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FOREWORD

Luxembourg, November 2014

The European Commission organises every year, in cooperation with the Group of Experts
referred to in Article 31 of the Euratom Treaty, a Scientific Seminar on emerging issues in
Radiation Protection — generally addressing new research findings with potential policy
and/or regulatory implications. Leading scientists are invited to present the status of scientific
knowledge in the selected topic. Based on the outcome of the Scientific Seminar, the Group
of Experts referred to in Article 31 of the Euratom Treaty may recommend research,
regulatory or legislative initiatives. The European Commission takes into account the
conclusions of the Experts when setting up its radiation protection programme. The Experts'
conclusions are valuable input to the process of reviewing and potentially revising European
radiation protection legislation.

In 2013, the EU Scientific Seminar covered the issue Radiation induced long-term health
effects after medical exposure. Internationally renowned scientists working in this field
presented current knowledge on

o Dosimetry in radio-diagnostic procedures — risk issues and research needs;
Second primary cancers in adults after radiotherapy — an epidemiological review;
Cardiovascular diseases after radiotherapy;
Late effects in children after radiotherapy;
CT scan studies — present results and the future; and on
Risk communication.

The presentations were followed by a round table discussion, in which the speakers and
additional invited experts discussed potential policy implications and research needs.

The Group of Experts discussed this information and drew conclusions that are relevant for
consideration by the European Commission and other international bodies.

[. Alehno
Head of Radiation Protection Unit
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Dosimetry in radio-diagnostic procedures - risk issues and research needs

1 DOSIMETRY IN RADIO-DIAGNOSTIC PROCEDURES -
RISK ISSUES AND RESEARCH NEEDS

Renato Padovani

Medical Physics Dpt, Udine University Hospital, Udine, Italy

1.1 Introduction

The present status of dosimetry and radiation risk assessment in diagnostic and
interventional radiology and the possible research and regulatory actions are discussed.

The data on examination frequency and patient and population dose assessment in Europe,
derived from the recent EU supported project DosaDataMed2 are commented. The large
differences between countries in examination frequencies and cumulative population doses
are addressing questions on the effectiveness that research outcomes, guidelines and
regulations of the last 20 years have had on the radiological practice in Europe.

On patient dosimetry, equipment and patient specific dose quantities implemented in the
practice are discussed and needs for research and industrial developments identified. In
particular, patient specific dose quantities, e.g. organ doses, are not easily available for the
lack of dosimetry models and software tools implemented in radiological equipment. These
developments are pre-requisite for a proper risk assessment, facilitating at the same time the
communication of the risk levels both, to staff and patients. This is of particular importance
for the risk assessment in specific pathologies, in adult and paediatric patients, that require
repeated and frequent radiological examinations.

Finally, optimisation methods and tools are instruments supporting the daily QA practice.
More advanced techniques and software tools can better support staff in designing and
optimising radiological procedures.

Advancements in all these area, together with more stringent regulations, will certainly
support a higher level of justification and exposure optimisation maintaining, at the same
time, the European leadership in the radiation protection of medical exposure.

1.2 Radiological examination frequencies and doses in Europe

The DoseDataMed2 European Commission supported project, adopting the EU guidance for
the estimation of population doses from medical x-ray procedures (1), has performed in 2011
a survey on 36 European countries to estimate the frequency and the patient and population
doses derived from radiology, interventional radiology and nuclear medicine practice (2).
Only six of the European countries provided comprehensive data on the radiological
procedures while most of the countries could provide limited data, only for the so-called
Top20 group of examinations as defined in the EC guidelines. For this reason, for most
countries the overall data, estimated from the reduced set of data, are affected by inherent
large uncertainties. Also with this limitation these data represent the first attempt to compare
radiological practice and to assess exposures at European level. The Figure 1a reports the
frequencies of diagnostic and interventional radiology procedures per 1000 inhabitants for
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the European countries. Comparing countries with similar GDP it is recognized a wide range
of frequencies with a factor of about 4, from less than 0.5 procedures per year and per caput
up to over 2. The Figure 1b, reporting data without plain radiography contribution, better
visualizes the large variability in the frequency of high dose procedures: also for this sub-set
of data it is recognized a range of about 4, from 0.05 up to 0.25 proc/year per caput.

These results are addressing important questions on the adoption and effective use of
referral criteria and on the methods implemented for a better justification of the radiological
examinations and, in general, on the existing need to harmonise the radiological practice in
Europe. The questions should be addressed both to Ministries of health and to medical
communities of the countries with higher examination frequencies to identify causes and to
adopt remedial actions. It is trivial the fact that a higher frequency implies a higher cost of the
diagnostic service, both for the required personnel and radiological equipment.
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Figure 1: Total frequencies of diagnostic and interventional radiology procedures per 1000 of
population for different countries, including plain radiography (including dental),
fluoroscopy, CT and interventional radiology (upper). Without plain radiography
(lower) (2).

The combined information of frequencies and individual mean doses have provided the
estimation of population dose (Figure 2). The per caput effective dose has a great variability,
ranging from about 0.3 up to almost 2 mSv per year, a factor of about 6. It is seen that the
main contribution is from CT examinations with very large variability from country to country,
from about 0.1 up to 1.5 (factor 15). In average, CT practice is contributing to 60% of the total
collective dose from x-ray practice.
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Figure 2: Per caput effective doses for different countries (from DDM2 Report (2)).

1.3 Questions rising from frequency and dose surveys

In the last 20 years several European and national research programmes have been
developed to assess the optimisation level of the radiological practice and to develop
methods and instruments for a better justification and optimisation of the practice. In
particular, the concept of the diagnostic reference levels (DRLs) has been developed and
introduced in the regulations of several countries. Again, regulation and guidelines on
education and training in radiation protection and on the clinical audit have been developed
and almost all the countries are conducting extensive and periodical training initiative. These
actions have been spread the safety culture in the medical exposure sector bringing to
important results in some countries, e.g. the low frequency and doses in countries like UK,
Finland and the Netherland, to mention countries with a high GPD. In these countries, the
implementation of quality assurance programmes, the regular monitoring of patient doses
and the periodic update of DRLs together with the development of the medical physics and
audit practice in the diagnostic area are certainly factors that have contributed to these
positive results.

But, the large differences in frequency and doses in most of the remaining countries are
posing questions on the effective implementation of justification and optimisation instruments
and on the not sufficient efforts to put in practice regulations and recommendations.

1.4 Status and development needs in patient dosimetry

The ICRU Report 74 and the IAEA TRS 457 have developed a harmonised system for
patient dosimetry in diagnostic and interventional radiology (3) (4). Mathematical phantoms
have been widely used in Monte Carlo simulations for organ dose computations since their
development in the 70th, while tomographic or voxel phantoms, derived from patients’ CT
images, have been introduced in late 80th and their use are quite common in research
studies in the last 10 years. Now, the ICRP with the report 110 is recommending the use of
the voxel patient models to improve dose assessment accuracy and, subsequently, the
accuracy of risk assessment (5). To take advantage of these advancement in dosimetry and
also of the DICOM standards and to provide useful instruments for the daily practice, Monte
Carlo organ dose calculation tools should be developed to automatically extract patient and
technical data from the stored images and from the DICOM radiation dose structured reports

9
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(RDSR). Simulations should be extended also the most recent imaging techniques, like
tomosynthesis, MSCT and conebeamCT.

The increasing contribution to population dose of CT and interventional radiology practices
together with the developments of the imaging technology are now requiring further
dosimetry developments. In CT: (i) the computed tomography dose index (CTDI), a dose
quantity equipment-specific, is not an accurate metric when applied to wide MSCT beams,
CTs with 64 or more detector rows, and a new metric should be adopted; (ii) the routine
clinical use of angular current modulation is determining a non-uniform irradiation of the
patient’s body and the dosimetry tools cannot make accurate estimations if the CT is not
providing modulation data.

In high dose interventional radiology practice with fluoroscopy guide, the peak skin dose is a
limiting factor in conducting a safe procedure. The development of patient models and the
patient-to-equipment geometry registration are prerequisite for the development of dosimetric
models providing skin dose maps in real time during the procedure: industry standards and
software tools should be developed and implemented in interventional equipment.

ConebeamCT is a novel imaging technique with increased use in radiotherapy, dental and
angiography procedures. Kerma-area product is the dose metric today used but, when the
beam is not fully intercepted by the patients’ body, this quantity represents an overestimation
of the dose and a more appropriate dose metrics should be developed.

1.5 Exposure risk assessment and communication

Effective dose is a fortunate synthetic metric to quantify radiation risk of workers and general
public, it allows comparison with the dose limits and easy communication of risk levels. This
metric is also frequently and improperly used to quantify and compare radiation risk of
patients of age, gender and pathologies with very different radiation risk factors from those
applied in the effective dose calculation. Seen the relevance of medical exposure levels
compared to other human made exposures, it is probably necessary to develop a synthetic
metric to quantify with the required accuracy the stochastic risk of medical exposures. An
appropriate quantity can also support an improved communication of risk levels to
practitioners, referral clinicians and, in general, to patients and public.

1.6 Needs to support exposure optimisation

The evidences of non-optimised and harmonised radiological practices are probably
requesting the development of more advanced or different optimisation tools to support
practitioners in designing and conducting optimised procedures. Here some examples.

Today exposure optimisation methods are not supported by intelligent tools supporting the
design of a new imaging protocol. As an example, the design of a procedure aiming to
maximise the contrast of linear structures on a moving cardiac background can be facilitated
by a physical model to apply to the object and an observer model to calculate the resulting
raw image.

Optimisation tools for high dose interventional procedures are also necessary to help
practitioners to conduct procedures with minimal risk of skin burns. Real time skin dose maps
and patient dose archives, with dose map information from previous procedures, can

10
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efficiently prevent skin burns and allow identifying patients to submit to clinical follow-up,
taking into account information from multiple interventional procedures.

Inter-hospital dose benchmarking can represent a necessary support for the optimisation and
audit practice. For this purpose regional/national patient dose database should be
recommended and developed. Existing and under development standards like DICOM
RDSR, IHE REM profile and hospital IT systems (radiological information systems - RIS and
picture archiving and communication systems - PACS) are today allowing to build these large
archives. Data mining tools can provide periodic information to staff, including comparisons
between hospitals, compliance with DRLs and cumulative individual doses. Such archives
are also facilitating a frequent update of national and local DRLs.

Very few EU countries have initiated audits in medical exposure practices, the recommended
methodology to identify non optimised practices. Regulation and guidelines exists and EU
should encourage countries to conduct audits to support harmonisation and optimisation of
radiological practices.

Staff exposure in interventional practice is probably not known in several hospitals as
reported by the ISEMIR project (6). Not harmonised monitoring methods between countries
and hospitals, low compliance with hospital rules by the staff and dated dosimetry technology
are factors explaining this lack of information. And, the new dose limit for the lens of the eyes
is posing new challenges on methods and accuracy of eye dosimetry when individual
protective tools are used. The development of specifically designed active personal
dosimeters with the capability to transfer information to a hospital (and national) archive can
represent a necessary step to improve monitoring practice. The archived information can
also be conveniently linked to the archived information on patient exposure contained in the
structured report (RDSR), supporting also the exposure optimisation process of patient and
staff.

1.7 Risk levels in specific group of patients and applications

It is well known that pathologies like ESKD (end stage kidney disease), IBD (inflammatory
bowel disease), CAD (coronary artery disease) and HT (heart transplant) on adults and
lymphoma, Crown disease, CHD (congenital heart disease) and haemophilia and bleeding
disorders on children are requiring frequent radiological examinations. The existence of large
cumulative individual doses is confirmed by this simple analysis of 6 months of radiological
records in my hospital: (i) 2.4% of CT adult patients have received a DLP of more than 6700
mGycm (corresponding to approximately 100 mSv of effective dose for a adult standard
man), (ii) a 28 years old man with 8 CTs has received 210 mSv. Recently, a study has
associated patients with several head and neck CT examinations with an increased risk of
cataracts (7).

The evidences of such high cumulative exposure levels are supporting the yet expressed
need for patient dose archiving and periodic analysis and audits.

1.8 Conclusions

Since the 80s outcomes from European researches have been the bases for the
implementation of actions, regulations and safety culture in medical exposure. These
developments are representing a model for the harmonisation and optimisation of the

11
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medical exposure at worldwide level. But, due to the still existence of large variability of
justification and optimisation levels, there is the need to continue this effort:

— continuing to develop dose metrics and dosimetry tools

— developing advanced optimisation methods and implementing them in existing and new
coming technologies and practices

— improving knowledge on low dose radiation risks

— developing communication strategies of radiation risk in medical exposure

With the aim to deliver a harmonised radiological practice to all European citizens, these
advancements will contribute to maintain European leadership in this field.
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2 SECOND PRIMARY CANCERS IN ADULTS AFTER
RADIOTHERAPY - AN EPIDEMIOLOGICAL REVIEW

Mark P. Little

Radiation Epidemiology Branch, Division of Cancer Epidemiology & Genetics,
National Cancer Institute, National Institutes of Health, Bethesda, Maryland

2.1 Abstract

A substantial part of non-environmental population radiation exposure occurs as a result of
radiotherapy for cancer. The patterns of cancer risk after fractionated high-dose radiation are
much less well understood than those after lower-dose exposures. In particular, there is
uncertainty about the shape of the dose-response curve at high doses, and the magnitude of
the second cancer risk per unit dose.

We reviewed the available evidence from epidemiologic studies of cancers in populations
that received exposure from radiotherapy in adulthood. We included 18 eligible studies, with
a total of 3374 cancer cases or deaths. While risks were generally less in the
radiotherapeutically exposed populations than in comparable (age, sex matched)
subpopulations of the Japanese atomic bomb survivors, with the discrepancy particularly
pronounced for second leukaemia risk, there was little evidence that the dose-response
curve was non-linear in the direction of a down-turn in risk, even at organ doses of = 60Gy.

2.2 Introduction

In medical practice the occurrence of a primary cancer within a previously irradiated field
leads to the clinically persuasive, but epidemiologically unsubstantiated view that this
pathology is radiation-related. The field may have been heavily irradiated during a course of
radiotherapy (RT) or subjected to lower doses of radiation as a result of scatter. The
multifactorial nature of carcinogenesis, the often appreciable but variable period of latency,
and the changing nature of the therapeutic intervention complicate any interpretation.
Developing the first disease as well as surviving it implies that the population at risk for
developing a cancer after treatment is subject to multiple processes of selection and will
consequently be somewhat different from the general population, although in general, cancer
rates in medically treated groups are not markedly different from those of the general
population [1-2].

The Japanese atomic bomb survivor Life Span Study (LSS) cohort is the principal source of
data used to estimate risks of radiation-related cancer [3-5]. The atomic bomb survivors are
unusual among exposed populations in that both sexes and a wide range of ages were
exposed, comparable with those of a general population [6]. Most medically treated groups
are more restricted in the age/sex mix. For example, the International Radiation Study of
Cervical Cancer patients (IRSCC), which consists of a cohort of women followed up after
treatment for cancer of the cervix, were all treated as adults, most above the age of 40 [7-8].
Organ doses among those treated with radiotherapy tend to be higher than those received by

13
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the Japanese atomic bomb survivors, although there are some exceptions, e.g., breast
doses in the IRSCC patients [8].

This paper seeks to compare quantitatively the cancer risk estimates derived from the latest
LSS cancer data [6, 9-11] with cancer incidence and mortality risks observed in groups of
patients who received substantial doses of ionizing radiation in the course of treatment for a
variety of malignant and non-malignant conditions. The analysis will compare the relative
risks obtained from these two data sources and determine their statistical compatibility. This
paper is largely based on various surveys of cancer risks in persons treated with
radiotherapy for first primary cancer or for other benign conditions [12-15].

2.3 Methods

The data used come from two recently published reviews [13-15]. We have minimally
updated the studies relating to solid cancer (Table 1) and leukaemia (Table 2) from these. In
particular Table 2 details excess relative risk per Gy (ERR/ Gy) in studies of patients treated
with radiotherapy for benign conditions as well as for cancer, together with those in
comparable (age, sex, follow-up matched) LSS subpopulations, and is based on the
corresponding Table (8) in the review of Little [13], whereas Table 1 is restricted to studies
following persons treated for and surviving first primary cancer, and subject to various other
restrictions (on mean dose, and numbers of tabulated points available to estimate dose
response) in the meta-analysis of Berrington de Gonzalez et al [15]. Table 1 makes use of
BEIR VII models [5] to estimate the risk that would have been predicted from the LSS.

2.4 Results

We included 18 eligible studies, with a total of 3374 cancer cases or deaths, with average
absorbed organ doses ranging from near 0 up to 200 or more Gy (Tables 1, 2). Many of the
studies, and the majority of the studies of solid cancer, were case-control studies, many of
which were nested case-control studies within a cohort.

As can be seen from Tables 1-2 and Figure 1, risks are generally much less in most RT
exposed populations than in comparable subsets of the LSS, and the ratio of LSS risk: RT
risks tends to be higher for leukaemia than for solid cancer. For example, for solid cancers
the ratio of LSS risks: RT risks ranges from 0.52 to 31.89 (Table 1), whereas for leukaemia
the ratio of risks ranges from 1.72 to 524 (Table 2).

Figure 2 demonstrates that the ratio of RT: LSS risks tend to decrease with increasing organ
dose for solid cancers, but this pattern is not observed for leukaemia.

2.5 Discussion

In this paper, the relative risk of cancer induced by radiotherapy in groups treated for a
variety of medical conditions is compared with the cancer relative risks in the LSS. For most
cancer sites the ERR in the LSS are significantly greater than those in the second cancer
studies, as shown by the final columns of Tables 1 and 2 and Figure 1. Even when the
differences between the ERRs in the LSS and the medical series do not approach
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conventional levels of statistical significance, ERR tend to be higher in the Japanese data
than in the radiotherapy studies.

One plausible explanation of this is that this reflects the effects of cell sterilizing effects of the
high dose RT, which would tend to remove malignantly transformed cells, a conclusion
tentatively supported by a previous review paper [13]. However, a previous systematic
review of second solid cancers after treatment for cancer suggested that, in general, there
was little support for a plateau or a downturn in solid cancer risk at high doses with the
exception of second thyroid cancer [15]. Nevertheless, the ERR/Gy is lower than from acute
lower-dose exposures in the LSS or other lower-dose studies, often as much as 5-10 times
lower [15]; the exact magnitude of the reduction in risk varied according to second cancer,
and even by cancer sub-type (e.g., meningioma, glioma). Berrington de Gonzalez et al
suggested that uniform adjustment factors for cell killing and fractionation effects for all solid
cancer sites may result in misleading risk projections and comparisons for second cancer
risks from high-dose fractionated radiotherapy [15].

However, the results from these human data do not support the traditional cell
killing/inactivation model or the animal data, which predicts a down-turn in the dose-response
relationship at doses as low as 5 Gy [16]. Although the confidence intervals were often wide
in the many of the studies reviewed elsewhere [15], especially for the highest dose
categories, in many studies there was no clear evidence of a downturn or plateau in the risk
even at doses of 40 Gy or more. Although for thyroid cancer there was such a downturn [15],
this was not evident until at least 20 Gy, vastly in excess of the level suggested by in vitro
measures of cell killing, which imply that about half of the irradiated cells would be
inactivated by a dose of 1 Gy [17]. Lack of a downturn in the dose-response is consistent
with theoretical models that incorporate repopulation as well as cell killing after high dose
radiotherapy [18-20]. Formal statistical comparison of the theoretical models with the entirety
of the human data presented here would be an important next step. These comparisons
should take account of the various additional uncertainties in the human data that may
influence the shape of the dose-response curve that were described above. For leukemia
there was a clear downturn in the dose-response relationship after moderate and high dose
radiation exposure in most studies at levels above 3-5 Gy [21], and the review by Little [13]
suggested that second leukaemia excess risk was generally much lower than would be
expected from the LSS. Theoretical mechanisms have been suggested that account for
these observations, taking account of the known transfer of hematopoietic stem cells
between bone marrow compartments [19, 20].
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Figure 1: Relative risk for subsequent cancer in radiotherapeutically (RT) exposed compared
with risk in comparable Japanese atomic bomb subpopulations. The solid red line in
each figure is the diagonal (X=Y)
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Figure 2: Ratio of [excess relative risk for subsequent cancer in radiotherapy (RT) population]:
[excess relative risk in comparable subsets of Japanese atomic bomb survivors
LSS], according to the estimated mean absorbed radiation organ dose (Gy)
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Table 1: Excess relative risks /Gy for second solid cancers among survivors of first cancer predominantly treated in adulthood (taken from [15]),
and comparison with risk in a similar (age, sex, follow-up matched) Japanese atomic bomb survivor subpopulation, estimated via use of

BEIR VIl models [5]

Age at 1% Age at 2™ Dose to Dose to Study ERR B\];:lllR
Reference 2" cancer 1" cancer Cases Controls cancer range cancer, controls,  controls, Gy‘1 (95% ERR Ratio
(mean) mean average  maximum Cl) Gy
. . 13-30
Travis et al Hodgkin 0.15
[22] Breast disease 105 266 (22) 41 25 61 (0.04-0.73) 1.1 7.34
Inskip et al 35-72 0.20
23] Lung Breast 61 120 (50) 68 6 23 (:0.62-1.03) 1.17 5.87
Gilbert et al Hodgkin 9-81 0.15
[24] Lung disease 227 455 (49) 59 24 60+ (0.057-0.39) 1.43 9.56
Boiceetal[s] ~ DO"  Cevix 15 155 ?ig:gi; 67 22 10+ . s by NA -
i -65+ N
Boiceetal [8]  SonUSUCCovix 46 598 ?32_22) 67 7 10+ . o 5 NA ]
Rubinoetal g coma Breast 14 98 35-77 62 19 80 0.05 NA -
[25] 55) (<0-1.18)
Mortonetal g ot oous  Breast 252 488 28-88 74 7 45 0.08 0.61 7.64
[26] (59) (0.04-0.16)
van den Belt- Testes & 0.84
Dusebout et al Stomach Hodgkin 42 126 20-50+ 51 11 40 ' 0.43 0.52
0ce (0.12-15.6)
[27] disease (34) ) )
Boice etal [8]  Colon Cervix 409 759 ?2222451; 68 24 40+ o oo 0 03 -
Boicectal [8]  Rectum Cervix 488 901 ?ig:gi; 68 45 60+ (0(_)(')03 " 0.1 5.04
. Uterine . <45-65+ NA
Boice et al [8] COpUS Cervix 313 469 (45-54) 68 165 200+ (NA) NA -
Boice et al [§] Ovary Cervix 309 560 ?jg:gi; 68 32 60+ -0 82(_)5 14) 0.32 31.89
Boiceetal [8]  Bladder Cervix 273 520 ?22:245;; 68 45 60+ © 002'?()7 17y 138 19.78
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Table 2: Excess relative risks (ERR) of leukemia among those exposed predominantly in adulthood to radiation therapy, and in comparable (age,
sex, follow-up matched) subpopulations of the Japanese atomic bomb survivor Life Span Study (LSS) data, with 95% CI (taken from [13])

Reference 1 cancer 2" cancer Age at Follow-up Average Dose range Cases LSS ERR estimate LSS ERR estimate Ratio
endpoint or other endpoint exposure range (mean) (years) dose (Sv)* (Sv)* or cases or (Sv'y? (Sv'hy
treatment (mean) (years) deaths deaths”

Boice et al. [7] Cervical cancer Incidence <30->75 1->40 (NA) 7.1 0.5-25.2 134° 35 0.03 (-0.06,0.12)° 5.17 (1.99,11.93)%% 172.3
Kaldor et al. Hodgkin disease Incidence 42,37° 1->10 (NA) Unknown 0->20 163 192 0.24 (0.04,0.43) 5.24 (3.58,7.55) " 21.8
(28]
Curtis et al. Breast cancer Incidence <50-> 70 (most 1.5->12.5(5) 7.5 0->11 34 15 1.53 (-18.18,21.25)* 8.18 (1.86,33.51)" 5.35
[29] over 50)
Curtis et al. Uterine corpus Incidence Most >55 (62) 1—>28 (4.9) 5.4 0->14.9 151 10 0.10 (<0,0.23) 12.04 (2.23,67.35)'" 120.4
[30] cancer
Boivin et al. Hodgkin disease Incidence <15->55(29) 1-44 (mean 8.1) Unknown 0->30¢' 122 192 0.01 (0.00,0.02Y 5.24 (3.58,7.55)" 524
[31]
Damber et al. Benign locomotor  Incidence <20->70 (53) 0->19.6 (19.6) 0.39 <0.06- 61° 91 0.70 (-0.43,3.48)° 6.49 (3.76,10.99)* 9.27
[32] lesions >1.04
Travis et al. Testicular cancer Incidence <30->50 (39) 0->17.3 (6.8) 13.6,12.3" 7.9-23.8 26 64 0.27 (0.02,1.2)™ 3.34 (1.57,6.36)"* 12.4
[33]
Inskip et al. Benign uterine Mortality 13-89 (46.5) 0-59.9 (24.9) 1.19 0-11 43¢ 97 2.1(0.19,9.49)° 3.62 (1.91,6.29)° 1.72
[34] disease
Darby et al. Benign uterine Mortality 23-65 (45.5) 2-49 (27.7) 1.3 <1.02- 12 73 0.74 (-0.11,1.59) 3.21(1.40,6.23)°% 434
[35] disease >1.68
Little et al. [36]  Peptic ulcer Mortality <35->55 (49) 1-51 (21.5) 0.60 0-4.4 144 136 1.09 (-0.02,4.93)7 3.14 (1.81,5.07) 2.88
Weiss et al. Ankylosing Mortality 1->35(18.1) <25->55 (NA) 438 0->14 60 167 0.02 (-0.07,0.29) 3.44 (2.14,5.24)° " 172
[37] spondylitis

2unless otherwise stated, all doses and risks are in terms of bone-marrow dose;

®in all analyses of risks in the LSS incidence data the three main radiogenic leukaemia subtypes (acute myeloid leukaemia, acute lymphocytic leukaemia, chronic myeloid leukaemia) are analysed together, using bone-marrow
dose;

“acute leukaemia and chronic myeloid leukaemia;

dcalculation based on females, age at exposure >40 years;

average values for men and women, respectively;

fcalculation based on full cohort;

995% Cl are Wald-based (likelihood bounds did not converge);

“calculation based on females, age at exposure >40 years, time since exposure <20 years;
'calculation based on females, age at exposure >50 years;

Jcalculation based on dose to lymph nodes;

kcalculation based on age at exposure >20 years, time since exposure <30 years;
Iaverage values for cases and controls not exposed to alkylating agents, respectively;
Mcalculation based on those patients not exposed to alkylating agents;

"calculation based on males, age at exposure 20-59 years;

°calculation based on females, age at exposure >15 years;

Pcalculation based on females, age at exposure 25-64 years;

Yleukaemia excluding chronic lymphocytic leukaemia;

"calculation based on age at exposure >30 years;

*calculation based on age at exposure >20 years;

LSS and radiation therapy ERR statistically inconsistent with p<0.05;

*1.SS and radiation therapy ERR statistically inconsistent with p<0.01;

##.SS and radiation therapy ERR statistically inconsistent with p<0.001
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Cardiovascular diseases after radiotherapy

3 CARDIOVASCULAR DISEASES AFTER RADIOTHERAPY

Giovanna Gagliardi

Section of Radiotherapy Physics and Engineering, Dept. of Medical Physics
Karolinska University Hospital, Stockholm, Sweden

3.1 Introduction

The general term to indicate cardiovascular disease following radiation therapy is RIHD
(Radiation induced heart disease). It refers to the clinical and pathological conditions of the
heart and large vessels resulting from therapeutic irradiation (Stewart et al. 1995).

RIHD has been observed in a tiny percentage of patients treated with radiation for breast
cancer, lymphoma, seminoma, lung cancer and in the past for peptic ulcers. Cardiovascular
disease has also been found in atomic bomb survivors. RIHD following radiotherapy (RT) of
breast cancer and Hodgkin’s lymphoma has been extensively investigated (see review:
Gagliardi et al 2010, Nilsson 2012a).

Based on the hypothesis that radiation damage occurred predominantly in highly proliferative
tissue, the heart was considered to be radiation resistant until the 1960s. In fact the heart’s
embryotic morphogenesis is complete by the 8" week of gestation; at an age of 6 months the
proliferation of myocites is complete and the adult number of myocites exists. Endothelial
and connective tissue cells, essential for heart function, have low proliferative activity
(Nilsson 2012a).

Experimental studies from the 1960s onwards showed instead that the heart and the
vasculature were radiosensitive structures. It was demonstrated that pericarditis,
myocardium fibrosis and coronary artery disease could be caused by radiation therapy
(Stewart et al 1978). In particular a high incidence of coronary artery disease was found in
children irradiated for Hodgkin’s lymphoma (Joenssu 1989).

3.2 Clinical endpoints

Pericardial disease, congestive heart failure, ischemic heart disease and valvular disease are
the main components of the RIHD spectrum. These complications can show up after months
(e.g. pericarditis) or years (e.g. congestive heart failures, ischemic heart disease such as
myocardial infarction and cardiac death). Some of these events have a long latency;
furthermore they are relatively common also in non-irradiated populations. Hence large
studies based on large patient populations, in form of randomized trials or population-based
studies, are the ones which have provided most information on RIHD.

Pericardial disease (pericarditis and chronic pericardial effusion) develops from months to
years after RT and is usually uncommon in acute form, i.e. during radiation therapy. About
20% of the cases become chronic (Carmel et al 1976, Gagliardi et al 2010).

Ischemic heart disease was found to correlate with irradiation after meta-analysis of
randomized clinical trials (e.g. EBCTCG 2005). The patho-physiological mechanism is
macroangiopathy and atherosclerosis of arteries post radiation cannot easily be
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discriminated from atherosclerosis induced by other causes. An increased risk of Ischemic
Heart Disease and ischemic stroke has been found, especially in patients irradiated for
Hodgkins Lymphoma (Aleman et al 2007) and breast cancer (Correa et al 2007, Nilsson
2012a).

Stenosis and insufficiencies of the valves have also been observed after irradiation (Brosius
et al 1981); however for breast cancer patients the risk was not clearly associated with
radiation therapy (Hooning et al 2007, Harris et al 2006). For Hodgkins patients, valvular
insufficiency has shown to be more common than stenosis - up to a 34-fold increased risk of
valvular regurgitation (Glanzmann et al 1994, Lund et al 1996, Heidenreich et al 2003).

In general it is important to note that different parts of the heart can be involved in RIHD,
each playing a role in the onset of a specific endpoint.

3.3 Radiotherapy trials and cardiovascular disease: the breast
cancer case

Breast cancer is the most common female malignancy and the first cause of death in women
globally (Nilsson 2012a, Benson et al 2012). The prognosis has continuously improved as
time has gone on; as an example, in Sweden survival has increased from about 50% to
approx. 80% in the period between 1960 and 2009 (Nilsson 2012a). In early breast cancer it
has been shown that radiation therapy can reduce the risk of death from breast cancer itself
(Henson et al 2013, EBCTCG 2011). Several studies have however indicated an increase in
heart disease related to radiotherapy (e.g. Gagliardi et al 2010). In particular randomized
clinical trials and meta-analysis have shown benefit from radiation therapy in the reduction of
local recurrences and breast cancer deaths (Nilsson 2012a, Overgaard et al 1999, EBCTCG
2005), but long follow-up studies have indicated an excess mortality from heart disease
(EBCTCG 2005). An increase of cardiac deaths has been shown in earlier radiotherapy trials
(Cuzick et al 1994), while the results are not yet clear when considering more modern recent
situations and treatment techniques probably due to a short follow-up (Henson et al 2013).

3.4 Dose-volume responses of cardiac disease following
radiation therapy

A dose response relationship between dose-volume and pericarditis has been indicated by
several analyses. Data on dose-response curves quantifying pericarditis have been provided
mainly by studies on patients who received radiation therapy for Hodgkin’s disease and for
oesophagus cancer. In one study, in patients in whom the RT field was estimated to include
> 50% of the external heart contour, an overall pericarditis rate of about 6% was found
(Stewart et al 1978). Three-dimensional dose information has provided further information on
pericarditis risk following irradiation; two such studies involved a modern and complete data-
set related to pericarditis following irradiation for oesophagus cancer (Martel et al 1998, Wei
et al 2008). In the study by Martel the dose per fraction was the strongest predictor - no
cases were found in patients receiving a dose lower than 3.5 Gy per fraction, for the given
total dose. Wei’s study showed that the risk of pericardial effusion increased with increasing
dose to the perdicardium; a mean dose of 26 Gy was found to be a discriminator - the risk of
pericarditis fell from 73% to 13% after a follow up of 18 months. Note that in both cases the
volume at risk, i.e. the pericardium, was delineated and the dose distribution was quantified
within the pericardium.
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The quantification of the dose-response relationship for ischemic heart disease, and
especially for cardiac mortality, has been a major issue of investigation over several decades
(Gagliardi et al 2001, Gagliardi et al 2010, Nilsson 2012a, Darby et al 2013). The risk of
ischemic heart disease in women after radiotherapy for breast cancer has recently been
studied in a large cohort of patients. This is a population—based cohort study of major
coronary events (myocardial infarction, coronary revascularization, death from ischemic heart
disease) (Darby et al 2013). One result of this investigation, which is retrospective and refers
to data on patients treated between 1958 and 2001 in Sweden and Denmark, is that the rate
of major coronary events increases linearly with the mean dose to the heart. The increase
becomes manifest from 5 years after radiotherapy and continues for at least 20 years after
radiotherapy, and the absolute increase in risk is larger in women with cardiac risk factors at
the time of radiotherapy. The best predictor of risk in this study was mean heart dose even
when this was compared to the mean dose to the left descendent artery, which is a specific,
potentially more radiosensitive heart subvolume (Nilsson 2012b).

A specific dose-response relationship for cardiac mortality following radiotherapy has been
previously studied in two major groups, Hodgkin’s lymphoma patients and breast cancer
patients (Gagliardi et al 2001, Gagliardi et al 2010). Patients treated for Hodgkin's
Lymphoma have shown an increase in cardiac mortality for heart doses greater than 30 Gy
(Hancock et al, 1993). It has to be underlined that these data refer to older studies with larger
treatment irradiation volumes, which nhowadays are much smaller. A dose-volume response
relation for long-term cardiac mortality following breast cancer irradiation was derived from
data from two randomized trials of surgery with and without RT; an increase in cardiac
mortality had been found in the group treated with radiotherapy (Hgst et al 1986, Rutqvist et
al 1992). The analysis suggested that dose, and to a lesser degree the irradiation volume,
determines the dose-response curve for long-term cardiac mortality (Gagliardi et al 1996). In
this analysis the dose to the whole heart was analysed, i.e. homogeneous radiation
sensitivity was assumed, without considering the dose distribution in substructures of
potentially greater relevance like the left descendent artery.

The relationship between heart irradiation and cardiac perfusion defects has been studied in
a prospective analysis. For <56% of the left ventricle (LV) included in the tangential fields an
incidence lower than 20% was found, while for >5% the incidence was higher than 50% (Das
et al 2005, Marks et al 2005).

3.5 RIHD radiotherapy data: availability and limitation

The quantification of dose-response curve(s) for RIHD is a complex process. The
methodology does not differ from that employed for other endpoints. However, compared to
other situations, the scarcity of clinical data, the latency of the endpoint, and the fact that the
clinical endpoints are also common in the non-irradiated population make the whole issue
challenging.

Dose-volume data from irradiation, i.e. data from the dose distribution in specific
(sub)volumes of the heart, together with clinical outcome data are necessary to determine
the dose-response curve for the given endpoint. In RIHD both clinical and dose-volume data
quantification is not as straightforward as, for instance, in the case of radiation-induced
complications following prostate irradiation (Fiorino et al 2009) or radiation-induced
pneumonitis (Marks et al 2010), where dose-volume response studies can be performed
prospectively. In these latter cases several independent prospective studies have provided
similar results, both in terms of dose-response curves and of identification of risk factors.
This is definitely the case for the dose-response curves for radiation-induced rectal bleeding
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and the identification of risk factors such as abdominal surgery before irradiation (Fiorino et
al 2009, Peeters et al 2006).

In RIHD the situation is intrinsically different. Clinical endpoint assessment requires
randomized trials of irradiated vs non-irradiated populations, or alternatively large population
studies; furthermore these studies also require a long follow-up in case of ischemic heart
disease. The studies are retrospective, which complicate the understanding of the role and of
the influence of other cardiac risk factors. The retrospective nature of the studies inevitably
mean that irradiation data are in general many years old and therefore refer to periods when
treatment planning systems were not based on Computed Tomographs of patient anatomy
and thus volumetric calculations were not possible (often referred to as 3D planning). This
means that most radiotherapy data have to be simulated and calculated on ‘model’ patients;
the dose distribution in the heart volume cannot be reconstructed on an individual basis
(Gagliardi et al 1996, Gagliardi et al 2010, Taylor et al 2009, Darby et al 2013). For the cases
of pericarditis and cardiac perfusion defects, studies with individual and complete dose-
volume information are instead now available (Wei et al 2008, Marks et al 2005).

The study of the dose-response curve for specific clinical complications requires ideally the
ability to test the hypothesis of the role of different substructures, whose irradiation
determines the development of the given clinical complication (e.g. Left Descendent Artery).
Again, treatment planning simulation and the need to simulate the individual irradiations
using a/some model situations place limits on the investigation. However, assumptions and
comparisons between different scenarios, as for instance the determination of the dose-
response curve based on the dose distribution in one single volume and/or several
subvolumes, can provide a reference frame which at least enables us to assess the impact of
different assumptions (Gagliardi et al 1996, Taylor et al 2007).

The potential interactions between heart and lung irradiation have also to be further studied
(Van Luijk et al 2007, Ghobaldi et al 2012, Tucker et al 2013), in order to create a ‘global’
understanding of the physiological effects of radiation therapy to the thorax.

3.6 Cardiovascular disease and modern radiotherapy
approaches for breast cancer radiation therapy

In breast cancer radiation therapy, dose prescriptions (i.e. the dose to the tumor volume and
the number of fractions) have remained substantially unchanged over the years. In contrast
the definition of the target volumes in breast cancer has gone through some modifications,
for instance following the criteria for the inclusion/non-inclusion of the lymph nodes of the
internal mammary chain in the radiation therapy target volume. The change of the target
volumes has also implied a change of treatment techniques. Dose distributions in the heart
and in the relevant substructures are now different to before (Taylor et al 2007, Taylor et al
2009, Taylor et al 2011).

Clear and definite data on the dose-response relationships in RIHD with modern techniques
are however not yet available. Some parts of the heart can still receive high doses; this is
especially the case of the Left Anterior Descending Coronary Artery located close to the left
breast (e.g. Lorenzen et al 2013). The large number of patients treated for breast cancer, the
steadily improving prognosis and consequently the potential relevance of the long-term side
effects of heart irradiation still suggest a cautious approach.

Nowadays there is a large variability among radiotherapy centres in target definition, in the
dose prescription, in the dose-volume constraints to the heart, and in the criteria for
accepting violations of the constraints. As a consequence there will be also considerable
variability between centres in the risks of cardiac complications.
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Several techniques are now available to keep the heart out of the irradiation field, either
through technical solutions, e.g. synchronizing the irradiation to the breathing cycle, or
choosing to irradiate only the high-risk volumes, as in the case of Accelerated Partial Breast
Irradiation. With this approach high doses of radiation are delivered in fewer fractions to the
tumor bed after surgery; the high risk area is the target, while the surrounding normal tissue
is spared. This technique requires an accurate delineation of the target volume (the
lumpectomy cavity), which is a challenge in itself due to the significant variation in the way
target is delineated, depending on the clinician (e.g. Yang et al 2013). Another approach
consists in treating patients prone instead of supine; a recent study provides some evidence
for replacing the standard supine treatment by a prone one, and with a hypo-fractionated
treatment (Mulliez et al 2013). Other special technical solutions, combining the prone position
and special equipment for dose delivery has also been suggested (Odén et al 2013).

To weigh the probability of tumor control against the probability of normal-tissue complication
is a routine part of radiation therapy, just as the balance between treatment and side effects
is part of medical science in general. Compared to most other medical treatments, radiation
therapy is definitely one of those where the exposure, specifically the dose distribution in the
target/tumor and in the normal tissues, is very accurately quantified, monitored and
nowadays retrievable thanks to Oncology Information Systems which are the backbone of
radiation therapy departments. The daily dose distribution as well as the dose distribution
over a whole course of radiation therapy, together with imaging sets of the irradiated volumes
before, during, after radiation therapy, are provided by technology which is becoming
standard in many parts of the world.

There are still open issues in the study of the risk of cardiovascular disease after radiation
therapy, such as the identification of radiosensitive sub-volumes in the heart and of their
specific dose-response curves together with the identification of patients which are at major
risk of complication due to other treatments and/or co-morbidities. In the breast cancer cases
the indications are however that the risk for women who receive radiation treatment with
modern techniques should be lower than in the past (Henson et al 2013). In this frame, the
communication of the risk and benefits of the treatments to both professionals and to the
public appears to be a subject of major relevance; some considerations about this will be
provided in the lecture.
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4 LATE EFFECTS IN CHILDREN AFTER RADIOTHERAPY
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4.1 Summary

The German Registry for the Detection of Late Sequelae after Radiotherapy in Childhood
and Adolescence (RiSK) records detailed data of therapeutic irradiations and early and late
toxicities following radiotherapy in children and adolescents who were treated in the therapy
optimizing studies of German Society of Paediatric Oncology and Haematology (GPOH).
Data collection is made prospectively, therapy study independent and Germany wide.

Organ tolerances are established by assigning radiation doses to organs or organ volumes.
Also combined treatment modalities with surgery and/or drug therapy are considered.

The aim is to optimize the treatment guidelines with respect to irradiation and its interaction
with other treatment modalities particularly for future GPOH therapy optimization studies.

Till November 2013, 1578 Patients were documented. 262 of these had proton treatments.
First/second/third line therapy was given to ~ 90%/~10%/~0.4% of the patients. Radiotherapy
basis documentation forms and acute toxicity documentation forms are available for 1623
resp.1299 treatments. 3296 late effect documentation forms are available.

Evaluations of early toxicities of lung, liver, skin, salivary glands, lower gastrointestinal tract
and of late toxicity in kidney, lung, thyroid and salivary glands showed that severe toxicities
grade 3 and 4 are generally rare. In some organs (such as lungs) the lower toxicities (grade
1 and 2) occur below the so-called tolerance doses TD 5/5 depending on the irradiated
partial volumes of organ.

The results of the project may have an impact on the optimization of radiation therapy in
future therapy optimizing studies and on after-care programs. Improved information for
children and parents may result in addition too.

The registry may also serve as a model for or as a module in a comprehensive general
registry for all oncologic patients in Germany

4.2 Intr