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Abstract

Although the link between high doses of ionizing radiation and damage to the heart and coronary
arteries has been well established for some time, the association between lower-dose exposures
and late occurring 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
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epidemiological studies vary over at least two orders of magnitude, possibly a result of
confounding and effect modification by well-known (but unobserved) risk factors, and there is
statistically significant (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 (cardiovascular 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 mechanism
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. Further 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 dominated 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 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 radiation
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 documented 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 Sv1). Wherever possible this was taken directly from the relevant study or
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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 follow-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 generally 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
evidence 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 contrast, radiation-associated excess mortality from cardiovascular 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 o-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 (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 investigation of
cerebral vascular anomalies, as pointed out by Travis et al. (2001). Thorotrast deposits -
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
circulatory disease mortality endpoints (all circulatory disease, cerebrovascular disease,
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other circulatory diseases), and decreasing trends for certain other endpoints (ischaemic
heart disease, heart failure, deep vein thrombosis and pulmonary embolism) in the IARC 15-
country study of radiation workers (Vrijheid et al. 2007) (Table 1), although none were
statistically significant (1-sided p > 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 Chernoby! liquidators (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 y 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 reasonable to include this population in the
present study. Nonetheless, interpretation is complicated by the large and highly
heterogeneous internal a-particle dose from plutonium. There was a significant dose
response in relation to both external y 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, specifically 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% Cl
—0.01, 0.54); an increasing trend with dose of a similar magnitude was also reported for all
cancer mortality, 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 y or dose from other radionuclides in a
cohort of male German uranium 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 significant (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).
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Environmentally exposed groups—There was a decreasing trend in heart disease
mortality with dose for males and females in the study of Talbott 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 “Metaanalysis of available epidemiological studies” section and Tables) in
these studies is suggestive of a positive association, 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 magnitude (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
problematic 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 particular those of the atomic bomb
survivors and all occupational 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 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) radiation is the Mayak workers (Azizova and Muirhead 2009).
This cohort was originally analysed in relation both to external y 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 y 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:

Zl_ERR,-/sd(ERR;)z
Zil/sd(ERR,-)l o

ERRtOt =

This has standard deviation given by:
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S(ERRo0)= =
[Zil /sd(ERR,-)ZJ

(2)

These formulae were used to compute aggregate measures of ERR and associated 95%
confidence intervals (obtained as ERR;qt + 1.96 x sd(ERR)) 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 [ERRg7 5 — ERR2 5]/(2 x 1.96). 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 ¥ statistic, which was calculated via:

x*=) [(ERR; — ERR o)/sd(ERR,)]?
,- (3)

the significance of which was assessed via comparison against centiles of the y2 distribution
with the relevant number of degrees of freedom (humber of component risk estimates —1).

The results of Table 2 suggest that the aggregate estimate 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
heterogeneity (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 Sv1 (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 Sv1 (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).
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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 D’ that
would have equivalent biological effect to n equal fractions (each of D/n Gy) with total
absorbed dose D Gy, assuming a total number of n = 16.5Gy/1.5Gy = 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 (D) = C + aD + fD? was assumed.

In this case D’ is determined by:

n {O/(D/n)+ﬁ(D/n)3] =a/D'+,8D’3 .

in other words by:

|D+B/@)D?/n
(1+ V1+4(B/2)[ D+(B/)D?/n]) /2 )

4

We give in Table 5 values of D’ for the range of average whole heart doses D given in Table
2 of Carr et al. (2005), assuming an o/p 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 o/p of between 1 and 3 Gy.
Schultz-Hector and Trott (2007) used an o/p of 2 Gy in their Fig. 1.

It should be noted that in the limit of a large number of fractions (n — o) formula (5) tends
to:

4

D
1+ /1+4(B/a)D) /2 ®)

which of course in the low-dose limit (D — 0) becomes D’ = D. We plot in Fig. 1, this
function for the two values of a/p given earlier. Even at relatively high doses, of about 1 Gy,
and assuming a low a/p 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 o/p ratios employed above of 1 Gy (Lauk et al. 1987) was
used. However, the central adjustment employed by Schultz-Hector and Trott (2007), an o/p
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
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previously. 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% Cl
0.00, 0.07) without correction to 0.04 Sv1 (95% CI 0.01, 0.08) with an o/f ratio of 2 Gy, to
0.05 Sv~1 (95% C1 0.01, 0.08) with an a/p 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 corrections 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 cholesterol plasma levels (Wilson et al. 1998; Burns
2003; Stamler et al. 2005). SES and lifestyle factors (Tiichsen 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 substantially 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 diffusion. This has
been modelled by Richardson (20083, 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, 218pg, 214Po) or for low-LET radiation (Richardson 2008c).

Radiat Environ Biophys. Author manuscript; available in PMC 2011 April 13.
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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 contrasted 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 considered, and the fact that Schultz-Hector and Trott (2007) did not
formally evaluate heterogeneity, there is not necessarily inconsistency between their
findings and our own.

Based on the present state of experimental research into radiation-induced cardiovascular
disease, it could be concluded 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 myocardial
degeneration; and macrovascular disease through the faster development of age-related
atherosclerosis in the coronary arteries. Both macrovascular and microvascular radiation
effects involve the endothelium and pro-inflammatory signalling cascades. A substantial
number of studies 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 interleukin
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. 20004, 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 atherosclerotic 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 observations 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,
MccCaffrey et al. (1997) found mutations in a microsatellite sequence in the Type Il TGF-p1
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receptor in plaque-derived cells, leading to a premature 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, plague 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, plague VSMC proliferation is now seen to be beneficial in atherosclerosis
(Braganza and Bennett 2001), and related to this, VSMC apoptosis accelerates
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 association 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-inflammatory response to
cellular damage, and leading to myocardial 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 following 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 encountered in occupational studies could lead to excess circulatory
disease risk (Little et al. 2008). Little et al. (2009b) constructed a reaction-diffusion model
of the cardiovascular system and showed that a predicted consequence of multiple small
radiation doses was to cause mean chemoattractant (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.

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
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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.
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Fig. 1.
Corrected dose evaluated using expression (6) versus uncorrected dose for a variety of
linear:quadratic (a/p) dose-response coefficient ratios
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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% ClI)

All occupational and environmental
studies including McGeoghegan et
al. (2008) but excluding Muirhead et
al. (2009)

All occupational and environmental
studies excluding McGeoghegan et

al. (2008) but including Muirhead et
al. (2009)

Atomic bomb survivor and medical
irradiation studies

All studies including McGeoghegan
et al. (2008) but excluding Muirhead
etal. (2009)

All studies excluding McGeoghegan
et al. (2008) but including Muirhead
etal. (2009)

Talbott et al. (2003) Ivanov et al. (2006): Kreuzer et al. (2006): Vrijheid et
al. (2007): McGeoghegan et al.(2008)¢: Azizova and Muirhead (2009)b

Talbott et al. (2003)& Ivanov et al. (2006) Kreuzer et al. (2006) Vrijheid et
al. (2007)' Azizova and Muirhead (2009)b, Muirhead et al. (2009)

Darby et al. (1987)dv Davis et al. (1989): Preston et al. (2003)€: Yamada et al.

(2004)F: carr et al. (2005)9

Darby et al. (1987)d' Davis et al. (1989): Preston et al. (2003)€: Talbott et al.
(2003)2 Yamada et al. (2004)% Carr et al. (2005)9: Ivanov et al. (2006):
Kreuzer et al. (2006): Vrijheid et al. (2007): McGeoghegan et al.(2008)¢:
Azizova and Muirhead (2009)b

Darby et al. (1987)d' Davis et al. (1989): Preston et al. (2003)€: Talbott et al.
(2003)2 Yamada et al. (2004)% Carr et al. (2005)9: 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, 0.24)##

0.19 (0.14, 0.23)##

0.03 (0.00, 0.07)#

0.08 (0.06, 0.11)%#

0.08 (0.05, 0.11)%#

a . .
Analysis based on heart disease (males and females separately)

Analysis based on ischaemic heart disease and cerebrovascular disease morbidity, using external y dose

cAnalysis including underlying and contributory causes of death

dAnalysis based on stroke and other circulatory disease (separately)

eAnalysis based on heart disease and stroke (separately)

fAnalysis based on morbidity from hypertension, hypertensive heart disease, ischaemic heart disease and stroke (separately)

gAnalysis 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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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 2 statistic (+degrees of freedom,

df)

Studies excluded

ERR /Sv (95% CI)

y3statistic (df)

A-bomb (Preston et al. 2003; Yamada et al. 2004)
US peptic ulcer (Carr et al. 2005)

UK ankylosing spondylitis (Darby et al. 1987)
Massachusetts TB (Davis et al. 1989)

IARC 15-country workers (Vrijheid et al. 2007)
UK 3rd NRRW analysis (Muirhead et al. 2009)
German uranium miners (Kreuzer et al. 2006)
Chernobyl recovery workers (Ivanov et al. 2006)
Mayak workers (Azizova and Muirhead 2009)
Three Mile Island (Talbott et al. 2003)

None (All studies)

0.11 (0.07, 0.14)%#
0.08 (0.06, 0.11)%#
0.09 (0.06, 0.11)%#
0.10 (0.07, 0.13)##
0.08 (0.05, 0.11)%#
0.08 (0.05, 0.11)%#
0.08 (0.06, 0.11)%#
0.08 (0.05, 0.11)##
0.04 (0.01, 0.07)#
0.08 (0.05, 0.11)%#

0.08 (0.05, 0.11)%#

8.64 (6)
214 (2)
5.99 (2)
15.82 (1)
0.00 (1)
1.32 (1)
467 (1)
0.84 (1)
53.73 (2)
11.62 (2)

104.76 (18)

# .
p value for heterogeneity p < 0.001

##p value for heterogeneity p < 0.00000001
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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% Heterogeneity
)
Heart Darby et al. (1987) Preston et al. (2003)?: Talbott et al. (2003)?: Yamada et al. 0.07 (0.04,0.11) p =0.00085
(2004)%: Carr et al. (2005)%: Ivanov et al. (2006)8 Kreuzer et al. (2006): Vrijheid et al.
(2007)& Azizova and Muirhead (2009)f
Stroke Darby et al. (1987)% Preston et al. (2003)9: Yamada et al. (2004)" Ivanov et al. 0.27(0.20,0.34) p =0.00004
(2006)M Kreuzer et al. (2006)3 Vrijheid et al. (2007)9 Azizova and Muirhead (2009)
Muirhead et al. (2009)9
Morbidity  vamada et al. (2004)C:1: Ivanov et al. (2006)k: Azizova and Muirhead (2009)F" 0.10(0.07,0.13) p<1070
Mortality  parpy et al. (1987)%9 Davis et al. (1989)" Preston et al. (2003)>9: Talbott et al. 0.03(-0.02, 0.08) p =0.00003
(2003)0: Carretal. (2005)d: Kreuzer et al. (2006)l: Vrijheid et al. (2007)» Muirhead et
al. (2000)i
Total Darby et al. (1987)29: Davis et al. (1989)!: Preston et al. (2003)%:9: Talbott et al. 0.08 (0.05,0.11) p<107

(2003)P Yamada et al. (2004)5:J: Carr et al. (2005)" Ivanov et al. (2006)<: Kreuzer et
al. (2006)" Vrijheid et al. (2007)"" Azizova and Muirhead (2009)f:N: Muirhead et al.
(2009)!

aAnaIysis based on all circulatory disease mortality apart from stroke

bAnalysis based on all heart disease mortality

cAnaIysis based on morbidity from hypertensive heart disease, ischaemic heart disease

dAnalysis based on coronary heart disease and other heart disease mortality, excluding highest dose group (3.1-7.6 Gy)
eAnalysis based on morbidity from hypertension, ischaemic heart disease and other heart disease

fAnalysis based on morbidity from ischaemic heart disease

gAnalysis based on stroke mortality

hAnalysis based on stroke morbidity

iAnalysis based on all circulatory disease mortality

jAnalysis based on hypertension morbidity

k . . . -
Analysis based on all circulatory disease morbidity

Radiat Environ Biophys. Author manuscript; available in PMC 2011 April 13.
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Page 22

The physical single absorbed dose D’ 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  e/pRatio  Number of Biologically equivalent
(D) (Gy) fractions (n)  single dose (D’) (Gy)
Using Lauk et al. (1987) o/ 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) o/p 1.6 3.7 11 1.25
23 3.7 11 1.70
2.8 3.7 11 1.99
3.9 3.7 11 2.60
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