model parameter
6 =0.139 Gy the OED is as follows:
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Fig. 1. Relative organ equivalent doses (OED) for (a) bladder, (b)
breast, and (c¢) skin as function of three-dimensional conformal ra-
diotherapy (3DCRT), 6-MV intensity-modulated radiotherapy
(IMRT), or 18-MV IMRT technique using linear, plateau, and
linear-exponential dose—response model.

1 ,
OED; = V—TZDVH(D,-)(l —e ) /s 3)

The model parameters « and ¢ were estimated from a combined fit
to the Japanese A-bomb and Hodgkin cohorts (22).

The effective OED, which is directly proportional to whole-body
SCR, is calculated by summing up the OED in the various organs of

Volume 74, Number 2, 2009

interest (OED) multiplied by their corresponding weighting factors
wr, as recommended in the ICRP report 103 (16).

effective OED =y " wy OED; )
T

RESULTS

Table 2 shows absolute OED in organs of interest for
3DCRT and IMRT plans using the linear, plateau, or lin-
ear-exponential dose-response model. For each model, the
relative OED compared with the OED of the 3DCRT plan
is depicted. Figure la demonstrates the relative OED for
the bladder, an organ of interest close to the primary beam.
Compared with 3DCRT, the linear dose-response model in-
dicates a decrease in SCR of 12% and 7% for 6-MV and 18-
mV IMRT, respectively, whereas the linear-exponential
model shows increases of 12% and 5%. Applying the plateau
dose-response model, a 2% decrease in SCR is noticed for
18-mV IMRT. Figure 1b demonstrates the relative OED for
breast, an organ of interest far away from the treatment vol-
ume. All three dose-response models show that 6-MV
IMRT increases the SCR by 2% relative to 3DCRT. The
SCR is increased sixfold using 18-MV IMRT, most likely
because of increased second neutron production. Similar
findings were noted for lung, esophagus, thyroid, brain,
and salivary glands (Table 2). Figure 1c shows the different
relative OED for skin for all three dose-response models.
The 6-MV IMRT increased OED by 22-37% relative to
3DCRT depending on the dose-response model used. The
18-mV IMRT increased the relative OED by 50-69%. This
reflects the fact that a larger volume of skin is exposed
when using IMRT. To indicate the whole-body SCR for
the different treatment plans, the absolute and relative effec-
tive OED, which is the tissue-weighted sum of the OED in all
specified organs of interest according to ICRP, are listed in
Table 3. When 6-MV IMRT was compared with 3DCRT,
a 3—6% increase in the effective OED was found for the pla-
teau and the linear-exponential dose-response model. Using
the linear dose—response model, the effective OED for 6-MV
IMRT relative to 3DCRT was —4%. When 18-MV IMRT
was compared with 3DCRT, increases of 25% and 26%
were evident for the plateau and linear-exponential dose—
response relationship models, respectively (Fig. 2).

DISCUSSION

Our results show that the SCR from postoperative pelvic
IMRT for endometrial and cervical cancer is dependent on
treatment energy (Fig. 2). The 6-MV IMRT increases SCR
by only 3-6%, but up to 26% for 18-MV IMRT (exponential
dose-response relationship). Although 18-MV photon en-
ergy is often avoided because of the production of second
neutrons (23), an optimized 6-MV pelvic IMRT plan repre-
sents a safe alternative with respect to SCR. Provided suffi-
cient 6-MV beams are used, dosimetry is not adversely
affected (24). It should be borne in mind that the overall risks
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Table 3. Absolute and relative effective OED (whole body) with 3DCRT and IMRT for a linear, plateau, and linear-exponential dose—
response model

Absolute effective OED (Sv)

Relative effective OED (3ADCRT=1)

Model 3DCRT 6-MV IMRT 18-MV IMRT 6-MV IMRT 18-MV IMRT
Linear 5.620 5417 5.820 0.96 1.04
Plateau 1.387 1.432 1.737 1.03 1.25
Linear-exponential 1.449 1.530 1.827 1.06 1.26

Abbreviations: OED = organ equivalent dose; Sv = Sievert; 3DCRT = three-dimensional conformal radiotherapy; IMRT = intensity-mod-
ulated radiotherapy; ICRP = International Commission on Radiological Protection.

of a radiation-induced cancer are low in absolute terms, and
a relative increase of 3—6% (6-MV IMRT) or even 25% (18-
MV IMRT) represents a <1% increase in absolute risk (25).
The difference in SCR between the two energies is signifi-
cantly lower than estimates from other studies (26) and might
be not clinically significant.

Epidemiologic studies demonstrate that pelvic RT in-
creases the SCR (8, 25, 27, 28). Extrapolating these results
to pelvic IMRT is not possible, given the differences in
dose distribution, MU requirements, and scattered radiation
dose between 3DCRT and IMRT. Because IMRT is a rela-
tively new technique, and radiation-induced second cancers
are a late event, clinical studies addressing SCR from
IMRT have not yet been performed, to our knowledge. There
is thus debate about the carcinogenic risks for IMRT vs.
3DCRT (9, 10, 29-31). Predictive models for SCR must be
used because risk estimation is imprecise, owing to the uncer-
tainty of the radiation dose—response curve for therapeutic
doses >2 Gy (18). Some modeled estimates of SCR from pel-
vic IMRT have concluded that SCR doubles in comparison
with 3DCRT (10, 18). However, those estimates were based
on a linear dose—response relationship model and considered
only the scattered low doses to distant tissues while ignoring
the high and moderate doses to tissues in and around the

1.5 1 Woda
Linear

Plateau 125 1.26
Linear-exponential

1 1 1

Relative effective OED (whole body)

3DCRT 6 MV IMRT 18 MV IMRT

Treatment Technique

Fig. 2. Relative effective organ equivalent doses (OED) (whole
body) as function of three-dimensional conformal radiotherapy
(3DCRT), 6-MV intensity-modulated radiotherapy (IMRT), or 18-
MYV IMRT technique using linear, plateau, and linear-exponential
dose-response model.

primary beam (20, 29, 32, 33). Such estimates based only
on scattered radiation (and neutrons) tend to overestimate
SCR (30). The SCR model used in the present work is thus
based on the concept of OED (17), which incorporates the
contribution from the primary beam because most second
malignancies occur within or adjacent to high dose regions
(8, 25, 34). In addition, OED also accounts for the ‘“‘out-of-
field” low dose because SCR is body wide. Last, in addition
to the linear model, we included a linear-exponential and
a plateau dose—response function for therapeutic doses >2
Gy, because at greater doses cell killing and sterilization of
already mutated cells becomes important, and the linear-no-
threshold model tends to overestimate SCR (18, 19, 22).

We could not demonstrate that IMRT doubled or tripled
SCR in comparison with 3DCRT, as reported by others (9,
10, 35). The estimated variation in SCR with 6-MV IMRT
was between —4% and +6%, depending on the dose-re-
sponse model applied (Table 3). This is despite the unavoid-
ably higher head leakage with 6-mV IMRT caused by higher
MU demand. Ruben et al. (29) demonstrated similar findings
and hypothesized that smaller field size and reduced average
field intensity with IMRT reduced internal patient scatter
more than enough to compensate for any increase in head
leakage. Others have reached similar conclusions when
SCR estimates included the body in totality (31). With 18-
MV IMRT, SCR varied between 4% and 26%. This is attrib-
utable to the large increase in MU with IMRT and a conse-
quential increase in secondary neutrons, which is
proportional to the total MU demand (36).

Most second cancers occur in organs adjacent to or near the
target volume (8, 9, 25, 34). In our study, little if any increase
in SCR was found for both bladder and colon (Table 2). The
6-MV IMRT did not increase bladder SCR (Fig.1a) in com-
parison with 3DCRT (plateau dose—response model), and
for 18-MV IMRT the SCR was even lower because of im-
proved dose conformality (37). Therefore, for organs adjacent
to or near the target volume, there was no detriment with
IMRT because of better dose conformation within the target
volume. For organs distant from the primary beam, SCR is
mainly due to neutron dose and photon scatter. These tissues
may be represented in our study by the breast (Fig.1b). Here,
6-MV IMRT increased SCR marginally despite a greater MU
requirement compared to 18-MV 3DCRT. This indicates that
SCR with 18-MV 3DCRT must be mainly due to the produc-
tion of secondary neutrons, and that any increase in head
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leakage and collimator scatter from 6-MV IMRT is less rele-
vant. It is also likely that 6-MV IMRT reduces internal patient
scatter, which is the main component of dose <18 cm from the
field edge (11, 38). With 18-MV IMRT, however, the SCR
increases by a factor of 6. This is largely due to the longer
beam-on time with IMRT and the associated increase in pho-
toneutron production. Followill et al. (35) arrived at a similar
risk estimate for a point 50 cm from the center of a pelvic
field, and concluded that the magnitude of such risk was di-
rectly dependent on photoneutron production.

Kry et al. (10) reported a twofold to threefold increase in
fatal secondary malignancy with IMRT based exclusively
on photon scatter and neutron dose to distant tissues. That
large an increase in SCR could be ascribed to the fivefold in-
crease in MU demand with IMRT. Those risks estimates,
however, are associated with large uncertainties because
they are based on risk estimates from atom bomb survivors
and assume a linear dose—response relationship. Based on
dose to nearby tissues, Hall and Wuu (9) also concluded
that 6-MV IMRT might almost double the SCR from 1% to
1.75%, stating that most second malignancies would develop
close to the center of the treatment field. Our results are in con-
trast to these studies (9, 10) and that of Followill ez al. (35) but
are in agreement with other previously published studies that
accounted for carcinogenesis in both nearby and distant tis-
sues (as opposed to either one or the other) (29, 31).

The IMRT reduces the high dose volumes in neighboring
normal tissues by using a larger number of fields to achieve
conformal dose distribution. However, the high dose equiva-
lent is redistributed elsewhere and is spread out over a larger
volume (38). Consequently, both 6- and 18-MV IMRT plans
deposited a larger amount of dose into the skin than with
3DCRT (Fig.1c). The SCR for skin therefore increases by
22-37% for 6-MV IMRT and by 50-69% for 18-MV
IMRT because of neutron production. Inasmuch as the
SCR is body-wide (29), this is only a relative disadvantage
for IMRT because the integral dose to tissues remains rela-
tively constant (12).
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Modern cancer treatment often combines RT with sequen-
tial or concomitant chemotherapeutic agents. The impact on
SCR is unknown, and extended follow-up is needed to record
this late event and was beyond the scope of this work.

One limitation of this study was that the parameters « and
o for the OED model were obtained from the combined Jap-
anese atom bomb and Hodgkin’s disease cohorts (22, 30). To
extrapolate the results to other patient groups, therefore, has
its limitations. Another further limitation, common to all
studies using risk modeling, is the unknown shape of the
dose-response curve for radiocarcinogenesis above doses
of 2 Gy. In this study, therefore, linear, linear-exponential
and plateau models were used. It might be expected that
the real dose—response curve for second cancer induction
lies between the linear and linear-exponential models. There
is growing evidence that models accounting for cell killing at
higher doses (>2 Gy) fit best with the epidemiologic data (19,
22, 29).

CONCLUSION

The effect of 6-MV pelvic IMRT on SCR seems to be small
relative to that of 3DCRT and clinically insignificant in abso-
lute terms. The SCR for 6-MV IMRT seems to be indepen-
dent of the dose-response model applied. As expected, the
increase in beam number with IMRT increases skin exposure
and hence skin-specific SCR risk. In terms of overall SCR,
6-MV IMRT is an acceptable alternative to 3DCRT for gyne-
cologic malignancies and offers advantages in terms of spar-
ing adjacent bowel and bladder (6). This is especially relevant
for cervical cancer patients, the majority of whom are <50 years
old, and long-term survivors are common (8, 25). When using
18-MV IMRT, the increase in photoneutron production re-
sulted in an increase of approximately 25% in relative
SCR, which is still only a small increase in absolute terms.
Nevertheless, an adequate IMRT plan may be achieved using
6 MV, provided sufficient beams are used (24), and may be
preferred from a radiocarcinogenesis perspective.
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Concluding Remarks

6.1 The thesis in the context of the current literature

compared to 3DCRT both in- and out-of-field, for a range of clinically relevant

anatomical sites and beam energies as used in clinical radiotherapy. These findings
are used to calculate the risk of second cancer induction from the use of intensity
modulation and are compared to those from 3DCRT. The thesis also compares the effect
of altered beam energy on out-of-field scatter from IMRT as well as 3DCRT and the
consequences for second cancer induction.

The thesis represents an ordered examination of the altered dosimetry of IMRT

At the time the work was begun, there was limited data on the subject of carcinogenic risk
from IMRT, and that data was incomplete and hence inaccurate, since each study was
limited to either in-field or out-of-field tissue and was not representative of the entire
body. Just two groups had considered the radio-carcinogenic implications of IMRT on
the body as a whole, although the methodology employed was imperfect. These studies
were limited only to prostatic IMRT. Schneider et al did not actually measure scattered
dose throughout the body. Rather a single measurement 50cm from isocentre was used as
representative of the dose range over all out-of-field tissues, which is suboptimal [52,53].
Furthermore, those two papers (the second paper using a slightly expanded data set) were
published well after the present work was underway. Howell et al did consider dose to
organs within and out-of-field [35], but point doses were used for determining organ-
related risks rather than accounting for the dose gradients actually encountered in organs,
especially those within or close to the edges of the fields. More importantly, although an
elegant work, results were reported only for effective dose rather than for actual
carcinogenic risk associated with prostatic IMRT. This study was similarly published while
the current work was already underway.

Since the publication of the results in the second chapter, several subsequent studies have
been published examining the carcinogenic implications of IMRT compared to 3DCRT.
Some limited their analyses to in- or out-of-field tissue alone or relied on previous non-
representative measurements of peripheral dose. Others used various Monte Catlo
simulations of both in- and out-of-field dose distributions. Their results are hence
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understandably heterogeneous, no doubt reflecting the differences in methodology, in
addition to the varying dose-response models and correction factors used. A recent,
convenient review, although limited to the prostatic setting is provided by Murray et al.
[39]. Its conclusions are in agreement with the findings presented in this thesis.

When comparing the results of other studies to the present thesis, it is important to bear
in mind the beam energies used for the comparative plans. Only one other study adopted
the same approach of directly comparing high-energy prostate 3DCRT to 6MV prostate
IMRT. This is the most valid methodology since these beam energies are realistic and
representative of the energies used for the respective techniques in everyday clinical
practice [39]. Two additional studies report risks for a range of energies and hence they
too facilitate compatison of low energy IMRT to high-energy 3DCRT. All three studies
are in agreement with the findings of chapter two. The first study only considered out-of-
field risk and found that risks were generally comparable between modalities in this
situation [56]. The second study included risk from both the primary beam and out-of-
field scatter, although it used a point dose as representative of all peripheral tissues[51]. It
compared 15MV 3DCRT to 6-, 15- and 18MV prostate IMRT. Depending on the dose-
response curve used, risk was either unchanged or 15% higher with IMRT. The final
study compared a range of energies for both modalities and actually showed marginally
lower risks from IMRT (from improved in-field dose conformity) [35]. Two other reports
are also illuminating in this regard, and both are also in agreement with the findings of
chapter two. First is an update from Kry ef a/. of their 2005 paper. In 2007 after the work
in chapter two had already been submitted for publication, this group updated their
previously reported results for out-of-field risks from IMRT vs. 3DCRT using more
realistic MU figures and risk models [57]. They too found no significant differences
between 18MV 3DCRT compared to 6MV IMRT. This was in contrast to their eatlier
study which had predicted a doubling of risk [3]. The second report is in the form of a
letter by Schneider criticizing the 2005 Kry study for not considering the impact of the
primary beams on carcinogenic risk. It presents risk calculations showing little difference
between 18MV 3DCRT and 6MV IMRT - again in keeping with the predictions in
chapter two [52]. Chapter five, of the thesis, although dealing with gynaecological pelvic
radiotherapy, is also consistent with the contemporary literature in finding little difference
between 6MV IMRT and 18MV 3DCRT in terms of second cancer induction.

In contrast, when comparing IMRT to 3DCRT of the same energy, studies usually report
a higher carcinogenic risk from IMRT although such increases are small in absolute terms
and lower than postulated in the early studies preceding this thesis [38,58,59]. These
include studies on breast cancer radiotherapy using different beam arrangements and
modalities [58,60]. Thus the current literature is mostly well in keeping with the findings
of chapter two, as unexpected as they were at the time of publication. It is fair to note
though, that at least one study showed a potential doubling of 3DCRT risk from IMRT
of the same energy [61], although a more recent update from the same group revised
these risks downward to a the level predicted in chapter two of the thesis [59].

In summary therefore, when considering radiogenic risks from IMRT, most
contemporary studies have been in keeping with the findings of this thesis, especially and
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perhaps most importantly, those studies which considered the body in its entirety [35,51-
53,59].

Chapters three and four are unique in the literature in that they separate out the
components of scattered dose from IMRT. In as much as they can be compared with
similar literature they appear to be in excellent agreement with other studies [34,62-64].
Three studies report that low energy IMRT produces more scatter than higher energy
IMRT [34,63,65], while chapter four of the thesis concludes that total scatter for the two
energies is comparable. However, these apparently conflicting statements are easily
reconciled. A closer inspection reveals that, firstly, the experiments in chapters three and
four do demonstrate that 6MV radiotherapy does produce more scatter than 18MV — the
increase is just very small in absolute terms and therefore comparable from a clinical point
of view. Secondly, the differences between energies in those three papers are similatly tiny
in absolute terms. Thirdly, those authors demonstrate these differences in the scattered
dose only relatively close to the field edge. Since 18MV reduces internal scatter which
predominates close to the field edge, its scattered dose is certainly lower than 6MV in this
region and this is well demonstrated in figure 3 of chapter four. Lastly, the studies use
linacs from varying manufacturers. Wiezorek ef a/ elegantly show that linacs from different
manufacturers produce different amounts of scatter as alluded to in the first chapter [63].
Such reports are therefore entirely compatible with the results of the present thesis.

Along with describing the components of scatter for 18MV 3DCRT and analysing the
influence of beam energy, chapter four predicts that increased radiogenic risk from
excessive photoneutrons from high energy IMRT might not be as high as was previously
feared. These findings sit well with the most recent literature [34,35,62,66]. It must be
noted though that uncertainties around neutron energy spectra and dose equivalents at
various distances and depths in the patient preclude firm conclusions. Chapter four does
demonstrate that high energy IMRT catries the highest owr-offield tisks due both to
increased scatter from the high-energy photons, as well as to photoneutron production,
despite lower MU demand. Interestingly, other studies have suggested that improved -
feld conformity may mitigate these out-of-field phenomena [34,35]. Until further data is
available, prudence is advised in the application of high-energy IMRT.

An interesting observation from the work in chapter five relates to the considerable
contribution of the skin to second cancer risk from IMRT as an organ at risk. This
appears to be consequent to the increased skin volumes exposed to multiple IMRT
beams compared to 3DCRT but excess collimator scatter may also play a role. A
corroborating study is that of Zelefsky et al who compared prostate IMRT to
brachytherapy. They found no increased risk of second cancer; except in the form of non-
melanomatous skin cancer in IMRT patients [67]. These two findings thus agree well with
the findings of both chapters two and five.
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6.1.1 Controversies

thesis was begun, the present research concentrates on the modelling of carcinogenic

risk from the new technology, since reliable epidemiological data takes decades to
mature. Tubiana argued in a 2009 review paper that we should “base second primary
cancer reduction on solid data and not on speculation or models built on debatable
hypotheses regarding the dose-carcinogenic effect relationship” [68]. An unassailable
position: yet inadequate regarding the subject of second cancer induction from IMRT.
Not because it is incorrect about the superiority of observed data over modelled data, but
rather because such observed data do not yet exist. What are we to do in the considerable
meantime? Accumulating sufficient patient data to demonstrate such postulated,
minimally increased absolute risks that take ten years or more to manifest takes decades
[69]. Yet, when introducing a new technology with no demonstrable survival advantage,
we must endeavour to fully understand its capacity for harm and the risks it entails for our
patients in the present. The uncertainties in dose-response models are well acknowledged,
but by including the full range of plausible dose-response relationships, from one extreme
possibility to the other, we can know with a high level of certainty the maximal possible
risk involved, as well as the most likely range of risk, and base our practice on that. Since
adequate epidemiological data still do not exist many years after the publication of various
modelling papers, such papers remain a relevant and important source of information
regarding the important consideration of radiation induced second cancer in patients
receiving radiotherapy [39]. Lastly, although adequate epidemiological data require many,
many thousands of patients followed up for many years, a single epidemiological study
recently published facilitates comparison of observed second cancer risk between IMRT
vs. 3DCRT. Reassuringly, the observed, epidemiological data from this large, single-centre
study of 2120 prostate radiotherapy patients and 14309 matched surgical controls actually
confirm the modelled predictions made in chapter two of this thesis -as its authors
acknowledge [70].

: ; ince IMRT had only entered mainstream clinical practice a few years before the

6.2 Looking forward

since chapter one was written. These trends are likely to continue. However, new

developments in technology are likely to erode the role of IMRT in many clinical
contexts. Specifically volumetric modulated arc therapy (VMAT) and proton radiotherapy
are increasing in uptake.

IMRT has become ever-wider adopted and more frequently used in clinical practice

VMAT was formally known as intensity modulated arc therapy (IMAT), which alerts us
to the fact that it is simply a form of IMRT that uses arcs rather than multiple discrete
beams. Its main advantages over IMRT are rapidity of treatment (no need to set up
multiple fields in turn), and the ease of planning and flexibility of treating multiple targets
simultaneously. VMAT also reduces MU demand compared to conventional IMRT but
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spreads out lower doses even further [71]. Limited studies have compared carcinogenic
risk between the two modalities and results are conflicting, often with ovetlapping
estimates. Reported differences were small [60,72,73].

Protons offer the advantage of reduced integral dose because of the absence of exit
radiation. Protons offer consistently lower cancer induction risks than VMAT [73,74] and
IMRT [51,73,75,76], yet also offer excellent dose conformity. Their role is especially
important in paediatric practice where carcinogenic risks are highest. Although proton
radiotherapy requires an on-site cyclotron, commercial units are diminishing in both size
and price with the passage of time. Their uptake will no doubt increase in the future.

It is not just in the area of hardware that improvements will be made. Improvements in
treatment planning systems and in the accuracy of the algorithms used for dose
calculation enable ever-increasing accuracy of dose calculation and data collection. This in
turn allows for the creation of better databases and hence the creation of more accurate
dose-response models for radiocarcinogenesis. An ESTRO initiative with the acronym
ALLEGRO (eArLy and Late hEalth risks to normal/healthy tissue from the use of
existinG and emeRging techniques for radiatiOn therapy) aims to systematically
investigate methods of out-of-field dose measurement as well as to accurately measure
dose outside the treatment volume and to investigate models of second cancer induction
using existing databases of treatments and their outcomes. This will hopefully produce
meaningful insights into peripheral dose and radiocarcinogenic dose response. Better
understanding of late effects including radiocarcinogenesis will also arise through genomic
studies to identify genes responsible for late effects. Such work has already begun under
the auspices of the Radiogenomics Consortium.

Summary

lower doses to greater volumes and increasing out-of-field scatter. The effect of

IMRT on carcinogenesis is thus very complicated and subject to many variables.
Chief among them is the shape of the risk-response curve for the dose range above 4Gy
fractionated dose which is relevant to tissues at the periphery of the field and close to field
margins where most second cancers develop [16,30]. Also important is the site treated;
MU imbalance between IMRT and 3DCRT; planning algorithm; beam energy; and linac
design [63]. The age of the patient and possibly gender are also material although
independent of modality used.

IMRT reduces the volume of in-field tissue receiving higher doses while spreading

Low energy IMRT produces comparable risks to high-energy 3DCRT in absolute terms.
In relative terms, risks generally appear to be modestly higher, although it is possible that
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they may be similar or even lower depending on the true radio-carcinogenic risk-response
relationship, the site treated and the MU imbalance between modalities.

IMRT is generally reported to produce slightly higher carcinogenic risks than 3DCRT of
the same energy. The in-field carcinogenic risk is generally modestly increased with IMRT
of similar energy compared to 3DCRT, irrespective of risk-response curve used. It is
important to note though that in keeping with the findings of the present thesis,
appropriately designed studies considering the body in totality suggest that increases to
total body risk are modest, especially if considered in absolute terms. At least one study
has actually shown a reduced risk estimate with IMRT [35]. This goes to show that the
difference between the modalities us unlikely to be a great as originally feared when
concerns were first raised in the literature.

With regard to out-of-field tissue, IMRT as a technique increases peripheral scatter
compared to 3DCRT, but:

* In absolute terms the magnitude of the increase and hence carcinogenic risk is
limited

®  Peripheral tissues manifest only a limited proportion of second cancers anyway
because of the low scattered dose to these tissues. Most second cancers develop
within or close to high dose regions [16,30-32].

* Compared to low energy IMRT, the use of higher energy beams for 3DCRT
which are usually the alternative to IMRT in clinical scenarios other than head
and neck cancer, increases photon scatter too as demonstrated in chapter three,
and also adds photoneutron dose. These variables probably account for the
similar risk to out-of-field tissue for low-energy IMRT and high-energy 3DCRT.

Increased scatter from IMRT is due to the machine scatter component while internally
scattered radiation is reduced. For low energy IMRT, the reduction in internally scattered
radiation which predominates for the first 20cm from field edge, might have a significant
effect on carcinogenic risk, since a significant proportion of second cancers develop in
tissues receiving doses of 6Gy or less [16] which lie in this region. For high energy IMRT,
a similar pattern is observed whereby internal scatter is reduced but machine scatter is
significantly increased. However, internal scatter predominates for just 6cm from field
edge for 18MV IMRT so the benefits of its reduction may be less pronounced.
Compared to 6MV 3DCRT and IMRT, as well as 18MV 3DCRT, the excess
photoneutron production secondary to increased MU demand of 18MV IMRT is likely to
result in excess carcinogenic risk. Based on the most recent literature regarding neutron
dosimetry, these risks may however, be lower than previously feared [35,62,77]. One
caveat is that higher energy IMRT requires less MU’s than low energy IMRT and so may
involve less head activation and photon scatter. It may also improve dose distribution to
radiogenic in-field organs which can mitigate other disadvantages [34,62]. Since the
balance of evidence still favours some increased risk from high-energy IMRT, prudence is
warranted in its application.
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Required Statements

7.1 The relationship of the thesis to my previous work

degree. The title of that thesis was “A Planning Study Comparing Intensity
Modulated Radiotherapy to Conformal Therapy: Effect on Integral Dose, Volume of
Tissue Receiving Low Doses of Radiation, and Possible Implications for Carcinogenesis.”

In 2007, I presented a thesis in partial fulfilment of a Master of Medicine (MMed)

The subject of that thesis differed from the present work in all respects but for the fact
that the MMed work did incorporate a superficial analysis of carcinogenic risk from
IMRT and 3DCRT as a minor component. The carcinogenesis estimations were
however, peripheral to the two main subjects of that thesis, which were the effect of
IMRT on integral dose and its effect on spreading out low radiation dose while
constricting higher isodoses. The Master’s thesis examined those two issues in detail both
theoretically and experimentally. In contrast, the carcinogenic risk modelling was a small
component, considered for completeness sake but acknowledged as superficial and
requiring further exploration. The present thesis is therefore a natural extension of the
Master’s thesis and in no way repeats any analysis or data interpretation from that work.

While the second chapter of the present work does reanalyse data collected in an
experiment described in the Master’s thesis, the data are analysed and therefore
interpreted in an entirely novel way, producing an original, more complex, comprehensive
and accurate assessment of the radio-carcinogenic risks from IMRT. The present thesis is
therefore an entirely original work in terms of intellectual and scientific content.

The second chapter of the present thesis is original work and distinct from the previous
thesis because:

. The method used for carcinogenic risk modelling in the present work is
completely novel and considerably more detailed and complex than the simple approach
of the previous Master’s thesis. In that work, the average dose to the lungs and to the
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“rest of the body” was used to calculate risk — clearly an inadequate over simplification
given the heterogeneity of radiation dose, especially to tissues within and closely
surrounding the treatment portals. In the present work, heterogeneity of dose within the
DVH volume is accounted for and built into the risk calculations. These calculations
account for both the variation in absorbed dose to tissues due to dose gradients within
and close to the treatment field, as well as the varying volumes of tissue exposed to
different doses.

. The previous thesis simply multiplied the average dose to the lungs and “rest of
body” by the National Council on Radiation Protection (NCRP) risk coefficients to
calculate carcinogenic risk, while chapter two uses a novel, more complex method
incorporating multiple risk-response relationships for carcinogenesis.

. The present thesis includes carcinogenic risk from photoneutrons in its risk
calculations. This was not accounted for in the Master’s research — a shortcoming
acknowledged therein.

. Resultant Carcinogenic risk estimates are markedly different between the two
theses, reflecting the different methodologies used, with those from the current work
agreeing better with epidemiological data (which is available for 3DCRT).

The second chapter of the present thesis is thus original work and does not repeat any
data analysis or interpretation of previous work. Apart from that chapter, there is no
possible area of overlap with prior work submitted for a degree.

7.2 The exctent to which the thesis advances knowledge

previously unreported. These can be summatised as follows:

The thesis comprises original work, presenting observations and predictions

* The only comprehensive estimation of carcinogenic risk from IMRT for a variety of
tumour sites based on whole-body risk. Although two previous works examined this
for the prostatic setting alone, one did not report carcinogenic risk [35], and the other
did not actually measure out-of-field dose throughout the body, but assumed dose at
a single point to be representative of all peripheral doses [51].

* The first reported carcinogenic risk estimates for tonsillar IMRT.

* The first reported carcinogenic risk estimates for nasopharyngeal IMRT.
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*  The first reported carcinogenic risk estimates for gynaecological pelvic IMRT.

* The first reported carcinogenic risk estimates for prostatic IMRT based on body-wide
assessment of dose distribution

* The first reported carcinogenic risk estimates for breast IMRT based on body-wide
assessment of dose distribution

* The only analysis of all three constituent components of scattered dose for either low-
or high-energy IMRT

* The only reported analysis of all three constituent components of scattered dose for
high energy 3DCRT

* A comprehensive assessment of out-of-field scatter from IMRT compared to
3DCRT for both high and low energy radiotherapy, and an assessment of the
influence of varying beam energy on scatter for both modalities with reference to
radio-carcinogenesis.

At time the work was begun, there were no studies of the effect of IMRT on radio-
carcinogenesis that were methodically adequate to provide credible risk estimates to
inform clinical practice. This is because none had measured radiation dose and its
variation throughout the whole body for risk calculations. While the present work was
underway, a single study was published which did measure the radiation dose to the entire
body, however the study was restricted only to the prostatic setting and only presented
results for effective dose, not carcinogenic risk [35]. Another study reported whole-body
risks based on just a single out-of-field measurement 50cm from the isocentre, and was
similarly limited to the prostatic setting [52]. As the current thesis demonstrates,
carcinogenic risk differs depending on the nature of the dose distribution which is
inhomogeneous both in- and out-of-field, and thus precise assessment of dose
throughout the body is vital. The thesis also demonstrates varying carcinogenic risk for
different treatment sites and techniques; hence information from just one site is of limited
utility when considering other clinical scenarios. Each tumour site needs to be analysed
individually.

The current work was thus the first to provide plausible risk estimates based on a range of
credible dose-response relationships for a variety of tumour sites using current radio-
therapeutic techniques. Its risk estimates for breast and gynaecological IMRT were the
first published results in the field, and its results for prostate and head and neck IMRT
were the first based on adequate data for both in- and out-of-field dose. Although risk
estimates for prostate and general head and neck IMRT had been published by the time
this work was published, they were not definitive, since none had reliably measured dose
throughout the body upon which to base calculations. Furthermore the work in this thesis
was already underway by the time of their publication (with the exception of Verellen ef a/

[4])-
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Aside from modelling carcinogenic risk at multiple sites, the thesis also provides analyses
of scattered dose to out-of-field tissues for IMRT and 3DCRT and quantifies the
contribution of the individual scatter components to the total scattered dose. This has
implications for the design of linac shielding and gives impetus to the development of
monitor-unit efficient planning algorithms.

Although several studies had considered peripheral dose from IMRT alone
[4,50,63,78,79], or both 3DCRT and IMRT [80-83], most either measured or modelled
(using Monte Catlo algorithms) point doses at just one or two distances from the field
and few went on to analyse implications for carcinogenesis . Furthermore, all studies were
limited to pelvic radiotherapy except for two: one investigating the paediatric brain setting
over two papers [81,83], and the other measuring a single point dose on the sternum to
predict risk from head and neck IMRT [4]. In contrast, the present work incorporates the
dose throughout the entire body in its risk calculations and deals with a variety of
anatomical sites.

Additionally, no previous study had purposefully examined the composition of peripheral
scatter from IMRT nor provided a detailed examination and comparison of scatter from
IMRT vs. 3DCRT throughout the periphery of the body. Certainly none had described
the three components of scattered dose for either low or high energy IMRT. The present
thesis thus provides novel information in this area.

The composition of low energy scatter had been well described in 1983 [84], although
data for modern linacs were not well characterised. Furthermore, no investigation into the
components of high-energy photon scatter for 3DCRT was published until 2010. Even
that study made no attempt to quantify collimator scatter and head leakage, treating them
both as a single entity [64]. The thesis thus provides novel analysis of the composition of
peripheral scatter for IMRT and high-energy 3DCRT and updates previous data on low
energy 3DCRT for modern linacs. It also provides estimates of the effects of such scatter
on second cancer induction.

Furthermore, the thesis examines in detail, the effect of beam energy on the various
constituent components of scatter both for 3DCRT as well as for IMRT. Although other
studies have considered scatter for multiple beam energies, none have done so in enough
detail or used a method that allows analysis of the alteration in each constituent
component of scatter with varying beam energy. This is a unique feature of the thesis.

The thesis then takes this a step further by investigating the effects of the alterations in
scattered dose from intensity modulation and varying beam energy on radio-carcinogenic
risk. The analysis includes an assessment of risk from photoneutron production
secondary to the use of high-energy photon beams.

In summary, the thesis is novel in a number of ways and sheds new insights into the
effect of IMRT on second cancer risk at a number of sites — many of which had never
been previously considered, and others which had not been examined in sufficient detail
to provide representative data for body-wide risk. The thesis also provides new detail
regarding the composition of out-of-field scatter and the effect of both high and low
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energy IMRT on such scatter, as well as the effect of different beam energies on the
individual components of out-of-field scattered dose.
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Abbreviation List

IMRT

3DCRT

DVH

MLC

LSS

ICRP

BEIR

Sv

LNT

ESTRO

RTOG

VMAT

IMAT

NCRP

intensity modulated radiotherapy

monitor unit

three dimensional conformal radiotherapy

dose volume histogram

multi-leaf collimator

Life Span Study

International Commission for Radiation Protection
Biological Effects of Ionizing Radiations

Sievert

Linear No Threshold

Gray

European Society of Therapeutic Radiation Oncology
megavolt

Radiation Therapy Oncology Group

volumetric arc radiotherapy

intensity modulated arc therapy

National Council on Radiation Protection
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