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Abstract Although the link between high doses of ion-

izing radiation and damage to the heart and coronary

arteries has been well established for some time, the

association between lower-dose exposures and late occur-

ring cardiovascular disease has only recently begun to

emerge, and is still controversial. In this paper, we extend

an earlier systematic review by Little et al. on the

epidemiological evidence for associations between low and

moderate doses of ionizing radiation exposure and late

occurring blood circulatory system disease. Excess relative

risks per unit dose in epidemiological studies vary over at

least two orders of magnitude, possibly a result of con-

founding and effect modification by well-known (but

unobserved) risk factors, and there is statistically signifi-

cant (p \ 0.00001) heterogeneity between the risks. This

heterogeneity is reduced, but remains significant, if

adjustments are made for the effects of fractionated

delivery or if there is stratification by endpoint (cardio-

vascular disease vs. stroke, morbidity vs. mortality). One

possible biological mechanism is damage to endothelial

cells and subsequent induction of an inflammatory

response, although it seems unlikely that this would extend

to low-dose and low-dose-rate exposure. A recent paper of

Little et al. proposed an arguably more plausible mecha-

nism for fractionated low-dose effects, based on monocyte

cell killing in the intima. Although the predictions of the

model are consistent with the epidemiological data, the

experimental predictions made have yet to be tested. Fur-

ther epidemiological and biological evidence will allow a

firmer conclusion to be drawn.

Introduction

It has generally been assumed that the risks of exposure to

ionizing radiation at low doses and dose rates are domi-

nated by cancer in the directly exposed individuals. The

mechanisms by which low doses of ionizing radiation

cause cancer are reasonably well understood, being

fundamentally driven by mutational damage to DNA

(UNSCEAR 2000), although a role for non-DNA targeted

effects cannot be ruled out (Morgan 2003). At high
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radiation doses, such as would be received by patients

treated with radiotherapy (RT), a variety of other (so-called

deterministic or tissue reaction) effects are observed,

resulting from inactivation of large numbers of cells and

associated functional impairment of the affected tissue.

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, carotid and other large

arteries; these sorts of damage occur both in patients

receiving RT and in experimental animals (Adams et al.

2003). Mechanisms of high-dose effects relevant to RT

have been thoroughly reviewed by Schultz-Hector and

Trott (2007).

However, there is emerging evidence of excess risk of

blood circulatory system disease at much lower radiation

doses and occurring over much longer intervals after radi-

ation exposure in the Japanese atomic bomb survivor Life

Span Study (LSS) cohort (Wong et al. 1993; Preston et al.

2003; Yamada et al. 2004) and in a few other groups (Howe

et al. 2004; McGale and Darby 2005; Ivanov et al. 2006;

McGeoghegan et al. 2008; Azizova and Muirhead 2009),

although not in others (Vrijheid et al. 2007). In this paper,

we extend previous systematic reviews by Little et al.

(2008, 2009a) of the evidence for a causal interpretation

of these epidemiological associations between low- and

moderate-dose radiation exposure and circulatory disease.

We shall also more briefly review possible biological

mechanisms for the effects observed in these lower-dose

epidemiological studies.

Methods

We reviewed epidemiological studies in which the mean

heart or brain doses are generally in the 0–5 Gy dose range.

The studies considered were more or less those docu-

mented in the systematic reviews of Little et al. (2008,

2009a), updated to consider a few more recent studies, in

particular the BNFL worker study of McGeoghegan et al.

(2008), the third analysis of the UK National Registry for

Radiation Workers (NRRW) (Muirhead et al. 2009) and the

Mayak worker study (Azizova and Muirhead 2009).

The basis of all estimations of risk was the value of the

excess relative risk (ERR) coefficient (ERR Sv-1). Wher-

ever possible this was taken directly from the relevant

study or estimated from data given in the published report,

using methods outlined in Little et al. (2008).

We do not present results for any cohort where the extra

follow-up amounts to a year or less compared with another

study that otherwise properly contains it. Therefore, the US

nuclear worker study (Howe et al. 2004), which contains

only one more year (1997) follow-up than the IARC

15-country study (Vrijheid et al. 2007) that otherwise

subsumes it, was omitted from further consideration and

likewise the studies of Johnson et al. (1999) and Atkinson

et al. (2004), both subsumed within the latest NRRW

analysis cohort (Muirhead et al. 2009) and with final fol-

low-up earlier than that of this larger group (13/12/1996

and 31/12/1997, respectively, compared with 31/12/2001).

Review of the epidemiological data

Findings in the Japanese atomic bomb survivors

Excess radiation-associated mortality due to heart disease

and stroke has been observed in the LSS cohort (Table 1)

(Preston et al. 2003). In the latest follow-up of the Adult

Health Study (AHS), Yamada et al. (2004) observed gen-

erally non-statistically significant radiation-associated

excess risks for incidence of hypertension and myocardial

infarction (Table 1). The study of Yamada et al. (2004)

was the only epidemiological study apart from those of

Ivanov et al. (2006) and Azizova and Muirhead (2009) to

have assessed morbidity rather than mortality. The evi-

dence from the Japanese atomic bomb survivors has

recently been reviewed by Wakeford and Little (2009).

Low- and moderate-dose therapeutically

exposed groups

All the studies considered in this section were of patients

treated for benign disease. There was a significant (two-

sided p = 0.01) increasing trend of coronary heart disease

mortality with radiation dose in a US cohort of persons

treated for peptic ulcer (half with X-irradiation, half

without), although there was no such significant trend for

other cardiovascular mortality (Carr et al. 2005). In con-

trast, radiation-associated excess mortality from cardio-

vascular disease was not seen in a study of UK ankylosing

spondylitis patients (Darby et al. 1987) (Table 1).

Diagnostically exposed groups

No excess circulatory disease mortality was observed in a

cohort of Massachusetts tuberculosis patients receiving

multiple fluoroscopic chest X-rays (Davis et al. 1989)

(Table 1). Although not reported in this table, 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 (Travis et al.

2001), which reported marginally significant elevations in

risk from cardiac disease [for males relative risk
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(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

cerebrovascular disease 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)] (dos Santos Silva et al.

2003). The findings in relation to cerebrovascular disease

in the international series should be treated with caution,

since a frequent reason for use of Thorotrast was investi-

gation of cerebral vascular anomalies, as pointed out by

Travis et al. (2001). Thorotrast deposits a-particle dose

primarily to the liver. Unfortunately, to the best of our

knowledge, evaluation of these health endpoints in relation

to liver dosimetry has not been performed.

Occupationally exposed groups

There were increasing trends with dose for certain circula-

tory disease mortality endpoints (all circulatory disease,

cerebrovascular disease, other circulatory diseases), and

decreasing trends for certain other endpoints (ischaemic

heart disease, heart failure, deep vein thrombosis and pul-

monary embolism) in the IARC 15-country study of radi-

ation workers (Vrijheid et al. 2007) (Table 1), although

none were statistically significant (1-sided p C 0.20).

Radiation-associated excess ischaemic heart disease and

stroke morbidity was observed in excess in a group of

Chernobyl recovery workers, although there was no excess

morbidity due to hypertensive heart disease and other heart

disease (Ivanov et al. 2006) (Table 1). There was a very

strong, and highly statistically significant, increasing trend

of circulatory disease mortality with dose in a Canadian

cohort of nuclear workers and various other occupationally

exposed groups (dentists, radiographers etc.; Ashmore et al.

1998; Table 1). However, general increases of the same sort

of order were seen for a number of other diseases in the

study of Ashmore et al., which implies that there may be

bias. A highly statistically significant trend with dose

was seen for ischaemic heart disease and cerebrovascular

disease in the latest analysis of the Mayak worker data

(Azizova and Muirhead 2009). As with the atomic bomb

survivor data (Yamada et al. 2004) and the Chernobyl liq-

uidators (Ivanov et al. 2006), this cohort is unusual in that

morbidity as well as mortality information was available, as

also information on smoking and alcohol consumption. The

study is also unusual in that doses to certain internal organs,

in particular 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 were among the highest considered here and arguably

were sufficiently high that this study should be considered

outside the scope of the review: average whole body doses

for external c rays were 0.83 Gy, with a range of 0–5.92 Gy.

However, unlike the doses received from radiotherapy, the

external doses received by the Mayak workers were, in

general, accumulated over a protracted period, so it is rea-

sonable to include this population in the present study.

Nonetheless, interpretation is complicated by the large and

highly heterogeneous internal a-particle dose from pluto-

nium. There was a significant dose response in relation to

both external c dose and internal (a-particle) dose to the

liver (Azizova and Muirhead 2009; Table 1). There are few

cohorts of any substance apart from this with a-particle liver

dose. Groups exposed to the diagnostic contrast medium

Thorotrast received a substantial a-particle liver dose, as

discussed previously, and it is notable that there was little

evidence of excess risk of circulatory disease risk, specifi-

cally cardiac disease in these cohorts.

A borderline significant trend with dose was seen for

circulatory disease mortality in the latest analysis of the

UK NRRW (Muirhead et al. 2009), an ERR of 0.25 Sv-1

(95% CI -0.01, 0.54); an increasing trend with dose of a

similar magnitude was also reported for all cancer mor-

tality, an ERR of 0.28 Sv-1 (95% CI -0.02, 0.62). In other

workforces (Richardson and Wing 1999; Vrijheid et al.

2007), there were generally no statistically significant

trends of circulatory disease with dose (Table 1). It should

be noted that these studies overlap, and in particular there

is substantial inclusion of the study populations of the

studies of Richardson and Wing (1999) and Muirhead et al.

(2009) within that of the IARC study (Vrijheid et al. 2007).

There were no statistically significant trends of circulatory

disease mortality with cumulative radon, external c or dose

from other radionuclides in a cohort of male German ura-

nium miners (Kreuzer et al. 2006; Table 1); similar results

were reported in a reanalysis of this cohort that added five

more years of follow-up (1999–2003) (Kreuzer et al. 2009).

There was also no trend with any measure of dose for

ischaemic heart disease (Kreuzer et al. 2006), coronary

heart disease or stroke (Kreuzer et al. 2009); mortality from

acute myocardial infarction exhibited a borderline signifi-

cant (2-sided p = 0.114) increasing trend with radon dose

(Kreuzer et al. 2009), although the authors were inclined to

treat this as spurious (Kreuzer et al. 2006). There was no

significant trend of coronary heart disease mortality with

radon dose in a cohort of Canadian fluorspar miners

(Villeneuve et al. 2007).

Environmentally exposed groups

There was a decreasing trend in heart disease mortality

with dose for males and females in the study of Talbott
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et al. (2003) of persons exposed as a result of the accident

at the Three Mile Island nuclear power station. For

females, the decreasing trend was significant. As with all

studies of environmental exposure, exposure assessment in

this study is problematic. An additional complication in

relation to assessing cardiovascular endpoints is that stress

would be expected to be associated with proximity to the

plant, and therefore to dose; this confounding would be

expected to potentially positive bias the ERR estimate.

Given the very small estimated doses, and the possibility of

bias, little weight should be attached to these results.

Summary of low-dose epidemiologic studies

Although the aggregate estimate of risk (see the ‘‘Meta-

analysis of available epidemiological studies’’ section and

Tables) in these studies is suggestive of a positive associ-

ation, the obvious heterogeneity complicates any causal

interpretation.

The variation in magnitudes of trends of circulatory

disease with dose, which span at least two orders of mag-

nitude (see Table 1), and the possibility of confounding

and other sources of bias, mean that one cannot be sure that

these statistical associations observed with radiation are

causal in nature. The well-known independent risk factors

for circulatory disease, such as cigarette smoking, diabetes,

obesity, high blood pressure and high levels of blood low-

density lipoprotein (LDL) (see ‘‘Discussion’’ section) were

not available or not adjusted for in analyses of most of

these study groups. This is likely to be particularly prob-

lematic in cohorts in which there was no adjustment for

socioeconomic status (SES) in the analysis (all except

Howe et al. 2004; Vrijheid et al. 2007; McGeoghegan et al.

2008; Muirhead et al. 2009); many of these risk factors, in

particular obesity, shift work and cigarette smoking, are

correlated with SES, and SES may well be associated with

occupational radiation exposure.

It should be noted that in most of the studies, in par-

ticular those of the atomic bomb survivors and all occu-

pational groups, given in Tables 1, 2, 3, 4 conventional

ICRP radiation weighting factors for stochastic health

effects were used, with the exception of the risks for the

Mayak workers in relation to a-particle dose to the liver,

for which a relative biological effectiveness (RBE) of 1

Table 2 Aggregate excess relative risks (per Sv) of circulatory disease in published low/moderate dose (\5 Sv) epidemiological datasets with

estimated average radiation dose to the heart/brain and for which quantitative risk assessment is possible (using as endpoint mortality from

circulatory disease unless otherwise indicated)(reproduced in part from Little et al. 2009a)

Description Studies included ERR Sv-1 (95% CI)

All occupational and environmental studies

including McGeoghegan et al. (2008) but

excluding Muirhead et al. (2009)

Talbott et al. (2003)a, Ivanov et al. (2006), Kreuzer et al.

(2006), Vrijheid et al. (2007), McGeoghegan et al.

(2008)c, Azizova and Muirhead (2009)b

0.19 (0.14, 0.24)##

All occupational and environmental studies

excluding McGeoghegan et al. (2008) but

including Muirhead et al. (2009)

Talbott et al. (2003)a, Ivanov et al. (2006), Kreuzer et al.

(2006), Vrijheid et al. (2007), Azizova and Muirhead

(2009)b, Muirhead et al. (2009)

0.19 (0.14, 0.23)##

Atomic bomb survivor and medical irradiation

studies

Darby et al. (1987)d, Davis et al. (1989), Preston et al.

(2003)e, Yamada et al. (2004)f, Carr et al. (2005)g
0.03 (0.00, 0.07)#

All studies including McGeoghegan et al. (2008) but

excluding Muirhead et al. (2009)

Darby et al. (1987)d, Davis et al. (1989), Preston et al.

(2003)e, Talbott et al. (2003)a, Yamada et al. (2004)f,

Carr et al. (2005)g, Ivanov et al. (2006), Kreuzer et al.

(2006), Vrijheid et al. (2007), McGeoghegan et al.

(2008)c, Azizova and Muirhead (2009)b

0.08 (0.06, 0.11)##

All studies excluding McGeoghegan et al. (2008)

but including Muirhead et al. (2009)

Darby et al. (1987)d, Davis et al. (1989), Preston et al.

(2003)e, Talbott et al. (2003)a, Yamada et al. (2004)f,

Carr et al. (2005)g, Ivanov et al. (2006), Kreuzer et al.

(2006), Vrijheid et al. (2007), Azizova and Muirhead

(2009)b, Muirhead et al. (2009)

0.08 (0.05, 0.11)##

a Analysis based on heart disease (males and females separately)
b Analysis based on ischaemic heart disease and cerebrovascular disease morbidity, using external c dose
c Analysis including underlying and contributory causes of death
d Analysis based on stroke and other circulatory disease (separately)
e Analysis based on heart disease and stroke (separately)
f Analysis based on morbidity from hypertension, hypertensive heart disease, ischaemic heart disease and stroke (separately)
g Analysis based on coronary heart disease and other heart disease, excluding highest dose group (3.1–7.6 Gy) (separately)
# p value for heterogeneity p \ 0.01
## p value for heterogeneity p \ 0.00000001
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was used (Table 1). For this reason, risks are given as per

Sv rather than per Gy; this may not be strictly correct, but

in practice use of Gy rather than Sv would make little

difference. The only cohort in which there is a substantial

contribution from high linear energy transfer (LET) radi-

ation is the Mayak workers (Azizova and Muirhead 2009).

Table 3 Sensitivity of combined circulatory disease risk estimates to study exclusion (excess relative risk (ERR)/Sv plus 95% CI) [all assuming

as baseline inclusion of Muirhead et al. (2009) and exclusion of McGeoghegan et al. (2008) (as per bottom row of Table 2)] and contribution to

heterogeneity v2 statistic (?degrees of freedom, df)

Studies excluded ERR /Sv (95% CI) v2 statistic (df)

A-bomb (Preston et al. 2003; Yamada et al. 2004) 0.11 (0.07, 0.14)## 8.64 (6)

US peptic ulcer (Carr et al. 2005) 0.08 (0.06, 0.11)## 2.14 (2)

UK ankylosing spondylitis (Darby et al. 1987) 0.09 (0.06, 0.11)## 5.99 (2)

Massachusetts TB (Davis et al. 1989) 0.10 (0.07, 0.13)## 15.82 (1)

IARC 15-country workers (Vrijheid et al. 2007) 0.08 (0.05, 0.11)## 0.00 (1)

UK 3rd NRRW analysis (Muirhead et al. 2009) 0.08 (0.05, 0.11)## 1.32 (1)

German uranium miners (Kreuzer et al. 2006) 0.08 (0.06, 0.11)## 4.67 (1)

Chernobyl recovery workers (Ivanov et al. 2006) 0.08 (0.05, 0.11)## 0.84 (1)

Mayak workers (Azizova and Muirhead 2009) 0.04 (0.01, 0.07)# 53.73 (2)

Three Mile Island (Talbott et al. 2003) 0.08 (0.05, 0.11)## 11.62 (2)

None (All studies) 0.08 (0.05, 0.11)## 104.76 (18)

# p value for heterogeneity p \ 0.001
## p value for heterogeneity p \ 0.00000001

Table 4 Aggregate excess relative risks (per Sv) of circulatory disease by endpoint (heart vs. stroke, morbidity vs. mortality)

Endpoint Studies included ERR Sv-1 (95% CI) Heterogeneity

Heart Darby et al. (1987)a, Preston et al. (2003)b, Talbott et al. (2003)b,

Yamada et al. (2004)c, Carr et al. (2005)d, Ivanov et al. (2006)e,

Kreuzer et al. (2006)b, Vrijheid et al. (2007)a, Azizova and

Muirhead (2009)f

0.07 (0.04, 0.11) p = 0.00085

Stroke Darby et al. (1987)g, Preston et al. (2003)g, Yamada et al. (2004)h,

Ivanov et al. (2006)h, Kreuzer et al. (2006)g, Vrijheid et al.

(2007)g, Azizova and Muirhead (2009)h, Muirhead et al. (2009)g

0.27 (0.20, 0.34) p = 0.00004

Morbidity Yamada et al. (2004)c, h, j, Ivanov et al. (2006)k, Azizova and

Muirhead (2009)f, h
0.10 (0.07, 0.13) p \ 10-10

Mortality Darby et al. (1987)a, g, Davis et al. (1989)i, Preston et al. (2003)b, g,

Talbott et al. (2003)b, Carr et al. (2005)d, Kreuzer et al. (2006)i,

Vrijheid et al. (2007)i, Muirhead et al. (2009)i

0.03 (-0.02, 0.08) p = 0.00003

Total Darby et al. (1987)a, g, Davis et al. (1989)i, Preston et al. (2003)b, g,

Talbott et al. (2003)b, Yamada et al. (2004)c, h, j, Carr et al.

(2005)d, Ivanov et al. (2006)k, Kreuzer et al. (2006)i, Vrijheid

et al. (2007)i, Azizova and Muirhead (2009)f, h, Muirhead et al.

(2009)i

0.08 (0.05, 0.11) p \ 10-13

a Analysis based on all circulatory disease mortality apart from stroke
b Analysis based on all heart disease mortality
c Analysis based on morbidity from hypertensive heart disease, ischaemic heart disease
d Analysis based on coronary heart disease and other heart disease mortality, excluding highest dose group (3.1–7.6 Gy)
e Analysis based on morbidity from hypertension, ischaemic heart disease and other heart disease
f Analysis based on morbidity from ischaemic heart disease
g Analysis based on stroke mortality
h Analysis based on stroke morbidity
i Analysis based on all circulatory disease mortality
j Analysis based on hypertension morbidity
k Analysis based on all circulatory disease morbidity
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This cohort was originally analysed in relation both to

external c dose and to internal a-particle dose to the liver,

although for all meta-analyses (Tables 2, 3, 4), we use only

the risk estimates derived in relation to external c dose.

Meta-analysis of available epidemiological studies

In the present study, an aggregate estimate of ERR is

calculated using standard statistical methodology. For

those studies for which an ERR estimate together with a

measure of standard deviation was available, the best linear

unbiased estimate (inverse-variance weighted) of ERR was

computed, given by:

ERRtot ¼
P

i ERRi=sdðERRiÞ2
P

i 1=sdðERRiÞ2
ð1Þ

This has standard deviation given by:

sdðERRtotÞ ¼
1

P
i 1=sdðERRiÞ2

h i0:5
ð2Þ

These formulae were used to compute aggregate

measures of ERR and associated 95% confidence intervals

(obtained as ERRtot � 1:96� sdðERRtotÞ) in Tables 2, 3, 4.

It should be noted that (2) is an exact estimate of the standard

deviation, when the component standard deviations are

known exactly. However, when the component distributions

are very markedly non-normal (e.g., if they are markedly

asymmetric), the resultant scaled linear sum (1) will also be

non-normal (e.g., asymmetric) in general. However, as can

be seen from Table 1, most estimates of ERR have

approximately symmetric confidence intervals about the

mean, so it is expected that the scaled sum (1) will also be

approximately symmetric about its mean. The standard

deviations in the individual studies are estimated from the

confidence intervals given in the published papers—for

example, when 95% CI are given, this is calculated

from ½ERR97:5 � ERR2:5�=ð2� 1:96Þ. In many cases, these

confidence intervals appear to be derived via likelihood-

based methods (McCullagh and Nelder 1989), and this

introduces additional approximation. We apply this formula

to a subset of the studies in Table 1, selected so as to be more

or less disjoint. For example, we did not include the studies of

Ashmore et al. (1998) and Richardson and Wing (1999),

since these were largely subsumed in the IARC 15-country

study of Vrijheid et al. (2007), and likewise we did not

include the study of McGeoghegan et al. (2008) whenever

we included the study of Muirhead et al. (2009). However,

the study of McGeoghegan et al. (2008) although partly

subsumed in the study of Muirhead et al. (2009) included

four more years of follow-up (2002–2005), so we chose to

consider it instead of the study of Muirhead et al. (2009) at

least for the purposes of certain analyses presented in

Table 2. Heterogeneity was assessed via the standard v2

statistic, which was calculated via:

v2 ¼
X

i

ðERRi � ERRtotÞ=sdðERRiÞ½ �2 ð3Þ

the significance of which was assessed via comparison

against centiles of the v2 distribution with the relevant

number of degrees of freedom (number of component risk

estimates -1).

The results of Table 2 suggest that the aggregate esti-

mate of ERR from all low-dose studies excluding the study

of McGeoghegan et al. (2008) but including the study of

Muirhead et al. (2009) is 0.08 Sv-1 (95% CI 0.05, 0.11);

almost no difference is made by instead including the study

of McGeoghegan et al. (2008) but excluding the study of

Muirhead et al. (2009)—the aggregate estimate of ERR is

0.08 Sv-1 (95% CI 0.06, 0.11). There is significant heter-

ogeneity (p \ 0.01) in risk between studies, among all

groups considered in Table 2. Further analysis in which

each study is removed in turn from the ‘‘All studies

excluding McGeoghegan et al.’’ group in Table 3 does not

substantially alter the aggregate risk estimate, which

increased to at most 0.11 Sv-1 (0.07, 0.14) (after exclusion

of the Japanese atomic bomb survivor data of Preston et al.

2003 and Yamada et al. 2004), although removing the

Mayak worker study of Azizova and Muirhead (2009)

results in a substantial decrease in the best estimate of

ERR, to 0.04 Sv-1 (0.01, 0.07). The results of Table 4

suggest that the heterogeneity between studies is not much

diminished when the different endpoints (heart disease,

stroke) are considered. However, the ERR for stroke is

substantially higher 0.27 Sv-1 (0.20, 0.34) than that for

heart disease, 0.07 Sv-1 (0.04, 0.11). The morbidity risk of

circulatory disease appears to be somewhat higher,

0.10 Sv-1 (0.07, 0.13) than that for mortality, 0.03 Sv-1

(-0.02, 0.08).

Adjustments to dose and implications for heterogeneity

in cardiovascular risk in the atomic bomb survivor

and moderate-dose radiotherapy studies

Schultz-Hector and Trott (2007) imply that by adjusting

doses used in certain of the medical irradiation studies that

they considered, risks in these studies would become more

compatible with those in the LSS. In this section, we briefly

explore this question.

Dose adjustments

We calculate for the study of Carr et al. (2005) (one of

those cited in Fig. 1 of Schultz-Hector and Trott 2007) the

physical single acute absorbed dose D0 that would have
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equivalent biological effect to n equal fractions (each of

D/n Gy) with total absorbed dose D Gy, assuming a total

number of n ¼ 16:5 Gy=1:5 Gy ¼ 11 (see p. 843 of Carr

et al. 2005), for the range of total whole heart doses D

given in Table 2 of Carr et al. (2005). Additionally, a linear

quadratic dose-response function f ðDÞ ¼ C þ aDþ bD2

was assumed.

In this case D0 is determined by:

n aðD=nÞ þ bðD=nÞ2
h i

¼ aD0 þ bD
02 ð4Þ

in other words by:

D0 ¼ Dþ ðb=aÞD2=n½ �
1þ

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
1þ 4ðb=aÞ Dþ ðb=aÞD2=n½ �

p� �.
2

ð5Þ

We give in Table 5 values of D0 for the range of average

whole heart doses D given in Table 2 of Carr et al. (2005),

assuming an a/b ratio of either 1 (Lauk et al. 1987) or

3.7 Gy (Schultz-Hector et al. 1992); these two somewhat

divergent references were cited by Schultz-Hector and

Trott (2007) in support of a range of a/b of between 1 and

3 Gy. Schultz-Hector and Trott (2007) used an a/b of 2 Gy

in their Fig. 1.

It should be noted that in the limit of a large number of

fractions (n ? ?) formula (5) tends to:

D0 ¼ D

1þ
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
1þ 4ðb=aÞD

p� ��
2

ð6Þ

which of course in the low-dose limit (D ? 0) becomes

D0 = D. We plot in Fig. 1, this function for the two values

of a/b given earlier. Even at relatively high doses, of about

1 Gy, and assuming a low a/b of 1 Gy, the correction (6)

implies a reduction of no more than 40%.

Implications for cardiovascular risk

in certain medical studies

In the present study, the excess relative risks for various

low-dose medical studies given in the systematic reviews

of Little et al. (2008, 2009a) was estimated, with and

without the acute dose corrections provided by (5) and (6).

To give an upper bound on the magnitude of the correction,

the smaller of the two a/b ratios employed above of 1 Gy

(Lauk et al. 1987) was used. However, the central adjust-

ment employed by Schultz-Hector and Trott (2007), an a/b
ratio of 2 Gy, was also used. For the peptic ulcer study

(Carr et al. 2005), we assumed 11 fractions were given, as

derived previously. For the UK ankylosing spondylitis

study, an estimated 8 fractions (4 Gy/0.5 Gy) derived from

Trott and Kamprad (1999) was assumed, as well as the

large fraction approximation, given by (6), for the study of

Davis et al. (1989). The methodology used to estimate

aggregate risk and heterogeneity was as described previ-

ously. As can be seen from Table 6, not much difference is

made to the aggregate risk (medical ? A-bomb) by use of

this correction—the ERR changes from 0.03 Sv-1 (95% CI

0.00, 0.07) without correction to 0.04 Sv-1 (95% CI 0.01,

0.08) with an a/b ratio of 2 Gy, to 0.05 Sv-1 (95% CI 0.01,
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Fig. 1 Corrected dose evaluated using expression (6) versus uncor-

rected dose for a variety of linear:quadratic (a/b) dose-response

coefficient ratios

Table 5 The physical single absorbed dose D0 that would have equivalent biological effect to n fractions with total absorbed dose D for the

whole heart doses given in Table 2 of Carr et al. (2005), based on expressions (4)–(5)

Data description Total dose

(D) (Gy)

a/b Ratio Number of

fractions (n)

Biologically equivalent

single dose (D0) (Gy)

Using Lauk et al. (1987) a/b 1.6 1.0 11 0.99

2.3 1.0 11 1.33

2.8 1.0 11 1.56

3.9 1.0 11 2.08

Using Schultz-Hector et al. (1992) a/b 1.6 3.7 11 1.25

2.3 3.7 11 1.70

2.8 3.7 11 1.99

3.9 3.7 11 2.60
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0.08) with an a/b ratio of 1 Gy; in all three cases, there is

statistically significant heterogeneity, p \ 0.015, although

the significance of the heterogeneity is reduced when cor-

rections are made.

In summary, using a reasonable range of adjustments

similar to those of Schultz-Hector and Trott (2007) we can

reduce, but not eliminate, the heterogeneity in risk between

the A-bomb survivors and the medical irradiation studies.

Discussion

We have documented statistically significant heterogeneity

of risks between epidemiological studies generally exposed

to low and moderate doses (generally \5 Gy). The only

possible exception to this inclusion criteria is the Mayak

worker study (Azizova and Muirhead 2009)—the internal

a-particle dose to certain tissues (e.g., liver) for some

workers is considerably more than 5 Gy, although the

external gamma dose is generally less than this figure

(Table 1). As documented in Little et al. (2008), there are

good radiobiological reasons for considering the moderate-

and low-dose studies separately, since the mechanisms that

operate for doses in this range are likely to be very different

to those that are relevant at higher (e.g., radiotherapeutic)

doses.

Given the heterogeneity in the populations and the

multi-factorial disease endpoint being considered this

finding is perhaps not surprising. Epidemiological research

has identified specific risk factors, which include male sex,

family history of heart disease, cigarette smoking, diabetes,

high blood pressure, obesity, increased total and LDL

cholesterol and decreased high-density lipoprotein choles-

terol plasma levels (Wilson et al. 1998; Burns 2003;

Stamler et al. 2005). SES and lifestyle factors (Tüchsen

et al. 2006) and infections (Ridker 1998; Whincup et al.

2000; Danesh et al. 2002) are also potential risk factors for

this disease independently of these other factors. Given the

nature of the information contained in the published

reports, none of these variables can be corrected for in the

analysis conducted here; indeed there are few individual

studies that adjusted for (at least some of) them—only

those of Yamada et al. (2004) and Azizova and Muirhead

(2009). SES may be a surrogate for some of these factors

and was adjusted for in the analysis of Howe et al. (2004),

Vrijheid et al. (2007), McGeoghegan et al. (2008) and

Muirhead et al. (2009). Another factor that is likely to

introduce heterogeneity is the diversity of endpoints. The

analysis of Table 4 suggests that stroke may have a sub-

stantially larger risk than diseases specifically of the heart.

Likewise, the risk in those studies that assessed circulatory

disease morbidity (Yamada et al. 2004; Ivanov et al. 2006;

Azizova and Muirhead 2009) was rather greater than in

those that considered mortality (all other studies) (Table 4).

The interactions of the previously discussed risk factors

with possible radiation effects are unknown, but a role for

confounding or effect modification cannot be ruled out in

those studies in which no adjustment was made.

An important consideration in estimating dose to the

intima, and which may have a bearing on interpretation of

certain epidemiological studies, is the role of oxygen dif-

fusion. This has been modelled by Richardson (2008a, b,

c), who has highlighted the pronounced variations with

oxygen concentration across the intima, which also varies

with age as a result of modifications in arterial geometry

(Richardson 2008b). It is well known that with decreasing

oxygenation the effective dose reduces (Richardson

2008c), and this implies that the biologically effective dose

per unit exposure reduces by 8–12% from age 0.5 to

70 years, whether for high-LET (222Rn, 218Po, 214Po) or for

low-LET radiation (Richardson 2008c). This needs to be

addressed in the dosimetry of any study, assuming that, as

we argue elsewhere (Little et al. 2009b), intimal dose is of

the most relevance to cardiovascular risk. Not doing so

would imply a modest negative bias in modifications of the

radiation response by age at exposure. Other dosimetric

matters, in particular in relation to use of Sv versus Gy in

the various studies were touched on in the earlier review

(Little et al. 2008).

Our findings of heterogeneity of risk should be con-

trasted with those of Schultz-Hector and Trott (2007), who

also assessed heterogeneity between studies, and who

implied that there was no significant heterogeneity of doses

and risks between the studies they analysed, although there

was no formal statistical evaluation—the only analysis they

undertook was a graphical one, using a method very close

to our own (Table 6) for adjusting for dose fractionation.

Schultz-Hector and Trott (2007) included two studies

(Clarke et al. 2005; Darby et al. 2005) in which individual

doses have not been properly evaluated, but which in any

case are likely to be well above our 5 Gy exclusion limit.

Schultz-Hector and Trott (2007) also did not analyse any of

the occupational cohorts that we consider, nor some of the

moderate- and low-dose medical studies (Darby et al. 1987;

Davis et al. 1989). Given the difference in studies con-

sidered, and the fact that Schultz-Hector and Trott (2007)

did not formally evaluate heterogeneity, there is not nec-

essarily inconsistency between their findings and our own.

Based on the present state of experimental research into

radiation-induced cardiovascular disease, it could be con-

cluded that at least at high doses, radiation may cause both

types of cardiovascular disease: microvascular disease,

which is characterized by decrease in capillary density

causing chronic ischaemic heart disease and focal myo-

cardial degeneration; and macrovascular disease through

the faster development of age-related atherosclerosis in the
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coronary arteries. Both macrovascular and microvascular

radiation effects involve the endothelium and pro-inflam-

matory signalling cascades. A substantial number of stud-

ies have investigated radiation effects on endothelial cells

in vitro, and a few studies have confirmed some of these

observations in vivo (summarized in Schultz-Hector and

Trott 2007). Whether both mechanisms, in particular

microvascular damage, operate at low radiation doses is

unclear.

Inflammation is believed to participate in virtually all

stages of atherosclerotic disease including its inception.

Epidemiological evidence for the role of inflammation in

causing cardiovascular disease has come from findings that

elevated levels of systemic inflammation, reflected in the

increased levels of the pro-inflammatory cytokine inter-

leukin 6 (IL-6), C-reactive protein (CRP), and a variety of

cell-adhesion molecules, such as intercellular cell adhesion

molecule 1 (ICAM-1), vascular cell adhesion molecule 1

(VCAM-1) and endothelial leukocyte adhesion molecule 1

(ELAM-1; E-selectin), were associated with elevated risk

of cardiovascular disease in a number of prospectively

examined cohorts (Ridker et al. 2000a, b; Pai et al. 2004;

Tzoulaki et al. 2005; Vasan 2006).

While the inflammatory process is recognized as an

integral part of the atherosclerotic process (Hansson 2005),

it does not explain the observation that the proliferation of

vascular smooth muscle cells (VSMC) during atheroscle-

rotic plaque development is monoclonal (Benditt and

Benditt 1973). Clonality suggests that plaque VSMCs must

have undergone multiple rounds of division, and telomere

loss studies argue that this is between 7 and 13 cumulative

population doublings (Matthews et al. 2006). These obser-

vations raised the possibility that spontaneous plaques (or at

least their fibrous caps) arise from a subset of VSMCs that

have a proliferative/survival advantage over the rest of the

medial cells. This could be either a dominant transforming

mutation in a single cell akin to tumorigenesis, or a more

subtle mutation that alters a signalling pathway for cell

division/growth arrest. Indeed, McCaffrey et al. (1997)

found mutations in a microsatellite sequence in the Type II

TGF-b1 receptor in plaque-derived cells, leading to a pre-

mature truncation that would cause loss of normal growth

inhibition by TGF-b1. Although such mutations could

indicate a mechanism by which irradiation-induced cell

transformation might promote atherosclerosis, other studies

have not supported these findings, particularly in regard to

TGF-b1 microsatellite instability (Bobik et al. 1999; Clark

et al. 2001). Furthermore, clonality itself is not synonymous

with transformation of a single cell, and subsequent studies

have shown that large patches in the normal vessel media

are monoclonal (Chung et al. 1998). Thus, clonality is more

likely to be explained by the presence of developmental

clones in the normal vessel wall, rather than a mutation.

Finally, in contrast to tumours, plaque VSMCs show poor

proliferation, enhanced apoptosis and early senescence

(Schwartz and Murry 1998). These features would not

confer a proliferative or survival advantage to plaque

VSMCs. Furthermore, plaque VSMC proliferation is now

seen to be beneficial in atherosclerosis (Braganza and

Bennett 2001), and related to this, VSMC apoptosis accel-

erates atherosclerotic lesion development (Clarke et al.

2008), so that the pathological consequences of a mutation

promoting VSMC proliferation are unclear.

When examining possible mechanisms for the associa-

tion between ionizing radiation and circulatory disease, it is

important to recognize the manner in which radiation-

induced cellular and molecular responses can influence the

pathogenic process. At high doses ([10 Gy), there is

abundant evidence from animal studies and RT patients of

direct damage to the structures of the heart and large

arteries resulting in predominantly early-appearing acute

cardiovascular effects (e.g., acute and chronic pericarditis,

accelerated atherosclerosis, conduction abnormalities,

pericardial or myocardial fibrosis; Adams et al. 2003).

Such effects are predominantly the consequence of

microvascular injury, resulting in part from excessive cell

killing (e.g., of capillaries) and the associated pro-inflam-

matory response to cellular damage, and leading to myo-

cardial and other ischaemia (Adams et al. 2003). Survivors

of high-dose exposures may also suffer long-term tissue

damage, such as valvular changes and late pericarditis,

giving rise to a variety of adverse cardiovascular effects.

While studies of cellular and molecular responses follow-

ing high doses may give some indications as to how low-

dose radiation can influence the development of cardiac

disease, it is important to evaluate these in relation to dose,

dose rate and dose response. These have been reviewed in

an earlier publication (Little et al. 2008).

A major challenge is the explanation of how chronically

delivered radiation dose in the manner frequently encoun-

tered in occupational studies could lead to excess circula-

tory disease risk (Little et al. 2008). Little et al. (2009b)

constructed a reaction-diffusion model of the cardiovas-

cular system and showed that a predicted consequence of

multiple small radiation doses was to cause mean chemo-

attractant (MCP-1) concentration to increase linearly with

cumulative dose. The main driver for the increase in MCP-1

was monocyte death, and consequent reduction in MCP-1

degradation (Little et al. 2009b). The radiation-induced

risks predicted by the model were quantitatively consistent

with those observed in a number of occupationally exposed

groups. The changes in equilibrium MCP-1 concentrations

with LDL cholesterol concentration were also consistent

with experimental and epidemiologic data (Little et al.

2009b). The model made a number of testable predictions,

and work is underway to assess these.
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Conclusions

There is no doubt that the high radiation doses to the

heart, coronary, carotid and other large arteries received

during certain RT procedures induce tissue damage that

results in an increased risk of circulatory diseases; the

underlying biological mechanism is the high level of cell

killing and ensuing pro-inflammatory effects and micro-

vascular damage (Schultz-Hector and Trott 2007). The

central question is whether moderate and low doses can

elevate the risk of these diseases, as indicated by the

findings of some epidemiological studies, via a different

mechanism from high-dose effects (Little et al. 2008).

The epidemiological evidence for an effect of moderate

and low doses remains suggestive rather than persuasive.

A critical issue is the inter-study heterogeneity, although

this may be in large part a result of confounding

and effect modification resulting from well-known (but

unobserved) risk factors. A recent paper of Little et al.

(2009b) suggested a possible mechanism for fractionated

low-dose effects, based on monocyte cell killing in the

intima, but this has yet to be experimentally tested. As

our knowledge concerning the cellular response at low

doses and low-dose rates is still very limited, further

research is required to better understand the nature of

low/moderate dose epidemiological associations—whether

they represent a direct causal relationship based upon yet

to be understood biological mechanisms, or whether some

other explanation is required.

Acknowledgments The authors are grateful for the detailed and

helpful comments of the editor and two referees. This work was

funded partially by the European Commission under contracts FI6R-

CT-2003-508842 (RISC-RAD) and FP6-036465 (NOTE). The Mayak

worker analysis by Drs. Azizova and Muirhead was conducted with

support from the European Commission’s Euratom Nuclear Fission

and Radiation Protection Programme as part of the SOUL project;

more details of this analysis can be found in separate papers by the

study investigators.

References

Adams MJ, Hardenbergh PH, Constine LS, Lipshultz SE (2003)

Radiation-associated cardiovascular disease. Critical Rev Oncol

Hematol 45:55–75

Ashmore JP, Krewski D, Zielinski JM, Jiang H, Semenciw R, Band

PR (1998) First analysis of mortality and occupational radiation

exposure based on the National Dose Registry of Canada. Am J

Epidemiol 148:564–574

Atkinson WD, Law DV, Bromley KJ, Inskip HM (2004) Mortality of

employees of the United Kingdom Atomic Energy Authority,

1946–97. Occup Environ Med 61:577–585

Azizova TV, Muirhead CR (2009) Epidemiological evidence for

circulatory diseases—occupational exposure. EU Scientific

Seminar 2008. ‘‘Emerging evidence for radiation induced

circulatory diseases’’. Proceedings of a scientific seminar held

in Luxembourg on 25 November 2008. Radiation Protection

158:33–46 (downloadable from http://ec.europa.eu/energy/

nuclear/radiation_protection/doc/publication/158.pdf)

Benditt EP, Benditt JM (1973) Evidence for a monoclonal origin of

human atherosclerotic plaques. Proc Natl Acad Sci USA

70:1753–1756

Bobik A, Agrotis A, Kanellakis P, Dilley R, Krushinsky A, Smirnov V,

Tararak E, Condron M, Kostolias G (1999) Distinct patterns of

transforming growth factor-b isoform and receptor expression in

human atherosclerotic lesions. Colocalization implicates TGF-b
in fibrofatty lesion development. Circulation 99:2883–2891

Braganza DM, Bennett MR (2001) New insights into atherosclerotic

plaque rupture. Postgrad Med J 77:94–98

Burns DM (2003) Epidemiology of smoking-induced cardiovascular

disease. Prog Cardiovasc Disease 46:11–29

Carr ZA, Land CE, Kleinerman RA, Weinstock RW, Stovall M,

Griem ML, Mabuchi K (2005) Coronary heart disease after

radiotherapy for peptic ulcer disease. Int J Radiat Oncol Biol

Phys 61:842–850

Chung I-M, Schwartz SM, Murry CE (1998) Clonal architecture of

normal and atherosclerotic aorta. Implications for atherogenesis

and vascular development. Am J Pathol 152:913–923

Clark KJ, Cary NR, Grace AA, Metcalfe JC (2001) Microsatellite

mutation of type II transforming growth factor-b receptor is rare in

atherosclerotic plaques. Arterioscler Thromb Vasc Biol 21:555–559

Clarke M, Collins R, Darby S, Davies C, Elphinstone P, Evans E,

Godwin J, Gray R, Hicks C, James S, MacKinnon E, McGale P,

McHugh T, Peto R, Taylor C, Wang Y, Early Breast Cancer

Trialists’ Collaborative Group (EBCTCG) (2005) Effects of

radiotherapy and of differences in the extent of surgery for early

breast cancer on local recurrence and 15-year survival: an

overview of the randomised trials. Lancet 366:2087–2106

Clarke MC, Littlewood TD, Figg N, Maguire JJ, Davenport AP,

Goddard M, Bennett MR (2008) Chronic apoptosis of vascular

smooth muscle cells accelerates atherosclerosis and promotes

calcification and medial degeneration. Circ Res 102:1529–1538

Danesh J, Whincup P, Lewington S, Walker M, Lennon L, Thomson

A, Wong Y-K, Zhou X, Ward M (2002) Chlamydia pneumoniae
IgA titres and coronary heart disease. Prospective study and

meta-analysis. Eur Heart J 23:371–375

Darby SC, Doll R, Gill SK, Smith PG (1987) Long term mortality

after a single treatment course with X-rays in patients treated for

ankylosing spondylitis. Br J Cancer 55:179–190

Darby S, McGale P, Taylor CW, Peto R (2005) Long-term mortality

from heart disease and lung cancer after radiotherapy for early

breast cancer: prospective cohort study of about 300 000 women

in US SEER cancer registries. Lancet Oncol 6:557–565

Davis FG, Boice JD Jr, Hrubec Z, Monson RR (1989) Cancer

mortality in a radiation—exposed cohort of Massachusetts

tuberculosis patients. Cancer Res 49:6130–6136

dos Santos Silva I, Malveiro F, Jones ME, Swerdlow AJ (2003)

Mortality after radiological investigation with radioactive

Thorotrast: a follow-up study of up to fifty years in Portugal.

Radiat Res 159:521–534

Hansson GK (2005) Inflammation, atherosclerosis, and coronary

artery disease. N Engl J Med 352:1685–1695

Howe GR, Zablotska LB, Fix JJ, Egel J, Buchanan J (2004) Analysis

of the mortality experience amongst U.S. nuclear power industry

workers after chronic low-dose exposure to ionizing radiation.

Radiat Res 162:517–526

Ivanov VK, Maksioutov MA, Chekin SY, Petrov AV, Biryukov AP,

Kruglova ZG, Matyash VA, Tsyb AF, Manton KG, Kravchenko

JS (2006) The risk of radiation-induced cerebrovascular disease

in Chernobyl emergency workers. Health Phys 90:199–207

Johnson P, Atkinson WD, Nicholls JL (1999) Updated analysis of

mortality in workers at UK atomic weapons establishments. In:

Proceedings of the SRP Sixth International Symposium:

Radiat Environ Biophys (2010) 49:139–153 151

123

http://ec.europa.eu/energy/nuclear/radiation_protection/doc/publication/158.pdf
http://ec.europa.eu/energy/nuclear/radiation_protection/doc/publication/158.pdf


Achievements & challenges: advancing radiation protection into

the 21st century

Kreuzer M, Kreisheimer M, Kandel M, Schnelzer M, Tschense A,

Grosche B (2006) Mortality from cardiovascular diseases in the

German uranium miners cohort study, 1946–1998. Radiat

Environ Biophys 45:159–166

Kreuzer M, Grosche B, Schnelzer M, Tschense A, Dufey F, Walsh L

(2009) Radon and risk of death from cancer and cardiovascular

diseases in the German uranium miners cohort study—follow-up

1946–2003. Radiat Environ Biophys: doi:10.1007/s00411-009-

0249-5
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