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Abstract

Exposure to therapeutic doses of ionizing radiation is associated with damage to the heart and
coronary arteries. However, only recently have studies with high-quality individual dosimetry data
allowed this risk to be quantified while also adjusting for concomitant chemotherapy, and medical
and lifestyle risk factors. At lower levels of exposure the evidence is less clear. In this article we
review radiation-associated risks of circulatory disease in groups treated with radiotherapy for
malignant and non-malignant disease, and in occupationally- or environmentally-exposed groups
receiving rather lower levels of radiation dose, also for medical diagnostic purposes.

Results of a meta-analysis suggest that excess relative risks per unit dose for various types of heart
disease do not differ significantly (>0.2) between studies. In particular, there are no marked
discrepancies between risks derived from the high-dose therapeutic and medical diagnostic studies
and from the moderate/low dose occupational and environmental studies. However, risk for stroke
and other types of circulatory disease are significantly more variable (p<0.0001), possibly
resulting from confounding and effect-modification by well known (but unobserved) risk factors.
Adjustment for any of mean dose, dose fractionation or age at exposure results in the residual
heterogeneity for cerebrovascular disease becoming non-significant. The review provides strong
evidence in support of a causal association between both low and high dose radiation exposure and
most types of circulatory disease.
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1. INTRODUCTION

Circulatory disease, which is customarily defined as those causes of mortality and morbidity
with International Classification of Diseases 10t revision (ICD10) codes 100-199 (or
equivalently the International Classification of Diseases 8" or 9t revision (ICD8, ICD9)
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codes 390-459), is the leading cause of death in the developed world [1,2] There are many
types of circulatory disease [3]; the main types are listed in Table 1. Circulatory disease
accounts for 30.8% of the 2.6 million deaths in the USA in 2014, of which the two leading
components are ischemic heart disease (IHD), accounting for 23.4%, and stroke accounting
for 5.1%, of all deaths [2]; worldwide IHD and stroke rank first and third in years of life lost
[4]. Consistently identified independent risk factors include cigarette smoking, diabetes,
high blood pressure, obesity, and increased total and low-density-lipoprotein cholesterol [5].
Of emerging importance are certain maternal reproductive factors [6,7]. Circulatory disease
has also been shown to aggregate in families, so that children of parents with cardiovascular
disease are more likely to develop it themselves. Relative risk (RR) for coronary heart
disease in first-degree relatives has been reported to range from 2 to 12 times higher than
that of the general population [8-11]. Advances in genetic epidemiology over the past few
years have helped to identify several genetic polymorphisms that increase or decrease an
individual’s chance of developing circulatory disease [12,13]. Such genetic polymorphisms
have so far been associated with small effects on cardiovascular risk.

Environmental agents may also contribute to circulatory disease risk and it has long been
recognized that human exposure to ionizing radiation during radiotherapy can damage the
heart [14]. Radiotherapeutic (RT) doses to the heart and other organs/tissues of relevance to
the circulatory system can be very high, as for example in the treatment of Hodgkin’s
lymphoma (HL) where doses to some regions of the heart from mediastinal exposure can
exceed 40 Gy 1 [15]; however, doses after treatment of some other cancers, for example
breast cancer, are often lower than this [16]. Heart and coronary arterial doses associated
with RT treatment tend to be lower among groups treated for non-malignant disease [17].
Many of the earlier studies lack individual radiation dosimetry (e.g., [18-22]). There is also
generally little information on concomitant chemotherapy (CT), some types of which (e.g.,
vincristine, anthracyclines) are cardiotoxic, irrespective of the administration of concomitant
RT [21]. Since concomitant CT is often correlated with RT dose there is potential for serious
confounding of the dose response.

The Life Span Study (LSS) of the Japanese atomic-bomb survivors provides evidence of
increased risk of myocardial infarction and stroke at rather lower levels of dose, under 5 Gy,
and with mean doses of somewhat less than 0.5 Gy [23,24]. There is no appreciable
nonlinearity in the radiation dose response for circulatory disease in the LSS data, although
the form of the dose-response relationship, particularly at lower doses, is uncertain [24].
Therefore the magnitude of risk of circulatory disease in the low dose region where issues of
radiation protection usually operate is not clear. There is emerging, and still controversial,
evidence that exposure to much lower doses and dose rates of radiation, in particular
associated with occupational and diagnostic exposure [25], may be associated with excess
risk of circulatory disease. Claims have been made of no-effect thresholds for circulatory
diseases in the LSS [26], although this has been disputed [27]. Epidemiological studies are

LFor radiation protection purposes, the evaluation of risk for adverse effects typically considers the radiation energy deposited per unit
mass of tissue, with units of gray (Gy) =11 kg'l. Stochastic effects such as cancer and hereditary effects are known to depend on the
radiation energy, and so in estimation of radiation effects for a given organ/tissue the physical radiation dose (in Gy) is multiplied by a
tissue weighting factor uR to yield the equivalent dose in sievert (Sv).
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likely to have difficulty in detecting increased risk at low dose levels as the main circulatory
diseases of concern are very common in the population as a whole and, as above, there are
multiple potentially confounding contributory risk factors. The International Commission on
Radiological Protection (ICRP) has classified circulatory disease as a tissue reaction effect,
with an approximate threshold dose of about 0.5 Gy [28]. The threshold was derived by
fitting a linear model to epidemiologic data and selecting the dose below which there was
less than a 1% chance of an effect. As such this does not represent a true no-effect dose
threshold.

In the present review | shall consider in turn the risks of radiation-associated circulatory
disease that have been observed in therapeutically- or diagnostically-exposed cohorts. Risks
among groups exposed to generally lower levels of radiation dose will also be assessed,
specifically in the LSS and in occupationally- and environmentally-exposed groups.
Attention will generally be concentrated on studies with high quality individual organ
dosimetry, based on those of previous systematic reviews [25,29], which have been updated
for the present paper, based in part on updates also on previously reported (non-systematic)
reviews of the moderate/low-dose literature [30,31]; unlike all these previous reviews the
organ or tissue dose range that is to be considered is not constrained. As part of the review a
meta-analysis of the eligible studies will be performed, similar to that conducted by Little et
al[29]; meta-regression will be used to assess the effect of certain explanatory variables as a
means of accounting for possible inter-study heterogeneity.

2. DATA SELECTION AND STATISTICAL METHODS FOR META-ANALYSIS

When both mortality and morbidity data are available for a particular cohort, preference will
generally be given to use of the morbidity data in the meta-analysis, because of the generally
greater diagnostic accuracy of the former, and to minimize the possibility of double-counting
circulatory disease counts. However, in the LSS data both endpoints will be analyzed, since
there is likely not much overlap in the endpoints being considered, and both are likely to be
informative. For the Mayak worker cohort, as above, preference is given to use of the
morbidity data in analyses of the two main endpoints, IHD [32] and cerebrovascular disease
(CeVD) [33]; nevertheless, to assess differences made by this assumption, for certain
subsidiary analyses (presented in Tables 6 and 7) analysis will be presented based on the
mortality data.

The basis of all estimations of radiation risk is the value of the excess relative risk (ERR) per
unit (Sv / Gy) of radiation exposure (ERR per Sv / ERR per Gy). [Most publications employ
unweighted radiation dose (Gy), but some (e.g., LSS) use weighted (equivalent) dose (Sv).]
Wherever possible the ERR was taken directly from the relevant publication, which are
reproduced in Tables 2-4. For the studies of Cutter ef a/[34] and Mulrooney et a/ [35]
subsidiary analysis was performed to derive useful risk estimates, described in Appendix A.

An aggregate estimate of ERR per Gy is computed across subsets of these studies using
random effects models, using standard statistical methods. Random effects models are fitted
by restricted maximum likelihood (REML) because of the theoretically superior
performance, in particular the absence of bias in the estimates of variance [36]. However, for

Mutat Res. Author manuscript; available in PMC 2017 October 01.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Little

Page 4

certain analyses (Table 6) maximum-likelihood and the one-step variance estimate of
DerSimonian and Laird [37] are also used to estimate residual heterogeneity; the fixed-effect
parameter estimates, and parameter estimates of these alternative model fits were generally
within 5% of those obtained via REML. Maximum likelihood methods had to be used to
assess comparative goodness of fit of models with various sets of fixed-effect variables,
reported in Table 6. Residual heterogeneity was assessed using Cochran’s Q-statistic:

X2:Q:§:[(ERRL' — ERRy,)/sd(ERR;))?
i=1 Q)

the significance of which was assessed by comparing it against centiles of the ;(2 distribution
with the relevant number of degrees of freedom (= /- 1). Random effects models are fitted
to subsets of the studies in Tables 2-4 selected so as to be more or less disjoint, as previously
discussed [25]. The 1-sided p-values in Tables 5 and 7 are calculated in the standard way
from the mean, 4, and standard deviation, o, derived from the meta-analysis for each
circulatory disease endpoint, as P[N (0, 1) < - u/ o]. [ give 1-sided rather than 2-sided p-
values since | judge that the hypothesis being tested is of detrimental effects.] Statistical
significance was defined by p<0.05. In order to assess the contribution of the heterogeneity
to the aggregate data the /2 statistic of Higgins and Thompson [38] is computed. This is
expressed as a percentage, so that a value near 0% implies little estimated inter-study
heterogeneity relative to the intra-study variance, and values near 100% that the inter-study
heterogeneity dominates the intra study variance [38]. Values of ERR per Sv derived from
the meta-analysis are given in Table 5 for four major subtypes of circulatory disease
determined a priori, and as used in a previous meta-analysis [25], namely: (a) IHD (ICD10
120-125); (b) heart disease apart from IHD (ICD10 126-152); (c) CeVD (ICD10 160-169); and
(d) all other circulatory diseases (ICD10 100-119, 153-59, 170-199). All statistical models
were fitted using the metafor package [39] in R [40]. Forest plots were prepared using the
forestplot package [41] in R [40]. Results of the meta-analysis are generally based on the
data given in Appendix B Table B1.

3. RESULTS

3.1 Therapeutically exposed groups

The study of Mulrooney et a/[35], a largely US-based cohort of persons treated for cancer in
childhood, documented significant excess risk for heart doses above 15 Gy for each of the
four main endpoints studied (congestive heart failure, myocardial infarction, pericardial
disease, valvular disease); there are also significant increasing trends in risk with dose (Table
2). The heart dosimetry in the study, which relied on measurements in physical phantoms,
was not fully individualized, in that treatment blocking data was not taken into account [42].
It was also reliant on self-reported information on circulatory disease outcomes. However,
treatment information, in particular relating to the RT and concomitant CT is derived from
medical records. Oddly, risk of myocardial infarction was not modified by anthracycline
dose, although there was significant modification of risk of pericardial disease [35]. The
French-UK study of Tukenova et a/[43], of mortality in childhood cancer survivors, does
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not have the weaknesses of the study of Mulrooney et a/[35], in that diagnostic information
is obtained via national mortality registers (in France and UK). The RT organ dosimetry is
also of somewhat higher quality, in that it is fully individualized, based on Monte Carlo
reconstructions derived from individual treatment records [44,45]. There was a strong and
highly significant increasing trend of cardiac risk with dose to the heart, 0.6 Gy! (95%
confidence intervals (Cl) 0.2, 2.5) (Table 2); there was also significant risk associated with
anthracyclines or vinca alkaloids, but there was no significant statistical interaction of
radiation dose with anthracycline score, nor with any other type of concomitant CT. The US
study adjusted for tobacco use [35], but otherwise neither study corrected for standard risk
factors for circulatory disease. A significant weakness of the study of Mulrooney et a/is that
for an appreciable fraction the “cardiac event was reported but the participant did not report
the age at which the event occurred. Age at first cardiac condition was imputed for 9% and
14% of survivors and siblings, respectively, who reported a specific condition” [35].

The US study of patients treated for peptic ulcer, who were given mostly a single treatment
course of X-rays to the stomach, of Little et a/[17] documented significant excess mortality
risks for all circulatory disease, with an ERR Gy! of 0.082 (95% CI 0.031, 0.140), and IHD,
with an ERR Gy™® of 0.102 (95% CI 0.039, 0.174) (both p<0.01), and indications of excess
risk for stroke. There were no statistically significant (p>0.2) differences between risks by
endpoint, and few indications of curvature in the dose response, or of confounding effects of
smoking or alcohol consumption [17]. There were significant decreasing trends of ERR with
increasing time since exposure for all circulatory disease, IHD and CeVD (p<0.01), the
magnitude of which does not vary between endpoints (p>0.2). Risk modifications were
similar if analysis was restricted to those receiving radiation, although ERRs are slightly
larger and the risk of stroke failed to be significant. 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 CeVVD and heart
dose for other circulatory disease endpoints resulted in significant heterogeneity of risk
(1p=0.011) between endpoints, which was not the case when heart dose was used throughout
(0=0.283) [17]. Using brain or thyroid (a surrogate for the carotid artery) dose resulted in
somewhat higher risks for CeVD, the risk being particularly high for brain dose. As noted by
Little et a/““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.” [17]

The Nordic case-control study of Darby et a/ [46] assessed IHD incidence in a group of
women treated for breast cancer. Doses to the heart and left anterior descending artery were
assessed. A major strength of the study is that national morbidity registers in Sweden and
Denmark were used to assess incidence of IHD. Dosimetry reconstruction was also based on
individual RT charts; both cumulative dose and equivalent dose in 2-Gy fractions (EQD2)
was calculated. Another strength of the study is the rich covariate lifestyle and medical
information, in particular the standard risk factors for circulatory disease such as diabetes,
obesity and smoking status, that is available and used for the analysis. Adjustment for these
variables did not modify the (significant) trend of IHD with heart dose, nor was there any
significant modification by age at treatment.
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The two Netherlands case-control studies, of Cutter et a/[34] and van Nimwegen et a/ [47],
assessed morbidity from valvular disease and IHD, respectively, in a group of survivors of
HL. EQD2 doses to the affected heart valve and to the whole heart were estimated using
patient treatment records. Morbidity was assessed in both studies via a postal questionnaire
completed by the patients’ general practitioner (GP) and/or cardiologist. As such there may
be variation in ascertainment over time, also by whether a cardiologist or GP responded to
the questionnaire; as case-control matching was by year of HL diagnosis, at least the
variation in ascertainment over time should not affect the derived risks. Oddly, there was no
significant modification of circulatory disease risk by concomitant CT (vincristine,
procarbazine, anthracyclines) in either study once the effects of RT were accounted for.
Other lifestyle risk factors (smoking, obesity, diabetes mellitus, hypertension,
hypercholesterolemia) did not appreciably modify the radiation risk in either study. There
was borderline significant (p=0.03) upward curvature in the dose-response for valvular
disease [34] but no significant curvature for IHD (p=0.356) [47].

The risks suggested by these six 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 [43], where risk is much higher than for many of the other studies considered
(Table 2). The discrepancy with some other studies (e.g., of adult exposure) may reflect the
younger exposure age, also the younger age at follow-up in this group, although this would
not explain the discrepancy with risks in the US childhood-cancer survivor study [35]. As
discussed below, ERR of circulatory disease in the Japanese atomic bomb survivors Life
Span Study (LSS) cohort are significantly modified by attained age [24,25]. The fact that the
ERR in relation to cumulative heart dose, 0.074 Gy™1 (95% CI 0.029, 0.145), or in relation to
EQD2, 0.084 Gy™! (95% CI 0.036, 0.159), in the Nordic study [46] agrees well with those in
many other radiation-exposed groups (Tables 2-4), suggests that either of these measures
(cumulative heart dose, EQD2 heart dose) may be relevant for this endpoint (IHD) [48]. 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 [24,25]
suggests that this organ may not be the most relevant one for this endpoint.

Although not otherwise reported here, because only a mean heart and brain dose for this
cohort have been reported, there is no radiation-associated excess mortality from circulatory
disease in a study of UK ankylosing spondylitis patients [49].

3.2 Diagnostically exposed groups

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 [50] and in Massachusetts [51]. In both
groups the lung dose was used as a surrogate for heart dose. In the Massachusetts cohort
there were additional analyses employing thyroid dose (a surrogate for dose to the carotid
artery) and red bone marrow dose. As discussed by Little ef a/“one would expect carotid
artery dose to be higher than thyroid dose, but that lung dose is probably lower than heart
dose; estimates of both the heart and carotid dose may be wrong by a factor of 2” [51]. A
novel finding in the Canadian data was a significant inverse dose rate effect for IHD, after
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adjustment for which the IHD dose-response was significant [50]. However, this was only
the case when a 10-year lag was used; when 5- or 15-year lags were employed the effect
ceased to be significant. There are no indications of such effects in the Massachusetts data,
in which a 5-year lag was the default [51]. Although there is no dose-response overall in the
Massachusetts data, if analysis is restricted to persons with < 0.5 Gy the dose response
trends for all circulatory disease and IHD become much steeper, and borderline significant
(0=0.0743, p=0.0682, respectively) (Table 3). Interestingly, there is also evidence of a
steeper dose-response slope under 0.5 Gy for IHD in the Canadian data [50] (Table 3). 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 [51].

Although not reported in Table 3, there have been a number of groups exposed to internally
deposited radionuclides, in particular a-particles from the diagnostic contrast medium
Thorotrast. Among the largest of these is a cohort of US, Danish and Swedish patients [52]
which reported marginally significant elevations in risk from cardiac disease [for males RR
=1.0(95% CI 0.8, 1.2), for females RR =1.2 (95% CI 1.0, 1.6), total RR = 1.1 (95% CI 0.9,
1.3)) although for CeVD there was more substantial (and statistically significant) elevations
(for males RR = 1.4 (95% CI 1.0, 2.0), for females RR =1.8 (95% CI 1.3, 2.5), total RR =
1.6 (95% CI 1.2, 2.0)]. In a somewhat smaller Portuguese series risks of circulatory disease
were not significantly elevated (for males RR = 1.11 (95% CI 0.76, 1.62), for females RR
=0.97 (95% CI 0.53, 7.70), total RR = 1.08 (95% CI 0.79, 1.46)) [53]. The findings in
relation to CeVD in the international series should be treated with caution, since a frequent
reason for use of Thorotrast was investigation of cerebral vascular anomalies, as pointed out
by Travis et al. [52]. Thorotrast deposits a-particle dose primarily to the liver. Unfortunately,
to the best of my knowledge, evaluation of these health endpoints in relation to liver
dosimetry has not been performed.

3.3 Moderate/low-dose exposed groups

3.3.1 Japanese Atomic Bomb Survivors—Excess radiation-associated mortality from
heart disease and stroke has been observed in the LSS cohort (Table 4) [24]. In the latest
follow-up of the Adult Health Study (AHS), a subset of the LSS cohort subject to biennial
clinical examinations, Yamada et a/. [23] observed generally non-statistically significant,
radiation-associated excess risks of hypertension and myocardial infarction morbidity (Table
4). 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 /7 utero for whom the average exposures were much lower
[54] (Table 4).

Some aspects of the Japanese atomic bomb survivor data imply that risks may not
necessarily apply to other exposed populations. Survivors suffered from burns, epilation, and
other acute injuries caused by the radiation, heat, and blast of the bombs, respectively, and
these injuries, in addition to radiation, may have contributed to the development of non-
cancer diseases in later life. In addition to the direct effect of the injuries, these and other
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trauma might introduce selection bias. Evidence of such bias has been presented by Stewart
and Kneale [55], who documented the heterogeneity of risk for various endpoints, in
particular cardiovascular disease mortality, among the various acute-injury groups. However,
Stewart and Kneale [55] did not consider the effects of dose error. Analysis considering this
error provided much reduced and generally not statistically significant evidence for a
differential effect among those survivors, especially for cardiovascular disease [56].
Although selection bias cannot be entirely discounted, the general consistency of risks in the
Japanese and other groups suggests that it does not have a major impact (Tables 2-4). (For a
more formal analysis see reference [25].) Perhaps more than in most other radiation-exposed
groups there have been substantial changes in circulatory disease morbidity and mortality in
the underlying cohort in the period since the two atomic bombings, a consequence of the
partial westernization of the Japanese diet, also substantial increases in prevalence of
cigarette smoking [57]. However, the major risk factor for circulatory disease in the Japanese
population, and in the Japanese atomic bomb survivors, remains as it has been, hypertension
[57]; hypercholesterolemia, which is a risk factor of some significance in western
populations (see Table 1), is relatively unimportant in the older Japanese population [58].
There have been other changes in disease coding in Japan, consequent on introduction of the
10t revision to the International Classification of Diseases (ICD-10), so that after 1995 heart
failure became much less commonly diagnosed [57].

3.3.2 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 disease, CeVD, and other circulatory diseases and decreasing
trends for IHD, heart failure, deep vein thrombosis, and pulmonary embolism [59] (Table 4),
although none of these trends was statistically significant (1-sided £=0.20).

Radiation-associated excess IHD and CeVVD morbidity were observed in Chernobyl recovery
workers, although morbidity from hypertensive heart disease and other heart disease was not
increased [60,61] (Table 4). There has been analysis of circulatory disease mortality in this
cohort, but based only on comparison with external circulatory disease rates, via use of
standardized mortality ratios [62]. As such this analysis almost certainly yields biased
estimates of risk, as the general Russian population is very likely not representative of the
Chernoby! recovery workers, because of generally observed healthy-worker selection effects
[63,64]. A remarkable feature of this cohort is the relatively high rates of circulatory disease,
including for example 23,264 cases of CeVD in a cohort of 53,772 people [61], reflecting
the substantially elevated circulatory disease mortality and morbidity rates in the Russian
population relative to those in other developed countries [1].

A highly statistically significant trend with dose was seen for IHD and CeVD morbidity in
the Mayak workers, although the trend of IHD and CeVD mortality is much lower, and
generally not statistically significant (Table 4). There have been a number of analyses of the
Mayak worker cohort in the last few years [32,33,65-68], based on a similar underlying
dataset characterized by: (a) cohort (18,797 - 22,377 workers first employed by the Mayak
Production Association (PA) 1948-1972 or 1948-1982); (b) disease endpoints (all circulatory
disease, IHD, CeVVD morbidity/mortality); (c) years of follow-up (to end 2005 or end 2008);
and (d) dosimetry system (all MWDS 2008), which yield slightly different risk estimates,
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because of variations in these (and possibly other) criteria. Risk estimates are also of course
somewhat discrepant in other analysis of this cohort which differ more significantly with
respect to criteria (a)-(d) [69-71]. Here the most recent studies of IHD and CeVD are used,
in particular the studies of Azizova et a/[32] and Moseeva et a/ [33], which are cited in
Table 4 and used as the basis of the meta-analysis. The study is unusual in that doses to
certain internal organs, especially the lung and liver, were dominated by doses from
internally deposited radionuclides; in particular, the a-particle-emitting radioisotopes of
plutonium. Doses in this study are among the highest among 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 whole body doses for
external -y rays were 0.5 to 0.6 Gy (Table 4). However, unlike the partial-body doses
received from RT (Table 2), or even those in the TB fluoroscopy cohorts (Table 3), the
external whole-body doses received by the Mayak workers generally accumulated over a
long time, and average <5 mGy/hour, so must be considered a low dose-rate exposure [72].

Nonetheless, interpreting the results of the Mayak cohort is complicated by the large and
highly heterogeneous internal a-particle dose from plutonium. The dose response was
significant, both in relation to the external -y dose and the internal (a-particle) dose to the
liver [33,68]. Apart from these workers, few cohorts with a-particle liver dose have
individual organ dose estimates, or are large enough to merit analysis of this endpoint.

In the latest analysis of the United Kingdom National Registry for Radiation Workers [73],
circulatory disease mortality had a borderline significant trend with dose, with an ERR of
0.25 Sv1 (95% Cl, -0.01, 0.54) (Table 4). In most other workforces [74-77], there were
generally no statistically significant trends of circulatory disease with dose (Table 4). Some
of these studies overlap and, in particular, substantial portions of the study populations of
Muirhead et al. [73] are included in the International Agency for Research on Cancer study
[59]. The highly significant excess risks of circulatory disease in a study of British Nuclear
Fuels plc workers should also be noted [78] (Table 4); however, this study is largely
subsumed within the study by Muirhead et a/. [73] (Table 4) and has only 4 more years of
follow-up (to December 31, 2005 versus December 31, 2001 for Muirhead et a/. [73]).

3.3.3 Environmentally Exposed Groups—A study of a cohort of environmentally
exposed individuals in the Southern Ural Mountains reported a statistically significant, or
borderline significant, increase (depending on the latent period used) of both all circulatory
disease mortality, with an ERR of 0.24 Gy (95% Cl, -0.08, 0.59), and IHD mortality, with
an ERR of 0.40 Gy1 (95% ClI, -0.11, 0.99) with a 10-year lag [79] (Table 4). The trends
were statistically significant (p<0.05) with lags of 15 to 20 years, but not significant (©>0.1)
with lags of 0 to 10 years [79].

Grosche et al. [80] studied circulatory disease mortality in a Kazakhstan group exposed to
fallout from nuclear weapons tests at the Semipalatinsk site (Table 4). No excess circulatory
disease risk was reported in the group of exposed settlements, with an ERR of 0.02 Gy™1
(95% Cl, -0.32, 0.37) for cardiovascular disease, an ERR of 0.06 Gy™! (95% ClI, -0.39, 0.52)
for heart disease, and an ERR of -0.06 Gy™! (95% ClI, -0.65, 0.54) for stroke. On the other
hand, if exposed and unexposed settlements were analyzed together, the excess risks were
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highly statistically significant and implausibly large, an ERR of 3.15 Gy™1 (95% Cl, 2.48,
3.81) for circulatory disease, an ERR of 3.22 Gy1 (95% Cl, 2.33, 4.10) for heart disease,
and an ERR of 2.96 Gy (95% ClI, 1.77, 4.14) for stroke. 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.

3.4 Risk modifying factors

In the LSS radiation-associated ERR for circulatory disease decreases with increasing age at
exposure [25] and there are borderline significant decreasing trends with attained age [24,
25]; however, risk does not substantially vary by sex, or time since exposure [24]. Increasing
time trends have been observed in other groups [59], but decreasing trends in others [17].

3.5 Results of meta-analysis

Tables 5-7 and Fig. 1, also Appendix B Figs. B1-B2 report the results of the meta-analysis.
This is largely based on the summary table given in Appendix B Table B1. The funnel plots
given in Appendix B Fig. B2 do not suggest any material selection or publication bias. The
meta-analysis demonstrates that there is a statistically significant ERR per Sv (one-sided
p<0.001) for all circulatory disease endpoints considered except all circulatory disease apart
from heart disease and CeVD (0=0.0745; Table 5). The heterogeneity in ERR between the
various studies and endpoints for IHD and non-ischemic heart disease is not statistically
significant (£>0.2), although it is significant for CeVD or all circulatory disease excluding
heart and CeVD (p<0.001; Table 5). At least for CeVD, adjustment for any of mean dose,
age at exposure, or radiation results in the residual heterogeneity becoming non-significant
(0>0.2), but for the remainder endpoint (all circulatory disease excluding heart and CeVD)
the heterogeneity remains highly statistically significant (p<0.0001) irrespective of the
adjustments made (Table 6). Despite the presence of heterogeneity for certain endpoints,
only for the group of all circulatory disease excluding heart and CeVD is the heterogeneity
substantial, with values of /2 generally in excess of 85% (Table 6). For most other endpoints
the /2 is near 0 (Table 6). Fig. 1 illustrates the variation in risk of CeVD with mean dose, and
the lack of such variation for other endpoints. Adjustment for each of exposure age, dose
fractionation and mean dose improve the fit of the model for ERR in relation to CeVD over
the null model (p=0.0019, p=0.0267, p=0.0299, respectively) (Table 6), and there is a
significant improvement in fit for this endpoint (p=0.0086) if adjustment is made for
exposure age while allowing for dose, also borderline significant improvements in fit
resulting from adjusting for dose fractionation while allowing for the effects of dose, and
vice versa (p=0.0600, p=0.0785, respectively) (results not shown). Other than that the only
significant effect is in relation to dose fraction for IHD, adjustment for which results in
significant (p=0.0357) improvement in fit (Table 6); other tests generally do not even
approach borderline levels of significance (©>0.1). Use of the Mayak mortality rather than
morbidity data generally somewhat weakens evidence for such modifying effects, although
there is a borderline significant joint effect (5=0.0402) of age at exposure and dose for
CeVD (Table 6). Both for CeVD and IHD the ERR coefficients are largest for groups
exposed at lower dose rates, and among persons exposed at older ages (Table 7). Use of
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Mayak mortality rather than morbidity data in this analysis generally reduces the magnitude
of these differences (Table 7).

Within each exposure age and dose fractionation group risks for CeVVD generally exceed
those for IHD by a factor of two or more (Table 7). For IHD ERR in the various subgroups
range from 0.038 to 0.147 per Gy; however, the ERR coefficient for CeVD is somewhat
higher, ranging from 0.112 to 0.382 per Gy (Table 7). The ERR associated with low-dose-
rate radiation exposure is highly significant both for IHD (ERR = 0.147 Gy1, 95% CI 0.087,
0.207, p<0.0001) and CeVD (ERR = 0.308 Gy1, 95% CI 0.075, 0.542, p=0.0048) (Table 7).

4. DISCUSSION

Compelling increases in circulatory disease risk are observed after RT, and there are strong
indications of increased risk among groups receiving fluoroscopic doses, also among
occupationally- or environmentally-exposed groups. The cohorts treated with RT generally
received substantial doses, with mean organ doses generally exceeding 1 Gy (Table 2). An
intermediate category are the two TB fluoroscopy cohorts, with mean doses between 0.2 and
1.0 Gy (Table 3). Most of the other studies considered here involved low-to-moderate mean
cumulative radiation doses (0.2 Gy or less), with participants in the occupational studies
exposed at near-background dose rates (Table 4). Nevertheless, the small numbers of
participants exposed at high cumulative doses (0.5 Gy or above) drive the observed trends in
most cohorts with these higher dose groups (Tables 2-4).

The findings in the meta-analysis (Table 7 and Fig. 1) that increasing dose fractionation or
reducing mean cumulative dose increases ERR is consistent with findings elsewhere. In
particular, analysis of the Canadian TB fluoroscopy cohort suggested that risk per unit dose
of IHD increased with increasing fractionation of dose [50]. Both in the Canadian [50] and
in the Massachusetts [51] TB fluoroscopy cohorts there are indications that for IHD and
other circulatory disease endpoints risk at doses below 0.5 Gy is elevated compared with risk
over the full range of exposure, consistent with the pattern observed in our meta-analysis
(Fig. 1). However, there is evidence of ERR reducing with increasing age at exposure in the
LSS [25], in the opposite direction to the trend suggested by our meta-analysis (Table 7).

The ERRs that are derived (Table 5, 7) are generally consistent with those of a previous
systematic review and meta-analysis of moderate/low dose studies [25]. In particular the
risks of IHD, non-ischemic heart disease, CeVD, and all other circulatory disease estimated
from the present analysis, namely 0.082 Gy (95% CI 0.057, 0.106) [or for low dose-rate
exposure 0.147 Gy1 (95% CI 0.087, 0.207)], 0.094 Gy-1 (95% CI 0.078, 0.111), 0.236 Gy™1
(95% CI 0.062, 0.410) [or for low dose-rate exposure 0.308 Gy™! (95% CI 0.075, 0.542)],
and 0.137 Gy1 (95% CI -0.049, 0.322), respectively, can be compared with the previously
derived risks for the same endpoints of 0.10 Gy (95% CI 0.04, 0.15), 0.08 Gy! (95% CI
-0.12, 0.28), 0.21 Gy™1 (95% CI 0.02, 0.39), and 0.19 Gy1 (95% CI -0.00, 0.38) [25],
respectively. Given the overlap in the moderate/low dose studies considered here and
previously this is perhaps unsurprising, but the analysis nevertheless confirms that there are
no marked discrepancies between risks derived from the high-dose therapeutic and medical
diagnostic studies (Tables 2, 3) and from the moderate/low dose occupational and
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environmental studies (Table 4). However, as suggested by the results of the meta-regression
analysis (Tables 6, 7), even if the differences between risks at low and moderate/high dose
rate are not substantial, they are nevertheless statistically significant.

Many of the studies of RT or of medical diagnostic exposure that are considered here (Tables
2, 3) have a substantial amount of information on the standard lifestyle and medical risk
factors for circulatory disease. This is in contrast to many of the lower dose occupational/
environmental studies that are considered (Table 4), in which such information is more
limited. Of the lower dose studies considered only those of the Japanese atomic bomb
survivors [24] and Mayak workers [33,68] had information on lifestyle factors, in particular
cigarette smoking, alcohol consumption, obesity and (in the LSS) a few other variables
associated with circulatory disease (diabetes mellitus, education, household occupation).
The substantial heterogeneity that was observed for CeVD and circulatory disease apart
from heart disease and CeVD in the previous meta-analysis [25] and also here (Table 5) may
not be surprising given the variation in the distributions of different risk factors across
populations, but it limits interpretation of the observed associations for these endpoints.
Heterogeneity of all circulatory disease radiation risk by industrial grouping has also been
observed within the Sellafield workers [78]. However, in most radiation-exposed groups
there is little or no evidence that these lifestyle risk factors, when available, interact with
radiation-associated circulatory disease risk [17,23,24,33,34,46,47,50,51,68].

Although preference is given to use of morbidity rather than mortality data, because of the
likely greater diagnostic accuracy of the former, a case could be made for preferring
mortality data, particularly because of the possibility that disease ascertainment might vary
with dose within a cohort, as for example might be the case if the investigating medical
professional was aware of the radiation history of the subject. This may be an issue with the
Mayak worker data [32,33] and Chernobyl recovery workers [60,61] analyzed here. On the
other hand, Russian national mortality data is likely to be particularly unreliable, with major
variations in disease coding practices across the country [81,82], and should therefore
probably not be used for epidemiologic analysis, in particular for the Russian worker studies
considered here [32,33,60,61].

There have been a number of recent reviews of candidate biological mechanisms [3,29,83].
After high (5-15 Gy) or very high (>15 Gy) doses a variety of so-called tissue reaction
(deterministic) effects are observed. There are plausible, if not completely understood,
inflammatory mechanisms by which high doses of radiation affect the blood circulatory
system [83]. Among such effects are direct damage to the structures of the heart — including
marked diffuse fibrotic damage, especially of the pericardium and myocardium, pericardial
adhesions, microvascular damage and stenosis of the valves — and to the coronary arteries;
these sorts of damage occur both in patients receiving RT and in experimental animals
[14,84]. With the exception of pericarditis, which occurs on timescales of months, most of
these endpoints occur 10 or more years after irradiation [14].

At lower doses (0.5-5 Gy), in humans and in experimental studies, many inflammatory
markers are up-regulated long after exposure to radiation. However, for exposures less than
about 0.5 Gy, the balance shifts toward anti-inflammatory effects [29,85]. Interestingly, there
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is evidence of a steeper dose-response slope for various types of circulatory disease under
0.5 Gy in the two groups given highly fractionated fluoroscopic X-ray exposures [50,51].
This may reflect some particular medical issues associated with the group given high doses,
who were also treated for longer, and were likely to have a more serious underlying TB.

As discussed above, there is evidence from the RT cohorts that heart dose, whether
cumulative or EQD2, may be the most relevant for IHD [46]. Heart dose and thyroid dose (a
surrogate for dose to the carotid artery) may also be relevant for CeVD; however, brain dose
is unlikely to be so associated [17]. The generally uniform whole-body, low linear energy
transfer radiation in the lower-dose cohorts that is assessed here is uninformative as to
specific target tissues. In many occupational studies effective dose is used (e.g., Hp(10)), in
which absorbed dose to each organ is weighted by appropriate tissue-weighting factors; this
contrasts with the absorbed organ dose that is used elsewhere. However, these different dose
metrics would not be expected to be markedly different for the penetrating ionizing
radiations considered here, so would not substantially contribute to heterogeneity in
radiation risk. At least for heart disease and CeVD, the consistency of risks, across a wide
range of doses (Tables 2-4, 5, 7) suggests that target tissues and associated mechanisms may
be the same for all levels of dose; however, this may not be the case for circulatory disease
other than heart and CeVD.

Dose-related variations in T-cell and B-cell populations in Japanese atomic bomb survivors
suggest that the immune system may be adversely affected [86]. There is at best conflicting
evidence for involvement of the immune system in cardiovascular disease [87-91]; to the
extent that it might be, whole-body or bone-marrow dose could be the most relevant to
radiation effects. Monocyte cell killing in the arterial intima has been proposed as a
mechanism, based on predictions of a bio-mathematical model [92]; however, this
mechanism remains speculative. There is nevertheless suggestive evidence for radiation-
induced endothelial cell senescence and associated monocyte adhesion [93,94]. Endothelial
cells, because of their strategic anatomic position between the circulating blood and the
vessel wall, regulate vascular function and structure; dysfunctions in endothelial cells are
thought to be a critical initiating stage in many types of circulatory disease [95]. The critical
role of vascular endothelial cells in circulatory disease suggests that the large arteries (e.qg.,
aorta, carotid), may also be an etiologically relevant target.

There are indications in the LSS that the kidney may be a target tissue for hypertension [96],
and there is some support for this from experimental animal data [97]. The consistency of
IHD risk in the peptic ulcer cohort in relation to kidney dose, 0.033 Gy (95% CI 0.012,
0.056) [17] (Table 2), with that in the LSS, 0.02 Sv-1 (95% CI -0.10, 0.15) [24] (Table 4)
also suggests that this may be a target tissue.

Diabetes and obesity are major risk factors for circulatory disease [5], the former suggesting
that the pancreas may be an etiologically relevant target tissue. Many of the metabolic
derangements known to occur in diabetes, including hyperglycemia, excess free fatty acid
liberation, and insulin resistance, mediate abnormalities in endothelial cell function [95].
There is other evidence suggesting a role for RT, and specifically dose to the pancreas, in
causing diabetes, both in the peptic ulcer cohort [98], in the French-UK childhood cancer
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cohort [99] and in the Netherlands HL cohort [100]; however, the role of ionizing radiation
in inducing diabetes at the lower doses remains uncertain, since, based on an early report, no
increase has been observed in the AHS [101]. Parathyroid hormone increases with dose in
the Japanese atomic bomb survivors, suggesting that there may be radiation-associated
hyperparathyroidism [102]. Parathyroid hormone (PTH) has a central role in well-regulated
calcium homeostasis and its release is triggered by a decrease in serum calcium levels.
Primary hyperparathyroidism results in overproduction of PTH, mobilizing excess calcium
to the bloodstream [103]. This elevation results in hypertension (via disturbances in the
renin-angiotensin-aldosterone system), cardiac hypertrophy, and myocardial dysfunction
[103]. PTH receptors are present in the myocardium and exert hypertrophic effects on
cardiomyocytes [103]. These associations suggest plausible mechanisms whereby the
elevated PTH concentrations that result from hyperparathyroidism may be involved in
various pathological processes that lead to circulatory disease. However, the relatively low
level prevalence of hyperparathyroidism (7/1459) in the AHS [102] suggests that even if this
were a mechanism, it cannot account for more than a small fraction of the LSS circulatory
disease cases.

4.1 CONCLUSIONS

The review provides 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 for the two main types of circulatory disease, namely IHD and CeVD. These
findings confirm the results of a previous systematic review and meta-analysis of moderate
and low dose groups [25]. The lack of heterogeneity for three out of the four endpoints
considered, namely IHD, non-ischemic heart disease, and CeVD (after adjustment for any of
dose, dose fractionation or age at exposure), strengthens the case for the associations to be
considered causal. The association is less certain for circulatory diseases other than heart
disease and CeVD given the only marginal level of statistical significance (p=0.0745) and
the highly significant (p<0.0001) inter-study heterogeneity of risks in studies of this
endpoint. The previous meta-analysis suggested that if the association between low-level
exposure to radiation and the risk of circulatory disease reflects an underlying causal
relationship, linear in dose, then the overall excess risk of mortality after exposure to low
doses or low dose-rates of radiation may therefore be about twice that currently assumed
[25]. Since the risks that are derived here using a somewhat larger body of data, that includes
exposures at all levels of dose, are consistent with those, the implications for low dose
radiation risk are unaltered. Nevertheless, the possible mechanisms 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 [4].
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Appendix A

Details of preliminary analyses performed to derive risk estimates in the

Netherlands valvular disease study of Cutter et al [34] and in the Childhood

Cancer Survivor Study of Mulrooney et al [35]

In the Netherlands valvular disease case-control study [34] ERR was estimated from
tabulations of numbers of cases and controls in the associated paper. To make such
estimations a simple linear odds ratio (OR) model was fitted, in which the OR in dose group
Fwith average organ dose Dj, relative to group 0, with organ dose Dy =0, is assumed to be
given by:

OR;=1+aD; (A]_)
where a is the excess OR per Gy. +Assuming binomially-distributed numbers of 7 ;cases

and g jcontrols in each dose group /7for /=01, ..., NV, the prospective likelihood (known
to be equivalent to the retrospective likelihood [107]) is given by:

ﬂ n1itno,i [No[14aD;]]"
i [1+)\0[1+O£Dinnl’i+n0‘i (AZ)

where the parameter A is the baseline odds. Fitting of this model is performed by maximum
likelihood [108] using Epicure [109]. Central (maximum likelihood) estimates and 95%
profile likelihood confidence intervals (CI) [108] are given in Table 2. As is well known,
when disease rates are low the OR is approximately equal to the RR [110], so that the
parameter a that we estimate in this way is approximately equal to the ERR per Gy.

For the study of Mulrooney et a/[35] the most useful information given are estimates of the
(adjusted) relative risk, RR;(and associated 95% CI (Cl,;, Cl,;)) in each dose group /;
estimates of a and associated CI are obtained by weighted least squares, i.e., by minimizing
the inverse-variance-weighted sum of squares:

sz‘[RRi —1- OzDi]2
i (A3)

where wj;is the inverse-variance weight attached to dose group 7, which is approximately
given by:
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No.g75

w;= {QM} (AS5)

[Mo.g75 ~ 1.96 is the 97.5% percentile point of the standard normal distribution: 0.975 =

/.'1:
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AHS Adult Health Study

CAD coronary artery disease

CeVD cerebrovascular disease

CT chemotherapeutic/chemotherapy

Cl confidence intervals

EQD2 equivalent dose in 2 Gy fractions

ERR excess relative risk

GP general practitioner

Gy gray

HDL high density lipoprotein

HL Hodgkin’s lymphoma

ICD10 International Classification of Diseases 10th revision
ICD8 International Classification of Diseases 8th revision
ICD9 International Classification of Diseases 9th revision
ICRP International Commission on Radiological Protection
IHD ischemic heart disease

LDL low density lipoprotein

OR odds ratio

PA Production Association

REML restricted maximum likelihood
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Excess relative risk / Gy (+95% CI) in relation to mean dose by circulatory disease
endpoints.
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Table 1

Disease endpoint

International
Classification of
Diseases 10t
revision (ICD10)
coding

Description

Arteriosclerosis

Cardiac valve diseases

Cardiac arrythmias

125.0, 125.1, 170

105-109, 134-139

147-149

Arteriosclerosis is characterized by a thickening, hardening and loss of elasticity of
the walls of arteries. This process gradually restricts the blood flow to organs and
tissues. and comprises three main types, (a) Monckeberg (medial calcific) sclerosis,
(b) arteriolosclerosis, and (c) atherosclerosis. Monckeberg sclerosis is caused by
calcium build-up in the arterial walls, and results in them becoming stiffer, and is
often asymptomatic. Arteriolosclerosis is the process of artery thickening and
hardening in the small arteries and arterioles. Hyaline arteriolosclerosis results from
(a) lumenal protein leakage into and build-up in the arterial walls, resulting in
thickening and stiffening of the arterial wall and reduced blood flow through the
lumen or (b) diabetes, which causes high levels of blood sugar that directly
damages the endothelial cell layer, likely via alterations in carbohydrate and fat
metabolism, resulting in damage to the basement membrane of the blood vessels.
Hyperplastic arteriolosclerosis results from extreme hypertension and
compensatory thickening, via build up of smooth-muscle cells in the arterial wall.
In contrast, atherosclerosis is caused by build-up of cholesterol-rich atheromatous
plaques in the tunica intima (the part of the arterial wall immediately behind the
endothelial cell layer) and is a disease of the large arteries (e.g., coronary, carotid).
Plaque build-up and rupture, which results in clotting of the blood at the site of
rupture, reduces blood-flow in the affected arteries. If blood flow to the kidneys is
reduced for whatever reason (whether due to atherosclerosis or arteriolosclerosis),
the kidney interprets this as low blood pressure and activates the renin-angiotensin-
aldosterone system, raising blood volume and so blood pressure, causing
hypertension (high blood pressure). When arteriolosclerosis leads to chronically
reduced blood flow to the kidney arteriolonephrosclerosis is produced, which if
untreated can lead to chronic renal failure. Atherosclerosis is also caused by
hypertension, as well as by smoking, by elevated levels of low density lipoprotein
(LDL) cholesterol, or by reduced levels of high density lipoprotein (HDL)
cholesterol. The weakening of the arterial wall that results from atherosclerosis can
lead to aneurysms in many parts of the body, in particular the intestine (e.g.,
abdominal aortic aneurysms). The term arteriosclerosis is sometimes (incorrectly)
used interchangeably with the term atherosclerosis. Arteriosclerosis is mostly
subsumed within IHD, but a substantial component (atherosclerosis, ICD10 170) is
independent of that. It is a relatively common type of cardiovascular disease, and
the substantial part subsumed within IHD accounts for about a third of all IHD
deaths, so about 4% of all deaths in the UK [104,105].

This rubric includes a variety of abnormalities to one or more of the heart valves
(tricuspid, pulmonary, mitral, and aortic valves). Problems in all four valves are
typically of three types (a) regurgitation or backflow - when the valve doesn’t close
properly (b) stenosis - when the valve flaps stiffen or fuse and (c) atresia - when a
valve lacks an opening for blood to flow through. Cardiac valve disease can be
congenital, but can also be acquired over the course of life. This is a less common
type of circulatory disease mortality, and accounts for about 0.6% of all deaths in
the UK [104,105].

Cardiac arrhythmia, also known as cardiac dysrhythmia or irregular heartbeat, is a
group of conditions in which the heartbeat is irregular, too fast, or too slow. This is
a less common type of circulatory disease mortality, and accounts for about 0.6% of
all deaths in the UK [104,105]. A heart rate that is too fast - above 100 beats per
minute in adults - is called tachycardia and a heart rate that is too slow - below 60
beats per minute - is called bradycardia. Many types of arrhythmia have no
symptoms. When symptoms are present these may include palpitations or feeling a
pause between heartbeats. More seriously there may be lightheadedness, fainting,
shortness of breath, or angina. While most types of arrhythmia are not serious,
some predispose a person to complications such as stroke or heart failure. Others
may result in cardiac arrest. There are four main types of arrhythmia: (a) extra
beats, (b) supraventricular tachycardias, (c) ventricular arrhythmias, and (d)
bradyarrhythmias. Extra beats include premature atrial contractions and premature
ventricular contractions. Supraventricular tachycardias include atrial fibrillation,
atrial flutter, and paroxysmal supraventricular tachycardia. Ventricular arrhythmias
include ventricular fibrillation and ventricular tachycardia. Arrhythmias are due to
problems with the electrical conduction system of the heart. Arrhythmias may
occur in children; however, the normal range for the heart rate is different and
depends on age.
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Disease endpoint International Description
Classification of
Diseases 10t
revision (ICD10)
coding
Cardiomyopathy 125.5, 142-143 Cardiomyopathy is characterized by the heart muscle becoming enlarged, thick, or

Cerebrovascular disease (CevVD)  160-169

Hypertensive disease 110-115
Ischemic heart disease (IHD) 120-125
Pericarditis 101.0, 109.2, 130-132

rigid. In rare cases, the muscle tissue in the heart is replaced with scar tissue. This is
a less common type of circulatory disease mortality, and accounts for about 0.3% of
all deaths in the UK [104,105]. As cardiomyopathy worsens, the heart becomes
weaker, and less able to pump blood through the body and maintain a normal
electrical rhythm. This can lead to heart failure or irregular heartbeats called
arrhythmias. In turn, heart failure can cause fluid to build up in the lungs, ankles,
feet, legs, or abdomen. The weakening of the heart also can cause other
complications, such as heart valve problems. The four main types of
cardiomyopathy are (a) hypertrophic cardiomyopathy, (b) dilated cardiomyopathy,
(c) restrictive cardiomyopathy, and (d) arrhythmogenic right ventricular dysplasia.
Cardiomyopathy can be congenital or acquired over the course of life.

CeVD, commonly termed stroke, arises because of problems with the circulation of
blood in the blood vessels of the brain. This is the second most common type of
circulatory disease mortality, and accounts for about 7% of all deaths in the UK
[104,105]. A blockage with effects lasting less than 24 hours is referred to as a
transient ischemic attack (TIA). Loss of blood and oxygen to areas of the brain can
lead to cell death and consequently permanent brain dysfunction. Two major forms
of stroke are recognised (a) ischemic stroke, caused by narrowing of blood vessels,
and (b) hemorrhagic stroke, cause by bursting of a blood vessel in the brain.
Ischemic stroke is divided into those caused (a) by blockage due to blood clots
forming locally (thrombotic stroke) or (b) fragments from distant clots lodging in
the brain vasculature (embolic stroke).

Hypertension (high blood pressure) has a number of adverse effects on the
circulatory system; in particular, as the heart pumps against this pressure, it must
work harder, causing the heart muscle to thicken, and eventually heart failure may
develop. This is a less common type of circulatory disease mortality, and accounts
for about 0.7% of all deaths in the UK [104,105]. With increasing blood pressure
risk of hemorrhagic stroke increases. The major types of hypertensive disease
include (a) hypertensive heart disease, (b) hypertensive chronic kidney disease, and
(c) hypertensive heart and chronic kidney disease. Hypertension also results in
damage to and thickening of the arterial walls, resulting in arteriosclerosis (see
above), also increased prevalence of atheromatous plaques (degenerative
cholesterol deposits) in the large arterial walls, resulting in increased risk of
myocardial infarction and stroke. Hypertensive heart disease is the leading cause of
illness and death from hypertension.

IHD, also known as coronary artery disease (CAD), is the most common type of
cardiovascular disease in most developed countries. This is the most common type
of circulatory disease, and accounts for about 12% of all deaths in the UK
[104,105]. It is characterized by problems with the arterial blood supply to the
heart. A partial blockage of one or more of the coronary arteries (e.g. resulting from
atheromatous plaque rupture and consequent blood clotting) can result in
myocardial ischemia (oxygen starvation of myocardial (heart muscle) cells) thus
causing symptoms such as angina (chest pain) and dyspnea (shortness of breath). A
partial or complete blockage of an artery causes necrosis (damage to the myocardial
cells) and if sufficiently severe a myocardial infarction (heart attack). The
underlying mechanism involves atherosclerosis of the arteries of the heart (see
above). Risk factors for IHD include: hypertension, smoking, diabetes, lack of
exercise, obesity, high levels of LDL cholesterol, low levels of HDL cholesterol,
poor diet, excessive alcohol consumption, and depression. This rubric includes a
number of common types of heart disease, including arteriosclerosis (stiffening/
thickening of arterial walls - see above), and angina (chest pain).

Inflammation of the pericardium, the membrane that surrounds the heart, is most
frequently attributable to infectious agents but is also well established to be caused
by high doses of ionizing radiation (> 35 Gy to heart) [14]. This is a very
uncommon type of circulatory disease mortality, and accounts for about 0.04% of
all deaths in the UK [104,105].
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Table 5

Page 37

Excess relative risk coefficients for circulatory diseases as a result of radiation exposure,
by disease endpoint

Values for the analysis are from Tables 1-3, using 5-year lag whenever possible, and restricting to <0.5 Gy for
the TB fluoroscopy cohorts, whenever possible. Thyroid dose (a surrogate for dose to the carotid artery) is
used for cerebrovascular disease, whenever possible. Random effects models are fitted via restricted maximum

likelihood (REML).

Disease (ICD Code)

Studies/detailed endpoints

Random-effect
estimate ERR Sv1
(95% ClI)

1-sided significance, p-value

Heterogeneity p-value

Ischemic heart
disease (ICD10 120-
125)

Yamada et a/[23], Ivanov et a/
[60], Vrijheid ef a/[59], Muirhead
et al [73], Mulrooney et a/ [35]
[myocardial infarction], Lane et a/
[76], Laurent et a/[77], Shimizu et
al[24] [underlying cause], Little et
all17], Darby et a/ [46] [EQD2
heart dose], Krestinina et a/[79] [5
year lag], Kreuzer et al[75],
Zablotska et a/[50] [<0.5 Gy],
Azizova et al[32] [5 year lag,
morbidity data], Little ef a/[51][<
0.5 Gy], van Nimwegen et a/ [47]

0.082 (0.057, 0.106)

<0.0001

0.4430

Non-ischemic heart
disease (ICD10 126-
152)

Ivanov et a/[60], Vrijheid et a/
[59] [heart failure], Mulrooney et
al [35] [congestive heart failure,
pericardial disease, valvular
disease], Shimizu et a/[24] [heart
failure (ICD9 428)(underlying
cause), other heart disease (ICD9
390-392, 415-427, 429)
(underlying cause)], Cutter et a/
[34][valvular heart disease], Little
et al[51]

0.094 (0.078, 0.111)

<0.0001

0.2041

Cerebrovascular
disease (ICD10 160-
169)

Yamada et a/[23], Vrijheid et al
[59], Muirhead et a/[73], Lane et
al[76], Laurent et a/[77], Shimizu
et al [24] [underlying or
contributing cause], Grosche et al
[80][exposed settlements only, 10
year lag], Little ez a/[17] [thyroid
dose], Kreuzer et al[75], Moseeva
et al [33][5 year lag, morbidity
data], Kashcheev et a/[61], Little
et al [51] [thyroid dose, <0.5 Gy]

0.236 (0.062, 0.410)

0.0040

<0.0001

Circulatory disease
apart from heart
disease and stroke
(ICD10 100-119, 153-
159, 170-199)

Yamada et a/[23] [hypertension
(linear model), hypertensive heart
disease, aortic aneurysm], Ivanov
et al[60] [diseases of arteries,
arterioles and capillaries (ICD10
170-179), hypertension (ICD10
110-115), disease of veins,
lymphatic vessels and lymph
nodes (ICD10 180-189)], Shimizu
et al [24] [underlying or
contributing cause], Little et a/
[51]

0.137 (-0.049, 0.322)

0.0745

<0.0001

All circulatory
disease (ICD10 100-
199)

Yamada et a/[23] [hypertension
(linear model), hypertensive heart
disease, IHD, CeVD, aortic
aneurysmy], Ivanov et a/[60]

0.115 (0.064, 0.167)

<0.0001
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Page 38

Disease (ICD Code)

Studies/detailed endpoints Random-effect
estimate ERR Sv1
(95% ClI)

1-sided significance, p-value

Heterogeneity p-value

[hypertension (ICD10 110-115),
IHD, other heart disease (ICD10
130-152), diseases of arteries,
arterioles and capillaries (ICD10
170-179), disease of veins,
lymphatic vessels and lymph
nodes (ICD10 180-189)], Vrijheid
et al [59], Muirhead et a/[73],
Mulrooney et al[35] [congestive
heart failure, pericardial disease,
valvular disease, myocardial
infarction], Lane et a/[76] [IHD,
CeVD, other circulatory disease],
Laurent et a/[77], Shimizu et a/
[24] [underlying or contributing
cause], Tukenova et a/ (2010)
[cardiac disease], Grosche et a/
[80] [exposed settlements only, 10
year lag], Little et a/[17], Darby et
al[46] [EQD2 heart dose],
Krestinina et a/[79] [5 year lag],
Kreuzer et al[75], Moseeva et al
[33] [5 year lag, morbidity data],
Zablotska et a/[50] [5 year lag],
Azizova et al[32] [5 year lag,
morbidity data], Cutter et a/[34],
Kashcheev et a/[61] [CeVD],
Little ef a/[51] [< 0.5 Gy], van
Nimwegen et a/ [47]
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disease

Table 7
Results of meta-regression analyses for ischemic heart disease and cerebrovascular

Page 41

Random effects models are fitted via restricted maximum likelihood (REML). Analysis uses either Mayak
morbidity data (main analysis) or Mayak mortality data (subsidiary analysis)

Main analysis: using

Mayak morbidity

Subsidiary analysis:

Mayak mortality

data using data
Subset ERR / Gy (+95% CI) p-value ERR / Gy (+95% CI) p-value
Ischemic heart disease (IHD)
Analysis adjusted for mean dose
Adjusted to 2.4 Gy@ 0.092 (0.063, 0.121) <0.0001 0.073 (0.045, 0.101) <0.0001
Analysis by exposure dose-rate group
Acute high dose-rate exposure 0.038 (-0.043, 0.118) 0.1797 0.038 (-0.043, 0.118) 0.1797
Acute moderate/high dose-rate fractionated 0.069 (0.050, 0.088) <0.0001 0.069 (0.050, 0.088) <0.0001
exposure
Low dose-rate exposure 0.147 (0.087, 0.207) <0.0001 0.114 (-0.003, 0.232) 0.0278
Analysis by age at exposure group
Childhood and younger adult exposure 0.064 (0.043, 0.084) <0.0001 0.064 (0.043, 0.084) <0.0001
Adult and older adult exposure 0.111 (0.075, 0.148) <0.0001 0.085 (0.047, 0.122) <0.0001
All ages at exposure 0.055 (-0.023, 0.132) 0.0837 0.055 (-0.023, 0.132) 0.0837
Cerebrovascular disease (CeVD)
Analysis adjusted for mean dose
Adjusted to 0.2 Gyb 0.238 (0.105, 0.371) 0.0002 0.154 (0.000, 0.307) 0.0247
Analysis by exposure dose-rate group
Acute moderate/high dose-rate exposure 0.112 (0.048, 0.176) 0.0003 0.112 (0.048, 0.176) 0.0003
Low dose-rate exposure 0.308 (0.075, 0.542) 0.0048 0.175 (-0.058, 0.408) 0.0700
Analysis by age at exposure group
Adult exposure 0.111 (0.047, 0.175) 0.0003 0.111 (0.047, 0.175) 0.0003
All ages at exposure 0.382 (0.188, 0.576) <0.0001 0.205 (-0.047, 0.457) 0.0553

a .
mean dose over all studies of IHD;

bmean dose over all studies of CeVD.
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