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Committee on Medical Aspects of Radiation in the Environment (COMARE): 20th report

Preface

The Committee on Medical Aspects of Radiation in the Environment (COMARE) is a
Department of Health and Social Care (DHSC) expert committee that provides
independent expert advice to the UK Government on the health effects of radiation.
Over the 40 years of its existence, the committee has provided advice on a range of
issues from childhood cancer clusters in the vicinity of nuclear installations to risks of
skin cancer caused by UV from sunbeds and the significance and control of radiation
doses resulting from the use of computed tomography (CT) in the UK.

The aim of this report is to provide advice to the DHSC on the cardiovascular health
implications for the UK population of exposure to ionising radiation, considering
diseases including coronary or ischaemic heart disease and cerebrovascular disease.
The report reviews the available evidence of an association between radiation
exposure and cardiovascular diseases, from epidemiological and biological studies,
and reaches conclusions on possible risks at both high doses, as are received by
normal tissues during radiotherapy, and particularly for low doses or low dose rates,
as received in medical diagnostic imaging and occupational exposures.



Lay summary

Background

S.1

S.2

S.3

The Department of Health and Social Care asked COMARE to review the
cardiovascular health implications for the UK population resulting from exposure to
ionising radiation, focussing on the evidence for risks at low doses (<100 mGy'
low-LET? radiation) or low dose-rates (<5 mGy/h low-LET radiation). COMARE
established the Cardio-/Cerebro-vascular Effects Subcommittee for this work, with
the terms of reference:

“to advise COMARE on the available evidence of a causal association
between cardiovascular and cerebrovascular disease and low-level radiation
exposure, and to inform COMARE of the health implications for the UK
population and further research priorities.”

In producing this report, the subcommittee reviewed the available evidence of an
association between radiation exposure and cardiovascular disease (CVD),
considering diseases including coronary or ischaemic heart disease (IHD) and
cerebrovascular disease (CeVD). Substantial evidence is now available from
epidemiological studies of medical, occupational and environmental exposures and
there is also a growing understanding of the mechanisms of radiation action in cells
and tissues.

The subcommittee focussed on the potential risks of low dose and low dose rate
exposures, but in doing so also considered data for high doses (>1 Gy), particularly
where these might facilitate extrapolation to low doses and dose rates.

Conclusions

S.4

S.5

S.6

The Committee interprets the evidence from the Life Span Study (LSS) of
Japanese A-bomb survivors as providing Strong evidence with respect to higher
dose exposures (above about 0.5 Gy) but Limited evidence of risks of CVD from
low to moderate doses (0.1 to 0.5 Gy) (received following a single radiation
exposure).

The Committee concludes that radiotherapy studies of persons treated for cancer
provide Medium evidence with respect to very high doses (>10 Gy) as a risk
factor for IHD and CeVD but No evidence on risks below about 10 Gy; however,
studies of persons receiving radiotherapy for non-cancer disease suggest that
there is risk at <10 Gy.

The Committee interprets the evidence from epidemiological studies of
occupational populations as providing Medium evidence that low dose or low
dose rate radiation is a risk factor for IHD and CeVD, with some evidence of
excess risk in the dose range 0.1 to 0.5 Gy, but only providing Limited evidence in
support of quantitative estimations of the dose-response association at low dose or

" Gray (Gy) - the international unit of radiation dose, which measures the amount of energy absorbed
per unit mass of tissue.
2 Linear Energy Transfer - a measure of energy transfer to tissue as a charged particle moves through it.
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S.7

S.8

S.9

S.10

S.11

low dose rates. There are some indications in these populations that dose-
response associations may not be linear.

Epidemiological studies of environmentally exposed populations provided Limited
Evidence supporting findings from occupational populations.

Overall, the epidemiological data provide evidence of increasing risk of CVD with
increasing dose at high doses (>1 Gy) and some evidence at moderate doses (0.1
to 1 Gy), with no direct evidence of risks at low doses (<0.1 Gy) and low dose
rates. No firm conclusions can be drawn regarding the possible existence of dose
thresholds, below which there would be no or minimal effect.

The conclusions from the epidemiological evidence are to some degree supported
by mechanistic evidence. Cell killing will be an important factor at high doses and
may also be of importance at lower doses. However, while high doses have been
shown to increase inflammation and cell senescence within blood vessels,
moderate doses may be anti-inflammatory and have the potential to slow the
process of plaque formation. At low doses, potential effects could involve non-
targeted as well as targeted effects, with damage to DNA and other cellular
molecules.

The biological data do not support clear conclusions on dose-response
relationships and possible thresholds of effect for CVDs. Unlike cancer, for which
there is a clearly understood mutational basis which operates in linear proportion to
dose, mutation is not a strong feature of CVD. The current understanding of
mechanisms is insufficient to draw conclusions regarding the extent of risk at low
doses.

Based on the evidence reviewed in this report, COMARE has made a number of
recommendations (Chapter 8) and key points are summarised below.

Key points of COMARE’s recommendations

1.

COMARE recommends that further epidemiological research is carried out on
radiation-exposed populations to improve the understanding of CVD risks at
moderate and low doses and low dose rates.

COMARE recommends that further research is undertaken into the biological
mechanisms of radiation action in CVD.

COMARE recommends that clinicians continue to minimise radiation exposures of
critical vasculature while maintaining effective clinical outcomes in radiotherapy
procedures.

COMARE recommends that the relevant authorities consider initiatives to improve
population health by reducing risks that may act multiplicatively with radiation.

COMARE recommends that government, the devolved administrations, and
relevant agencies collaborate to ensure that adequate dataset and research
governance arrangements are shared throughout the UK in respect of datasets
and cohorts used in these types of analyses.



Chapter 1. Introduction

1.1 Cardiovascular diseases (CVDs) or diseases of the circulatory system are a
leading cause of death in the UK and worldwide3. They include:

e coronary heart disease, also known as ischaemic heart disease (IHD),
affecting the blood vessels supplying the heart muscle

e cerebrovascular disease (CeVD) affecting the blood vessels supplying the
brain

e peripheral arterial disease affecting blood vessels supplying the arms and
legs

e congenital heart disease arising as birth defects that affect the normal
development and functioning of the heart

e deep vein thrombosis and pulmonary embolism in which blood clots in leg
veins can dislodge and move to the heart and lungs.

Heart attacks (myocardial infarction (Ml)) and strokes (ischaemic) are acute events
caused by blockages that prevent blood from flowing to the heart and brain. A less
common form of stroke is haemorrhagic, resulting from the rupture of a blood vessel.
The underlying cause in the majority of cases of coronary heart disease,
cerebrovascular diseases and peripheral arterial disease is atherosclerosis (HPA
(2010); see Chapter 5).

1.2 The main risk factors for CVD that have been consistently identified are age,
smoking, diabetes mellitus, hypertension, obesity, increased total and low density
lipoprotein cholesterol, decreased high density lipoprotein cholesterol, as well as a
heritable genetic component for heart disease specifically (Little et al, 2023).

1.3 It has also long been recognised that exposure of patients to ionising radiation
during radiotherapy (RT) can damage the heart and blood vessels such as the
carotid and coronary arteries (UNSCEAR, 2008; HPA, 2010). Mean doses to the
heart from X-ray RT to the breast, which is one of the more common treatments,
are 2 to 9 Gray (Gy) with some patients receiving over 20 Gy, although the doses
are delivered in a number of fractions to minimise tissue damage (McGale and
Darby, 2005; Jacobse et al, 2019; Boekel et al, 2020; Kearney et al, 2022).
Delivery of RT has vastly improved in recent years as exemplified by treatment for
mediastinal Hodgkin’s lymphoma in which the median heart dose of older mantle
RT was 25 to 30 Gy, but with modern techniques a median heart dose of <10 Gy is
often achieved (Bergom et al, 2021). Similarly, in breast cancer, median heart dose
of <1 Gy can be achieved compared to 5 to 15 Gy in older regimens (Taylor et al,
2007).

1.4  The International Commission on Radiological Protection (ICRP), which
recommends a system of protection that is adopted in the UK and worldwide
(ICRP, 2007), distinguishes between (1) tissue reactions occurring above dose
thresholds with increasing severity and (2) stochastic effects for which the
probability increases with increasing dose and a linear non-threshold (LNT) dose-
response model is assumed for protection purposes. The stochastic effects

3 WHO Global Health Observatory
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1.5

1.6

considered are cancer in exposed individuals and hereditary effects arising in their
descendants. ICRP (2012b) has regarded the effects of radiation on the circulatory
system as effectively a tissue reaction, occurring above a threshold of dose. From
their review of evidence from radiotherapeutic experience and epidemiological
studies, ICRP concluded that a threshold dose of 0.5 Gy should be applied to all
CVDs (ICRP, 2012b). However, it should be noted that this threshold dose was not
defined in the conventional sense (assuming no excess risk below the threshold),
but as the dose for around 1% incidence obtained using an estimate of excess
relative risk (ERR) assuming a linear dose-response (ICRP, 2012b). The point was
made that it was “unclear whether there is a dose below which the risk of
circulatory disease is not increased and, if so, what this dose might be”. It was
further concluded that the evidence did not allow distinction between doses
delivered acutely, and fractionated and chronic exposures, and so the 0.5 Gy
threshold was assumed to apply to all exposures (ICRP, 2007). Although ICRP
assessed a possible threshold in response, it did not address the other defining
characteristic of tissue reactions, namely the variation of severity of effect with
dose above the threshold. Although there is evidence that, for example, severity of
tissue fibrosis increases with administered dose, usually of >30 Gy (Geara et al,
1998; Rosen et al, 2001; Oh et al, 2012; Verginadis et al, 2025), there is little
evidence of such increasing severity for any type of CVD.

The ICRP (ICRP, 2007, 2021) expresses stochastic risks in terms of “health
detriment”, in which cancer incidence estimates are adjusted to take account of the
severity of disease in terms of lethality, quality of life, and years of life lost. The
primary source of information on cancer caused by radiation is the Life Span Study
(LSS) of the Japanese survivors of the atomic bombings at Hiroshima and
Nagasaki in 1945. Estimates of lifetime risks of cancer incidence derived from
studies of these populations, supplemented by other epidemiological data, are
transferred and averaged across Asian and Western populations, adjusted for
fatality, morbidity and years of life lost, and summed with a component of
estimated risk of hereditary effects to provide overall stochastic detriment values.
For the purposes of radiological protection, a LNT dose response model is
assumed to apply to stochastic effects at low doses or low dose rates. Recent
results demonstrate relationships at doses below 100 mGy of low linear energy
transfer (LET) radiation (Lubin et al, 2017; Little et al, 2018; Hauptmann et al,
2020) with little evidence of the existence of a threshold. In a review of all relevant
epidemiological studies, the United States National Council on Radiation Protection
and Measurements (NCRP) concluded that current epidemiological data support
the continued use of a LNT dose—response model for radiological protection
purposes, with no other model representing a more pragmatic interpretation
(NCRP, 2018). A recent review of biological mechanisms relevant to the inference
of risk of cancer from low dose and low dose rate radiation also concluded that
there remains good justification for the use of a non-threshold model for risk
inference for radiological protection purposes (UNSCEAR, 2021).

Table 1.1 shows the ICRP values of stochastic detriment as severity-weighted risk
coefficients per sievert (Sv) of effective dose (see Chapter 2 for dose quantities),
calculated as age-, population- and sex- averaged values for both the whole
population (public) and the working age population, with somewhat higher



estimated lifetime detriment for the whole population because of the inclusion of
children.

Table 1.1: Severity-adjusted nominal risk coefficients (detriments) per effective
dose (102 Sv') (ICRP, 2007)

1.7

1.8

1.9

Exposed Cancer Hereditary

population effects

Whole 5.5 0.2 5.7
Adult* 4.1 0.1 4.2

*working age population, 18 to 64y

Following from the use of a LNT dose-response model for stochastic health effects,
it is internationally accepted that protection should be optimised by keeping doses
as low as reasonably achievable, taking economic and societal factors into account
(ICRP, 2007; IAEA, 2014). This ALARA principle (as low as reasonably achievable)
is applied in the UK (IRR, 2017) as ALARP (as low as reasonably practicable), the
terms being largely similar.

Presently, the ICRP framework for stochastic effects does not include specific
considerations of diseases other than cancer and hereditary effects because these
were not considered to be related to low doses (<100 mGy of low LET radiation) or
low dose-rates (<0.1 mGy/min of low LET radiation averaged over 1 hour)
(UNSCEAR, 2012).

Diseases of the circulatory system, in particular IHD and stroke, are the leading
causes of premature death globally (Khan et al, 2020; GBD, 2021) (2nd in the
UK#). They are also the second ranking (after neonatal disorders) cause of
disability adjusted life-years in all ages and the highest in those aged 50 years and
over (GBD, 2020). Even a small proportional increase in risk as a result of low
doses of radiation, therefore, could have a meaningful impact on population health.
There have been suggestions that inclusion of circulatory disease in low dose risk
estimation could approximately double the ‘total’ risk coefficients shown in Table 1.1.

Contemporary radiation exposures are significantly different from those
experienced by the 1945 residents of Hiroshima and Nagasaki, and, with the
exception of doses to normal tissues received during RT, are almost exclusively of
low-dose and low-dose rate. It is therefore important to look beyond the atomic
bomb survivor studies to evaluate whether radiation exposures in contemporary
exposure situations might also increase the risk of circulatory disease.

In particular, this is important in relation to IHD and CeVD as these have the
highest population prevalences (Khan et al, 2020; GBD, 2021).

The current report aims to provide a summary review of the current evidence on a
causal association between radiation exposure and IHD and CeVD disease risk. It
does not aim to provide an exhaustive systematic review and assessment of all
available peer-reviewed and grey literature.

4 Trends in the epidemiology of cardiovascular disease in the UK
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Chapter 2. Exposure assessment

Dose quantities and measurements

2.1

2.2

2.3

24

2.5

The 2 main quantities in general use to quantify exposures of human organs and
tissues to ionising radiation are absorbed dose and effective dose (ICRP, 2007;
ICRU, 2020; ICRP, 2021).

Absorbed dose, D, is a basic physical dose quantity, with the unit Gy, where 1 Gy
=1 J kg™ in Sl base units. When using the quantity absorbed dose for radiological
protection purposes, doses are averaged over tissue volumes. It is assumed that
the mean value of absorbed dose averaged over a specific organ or tissue can be
correlated with radiation effects, either tissue reactions or stochastic effects. A
difficulty encountered in the assessment of risks of circulatory diseases is that the
target tissues and organs are not well understood.

Effective dose, E, with the unit Sv, is the main quantity used in the control and
optimisation of protection against stochastic effects, principally cancer (ICRP,
2021), and it is also widely used in assessing radiation exposures. It is calculated
as the sum of doubly weighted absorbed doses to organs / tissues:

E=)rwr)rwrDrr

where E is the effective dose in Sv, wr is the tissue weighting factor, wr is the
radiation weighting factor, and D7 is the mean absorbed dose in Gy for organ or
tissue, T, and radiation type, R. Tissue weighting factors are fractions (total = 1)
that represent the contribution of the individual organs and tissues to overall
stochastic risks. Radiation weighting factors are multipliers that account for the
different effectiveness per Gy of different radiation types in causing cancer and
hereditary effects (for example, 1 for gamma rays and beta particles, 20 for alpha
particles). Radiation weighting factors are simplified values based largely on
experimental data on the relative biological effectiveness (RBE) of different
radiation types. An intermediate quantity, equivalent dose, Hr (Sv), can be
calculated for individual organs and tissues in which just radiation weighting for the
effectiveness of different radiations is considered:

Hr = Yrwp Drr

For the purposes of optimisation of radiological protection, ICRP introduced an
additional dose quantity, collective dose (ICRP, 1977, 1991, 2007). Collective
effective dose takes account of the group of persons exposed to radiation and the
period of exposure as the sum of all individual doses from a source over a
specified time period. The special name used for the collective dose quantity is the
‘man sievert’. ICRP (2021) advises that the use of collective effective dose to
predict potential/possible health effects should be treated with caution, put into
context and judged in relation to background morbidity rates.

Because absorbed dose in organs and tissues and effective dose are not directly
measurable, additional quantities are used to measure exposures. In medicine,



2.6

2.7

2.8

2.9

2.10

these quantities include incident air kerma (IAK, Kj), entrance surface air kerma
(ESAK, Ke) or kerma-area product (KAP, Pka) for radiography and fluoroscopy, and
CT dose index (CTDlyo) and dose-length product (DLP) for computed tomography
(CT). Dose coefficients are available for the calculation of organ / tissue doses and
effective doses from these measured quantities (Jones and Wall, 1985; Hart et al,
1994; Rannikko et al, 1997; Kramer et al, 2004; Lee et al, 2011; Wall et al, 2011;
Lee et al, 2012; Ding et al, 2015; Shrimpton et al, 2016).

For the control of occupational and environmental exposures to external radiation,
operational quantities are used for measurement and instrument calibration (ICRU,
1985, 1988, 1993). For individual monitoring, the operational quantity is the
personal dose equivalent, Hy(d), which is the dose equivalent in ICRU
(International Commission on Radiation Units and Measurements) (soft) tissue at
an appropriate depth, d, below a specified point on the human body. The specified
point is normally taken to be where the individual dosemeter is worn. For the
assessment of effective dose from measurement of personal dose equivalent, d =
10 mm and H,(10) has been chosen and if the dosemeter is worn in a position on
the body that is representative of whole-body exposure, it is assumed that the
value of H,(10) provides a reasonable estimate of effective dose. For the
assessment of the dose to the skin and to the extremities, the personal dose
equivalent, H,(0.07), with a depth d = 0.07 mm, is recommended for use as an
operational quantity. For the case of monitoring the dose to the lens of the eye, a
depth d = 3 mm has been used (ICRP, 2010, 2012b; Bolch et al, 2015).

In some situations, in which individual monitoring is not carried out, an assessment
of effective dose may be performed by area monitoring applying the quantity
ambient dose equivalent, H*(10). Organ / tissue doses and effective doses from
intakes of radionuclides by inhalation and ingestion can be calculated using ICRP
dose coefficients and bioassay data and ICRP also provides data for the
calculation of doses for administered radiopharmaceuticals (ICRP, 2012a, 2015,
2021).

Table 2.1 shows UNSCEAR (2012) descriptions of dose levels from very high to
very low which are used here. In terms of averaged absorbed dose to the whole
body or individual organs, UNSCEAR (2012) considered low doses to be below
100 mGy of low LET radiation, with doses below 10 mGy classed as very low.

The biological effects of radiation are also affected by dose rate, with lower dose
rates generally being less effective to an extent that depends on the endpoints
under consideration. Low dose rate was defined by UNSCEAR (2012) as less than
0.1 mGy low LET radiation per minute averaged over about 1 hour. ICRP (2021)
has used the same description of low doses (<100 mGy) and specified low dose
rate as <6 mGy per hour.

It should be noted that these terms are applied to low LET radiation and
differences in biological effectiveness need to be taken into account when
considering high LET radiations, including from radionuclides that emit alpha
particles. RBE values of high compared to low LET radiations are generally lower
when considering tissue reactions than for stochastic effects (for example, ICRP
(2003, 2012b)). The relationship between localised tissue dose (Gy) and biological
effects is particularly challenging in cases such as the increasing use of alpha
emitters and protons in RT (Terry et al, 2019).

8



Table 2.1: Terminology for levels of radiation dose (based on UNSCEAR (2012))

Description Range of absorbed dose Example scenarios of exposure

of dose for low LET radiation

Very high Greater than about 10 Gy Normal tissue doses in radiotherapy

High About 1 Gy to about 10 Gy =~ Worker doses after severe accidents

Moderate About 100 mGy to about 1 Worker doses for around 100,000
Gy individuals after the Chornobyl

accident; multiple CT scans;
cumulative doses to early nuclear

workers
Low About 10 mGy to about 100  CT scans, annual occupational
mGy exposure of a small proportion of
workers
Very Low Less than about 10 mGy Annual doses received by most people

from all sources; doses from
conventional radiology

Radiotherapy exposures

2.1

Patients treated with X-ray RT often receive doses to the heart, brain or other parts
of the cardiovascular system of many Gy. Patients treated for cancers of the breast
and lung commonly have received doses over 5 Gy to the heart (Darby et al, 2013;
Mulrooney et al, 2020; Shrestha et al, 2021), but most planning algorithms for the
breast now include dose limits for the heart which should reduce exposures (RCR,
2016). Patients receiving radiation treatment for Hodgkin lymphoma have in the
past received doses of 20-30 Gy to the heart (van Nimwegen et al, 2016), but this
treatment is now seldom used (RCR, 2019). Patients treated for head and neck
cancers often receive over 5 Gy to the brain or carotid arteries (Haddy et al, 2011;
El-Fayech et al, 2017; Huang et al, 2019; Lee et al, 2020; van Aken et al, 2021).

Medical imaging exposures

212

Medical X-ray imaging exposures are an important contributor to the radiation
doses received by the UK population. The heart and vasculature are exposed in
diagnostic and interventional imaging procedures, although the doses are much
lower than those involved in RT. However, individual patients can undergo
repeated imaging for certain conditions. Doses from imaging procedures are
generally reported either in terms of measurable dose quantities, which are not
comparable directly to doses to individual organs and tissues, or effective dose. CT
is the diagnostic procedure that delivers the largest proportion of the doses to the
population from diagnostic procedures (Hart et al, 2012), while interventional
cardiology and radiology procedures deliver the highest doses from single
procedures. A small proportion of patients, usually less than 1%, receive effective
doses over 100 mSv from repeated CT scans, with data available from the USA
(Rehani and Nacouzi, 2020; Rehani et al, 2020), Europe (Brambilla et al, 2020),



and the UK (Martin and Barnard, 2022). However, a greater number receive doses
above 100 mGy to individual organs or tissues that may be at risk. In a study of
cumulative doses to the heart and brain from CT scans that was carried out in a
group of UK hospitals over a period of 5% years, 9.5% of patients having head CT
scans received over 100 mGy to the brain and 3.7% of patients having body CT
scans received over 100 mGy to the heart (Martin and Barnard, 2021).

CT scans

2.13

214

2.15

2.16

Patient doses from CT scanning are reported in terms of the volume averaged CT
dose index (CTDlva), dose length product (DLP), or effective dose. The limited
available data on doses to the heart from CT scans of the thorax give values
between 10 and 20 mGy per procedure. The CTDl.o represents an average dose
to tissues within a patient represented by a standard phantom. The mean value of
CTDlyo reported for CT scans of the thorax in the UK is 11 mGy (Shrimpton et al,
2014) and third quartile values from the distribution of UK dose survey results are
8.5 mGy for chest scans, 9.1 mGy for CT chest pulmonary angiography (CTPA)
and 6 to 20 mGy for CT angiography (CTA) (Castellano et al, 2017; UKHSA,
2022).

The UK study of cumulative doses to the heart, brain and carotid artery from
multiple CT scans mentioned above (Martin and Barnard, 2021) included 105,757
patients who received CT scans at 3 hospitals within 1 hospital group over a period
of 5%z years, 65,394 having body scans and 58,430 having head scans. Absorbed
doses to the heart were >100 mGy for 2.4% of patients, >200 mGy for 0.3%, and
>500 mGy for only 5 patients, less than 0.01%. Conversely, 97.6% received doses
to heart of <100 mGy, with 3.8% receiving 50 — 100 mGy and 31.3% 20 — 50 mQGy.
Patients receiving doses to the heart of over 200 mGy were predominantly
between 50 and 90 years of age.

CT examinations of the head are performed frequently. The dose distribution within
the head is reasonably uniform and CTDlI,q can be taken as an approximate
measure of dose to the brain. Values of CTDl,q for different scanning techniques
from a UK survey gave median values of 56 to 62 mGy and third quartile values 61
to 68 mGy (Shrimpton et al, 2014). The national diagnostic reference level (DRL)
based on the third quartile values from recent surveys for the CTDlyo is 47 mGy
(UKHSA, 2022). CTDlI\o values for children were 20 to 40 mGy for those under 5
years and 40 to 60 mGy for those over 5 years (Shrimpton et al, 2014). The study
mentioned in 2.12 and 2.14 of cumulative doses in a group of UK hospitals
reported that absorbed doses to the brain were >100 mGy for 5,609 patients, 9.5%
of the total having brain scans (Martin and Barnard, 2021). Brain doses >500 mGy
were received by 79 patients, 0.08% of the total receiving head scans, and 42% of
these patients were under 50 years of age. About 90% of the group having head
CT scans received doses <100 mSyv, with 19.5% receiving 50 to 100 mGy and
43.8% receiving 20 to 50 mGy.

Martin and Barnard (2021) further reported that 1.3% of all the CT scan patients
received an absorbed dose of >100 mGy to the thyroid, which was used as a
surrogate to estimate doses received by the carotid artery, but none received
doses >500 mQGy.

10
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CT doses to the brain from multiple head scans for patients included in
epidemiological studies were up to about 350 mGy (Pearce et al, 2012; Berrington
de Gonzalez et al, 2016).

Nuclear medicine

2.18

Exposures from radiopharmaceuticals are measured in terms of the activities
administered, but there are well established models used to calculate absorbed
radiation doses to individual organs and tissues (ICRP, 2015). Nuclear medicine
examinations of the heart using **™Tc pharmaceuticals result in doses of 1 to 2
mGy to the heart wall, while earlier examinations using 2°'TI gave doses of 15 to 22
mGy. Radiopharmaceuticals for brain imaging deliver doses of the order of 10 mGy
to the brain. Positron emission tomography (PET) scans that have become
increasingly important in the last decade use 400 MBq of '8F labelled
fluorodeoxyglucose (['8F] FDG) for myocardial and tumour imaging. These scans
give doses of 29 to 35 mGy to the heart wall and 16 to 17 mGy to the brain, based
on the latest dosimetry models (Quinn et al, 2016).

Interventional procedures

Interventional cardiology

219

2.20

2.21

Procedures include coronary angiography, coronary graft angiography, cardiac
ablations, and insertion of stents. Doses depend on the type and complexity of the
procedure and are mostly reported as either KAP or effective dose. Median KAP
values are in the range 20 to 40 Gy cm? (Hart et al, 2012; Sciahbasi et al, 2017)
with doses to a few patients extending up to several hundred Gy cm? (Neil et al,
2010). The UK DRL for coronary angiography is 31 Gy cm?, based on the third
quartile of the distribution, and for coronary graft angiography 47 Gy cm? (PHE,
2019). It is estimated that these values correspond to doses to the heart of 30 to
100 mGy, but doses to individuals may extend up to 300 mGy for multiple complex
procedures on a few patients. The same patients are also likely to have undergone
CT scans and possibly nuclear medicine examinations which could make an
additional contribution.

Other interventional radiology procedures can also give high doses to the heart.
Endovascular aortic aneurysm repair (EVAR) is a life-sparing procedure that can
involve particularly high dose levels. Brambilla et al (2015) found that the median
cumulative effective dose for EVAR procedures was 224 mSv with median doses
to thoracic and abdominal organs in the range 190 to 270 mGy and Harbron et al
(2020) reported a UK study with median heart doses for thoracic EVAR of 84 mGy,
with some cases reaching several hundred mGy.

Paediatric interventional procedures can give rise to higher doses than for adults. A
study in a UK paediatric hospital reported typical doses to the heart of 20 to 40
mGy per procedure with doses for some procedures of several hundred mGy
(Keiller and Martin, 2015). The same authors reported doses of several hundred
mGy for paediatric cardiology procedures based on analysis of dose
measurements for the upper 90" percentile of cases in data published by the
National Council on Radiation Protection and Measurements (NCRP), with doses
over 1 Gy for some patients in the 70 to 85 kg weight range (NCRP, 2010).
Harbron et al (2016) reviewed data for 5 studies reported in terms of KAP in
groupings of weight or age ranges (France, Canada and the USA). KAP values for
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the majority of studies of children under 10 years, or less than 40 kg, were in the
range 1 to 20 Gy cm?, while KAP values for those over 15 years of age extended
from 20 up to 200 Gy cm?. There is no straightforward link between KAP values
and heart dose for paediatric patients because there are large variations in body
size and in the X-ray projections used during a procedure. Results from analysis of
available data (Appendix B) indicate that there is likely to be a proportion of older
paediatric patients and young adults who receive doses to the heart of several
hundred mGy from interventional cardiology procedures.

Neuroradiology procedures

2.22 Brain doses from cerebral angiography procedures on adults are in the order of
100 mGy and those for cerebral embolization are 150 to 500 mGy or greater
(Sanchez et al, 2014). The highest brain dose from embolization procedures in this
study were 800 to 1600 mGy. The mean KAP for cerebral angiography in a UK
survey was 69 Gy cm? (Hart et al, 2012), but values can be as high as 200 Gy cm?
for coronary angiography and several hundred Gy cm? for cardiac ablations (Neil et
al, 2010). A KAP of 1 Gy cm? equates to a dose to the brain of about 1.9 mGy
(Sanchez et al, 2014), so doses from neuroradiology procedures will typically result
in doses to the brain of over 100 mGy , with some doses of several hundred mGy.
Brain doses from paediatric procedures when optimized should be less than
100 mGy per procedure, but if large fields are used doses could be of the order of
500 mGy (Thierry-Chef et al, 2008).

Summary of medical imaging exposures

2.23 The mean absorbed doses from single diagnostic CT imaging are in the ranges
10 to 20 mGy for the heart and 50 to 70 mGy for the brain, but individual patients
with specific conditions may receive multiple CT examinations over several years
that may involve doses of over 200 mGy to the heart and 500 mGy to the brain.
Interventional cardiology procedures typically give doses of 30 to 100 mGy to the
patient’s heart, but some procedures, especially on paediatric patients may involve
doses of several hundred mGy. Single radionuclide PET procedures give doses of
around 30 mGy to the heart. Doses to the brain from neuroradiology procedures
may range from 100 mGy to 1 Gy. It should be remembered that medical imaging
procedures play a vital part in the management of patients, many of whom have
life-threatening conditions. Optimisation of radiological protection associated with
these procedures is important to ensure that dose levels are commensurate with
the intended purpose (ICRP, 2024).

Public and worker doses

Public and worker doses in planned and existing exposure situations

2.24 There are several distinct scenarios in which people can get exposed to radiation.
These can be classified as planned, existing or emergency situations (ICRP,
2007). A planned exposure is the controlled use of a source, as in the industrial or
medical use of radiation. Existing situations are distinguished as sources of
exposure that are occurring when action is considered, such as exposures to
natural sources and legacy contamination from earlier occurrences. Emergency
situations involve loss of control of sources of exposure.
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2.25

2.26

2.27

2.28

2.29

Doses are generally assessed as effective dose for the purposes of radiological
protection and to ensure compliance with dose limits and other dose control
criteria. While the use of effective dose facilitates comparisons and can give an
approximate indication of possible overall risk (ICRP, 2021), it can conceal very
different distributions of dose between organs and tissues. For example, while
doses from terrestrial gamma rays or from ingested caesium-137 result in similar
doses to all organs, iodine-131 inhalation or ingestion results in doses mainly to the
thyroid and inhalation of radon results in doses mainly to the lungs. A further
complication in the context of this report is that the target tissues for the induction
of circulatory diseases are not well understood.

The average (non-medical) annual effective dose to members of the UK population
results mainly from exposure to existing natural sources of radiation, with an
average total annual effective dose estimated as 2.3 mSv (Oatway et al, 2011).
The main contributors to this average dose are inhalation of radon gas and its
radioactive progeny in homes (1.3 mSyv), ingestion of radionuclides in foods

(0.3 mSv), terrestrial gamma rays from radionuclides in rocks, soils and building
materials (0.4 mSv), and cosmic radiation from space (0.3 mSv). Radon levels and
gamma ray exposures are variable around the UK, with the highest levels in
Cornwall with an average annual effective dose to members of the public estimated
as 6.9 mSv (although for individuals this can be significantly higher).

Exposure of the public from planned routine discharges from nuclear facilities and
other users of radioactive sources are generally very low, with an estimated
average effective dose to individuals of <1 uSv per year (Oatway et al, 2011).
Annual surveys in the UK over many years have shown the highest doses to be
due to discharges from the Sellafield nuclear fuel reprocessing plant on the
Cumbrian coast (RIFE, 2021, 2025). The most recent estimate of the annual
effective dose to the Representative Person (ICRP, 2007) in Cumbria was

0.20 mSyv for 2024, down from 0.24 mSv in 2020. This dose related mainly to the
consumption of shellfish and fish, together with external dose from sediments. The
main contributor to this dose was enhanced levels of natural polonium-210 in
shellfish, resulting from past operations of a phosphate processing works at
Whitehaven, near Sellafield, rather than Sellafield discharges. Similar doses to the
Representative Person have been estimated for the Capenhurst uranium
enrichment plant in Cheshire, with values of 0.22 mSyv for 2024, increased from
0.15 mSv for 2023, and due largely to external radiation from the site (RIFE, 2025).

Planned occupational exposures are controlled and regulated, with employers
applying dose constraints, usually set at 6 mSv per year, below the legal limit of an
annual effective dose of 20 mSv per year. The UK Health Security Agency
(UKHSA) maintains a UK database of monitoring results for classified workers who
receive the highest occupational doses. As reported by Oatway et al (2011), the
Central Index of Dose Information (CIDI) showed that average doses for the
thousands of classified workers in the nuclear and defence industries were in the
range of 0.1 to 1 mSv per year. However, a relatively small proportion of workers
received higher doses. CIDI records indicated a total of 3,152 workers having
recorded doses in the range of 1 to 6 mSv per year, a few receiving doses of up to
15 mSv per year, and none exceeding the 20 mSv per year dose limit.

Medical staff may also incur similar doses to those received in the nuclear industry.
Oatway et al (2011) recorded a total of 913 staff with annual effective doses in
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2.30

2.31

2009/10 of 1 to 6 mSv and 109 workers with doses exceeding 6 mSv per year in
the UK. In France, the highest doses (0.36 mSv (0.33 to 0.39)) were reported for
nuclear medicine radiographers and technicians (Baudin et al, 2023).

Occupational exposures to existing sources occur in mining and offshore gas and
oil operations (Oatway et al, 2011). Small numbers of workers in small, poorly
ventilated, mines in the UK have received annual effective doses, mainly from
radon and progeny, of up to 20 mSv per year, with an average of 6 mSv in 2010
(30 miners with 6 to 20 mSv in 2010). For larger mines, doses were lower, with an
average for 2010 of 0.6 mSv. Gas and oil extraction releases naturally occurring
radionuclides, principally isotopes of radium, lead and polonium. Annual effective
doses recorded for 2010 averaged 0.2 mSyv, with 33 workers receiving 1 to 6 mSv
and 1 in the 6 to 20 mSv range.

Average annual effective doses in the US from occupational exposures were
reported for 2003 to 2006 by NCRP (NCRP, 2009) to be 0.81 to 0.93 mSv (industry
and commerce), 0.54 to 0.72 mSv (education and research), 3.07 mSv in aviation,
and 0.50 to 0.73 mSv (defence and military). A survey carried out from 2012 to
2014 showed that over time, annual doses to US radiologic technologists working
in general radiology decreased from an average of 0.6 mSv to below the limits of
detection over a 36 year period of time, but doses for nuclear medicine/PET
imaging workers remained at 1 to 2 mSv (Villoing et al, 2021). The majority of
occupational exposure in nuclear medicine/PET imaging is due to irradiation from
patients and is difficult to protect against (Zeff and Yester, 2005). It is noted that
the use of average dose estimates conceals differences between individual
workers and doses could be significantly higher for some individuals.

Public and worker doses in accidents

2.32

2.33

2.34

Emergency situations can lead to very high and widespread doses, with the most
notable examples being the accidents occurring at the nuclear power plants at
Chornobyl in 1986 and Fukushima Daiichi in 2011.

UNSCEAR (2020) has evaluated exposures of the Japanese public and workers
after the Fukushima accident. The average effective doses to the public who were
not evacuated and to those evacuated from the most contaminated areas
averaged between about 0.1 and 10 mSv in the first year after the accident, mostly
due to external exposures from contaminating caesium isotopes. Doses reduced to
an average of up to about 1 mSv per year for the following 10 years and
subsequently to an average of 0.3 — 0.4 mSv. Average absorbed doses to the
thyroid from ingested iodine isotopes were estimated in the range from about 1 to
30 mGy in the first year. The total collective effective dose to the population was
estimated as 12,000 man Sv (the cumulative dose (in Sv) per person summed over
all members of the cohort) in the first year and 32,000 man Sv over the first 10
years.

For the over 20,000 workers involved in responding to the Fukushima accident, the
average first year effective dose was 13 mSv. Six workers received doses greater
than 250 mSyv, with the highest being 679 mSy, largely due to inhalation of
radioiodine. A further 168 workers received effective doses in the range of 100 to
250 mSv. From April 2013, all worker doses were below 50 mSv and by 2018 the
maximum was reduced to 20 mSv. The average annual effective dose to 10,708
workers reduced to 3 mSv. The highest thyroid doses ranged from 5 to 32 Gy.
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2.35

Compared to the Fukushima Daiichi accident, the earlier Chornobyl accident
resulted in substantially greater doses to larger numbers of people (UNSCEAR,
2000, 2011). For example, the average first year effective dose for 530,000
recovery operation workers was estimated as 120 mSyv, with the majority in the
range of 20 to 500 mGy whole-body dose. Recorded doses for 134 of the 600
workers on site on the first day, both nuclear plant workers and emergency
responders, were in the range of 0.8 to 16 Gy; they suffered acute radiation
syndrome, and 28 workers died in the first 3 months. The first year average
effective dose for 115,000 evacuated members of the public was 30 mSv, with
maximum doses more than an order of magnitude higher. The average absorbed
dose to the thyroid of evacuees, largely from consumption of milk containing
iodine-131, was estimated to be about 500 mGy, with individual values ranging
from <50 mGy to >5 Gy (UNSCEAR, 2018), with particularly high thyroid doses,
>35 Gy, recorded in groups of exposed children in Ukraine and Belarus (Little et al,
2014; Little et al, 2015).

Summary of public and occupational exposures

2.36

2.37

Effective dose is the main quantity used to assess radiation exposures because it
facilitates comparisons between different exposures to external and internal
sources. However, it may conceal large differences in absorbed doses to particular
organs and tissues. In the context of this report, target organs and tissues are not
well understood.

With these caveats, it is clear that doses to all organs and tissues are low or very
low in the case of planned or existing exposures of workers and members of the
public (not considering doses received as medical patients). Emergency situations
have resulted in moderate doses to members of the public and high doses to
workers.
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Chapter 3. Epidemiology

3.1

3.2

3.3

3.4

3.5

3.6

3.7

3.8

Potential impacts on human health from radiation exposures are studied using a
variety of different epidemiological study designs, most notably observational
studies which are not based on the deliberate (randomised) exposure allocation by
the research team (randomised controlled trials (RCTs)).

RCTs are considered to have the strongest potential to make unbiased inferences
about the causal effect of an exposure on an outcome of interest, at least in theory.
However, in most situations of radiation exposure, with the exception of those in
medical settings, they cannot be implemented.

Alternative observational epidemiological designs, including cohort studies and
case-control studies, can provide estimates of risk similar to those from RCTs, but
inferences are more difficult as these study designs are highly susceptible to
issues of bias and confounding that may impact on the validity of the study.

Epidemiological studies of radiation exposure are susceptible to all forms of bias
that also hamper observational studies in other settings. In particular, there are
concerns around (exposure) measurement error or bias, selection bias such as the
healthy worker effect, and related issues of collider bias, recall bias, loss-to-follow-
up bias, and issues of residual confounding as a result of specific information not
being available (UNSCEAR, 2017; Berrington de Gonzalez et al, 2020; Daniels et
al, 2020; Gilbert et al, 2020; Hauptmann et al, 2020; Linet et al, 2020; Schubauer-
Berigan et al, 2020).

Nonetheless, the benefit of conducting such studies is that they can provide
information on comparatively large populations under non-contrived “real-world”
settings, benefitting the external validity of findings, and the ability to study effects
following long-term exposure or to study the effects from exposures following long
latencies.

Epidemiological evidence of CVD risks from low dose or low dose rate radiation
exposures comes from observational epidemiological studies of the Japanese
atomic bomb survivors, medical exposures, occupationally exposed populations,
and environmental exposures.

In these epidemiological studies, people exposed to radiation are compared to
populations that are not exposed, or which have different levels of exposure, with
respect to an outcome, and the differences are expressed as relative measures of
association (Relative Risks (RR), Excess Relative Risks (ERR), Hazard Ratios
(HR), or others depending on study design), and sometimes also as absolute
differences (that is, the number of additional, or fewer, people with the outcome, for
example expressed as Excess Absolute Risk (EAR)).

Relative measures of association centre around 1 (no difference) with a higher
number indicating an excess risk and a number between 0 and 1 indicating a risk
reduction (with ERR expressed as RR-1), and sometimes these measures are
expressed per unit exposure or dose to describe linear associations between
exposure/dose and risk, or at a particular dose, for example, 1 Gy, if a linear
association is not assumed.
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3.9

A specific measure of association used in studies of exposed populations is the
Standardized Mortality Ratio (SMR), in which the outcome is compared between
workers and a comparable (in terms of sex and age distribution) group from the
general population. Related measures include Standardised Incidence Ratios (SIR)
or Standardised Registration Ratio (SRR). Although a useful measure for initial
comparison, particularly for a large number of outcomes, this measure is
particularly susceptible to various biases. In particular, because workers are
generally healthier on average than the normal population, a common observation
is ‘healthy worker selection bias’ (Vrijheid et al, 2007a). SMRs also have the
limitation that they do not provide information on quantitative associations with the
level of radiation exposure. Therefore, although SMRs may be reported in this
report in places for reference, they will not be further discussed.

Evidence from the Japanese atomic bomb survivors

3.10

3.11

3.12

3.13

3.14

3.15

The impact of a single radiation exposure has been studied in the Life Span Study
(LSS) of Japanese A-bomb survivors (Ozasa et al, 2018); a cohort of 120,321
people followed from the 1950s, with dose-response assessed for mortality from
heart diseases in 86,600 members of the cohort with individual dose estimates
(Takahashi et al, 2017). About 45% of the exposed cohort received a radiation
dose (weighted absorbed colon dose based on DS02R1 estimations) of <5 mGy,
and 6.4% received >500 mGy (Cullings et al, 2017).

The LSS has provided evidence of a dose-related excess risk of circulatory
disease mortality (Preston et al, 2003; Yamada et al, 2004; Shimizu et al, 2010;
Ozasa et al, 2012) with ERR/Gy (dose estimates for the colon) of 0.11 [0.05, 0.17]°
(Ozasa et al, 2012). There was some indication that risk might be higher in women
(0.14 [0.06, 0.23]) than in men (0.07 [-0.001, 0.16]).

For all heart disease, an ERR/Gy of 0.14 [0.06, 0.23] was observed (Shimizu et al,
2010). A linear model best fitted the data, with ERR/Gy of 0.14 [0.04, 0.25], 0.18
[0.03, 0.33] and 0.20 [-0.05, 0.45] for dose ranges under 2 Gy, 1 Gy, and 0.5 Gy,
respectively, without evidence of a threshold, although subsequent work
highlighted methodological issues suggesting that the likelihood ratio test is
probably invalid in this context (Little, 2013). A significant dose response for heart
failure over the 0 to 0.4 Gy dose range was reported (Takahashi et al, 2017).

The heart disease risks were greatest for hypertensive heart disease, rheumatic
heart disease and heart failure. For IHD specifically (n=3,556; 3,079 with weighted
absorbed colon dose <200 mGy) there was no excess risk across the complete
dose range (ERR/Gy 0.03 [-0.08, 0.15]). However, the authors reported that there
was some indication that IHD risk increased only in the higher dose categories
(Takahashi et al, 2017).

Takahashi et al (2017) also reported an ERR/Gy of 0.02 [-0.13, 0.20] for M, 0.04
[-0.12, 0.22] for other ischemic heart diseases, and 0.21 [0.07, 0.37] for heart
failure, among other endpoints.

ERR/Gy for stroke, based on 9,622 cases, was 0.09 [0.01, 0.17]. Although there
were indications of upward curvature in the dose-response, there was no evidence
that the linear-quadratic model significantly improved the fit over the linear model
(p=0.17). There were weak suggestions of smaller effects at lower doses, with

% In this report, figures in square brackets are 95% confidence intervals (Cl). Thus, in this case, 0.11 is
the mean value, and lower and upper confidence intervals on this mean value are 0.05 and 0.17
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3.16

3.17

3.18

3.19

ERR/Gy of 0.03 [-0.10, 0.16] for the dose range 0 to 1 Gy and —-0.07 [-0.28, 16] for
0 to 0.5 Gy (Shimizu et al, 2010), but the uncertainties in these estimates are
considerable.

Similarly, for cerebrovascular infarction (ERR/Gy 0.04 [-0.10, 0.20]) and cerebral
haemorrhage (ERR/Gy 0.05 [-0.06, 0.17]) there was no excess risk observed
across the dose range (Shimizu et al, 2010).

Shimizu et al (2010) reported minimal confounding from smoking, alcohol,
education, occupation, obesity or diabetes.

There have been reports also of excess CVD incidence in the Adult Health Study
(AHS), a (biennially clinically examined) subset of the LSS, in particular
hypertension (Yamada et al, 2004), although there was no significant dose
response for peripheral artery disease (Takahashi et al, 2018).

Although the LSS provides important information on cancer and non-cancer effects
from moderate to high doses received following a single radiation exposure, more
or less uniform to the whole body, the relevance of risk estimates to low dose or
low dose rate, protracted exposures is unclear. A large proportion, 74,444 of
86,611 (~86.0%) survivors received doses of <50 mGy, and so most received low
dose (<100 mGy). Nevertheless, almost all exposures were received at high dose
rate within a period of <10 seconds (Rihm et al, 2018). In addition, Ozasa et al
(2016) advised that these results should be treated with caution because of
changes in disease classification and other possible factors influencing risk in this
population.

Evidence from radiotherapy

Long-term cardiovascular risk associated with radiotherapy for cancer

3.20

3.21

3.22

Greater risks of cardiac events occurring following radiotherapy (RT) treatments
have been reported among individuals with hypertension and pre-existing cardiac
disease (Darby et al, 2013; Dess et al, 2017).

A large number of observational studies and randomised controlled trials have
investigated the long-term effects of RT treatment of cancer and non-malignant
diseases. These studies report a long-term increase in risk of CVD (up to 40 years
after treatment for lymphoma). Many of these studies have investigated the effects
of RT for breast cancer and there have been many studies estimating risks in
relation to heart doses resulting from standard breast cancer RT regimens (Darby
et al, 2013; Jacobse et al, 2019; Boekel et al, 2020; Killander et al, 2020; Baaken
et al, 2022).

Other cancers within the thorax and abdomen that are treated with RT have a
lower incidence in the population or have a lower rate of long-term survival during
which cardiovascular effects might be manifest. A few studies have been carried
out in more depth over many decades for patients with Hodgkin lymphoma and for
paediatric RT for a variety of malignancies (Cutter et al, 2015; Haddy et al, 2016;
van Nimwegen et al, 2016; van Nimwegen et al, 2017; Mulrooney et al, 2020;
Shrestha et al, 2021). These studies have grouped patients in terms of the dose
received by the heart and so can provide an indication of dose dependence. Data
on patients receiving <10 Gy to the heart are limited, but those studies that do
present their results separately do not indicate increased CVD risks.
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3.23

3.24

3.25

Other cancers in the region of the heart treated with radiation are those of the
lungs and oesophagus. For these cancer types, doses are higher and, despite the
shorter survival times, cardiovascular effects have been observed within about 2
years (Dess et al, 2017; Atkins et al, 2019).

Risks of CVD can be increased by several fold in patients treated with RT for
cancers in the thorax. Breast cancer and lymphoma are of particular importance
because of the potential for curative treatment and long-term survival.

There have also been a number of studies of CVD in persons treated for non-
malignant disease (Little et al, 2012a; Adams et al, 2018; Sadetzki et al, 2021) or
receiving radiation for diagnostic purposes (Tran et al, 2017).

Breast Cancer radiotherapy exposures

3.26

3.27

3.28

Darby et al (2013) reported a population-based case control study of 2,168 women
with a mean heart dose of 4.9 Gy (range, 0.03 to 27.7 Gy) which demonstrated a
linear increased incidence of major coronary events, with an ERR/Gy of 0.074
[0.029, 0.145] using mean heart dose. There was some evidence of excess risk for
those receiving 5 to 9 Gy heart dose.

van den Bogaard et al (2021) published a study of 910 women receiving RT at a
single institution following breast-conserving therapy. They reported an ERR/Gy for
MI of 0.117 [-0.098, 0.383] among patients with atherosclerotic plaque in the left
anterior descending (LAD) artery, and 0.161 [-0.034, 0.395] among patients
without atherosclerotic plaque in the LAD artery, using mean heart dose. The
authors suggested that for persons with atherosclerotic plaque, it was dose to the
plaque that was most predictive of radiation-associated MI.

Taylor et al (2017) pooled the data from dosimetry studies of breast cancer RT
regimens in the 1980s to estimate radiation doses to the heart (average dose to
the whole heart 6 Gy) and the effect of radiation on long-term cardiac mortality.
The study included 75 trials involving 40,781 women with median age 56 years.
The meta-analysis yielded a risk ratio for cardiac mortality at 10 years after RT
(n=1,253) of 1.30 [1.15, 1.46]. The ERR/Gy of cardiac mortality in relation to mean
heart dose was assessed to be 0.04 [0.02, 0.06]. The authors concluded that,
based on available data, a clear relationship exists between whole-heart dose and
risk of cardiac events following RT for breast cancer, with a significant increase in
risk for left-sided breast cancer patients. A history of ischaemic heart disease and
smoking were identified as confounding factors for risk of cardiac death. The study
has quite significant limitations resulting from use of grouped estimates of dose for
each component regimen, so that there is the potential for ecological bias.

Hodgkin Lymphoma radiotherapy studies

3.29

van Nimwegen et al (2016) carried out a case-control study of 325 cases
diagnosed with coronary heart disease as their first cardiovascular event after
receiving RT for treatment of Hodgkin lymphoma (HL) and who were matched to 4
patient controls each. The mean heart dose was assessed using the percentage of
cardiac volume within the field as 22.0 Gy for cases and 20.4 Gy for controls. A
linear radiation dose-response relationship best described the data, with a
regression line estimate of ERR/Gy of 0.07 [0.03, 0.15].
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Another case-control study (with 89 cases, 200 controls) nested within the same
Dutch cohort of patients following RT treatment for Hodgkin lymphoma showed a
1.4% increase in valvular heart disease among those receiving 20 or 30 Gy to the
heart (Cutter et al, 2015). Heart failure has also been assessed in a case-control
study (with 91 cases, 278 controls) nested within this cohort, with HR of 1.27 [0.86,
1.89]; 1.65[0.98, 2.77]; 3.84 [1.97, 7.47] and 4.39 [2.00, 9.65] in groups receiving
mean left ventricular doses of 1 to 15 Gy, 16 to 20 Gy, 21 to 25 Gy and =226 Gy,
respectively (van Nimwegen et al, 2017).

Maraldo et al (2015) conducted a pooled analysis of 9 European randomized
clinical trials of persons with Hodgkin lymphoma, assessing several cardiovascular
outcomes. An excess HR/Gy of 0.015 [0.006, 0.024] for all cardiovascular event
incidence, and 0.019 [0.009, 0.028] for major cardiovascular event incidence was
observed in relation to mean heart dose.

Childhood cancer survivor studies

3.32

3.33

3.34

3.35

3.36

RT related cardiac risks have also been assessed in the Childhood Cancer
Survivors Study (CCSS) of 24,214 patients, of whom 11,960 had received RT
(59.7% also received the chemotherapy drug, anthracycline), from the United
States and Canada recruited in 1970 to 1999 (Shrestha et al, 2021). Paediatric
cancer survivors originally diagnosed with leukaemia, brain cancer, Hodgkin
lymphoma, non-Hodgkin lymphoma, renal tumours, neuroblastoma, soft tissue
sarcomas, or bone sarcomas diagnosed prior to 21 years of age (median 7 years)
and with a minimum of 5 years survival post RT were assessed for cardiac
disease.

The study showed a cumulative incidence of cardiac disease 30 years after cancer
diagnosis of 4.8%, substantially higher than among siblings (Mulrooney et al,
2020), and doses of 5.0 to 19.9 Gy to volumes >50% of the heart were associated
with an increased rate of cardiac disease, RR of 1.6 [1.1, 2.3] (Bates et al, 2019).

Further analysis of only patients with conditions graded 3 to 5 (grade 3 - severe or
disabling, grade 4 - life-threatening, and grade 5 - fatal), indicated 2 to 7 fold
excess risks of cardiac disease, coronary heart disease or heart failure from 210
Gy to the heart (Shrestha et al, 2021).

The 20 year cumulative incidence of heart failure in this study has declined with
time, being 0.69% for those treated in the 1970s, 0.74% for those treated in the
1980s, and 0.54% for those treated in the 1990s (Mulrooney et al, 2020). The
incidence of coronary artery disease has also declined with time, being 0.38%,
0.24%, and 0.19%, in the groups treated in the 1970s, 1980s and 1990s,
respectively. The decrease was particularly marked among survivors of Hodgkin
lymphoma.

Haddy et al (2016) reported on 3,162 patients from the French part of the same
cohort. Results described increasing risk of cardiac disease among 5 year
survivors of childhood cancer with increasing mean heart doses for all grades of
cardiac disease and grades > 3. The cumulative incidence of any type of cardiac
disease at 40 years of age (n=156) was 7.4% [6.2, 8.9] for cardiac disease of
grade 23. The mean heart dose was 7.5 Gy for all patients, 17.2 Gy for patients
with cardiac disease, and 19.7 Gy for patients with a cardiac disease of grade =3.
For patients who had received anthracycline, the risk of radiation-induced cardiac
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disease increased markedly with attained age. The ERR/Gy was 0.26 [0.06, 0.82]
up to 20 years and 0.87 [0.28, 3.46] at >40 years of age, but there was no increase
in ERR/Gy with attained age in patients who had received anthracycline. Patients
who received a mean heart dose <0.1 Gy and anthracycline had a comparable RR
(compared to no RT and no anthracycline) of 18.4 [7.1, 48.0] to those receiving 15
to 30 Gy without anthracycline (with same reference group), RR of 18.9 [7.1, 50.2].

Lung and oesophagus cancer studies

3.37

3.38

3.39

Studies in patients with breast cancer or lymphoma have demonstrated that
radiation-induced cardiac disease often occurs many years after RT. However,
patients receive greater radiation exposure of the heart for treatment of cancer of
the lung or oesophagus. Although the shorter survival of these patients means that
they are less likely to be affected by long term cardiac changes, the higher doses
can lead to effects within the first 2 years.

Dess et al (2017) reported an incidence of a grade 3 cardiac event within 24
months of 11% [5%, 16%] among 125 patients with non-small cell lung cancer
receiving a median cardiac dose of 11 Gy (range 0.3 to 46 Gy). An ERR/Gy (in
relation to mean heart dose) of 0.07 [0.02, 0.13] was assessed. Atkins et al (2019)
reported a 5.8% [4.3%, 7.7%] cumulative incidence of a major cardiac event over a
2 year period among 748 patients receiving a mean heart dose of 12.3 Gy (range 6
to 19 Gy) while being treated for a similar condition. In later analysis of the same
data, Atkins et al (2021) estimated an ERR/Gy of 0.03 [0.00, 0.06] for major
adverse cardiac events in relation to mean heart dose.

In a study of 479 patients treated with RT for oesophageal cancer, who received
between 5 and 50 Gy to the heart, 18% experienced a severe cardiac event (G3+)
within the 76 month follow-up, with a median time of 7 months (Wang et al, 2020).
The number of events was lower in those receiving a mean heart dose less than
15 Gy. An ERR/Gy of 0.034 [0.006, 0.062] in relation to mean heart dose was
determined.

Studies of persons treated for non-malignant disease or subject to diagnostic exposures
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Sadetzki et al (2021) reported increased risks of vascular disease with RR=1.19
[1.09, 1.29], stroke RR=1.35 [1.20,1.53], carotid artery stenosis RR=1.32

[1.06, 1.64], and IHD RR=1.12[1.01, 1.26] in a cohort of 17,734 persons who were
treated for tinea capitis in childhood in Israel, 7,408 of whom received RT with
mean doses of 1.5, 0.09, 0.78, or 0.017 Gy to the brain, thyroid, salivary gland, or
breast, respectively. The doses tended to be low relative to those in groups treated
for cancer. Efrati et al (2009) reported on a study of 145 individuals receiving RT
and 150 matched controls with no history of RT in this cohort and noted a
significant increase in carotid intima media thickness (IMT) and increased
prevalence of carotid stenosis in the exposed group, with adjusted OR=5.36

(2.78, 10.33), but no such increase in femoral IMT or prevalence of femoral
stenosis. However, no individual doses were used in this analysis.

Adams et al (2018) analysed persons treated for enlarged thymus with X-rays in
early infancy, comparing risk among an irradiated group with non-irradiated
siblings, and reported a non-significantly increased risk of coronary heart disease
with ERR/Gy of 0.08 [-0.01, 0.20]. The doses in this group were moderate to high,
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with median cumulative heart dose of 1.41 Gy (range 0.17 to 20.2) in the irradiated
group.

Little et al (2012a) reported dose-dependent excess risks in a US cohort of 3,719
peptic ulcer patients, 1,859 of whom were treated with X-rays, with heart doses in
the range 0 to 6.20 Gy. There were 1,469 deaths from all circulatory disease, with
an ERR/Gy of 0.08 [0.03, 0.14] and 1,003 deaths from IHD, with an ERR/Gy of
0.10 [0.04, 0.17].

Tran et al (2017) analysed a pooled cohort of 77,275 persons who received
multiple fluoroscopic X-rays as part of their air-collapse treatment for tuberculosis
and reported a dose-dependent excess risk for all circulatory disease for exposure
<0.5 Gy, with ERR/Gy of 0.246 [0.036, 0.469], and also for IHD with ERR/Gy of
0.267 [0.003, 0.552]. However, over the full dose range, with doses up to 27.8 Gy,
the dose response was null.

Long-term cerebrovascular risk

3.44

3.45

3.46

3.47

The effects of RT on the brain can either be due to direct cerebral irradiation or
irradiation of blood vessels supplying the brain. Meta-analyses of data from around
the world on patients treated with RT for head and neck cancer (30 to 80 Gy) show
risks of cerebrovascular disease (CeVD) and stroke to be approximately doubled
on average, but the relative risk may be up to 5.6 in groups receiving higher doses
(Plummer et al, 2011; Huang et al, 2019). A systematic review of all available
studies of radiation exposure, 93 of them informative, with about half assessing
risks from medical RT, found evidence of excess risk of CeVD, with an ERR/Gy of
0.188 [0.093, 0.283] (Little et al, 2023).

A retrospective analysis of a prospective study cohort of 750 head and neck cancer
patients in the Netherlands treated with definitive (chemo) RT calculated dose—
volume parameters for the carotid arteries in the treatment plans (van Aken et al,
2021). Twenty-seven patients experienced an ischaemic cerebrovascular event
during follow-up (mean 3.4 years) with a cumulative risk of 4.6% and excess risk,
HR/Gy mean carotid dose, of 0.03 [0.00, 0.07].

Haddy et al (2011) conducted a cohort study of 4,590 2 year survivors of childhood
malignant neoplasms (other than leukaemia) treated in 1985 or before in one of
eight cancer centres in France or the UK, and of which 4,227 were still alive 5
years after diagnosis. RT had been received by 2,947 of these patients and 724
had died during follow-up, 23 from CeVD. Radiation dose to the brain was 10.5 to
49.2 Gy (mean 25.3 Gy) for those treated for CNS cancers and 1.9 to 6.7 Gy
(mean 3.4 Gy) for those treated for other cancers. Cumulative CeVD mortality was
1.3% at 40 years after diagnosis for all patients, and 1.7% [1.0%, 2.8%] for those
who received RT. There was no significant association (p=0.5) with average brain
dose, but a linear dose-response when considering dose to the prepontine cistern,
with an ERR/Gy of 0.22 [0.01, 0.44]. A RR of 24.2 [5.1, 115] was observed for
patients who had received 50 Gy or more compared with patients who did not
receive RT. It is noted that the prepontine cistern is very close to the circle of Willis,
a vascular network that provides all the terminal vasculature to the brain (Haddy et
al, 2011).

Mueller et al (2013) reported on the Childhood Cancer Survivor Study, a
retrospective cohort of 14,358 5 year survivors of childhood cancer, with 4,023
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selected siblings as controls, and showed that after 23.3 years of follow-up RT
increased CeVD risk with a HR of 5.9 [3.5, 9.9] for 30 to 49 Gy and 11.0 [7.4, 17.0]
for >50 Gy.

In the same cohort, Fullerton et al (2015) reported 72 cases of recurrent stroke
among 271 persons with a first stroke, estimating a HR of 4.4 [1.4, 13.7] for
patients who received cranial RT doses of 250 Gy.

El-Fayech et al (2017) analysed a cohort of 3,172 5 year survivors of childhood
cancer, 2,202 of whom received RT. Median follow-up was 26 years, during which
54 experienced a stroke (39 of which were ischaemic). Patients not receiving RT
had a stroke risk similar to that of the general population, whereas those who
received RT had an 8.5-fold (95% CI [6.3, 11.0]) increased risk. The ERR/Gy was
0.24 [0.11, 0.53] for all stroke, and 0.42 [0.16, 1.20] for ischaemic stroke.

Sadetzki et al (2021) assessed risk of CeVD in a cohort of 17,734 persons in Israel
treated for tinea capitis in childhood (with sibling controls), 7,408 of whom were
treated with X-rays. There were 1,089 incident cases of CeVD and brain doses of
0 to 6 Gy were received, yielding an ERR/Gy of 0.20 [0.12, 0.29].

In a US cohort of 3,719 persons treated for peptic ulcer, 1,859 of whom were
treated with X-rays, there were 226 deaths from stroke, with thyroid doses of 0 to
0.46 Gy, with a non-significant ERR/Gy of 0.422 [-1.455, 3.039] (Little et al,
2012a).

Summary of radiotherapy and diagnostic radiation exposure risk
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Cardiovascular effects have been reported following RT treatments where the
heart or brain have received doses of a few Gy or greater. A clear relationship
exists between mean heart dose and risk of cardiac events following RT for breast
cancer with typical doses of several Gy or more. The risks are reported to be
significantly higher among individuals with pre-existing cardiac disease.

Several studies demonstrate a linear relationship between cardiovascular effects
and mean heart dose. An example is the relative risk of heart disease among
patients receiving RT of between 14 Gy and 36 Gy during childhood (Shrestha et
al, 2021). However, few of these studies enable an extrapolation with any degree
of accuracy down to doses of less than 10 Gy. Doses tend to be substantially lower
in groups treated with RT for non-malignant disease, or given radiation for
diagnostic reasons, and studies have shown excess risk at <6 Gy (Sadetzki et al,
2021), or indeed <0.5 Gy (Tran et al, 2017).

Organ doses in RT studies are highly non-uniform, so that if the target tissue is
incorrectly specified then doses will be substantially biased. Even if the correct
target tissue is chosen, organ doses are often determined many years after the
event, and often rely on treatment plans — so if these are slightly out, or the organ
position is not correctly ascertained then doses will be inaccurate. Another serious
issue with all RT studies is that of selection — the people who receive a certain
treatment (and in particular receive a specific radiation dose) could do so because
of some underlying medical condition, which may well determine the subsequent
disease status.

Strengths of the medical RT cohorts are that they frequently have very rich data on
medical/environmental risk factors, particularly those known to be associated with
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CVD. As detailed in the analysis of Little et al (2024), there is little evidence that
making adjustments for such factors results in significant changes to radiation risk
estimates.

Evidence from occupational populations
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An important source of evidence of low-dose or low dose rate exposure and
ischemic heart disease (IHD) and cerebrovascular disease (CeVD) risk are large
occupational population (worker) cohorts which, because of long follow-ups, offer
an increasingly important data source on the effects of protracted low dose-rate
exposure to external sources of radiation (Wakeford, 2009, 2021).

These observational studies have important strengths, notably their direct
relevance to human health, their size, the length of follow-up, and often good
exposure assessments.

However, there are weaknesses that limit their ability for causal inference inherent
to all observational epidemiology, including for example sampling or follow-up bias
and missing information on confounders. They may also have insufficiently large
populations, hampering subgroup analyses and hampering interpretation of
findings.

There are several large national occupational radiation worker cohorts, and for
several decades extensive work has been done to pool data from some of these
cohorts to improve statistical power, initially at a national level and then
internationally. An overview of the main occupational cohorts or pooled cohorts
with information on cardiovascular outcome data is provided below.

International Agency for Research on Cancer 15-country study of nuclear
industry workers
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The 15-country study was a multinational retrospective cohort study of the mortality
of nuclear industry workers employed in the production of nuclear power,
manufacturing of nuclear weapons, enrichment and processing of nuclear fuel,
production of radioisotopes or reactor or weapons research, but not uranium
mining, including workers from 15 countries (Australia, Belgium, Canada, Finland,
France, Hungary, Japan, Lithuania, Slovakia, South Korea, Spain, Sweden,
Switzerland, UK, US) (Cardis et al, 2005; Vrijheid et al, 2007a).

The 15-country study assessed associations between radiation exposure and non-
cancer outcomes including CVDs, as well as the main focus on cancer, although
not including the Japanese cohort, US-Idaho National Laboratory and Canada-
Ontario Hydro cohorts because of missing information on non-cancer mortality or
socio-economic status (Vrijheid et al, 2007b). These analyses were based on a
total of 275,312 workers and 4,067,861 person-years of follow-up from 1943 to
2000.

In these analyses, the main study population included workers with at least 1 year
in a facility and who had been monitored for external radiation exposure, with
doses resulting predominantly from higher energy photon radiation. Workers were
excluded who had the potential for substantial (>10% of whole-body dose) from
neutrons and/or internal contamination with radionuclides other than tritium that
were not adequately measured (Cardis et al, 2007). External radiation exposure
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data were obtained from facility records and/or national registries. Doses to specific
organs were included, with colon doses used for all non-respiratory diseases.
Errors in dose assessments were evaluated to obtain bias factors for use in the
epidemiological analyses; these were generally close to 1, but with varying
magnitude of uncertainty, particularly in the earlier years (Thierry-Chef et al, 2007).

The average cumulative dose (Hp(10)) in the population was 20.7 mSyv, with <0.1%
of workers having received cumulative doses >500 mSv. Average colon dose and
lung dose were estimated at 16.9 mSv and 17.9 mSy, respectively.

The study included 8,412 circulatory disease deaths, of which 5,821 were from |IHD
and 1,224 from CeVD.

The overall finding for circulatory diseases, with doses lagged by 10 years, was a
small, non-significant, dose-response association with an ERR/Sv of 0.09 [-0.43,
0.70] (Vrijheid et al, 2007b). Effects were stronger with increasing lag time up to 15
years and were stronger for men than for women.

A limitation of the 15-country study is that information on factors such as smoking
habits, alcohol intake and diet was not available.

Furthermore, subsequent work showed that there were important errors in the
exposure assessment of the Canadian cohort which, once corrected as best as
possible, resulted in reduced cancer mortality risks (Zablotska et al, 2014b). The
impact of these errors on CVD incidence or mortality risks is not known but may
also affect the 15-country study pooled results.

UK National Registry for Radiation Workers (NRRW)

3.66

3.67

3.68

3.69

The NRRW includes workers from a wide range of industrial employer
organisations in the UK but principally from the Ministry of Defence, the Atomic
Weapons Establishment (AWE), the UK Atomic Energy Authority (UKAEA), the
sites formerly managed by British Nuclear Fuels plc (BNFL), and UK nuclear power
generation sites. It includes workers who started being monitored for exposure to
external radiation during 1940 to 1999, and to date has had 3 analyses (Muirhead
et al, 2009a), as well as extended analyses of the third (NRRW-3) analysis
(Haylock et al, 2018; Zhang et al, 2019a; Hunter et al, 2022).

In addition to external radiation dose, primarily from gamma rays and X-rays but
with smaller contributions from beta particles and neutrons, records were kept of
internal exposure, primarily to uranium, plutonium and tritium (Zhang et al, 2019a).

NRRW-3 included about 23,600 of workers (14%) who started work before 1960
when higher exposures occurred resulting in these workers contributing 41% of the
overall collective dose and with 19% of this group having accumulated lifetime
occupational external doses >100 mSv (Muirhead et al, 2009b). Overall, 6% of the
workers included in NRRW-3 had working lifetime doses >100 mSv.

Muirhead et al (2009a) reported an ERR/Sv for all circulatory disease of 0.25
[-0.01, 0.54] and of 0.16 [-0.42, 0.91] for CeVD. They also reported an ERR/Sv of
0.28 [-0.19, 0.85] for all circulatory diseases not strongly related to smoking. It was
noted that risks for exposure to external radiation were greater in workers who
were not also monitored for potential intakes of radionuclides.
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The extended NRRW-3 analyses added a further ten years of follow-up to the end
of 2011, by which time 21% of the workers had died. External doses >100 mSv
over a working lifetime were recorded for 13% of all workers who had died, and
62% of these workers had started work before 1960 (Haylock et al, 2018).

The most recent non-cancer (extended) NRRW 3™ analyses (NRRW-3) were
based on 167,003 workers (56% industrial workers) with 3,684,391 person years of
follow-up (mean length of follow-up was 32 years) of whom 34,995 were deceased
by the end of follow-up (Haylock et al, 2018; Zhang et al, 2019a).

Mean and median doses from external radiation were 62.1 mSv and 17.1 mSy,
respectively (Haylock et al, 2018).

Analysis of mortality from heart disease specifically was based on 174,541
subjects, which included 11,014 deaths from heart disease, including 9,814 from
IHD (Zhang et al, 2019a).

The updated analyses reported excess mortality from heart disease with an
ERR/Gy of 0.37 [0.11, 0.65], and confirmed excess IHD mortality, with an ERR/Gy
of 0.32 [0.04, 0.61] (Zhang et al, 2019b). Significant inter-facility heterogeneity was
noted, but exclusion of outliers did not materially change the summary dose-
response slope (Zhang et al, 2019a).

Hinksman et al (2022) updated the CeVD mortality analyses based on a study
cohort of 166,812 nuclear workers (3,665,413 person-years), including 3,219
deaths from ischaemic stroke, haemorrhagic stroke and other/ill-defined CeVD.
They reported an ERR/Sv of 0.57 [0.00, 1.31], with increased mortality rates being
observed above 10 to 20 mSv (Hinksman et al, 2022).

A study was done on a subset of the NRRW cohort consisting of installations
previously operated by British Nuclear Fuels Limited (BNFL) (McGeoghegan et al,
2008). Analysis of mortality patterns among male employees up to 2006 indicated
a raised ERR/Gy estimate® for CVD mortality with respect to cumulative external
dose of 0.65 [0.30, 1.04]. This was mainly attributable to the ERR/Gy for deaths
from IHD, with an ERR/Gy of 0.70 [0.26, 1.19].

Significant heterogeneity of CVD mortality ERR/Gy estimates was observed
between industrial (“blue collar’) and non-industrial (“white collar’) workers and
between workers monitored only for exposure to external radiation or also for
potential exposure to internally deposited radionuclides.

Nested within the McGeoghegan cohort, a matched case control study of IHD
mortality was also established among male industrial workers at Sellafield and the
BNFL Springfields uranium processing plant (after Sellafield, the largest BNFL
installation), originally set up to study associations with occupational noise and shift
work but with external radiation dose and internal exposure added later (de Vocht
et al, 2020). This study took account of confounding by socio-economic status,
occupational noise, shift work, and pre-employment blood pressure, body mass
index, and tobacco smoking.

8 McGeoghegan et al. (2008) used a 15 year lag period and reported 90% confidence intervals that
have here been converted to 95% confidence intervals (assuming a Normal distribution) for consistency
with results for other studies.
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3.79 The study of de Vocht et al (2020) consisted of 1,220 matched worker pairs.
Cumulative external doses were in the range 0 to 1,656 mSv and cumulative
internal doses to the liver were 0.004 to 5,732 mSv. Median external doses were
69.1 and 64.8 mSv for cases and controls, respectively, at Sellafield, and 7.1 and
8.6 mSy, respectively, at Springfields. Corresponding median internal doses were
164 mSv and 139 mSyv at Sellafield and 2.2 mSv and 2.7 mSv at Springfields. The
association between IHD mortality and external dose was confirmed, and a log-
linear increase in risk per 100 mSv of 2% (95% CI [-4%, 8%]) was observed for
unlagged external dose and 5% (95% CI [-2%, 11%]) for 15 year lagged dose.
There was no evidence of excess risk in relation to internal sources of radiation.
However, heterogeneity between various groups of workers was significant, in
particular between those monitored for internal emitters or not.

3.80 de Vocht et al (2020, 2021) conducted a quantitative assessment of biases in the
same nested case-control study and concluded that confounding from pre-
employment tobacco smoking, BMI, blood pressure, or from socio-economic status
or occupational exposures to noise and shiftwork, or patterns of missing data, were
unlikely to explain the observed association between external radiation exposure
and IHD risk. Their analyses further provided some indication that, in this
population, the dose-response association may be non-linear with the risk
plateauing at about 43% (7 to 92%) excess risk from about 400 mSv.

3.81 Zhang et al (2024) investigated the shape of the dose-response curve in the
complete NRRW cohort and observed the same downwardly curving linear-
quadratic shape as de Vocht et al (2021). However, further work indicated that this
shape may result from a study population artefact with the smaller risk per unit at
doses >0.4 Sv driven by workers who started employment before 30 years of age
and those who were employed for over 30 years.

International Nuclear WORKers Study (INWORKS)

3.82 The INWORKS pooled cohort study consisted of nuclear industry workers from
France, the UK and US employed for at least 1 year who had dosimetry records for
external radiation exposure, and was set up as a follow-up to the 15-Country Study
(Hamra et al, 2016; Gillies et al, 2017).

3.83 French workers were from Commissariat a I'Energie Atomique (CEA), AREVA
Nuclear Cycle (AREVA) and Electricité de France (EDF) and had follow-up from
1968 to 2004 (Metz-Flamant et al, 2013). UK workers were those included in the
NRRW with follow-up to 2001 (Muirhead et al, 2009b). US workers included
Department of Energy’s Hanford site, Idaho National Laboratory, Oak Ridge
National Laboratory, Savannah River site and the Portsmouth Naval Shipyard with
follow-up to 2005 (Schubauer-Berigan et al, 2015).

3.84 INWORKS included 308,297 workers with 8.2 million person-years of follow-up.
Mean dose ranged from 8.6 to 94.6 mSv. Sixty-six percent of the cohort received
less than 10 mSv cumulative dose but 6.4% (almost 20,000 workers) accrued more
than 100 mSv, with more than 1,000 workers receiving lifetime doses in excess of
500 mSv (Hamra et al, 2016). The study is of particular importance because it
includes workers employed at early nuclear weapons facilities (Hanford, USA;
Sellafield, UK; Marcoule, France), with a large proportion having received annual
doses in these early years that would not be acceptable today (Wakeford, 2021).
Unlike the 15-Country Study, INWORKS did not exclude workers with internal and
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neutron exposures (Wakeford, 2021).

INWORKS recorded 27,848 deaths attributed to circulatory diseases, including
17,463 IHD and 4,444 CeVD deaths. Linear dose-response associations were
reported for all circulatory disease mortality with an ERR/Sv of 0.22, 90% CI [0.08,
0.37], IHD mortality with an average ERR/Sv of 0.18, 90% CI [0.004, 0.36] and for
CeVD mortality with an ERR/Sv of 0.50, 90% CI [0.12, 0.94] (Gillies et al, 2017).
When the dose range was limited to 0 to 100 mSy, significant linear association
point estimates were similar to that for the whole dose range for circulatory disease
mortality, ERR/Sv 0.14, 90% CI [-0.45, 0.76], but very different for IHD, ERR/Sv —
0.56, 90% CI [<0, 0.19] and CeVD, ERR/Sv 2.07, 90% CI [0.43, 3.80]. For the
range 0 to 500 mSv, however, IHD mortality, ERR/Sv 0.23, 90% CI [0.01, 0.47] and
CeVD mortality, ERR/Sv 0.86, 90% CI [0.35, 1.43] were comparable with estimates
for the whole dose range. For CeVD, the ERR/Sv point estimate increased with
lower doses from 0.50 for the full dose range to 2.32 for <50 mSv, which was not
observed for IHD. This increase in ERR/Sv at lower doses is consistent with the
significant (p=0.017) downward curvature in the dose response for CeVD.

Significant heterogeneity in ERR by workforce was observed, with excess risks
largely attributable to the combined Sellafield and Chapelcross sites in England,
with a CVD mortality ERR/Sv'for UK workers of 0.38 [0.15, 0.64]; IHD of 0.33
[0.06, 0.64] and CeVD of 0.51 [-0.05, 1.18] (Wakeford, 2022). Considering just the
Sellafield workforce, ERR/Sv estimates for CVD, IHD and CeVD were 0.53

[0.23, 0.88]; 0.49 [0.13, 0.90] and 0.62 [-0.04, 1.47], respectively. Exclusion of this
population from the pooled cohort resulted in a reduction of the ERR/Gy for CVD
mortality to an unexceptional 0.06 [-0.14, 0.21]. In contrast, exclusion of other
sites, in particular UKAEA, Portsmouth Naval Shipyard, or Idaho National
Laboratory, resulted in increased summary risks. Excluding each of these sites and
Sellafield resulted in an aggregate risk estimate comparable to that for the whole
pooled cohort, ERR/Sv 0.27 [90% CI: 0.05, 0.50], and residual heterogeneity was
no longer significant (p>0.5) (Gillies et al, 2017).

Such heterogeneity between countries and facilities was much smaller, and did not
reach traditional statistical significance, for IHD or CeVD individually (Gillies et al,
2017).

Various possible explanations have been put forward for the observed
heterogeneity and include artifacts from differences in ERR of different outcomes
and distributions of cases between cohorts and facilities, but also potentially
variations in lifestyle factors between sites. No association was observed in the
INWORKS study for COPD (ERR/Sv of —0.07, 90% CI [-0.45, 0.38]), which is a
much stronger marker for tobacco smoking, indicating residual confounding by
smoking was probably not a major factor.

Risks (for exposure to external sources of radiation) were found to be greater in UK
workers who were not also monitored for potential intakes of radionuclides,
whereas results for the INWORKS combined cohort show the opposite effect, with
greater risks appearing in those workers who were also monitored for internal
exposure (Gillies et al, 2017; Zhang et al, 2019a; Hinksman et al, 2022). However,
these differences were only statistically significant (p=0.03) for CeVD in the UK
workers (Hinksman et al 2022).
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Million Person Study (MPS)

3.90

3.91

3.92

3.93

3.94

3.95

3.96

The study of a Million U.S. Radiation Workers and Veterans, also known as the
Million Person Study of Low-Dose Health Effects (MPS), includes over 30
individual radiation cohorts. The MPS cohort of 1,065,703 workers includes nuclear
power plant workers (n=135,193) with follow-up from 1957 to 2011, first monitored
before 1984 (Boice et al, 2022a). Also included are medical radiation workers
(n>109,019), Los Alamos National Laboratory workers (n=26,328) (Boice et al,
2022b), industrial radiographers (n=123,556) (Boice et al, 2022c), nuclear
submariners and other navy personnel (n>200,000), and radium dial painters
(n=3,276) (Boice et al, 2022d).

The MPS includes individualized and annualized dosimetry. The final study
population of 135,193 nuclear power plant workers included all workers with a
cumulative dose >10 mSv and a 10% sample of workers with a cumulative dose
<10 mSv.

The nuclear power plant worker cohort in the MPS included 7,561 heart disease

cases, comprising 5,410 IHD and 1,078 CeVD cases. There was no evidence of
excess IHD risk (p for trend 0.70) with an ERR at 100 mGy of —0.01 [-0.06, 0.04]
(Boice et al, 2022a).

Results do not show an excess IHD risk in US nuclear power plant workers
compared to the general population (SMR 0.80 [0.78,0.82]) (Boice et al, 2022d), or
for other occupational groups included in the MPS: industrial radiographers (SMR
0.80 [0.78, 0.83]), Los Alamos National Laboratory workers (SMR 0.60 [0.58, 0.63])
(Boice et al, 2022b), medical workers (SMR 0.53 [0.51, 0.56]) (Boice et al, 2023),
and Mallinckrodt Chemical Works workers (0.92 [0.84,1.00]) (Golden et al, 2022).
There was also no excess risk for all heart disease in Mound workers (0.81

[0.75, 0.87]) (Boice et al, 2014; Scholinberger et al, 2022).

Boice et al (2022d) describe differences in IHD risk among the different MPS
cohorts, with a general absence of excess risk, although some evidence of excess
risk was noted for uranium workers employed at the Mallinckrodt Chemical Works
cohort with an ERR at 100 mGy of 0.13 [-0.01, 0.28].

The MPS has a number of important limitations that affect inferences on causality.
In particular, other occupational factors, including uranium processing operations
also involving high levels of airborne dust exposures, and lack of information on
lifestyle and other potential confounding factors, make interpretation of the results
difficult. The link to excess risk for kidney disease observed by Golden et al (2022)
in the Mallinckrodt cohort suggests that other occupational factors that are not
accounted for may play an important role.

Some of the results of the MPS do not triangulate well with those from other
occupational cohort studies. No excess risks were observed for either lung cancer
or leukaemia, when, in particular, a clear excess leukaemia risk would have been
expected (UNSCEAR, 2006). However, there are weak indications of a trend for
leukaemia (ERR / Gy of 1.5 [-0.01, 3.1], p>0.1) in the nuclear power plant workers
(Boice et al 2022a). It is noted that the statistical power of the individual MPS
studies is generally quite low.
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Mayak worker cohort
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The Mayak nuclear installation, located in the Southern Urals, was the first and
largest Russian nuclear enterprise, and includes facilities for weapons-grade
plutonium production. It commenced operations in 1948 to produce plutonium for
nuclear weapons for the former USSR.

The Mayak Worker Cohort (MWC) consists of 22,377 nuclear workers first
employed between 1948 and 1982 at one of the main facilities. The end-of-follow-
up for this cohort for the study reported by Azizova et al (2018) was 315t December
2008 for workers who resided in Ozyorsk (the dormitory town for Mayak) or

31t December 2005 for all workers who moved away (or date of migration with
loss of follow-up). In total the cohort included 842,538 person-years of follow-up.

Worker exposures to external radiation and plutonium in the MWC were higher
than those in other cohorts, particularly before 1960. Cumulative external doses
were of the order of 0.1 Sv for 35% of cohort members and over 1 Sv for 17%
(Azizova et al, 2018).

Of those who died, 5,123 (44.8%) died from circulatory disease, and of these
deaths from circulatory disease, 2,905 (57%) were from IHD and 1,610 (31%) were
from CeVD (Azizova et al, 2018).

A recent mortality study of the Mayak worker cohort (Azizova et al, 2022a)
extended follow-up by 10 years to 2018, resulting in 890,132 person-years of
follow-up with mean duration of employment of 18.1 years. After exclusion of cases
of acute radiation syndrome, the study included 22,334 workers of whom 14,328
had a known cause of death, including 6,019 cases of diseases of the circulatory
system, 3,481 IHD and 1,808 CeVD cases.

Radiation doses were lagged by 10 years and reported dose-response
associations in ERR/Gy of cumulative liver absorbed doses from external radiation
exposure were 0.07 [-0.02, 0.18] for IHD mortality and —0.02 [-0.12, 0.11] for
CeVD mortality. There was also no excess risk observed in the resident subcohort
or the migrant subcohort (either in males or females) considered separately.

A joint study of CVD mortality among workers from Mayak and nearly 23,500
workers from Sellafield, the equivalent nuclear establishment in the UK, was
conducted by Azizova et al (2018), showing a difference between the Sellafield
worker cohort with an ERR/Gy for IHD mortality of 0.53 [0.14, 1.00] and Mayak
workers with a much smaller excess risk of 0.06 [0.01, 0.13]. Mean cumulative
external dose at Mayak (520 mGy) was much higher than at Sellafield (70 mGy).

Limiting the dose range in the cohorts to <2 Sv, <1 Sy, <0.5 Sv, and <0.3 Sv
showed increased ERR/Sv for IHD with the lower doses in the Sellafield cohort
ranging from 0.52 [0.14, 1.00] for <2 Sv to 1.15 [0.20, 2.31] for <0.3 Sv. This was
not observed in the Mayak cohort, where no significant excess risks were observed
at doses <2 Sv (Azizova et al, 2018). These findings may relate to the significant
linear-quadratic curvature in dose-response observed for the Sellafield cohort, in
contrast to the absence of such curvature for the Mayak workers. A similar pattern
was observed for all circulatory disease, but not for CeVD for which no significant
excess risks were observed in either cohort.
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Azizova et al (2023b) also explored the effect of dose rate, expressed as Gyl/year,
on IHD mortality. They observed that although excess risks increased with
increasing dose rates of 0.005 to 0.050 Gy/year, this increase may have been
driven by when the exposure occurred rather than dose rate.

Azizova et al (2023a) assessed associations between subtypes of heart disease
incidence and radiation exposure in the MWC, which included 7,722 IHD cases
(5,432 in men and 2,290 in women) of which 2,185 were acute Mls and 3,976
angina pectoris, 4,939 cases of heart failure, 3,689 cases of cardiac arrhythmia
and conduction disorders, and 559 cases of chronic rheumatic heart disease. They
reported statistically significant excess incident risks with 10 year lagged
cumulative liver-absorbed external gamma doses for IHD (ERR/Gy 0.19 [0.12 to
0.26]), angina pectoris (ERR/Gy 0.20 [0.11 to 0.30]), heart failure (ERR/Gy 0.27
[0.18 to 0.38]) and cardiac arrhythmia and conduction disorders (ERR/Gy 0.23
[0.14 to 0.34]), but not chronic rheumatic heart disease or acute Ml. Adjustments
for smoking, alcohol consumption, body mass index, hypertension, and diabetes
mellitus influenced the magnitude of observed incidence risks, but not whether
associations existed. Associations were notably stronger when adjustments for
alpha dose were not included.

Azizova et al (2022b) assessed CeVD and types of stroke incidence risk in the
Mayak cohort of 22,377 workers followed up until the end of 2018. There were
9,469 cases of CeVD, of which 2,078 were stroke including 262 cases of
haemorrhagic stroke. CeVD incidence (10 year lagged) was statistically
significantly associated with cumulative liver absorbed dose of external radiation
exposure with an overall ERR/Gy of 0.39 [0.31, 0.48]; 0.37 [0.27, 0.47] in men and
0.47 [0.31, 0.66] in women. Estimates were similar when analyses were restricted
to those employed longer than 1 year. Comparable associations were observed for
cumulative internal alpha radiation dose with ERR/Gy of 0.31 [0.11, 0.59] in men
and 0.32 [0.11, 0.61] in women. In contrast, no associations were observed for
stroke, or haemorrhagic or ischemic stroke, considered separately.

Excess risk estimates were only minimally impacted by adjustment for smoking and
alcohol consumption, but were increased in men after adjustment for BMI.
However, excess risks reduced from ERR/Gy 0.90 [0.59, 1.33] to —0.06

[-0.28, 0.32] with increased effect modification by attained age from <50 years of
age to over 80 years.

A strength of the Mayak cohort is that it has extensive data on important
confounding factors including smoking, alcohol consumption, BMI, hypertension
and diabetes, but there are also several important limitations that complicate
inferences. One puzzling and unexplained feature remains the much lower (and
often non-significant) ERR in the mortality analysis compared with that for
incidence. It has been shown that mortality rates for Ozyorsk residents and Mayak
workers in the years 1998 to 2010 were much lower than those elsewhere in
Russia (Deltour et al, 2015). Mayak workers who carried on living in Ozyorsk city
would be part of a surveillance programme with access to a high-quality health
care system while migrants living in other regions would have varying, generally
lower, quality health care systems (Azizova et al, 2015), and there was also an
extensive post-mortem programme in place for residents. In addition, there have
been marked differences in disease coding practices for mortality across the
country (Wasserman and Varnik, 1998; Danilova et al, 2016), resulting in
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differential diagnosis for resident workers and those having moved elsewhere
(Wakeford, 2022), which has been reported to be as high as around 41% of the
cohort by the end of 2005 (Azizova et al, 2015). Differences in dose-responses
between these groups have been reported for IHD (Azizova et al, 2015) and CeVD
(Moseeva et al, 2014).

Chornobyl recovery workers
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A cohort study of 53,772 Russian liquidators who worked in the Chornobyl accident
zone within the first year following the accident (1986 to 1987), and who had
individual doses of 0.0001 to 1.42 Gy (mean whole-body dose 0.16 Gy), reported a
high incidence of 27,456 CVD (other than CeVD) cases, 22,220 of which were IHD
and 14,720 other non-IHD (and non-CeVD) CVD cases, in the 1986 to 2012 follow-
up period (Kashcheev et al, 2017).

Excess risk was reported for incidence of CVD (other than CeVD) with an average
ERR/Gy of 0.47 [0.31, 0.63] assuming no latency period. The highest excess risk
was observed for those who worked only during the first 6 weeks after the accident
with an ERR/Gy of 0.80 (0.53,1.08), reducing to 0.17 [0.11, 0.47] for those who
worked for longer than 12 weeks; mean daily doses were 20.9 mGy and 7.7 mGy,
respectively (Kashcheev et al, 2017). These results were in agreement with
previous studies of the liquidators (lvanov et al, 2006).

The same authors also studied 23,264 CeVD cases in the same cohort and
reported an ERR/Gy of 0.45 [0.28, 0.62], with a higher estimate for those leaving
the zone within 6 weeks (0.64 [0.38, 0.93]) (Kashcheev et al, 2016). These results
were also in agreement with the earlier analysis of the cohort (lvanov et al, 2006).

There are, however, difficulties in the interpretation of this study, and there remain
concerns of cohort selection, diagnosis confirmation and dose information
(Wakeford, 2022; Little et al, 2023). The study population has a much higher
incidence, but not mortality, of CVD and CeVD than would reasonably be
expected, with 40 to 50% diagnosed with IHD or CeVD (Schdllinberger et al, 2022).

There is also no information on potential lifestyle and other confounding factors in
this cohort, including smoking, alcohol consumption, excessive weight,
hypercholesterolemia, and socio-economic factors. The authors also note the
harder working conditions of those arriving in the first year compared to others.

Tapio et al (2021) pointed out that, as is common in many cohorts, the SIR risk
estimates that can be derived from this study are almost certainly misleading, since
the general Russian population (and Ukrainian population) is very likely not
representative of the Chornobyl recovery workers because of the healthy-worker
selection effect.

Uranium miners and millers
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Uranium underground miners are primarily exposed to internal ionizing radiation
from radon decay products via inhalation, and to a lesser extent to uranium ore
dust and external gamma radiation. Doses from inhaled radon and its radioactive
progeny deliver alpha particle doses confined very largely to the lungs.

A study of mortality for a pooled cohort of 118,329 male uranium miners from
Canada, the Czech Republic, France, Germany and the USA, employed from 1942
to 1996 with follow-up until 2013 with 4,125,533 person-years of follow-up (pooled
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within the PUMA study), included 16,921 deaths from circulatory diseases (SMR
0.88 [0.86, 0.89]), of which 9,457 were from IHD (SMR 0.92 [0.91, 0.94])
(Richardson et al, 2020). The study did not include information on exposures that
would have allowed for internal dose-response analyses.

A French cohort study of 5,086 uranium miners followed up from 1946 to 2007
included a post-1955 sub-cohort of 3,377 miners with records of external gamma-
ray exposures, with 110,548 person-years of follow up (Rage et al, 2015). The
study reported SMRs for circulatory diseases of 0.93 [0.84, 1.02], IHD of 0.92
[0.79, 1.07], and CeVD of 0.96 [0.79, 1.17] in the main cohort and SMRs of 0.90
[0.77, 1.04]; 0.89 [0.70, 1.13] and 0.91 [0.66, 1.24], respectively, in the post-1955
sub-cohort. Exposure to cumulative external gamma rays was not associated with
circulatory diseases (p=0.69) or IHD (p=0.15), but a positive association was
observed with CeVD (p=0.05). Analyses of dose-response associations with
external gamma rays in the post-1955 sub-cohort gave estimates of ERR/100 mGy
of —0.02 [-0.14, 0.17] for all circulatory disease, —0.10 [<-1, 0.22] for IHD and 0.33
[-0.07, 1.25] for CeVD.

A case-control study of 76 circulatory disease deaths (including 26 from IHD and
16 from CeVD) and 237 controls nested within the above French cohort was set up
to further explore the impact of circulatory disease risk factors (Drubay et al, 2015).
The authors concluded that adjustment for weight, hypertension, diabetes,
hypercholesterolemia and smoking status would not have materially changed the
results obtained.

A German cohort of 58,982 former uranium miners, the WISMUT cohort, included
9,039 deaths from CVDs, 4,613 deaths from IHD and 2,073 CeVD deaths (Kreuzer
et al, 2013). Mean cumulative gamma dose of exposed (86%) miners was 47 mSy,
with maximum cumulative dose of 909 mSv. No excess risk was observed for CVD
(ERR/Sv -0.13 [-0.38, 0.12]), IHD (—0.03 [-0.38, 0.32]) or CeVD (0.44 [-0.16,
1.04]). There was little impact of lagging exposure by 2 to 15 years. The cohort did
not have complete individual information on potential confounding factors, including
smoking, cholesterol, blood pressure, or diabetes, or on occupational confounders
such as arsenic and dust, or on medical radiation exposure.

A pooled cohort of 7,431 uranium milling, refining and processing workers from
Canada and Germany (270,201 person years of follow-up; at least 20 years) was
conducted to explore differences between uranium underground miners and
nuclear reactor workers (Zablotska et al, 2018). Mean, median, and range of
lifetime gamma-ray doses were 61.5 mSv, 13.8 mSv, and 0 to 5,098.8 mSyv,
respectively.

No significant excess risks were observed in male workers for mortality from CVD
(ERR/Sv 0.13 [-0.11, 0.48]), IHD (0.21 [-0.13, 0.71]), or stroke (-0.19

[-1.12, 0.50]). Women had lower dose compared to men and similarly no excess
risks were observed for mortality from CVD (ERR/Sv —0.69 [-3.12, 3.58]) or IHD
(1.20 [-3.52, 11.9]); there were insufficient stroke cases to estimate ERR.

Recent Reviews

3.123

Tapio et al (2021) conducted a narrative review of the available evidence on CVD
risks, including that from occupationally exposed groups. They concluded that
there is strong evidence in support of a causal association between acute high-
dose and chronic low-dose radiation exposure and most types of circulatory
disease, in particular IHD and CeVD. The data indicate increasing dose-related
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trends for morbidity and mortality from IHD and CeVD, although they highlighted
that the significant trends are largely driven by occupational cohorts in the UK and
Russia.

A recent large and comprehensive systematic review and meta-analysis of the
epidemiological evidence of radiation associated risks of CVD in groups exposed
to radiation with individual radiation dose estimates was conducted by Little et al
(2023). The results of this study are presented in this section, while noting that it
includes data published up to October 2022 of groups who were occupationally
and environmentally exposed as well as results from the Life Span Study and
therapeutically and diagnostically exposed cohorts.

The meta-analysis was based on 93 studies (of an initially identified database of
15,098 articles), and reported a meta-analytic summary dose-response ERR/Gy of
0.11 [0.08, 0.13] for all CVD, as well as estimates for subgroups: IHD (0.08

[0.05, 0.12]), other (non-IHD) heart disease (0.04 [0.02, 0.05]), CeVD (0.19

[0.09, 0.28]), and all other CVDs (0.17 [-0.03, 0.37]).

However, these summary dose-response associations rely on inclusion of data for
exposures at higher doses and the assumption that they are applicable at lower
doses. Little et al (2023) interpreted the results of their review and meta-analysis
as providing evidence supporting a causal association between radiation exposure
and CVD at high dose, and to a lesser extent at low dose.

Little et al (2023) also reported significant interstudy heterogeneity, in agreement
with previous studies and reviews, which they attributed to unmeasured
confounding or effect modification. They did note, however, that studies looking
specifically at this issue reported the effect of possible modifying effects of lifestyle,
medical and environmental factors, particularly smoking, obesity, diabetes,
hypertension and hypercholesterolaemia, is likely to be small.

Little et al (2023) noted that the observed heterogeneity was reduced significantly
when only higher quality studies were included, or if the analyses were restricted to
studies with moderate doses (below 0.5 Gy) or low dose rates of less than 5
mGy/hr; the latter gave an ERR/Gy of 0.23, [0.11, 0.34] for IHD and 0.31,

[0.13, 0.49] for CeVD. When the Mayak worker data were removed the
heterogeneity between the low dose-rate studies was much reduced, and generally
only borderline significant (0.03<p<0.05).

A difficulty in the interpretation of the summary risk estimates from this review is
that studies of mortality and incidence were combined for some analyses, despite
the potential for different issues of bias and confounding. Separate estimates of
risks for mortality and incidence gave ERR/Gy values of 0.342 [0.043, 0.641] and
0.154 [-0.023, 0.332], respectively. However, Little et al (2023) noted that
sensitivity analyses showed that exclusion of some subsets of data, in particular
the Mayak cohort data, made little difference to summary risk estimates, and the
same applied to the inclusion of 2 other groups (Los Alamos workers, Rochester
thymus cohort) that were found adventitiously (but were not in the systematic
review dataset).

Peters et al (2023) also conducted a systematic review and meta-analysis of
occupational low-dose radiation exposure and ischaemic heart disease and
concluded that occupational exposure to low-dose (<0.5 Gy) ionising radiation is
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associated with increased IHD mortality risk. Cohorts included nuclear energy
workers, nuclear laboratory workers, medical radiation workers, uranium workers,
millers, or miners, and fluorspar miners. The review included 26 studies, none of
which were in the lowest risk of bias category. Overall, the risk of bias was judged
as moderate and was mostly due to control of confounders and quality of exposure
assessment.

Fourteen studies reported SMRs with a summary SMR of 0.81 [0.74, 0.89], in line
with other studies reporting a reduced risk compared with the general population,
indicating healthy-worker bias (Peters et al, 2023).

Ten studies reported internal comparisons with a summary ERR/Sv for 10 year
lagged external exposure of 0.10 [0.01, 0.20] and low between-study
heterogeneity. Corresponding 5 year lagged results were 0.09 [-0.05, 0.23], N=3,
15 year lagged results 0.23 [0.06, 0.41], N=3, and 20 year lagged results 0.14
[0.07, 0.21], N=2 (Peters et al, 2023). There was no significant inter-study
heterogeneity (p=0.28).

Summary of occupational risks
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There is evidence from larger population studies, in particular based on studies
from the nuclear power industry, of an excess IHD and CeVD risks in relation to
external radiation dose.

The most comprehensive systematic review on the topic (Little et al, 2023)
reported summary risk estimates, ERR/Gy, for all CVD of 0.11 [0.08, 0.13], and
specifically for IHD of 0.08 [0.05, 0.12] and for CeVD of 0.19 [0.09, 0.28] based on
studies of occupational and other populations. Consistent results for IHD were
obtained in an independent systematic review and meta-analysis by Peters et al
(2023), which included only evidence from occupational settings and reported a
summary ERR/Sv of 0.10 [0.01, 0.20] with low between-study heterogeneity.

However, for a variety of reasons, the interpretation of results from studies of
worker populations is difficult, not least because of the lack of information on
lifestyle and other confounding factors as well as limitations in the assessment of
exposure.

Results show significant heterogeneity in risk estimates for IHD as well as for
CeVD which require further investigation. These are of the same order as observed
in other syntheses of epidemiological studies, but limit conclusions regarding
causality.

Radiation and the environment

Environmental exposures from nuclear facilities

Chornobyl residents

3.137

Slusky et al (2017) investigated the incidence of chronic diseases and mortality
amongst individuals who were resident in areas contaminated by the Chornobyl
disaster and subsequently emigrated to Israel. Compared to less exposed adults
(n=480), those from the more exposed group (n=359) had elevated odds of
ischaemic heart disease with OR = 2.01 [0.97, 4.20], although this increase was
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not statistically significant. This small study is uninformative on CVD risk as there
were no recorded radiation doses.

The Techa River Cohort
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Krestinina et al (2019) analysed circulatory disease mortality for 60,205 individuals
born before 1950 who form the Techa river cohort, of whom 14,830 died from
circulatory diseases during the period 1950 to 2015, assessing the relationship with
radiation dose. The population received external and internal exposures as a result
of waterborne releases from the Mayak nuclear facility in the Russian Federation,
and detailed individual exposure information is available. The analysis included
individualized estimates of total absorbed doses to organs and tissues, and dose to
muscle was used in most analyses. For the period 1950 to 2015, there were
1,836,203 person years at risk. Doses spanned the range 0 to 0.995 Gy.

The estimated ERR/Gy for mortality with 15 year lag period was 0.30 [0.08, 0.52]
for all circulatory diseases, 0.92 [0.54, 1.35] for ischaemic heart disease and 0.34
[-0.07, 0.82] for CeVD. A linear ERR model provided the best fit. Analyses with lag
periods of 0, 2, 5 or 10 years from start of exposure did not reveal any significant
risk of mortality for any endpoint.

A weakness of the cohort is that there is little information on medical/environmental
risk factors, only ethnic group (Slav versus Tartar/Bashkir). However, the
dosimetry, which is based on residential history, is of reasonably high quality.
There is bio-dosimetric validation for a sample of dose estimates using electron
paramagnetic resonance (EPR) measurements on tooth enamel and fluorescence
in situ hybridization (FISH) chromosome studies using peripheral blood
lymphocytes (Degteva et al, 2015).

The Semipalatinsk Cohort
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Grosche et al (2011) conducted a study of exposed populations near the
Semipalatinsk Nuclear Test Site (SNTS) in Kazakhstan where there were over 450
atmospheric and underground nuclear weapons tests in the period 1949 to 1989,
before the dissolution of the USSR (in 1991). Data for residents of this area and
from six control villages several hundred km to the east/southeast of the SNTS
were assembled and doses estimated. External whole-body doses were in the
range 0 to 0.63 Gy. The resulting cohort of 19,545 persons was followed for CVD
mortality for the period 1960 to 1999 (Grosche et al, 2011).

There were 1,498, 878 and 453 deaths from all CVD, heart disease and stroke,
respectively, in the part of the exposed group with dose estimates, and 1,358, 843
and 386 deaths from all CVD, heart disease and stroke, respectively, in the control
group. The aggregate RR (exposed versus control) estimates were 2.27

[2.10, 2.45]; 2.23 [2.02, 2.46] and 2.30 [2.00, 2.65] for all CVD, heart disease and
stroke, respectively, suggesting substantial non-radiation related differences
between the exposed settlements and the controls. There is little other information
on environmental/medical risk factors, only for ethnic group (Kazakh versus
Russian).

Grosche et al (2011) derived ERR/Gy estimates of 0.02 [-0.32, 0.37] for all CVD,
0.06 [-0.39, 0.52] for heart disease and —0.06 [-0.65, 0.54] for stroke, restricting to
the exposed settlements only, based on external whole-body doses.
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3.144 A weakness of the study is the dosimetry, which is based on fallout deposition

maps, combined with questionnaire-derived individual estimates of residential
locations for the subjects; the questionnaires were only completed many years
after the period of exposure. The study used only fallout data for the 11 tests in the
period August 29" 1949 to September 25" 1962 that were thought to contribute
doses of more than 5 mSv. Only 17,303 out of the cohort of 19,545 people had
usable dose estimates.

Fukushima Daiichi nuclear accident
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Toda et al (2017) assessed the medium-term impact of the 2011 Fukushima
nuclear accident on CVD risks, attempting to identify whether risk factors for CVD
changed after the accident. The participants were 563 residents aged 40 to 74
years participating in public health check-ups during the period 2009 to 2012,
administered by Minamisoma City, which is located 10 to 40 km from the nuclear
plant. No exposure data are available. The outcome measure was the sex-specific
Framingham CVD risk score used to evaluate individuals’ risk for developing a
CVD event, and which incorporates age, HDL cholesterol level, systolic blood
pressure, use of medicines for hypertension, smoking status and fasting glucose
level, which was compared before (2009 to 2010) and after (2011 to 2012) the
accident.

Multivariable regression was used for the analysis. Data were obtained from 563
persons (60.2% women) aged 40 to 74 years. After adjusting for covariates, no
statistically significant changes were identified in CVD risk score post-accident in
both sexes. The study concluded that there was no obvious increase in CVD risk
(Toda et al, 2017). However, this small study yields very little quantitative or
qualitative evidence on CVD risk after radiation exposure, as there are no
individual measures of radiation dose.

Non-nuclear background radiation
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Two cohort studies have examined the effect of high background radiation on
mortality in Yangjiang, Guangdong Province China. One of these studies (Sun et
al, 2002), followed up a cohort of 78,614 subjects from 1987 to 1995 who were
resident in a high background radiation area, together with 27,903 subjects who
were resident in a nearby control area. There was a non-significant elevated risk
for deaths from diseases of the circulatory system, with RR = 1.07 [0.98, 1.17].
This study has very little quantitative information on CVD risk, being without data
on individual radiation doses. In the second study (Tao et al, 2012), a cohort of
31,604 men and women aged 30 to 74 years was followed up during the period
1979 to 1998. There was found to be no increase in non-cancer mortality related to
cumulative high background radiation dose.

Summary of Environmental risks

3.148

There was limited evidence available on CVD risks from environmental sources,
derived from a small number of studies, mostly without individual estimates of
radiation dose. Only 2 environmental studies incorporate individual radiation doses.
Both studies have little information on other medical/environmental risk factors.
Only one of these 2 studies found increased risks for all circulatory diseases and
for ischaemic heart disease.
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Chapter 4. Dose response and population
impact

Dose response

41
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Several studies demonstrate a linear relationship between cardiovascular effects
and high tissue doses from medical exposures. Examples are for the incidence of
coronary heart disease following treatments for Hodgkin lymphoma between 4 Gy
and 30 Gy (van Nimwegen et al, 2016), cardiac mortality following breast RT
between 2 Gy and 14 Gy (Taylor et al, 2017), and the relative risk of heart disease
among patients receiving RT during their childhood between 14 Gy and 36 Gy
(Shrestha et al, 2021). However, none of these studies enable an extrapolation
with any degree of confidence down to doses of less than 10 Gy.

For non-medical exposures, most studies have fitted or assumed a linear model. In
the MWC, a linear fit appeared generally appropriate (Azizova et al, 2015; 2022a;
2022b; 2023b) for mortality and incidence for IHD and CeVD (with some
exceptions noted below). Takahashi et al (2017) also report a linear best fit for
heart disease mortality overall in atomic bomb survivors.

In contrast, others reported a sublinear (downwardly curving) association with
smaller risks per unit exposure at higher compared to lower doses. For example,
recent work in UK nuclear fuel workers aimed at evaluating the shape of the dose-
response association observed indications of a linear response plateauing at an
excess risk of 43% around 400 mSv (de Vocht et al, 2021), although with high
uncertainty (95% CIl: 7% to 92%). Sublinearity was also observed by Zablotska et
al (2018) in analysis of uranium processing workers, with a similar linear response
with increasing risk up to about 350 mSv and then a flattening of the curve. Similar
observations were made by Zhang et al (2024) for IHD mortality in the updated
NRRW-3 cohort study, although the NRRW results for lower risks per dose at
higher doses may be associated with workers who started employment at earlier
age or who worked for more than 30 years in the industry.

Gillies et al (2017) reported that in the INWORKS study, the dose responses for
circulatory diseases and for IHD specifically were best described by a linear model,
while for CeVD the data were best fitted by a linear-exponential model curving
downwards.

Hinksman et al (2022) in their analysis of CeVD mortality in the extended NRRW-3
cohort also reported that data were best fitted by a linear-exponential dose-
response rather than a linear model. They further reported that increased CeVD
mortality rates were observed from doses as low as 10 to 20 mSv.

Azizova et al (2022b) also reported non-linear shapes to better fit the data than the
linear model for CeVD in the MWC in women but not men. However, when workers
exposed above 2 Gy were excluded, a linear model fitted the data best for both
sexes.
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Although a linear ERR dose-response model fits the data for CeVD in the
Chornobyl recovery operation workers cohort reasonably well, there was similarly
an indication of a linear-exponential model which was however not explicitly tested
(Kashcheev et al, 2016).

Little et al (2023) in their systematic review and meta-analysis observed
differences in the ERR/Gy for IHD and all CVD between studies grouped by
maximum dose, with higher risks per dose for studies with lower maximum doses,
ranging from 0.31 [0.08, 0.54] for maximum dose <0.5 Gy to 0.07 [0.03, 0.10] for
studies with maximum dose >5Gy. Similarly, higher risks per dose, ERR/Gy, were
observed for studies with lower maximum dose rates <56 mGy/hr (0.24 [0.18, 0.31])
than for studies with higher dose rates 25 mGy/hr in a single dose (0.14 [0.06,
0.22]) or fractionated doses of 25 mGy/hr (0.07 [0.03, 0.11]).

Age at first exposure

4.9
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Zhang et al (2024) modelled the IHD mortality dose-response in the extended
NRRW-3 cohort by age-at-first exposure, considering variation in risk across 3
groups, <30, 30—45, and 45+ years old. They observed that a linear dose-response
shape fitted the data best for workers with age-at-first exposure of 30+ years.
There was no evidence of variation in the ERR/Sv estimates across the categories
(p>0.5). Analysis of the variation in ERR/Sv with time since first exposure also did
not provide evidence of increased risk during the first 20 years after first radiation
exposure, but thereafter the excess risk point estimate rose to a peak value for the
30-45 year group before declining again. For those with age-at-first exposure
below 30 years of age, however, evidence of excess risk was only observed for
radiation doses between 0.1 Sv and 0.4 Sv, but not for lower or higher doses. For
those who received 0.1 to 0.4 Sv, excess risk was only observed for those younger
than 35 years of age or those 50+ years of age.

Although not significant (p>0.5), there was a general tendency both for all CVD and
CeVD for ERR/Sv to reduce with increasing age-at-first exposure in the INWORKS
data as analysed by Gillies et al (2017), and as the authors remarked “there was a
general pattern for the point estimate of ERR/Sv associated with the dose received
before age 50 to be higher than the ERR/Sv associated with doses received at
older ages for IHD”.

Zablotska et al (2014a) in a study of IHD mortality in a Canadian fluoroscopy
cohort reported a reduction in ERR/Gy from 0.817 [<—0.194, 8.605] to 0.144
[-0.153, 0.608], and 0.175 [0.006, 0.403] for age-at-first exposure categories 0 to
9, 10 to 19, and 20 to 87 years of age, respectively.

Although not statistically significant, there was a progressive reduction of ERR/Gy
for Ml incidence with increasing age at exposure in the Adult Health Study (AHS)
data of Yamada et al (2004).

In the LSS mortality analysis of Shimizu et al (2010) and Little et al (2012b), which
were essentially of the same data as for the analysis of Takahashi et al (2017),
there was little evidence of age at exposure modifications of heart disease. In
contrast, there are non-significant indications of reductions in ERR for CeVD
mortality with increasing age at exposure in the LSS (Shimizu et al, 2010), and
highly significant reductions in ERR with increasing age at exposure based on
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analysis of both contributing and underlying cause of death” (Little et al, 2012b).

Zablotska et al (2018) did not observe an interaction between CVD mortality and
age-at-first exposure in a pooled cohort of Canadian and German uranium
processing workers.

Population impact

4.15
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419

The population impact of CVD risk from low dose or dose rate radiation exposures
has been considered principally by Little et al (2023).

Little et al (2023) estimated the population based excess lifetime CVD mortality
risks based on data from Canada, England and Wales, France, Germany, Japan
and the USA. Although they combine incidence and mortality studies from different
settings and dose ranges, their summary risk estimates for IHD are comparable to
those of Peters et al (2023), who only included worker studies.

Little et al (2023) reported a range in absolute risk estimates for mortality ranging
from 2.32% per Gy [1.68%, 2.96%] for England and Wales to 3.64% per Gy
[2.63%, 4.64%] for Germany, depending on underlying CVD mortality rates in the
different populations, and which largely resulted from CeVD (with a range of 0.83
to 1.26%/Gy) and IHD (with a range of 0.34 to 1.37%/Gy). The estimate for
England and Wales used background mortality rates for 2021; using data for 2003
gave a risk estimate of 3.91% per Gy [2.83, 4.99], reflecting the higher proportion
of deaths from CVD in earlier years. These estimates corresponded to years of life
lost per Gy of 0.20 [0.14, 0.25] using England Wales 2021 rates and 0.32

[0.23, 0.40] using England Wales 2003 rates.

Little et al (2023) comment that their risk estimates for a UK population for lifetime
risk of mortality from CVD of 2.3% per Gy for a 2021 population and 3.9% per Gy
for a 2003 population, are slightly lower, but of similar magnitude to risks estimated
for cancer mortality which for a 2003 population were in the range of 4.4 to 5.2%
per Gy (UNSCEAR, 2008). ICRP (2007) refers to a lifetime fatal cancer risk of
about 5% per Sv for a composite world population averaged over sex and age-at-
exposure.

Little et al (2023) pointed out that doses of 10 to 20 Gy that might be received by
the heart in some types of RT treatment could result in lifetime risks of CVD that
exceed 50%, but that in general treatments will be justified despite such risks. They
also referred to possible risks following the much lower doses received in CT
diagnostic scanning. For the example of doses of 0.5 to 15 mGy to the heart, they
suggested that a group of 10,000 people each receiving 10 scans might incur
between 0.2 and 15 excess deaths due to ischaemic heart disease over a lifetime.
However, caution is needed in interpreting these results, especially given the
heterogeneity in the underlying data, for example between the high dose and low
dose/low dose-rate studies, and the degree of extrapolation in the level of
assumed dose.

" The underlying cause of death is the disease or injury that initiated the causal chain that led to death,
while a contributing cause of death is one that, while not directly causing death, played a significant role
in the outcome
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Martin et al (2024a) estimated excess numbers of deaths from CVD, including
CeVD, from CT scans to the body and head performed on 105,574 patients in
England using the summary risk estimates of Little et al (2023). Applying dose
thresholds of 200 mGy or 50 mGy, below which it was assumed that there is no
risk, Martin et al estimated excess deaths from CeVD as 7 to 26 per 100,000
patients, and deaths from CVD excluding CeVD as <1 to 7 per 100,000 patients,
using the dose distribution from the study of 105,574 patients. However, as pointed
out by the authors, these estimates are subject to substantial uncertainties.
Commenting on the paper, Harbron (2024) raised a number of concerns, including
the use of arbitrary thresholds, and concluded that, at this stage, estimates of CVD
related to CT scans appear to be premature and, as also stated by (Martin et al,
2024b), need to be interpreted with caution.

Summary of dose response and population impact

4.21

4.22

4.23

A clear and consistent conclusion cannot be drawn from the literature on the shape
of dose-response relationships over the full dose-range. Linear relationships have
been reported or have been obtained by specifying the model structure, while both
supralinear and sublinear associations have also been reported.

The data provide some indications of a reduction in risk per dose with increasing
age at exposure, although this is not consistently observed across studies.

Estimates of population impact remain difficult and dependent on important
assumptions and should therefore be interpreted as indicative only of the possible
extent of risks.
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Chapter 5. Mechanisms

Introduction

5.1

5.2

5.3

54

lonising radiation deposits energy within the body and its constituent cells in the
form of highly structured tracks of ionisation and excitation events correlated in
space and time (Hill, 2020). These tracks vary significantly for different qualities of
radiation which ultimately results in the modulation of their biological efficiency. In
addition to producing damage directly in macromolecules such as DNA, the
majority of interactions in the cases of low LET radiations (including X-rays and
gamma rays) occur in the surrounding water. These interactions result in the
production of reactive species along the track, most notably the highly reactive
hydroxyl radical (-OH). These reactive species subsequently diffuse and interact
with each other or surrounding macromolecules. Due to the highly reactive
environment within the cell, the lifetime of hydroxyl radicals is approximately 4 to 9
x 10-%, with an associated maximum diffusion distance of 6 to 9 nm, so any
resulting damage produced is in close proximity to the original radiation track
(Roots and Okada, 1975).

In most circumstances, the damage done by ionising radiation to DNA and other
macromolecules is significantly smaller than that resulting from endogenous
processes. For example, endogenous damage results in ~50,000 DNA lesions per
cell per day as a result of normal metabolic processes of the cell (De Bont and van
Larebeke, 2004; Swenberg et al, 2011). In comparison, 1 Gy of low-LET ionising
radiation will produce just over 2,000 base damages (BD), ~1,000 DNA single
strand breaks (SSB) and ~40 DNA double-strand breaks (DSB) for both acute and
chronic exposures (Hall and Giaccia, 2019).

However, while endogenous DNA damage is typically repaired quickly with high
fidelity by a range of DNA repair mechanisms, this is not the case with radiation-
induced lesions. What makes ionising radiation so biologically effective is that it
causes clustered DNA lesions (defined as 2 or more lesions within a distance of
approximately 2 helical turns) at a biologically relevant frequency as a result of
correlation of energy deposition, and therefore damage sites, in space and time
along the radiation track. Studies have shown that for low-LET radiation, such as
photons, ~20 to 50% DSB are complex by virtue of additional strand breaks and/or
base damage within 10 base pairs (Nikjoo et al, 2002; Goodhead, 2006). The
frequency and complexity of these complex DSB increases with increasing LET,
with up to 90% or more of DSB being complex for high LET a-particles (Nikjoo et
al, 2001). Increasing complexity of these clustered lesions has been shown to
result in an increase in lesion lifetime and a reduction in the probability and fidelity
of repair, corresponding to an increase in their biological effectiveness.

In addition to DSB, ionising radiation can also efficiently produce non-DSB
clustered lesions, consisting of 2 or more lesions (such as BD or strand break
within ~ 10 base pairs) but not including a DSB. For X-rays these are produced at a
frequency of around 4 to 8 times that of DSB (Eccles et al, 2011). The subsequent
repair of individual sites of damage in the cluster is significantly impaired by the
proximity of neighbouring sites of damage. This results in an increased likelihood
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that these breaks will still be present during replication, resulting in replication-
induced breaks from stalled replication forks which can result in an enhanced
mutation frequency (Gulston et al, 2002; Malyarchuk et al, 2009; Georgakilas et al,
2013). For alpha particle irradiation, there remain unknowns around the production
of damage but in general DNA damage is more complex and more difficult to repair
(UNSCEAR, 2000; Pouget and Constanzo, 2021).

The number of DNA lesions (as well as damage to other macromolecules) initially
produced by ionising radiation will increase linearly with dose (Rothkamm and
Lobrich, 2003). Close proximity of DSB may also result in illegitimate repair
between these, resulting in chromosomal rearrangements. At low dose and dose-
rates, this will be restricted to correlated sites of damage along a single track.
However, at high dose and dose-rates associated with RT exposures, the density
of DSB is such that chromosomal rearrangements between DSB produced by
independent tracks increases, resulting in a quadratic increase in chromosomal
rearrangements with dose (Savage, 1998).

There have been extensive studies and reviews of the biological basis for cancer
induction by radiation, recognising mutation of DNA as a primary initiating event
but also considering the role of radiation in tumour progression (for example,
(UNSCEAR, 2006, 2012, 2021)). Stem cells and early progenitor cells are
considered to be the main targets from which cancers arise, with their long life-
spans allowing sufficient time for the accumulation of multiple alterations required
to convert normal cells into pre-malignant cells (Prise and Saran, 2011; Lépez-
Lazaro, 2015). Studies modelling cancer incidence over time indicate that, for
leukaemias, 1 or 2 genetic alterations are required while a number in the range of 5
to 7 is required for solid cancers (Martincorena et al, 2017). UNSCEAR (2021)
concluded that the mechanisms affecting cancer risk have been shown to operate
at least down to 10 mGy and that mutational mechanisms resulting from energy
deposition events in or very near (for example, within the diffusion range of short-
lived radiolysis products) to genomic DNA (Shuryak and Brenner, 2021) imply
dose-risk relationships that are linear with dose at low doses without a dose
threshold. DSBs in DNA are induced in linear proportion to doses down to at least
1 mGy (UNSCEAR, 2021).

lonising radiation has been shown to also initiate a range of processes in which
biological effects can be observed in locations removed in space (for example,
beyond the irradiated cell) and in time (for example, in the progeny of the irradiated
cell population) from the initial damage and are commonly referred to as ‘non-
targeted’ effects (Morgan and Sowa, 2007; Hei et al, 2008; Prise and O'Sullivan,
2009; Kadhim et al, 2013). A characteristic of these non-targeted effects is that
their dose responses are generally non-linear, with effects observed to increase
with dose at very low to moderate doses but become saturated typically at doses
significantly less than 1 Gy. For example, studies have shown perturbation of intra-
and inter-cellular signalling processes at doses as low as 2 mGy with the response
saturating at around 25 mGy (Portess et al, 2007). As a result, above the
saturation dose it is unlikely for a given effect to affect the shape of the dose
response and direct effects are likely to dominate. There is experimental evidence
that non-targeted effects may operate in the case of high LET exposures as in RT
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with alpha-emitting radionuclides as well as for low LET radiation (Pouget et al,
2022).

Non-targeted effects typically involve the perturbation of multiple signalling
pathways forming part of the natural communication that exists between cells
within tissues (Hei et al, 2008). A range of studies have shown evidence for a key
role for cytokines, including interleukin 6 (IL-6), IL-8, transforming growth factor-1
(TGFB1) and TNFa, as well as reactive oxygen species (ROS), reactive nitrogen
species (RNS) and extracellular vesicles. Such signalling can also result in
changes in gene expression, inflammatory and immune related responses and
epigenetic changes. Effects are not only observed in the irradiated cells but also in
surrounding non-irradiated cells (bystander effect) and tissue elsewhere in the
body (abscopal effect) (Buonanno et al, 2023). Rather than transient effects, these
signalling feedback loops, associated oxidative stress and epigenetic regulation of
the cell, may last for hours, days and even extend to subsequent cell generations.

Additionally, effects can also be observed in the progeny of the irradiated cell
population (both irradiated and unirradiated bystander cells) (Kadhim et al, 2013).
Radiation-induced genomic instability is associated with an increased rate of
genetic alterations including cytogenetic rearrangements, mutations, gene
amplification, transformation and cell death, multiple generations after the parental
cell population have been irradiated. These are heterogeneous in nature arising
non-clonally within the decedent population and occur at a higher frequency than
can be explained by a specific gene mutation.

These non-targeted effects may include responses that can ultimately be either
beneficial (for example, enhanced removal of precancerous cells via intercellular
induction of apoptosis) or detrimental (for example, increase in genomic instability)
to the individual, with the overall impact dependent on the relative balance of the
various non-targeted effects induced. UNSCEAR (2012, 2021) have noted the
variability of responses observed and concluded that there is as yet no indication of
a causal association of non-targeted phenomena with radiation-related disease
and that some may not operate at low doses (<100 mGy) in vivo.

There is some evidence of involvement of clonal haematopoiesis (CH) in CVD,
although the evidence for radiation exposure inducing CH (and possibly thereby
CVD) is not strong. Jaiswal et al (2017) suggested a link between CH and CVD,
but there are at least 3 larger studies that do not (van Zeventer et al, 2021; Kar et
al, 2022; Kessler et al, 2022). In addition, there is only weak evidence that radiation
may be associated with CH. The only moderately strong evidence for this comes
from the study of Bolton et al (2020) which suggests that X-ray therapy might
cause CH but the results must be regarded as equivocal (Crants et al, 2022). A
study of a single NASA astronaut (and their ground-based twin) suggested
elevated CH after prolonged spaceflight (Mencia-Trinchant et al, 2020), but there
are multiple stressors associated with spaceflight (for example, microgravity, noise,
abnormal day-night cycle) and the link of CH with radiation exposure is therefore
unclear; there is also no assessment of CVD. Animal studies have also suggested
links between radiation exposure and CH (Hirabayashi et al, 2015; Yoshida et al,
2022), but these do not assess CVD.

Although effects of radiation on the heart were reported as early as 2 years after
the discovery of X-rays (Sabrazes and Riviere, 1897; Seguy and Quenisset, 1897),
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progress in understanding the underlying mechanisms has been slow. This is owed
in particular to the emphasis on radiation-induced cancers and the incompatibility
between the identified mechanisms of radiation-induced cancers and the
pathogenesis of CVD. While cancers are associated with random accruement of
mutations that endow cells with autonomy from the control of their surrounding
tissues and environment, this is not the likely biological basis of CVD. Uncontrolled
cellular proliferation, which characterises cancer is a feature that is distinctly
absent in CVD.

Radiation and types of cardiovascular disease

5.13

5.14
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Initial reports from animal experiments were mostly on the consequence of high
doses of radiation on the muscle of the heart, the cardiomyocytes, leading to
irregular heartbeats and palpitations (Seguy and Quenisset, 1897). Such
manifestations, however, were not observed in humans, although a possible
explanation was that the radiation doses, post-radiation time and other parameters
could not be compared with those of the early animal experiments. Importantly,
application of what was then the new technology of ECG, which measures heart
muscle function, were unequivocal in concluding that there are no detrimental
effects of radiation on the heart (Senderoff et al, 1959; BMJ, 1976). This
engendered the spurious notion that the heart is radio-resistant. Despite this,
reports on cardiovascular effects after exposure to radiation continued to surface,
mainly pericarditis and cardiomyopathy.

Pericarditis pertains to the inflammation of the double membrane sac that
encompasses the entire heart. It is the earliest form of radiation effect on the heart
and is characterised by the accumulation of exudate (protein-rich solution) in the
pericardial sac (Fajardo and Stewart, 1970). Acute pericarditis is observed after a
few days to weeks of high doses of radiation (>50 Gy to the heart) but is presently
very rare due to efforts to minimise exposures of the heart to radiation. This acute
form is characterised by a porous pericardium, presumably due to cell death, and
is generally limited in time. It can however, in some instances progress to
deposition of fibrin, which thickens the pericardium and leads to chronic
constrictive pericarditis. Chronic pericarditis can be caused by somewhat lower
doses of radiation (for example, 20 to 40 Gy to the heart), with onset times of an
average of a year, but ranging from 3 months to over a decade (for example,
Zhuang et al (2017) and Marinko (2019)). This pathology is characterised by
fibrous thickening of the pericardium and the deposition of collagen. In severe
cases, this can lead to chronic constrictive pericarditis. The cellular cause of this
bears similarities to cardiomyopathies.

Cardiomyopathies are pathologies of the heart muscle of which cardiac fibrosis and
myocardial necrosis are the 2 that are most commonly associated with exposure to
radiation. The former is a consequence of increased deposition of collagen in the
heart muscle and proliferation of the cardiomyocytes. The latter is caused by death
of cardiomyocytes. These effects are seen at high doses of radiation (>15 Gy)
(Lauk et al, 1985), and feature fibrosis, inflammation and effacement of the peri-
myocyte endothelium, which is consistent with injury to the micro-vessels at the
site of radiation. Although the outcome is abnormality of the heart muscle, the
cause is damage to blood vessels as well as heart muscle, both of which are
underpinned by the process of inflammation. Thickening and fibrosis of blood
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vessel walls can reduce the heart’'s compliance, resulting in diastolic dysfunction.
The risk of developing radiation-induced fibrosis has been reported to be affected
by the epigenetic state of the promoter of diacylglycerol kinase alpha (DGKA)
(Weigel et al, 2016).

Atherosclerosis emerged later as another condition which radiation exposures can
cause or promote (Gold, 1962; Wolffe and Siegal, 1962). Atherosclerotic changes
and plaque formation in the arteries are the underlying causes of coronary artery
and cerebrovascular diseases and so are central as the causes of vascular
disease mortality and morbidity (HPA, 2010; ICRP, 2012b). The formation of
atherosclerotic plaques is a slow process and is not accompanied by any overt
manifestation of ill health. Their presence is often only known when they rupture,
releasing their blood-clotting contents into the blood stream. This causes blockage
of blood flow and deprivation of oxygen to the heart muscle (ischaemia), resulting
in the cessation of heart contraction and function (a heart attack) in the case of
blockage in the coronary artery — and to the brain leading to stroke in the case of
blockages in carotid or cerebral arteries. Less severe blockage of the coronary
artery resulting from ischaemic disease can result in angina, which has also been
linked with radiation exposure (Little et al, 2023).

Mechanisms underlying atherosclerosis

5.17
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Atherosclerotic plagues form within the wall of the artery. The processes that lead
to this development are highly complex, with the 2 major components of the
plaques being monocytes (a type of white blood cells) and cholesterol in the initial
form of low-density lipoprotein (LDL). These components must penetrate the wall
of the blood vessel to initiate the formation of a plaque (Ahmed et al, 2023). In
normal and healthy blood vessels, plaque formation does not happen, largely
because the inner lining of the blood vessel, the endothelium, is intact and
functions to prevent the entrapment and entry of monocytes and LDL. In unhealthy
or aged blood vessels, the integrity of the endothelium is compromised. This is
often initiated by increased adhesiveness of the endothelial cells which constitute
the endothelium (Poston et al, 2022).

Several factors can lead to endothelial cell adhesiveness, including damage to the
endothelium. When the integrity of the endothelial layer is compromised, LDL, a
normal constituent of the blood, readily adheres within the vessel wall and
becomes trapped and the breach of the endothelium is eventually healed by
proliferation of the surrounding endothelial cells (Torzewski, 2021). The
encapsulated LDL, through complex processes, causes the overlying endothelium
to become inflamed. One of the features of this inflammation is high adhesiveness
of their apical surface (towards the blood stream) (Cerutti and Ridley, 2017; Jiang
et al, 2022). Monocytes, a constituent of the blood, which normally roll along the
endothelium within the blood stream, become adhered to the top of activated
endothelial cells. The continuously flowing blood stream flattens the adhered
monocytes, easing their passage between the walls of adjacent endothelial cells.

Another feature of activated endothelial cells is the deterioration of the integrity of
their cell-cell junction, further easing the passage of monocytes through the
endothelium (Lampugnani, 2012; Moore et al, 2013). These features of inflamed
endothelial cells allow monocytes access into the blood vessel wall, where they
transform into macrophages to remove trapped cholesterol. Plaques develop as
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macrophage egress to the bloodstream fails and trapped cells accumulate,
transforming to foam cells as they engulf cholesterol (Clarke et al, 2020; Popa-
Fotea et al, 2023). Plaques can increase in size to occlude arteries, and with
further decline in the integrity of their endothelial covering, rupture can release the
puss-like contents that are extremely pro-thrombotic (ability to trigger blood
clotting).

Potential mechanisms of radiation action

5.20 The ability of ionising radiation to increase the risk of atherosclerosis has been
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demonstrated in extensive studies using mice (Yamamoto et al, 2021). There are
many points in the entire process of atherogenesis that could be triggered or
enhanced by ionising radiation. These will be discussed in sequential order of the
atherogenic process.

lonising radiation has been reported to increase the membrane adhesiveness of
different cell types, including human umbilical cord endothelial cells (Colden-
Stanfield et al, 1994; Gaugler et al, 1997), aorta endothelial cells (Khaled et al,
2012), coronary artery endothelial cells (Voisard et al, 2007; Lowe and Raj, 2014),
dermal microvascular endothelial cells (Quarmby et al, 2000; Prabhakarpandian et
al, 2001; Rousseau et al, 2011), and cerebral vessel endothelial cells (Wood et al,
2005). Human coronary artery endothelial cells showed increased adhesion of
monocytes and release of pro-inflammatory cytokines (Interleukin-6 and IL-8) at a
dose of 2 Gy X-rays (Baselet et al, 2017b). Exposure of human umbilical vein
endothelial cells to X-rays (>2 Gy) resulted in increased expressions of the
membrane protein, ICAM-1, partially mediated by TGF-B1 (Kiyohara et al, 2011).
Lower X-ray doses (0.125 to 0.5 Gy) have also been shown to result in increases
in ICAM-1 expression and enhanced adhesion in peripheral blood mononuclear
cells (Cervelli et al, 2014). Baselet et al (2017a) used human coronary artery cells
exposed to X-ray doses of 0.05, 0.1, 0.5 or 2 Gy to show a dose-dependent
increase in pro-atheromatous processes. Cells underwent G1 arrest, compensated
by subsequently increased proliferation, at higher doses of 0.5 or 2 Gy. A dose-
dependent increase in the cellular senescence marker, 3-galactosidase, was
observed from 0.05 Gy but significant increases of pro-inflammatory markers, IL-6
and CCL2 were confined to doses of 0.5 and 2 Gy.

Radiation-induced adhesiveness has been found to result from increased
expression of membrane proteins that mediate monocyte attachment including
ICAM-1 (Quarmby et al, 2000; Prabhakarpandian et al, 2001; Voisard et al, 2007;
Kiyohara et al, 2011), VCAM-1 and E-selectin (Hallahan et al, 1995; Hallahan et al,
1996; Hallahan et al, 1997; Prabhakarpandian et al, 2001). The expression of
these adhesive membrane proteins is augmented as part of cellular responses in
the context of inflammation. Inflammation is a normal response of healthy tissue to
infections and damage and is meant to potentiate the removal of dead cells and
initiate the process of repair and healing (Medzhitov, 2010). When macrophages
interact with dead cells, they release molecules that are anti-inflammatory such as
IL-10 and TGF-B which inhibit the production of pro-inflammatory proteins such as
IL-1 and TNF-a by these cells (Chung et al, 2006). However, conditions such as
those in developing arterial plaques can overwhelm the ability of macrophages to
remove damaged cells and this can result in prolonged inflammatory signalling
(Rock and Kono, 2008). The induction of inflammation by radiation at high doses is
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well documented (Bours et al, 2000; Najafi et al, 2018). However, lower doses in
the range of 0.1 to 1 Gy may result in the down-regulation of monocyte adhesion to
the endothelium and an anti-inflammatory effect as shown in vitro (Kern et al, 2000;
Hildebrandt et al, 2002; Roedel et al, 2002)) and in vivo (Arenas et al, 2006). Large
et al (2015) reported an anti-inflammatory effect at 0.5 Gy in primary human dermal
microvascular endothelial cells. Consistent with this, radiation doses of 0.025 to
0.05 Gy conferred protection against development of atherosclerotic plaques in
ApoE-/- mice, which spontaneously develop such plaques (Mitchel et al, 2011).
This perceived benefit of radiation is being used therapeutically, particularly in
Germany, for the treatment of non-malignant inflammatory and degenerative
diseases (Trott, 1994, Ott et al, 2015).

A further cellular response to radiation at high doses (>1 Gy) is senescence (Lowe
and Raj, 2014; Wang et al, 2016; Yamamoto et al, 2021). Cell senescence can be
triggered in a number of ways, including by the continued and prolonged presence
of damaged DNA (Wang et al, 2016). Irradiated endothelial cells that become
senescent, augment the expression of adhesive proteins such as ICAM-1,
E-selectin and CD44 (Kim et al, 2014; Lowe and Raj, 2014). In the case of CD44,
senescence is reported to involve loss of epigenetic regulation of the CD44 gene in
which cytosine molecules in the CD44 promoter that are normally methylated lose
their methyl group leading to gene activation (Lowe and Raj, 2014). In addition to
changes in DNA methylation, irradiated cells can also undergo another form of
epigenetic change which involves the loss of histone proteins (Lowe et al, 2020),
which function to regulate the accessibility of DNA to transcription factors (proteins
that trigger expression of genes). Hence loss of histones increases the accessibility
of promoters and deregulated expression of genes.

The passage of monocytes across the endothelium into the vessel wall can occur
in several ways, of which the best-described is entry between the junctions of
adjacent endothelial cells. The adjacent cell membranes of these cell-cell junctions
are held together very tightly by specialised proteins that physically interact with
each other. The opening and closing of these junctions regulate the movement of
monocytes and plasma components into the vessel wall. Cells that become
senescent as a result of radiation exposure express significantly reduced levels of
VE-cadherin, Claudin 5, ZO-1, Occludin and Connexin 4 (Kabacik and Raj, 2017;
Wang et al, 2019), which are all cell junction proteins. These changes increase the
permeability of the endothelium to monocytes, LDL and other constituents of the
blood. The reduced expression of these proteins is another consequence of
inflammatory response of the endothelium involving NF-kB (Wang et al, 2019;
Wijerathne et al, 2021) which favours the entry of immune cells into the vessel wall
to remove damaged or dead cells or foreign bodies.

Mechanisms and dose-response

5.25

At very high radiation doses (>10 Gy), such as those that may be received during
RT, tissue reactions occur and it is likely that the resulting inactivation of a large
number of cells and associated functional impairment of the irradiated cells and
tissue will dominate the response due to direct damage to the structures of the
heart and associated blood vessels. Such damage is accompanied by
inflammatory responses. Resulting effects include fibrotic damage, especially in the
pericardium and myocardium, pericardial adhesions, microvascular damage, along
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with stenosis of the valves and coronary arteries (Schultz-Hector and Trott, 2007;
Kadhim et al, 2013; Tapio, 2016).

While high doses (>1 Gy) have been shown to be pro-inflammatory and also
increase endothelial cell senescence, moderate doses (0.1 to 1 Gy) have been
suggested to be anti-inflammatory and may therefore have the potential to slow the
development of atherosclerosis. Although cell killing will be substantially less than
at higher doses, it may nevertheless be of importance at lower doses. For
example, Little et al (2009) proposed a model in which monocyte killing could result
in an almost linear dose-response over the range from 0 — 4 Gy and risks
consistent with observations from studies of nuclear workers. Simonetto et al
(2017) have proposed a stochastic model for atherosclerosis which features the
uptake of monocytes into the arterial wall, their proliferation as macrophages and
transition to foam cells. Such models are potentially informative and help bring
together epidemiological findings and possible mechanistic steps in disease
progression, but currently rely on assumptions that are yet to be validated.

At low doses associated with typical human exposures (<0.1 Gy), potential effects
could involve non-targeted as well as targeted effects, with damage to DNA and
other cellular molecules. Unlike carcinogenesis, for which there is a clearly
understood mutational basis which operates in linear proportion to dose down to

1 mGy at least (UNSCEAR, 2021), mutation is not a feature in the progression of
atherosclerosis. While the vascular smooth muscle cells that provide the fibrous
cap of atherosclerotic plaques have been found to be monoclonal, this has been
shown to be a feature of the normal vessel wall, rather than the result of mutation
and clonal expansion associated with plaque formation (HPA, 2010).

Summary of mechanisms

5.28
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At very high doses (>10 Gy) to the heart, cell killing will cause direct damage,
leading to or contributing to pericarditis and cardiomyopathy. The experimental
evidence indicates that the progression of atherosclerosis can be increased at high
doses (>1 Gy), with associated elevation of inflammation, but anti-inflammatory
responses at moderate doses (100 mGy to 1 Gy) may be taken to suggest that
dose-response may not be linear. However, a plausible model of monocyte killing
suggested by Little et al (2009) is compatible with approximate linearity from very
low doses (0 to 4 Gy).

Although much has been established about potential mechanism of radiation action
in atherogenesis, involving inflammation and cell senescence as well as other
effects, the current understanding of mechanisms is insufficient to draw
conclusions regarding the extent of risk at low doses. Any estimate of such risks
will remain speculative, pending a firmer understanding of the complex interactions
involved in atherogenesis and the role of radiation in its causation, promotion, or
indeed, inhibition.
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Chapter 6. Evidence synthesis

6.1 Chapters 1 to 5 review the biological and epidemiological evidence for associations
between low dose or low dose rate radiation exposure and CVD risk, particularly
for IHD and CeVD. Based on that review, this chapter summarises and appraises
the evidence to determine the strength of evidence and whether associations could
be causal.

6.2

There are various related frameworks provided to determine the strength of a body

of evidence. This report uses the framework described in Guidance Note
Assessing the Strength of Evidence, published by the UK Department for
International Development in 20148, The framework is provided in Table 6.1, and is
revised to extend beyond clinical trials:

Table 6.1: Framework for assessing the strength of evidence (amended for the
purpose of this report)

Categories
of evidence

Quality + size +
consistency +
context

Typical features of the body of

evidence

What it means for a
proposed
intervention

The Committee are

Very Strong High quality body Research questions aimed at
of evidence, large isolating cause and effect (for very confident that the
in size, example, what is happening) are  exposure either does
consistent, and answered using high quality or does not have the
contextually experimental and quasi- effect anticipated. The
relevant. experimental research designs, body of evidence is
sufficient in number to have very diverse and
resulted in production of a highly credible, with
systematic review or meta- the findings
analysis. convincing and stable.
Research questions aimed at
exploring meaning (for example,
why and how something is
happening) are considered
through an array of structured
qualitative observational research
methods directly addressing
contextual issues.
Strong High quality body  Research questions aimed at The Committee are

of evidence, large
or medium in
size, highly or
moderately
consistent, and
contextually
relevant.

isolating cause and effect (for
example, what is happening) are
answered using high quality
quasi-experimental research
designs and/or quantitative
observational studies. They are
sufficient in number to have
resulted in the production of a
systematic review or meta-

confident that the
exposure either does
or does not have the
effect anticipated. The
body of evidence is
diverse and credible,
with the findings
convincing and stable.

8 How to Note: Assessing the Strength of Evidence

50



https://www.gov.uk/government/publications/how-to-note-assessing-the-strength-of-evidence

analysis.

Research questions aimed at
exploring meaning (for example,
why and how something is
happening) are considered
through an array of structured
qualitative observational research
methods directly addressing
contextual issues

Medium Moderate quality =~ Research questions aimed at The Committee
studies, medium  isolating cause and effect (for believe that the
size evidence example, what is happening) are  exposure either may
body, moderate answered using moderate to high- or may not have the
level of quality quantitative observational  effect anticipated. The
consistency. designs. body of evidence
Studies may or Research questions aimed at displays some
may not be exploring meaning (for example, significant
contextually why and how something is shortcomings. There
relevant. happening) are considered are reasons to think
through a restricted range of that contextual
qualitative observational research  differences may
methods addressing contextual unpredictably and
issues. substantially affect
outcomes.
Limited Moderate-to-low Research questions aimed at The Committee

quality studies,
medium size
evidence body,
low levels of
consistency.
Studies may or
may not be
contextually
relevant.

isolating cause and effect (for
example, what is happening) are
answered using moderate to low-
quality quantitative observational
studies.

Research questions aimed at
exploring meaning (for example,
why and how something is
happening) are considered
through a narrow range of
qualitative observational research
methods addressing contextual
issues.

believe that the
exposure either may
or may not have the
effect anticipated. The
body of evidence
displays very
significant
shortcomings. There
are multiple reasons
to think that
contextual differences
may substantially
affect outcomes

No/few studies
exist.

No evidence

Neither cause and effect, nor
meaning is seriously interrogated.
Any available studies are of low
quality and are contextually
irrelevant.

There is no plausible
evidence that the
exposure does/does
not have the effect
indicated.

Evaluation of evidence

Evidence from the LSS study

6.3

The LSS of Japanese A-bomb survivors provides important information on cancer

and non-cancer effects from moderate to high doses received following a single
event, but its relevance to low dose or low dose rate, protracted exposures is much
less clear. The Committee interprets the evidence for the LSS cohort as providing

51




Strong evidence with respect to moderate to high doses (0.5 to 5 Gy) from a
single event, but Limited evidence with respect to low to moderate doses (<0.5

Gy).

Evidence from Radiotherapy

6.4
6.5

6.6

6.7

6.8

6.9

RT doses to target tissues are generally of the order of several Gy.

There is strong evidence for an increase in risk of CVD at very high (>10 Gy)
absorbed doses, especially in relation to breast cancer RT. There is little evidence
in studies of persons treated for RT of excess risk at doses <10 Gy. However, for
persons treated for non-cancer disease or those receiving diagnostic exposures
there is evidence of excess risk at doses <10 Gy.

Evidence from meta-analyses indicated increased risk for IHD, heart failure and
heart valve disease. There is some evidence of increased risk of cerebrovascular
effects.

Extrapolation of observed dose-response relationships might indicate increased
risks extending to lower doses of the order of several 100 mSv, but with the
relatively small numbers of patients in individual clinical studies, the evidence of
any risk below a dose of 5 Gy is not statistically significant among persons
receiving RT for cancer. Variations in study endpoints preclude combining of data
from different reports as is done with worker studies.

The Committee interprets the evidence from RT as providing Medium evidence
with respect to high doses (>10 Gy) as a risk factor for IHD and CeVD.

The Committee interprets the evidence from RT as providing No evidence with
respect to the quantitative estimation of the dose-response association at low dose
or low dose-rate radiation as a risk factor for IHD and CeVD, as these are based
on downwards extrapolation from high doses.

Evidence from Occupational and Environmental Epidemiology

6.10

6.11

6.12

6.13

There is evidence from studies of larger occupationally exposed populations, in
particular based on studies from the nuclear industry, of an excess CVD risk, both
for IHD and CeVD, in relation to external radiation dose.

In these cohorts, linear relationships often showed best fit to the data (or were
forced by the model structure), but both supralinear and sublinear associations
have also been reported.

The INWORKS study of US, UK and French workers explicitly explored effects of
dose ranges, and whereas increased excess risk for CeVD per unit exposure was
observed when the dose range was restricted to 100 mSv or lower compared to
the full range, there was no evidence of excess risk for IHD for this low dose range.
The Mayak worker cohort showed no excess mortality at doses <2 Sv.

Evidence of excess risks in the nuclear industry are mostly based on data from the
UK fuel cycle and the Russian Mayak cohort, with data from elsewhere (most
notably the US and France) showing lower excess risks, if any.
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6.14

6.15

6.16

6.17

6.18

6.19

6.20

6.21

6.22

Both for IHD and CeVD, evidence of excess risk is not consistent across studies
and populations, and this heterogeneity, observed in observational epidemiological
studies generally, would benefit from further investigation. A possible reason for
heterogeneity is the absence of information on lifestyle confounders and other
occupational exposures in many of the occupational studies. However, data from
different sources indicates that these confounders are unlikely to appreciably
modify risk.

Data from studies of Chornobyl recovery workers provide evidence of excess IHD
and CeVD risk, but these high risks do not align with expected risks from other
data and there are significant uncertainties with these studies.

Findings from other occupational groups, in particular medical workers and
radiographers, with prolonged exposure to low dose radiation, only provide weak
evidence of excess risks.

There is some evidence from the Techa river cohort that environmental external
radiation exposure might be associated with increased IHD mortality risk, but not of
CeVD mortality. The available evidence in relation to the Fukushima Daichii event
did not indicate evidence of increased CVD risks but was of low quality.

The Committee interprets the evidence from occupational populations as providing
Medium evidence with respect to low dose or low dose rate radiation as a risk
factor for IHD.

The Committee interprets the evidence from occupational populations as providing
Medium evidence with respect to low dose or low dose rate radiation as a risk
factor for CeVD.

The Committee interprets the data from occupational populations as providing
Limited evidence with respect to the quantitative estimation of the dose-response
association at low dose or low dose rate radiation as a risk factor for IHD and
CeVD. It further interprets the evidence from occupational exposures as indicating
that a summary dose-response association may not be linear.

The Committee interprets the results from environmentally exposed populations as
providing Limited evidence with respect to supporting findings from occupational
populations.

The Committee interprets the results from environmentally exposed populations as
providing Limited evidence with respect to the quantitative estimation of the dose-
response association at low dose or low dose rate radiation as a risk factor for IHD
and CeVD.

Mechanistic data

6.23

At high doses typically associated with therapeutic exposures, biological effects are
dominated by the direct, targeted effects of radiation on the irradiated cells and
tissue. Observed effects will be attributable to gross cell killing and tissue
impairment, leading to direct damage to the structures of the heart and blood
vessels. On this basis, it can be concluded that the data provide Strong evidence
in support of observed effects at high doses.
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6.24

6.25

At moderate doses (0.1 to 1 Gy), dominant mechanisms are less clear, with the
possibility of anti-inflammatory effects that could slow the development of diseases
and influence dose-response relationships. In addition, non-targeted effects within
cells may also contribute to the biological response due to long term perturbation in
intra- and intercellular signalling and are also associated with non-linear dose-
response relationships. However, it should also be noted that plausible models
have been proposed that invoke stochastic responses that could conform to a
linear dose-response. Overall, the data can be judged to provide Medium
evidence in support of effects being observed but No evidence in direct support of
assumptions regarding dose-response and quantitative estimates of risk.

At low doses (<0.1 Gy) a number of potential mechanisms of radiation action have
been discussed involving inflammation and cell senescence as well as other
effects. Nonetheless, the current understanding of mechanisms is insufficient to
draw conclusions regarding the extent of risk at low doses. The situation is unlike
that for cancer for which there is a good understanding of cellular events that can
lead to stable unrepaired DNA damage passing on proliferative advantage, and
which may lead to malignant disease. Thus, while mechanistic data provide
support for the assumption of a non-threshold dose-response relationship for
cancer, the same is not the case for CVD. Estimates of cardiovascular risks at low
dose will remain speculative pending a firmer understanding of the complex
interactions involved in atherogenesis and the role of radiation in its causation,
promotion, or possible inhibition. The data do not support firm judgements on the
possibility of a threshold (or thresholds) of response. Overall, it is concluded that
the data provide Limited evidence that effects may occur at low doses and No
evidence in support of any dose-response relationship.
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Chapter 7. Summary and conclusions

7.1

7.2

7.3

7.4

7.5

7.6

7.7

7.8

Cardiovascular diseases (CVDs) are a leading cause of death in the UK and
worldwide. The main types are coronary heart disease, also known as ischaemic
heart disease (IHD), and cerebrovascular disease (CeVD). Heart attacks (a form of
IHD) and strokes (a form of CeVD) are acute events caused by blockages that
prevent blood from flowing to the heart and brain. The underlying cause in the
majority of cases of coronary heart disease, cerebrovascular diseases and
peripheral arterial disease is atherosclerosis.

The main risk factors for CVD that have been consistently identified are age,
smoking, diabetes mellitus, hypertension, obesity, increased total and low-density
lipoprotein cholesterol, decreased high density lipoprotein cholesterol, as well as a
heritable genetic component for heart disease specifically.

Substantial information is now available on risks of radiation-associated CVDs from
a variety of epidemiological studies of human populations and there is also growing
understanding of the mechanisms of radiation action in cells and tissues.

The Committee interprets the evidence from the Life Span Study (LSS) of
Japanese A-bomb survivors as providing Strong evidence of risks of CVD,
including CeVD, from moderate to high doses (received following a single radiation
exposure), but Limited evidence with respect to low to moderate doses (<0.5 Gy).

RT studies are judged by the Committee to provide Medium evidence that very
high (>10 Gy) absorbed doses cause or amplify the risk of CVD, with increased risk
of IHD, heart failure and heart valve diseases, and some evidence of increased risk
of CeVD. Studies are weakened by the potential for substantial selection bias. The
data do not inform on risks below about 10 Gy, although studies of persons
receiving RT for non-cancer disease suggest that there is risk at <10 Gy.

Evidence from epidemiological studies of occupational exposures at moderate
doses (0.1 — 1 Gy) and above are judged to provide Medium evidence in
demonstrating excess risk of CVD, mainly IHD and CeVD. Important information
comes from the UK National Registry of Radiation Workers (NRRW), US Million
Person Study (MPS), the International Nuclear Worker Study (INWORKS) of
radiation workers in the USA, UK and France, and studies of the Russian Mayak
workforce.

The data show statistically significant excesses in risk from the order of 0.1 Gy, but
no firm conclusions can be drawn regarding possible thresholds of effect, although
there are a number of studies suggesting excess risk at <0.5 Gy, implying that any
threshold dose would have to be somewhat below this level.

The data from epidemiological studies of occupational populations was evaluated
as providing Medium evidence of the possibility that low dose or low dose rate
radiation is a risk factor for IHD and CeVD, but only providing Limited evidence in
support of quantitative estimations of the dose-response association at low dose or
low dose rates. There are some indications in these populations that dose-
response associations may not be linear.

55



7.9

7.10

7.11

712

7.13

7.14

Epidemiological studies of environmentally exposed populations provided Limited
evidence supporting findings from occupational populations.

The above conclusions from the epidemiological evidence are to some degree
supported by mechanistic evidence. At high and very high radiation doses, such as
those that may be received during RT, it is likely that the inactivation of a large
number of cells and associated functional impairment of the irradiated cells and
tissue will dominate the response due to direct damage to the structures of the
heart and associated blood vessels. While high doses (>1 Gy) have been shown to
be pro-inflammatory and also increase endothelial cell senescence, moderate
doses (0.1 to 1 Gy) have been suggested to be anti-inflammatory and may
therefore have the potential to slow the development of atherosclerosis.

Although cell killing will be substantially less than at higher doses, it may
nevertheless be of importance at lower doses. For example, a model has been
proposed in which monocyte killing could result in an almost linear dose-response
over the range from 0 to 4 Gy with risks consistent with observations from
occupational studies. In addition, a stochastic model for atherosclerosis has been
proposed which features the uptake of monocytes into the arterial wall, their
proliferation as macrophages and transition to foam cells.

At low doses associated with typical human exposures (<0.1 Gy), potential effects
could involve non-targeted as well as targeted effects, with damage to DNA and
other cellular molecules. Unlike carcinogenesis, for which an important mechanism
is mis-repair of double-strand breaks in DNA which are induced in linear proportion
to dose down to 1 mGy at least, mutation is not a feature in the progression of
atherosclerosis. Although much has been established about potential mechanism
of radiation action in atherogenesis, the current understanding of mechanisms
remains insufficient to draw conclusions regarding the extent of risk at low doses.

Data on biological responses do not allow comment on possible thresholds of
effect for CVDs. While there are data suggesting that the severity of fibrosis is
dependent on the level of dose (above about 30 Gy), there is no evidence that
severity of CVD is dose dependent. CVD does not appear to be a tissue reaction,
in the sense defined by ICRP, but while plausible stochastic mechanisms have
been proposed, they remain to be validated.

The large meta-analysis of epidemiological data conducted by Little and colleagues
in 2023 gave an overall ERR/Gy estimate for CVD of 0.11 [0.08, 0.13]. They further
derived an excess absolute risk coefficient for CVD mortality in England and Wales
of 2.3% per Gy, on which basis the consideration of CVD with cancer at low doses
would add substantially to the overall low-dose risk. However, estimates of this
type should be treated as indicative of possible risks in the absence of direct
evidence at low doses and limited information on biological mechanisms.
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Chapter 8. Recommendations

8.1

This report considers the available evidence of an association between radiation
exposure and CVDs. The aim of the report is to provide advice to DHSC on health
implications for the UK population from the exposure of ionising radiation. The
following recommendations should be reviewed and developed as more evidence
becomes available.

Recommendation 1

8.2

8.3

8.4

COMARE recommends that further research is carried out to improve
understanding of CVD risks at low and moderate doses and from doses received at
a low dose rate, focusing on epidemiological studies for populations with the
greatest potential to be informative.

Epidemiological studies with the greatest potential are those of the Japanese
atomic bomb survivors and studies of radiation workers. Worker studies need to
apply due emphasis on exposure and dose assessments, and the accuracy of
diagnoses. To address issues of individual-level characterisation and lifestyle
factors, nested case-control studies within cohort studies could be considered.
Given the evidence from a number of studies of non-linearity of dose-response,
further studies should include modelling of different dose-response relationships.

In the UK, the NRRW is an impressive resource that should be fully utilised.
Questions raised by previous studies should be addressed in further follow-up,
including heterogeneity between constituent workforces. The observation of higher
CVD risks for the Sellafield workforce is an obvious candidate for further analysis,
including the unexplained difference between groups of workers according to
whether they were monitored for internal exposure.

Recommendation 2

8.5

COMARE recommends that further research is undertaken on biological studies of
mechanisms of radiation action in CVD in order to develop a more coherent picture
of the steps involved in atherogenesis and how radiation might act to initiate and/or
accelerate the process. Thought should be given in experimental design to the
applicability of results to low doses and low dose rates.

Recommendation 3

8.6

8.7

COMARE recognises the need for optimising protocols for dose reduction,
wherever possible. Considering current protection practices, the Committee
recommends that clinicians using radiation therapeutically at very high doses
continue to minimise radiation exposures of critical vasculature while maintaining
effective clinical outcomes.

Although the Committee concludes that the evidence of CVD risks at low doses is
insufficient to provide quantitative estimates with any confidence, the possibility
that CVD adds to low-dose risk cannot be dismissed. Those responsible for the
implementation and regulation of protection should be aware of this possibility.
However, our current understanding indicates that current practices to control risks
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of cancer at low doses and low dose rates by dose and risk optimisation, should be
adequate in also protecting from any additional risk from CVD.

Recommendation 4

8.8 Because radiation may act multiplicatively with other CVD risk factors, COMARE
recommends that the relevant authorities give consideration to initiatives to
improve population health by reducing these risks (including from smoking, obesity,
diabetes, hypertension, diet, elevated cholesterol, physical inactivity); thereby also
reducing radiation risks.

Recommendation 5

8.9 COMARE recognises the value of workforce cohorts and other cohorts for
epidemiological analyses. The Committee recommends that government, the
devolved administrations, and relevant agencies collaborate to ensure that
adequate dataset and research governance (access/analysis) arrangements are
shared throughout the UK in respect of such datasets. Care should be exercised to
prevent data loss when new procedures or IT systems are introduced.
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Appendix A. Abbreviations and glossary

AHS Adult Health Study

ALARA as low as reasonably achievable
ALARP as low as reasonably practicable
AWE Atomic Weapons Establishment

BD base damages

BNFL British Nuclear Fuels Limited

CEA French Alternative Energies and Atomic Energy Commission
CeVD cerebrovascular disease

CH clonal haematopoiesis

Cl confidence interval

CIDI Central Index of Dose Information

CT Computed tomography

CTA CT angiography

CTDI CT dose index

CTPA CT chest pulmonary angiography
CVD cardiovascular disease

DAMPs damage-associated molecular patterns
DCS diseases of the circulatory system
DGKA diacylglycerol kinase alpha

DHSC Department for Health and Social Care
DLP dose length product

DNA deoxyribonucleic acid

DRL diagnostic reference level

DSB double strand breaks

EAR excess absolute risk

ECG electrocardiogram

ERR excess relative risk

ESAK entrance surface air kerma

EVAR endovascular aortic aneurysm repair
Gy gray

HR hazard ratio

HUVEC human umbilical cord endothelial cells
IAK incident air kerma
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Acronym Meaning

ICRP International Commission on Radiological Protection
ICRU International Commission on Radiation Units and Measurements
IHD ischemic heart disease

IQR interquartile range

KAP kerma-area product

LDL low density lipoprotein

LET linear energy transfer

LNT Linear no threshold

LSS Life Span Study

Mi myocardial infarction

MOD Ministry of Defence

MwWC Mayak Worker Cohort

NCRP National Council on Radiation Protection and Measurements
NRRW National Registry for Radiation Workers

ORNL Oak Ridge National Laboratory

PET positron emission tomography

RBE relative biological effectiveness

RCT randomised controlled trials

RIFE radioactivity in food and the environment

RNA ribonucleic acid

RNS reactive nitrogen species

ROS reactive oxygen species

RR relative risk

RT radiotherapy

SASP senescence-associated secretory phenotype

Si international unit

SIR standardized incidence ratio

SMR standardized mortality ratio

SRR standardized registration ratio

SSB single strand breaks

Sv sievert

UKAEA UK Atomic Energy Authority

UKHSA UK Health Security Agency

UNSCEAR | United Nations Scientific Committee on the Effects of Atomic Radiation
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ABSORBED DOSE

COMPUTED
TOMOGRAPHY (CT)

DOSE

DOSIMETER
EFFECTIVE DOSE

EPIDEMIOLOGY

GRAY (Gy)

ICRP

INCIDENCE

IONISING RADIATION

IRRADIATION

The quantity of energy imparted by ionising radiation to a unit
mass of matter such as tissue. Absorbed dose has the units of
joules per kilogram (J kg~') and the specific name gray (Gy),
where 1 Gy =1 J kg™

A special radiographic technique that uses a computer to
assimilate multiple X-ray images into a two-dimensional cross-
sectional image.

A measure of the amount of radiation received. More strictly it is
related to the energy absorbed per unit mass of tissue (see
Absorbed Dose). Doses can be estimated for individual organs or
for the body as a whole.

A device used to measure an absorbed dose of ionising radiation.

Effective dose is the sum of the weighted equivalent doses in all
the tissues and organs of the body. It takes into account the
biological effectiveness of different types of radiation and variation
in the susceptibility of different organs and tissues to radiation
damage. Thus, it provides a common basis for comparing
exposures from different sources. Unit = sievert (Sv).

The study of factors affecting health and illness of populations,
regarding the causes, distribution and control.

The international (SI) unit of absorbed dose. One gray is
equivalent to one joule of energy absorbed per kilogram of matter
such as body tissue.

International Commission on Radiological Protection. It consists
of experts in radiology, genetics, physics, medicine and
radiological protection from a number of countries. Established in
1928 it meets regularly to consider the research on the effects of
radiation and publishes recommendations on all aspects of
radiation protection including dose limits to man.

This is the number of new cases of a disease arising in a
population over a specific period of time, usually 1 year.

Radiation that is sufficiently energetic to remove electrons from
atoms in its path. In human or animal exposures ionising radiation
can result in the formation of highly reactive particles in the body
which can cause damage to individual components of living cells
and tissues.

The process by which an item is exposed to radiation, either
intentionally or accidentally.
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JUSTIFICATION

LINEAR
NO-THRESHOLD (LNT)
MODEL

PAEDIATRIC
PATIENT DOSE

RADIONUCLIDE

RADIOSENSITIVITY

RISK

SIEVERT (Sv)

STOCHASTIC

X-RAY

Consideration that a medical exposure shall show a sufficient net
benefit, weighing the total potential diagnostic or therapeutic
benefits it produces, including the direct health benefits to an
individual and the benefits to society, against the individual
detriment that the exposure might cause, taking into account the
efficacy, benefits and risks of available alternative techniques
having the same objective but involving no or less exposure to
ionising radiation.

The model used in radiation protection to estimate the long-term,
biological damage caused by ionising radiation, which assumes
that the damage is directly proportional (‘linear’) to the dose of
radiation, at all dose levels and that any radiation exposure is
always considered harmful with no safety threshold.

Of, or relating to, the medical care of children.

The ionising radiation dose to a patient or other individual
undergoing a medical exposure.

A type of atomic nucleus that is unstable, and which may undergo
spontaneous decay to another atom by emission of ionising
radiation (usually alpha, beta or gamma).

The relative susceptibility of cells, tissues, organs, organisms, or
any other substances to the effects of radiation.

The probability that an event will occur, for example that an
individual will become ill or die before a stated period of time or
age. This is also a non-technical term encompassing a variety of
measures of the probability of a (generally) unfavourable
outcome.

The international (Sl) unit of effective dose obtained by weighting
the equivalent dose in each tissue in the body with the ICRP-
recommended tissue weighting factors and summing over all
tissues. Because the sievert is a large unit, effective dose is
commonly expressed in millisieverts (mSv) - that s
one-thousandth of 1 sievert. The average annual radiation dose
received by members of the public in the UK is 2.7 mSv.

Stochastic effect or ‘chance effect’ is a classification of radiation
effects that refers to the random, statistical nature of the damage.
The severity is independent of dose. Only the probability of an
effect increases with dose.

An image obtained using high energy radiation with waves shorter
than those of visible light. X-rays possess the properties of
penetrating most substances to varying extents, of acting on a
photographic film or plate (permitting radiography), and of causing
a fluorescent screen to give off light (permitting fluoroscopy). In
low doses X-rays are used for making images that help to
diagnose disease, and in high doses to treat cancer.
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Appendix B. Heart dose in paediatric
cardiology

B.1  Harbron et al (2016) reviewed data for 5 studies reported in terms of KAP in
groupings of weight or age ranges (France, Canada and the USA (3)). KAP
values for the majority of studies of children under 10 y, or less than 40 kg, were
in the range 1 to 20 Gy cm?, while KAP values for the over 15 y age groups
extended from 20 up to 200 Gy cm?. There is not a straightforward link between
KAP values and heart dose for paediatric patients, because there are large
variations in body size and in the X-ray projections used during a procedure.

B.2  As an approximate indication, a KAP value of 1 Gy cm? is likely to represent a dose
to the heart of 5 to 10 mGy for an infant, but only 1 to 3 mGy for a 15 y old (Keiller
and Martin, 2015). An exponential fit of the limited data of heart dose per unit KAP
against age gave a coefficient:

Heart dose/KAP = 7.731 x e%-087xA%¢ mGy/Gy cm?

B.3  This was used to estimate heart doses from median KAP values and those
representing either the maximum doses or the third quartile included in the review
by Harbron et al (2016) and these together with heart dose data from Keiller and
Martin (2015) are plotted in Figure B1 against age. Results from surveys together
with the plot would indicate that there is likely to be a proportion of older paediatric
patients and young adults who receive doses to the heart of several hundred mGy
from interventional cardiology procedures.

Doses to the heart from studies of paediatric
interventional cardiology procedures
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Figure B1: Heart doses per procedure for paediatric cardiology, predicted from
KAP data using the derived conversion factor, plotted against patient age.
(N.B. All doses over 400 mGy are from the high dose reports in North American
data sets.)
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Appendix C. The Committee on Medical
Aspects of Radiation in the Environment

C.1  The Committee on Medical Aspects of Radiation in the Environment (COMARE)
was established in November 1985 in response to the final recommendation of the
report of the Independent Advisory Group chaired by Sir Douglas Black (Black,
1984). COMARE's terms of reference are:

“to assess and advise government and the devolved administrations
on the health effects of natural and human-made radiation and to
assess the adequacy of the available data and the need for further
research”

C.2 Inthe course of providing advice to Government and the devolved authorities for
forty years, COMARE has published twenty major reports and many other
statements and documents. This is the 20" report; previous reports are listed
below. Reports and statements, as well as other committee information, can be
found on the COMARE page of GOV.UK.

C.3 Each major report is prepared by a subcommittee, prior to consideration and
agreement by the full committee. Once agreed by the committee, the report is
submitted to DHSC for agreement to publish. DHSC ensures the appropriate
involvement of the devolved administrations.
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COMARE reports

Nineteenth report

Eighteenth report

Seventeenth report

Sixteenth report
Fifteenth report
Fourteenth report
Thirteenth report

Twelfth report

Eleventh report
Tenth report

Ninth report

Eighth report

Seventh report

COMARE and
RWMAC* joint report

Sixth report

Fifth report

Radiation doses in interventional radiology: issues for patients and
staff within the UK, PHE, Chilton, August 2021

Medical radiation dose issues associated with dual-energy X-ray
absorptiometry (DXA) scans for sports performance assessments
and other non-medical practices, PHE, Chilton, July 2019.

Further consideration of the incidence of cancers around the nuclear
installations at Sellafield and Dounreay. PHE, Chilton, September
2016

Patient radiation dose issues resulting from the use of CT in the UK.
PHE, Chilton, August 2014

Radium contamination in the area around Dalgety Bay. PHE, Chilton,
May 2014

Further consideration of the incidence of childhood leukaemia around
nuclear power plants in Great Britain. HPA, Chilton, May 2011

The health effects and risks arising from exposure to ultraviolet
radiation from artificial tanning devices. HPA, Chilton, June 2009

The impact of personally initiated X-ray computed tomography
scanning for the health assessment of asymptomatic individuals.
HPA, Chilton, December 2007

The distribution of childhood leukaemia and other childhood cancer
in Great Britain 1969—-1993. HPA, Chilton, July 2006

The incidence of childhood cancer around nuclear installations in
Great Britain. HPA, Chilton, June 2005

Advice to Government on the review of radiation risks from
radioactive internal emitters carried out and published by the
Committee Examining Radiation Risks of Internal Emitters
(CERRIE). NRPB, Chilton, October 2004

A review of pregnancy outcomes following preconceptional exposure
to radiation. NRPB, Chilton, February 2004

Parents occupationally exposed to radiation prior to the conception
of their children. A review of the evidence concerning the incidence
of cancer in their children. NRPB, Chilton, August 2002

Radioactive contamination at a property in Seascale, Cumbria.
NRPB, Chilton, June 1999

A reconsideration of the possible health implications of the
radioactive particles found in the general environment around the
Dounreay nuclear establishment in the light of the work undertaken
since 1995 to locate their source. NRPB, Chilton, March 1999

The incidence of cancer and leukaemia in the area around the former
Greenham Common Airbase. An investigation of a possible

* Radioactive Waste Management Advisory Committee.
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Fourth report

COMARE and
RWMAC* joint report

Third report

Second report

First report

association with measured environmental radiation levels. NRPB,
Chilton, March 1998

The incidence of cancer and leukaemia in young people in the vicinity
of the Sellafield site, West Cumbria: further studies and an update of
the situation since the publication of the report of the Black Advisory
Group in 1984. Department of Health, London, March 1996

Potential health effects and possible sources of radioactive particles
found in the vicinity of the Dounreay nuclear establishment. HMSO,
London, May 1995

Report on the incidence of childhood cancer in the West Berkshire
and North Hampshire area, in which are situated the Atomic
Weapons Research Establishment, Aldermaston and the Royal
Ordnance Factory, Burghfield. HMSO, London, June 1989

Investigation of the possible increased incidence of leukaemia in
young people near the Dounreay nuclear establishment, Caithness,
Scotland. HMSO, London, June 1988

The implications of the new data on the releases from Sellafield in
the 1950s for the conclusions of the Report on the Investigation of
the Possible Increased Incidence of Cancer in West Cumbria.
HMSO, London, July 1986

* Radioactive Waste Management Advisory Committee.
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