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Risks to health are the prime consideration in all human situations of ionizing radiation exposure and therefore of
relevance to radiation protection in all occupational, medical, and public exposure situations. Over the past few
decades, advances in therapeutic strategies have led to significant improvements in cancer survival rates.
However, a wide range of long-term complications have been reported in cancer survivors, in particular circu
latory diseases and their major risk factors, metabolic diseases. However, at lower levels of exposure, the evi
dence is less clear. Under real-life exposure scenarios, including radiotherapy, radiation effects in the whole
organism will be determined mainly by the response of normal tissues receiving relatively low doses, and will be
mediated and moderated by systemic effects. Therefore, there is an urgent need for further research on the
impact of low-dose radiation. In this article, we review radiation-associated risks of circulatory and metabolic
diseases in clinical, occupational or environmental exposure situations, addressing epidemiological, biological,
risk modelling, and systems biology aspects, highlight the gaps in knowledge and discuss future directions to
address these gaps.
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1. Introduction
The general goal of this review is to have a comprehensive quanti
tative and mechanistic understanding of all radiogenic health effects,
especially at low doses. Dose limits in radiation protection are based on
knowledge of radiation cancer risk derived from epidemiological studies
and assumed risk of heritable effects in humans (ICRP, 2007).
Epidemiologically-derived health risk estimates are limited in power
below 100 mSv; depending on the cancer type, the applied models for
risk inference can be linear or linear quadratic. However, for risk
management purposes, it is a linear non-threshold (LNT) model that is
applied, justified on the basis of a biologically plausible argument that
relates direct damage to nuclear DNA to mutations in specific genes that
drive carcinogenesis.

In addition to cancer risks, there is increasing evidence for risk of
non-cancer conditions, notably circulatory disease, cataracts and
neurological effects in response to low and moderate radiation doses.
Defining the risks of non-cancer diseases at low and moderate dose
levels would be important for protection of people and the system of
radiation protection. The identification of such risks at low doses could
lead to reconsideration of radiation detriment calculations, tissue
weighting factors, dose limits, and reference levels. Furthermore, there
might also be a need to consider additional protection measures.
In the context of the Multidisciplinary European Low Dose Initiative
(MELODI), low doses and/or low dose rates refer to a range of acute
and/or protracted exposures of ionizing radiation (IR) that are typical of
those encountered in the workplace, the environment and in diagnostic
and therapeutic medicine. Doses below 100 mSv (100 mGy for X-rays
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and gamma rays) are considered low. Moderate doses, typically in the
order of 100–1000 mSv, refer to doses that may be encountered by
normal tissues in interventional radiology, radiotherapy (RT) or in nu
clear or radiological accidents. Doses above 1000 mSv are considered
high and may cause symptoms of acute radiation sickness when received
as a total body exposure during a short period of time. Low dose rates
were defined by the United Nations Scientific Committee on Effects of
Atomic Radiation (UNSCEAR) as dose rates smaller than 0.1 mGy/min
averaged over an hour or smaller than or equal to 6 mGy/h averaged
over a few hours, consistent with the BEIR VII report (BEIR, 2006) and
others, as reviewed recently (Rühm et al., 2015). In the radiation pro
tection context, annual dose rates below 100 mSv may be considered
low.
The aim of the current paper is to review the state-of-the-art of
radiation-induced circulatory and metabolic diseases, present research
gaps and recommend research strategies. The review is based on pre
sentations and discussions during the workshop on “Non-cancer effects
of ionizing radiation” which took place in Sitges, Spain, in April 2019.
The workshop was organized by MELODI together with CONCERT,
European Joint Programme for the Integration of Radiation Protection
Research. The participants discussed clinical and epidemiological
studies, experimental models, mechanistic approaches, and dosimetric
aspects, judging the quality and quantity of information available. A
wide range of long-term complications have been reported among can
cer survivors treated by RT, in particular cardiovascular diseases (CVD)
and metabolic diseases that are major risk factors for circulatory dis
eases. Here, we focus on the question of low-dose effects and consider
potential mechanisms of radiation action. The objective of the Sitges
workshop was to provide input for the European roadmap for research in
these areas, summarizing the research needs, giving recommendations
on research needed, required resources anticipated and the expected
timespan for studies that could be expected to yield considerable prog
ress in this area. Furthermore, potential implications for the system of
radiation protection were discussed. As for the resources required and
timespan needed, a joint roadmap was developed by MELODI in
collaboration with other European radiation protection research asso
ciations after the Sitges workshop (CONCERT et al., 2020).

Haddy et al., 2016; Tukenova et al., 2010b), in that it is fully individ
ualized, based on Monte Carlo reconstructions derived from individual
treatment records (Diallo et al., 1996; Shamsaldin et al., 1998). The US
study adjusted for tobacco use (Mulrooney et al., 2009), and although
data on smoking and body mass index was available in some studies (ElFayech et al., 2017; Haddy et al., 2016), adjustment for these did not
materially alter results. In addition, none of these four studies corrected
for known risk factors for circulatory disease. There have been a number
of studies of circulatory disease in Hodgkin lymphoma (HL) patients,
(Cutter et al., 2015; Hahn et al., 2017; Maraldo et al., 2015; van Nim
wegen et al., 2017; van Nimwegen et al., 2016), as well as studies
focusing on circulatory disease in lung cancer (Dess et al., 2017; Wang
et al., 2017a; Wang et al., 2017b) and breast cancer patients (Darby
et al., 2013; Jacobse et al., 2019), doses in both of which tend to be
lower than in the HL patients. Most of these studies suggest modest but
generally highly significant radiation-associated excess risk (Table S1).
Doses in the US peptic ulcer patients (Little et al., 2012b) were
generally lower than in any of the cancer studies and documented sig
nificant excess mortality risks for all circulatory disease and ischaemic
heart disease (IHD) and indications of excess risk for cerebrovascular
disease (CeVD). Doses to a number of different target tissues, specifically
heart, thyroid, kidney, pancreas, and brain, were used to assess radiation
effects. Using thyroid dose (a surrogate for dose to the carotid artery) for
CeVD and heart dose for other circulatory disease endpoints resulted in
significant heterogeneity of risk between endpoints, which was not the
case when heart dose was used throughout (Little et al., 2012b). Using
brain or thyroid dose resulted in somewhat higher risks for CeVD, the
risk being particularly high for brain dose. As noted by Little et al., “one
limitation of the study is that the radiation dosimetry, although of high
quality in many respects, fails to account for variability in patient
anatomy, e.g., the heart size/shape/position and its relation to the
diaphragm and stomach” (Little et al., 2012b).
Many of these studies have a rich set of lifestyle and environmental
risk factors, including many of the known risk factors for circulatory
disease, in particular the childhood cancer studies (El-Fayech et al.,
2017; Haddy et al., 2016; Mulrooney et al., 2009), the Netherlands HL
studies (Cutter et al., 2015; van Nimwegen et al., 2017; van Nimwegen
et al., 2016), the Nordic breast cancer study (Darby et al., 2013) and the
US peptic ulcer study (Little et al., 2012b), and adjustment for these did
not materially alter results.
The risks suggested by these studies are generally consistent with
each other, and with those in the diagnostically and other, lower-dose,
studies; a possible exception is the French-UK study (Tukenova et al.,
2010b), where risk is much higher than for many of the other studies
considered. The discrepancy with other studies (e.g., of adult exposure)
may reflect the younger exposure age or younger age at follow-up in this
group, although this would not explain the discrepancy with risks in the
US childhood-cancer survivor study (Mulrooney et al., 2009). Excess
relative risk (ERR) of circulatory disease in the Japanese LSS cohort is
significantly modified by attained age (Little et al., 2012a; Shimizu et al.,
2010).
RT for breast or lung cancer inevitably leads to the exposure of the
heart and major blood vessels in the chest and neck area (Rosenstein,
2017). The fact that the ERR in relation to cumulative heart dose or in
relation to equivalent doses delivered in 2-Gy fractions (EQD2, simpli
fied biologically equivalent doses to a total dose) in the Nordic breast
cancer study (Darby et al., 2013) agrees well with those in many other
radiation-exposed groups (Little, 2016) suggests that either of these
measures (cumulative heart dose, EQD2 heart dose) may be relevant for
this outcome (IHD) (Little et al., 2013). The fact that risks evaluated
using brain dose for CeVD in the US peptic ulcer study yielded much
higher risks than those observed using heart or thyroid dose or in the LSS
(Little et al., 2012a; Shimizu et al., 2010), in which the exposure is more
or less uniform to the whole body, suggests that, assuming the risks in
the two cohorts are to be consistent, brain may not be the most relevant
organ for CeVD.

2. Radiation-associated circulatory effects, overview of the
epidemiology, the finnish intervention study of lifestyle factors
and genetic susceptibility to circulatory diseases
The risks of radiation-associated circulatory disease have been
observed in therapeutically- or diagnostically-exposed cohorts even at
low doses (Boaventura et al., 2018; Shai et al., 2009). Similarly, occu
pationally- and environmentally-exposed groups and the Life Span
Study (LSS) and related Adult Health Study (AHS) of Japanese atomic
bomb survivors show increased circulatory risk. Ischaemic heart disease
and cerebrovascular disease are mostly caused by atherosclerosis and
may lead to acute myocardial infarction and stroke. In the following
section, the attention will be concentrated on studies with high quality
individual organ dosimetry, based on the previous systematic reviews
(Little et al., 2012a; Little et al., 2008), which have been updated for the
present paper, based in part on updates, but also on previously reported
(non-systematic) reviews of the moderate/low-dose literature (Little,
2013; Little and Lipshultz, 2015); similar to a recent review (Little,
2016), the organ or tissue dose range that is to be considered is not
constrained.
2.1. Therapeutically exposed groups
Recent studies have suggested radiation-associated excess morbidity
and mortality in groups of childhood cancer survivors (Table S1) (ElFayech et al., 2017; Haddy et al., 2016; Mulrooney et al., 2009; Tuke
nova et al., 2010a). The RT organ dosimetry is of variable quality, but
higher in the French childhood cancer cohort (El-Fayech et al., 2017;
2
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2.2. Diagnostically exposed groups

worker selection effects (Bell and Coleman, 1987; Doll et al., 1965).
For IHD and CeVD in the Mayak workers there was a highly statis
tically significant trend with dose for morbidity, but the trend of IHD
and CeVD mortality was less clear, and generally not statistically sig
nificant. There have been a number of analyses of the Mayak worker
cohort in the last few years (Azizova et al., 2018; Azizova et al., 2015a;
Azizova et al., 2015b; Azizova et al., 2014; Moseeva et al., 2014;
Simonetto et al., 2014; Simonetto et al., 2015), based on a similar un
derlying dataset, but with slight variations in disease endpoints, year of
follow-up and dosimetry system. The study is unusual in that doses to
certain internal organs, especially the lung and liver, were dominated by
doses from internally deposited radionuclides, especially plutonium.
Doses in this study are among the highest for the occupationally-exposed
groups considered in this section, and arguably more comparable with at
least the medical-diagnostic or even the RT-exposed groups considered
above: average total body doses for external γ rays were 0.5 to 0.6 Gy.
However, unlike the partial-body doses received from RT, or even those
in the tuberculosis fluoroscopy cohorts, the external whole-body doses
received by the Mayak workers generally accumulated over a long time
with an average dose rate of < 5 mGy/hour, so it must be considered a
low dose-rate exposure (Wakeford and Tawn, 2010).

The two major studies of circulatory disease mortality in relation to
medical diagnostic exposure are both of groups that received repeated
fluoroscopic doses as part of the lung collapse treatment for tuberculosis
(TB), in Canada (Zablotska et al., 2014) and in Massachusetts (Little
et al., 2016). A pooled analysis of the two datasets has recently appeared
(Table A1) (Tran et al., 2017). Although there is no dose–response
overall in the pooled data, if analysis is restricted to persons with < 0.5
Gy, the dose response trends (ERR/Gy) for all circulatory disease and
IHD become much steeper, and statistically significant. This observation
is consistent with the findings from a recent meta-analysis (Little, 2016)
and also from findings in the LSS discussed below. In both cohorts there
is limited medical and lifestyle information. This is more extensive in the
Massachusetts data, and includes smoking and alcohol consumption,
thoracoplasty, and pneumolobectomy; some of these variables were
included in baseline models for certain disease endpoints (Little et al.,
2016).
2.3. Non-medically exposed groups
2.3.1. Japanese atomic bomb survivors
Excess radiation-associated mortality from heart disease and stroke
has been observed in the LSS cohort (Shimizu et al., 2010; Takahashi
et al., 2017), also for stroke among those exposed in early childhood
(Tatsukawa et al., 2008). In the latest follow-up of the Adult Health
Study (AHS), a subset of the LSS cohort subject to biennial clinical ex
aminations showed no radiation-associated excess risks of hypertension
or myocardial infarction morbidity (Table S2) (Yamada et al., 2004).
Analysis within the AHS of those exposed in early childhood showed a
significantly increased incidence of non-fatal stroke or myocardial
infarction, although there was no excess risk among those exposed in
utero for whom the average exposures were much lower (Tatsukawa
et al., 2008). Recent analysis of the Japanese LSS data taking account of
dose measurement error suggested downward curvature in the dose
response for all circulatory disease, so that the ERR/Gy is higher at lower
doses (Little et al., 2020).

2.3.3. Environmentally exposed groups
A study of a cohort of environmentally exposed individuals in the
Southern Ural Mountains reported a statistically significant or border
line significant increase (depending on the latent period used) of both all
circulatory disease mortality and IHD mortality (Table S2) (Krestinina
et al., 2013).
Circulatory disease mortality was studied in a Kazakhstan group
exposed to fallout from nuclear weapons tests at the Semipalatinsk site
(Grosche et al., 2011). No excess circulatory disease risk was reported in
the group of exposed settlements, although if exposed and unexposed
settlements were analysed together, the excess risks were highly statis
tically significant and implausibly large. The dosimetry in this cohort is
problematic because it is based on assessments of residence, estimates of
time spent outdoors, and diet, all of which were collected by interviews
more than 30 years after the bomb tests. As such, the results of this study
may be less informative than others considered here.

2.3.2. Occupationally exposed groups
The International Agency for Research on Cancer 15-country study of
radiation workers found increasing dose-related trends for mortality
from all circulatory diseases and CeVD, and decreasing trends for IHD,
heart failure, deep vein thrombosis, and pulmonary embolism (Vrijheid
et al., 2007), although none of these trends was statistically significant.
Further follow-up of the UK, US and French cohorts from this dataset has
been recently published. This study suggests significant radiationassociated increases in risk for all circulatory disease, IHD and CeVD,
with significant downward curvature in the dose response for CeVD, but
no curvature for the other endpoints (Table S2) (Gillies et al., 2017). It
would appear from the results of the component workforces that make
up this study that the significant trends are largely driven by those in the
UK (Azizova et al., 2018; McGeoghegan et al., 2008; Muirhead et al.,
2009), the trends in the US and French data being generally null
(Leuraud et al., 2017; Schubauer-Berigan et al., 2015); however, there
are only borderline significant indications of variation by country (Gil
lies et al., 2017).
Radiation-associated excess circulatory disease, IHD and CeVD
morbidity were observed in Chernobyl recovery workers, although
morbidity from hypertensive heart disease and other heart disease was
not increased (Ivanov et al., 2006; Kashcheev et al., 2017; Kashcheev
et al., 2016). The analysis of circulatory disease mortality in this cohort
was based only on comparison with external circulatory disease rates,
via use of standardized mortality ratios (Ivanov et al., 2001). As such,
this analysis almost certainly yields biased estimates of risk, as the
general Russian population is very likely not representative of the
Chernobyl recovery workers, because of generally observed healthy-

2.4. Lifestyle factors as targets for intervention
According to the WHO Global Action Plan for the Prevention of NonCommunicable Diseases 2013–2020 (WHO, 2012), cessation of tobacco
use, reduction of salt in the diet, consuming fruits and vegetables, reg
ular physical activity and avoiding harmful use of alcohol have been
shown to reduce the risk of CVD. In addition, drug treatment of diabetes,
hypertension and high blood lipids may be necessary to reduce cardio
vascular risk and prevent heart attacks and strokes. Health policies that
create conducive environments for making healthy choices affordable
and available are essential for motivating people to adopt and sustain
healthy behaviour. The impact of such lifestyle factors can be substantial
as they are major contributors to circulatory diseases as illustrated by an
intervention study carried out in North Karelia, eastern province in
Finland. The extremely high cardiovascular mortality caused great
concern among the local population. In response, the North Karelia
project was launched in 1972 to carry out a comprehensive communitybased prevention program, as reviewed recently (Kuulasmaa and Tolo
nen, 2016; Vartiainen, 2018). The main aim to reduce the high serum
cholesterol, blood pressure and smoking levels with lifestyle changes
and improved drug treatment, especially for hypertension, was suc
cessful. Coronary mortality reduced in the middle-age population by
84% from 1972 to 2014. About 2/3 of the mortality decline was
explained by risk factor changes and 1/3 by improvement of new
treatments developed since 1980s. This example illustrates how
important it is to collect information on lifestyle factors in any radiation
epidemiological studies addressing risk of circulatory diseases.
3
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2.5. Genetic susceptibility to circulatory diseases

3. Radiation-associated circulatory effects, overview of the
biology

Identifying genetic predisposition to circulatory disease could help
understanding the disease process and thereby feed into the research
strategies investigating the role of radiation in the pathogenesis.
Genome-wide association studies (GWAS) have identified over 200
genome-wide significant and suggestive risk loci that modulate the risk
of coronary artery disease (CAD) (Nikpay et al., 2015). Several of the
genes implicated to date in large-scale analyses of CAD susceptibility
encode proteins with a known role in the biology of circulating risk
factors for CAD, notably lipid levels and the metabolism of lipoproteins;
others relate to additional atherosclerosis risk factors, such as genes
implicated in systemic inflammation and in hypertension. Interestingly,
genes involved in DNA damage response pathways do not show up in
these GWAS studies. Almost all risk variants identified by GWAS are
commonly found in the European population, and average European
carries tens of these risk alleles (Kessler et al., 2016). However, most
CAD-associated single nucleotide polymorphisms (SNPs) are located in
non-coding regions of the genome and do not have known biological
roles (Kovacic and Bakran, 2012). This suggests that these variants are
more likely to affect gene regulation rather than protein structure.
So far, there is lack of GWAS studies looking for loci predisposing to
circulatory disease among radiation-exposed populations. Circulatory
disease is considered as a late-appearing tissue reaction, having a la
tency of up to decades after the radiation exposure (ICRP, 2012). GWAS
studies among patients treated with RT have looked for loci associated
with the development of toxicity in normal tissues in the months or few
years following RT, focusing on tissue toxicity endpoints that are typical
for the affected area and causing functional impairment. In the radio
genomics studies on breast cancer, associations with adverse toxic out
comes have been reported for SNPs related to the TGFB1 gene (a
multipotent growth factor affecting cell differentiation, proliferation,
apoptosis and matrix production) or the TNFA (a cell signalling cytokine
gene involved in systemic inflammation), as well as genes whose prod
ucts are involved in responses to oxidative stress. Toxicities related to
the RT of the lung have revealed associations with heat shock proteins, e.
g. HSP27, that increase cellular resistance to heat shock, oxidative stress
and inflammatory mediators. Inflammation and oxidative stress are
among the mechanisms implicated in the development of circulatory
disease after radiation exposure, with inflammation emerging from
GWAS studies as a common factor associated with circulatory diseases
and tissue toxicities with or without radiation exposure. This is in line
with the data showing that kinase inhibitors of the protein kinase ataxiatelangiectasia mutated (ATM), a major player of the DNA damage repair
(DDR), that are known to sensitise tumour endothelial cells to radiation
had almost no effect on the radiosensitivity of the cardiac endothelial
cells (Hammond and Muschel, 2014; Moding et al., 2014). This suggests
that DDR pathways do not generally play a major role in the late
development of radiation-associated cardiovascular disease.
There is increasing but still limited experimental evidence for genetic
susceptibility to radiation-induced circulatory disease in mouse models
(Foray et al., 2016). Irradiation accelerated the development of
atherosclerotic lesions in apolipoprotein E deficient (ApoE–/–) mice
(Stewart et al., 2006) which may have implications for atherosclerosisprone individuals. Accumulation of p53 was required for the transition
from cardiac hypertrophy to heart failure (Sano et al., 2007) and p53
deficiency in endothelial cells caused myocardial injury and heart fail
ure after irradiation (Lee et al., 2012). ApoE–/– p53+/– mice showed the
accelerated progression of spontaneous and radiation-induced athero
sclerosis compared with ApoE–/– p53+/+ (Mitchel et al., 2013). Mice
lacking p21 were predisposed to radiation-induced myocardial injury
(Lee et al., 2012). Deficiency of Wip1 phosphatase, a negative regulator
of ATM signalling, prevented atherosclerosis (Le Guezennec et al., 2012)
but deficiency of ATM accelerated atherosclerosis in ApoE–/– mice
(Schneider et al., 2006). These suggest that ATM, p53, and p21 may play
a protective role in atherogenesis.

High doses of IR increase the risk of CVD, with damage to coronary
arteries (atherosclerosis) and microvascular insufficiency frequently
observed after high-dose irradiation (Adams et al., 2003; Demirci et al.,
2009; Tapio, 2016). Endothelial cells (EC), a monolayer forming the
inner coating of all vasculature, play an important role in these pa
thologies. EC form a barrier between blood and the sub-endothelial
matrix and modulate blood clotting, vascular tone, and immune and
inflammatory response (Luscher et al., 1990; Marsden et al., 1991).
High-dose IR induces endothelial dysfunction that is characterized by
pro-inflammatory and pro-fibrotic state with premature endothelial
senescence, increased oxidative stress, reduced levels of nitric oxide
(NO), and enhanced adhesiveness based on high expression of selectins,
integrins, and other cellular adhesion molecules such as VCAM, ICAM,
and PECAM (Azimzadeh et al., 2015; Philipp et al., 2017; Sievert et al.,
2015; Yentrapalli et al., 2013a; Yentrapalli et al., 2013b). Although
much less is known about the possible adverse effects of low-dose IR,
some recent data suggest that biological mechanisms may differ
depending on the dose in a nonlinear manner (Averbeck et al., 2018).
3.1. Cellular studies
Increased adhesion and leukocyte migration through the endothe
lium is the first step in atherosclerosis. Using human coronary artery
endothelial cell line (HCAEC) as a model, increased adhesion of mono
cytes and release of pro-inflammatory cytokines (Interleukin-6 and IL-8)
was observed at the dose of 2 Gy X-rays (Baselet et al., 2017a). This
effect became significant seven days after the exposure. However, when
cells were exposed to iron ions (2 Gy, 170 keV/µm) a decreased adhesion
of monocytes and no effect on the release of pro-inflammatory cytokines
was observed (Baselet et al., 2017a). Both X-rays and iron ions resulted
in a marked decline of cell numbers in the confluent EC monolayer.
The radiation exposure of human umbilical vein endothelial cells
(HUVEC) to single doses of X-rays (≥2 Gy) and carbon ions (≥0.1 Gy)
resulted in significantly increased expression of ICAM-1 protein, which
was partially mediated by TGF-β1 (Kiyohara et al., 2011). Even lower Xray doses have shown similar effects, and exposure to single X-ray doses
of 0.125, 0.25 and 0.5 Gy or fractionated doses of 2 × 0.125 Gy and 2 ×
0.25 Gy, with 24-hour interfraction interval, resulted in significantly
increased ICAM-1 protein expression and enhanced adhesion of pe
ripheral blood mononuclear cells (PBMC) 18 h post-irradiation (Cervelli
et al., 2014). A simultaneous enhancement of intracellular reactive ox
ygen species (ROS) generation and activation of NF-κB via p65 phos
phorylation was observed. These doses neither triggered apoptosis nor
had any effect on viability. This study suggests that even fractionated
low-dose radiation may accelerate chronic vascular inflammation pre
ceding the atherosclerotic process.
However, if the EC are in an inflammatory state at the time of ra
diation exposure, low-dose irradiation is known to have an antiinflammatory effect. This low-dose effect is being used in the X-irradi
ation therapy that has been clinically applied for several decades espe
cially in Germany in the treatment of non-malignant inflammatory and
degenerative diseases (Ott et al., 2014; Seegenschmiedt et al., 2004). To
further clarify this mechanism, the endothelial cell line EA.hy926 was
grown to confluence, stimulated using TNF-α to induce a proinflammatory state and irradiated 4 h later using X-ray doses between
0 and 1 Gy (Large et al., 2015; Large et al., 2014). The adhesion of PBMC
showed a nonlinear significant reduction at 0.5 Gy, returning to elevated
levels at higher doses. This reduction coincided with a decreased
expression and activity of oxidative stress proteins glutathione peroxi
dase, superoxide dismutase 1, and nuclear factor erythroid 2–related
factor 2 (NRF2) suggesting an enhanced ROS production at 0.5 Gy.
Indeed, scavenging of ROS by N-acetyl-L-cysteine or activation of NRF2
by its activator molecule AI-1 significantly restored adhesion of PBMC to
4
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EC at the dose of 0.5 Gy. A similar effect was seen with primary human
dermal microvascular EC (Large et al., 2015), implying an antiinflammatory effect at doses around 0.5 Gy.
In addition to increased adhesion and production of ROS in EC, the
reduction of NO, responsible for the maintenance of basal vasodilator
tone, is a hallmark of EC dysfunction (Sandoo et al,. 2010). An imme
diate (1 day) radiation-induced decline in the activity of endothelial NO
synthase was followed by a late (14 days) reduction on the level of NO
for a dose as low as 0.5 Gy (X-rays) in HCAEC (Azimzadeh et al., 2017b).
The late reduction of NO coincided with the reduced expression of the
antioxidant protein glutathione S-transferase omega-1 and increased
levels of oxidized proteins, suggesting that increased production of ROS
was coupled to reduced levels of NO. Downregulation of proteasome
activity, increased protein ubiquitination and enhanced expression of
senescence markers p16INK4a and p21WAF1 was also observed 14 days
post-irradiation (Azimzadeh et al., 2017b). Furthermore, the phos
phorylation of RhoGDI, a modulator of rho family G proteins, was
reduced 24 h after irradiation, thus leading to the induction of RhoA
signalling.
A rapid activation of the RhoA pathway was also seen in EA.hy926
cells for doses as low as 0.2 Gy (Co-60 gamma rays). Activated RhoA
signalling is known to result in increased cell adhesion and permeability
(Beckers et al., 2010; Wojciak-Stothard and Ridley, 2002). Previous data
further suggest that RhoA activation by inflammatory cytokines and
agonists of G-protein-coupled receptors triggers vascular disease (Sea
sholtz and Brown, 2004). Indeed, Rho kinase inhibitors have been
shown to have therapeutic potential in prevention and treatment of CVD
(Shimokawa and Takeshita, 2005).
Transcriptomic profiling of HCAEC revealed an immediate induction
of pro-inflammatory genes 24 h after exposing the cells to 0.5 Gy or 2.0
Gy X-rays (Baselet et al., 2017b). Furthermore, these cells showed
increased secretion of pro-inflammatory cytokines IL-6 and chemokine
CCL2 between days 2 and 7 post-irradiation. This pro-inflammatory
phenotype was not observed at 0.05 Gy or 0.1 Gy. In contrast,
senescence-associated β-galactosidase activity was enhanced at all doses
implying that premature senescence may occur even at low doses.
In agreement with these data, non-irradiated HCAEC treated with the
secretome of irradiated cells using 10 Gy X-rays showed significantly
increased expression of p21Waf1 (Philipp et al., 2017). In addition, these
non-irradiated, but secretome-treated bystander cells showed enhanced
levels of ICAM-1, STAT1, and p38 suggesting a pro-inflammatory
phenotype.
Chronic low-dose-rate radiation of HUVEC also triggered premature
endothelial senescence observed by increased senescence-associated
β-galactosidase staining (Yentrapalli et al., 2013a; Yentrapalli et al.,
2013b). Senescent cells expressed low levels of RhoGDI, high levels of
p21Waf1 and showed inhibition of the P13K/Akt pathway.

Similarly at the high dose rate, the lowest doses used (25–50 mGy)
tended to be the most effective at reducing both lesion frequency and
size. However, the lesion severity and pro-inflammatory status as well as
the total serum cholesterol levels were increased at all doses. If the
irradiation was given late at a low dose rate, a small inhibitory effect on
the progression of lesion severity was seen but the deceleration was only
significant at 0.025 Gy. Furthermore, a dose-dependent decrease in total
serum cholesterol was observed. No persistent significant changes were
seen at the high dose rate.
A similar study comparing the effect of low and high dose rates on
the atherosclerotic progress in ApoE–/– mice with cumulative doses of
0.3 Gy or 6.0 Gy showed that at high-dose-rate irradiation the number of
plaques was significantly increased at 6.0 Gy but not at 0.3 Gy (Mancuso
et al., 2015). The plaques developed principally in the aortic arch. Using
the low-dose-rate irradiation (1 or 20 mGy/day), both doses increased
markedly the plaque area although the number of plaques decreased.
Plaques were observed both in the aortic arch and in the descending
thoracic aorta.
Since the dose rate seems to play an important role in the athero
sclerotic outcome, Ebrahimian et al. investigated the effect of very lowdose-rate radiation (12 or 28 µGy/h) on the plaque formation in ApoE–/–
mice that were exposed chronically for 8 months (Ebrahimian et al.,
2018). The cumulative doses were around 67 mGy and 157 mGy,
respectively. Exposure at 12 µGy/h had no significant effect on the pa
rameters tested, but that at 28 µGy/h resulted in an increase in antiinflammatory cytokine production (IL-4, IL-10, IL-13, IL-18) and in
antioxidative gene expression (Cat, Ctat1, Sod1, Sod2). Furthermore, it
reduced the plaque size and increased the plaque stability.
Although anti-inflammatory and hormetic effects of low doses have
been observed in cellular and animal studies their role in the context of
radiation protection is not yet known. The fact that low-dose RT has
been successfully used for benign degenerative inflammatory disorders
for decades (Ott et al., 2019) is out of the scope of this review but em
phasizes the need for more research on the low-dose area.
4. Biologically-based models for the radiation risk of
cardiovascular events
IHD and CeVD are mostly caused by atherosclerosis and may lead to
acute myocardial infarction and stroke. Classical risk factors of athero
sclerosis comprise smoking, high blood pressure, dyslipidemia, obesity
and diabetes. The pathobiological mechanisms of radiation on the cir
culatory system (Baselet et al., 2016; Tapio, 2016), especially in the
context of breast cancer RT (Zhu et al., 2018) have been reviewed
recently. Hughson et al. have presented an overview of the pathological
processes targeted by radiation at different levels of biological organi
zation from the molecular and cellular to the organ level (Hughson et al.,
2018). In general, radiation exposure can initiate or accelerate many
pathogenic processes that may increase incidence of myocardial
infarction and stroke. RT significantly enhances the risk for these events
by about 7% per Gy in breast cancer patients (Darby et al., 2013). These
data were later confirmed results with the suggestion that the volume of
the left ventricle receiving 5 Gy was the most important prognostic dosevolume parameter (van den Bogaard et al., 2017).
Atherosclerotic changes of the vasculature may be the main drivers
for the risk of myocardial infarction and stroke in response to RT. These
changes and the impact of radiation on the vascular system can be
measured with imaging procedures such as computed tomography (CT)
scans and ultrasonography. Thickness of the carotid intima media
(CIMT) increased by about 0.1 mm in astronauts after long space flights
and in head and neck cancer patients after RT (Arbeille et al., 2016;
Wilbers et al., 2014). CIMT is a moderate predictor of risk for myocardial
infarction and stroke using a linear response in Cox regression models of
proportional hazards (Lorenz et al., 2007). Myocardial infarction and
stroke are caused by ruptures of arterial walls which have become un
stable under the influence of atherosclerotic plaques (Libby and

3.2. Animal studies
Data from animal models using high-dose IR are in agreement with
some of the human data from cancer therapy patients highlighting ac
celeration of atherosclerotic plaque formation and predisposition to an
inflammatory, thrombotic plaque phenotype (Cottin et al., 2001; Hoving
et al., 2008; Pakala et al., 2003; Raghunathan et al., 2017; Stewart et al.,
2006; Stewart et al., 2010). Many animal studies have used mice that are
genetically predisposed to atherosclerosis such as the ApoE–/– mouse.
The few low-dose studies existing at the moment emphasize the role
of dose rate in the atherosclerotic plaque formation. Mitchel et al.
exposed ApoE–/– mice to total body Co-60 gamma doses of 0.025, 0.05.
0.10 or 0.50 Gy, either at low dose rate (1.0 mGy/min) or at high dose
rate (about 0.15 Gy/min) at an early (2 months of age) or late (8 months
of age) stage of atherogenesis (Mitchel et al., 2011). If the irradiation
was given early at a low dose rate and at the lowest doses examined (25
or 50 mGy), the lesion frequency was reduced in animals 3 months after
the exposure, and this effect persisted until 6 months after the exposure.
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Theroux, 2005). Wall rupture is a critical phenomenon characterised by
a sudden transition brought about by continuously deteriorating sta
bility. Simonetto et al. (2020) suggested that an age-adequate CIMT in a
healthy person does not pose an additional risk for myocardial infarction
or stroke and observed a strong nonlinear risk response for a positive
deviation from the age-adequate value. As a consequence, radiation risk
cannot be characterized by the same coefficient for all exposed in
dividuals, but rather strongly depends on the stage of atherosclerotic
progression. For healthy individuals, radiation exposure might not pose
an additional risk for myocardial infarction or stoke, whereas exposure
for individuals with vasculature showing an advanced atherosclerotic
state carry a high risk. In view of these findings the risk coefficient of 7%
per Gy should be considered as an average value.
Biologically-based models for the risk of myocardial infarction and
stroke must address the emergence of atherosclerosis in the vasculature
in space and time. However, such risk models are currently not avail
able. In the EU-funded MEDIRAD project a mechanistic prediction
model for the risk of myocardial infarction and stroke in breast cancer
patients receiving RT is under development (http://www.medirad-pr
oject.eu/). Since wall rupture is the key event in the causal chain
which builds up the risk for myocardial infarction or stroke, a good
conceptual model should address this chain in an adequate form. The
chain involves the development of atherosclerosis from fatty streaks via
fibrous plaques to complicated lesions that eventually cause a rupture.
To model the dynamics of atherosclerosis, Simonetto et al. have
constructed a Markov Chain Monte Carlo code with continuous state
space representing the coronary artery intimal surface area that is
burdened with atherosclerotic lesions of increasing severity (Fig. 1)
(unpublished data). Myocardial infarction rates are assumed to be pro
portional to the area of most complicated lesions which appear at the
end of the chain. The model is fitted simultaneously to infarction inci
dence rates observed in the German KORA registry (Kuch et al., 2008),
and to the age-dependent prevalence and spatial extent of atheroscle
rotic lesions in the PDAY study (PDAY, 1993). To allow for nonlinear
transition rates and to consider at the same time randomness and interindividual heterogeneity, the model applies extensive simulations of the
state space. The model provides biological explanation for pertinent
features of the incidence curve. For women, the significant agedependence of model parameters around the age of menopause quali
tatively reproduces the known vascular effects of female sex hormones.
For men, the incidence curve flattens at old age. According to the model,
flattening is explained by a) saturation of the atherogenic process and b)
removal from individuals at high risk from the cohort (frailty).

Importantly, the model offers an interface to derive its parameters from
imaging data that is routinely taken in the form of CT scans before and
after RT. Hence, the individual atherosclerotic state of a patient can be
projected into a biologically-based model. Compared to the one-size-fitsall approach of applying a single risk coefficient to every patient, this
approach would offer a step forward to a more personalized projection
of CVD risks after RT.
5. Radiation-associated metabolic effects
Metabolic syndrome (MS) is a pathologic condition characterised by
abdominal obesity, insulin resistance, hypertension, and hyperlipidemia
(Alberti et al., 2009). It is one of the leading causes of death (Saklayen,
2018) and strongly associated with increased risk for CVD, type 2 dia
betes, and other disabilities (Tune et al., 2017). MS shares many features
with the known consequences of high-dose IR, both showing proinflammatory, pro-thrombotic phenotype and elevated levels of oxida
tive stress (Azzam et al., 2012; Kajimoto and Kaneto, 2004; Pickup,
2004; Spahis et al., 2017). Coexistence of risk factors for MS and preexisting atherosclerosis lead to accelerated occurrence of major coro
nary events after thoracic RT, at least after high heart doses (Yusuf et al.,
2017). Discrimination between MS-related and radiation-related athe
rogenicity or the causal relation between radiation exposure and
development of MS represent therefore major challenges.
High concentrations of triglycerides in combination with low con
centrations of HDL-C are important factors for MS-related atheroge
nicity. Atherogenic index of plasma (AIP), defined as the logarithm of
the ratio between the triglyceride concentration and the high-density
lipoprotein cholesterol (HDL-C) (Dobiásová and Frohlich, 2001) is a
promising tool to estimate the level of MS-related atherogenicity. AIP
has been successfully used in cohorts of children, healthy adults, preand postmenopausal women, patients with hypertension, type 2 dia
betes, dyslipidemia and patients with positive or negative angiography
findings (Dobiásová, 2004; Guo et al., 2020). MS-related risk factors
include large waist circumference, and increased levels of HDL-C, tri
glycerides, fasting glucose and blood pressure (Alberti et al., 2009;
Assmann et al., 2007). Other factors related to MS are age, sex, family
history, physical inactivity, atherogenic diet, and also the traditional
plasma lipid ratios (Manninen et al., 1992).
Recently, data have been accruing suggesting high-dose IR as a
causal factor for MS. In particular, a wide range of long-term compli
cations including CVD and MS have been reported in cancer survivors
(Diller et al., 2009; Oeffinger et al., 2006; Phillips et al., 2015), with

Fig. 1. A model of early plaque development. A first fatty streak appears after time Δa0 with area F1 = s. Subsequently it expands with growth rate γ1. At the last
depicted time point, part of the fatty streak has become a fibrous plaque, with area F2 = s. The intimal surface area involved with fatty streaks (and more advanced
lesions), F1, results from further growth of the first fatty streak and from the origin of a second fatty streak.
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cancer treatments playing a pivotal role in this context (Carver et al.,
2007; Oeffinger et al., 2006; Phillips et al., 2015). In particular, RT that
is received by over 40% of cancer patients, in the form of targeted or
total body irradiation (TBI) (Baskar et al., 2012), significantly increases
the risk for endocrine and metabolic diseases up to decades after expo
sure (Baker et al., 2013; Geenen et al., 2010; Oeffinger et al., 2009). Such
metabolic complications, ranging from obesity to insulin resistance,
further predispose exposed survivors to CVD and dramatically affect
their health trajectory (Baker et al., 2013; Geenen et al., 2010; Oeffinger
et al., 2009). In the light of the constant increase in the number of cancer
survivors, there is an urgent need to better understand the link between
the use of RT and the development of MS to identify individuals at risk of
CVD and guide preventive and therapeutic strategies. As there is paucity
of information available regarding the impact of low dose irradiation in
the context of cancer, the currently available knowledge obtained from
high dose studies will be reviewed here.

irradiation (Cicognani et al., 1997; de Vathaire et al., 2012; Neville
et al., 2006; Oeffinger and Sklar, 2012; Teinturier et al., 1995; van Waas
et al., 2012). Increased systemic levels of triglycerides, low density li
poprotein cholesterol and free fatty acids up to decades post-irradiation
(Daniel et al., 2018; Amorim et al., 2020), suggestive of impaired lipid
metabolism, could indicate long-term damage to the liver, but also
potentially to the adipose tissue which has shown a particular sensitivity
to radiation exposure (Nylander et al., 2016; Poglio et al., 2009). In
addition, the persistence of elevated glucose or insulin levels (Daniel
et al., 2018; Meacham et al., 2009; Neville et al., 2006; Amorim et al.,
2020) is suggestive of long-lasting alterations affecting the pancreas
(van Waas et al., 2012), the liver, the adipose tissue or the skeletal
muscle considering their anatomical position and their critical role in
the regulation of glucose metabolism (Saltiel and Kahn, 2001), although
clinical data is still lacking to clearly establish the presence of such
damage.
Thus, mouse models have been used to investigate the molecular
mechanisms underlying radiation-induced metabolic changes. Mice
exposed to 6 Gy TBI developed long-lasting perturbations in skeletal
muscles metabolism, adipocytes and pancreatic functions, mediated by
epigenetic changes, resulting in altered whole body metabolism and
insulin resistance (Amorim et al., 2020; Nylander et al., 2016). Such
perturbations led to a dramatic remodelling of the systemic lipidomic
signature in mice, consistent with the signature observed in long-term
childhood cancer survivors (CCS) more than 10 years after TBI
(Amorim et al., 2020). In the same population, a remodelling of the Tcell epigenome was associated with increased T-cell activation and
increased production of pro-inflammatory cytokines (Daniel et al.,
2018). These immune changes were associated with systemic inflam
mation and insulin resistance, mimicking what has been previously
described in the context of diabetes (Shoelson et al., 2006). These ob
servations suggest that skeletal muscle and the immune system could
play a role in the development of radiation-induced metabolic compli
cations in exposed populations.
In BALB/c mice, low-dose TBI (0.1 Gy X-rays) induced a metabolic
shift from oxidative phosphorylation to aerobic glycolysis in the small
intestine, resulting in increased radiation resistance (Lall et al., 2014).
This metabolic shift, also observed in human lymphocytes and fibro
blasts, highlighted the upregulation of genes encoding glucose trans
porters and enzymes of glycolysis and the oxidative pentose phosphate
pathway, concomitant with downregulation of mitochondrial genes,
with corresponding alterations in metabolic flux through these path
ways (Lall et al., 2014). This phenomenon was ROS-dependent and
occurred in vitro only under physiological oxygen concentration (5%
O2).

5.1. Cranial RT, endocrine disturbances and body composition
Although cranial RT (CRT) is not as commonly used as it once was in
the treatment of childhood malignancies, the increase in survival rates
for childhood cancer has led to the emergence of a constantly growing
population at risk of metabolic diseases (Darzy et al., 2009; Follin et al.,
2014). Some of the complications reported in that population include
growth hormone (GH) and adrenal insufficiency (Follin et al., 2014),
impaired leptin metabolism (Brennan et al., 1999), altered body
composition or increased obesity (Baker et al., 2013; Garmey et al.,
2008), and insulin resistance or diabetes (Baker et al., 2013; Oeffinger
et al., 2009). Several reports have identified an increase in body mass
index (BMI) in cancer survivors treated with CRT (Garmey et al., 2008;
Meacham et al., 2010; Oeffinger et al., 2009). Body composition, and in
particular adiposity, fall under the influence of hormonal factors,
including GH and the appetite-regulating hormone leptin. GH deficiency
(GHD) has been frequently reported following CRT for childhood cancer
(Brennan et al., 1999), leading to increased adiposity, with GH supple
mentation normalizing adiposity (Bulow et al., 2004). Such hormonal or
body composition changes have long been established as risk factors of
insulin resistance. Thus, several large cohorts of cancer survivors have
identified CRT as a contributor to the development of insulin resistance
(Baker et al., 2013; Oeffinger et al., 2009). However, conflicting ob
servations have also been reported with some studies failing to link GHD
or leptin disturbances with increased BMI or insulin resistance (Papadia
et al., 2007). Such discrepancy could stem from the various radiation
doses used in the course of treatment, with reports observing that only
higher doses of radiation (usually above 20 Gy) resulted in increased
BMI (Craig et al., 1999; Meacham et al., 2005; Oeffinger et al., 2003).
The risk of CRT-induced metabolic complications is also dependent on
the age at treatment, as children receiving CRT at a younger age are at a
higher risk of obesity (Garmey et al., 2008) or gender-dependent, with
female survivors showing higher risks of obesity than males (Craig et al.,
1999; Garmey et al., 2008; Oeffinger et al., 2009).

5.3. Radiation-induced changes in cardiac metabolism
Heart muscle needs continuously high levels of energy due to its
lifelong contracting function. The energy is mainly produced as ATP in
the respiratory chain of cardiac mitochondria (Lopaschuk, 2017). Fatty
acids are the heart’s main source of fuel, although it can also derive
energy from glucose, lactate, pyruvate or ketone bodies (Grynberg and
Demaison, 1996). In the normal heart, there is a great flexibility to
switch from one source to another depending on the energy demand.
However, the cardiac ATP store is limited and can support only a few
cardiac cycles (Grynberg and Demaison, 1996).
The first indications that IR may affect the cardiac energy meta
bolism came from studies using mice locally irradiated to the heart
(Azimzadeh et al., 2013; Barjaktarovic et al., 2011; Barjaktarovic et al.,
2013). A high dose of 16 Gy (X-rays) resulted in a decline in cardiac
mitochondrial number, destruction of the cristae structure and
decreased expression of the mitochondrial transcription factor TFAM
(Azimzadeh et al., 2013). Furthermore, a deactivation (phosphoryla
tion) of peroxisome proliferator-activated receptor alpha (PPAR alpha),
the main regulator of the lipid metabolism in the heart, and a slight but

5.2. Metabolic complications following total body or abdominal
irradiation
Similarly to CRT, TBI and abdominal irradiation have been widely
associated with changes in body composition, altered lipid profile
(Amorim et al., 2020; Neville et al., 2006; Oeffinger et al., 2009; van
Waas et al., 2012) and the development of insulin resistance in child
hood cancer survivors (Daniel et al., 2018; Meacham et al., 2009; Neville
et al., 2006; Oeffinger et al., 2009), with some studies identifying TBI as
exerting a stronger effect than CRT or abdominal irradiation (Meacham
et al., 2010). Similar to CRT, GH deficiency (Galletto et al., 2014),
altered body composition, including fat distribution, and impaired
pancreatic function have been observed in response to TBI (Amorim
et al., 2020; Wei et al., 2015a; Wei et al., 2015b) or abdominal
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significant increase of serum glucose and oxidised LDL was shown 16
weeks after local heart irradiation (Azimzadeh et al., 2015; Azimzadeh
et al., 2013). The X-ray dose of 2 Gy, but not 0.2 Gy, resulted in a rapid
(4 weeks) but persistent (40 weeks) reduction in the succinate-driven
respiration in mitochondria isolated from irradiated mouse hearts
(Barjaktarovic et al., 2011; Barjaktarovic et al., 2013).
Using the Gottingen minipig model, Kenchegowda et al. showed
radiation-associated insulin like growth factor-1 (IGF-1)-dependent in
hibition of the anti-inflammatory, anti-oxidant insulin signal trans
duction pathway (IRS/PI3K/Akt) and induction of the pro-inflammatory
mitogen-activated protein kinase (MAPK) pathway (Kenchegowda et al.,
2018). Selective IGF-1 resistance was associated with an amplification of
reactive oxygen species-induced damage, inflammation and endothelial
dysfunction.
A dose-dependent increase in IHD incidence and mortality has been
shown in the Mayak workers chronically exposed to external gamma
rays (Azizova et al., 2010; Azizova et al., 2012). A post mortem prote
omics analysis was carried out using cardiac left ventricle samples from
three dose groups (<100 mGy, 100–500 mGy, and greater than 500
mGy) compared to non-exposed control group (Azimzadeh et al.,
2017a). All workers and the participants of the control group were
diagnosed with IHD, which was the cause of death. A dose-dependent
down-regulation of glycolytic and mitochondrial proteins and inacti
vation of PPAR-alpha was shown in the two highest dose groups
(Azimzadeh et al., 2017a; Papiez et al., 2018) suggesting an impairment
in both lipid and carbohydrate utilization. This observation may
represent an exceptional pathological scenario not similar to that of a
failing heart (Ingwall, 2009; Neubauer, 2007). It suggests little flexi
bility in metabolic switching between lipids and carbohydrates for en
ergy production and indicates a slow but progressive depletion of ATP,
possibly leading to impairment of the contractile function (Azimzadeh
and Tapio, 2017).

instigator of unrepaired or misrepaired lesions. The low dose effects can
be partially attributed to these complex DNA lesions that may arise from
one double strand break (DSB) if several other non-DSB lesions or even
single strand breaks are expected in the vicinity. As shown in some
studies, these complex non-DSB DNA lesions can be converted into DSBs
during the repair process (Mavragani et al., 2019). Furthermore, DNA
damage after low radiation doses may escape cellular surveillance and
repair and progress to a mutagenic catastrophic event at later stages
especially when replication or mitosis is initiated (Lobrich et al., 2005).
Radiation exposure can affect different levels of cellular organization
and communications between DNA and proteins or between proteins
and lipids, a process similar to that observed in the induction of oxida
tive stress and oxidative damage. This suggests the use of more inte
grative biology approaches like omics: transcriptomics, proteomics
(Fedorova et al., 2015). However, we need to underline that this is not
yet the whole story. Considering perturbations of the molecular meta
bolic and epigenetic network as missing links between these two effects
clearly will be a big step towards the delineation of the IR effects at the
organism level (Ilnytskyy et al., 2009).
In all cases, the implication of bystander effects should be considered
as well (Nikitaki et al., 2016). The inflammatory responses during ra
diation treatment of a tumour maybe a serious limiting factor for RT.
The chronic condition of increased inflammation after radiation expo
sure and constant triggering of the immune system may increase the risk
for radiation toxicity and adverse effects of RT (Najafi et al., 2018).
Although many radiation studies on the plethora of biological and
especially non-cancer effects refer to moderate-to-high doses like those
applied in RT (Rodriguez-Ruiz et al., 2018) or space travel (Beheshti
et al., 2019), low doses are always implicated in the real-life scenarios
(Hammi et al., 2020). In RT, doses at surrounding normal tissues can be
below 0.1 Gy. Therefore, radiation effects in the whole organism after an
acute or chronic radiation exposure will be determined mainly by the
relatively low doses at normal tissues and systemic effects mediated by
the immune system (Mavragani et al., 2016).
As mentioned earlier, cardiac and metabolic effects of low-dose IR
have been studied in various biological models from cells to mice and
humans (Baselet et al., 2016; Beheshti et al., 2019; Hughson et al., 2017;
Yan et al., 2014) and particularly highlighted in the recent NASA Twins
study (Garrett-Bakelman et al., 2019). Most epidemiological studies
agree that inflammatory and immune response networks play a central
role in the biological response (Baselet et al., 2016). Recent studies
suggest that the nucleotide-binding domain and leucine-rich-repeatcontaining family pyrin 3 (NLRP3) inflammasome plays a pivotal role
in radiation-induced cardiovascular injury (Huang et al., 2020). Omics
studies performing transcriptome profiling in the left ventricular murine
cardiomyocytes isolated from mice exposed to 0.9 Gy, 1 GeV proton (1H)
and 0.15 Gy, 1 GeV/nucleon iron (56Fe) over 28 days after exposure
have categorized some major differentially expressed genes (DEGs)
belonging to cell cycle, oxidative responses, inflammation and tran
scriptional regulation functional groups (Coleman et al., 2015). Recent
metabolomics analysis in female mice receiving local heart irradiation
with 6 MV photons at 0.2 and 2 Gy induced changes in energy meta
bolism, fatty acid beta-oxidation, oxidative stress and cellular damage.
This study suggests that metabolomics may be an applicable and sensi
tive tool even in future human studies investigating cardiac response to
radiation (Gramatyka et al., 2020).

6. Systems biology in the present and future circulatory and
metabolic studies: An outlook
According to the current understanding, one of the major de
terminants of biological response to IR is the induction of damage to
DNA, proteins, and lipids which initiates further responses of the cells or
tissues and to a great extent determines the systemic nature of radiation
effects (Formenti and Demaria, 2009; Ji et al., 2019; Mavragani et al.,
2019). The magnitude of the initial damage is very important not only in
the area of radiation protection, but is of major concern in different
areas of biology, with implications to human pathophysiology (Ermo
laeva and Schumacher, 2014; Martin et al., 2011).
For the biological response, communications of DNA damage
response (DDR) with the immune system play an important role at
multiple levels. DDR, induced especially in the case of complex DNA
damage in healthy tissue, may be instrumental in the initiation of
various chronic and late effects involving inflammatory and immune
responses and usually through the mediation of oxidative stress (Pouget
et al., 2018). In other words, the initial cellular damage usually results in
a cascade of events involving the release of ROS (Azzam et al., 2012) and
damage-associated molecular patterns (DAMPs) which are recognized
by Toll-like receptors (TLRs), even at low doses (0.05 and 0.1 Gy) (ElSaghire et al., 2013). Bioinformatics work has shown a close association
and crosstalk between radiation response and immune system compo
nents (Georgakilas et al., 2015), as well as those of DDR and innate
immune system (Pateras et al., 2015).
Exposure conditions (e.g., partial body/total body, dose and dose
rate, fractionation, acute or chronic, radiation quality) might affect the
immune system to different degrees. The idea of the pivotal, but also
complicated involvement of the immune system in the organism’s re
action to whole-body or partial-body irradiation is also supported by
different studies as reviewed recently (Diegeler and Hellweg, 2017).
Nevertheless, complex DNA damage is currently accepted as the main

7. Concluding remarks
This review provides strong evidence in support of a causal associ
ation between acute high-dose and chronic low-dose radiation exposure
and most types of circulatory disease, in particular IHD and CeVD. These
findings confirm the results of previous systematic reviews and metaanalysis of moderate and low-dose groups (Little, 2016; Little et al.,
2012a). The association is less certain for other circulatory diseases
given the only marginal level of statistical significance and the highly
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significant inter-study heterogeneity of risks in studies of this endpoint
(Little, 2016). A previous meta-analysis suggested that if the association
between low-level radiation exposure and the risk of circulatory disease
reflects an underlying causal relationship, linear with dose, then the
overall excess risk of mortality after exposure to low doses or low doserates of radiation may be about twice that currently assumed (Little
et al., 2012a). Since the risks that are derived here using a somewhat
larger body of data are consistent with those, the implications for lowdose radiation risk are unaltered. Nevertheless, the possible mecha
nisms for risk at low doses and low dose rates are, in contrast to the
situation at higher doses and dose rates, relatively little understood.
There is an urgent need for further research in this area (Kreuzer et al.,
2015a).
The biological data are supporting the epidemiological data indi
cating that even low-dose IR, if given to EC or vasculature in a normal
non-inflammatory state, results in a pro-atherogenic outcome in the
form of increased adhesiveness, inflammation, and premature senes
cence. Furthermore, adverse metabolic consequences can be seen in the
heart muscle even below 0.5 Gy. In contrast, if the cells or vasculature
are in inflammatory state low doses of IR may function in an antiinflammatory manner.
As in the epidemiology, the knowledge of possible cellular and mo
lecular mechanisms and relationships between radiation exposure and
consequent circulatory and metabolic effects is still scarce. Especially,
the years of latency between radiation exposure and the appearance of
clinically relevant symptoms and the complexity of the clinically rele
vant endpoints make it difficult to identify those early cellular and
molecular changes that are involved in the development of relevant late
effects. This is partly due to the lack of good animal models for the
human situation. At the moment, almost all animal data of the low-dose
IR come from the ApoE–/– mouse studies. Furthermore, radiation
exposure in connection with other risk factors is of additional impor
tance. Other risk factors such as MS, associated with obesity or diabetes,
can either precede or occur during or after the radiation exposure. Since
recent data indicate that especially high-dose IR can be a causal factor
for both CVD and MS it is relevant to investigate the molecular mech
anisms that play a role in the aetiology of these different scenarios.
Recent data strongly suggest an association between radiation and
the development of metabolic complications in cancer survivors exposed
to high localized RT dose or TBI. Although the leading mechanisms are
yet to be fully uncovered, persisting endocrine changes, functional al
terations affecting the pancreas, the adipose tissue, the liver or skeletal
muscles, and long-lasting immune impairments could all play a role. If
total body irradiation seems to exert the strongest effect on the devel
opment of metabolic diseases, CRT and abdominal irradiation can also
affect metabolic functions. There is currently no evidence on causal
association between low doses and metabolic changes in human, only in
animal models, but in occupational settings moderate doses (100–500
mGy) at low dose rate are able to alter the energy preferences in the
cardiac muscle.
In the face of a constantly growing population diagnostically, envi
ronmentally or occupationally exposed to low-dose radiation, there is an
urgent need to better identify and monitor individuals at risk of circu
latory or metabolic complications. Especially low doses may contribute
to the systemic normal tissue damage in all these populations. Therefore,
low-dose studies in general and molecular epidemiological studies in
particular (Kreuzer et al., 2015b) are the basis for prevention and
amelioration of adverse late effects providing a deeper understanding of
the long-lasting impact of radiation on circulatory and metabolic func
tions and the underlying mechanisms.

follow large adult cohort studies (Japanese atomic bomb survivors,
worker and clinical studies) as well as paediatric cohorts (e.g. Tinea
capitis, CT) and (ii) and to collect more biological samples in order to
better understand the radiation impact on the disease process.
Furthermore, identifying new existing suitable cohorts with a good
statistical power will be important in the future. A precise dosimetric
assessment in epidemiological studies is necessary and should include
information on dose and dose rate, fractionation, and part of body or
organ exposed, in particular in the case of sensitive structures such as
heart, liver or carotid arteries. In the follow-up studies, information
about morbidity and mortality, a clear diagnosis and definition of heart
disease and related diseases such as MS or diabetes, but also heart
function and echocardiology are relevant. In particular, patient and
occupationally exposed cohorts may be ideal due to reliable information
on dosimetry and diagnoses, but also presenting a possibility to access
biosamples. In the short term, the highest potential to advance under
standing in radiation-induced circulatory and metabolic diseases is ex
pected from studies at near-field and/or out-of-field therapeutic doses.
In the long term, basic and clinical research addressing CVD and
metabolic diseases at progressively lower doses is warranted.
A general weakness of the current low-dose studies involving circu
latory and metabolic disease is the lack of information on lifestyle fac
tors, in particular those having an impact on the pathogenesis such as
smoking, alcohol consumption, diet, obesity, physical activity, and ge
netic background. A range of biological samples (blood, urine, saliva,
fecal samples) can be informative to fill this gap, elucidating radiationassociated changes in the metabolic (fasting glucose, cholesterol, AIP or
other plasma lipid ratios), inflammatory (acute phase proteins, cyto
kines, chemokines), or cardiovascular status (e.g. cardiac troponin, Creactive protein, B-type natriuretic peptide). For that matter, imaging
data, biopsies and even autopsies represent good sources of information.
It is obvious that also mechanisms other than the classical DDR
pathways are involved in the radiation-induced circulatory and meta
bolic responses. This calls for a new insight on potential mechanisms and
effect of modulating factors, such as inflammatory, stress and immune
responses, and lifestyle factors. Disease relevant cell types, such as EC,
macrophages and smooth muscle cells of the vessel wall, hepatocytes
and adipocytes should be used for hypothesis-driven studies addressing
possible mechanisms, looking at, but not limited to, epigenetics, accel
erated aging, mitochondrial dysfunction, oxidative stress, and (other)
links between metabolic and circulatory diseases.
Adverse outcome pathways of low-dose-related CVD and MS should
be further investigated (Fig. 2) (OECD, 2013). Advances in medical
imaging and automatic image analysis will significantly improve the
quantitative assessment of progressing atherosclerosis in the vascular
system. Integrating these imaging data with epidemiological cohorts of
incidence for CVD provides opportunities for the development and
testing of biologically-based risk models that make use of the actual
pathologic state for more accurate personalized risk projection.
Macromolecular interactions: The left column illustrates the initi
ating events, the deposition of energy in tissue, whereby highly reactive
radicals are formed and most of them are quickly removed by chemical
repair. Some radicals react with cellular macromolecules, either directly
with DNA (4% of energy deposition), proteins, and lipids (16% of energy
deposition) or indirectly via radiolysis of water (80% of energy depo
sition). The physical attributes of the radiation (radiation quality) and
dose delivery (e.g. high or low single dose or fractionated/protracted
exposure) modulate the responses.
Cell and tissue level effects: Unrepaired or misrepaired damage to
cellular macromolecules leads to damage response signalling and
bystander effects mediated by reactive oxygen species (ROS), miRNAs,
cytokines and other small molecules. At the cellular level, damage
manifests as apoptosis, cellular senescence, and inflammatory pheno
type creating continuous oxidative stress. Damage response signalling
and bystander effects expand the physiological change from single cells
to a population of cells and tissues. Note that mutations caused by

8. Recommendations for future research
MELODI developed several recommendations for the way forward in
research on radiation-induced circulatory and metabolic diseases. The
two main recommendations for future research were (i) to continue to
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Fig. 2. Schematic representation of the components, interrelations and timing of a network of adverse outcome pathways and key events contributing to the
development of adverse health outcome: circulatory and metabolic diseases.

misrepaired DNA damage are not shown in this scheme, although they
are major drivers for stochastic effects (cancer, germline instability).
Such clonal expansion of cells carrying specific mutations is not known
to take place in the development of circulatory or metabolic diseases.
Organ and organ system level: The cellular and tissue level effects
can lead to a variety of tissue reactions impairing organ functions within
weeks (early toxicity/tissue reactions), months or years (late toxicity/
tissue reactions). Both the dose and the dose rate impact the presenta
tion and severity of the tissue reaction or toxicity. Typical phenomena
and mechanisms underlying tissue reactions include inflammation,
oxidative stress, immunological effects, epigenetic changes, and accel
erated aging of cells and tissues. Such adverse pathways contribute to
endothelial dysfunction and metabolic changes that lead to adverse
circulatory and metabolic outcomes.
Adverse health outcome: Circulatory disease and metabolic disease
represent the main complications appearing after a long latency period
of years or even decades. The length of the latency period depends on the
dose, high doses leading to an earlier onset of the tissue reaction. Note
that circulatory and metabolic diseases are interrelated, metabolic dis
ease being a major risk factor for circulatory disease.
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2020. Second joint roadmap for radiation protection research. Deliverable D3.7 of
CONCERT, European Joint Programme for the integration of radiation protection
research. https://wwwconcert-h2020eu/en/Publications.
Cottin, Y., Kollum, M., Kolodgie, F.D., Chan, R.C., Kim, H.S., Vodovotz, Y., Virmani, R.,
Waksman, R., Yazdi, H., 2001. Intravascular radiation accelerates atherosclerotic
lesion formation of hypercholesteremic rabbits. Cardiovasc. Radiat. Med. 2,
231–240. https://doi.org/10.1016/s1522-1865(1002)00129-00124.
Craig, F., Leiper, A.D., Stanhope, R., Brain, C., Meller, S.T., Nussey, S.S., 1999. Sexually
dimorphic and radiation dose dependent effect of cranial irradiation on body mass
index. Arch. Dis. Child. 81, 500–504. https://doi.org/10.1136/adc.81.6.500.

Adams, M.J., Hardenbergh, P.H., Constine, L.S., Lipshultz, S.E., 2003. Radiationassociated cardiovascular disease. Crit. Rev. Oncol. Hematol. 45, 55–75.
Alberti, K.G., Eckel, R.H., Grundy, S.M., Zimmet, P.Z., Cleeman, J.I., Donato, K.A.,
Fruchart, J.C., James, W.P., Loria, C.M., Smith Jr., S.C., 2009. Harmonizing the
metabolic syndrome: a joint interim statement of the International Diabetes
Federation Task Force on Epidemiology and Prevention; National Heart, Lung, and
Blood Institute; American Heart Association; World Heart Federation; International
Atherosclerosis Society; and International Association for the Study of Obesity.
Circulation 120, 1640–1645. https://doi.org/10.1161/
CIRCULATIONAHA.109.192644.
Amorim, N.M.L., Kee, A., Coster, A.C.F., Lucas, C., Bould, S., Daniel, S., Weir, J.M.,
Mellett, N.A., Barbour, J., Meikle, P.J., Cohn, R.J., Turner, N., Hardeman, E.C.,
Simar, D., 2020. Irradiation impairs mitochondrial function and skeletal muscle
oxidative capacity: significance for metabolic complications in cancer survivors.
Metabolism. 103, 154025 https://doi.org/10.1016/j.metabol.2019.154025.
Arbeille, P., Provost, R., Zuj, K., 2016. Carotid and Femoral Artery Intima-Media
Thickness During 6 Months of Spaceflight. Aerosp. Med. Hum. Perform. 87, 449–453
doi: 410.3357/AMHP.4493.2016.
Assmann, G., Guerra, R., Fox, G., Cullen, P., Schulte, H., Willett, D., Grundy, S.M., 2007.
Harmonizing the definition of the metabolic syndrome: comparison of the criteria of
the Adult Treatment Panel III and the International Diabetes Federation in United
States American and European populations. Am. J. Cardiol. 99, 541–548. https://
doi.org/10.1016/j.amjcard.2006.08.045.
Averbeck, D., Salomaa, S., Bouffler, S., Ottolenghi, A., Smyth, V., Sabatier, L., 2018.
Progress in low dose health risk research: Novel effects and new concepts in low dose
radiobiology. Mutat. Res. 776, 46–69. https://doi.org/10.1016/j.
mrrev.2018.1004.1001. Epub 2018 Apr 1017.
Azimzadeh, O., Azizova, T., Merl-Pham, J., Subramanian, V., Bakshi, M.V., Moseeva, M.,
Zubkova, O., Hauck, S.M., Anastasov, N., Atkinson, M.J., Tapio, S., 2017a. A dosedependent perturbation in cardiac energy metabolism is linked to radiation-induced
ischemic heart disease in Mayak nuclear workers. Oncotarget. 8, 9067–9078.
https://doi.org/10.18632/oncotarget.10424.
Azimzadeh, O., Sievert, W., Sarioglu, H., Merl-Pham, J., Yentrapalli, R., Bakshi, M.V.,
Janik, D., Ueffing, M., Atkinson, M.J., Multhoff, G., Tapio, S., 2015. Integrative
proteomics and targeted transcriptomics analyses in cardiac endothelial cells unravel
mechanisms of long-term radiation-induced vascular dysfunction. J. Proteome Res.
14, 1203–1219. https://doi.org/10.1021/pr501141b. Epub 502015 Jan 501129.
Azimzadeh, O., Sievert, W., Sarioglu, H., Yentrapalli, R., Barjaktarovic, Z., Sriharshan, A.,
Ueffing, M., Janik, D., Aichler, M., Atkinson, M.J., Multhoff, G., Tapio, S., 2013.
PPAR alpha: a novel radiation target in locally exposed Mus musculus heart revealed
by quantitative proteomics. J. Proteome Res. 12, 2700–2714. https://doi.org/
10.1021/pr400071g. Epub 402013 Apr 400029.
Azimzadeh, O., Subramanian, V., Stander, S., Merl-Pham, J., Lowe, D., Barjaktarovic, Z.,
Moertl, S., Raj, K., Atkinson, M.J., Tapio, S., 2017b. Proteome analysis of irradiated
endothelial cells reveals persistent alteration in protein degradation and the RhoGDI
and NO signalling pathways. Int. J. Radiat Biol. 93, 920–928. https://doi.org/
10.1080/09553002.09552017.01339332. Epub 09552017 Jul 09553011.
Azimzadeh, O., Tapio, S., 2017. Proteomics landscape of radiation-induced
cardiovascular disease: somewhere over the paradigm. Exp. Rev. Proteom. 14,
987–996. https://doi.org/10.1080/14789450.14782017.11388743. Epub
14782017 Oct 14789410.
Azizova, T.V., Batistatou, E., Grigorieva, E.S., McNamee, R., Wakeford, R., Liu, H., de
Vocht, F., Agius, R.M., 2018. An Assessment of Radiation-Associated Risks of
Mortality from Circulatory Disease in the Cohorts of Mayak and Sellafield Nuclear
Workers. Radiat. Res. 189, 371–388. https://doi.org/10.1667/RR14468.1.
Azizova, T.V., Grigorieva, E.S., Hunter, N., Pikulina, M.V., Moseeva, M.B., 2015a. Risk of
mortality from circulatory diseases in Mayak workers cohort following occupational
radiation exposure. J. Radiol. Prot. 35, 517–538. https://doi.org/10.1088/09524746/35/3/517.
Azizova, T.V., Grigoryeva, E.S., Haylock, R.G.E., Pikulina, M.V., Moseeva, M.B., 2015b.
Ischaemic heart disease incidence and mortality in an extended cohort of Mayak
workers first employed in 1948–1982. Br. J. Radiol. 88, 20150169. https://doi.org/
10.1259/bjr.20150169.
Azizova, T.V., Haylock, R.G.E., Moseeva, M.B., Bannikova, M.V., Grigoryeva, E.S., 2014.
Cerebrovascular diseases incidence and mortality in an extended Mayak Worker
Cohort 1948–1982. Radiat. Res. 182, 529–544. https://doi.org/10.1667/
RR13680.1.
Azizova, T.V., Muirhead, C.R., Druzhinina, M.B., Grigoryeva, E.S., Vlasenko, E.V.,
Sumina, M.V., O’Hagan, J.A., Zhang, W., Haylock, R.G., Hunter, N., 2010.
Cardiovascular diseases in the cohort of workers first employed at Mayak PA in
1948–1958. Radiat. Res. 174, 155–168. https://doi.org/10.1667/rr1789.1.
Azizova, T.V., Muirhead, C.R., Moseeva, M.B., Grigoryeva, E.S., Vlasenko, E.V.,
Hunter, N., Haylock, R.G., O’Hagan, J.A., 2012. Ischemic heart disease in nuclear
workers first employed at the Mayak PA in 1948–1972. Health Phys. 103, 3–14.
https://doi.org/10.1097/HP.0b013e3182243a62.
Azzam, E.I., Jay-Gerin, J.-P., Pain, D., 2012. Ionizing radiation-induced metabolic
oxidative stress and prolonged cell injury. Cancer Lett. 327, 48–60. https://doi.org/
10.1016/j.canlet.2011.12.012.
Baker, K.S., Chow, E.J., Goodman, P.J., Leisenring, W.M., Dietz, A.C., Perkins, J.L.,
Chow, L., Sinaiko, A., Moran, A., Petryk, A., Steinberger, J., 2013. Impact of
treatment exposures on cardiovascular risk and insulin resistance in childhood
cancer survivors. Cancer Epidemiol. Biomark. Prev. 22, 1954–1963. https://doi.org/
10.1158/1055-9965.EPI-13-0610.

11

S. Tapio et al.

Environment International 146 (2021) 106235

Cutter, D.J., Schaapveld, M., Darby, S.C., Hauptmann, M., van Nimwegen, F.A., Krol, A.
D.G., Janus, C.P.M., van Leeuwen, F.E., Aleman, B.M.P., 2015. Risk of valvular heart
disease after treatment for Hodgkin lymphoma. J. Natl. Cancer Inst. 107, djv008.
https://doi.org/10.1093/jnci/djv008.
Daniel, S., Nylander, V., Ingerslev, L.R., Zhong, L., Fabre, O., Clifford, B., Johnston, K.,
Cohn, R.J., Barres, R., Simar, D., 2018. T cell epigenetic remodeling and accelerated
epigenetic aging are linked to long-term immune alterations in childhood cancer
survivors. Clin. Epigenet. 10, 138. https://doi.org/10.1186/s13148-018-0561-5.
Darby, S.C., Ewertz, M., McGale, P., Bennet, A.M., Blom-Goldman, U., Brønnum, D.,
Correa, C., Cutter, D., Gagliardi, G., Gigante, B., Jensen, M.-B., Nisbet, A., Peto, R.,
Rahimi, K., Taylor, C., Hall, P., 2013. Risk of ischemic heart disease in women after
radiotherapy for breast cancer. N. Engl. J. Med. 368, 987–998. https://doi.org/
10.1056/NEJMoa1209825 [doi].
Darzy, K.H., Thorner, M.O., Shalet, S.M., 2009. Cranially irradiated adult cancer
survivors may have normal spontaneous GH secretion in the presence of discordant
peak GH responses to stimulation tests (compensated GH deficiency). Clin.
Endocrinol. (Oxf). 70, 287–293. https://doi.org/10.1111/j.1365-2265.2008.03359.
x.
de Vathaire, F., El-Fayech, C., Ben Ayed, F.F., Haddy, N., Guibout, C., Winter, D.,
Thomas-Teinturier, C., Veres, C., Jackson, A., Pacquement, H., Schlumberger, M.,
Hawkins, M., Diallo, I., Oberlin, O., 2012. Radiation dose to the pancreas and risk of
diabetes mellitus in childhood cancer survivors: a retrospective cohort study. Lancet
Oncol. 13, 1002–1010. https://doi.org/10.1016/S1470-2045(12)70323-6.
Demirci, S., Nam, J., Hubbs, J.L., Nguyen, T., Marks, L.B., 2009. Radiation-induced
cardiac toxicity after therapy for breast cancer: interaction between treatment era
and follow-up duration. Int. J. Radiat. Oncol. Biol. Phys. 73, 980–987.
Dess, R.T., Sun, Y., Matuszak, M.M., Sun, G., Soni, P.D., Bazzi, L., Murthy, V.L., Hearn, J.
W.D., Kong, F.M., Kalemkerian, G.P., Hayman, J.A., Ten Haken, R.K., Lawrence, T.S.,
Schipper, M.J., Jolly, S., 2017. Cardiac Events After Radiation Therapy: Combined
Analysis of Prospective Multicenter Trials for Locally Advanced Non-Small-Cell Lung
Cancer. J. Clin. Oncol. 35, 1395–1402. https://doi.org/10.1200/JCO.2016.71.6142.
Diallo, I., Lamon, A., Shamsaldin, A., Grimaud, E., de Vathaire, F., Chavaudra, J., 1996.
Estimation of the radiation dose delivered to any point outside the target volume per
patient treated with external beam radiotherapy. RadiotherOncol. 38, 269-271.
https://doi.org/0167814096017136 [pii].
Diegeler, S., Hellweg, C.E., 2017. Intercellular Communication of Tumor Cells and
Immune Cells after Exposure to Different Ionizing Radiation Qualities. Front.
Immunol. 8, 664. https://doi.org/10.3389/fimmu.2017.00664.
Diller, L., Chow, E.J., Gurney, J.G., Hudson, M.M., Kadin-Lottick, N.S., Kawashima, T.I.,
Leisenring, W.M., Meacham, L.R., Mertens, A.C., Mulrooney, D.A., Oeffinger, K.C.,
Packer, R.J., Robison, L.L., Sklar, C.A., 2009. Chronic disease in the Childhood
Cancer Survivor Study cohort: a review of published findings. J. Clin. Oncol. 27,
2339–2355. https://doi.org/10.1200/JCO.2008.21.1953.
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