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Abstract

Past reports indicated that total-body irradiation at low to moderate doses could be responsible for cardiovascular disease
risks, but the mechanism remains unclear. The purpose of this study was to investigate the association between radiation
exposure and atherosclerosis, an underlying pathology of cardiovascular diseases, in the Japanese atomic bomb survivors.
We performed a cross-sectional study measuring 14 clinical-physiological atherosclerosis indicators during clinical exams
from 2010 to 2014 in 3274 participants of the Adult Health Study cohort. Multivariable analyses were performed by using
a structural equation model with latent factors representing underlying atherosclerotic pathologies: (1) arterial stiffness, (2)
calcification, and (3) plaque as measured with indicators chosen a priori on the basis of clinical-physiological knowledge.
Radiation was linearly associated with calcification (standardized coefficient per Gy 0.15, 95 % confidence interval: CI
[0.070, 0.23]) and plaque (0.11, 95 % CI [0.029, 0.20]), small associations that were comparable to about 2 years of aging
per Gy of radiation exposure, but not with arterial stiffness (0.036, 95 % CI [—0.025, 0.095]). The model fitted better and
had narrower confidence intervals than separate ordinary regression models explaining individual indicators independently.
The associations were less evident when the dose range was restricted to a maximum of 2 or 1 Gy. By combining individual
clinical-physiological indicators that are correlated because of common, underlying atherosclerotic pathologies, we found
a small, but significant association of radiation with atherosclerosis.
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The potential effects of low-dose radiation on circulatory
diseases are a global public health concern given the wide-
spread use of diagnostic and interventional radiology. Epi-
demiological studies of persons exposed to radiation from
radiotherapy [1, 2] have reported that radiation doses to the
heart or mediastinum in excess of 2—4 Gy are associated
with an elevated risk of cardiovascular disease (CVD). In
addition, studies of the atomic bomb survivors [3, 4] have
reported an association at lower doses (0.5 Gy and higher).
There may also be evidence, although inconsistent, of
increased mortality from CVD after exposure to even lower
doses [5]. In contrast to higher doses (>5Gy), the mecha-
nisms of CVD related to such low-dose radiation are unclear
[6]. Because CVD, such as coronary artery disease, develops
on a background of atherosclerosis, systemic atherosclerosis
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subsequent to radiation-related tissue effects [7] is a possi-
ble mechanism. This potential mechanism, however, has not
been investigated fully.

Atherosclerosis is a composite of pathological processes,
which can be classified into three distinct, albeit interde-
pendent, pathologies: (1) arterial stiffness, (2) calcification,
and (3) plaque [8, 9]. Several subclinical measures of ath-
erosclerosis have been reported to show independent predic-
tive value for incident CVD events, including measures of
plaque carotid intima-media thickness (IMT) [10, 11],
ankle-brachial index (ABI) [12—14], and upstroke time (UT)
[15, 16], measures of calcification X-ray examination
of thoracic [17, 18] or abdominal [19] aorta, and measures
of arterial stiffness brachial-ankle pulse wave veloc-
ity (baPWYV) [20, 21], augmentation index (Al) [22], and
central systolic blood pressure (cSBP) [23]. Although any
of these measures can be used as an indicator of athero-
sclerosis, each represents a partial aspect of their respective
pathology. To assess overall atherosclerosis, therefore, mul-
tiple measures should be used. In addition, the data should
be analyzed in a way that accounts for their correlations [24,
25], which come from measuring common or interdependent
pathologies. In evaluating a given subclinical atherosclerotic
measure, however, many studies have not accounted for the
correlations with other measures, leaving the independence
of the reported findings in doubt, and leaving the informa-
tion of the correlations untapped.

Our aim was to examine the association between radia-
tion dose and atherosclerosis using structural equation mod-
eling to leverage the correlations of a comprehensive set of
subclinical atherosclerotic measures including carotid IMT,
ABI, UT, aortic calcification, baPWV, Al, and cSBP.

Methods

This study is the first clinical survey of the atomic bomb
survivors in Hiroshima and Nagasaki, Japan to make use of a
comprehensive set of noninvasive measures including IMT,
ABI, UT, baPWYV, Al, cSBP, and aortic calcification evalu-
ated from chest and lumbar X-ray examinations. The study
was conducted as part of the Adult Health Study (AHS) of
the Radiation Effects Research Foundation (RERF) between
2010 and 2014.

Participants

In 1958, REREF established the AHS cohort in Hiroshima
and Nagasaki, composed of 14,996 atomic bombing sur-
vivors and 5000 subjects who were not in the cities at the
time of the bombings. The follow-up of the latter group
was terminated in 1977; at the same time the cohort was
expanded by adding 1185 newly identified subjects who
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were exposed to > 1Gy radiation along with 1251 city-, age-,
and sex-matched subjects exposed to < 1Gy radiation. In
1978, a total of 1021 survivors who were exposed in utero
were added. In 2008, the cohort was expanded again by add-
ing 1961 survivors exposed at less than 10 years of age;
their estimated doses were relatively lower (mean 0.10 Gy).
Health examinations have been performed biennially since
1958.

From 2010 to 2014, a total of 4782 cohort members
participated in the AHS health examination. Out of them,
participants without known hemodialysis were invited to
participate in this study as part of their AHS examination as
long as the daily capacity for atherosclerotic measurements
permitted (n=4123). After 247 refusers and 321 exposed in
utero were excluded, 3555 participants (86.2 %) remained.
Due to missing radiation dose estimates (n=273) or missing
smoking information (n=38), there were 3274 participants
available for analyses. Participants who had a history of
vascular surgery (5 carotid artery, 16 peripheral artery, and
21 aorta) were included, but only the unaffected measure-
ments were used for analysis depending on the surgical sites:
carotid surgery could have effects on carotid IMT; periph-
eral artery surgery on ABI, UT, baPWV, Al, and cSBP;
aortic surgery on ABI, UT, baPWV, Al, cSBP, and aortic
calcification.

Atherosclerotic indicators

Participants who agreed underwent the following measure-
ments. In some participants, measurements were partial due
to modality-wise refusal or to techinical difficulty (for exam-
ple, difficulty in maintaining appropriate posture.)

ABI, UT, baPWV

A randomly assigned technician measured these indicators
with a VP-2000 (Omron Health Care Co.; Kyoto, Japan), an
automated oscillometric device that simultaneously records
pulse waves at four limbs. ABI is the ratio of ankle to bra-
chial systolic blood pressure, with the latter defined as the
higher of that on either side. UT is time (msec) from the
onset to the peak of the arterial pulse wave, and baPWV
(m/sec) is assessed by dividing the travelled distance by the
travel time between brachia and ankles. Because the calcula-
tions of baPWV and UT require precise identification of rise
time, ABI measures only were obtained in some participants
with questionable rise time (N =26). In addition to prior
vascular surgery, some measured values were considered
invalid because of possible inaccurate measurement [26,
27]: ABI higher than 1.4 (N =4 left side, 6 on right side)
and baPWYV if ABI on the same side was <0.9 (N=39 on
the left side, 31 on the right side). Although ABI, UT, and
baPWYV values could be affected by heart rate, we did not
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adjust them for heart rate (such as dividing by cardiac cycle
[16]) because such procedure could introduce artifactual cor-
relation among the indicators.

Al and cSBP

Al and cSBP were measured in a quiet room with partici-
pants in sitting position after 10 minutes of rest. Meas-
urements were made by trained technicians using an
HEM-9000AI (Omron Health Care Co.), an automated oscil-
lometric and tonometric device that simultaneously records
blood pressure at the right brachial artery and a pulse wave
at the left radial artery. From these records and additional
anthropometric inputs, the device calculates Al and cSBP
through a proprietary algorithm. The method has been vali-
dated by comparison with results of more invasive measures
[28, 29]. In 46 participants, only Al was obtained because
simultaneous barometry was unstable during measurement.

Calcification

Calcification was evaluated in both the thoracic and abdomi-
nal aorta by using chest and lumbar spine X-ray films,
respectively. Calcification in the thoracic aorta was evalu-
ated in the aortic arch, defined by the upper edge of the
radiolucent image in the area from the trachea through the
left main bronchus. The extent of calcification on a pos-
tero-anterior chest X-ray film was divided into four grades
according to previously published criteria [18]: 0, no visible
calcification; 1, small spots of calcification or a single thin
area of calcification; 2, one or more areas of thick calcifica-
tion; and 3, circular calcification.

Calcification in the abdominal aorta was evaluated in
eight regions (the anterior and posterior walls at the level
of L1-L4) on lateral lumbar spine X-ray films according to
previously published criteria [30]. The extent of calcifica-
tion was graded into four (0-3) grades in each of the eight
regions, as follows: 0, no calcific deposits; 1, small scattered
calcific deposits filling less than one-third of the longitudinal
wall of the aorta; 2, one-third or more, but less than two-
thirds of the longitudinal wall calcified; and 3, two-thirds or
more of the longitudinal wallcalcified. The eight individual
grades were summed to create a total abdominal aorta cal-
cification score.

Carotid artery IMT

Carotid artery IMTs (mm) in left and right sides were
assessed by high-resolution B-mode ultrasound devices with
12 MHz linear probes: a LOGIQ S6 (GE Healthcare; Chi-
cago, Illinois, United States) in Hiroshima, and a XarioXG
(Toshiba; Tokyo, Japan) in Nagasaki. To obtain uniform
images, depth was fixed at 4 cm, and dynamic range adjusted

to 57 (LOGIQ S6) or 65 (XarioXG). The images obtained
by the four fixed sonographers reveal (1) longitudinal lateral
views of the far wall in the common carotid arteries (CCA)
from 20 mm proximal to the tip of the flow divider, and (2)
anterior, lateral and posterior views in the area ranging from
the bifurcation to internal carotid arteries (ICA) beginning at
the tip of the flow divider and extending 20 mm toward the
ICA. All scans were performed according to the same scan
protocol. Wall thickness was analyzed in each area using
semi-automated software (Intimascope), and the maximal
of all meaurements were used for each IMT.

Covariates

Participants’ sex, city, and proximal-distal location at the
time of bombing were obtained from the AHS cohort source
data. Based on information periodically collected since 1963
through interviews and mail surveys, we categorized smok-
ing status into three categories: “current” defined as those
who were smoking at the time of examination (2010-2014),
“past” as those who reported any smoking habit between
1963 and 2010 but not in 2010-2014, and “never” if
otherwise.

Radiation dose

The estimated radiation dose received by each partici-
pant was based on the latest atomic-bomb dosimetry sys-
tem with recently improved inputs that provide for more
accurate location and shielding by terrain at the time of the
bombing (DSO02R1) [31, 32]. Skin dose (shielded kerma, or
whole-body, dose) was used in units of weighted Gy, with
the dose to an individual being the sum of gamma ray dose
plus ten times the smaller neutron dose [33]. Skin dose was
selected a priori assuming that total body irradiation may
affect the entire vascular system, such that it is difficult to
identify another single organ dose that is appropriate. We
used adjusted dose estimates that are intended to overcome
regression bias that can arise from random uncertainties in
exposure estimation [34].

Statistical analyses

The data were analyzed by fitting a joint measurement and
linear structural model relating the 14 measured indicators
to the three underlying pathologies (arterial stiffness, calci-
fication, and plaque), which were represented in the statisti-
cal model as latent factors, with covariates as causes of the
factors—a multiple indicators, multiple causes (MIMIC)
model [35-37].

First, a measurement model relating the measured indi-
cators to the underlying atherosclerotic pathologies (latent
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factors) was determined a priori on a physiological basis
(Fig. 1, right half), and fit by confirmatory factor analysis.
Although we assumed no causal paths among the latent
factors, we introduced correlations among them to capture
interdependence among the atherosclerotic pathologies
including possible direct causation, such as increased stiff-
ness by calcification. We also considered correlations among
indicator residuals (correlations remaining after accounting
for the shared pathologies) if such terms were indicated by
large values of model modification indices and their addition
improved model fit as judged by root mean square error of
approximation (RMSEA) and comparative fit index (CFI)
[37]; such correlations were retained only if their addition
made clinical sense (e.g., shared measuring procedure). The
variance of each latent factor was fixed at 1.0 to make the
model parameters identifiable.

Second, a structural model was built to evaluate the
association of radiation dose with each of the three latent
factors, and to adjust for potential confounding (Fig. 1,
left half). Along with age and sex, we included a priori as
covariates the following variables that might act as surro-
gates of unmeasured confounding factors: city of residence
(Hiroshima or Nagasaki), proximal-distal location (<or >3

Structural model
A

km from the hypocenter), and interaction between city and
proximal-distal location at the time of the bombing. The
interaction was included to allow for potential confounding
between radiation dose and urban-rural location [38, 39],
as the hypocenter was over the urban center in Hiroshima
but more rural in Nagasaki. We also considered smoking
behavior at the time of examination (current or past smoker,
with never smoker as the reference category) as a proxy
for potential confounding due to the possible association
between pre-exposure socio-economic status (SES) and
location, because smoking could mediate SES effects on
CVD [40]. We expected that including smoking would not
introduce substantial post-exposure bias because it is not
caused by irradiation. However, to strive for parsimony,
we retained smoking only if its coefficient was judged to
be important, clinically or statistically, for any latent fac-
tor. Because the AHS expansion cohort, which consists
of younger participants with lower radiation doses, could
induce confounding of radiation effects by age, we carefully
adjusted for age by including the square of age if it improved
the fit of the model. Direct effects of covariates on indicators
were included in the model if the effects were considered

Measurement model
A

' N

City-distal
-
—

R
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Fig. 1 Diagram of final MIMIC model. Variables on the left are
explanatory covariates that, together with the latent factors, make up
the structural model. Variables on the right are measured clinical-
physiological indicators of the latent atherosclerosis factors (the three
variables contained in ovals in the center); the loadings of the indica-
tors on the latent factors constitute the measurement model. The solid
line paths (directed arrows) from covariates to latent factors repre-
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sent linear effects that were supported by the data with concomitant
adjustment for age, city, location at the time of exposure. The effect
of age on calcification included a quadratic term as well as a linear
term. The dashed line path represents a direct effect from a covariate
to an indicator. Bi-directed paths (two-headed arrows) represent pair-
wise correlations included in the model
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clinically plausible and if their addition was supported by the
data as evidenced by substantial improvement in model fit.

We did not adjust for other known atherosclerosis risk
factors, such as hypertension and cholesterol, to avoid bias
caused by conditioning on mediators or colliders [41, 42].
While those risk factors might mediate some of the poten-
tial confounding through SES [40], they might also medi-
ate radiation effects [43—45]. Thus they are both potential
mediators and colliders. An attempt to adjust for potential
confounding by including risk factors, therefore, runs the
risk of canceling out indirect radiation effects mediated
through them as well as bringing in additional confounding
between radiation and SES (collider bias) [41, 42].

Interpretation of standardized coefficients in structural
models is difficult because latent factors are unobserved and
therefore have no meaningful scale. To help interpret radia-
tion effects on atherosclerosis clinically, we estimated the
effects of radiation on the unstandardized actual scale of the
subclinical atherosclerotic indicators by taking the product
of the corresponding structural and measurement param-
eters. With the assumption that there are no direct effects of
radiation on the indicators, the indirect effects calculated in
this way should represent the total effects estimated by the
reduced form of the MIMIC model [46, 47].

For the sake of comparison, we also estimated total
effects of radiation on the indicators by fitting ordinary
regression analyses of the indicators on radiation (adjusted
for the same variables as in the MIMIC model). To obtain
fit indices comparable to those of MIMIC model, ordinary
regression analyses were conducted collectively by assum-
ing an uncorrelated multivariate normal distribution of all
indicators, analogous to what would be obtained if sepa-
rate regression analyses were conducted for each individual
indicator.

To assess the validity of our model assumption that
radiation effects on indicators pass through the specified
latent factor, we also modified the full model to allow direct
radiation effects on each individual indicator, in addition to
mediation via the latent factors. To assess uncertainty as to
potential unmeasured confounding, we calculated E-values
[48] using the evalues. OLS( ) function in the R package
EValue [49]. To assess potential selection bias pertaining
to the latest expansion of the cohort in 2008, whose par-
ticipation might have depended on different conditions from
earlier sub-cohorts, we did an additional analysis excluding
the latest expansion sub-cohort.

All continuous indicators were used without transfor-
mation in the analysis to allow for direct interpretation of
estimated parameters except for re-scaling of some indica-
tors to facilitate model convergence: ABI was multiplied
by 10, and left and right baPWV were divided by 100.
However, to assess the effects of departures from normal-
ity, we performed a supplementary analysis using natural
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log transformations of baPWV, IMT, and UT indicators.
Although discrete, calcification scores were treated as con-
tinuous variables because no normalizing transformation
was available. However, we assessed the effects of non-
normality by applying proportional odds models to the
calcification scores treated as ordinal categorical variables.
Analyses were conducted with Mplus software [50] accord-
ing to standard procedures [51, 52]. All models were fit by
full information maximum likelihood assuming multivari-
ate normality of the clinical indicators, which accommo-
dates missing values under an assumption of missingness
at random; hence, no participants with missing data were
excluded except for the persons with unknown radiation
dose or unknown smoking status. Confidence intervals
are 95% intervals calculated by bootstrapping with 2,000
replications.

Results

Among the 3274 eligible participants who were included in
the analysis, mean DSO2R1 skin dose was 0.30 Gy (SD 0.65,
minimum 0.0 [381 participants], maximum 4.84). Partici-
pant characteristics across dose categories are summarized
in Table 1. Among the categorical covariates, participants
who were female, from Hiroshima, and proximally located
at the time of the bombing were each in the majority. The
differences between age at examination and age at radia-
tion exposure across the dose strata reflects the expansion
group added in 2008, which comprises 1703 people who are
younger and have lower doses of radiation (mean age 70.8
years, mean dose 0.096 Gy) than the 1571 primary cohort
(mean age 78.3 years, mean dose 0.52 Gy) (details provided
elsewhere [53].)

All of the continuous indicator variables had approxi-
mately normal distributions except for the IMT variables,
which had only slight skewness. As for the discrete indica-
tors (thoracic and abdominal calcification scores), there is
no transformation that can produce approximate normality
given that their modes are zero, so they were left untrans-
formed. Histograms of the distributions of the indicators are
provided in Supplemental Figure S1. Because the fit of the
MIMIC model is based on the covariance structure among
the measured indicators, correlations among the indicators
are shown in Supplemental Figure S2.

The final fitted MIMIC model was composed of a meas-
urement model and a structural model (shown on the right
and left halves of Fig. 1, respectively). Standardized param-
eters from the MIMIC model are shown in Table 2.

The overall fit of the measurement model (before includ-
ing covariates) was acceptable, with CFI=0.943 and
RMSEA =0.067. In the measurement model (Table 2,
upper half and Fig. 1, right half), baPWV was an excellent
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Table 2 Standardized parameter estimates from the fit of the MIMIC model
Sub-model Latent atherosclerotic factor Parameter Estimated value 95% CI
Measurement model Arterial stiffness baPWYV (left) 0.98 0.97, 1.00
(right half of Fig. 1) baPWV (right) 0.97 0.96, 0.98
Al 0.11 0.07,0.14
cSBP 0.42 0.37,0.46
Calcification Thoracic aorta 0.48 0.44,0.51
Abdominal aorta 0.84 0.80, 0.89
Plaque CCA IMT (left) 0.39 0.34,0.44
CCA IMT (right) 0.43 0.38, 0.47
ICA IMT (left) 0.64 0.60, 0.68
ICA IMT (right) 0.67 0.63,0.71
ABI (left) -0.21 -0.27, -0.15
ABI (right) -0.24 -0.29, —0.18
UT (left) 0.40 0.35,0.46
UT (right) 0.42 0.37,0.47
Arterial stiffness with Calcification Correlation coefficient 0.24 0.20, 0.29
Arterial Stiffness with Plaque 0.08 0.03,0.13
Calcification with Plaque 0.65 0.59, 0.71
Other components Direct effect of sex on Al 0.78 0.72,0.83
Indicator correlations
¢SBP and Al 0.47 0.43, 0.50
CCA IMT (left and right) 0.30 0.23,0.37
ABI (left and right) 0.66 0.63,0.70
UT (left and right) 0.80 0.77,0.83
Structural model Arterial Stiffness (R*>=0.21) Radiation dose (per Gy) 0.036 —0.025, 0.095
(left half of Fig. 1) 1 year of age (linear) 0.074 0.069, 0.079
City * 0.017 —-0.067, 0.11
Distal indicator —0.094 —0.18, =0.008
City-distal interaction 0.17 0.024, 0.31
Calcification (R*=0.27) Radiation dose (per Gy) 0.15 0.070, 0.23
1 year of age (linear) 0.062 0.054, 0.069
(quadratic) 0.001 0.001, 0.002
Female 0.19 0.091, 0.29
City * —0.18 —0.27, —0.090
Distal indicator 0.11 —0.007, 0.23
City-distal interaction —0.085 —0.26, 0.090
Smoking (current) 0.47 0.36, 0.58
(past) 0.54 0.38, 0.68
Plaque (R>=0.28) Radiation dose (per Gy) 0.11 0.029, 0.20
1 year of age (linear) 0.057 0.050, 0.064
City? —0.50 —0.58, —0.41
Distal indicator 0.083 —0.048, 0.22
City-distal interaction —0.003 —-0.18, 0.17
Smoking (current) 0.48 0.39, 0.57
(Past) 0.63 0.48, 0.79

Each parameter corresponds to each path or correlation (unidirectional or bidirectional arrow) in Fig. 1

Standardized to SDs of latent factors and indicators, but not covariates

ABI, ankle-brachial index; Al, augmentation index; cSBP, central systolic blood pressure; CCA, common carotid arteries; ICA, bifurcation to

internal carotid arteries; IMT, intima-media thickness; baPW'V, brachial-ankle pulse wave velocity; UT, upstroke time

City effects are effects in Nagasaki (with Hiroshima as the reference group)
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Fig.2 Estimated effects of radiation (per Gy) on atherosclerosis
indicators: comparing the MIMIC model with ordinary regression.
Changes (decrease in ABI and increase in the others) in indicators per
Gy of radiation dose are shown as point estimates with 95% confi-
dence intervals (CI). The MIMIC model performs better in terms of
model fit (lower AIC and RMSEA, higher CFI), consistency (greater
agreement and stability among common measurements), and pre-
sumably efficiency (narrower Cls). Estimates were adjusted for the
covariates specific to each latent atherosclerotic factor in the MIMIC
model (Fig. 1): for the arterial stiffness indicators, age, city, distal,

indicator for arterial stiffness, as indicated by a large stand-
ardized coefficient. Abdominal aorta calcification performed
better than thoracic as an indicator of calcification, as did
IMT and UT as indicators of plaque compared to ABI.
Despite shared latent factors, the resulting model included
correlations between Al and cSBP, between left and right
CCA IMT, between left and right ABI, and between left
and right UT (Fig. 1; Table 2). These correlations presum-
ably reflect shared measurement errors or anatomical resem-
blance. Although similar inter-side correlation was expected
for baPWYV, introducing it degraded the model presumably
because of their high factor loadings.

In the structural model (Table 2, lower half and Fig. 1,
left half), which predicts latent factors (underlying athero-
sclerotic pathologies) by radiation and other covariates,
radiation dose was significantly associated with calcification
and plaque, but not with arterial stiffness. As for the other
covariates, arterial stiffness was significantly associated
with age and location; calcification with age, age squared,
sex, city, and smoking; plaque with age, city, and smoking.
A direct effect of sex on Al, reported previously [54], was
confirmed in our cohort; it was the only direct effect of a
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and city-distal interaction (and a direct effect of sex on Al); for the
calcification indicators, age, age-squared, sex, city, distal, city-distal
interaction, and smoking; for the plaque indicators, age, city, distal,
city-distal interaction, and smoking. baPWYV, brachial-ankle pulse
wave velocity; Al, augmentation index; cSBP, central systolic blood
pressure; IMT, intima-media thickness; CCA, common carotid arter-
ies; ICA, bifurcation to internal carotid arteries; ABI, ankle-bra-
chial index; UT, upstroke time; AIC, Akaike information criterion;
RMSEA, root mean square error of approximation; CFI, comparative
fit index

covariate on an indicator suggested by the data as expected
from the absence ofother such reports. All of the latent fac-
tor inter-correlations were statistically significant, with the
most notable correlation observed between calcification and
plaque (0.65), followed by that between arterial stiffness and
calcification (0.24), and arterial stiffness and plaque (0.080).
Although the addition of covariates led to some degradation
in model fit indices (as has been noted by others [36]), it
caused no substantial changes in factor loadings.

The estimated linear associations between 1 Gy radiation
and the two latent factors calcification and plaque were com-
parable to about 2 years higher age (Table 2). The standard-
ized coefficient for the regression of calcification on radia-
tion dose (0.15 per Gy [95 % CI, 0.070, 0.23]) was about
2.4 times that of 1 year higher age (0.062); the standardized
coefficient for the regression of plaque on radiation dose
(0.11 per Gy [95 % CI, 0.029, 0.20]) was about two times
that of 1 year higher age (0.057). Quadratic terms of radia-
tion were not significant for any of the three latent athero-
sclerotic factors (Supplemental Table S1). When the data
were restricted to participants with doses of 2.0 Gy or less
(N=3172), the association became less evident although the
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estimated radiation effects were not greatly different: 0.11
(95 % CI[—0.014, 0.23]) for calcification and 0.11 (95 % CI
[0.001, 0.23]) for plaque. When the data were restricted to
participants with doses of 1.0 Gy or less (N =2943), cor-
responding values were 0.17 (95 % CI [-0.039, 0.38]) and
0.092 (95 % CI [—0.11, 0.30]), respectively (Supplemental
Figure S3). The E-values for the association of radiation
dose with plaque and calcification were 1.51 (lower limit
1.21) and 1.61 (lower limit 1.36) respectively.

To facilitate interpretation of the MIMIC model results,
we calculated unstandardized estimated effects of radiation
on the indicators and compared them with ordinary regres-
sion analyses (Fig. 2) and with a multivariate regression
model (Supplemental Figure S4). The estimated effects
from the MIMIC model were mostly comparable to those
estimated by ordinary regression, but provided more sta-
ble estimates, as shown by greater consistency in effects
observed for the same indicator on each side of the body.
The MIMIC model fitted better, as shown by higher CFI
and lower RMSEA and AIC, and had narrower confidence
intervals.

To validate the assumption that there are no remain-
ing direct effects of radiation on each indicator beyond the
indirect relationship through the latent variables, we tested
whether any significant direct effects of radiation were
observed for each of the 14 indicators individually in the
MIMIC model. After Bonferroni correction to account for
multiple tests (i.e., a modified p-value significance level of
0.003), only one clinical indicator (left ICA IMT) showed a
significant direct radiation effect; in addition to a significant
increase of 0.091 (95 % CI [0.039, 0.15]) per Gy of radiation
dose indirectly mediated through the plaque latent factor, the
IMT measurement of left ICA directly decreased by 0.073
(95 % CI[0.027, 0.12]). Because a unilateral radiation effect
in only one indicator is biologically implausible, we believe
that the statistical significance of this small direct effect was
a chance finding and that assuming no direct effects was
mostly supported by the data.

When the continuous indicators with apparent skewness
(baPWYV, IMT, and UT) were log-transformed, estimated
radiation effects were nearly identical (effects on calcifica-
tion, plaque, and arterial stiffness per Gy were 0.15 (95 % CI
[0.071, 0.23]), 0.11 (95 % CI [0.032, 0.18]), and 0.034 (95 %
CI[-0.026, 0.091]), respectively. When the members of the
latest expansion sub-cohort (N =1703) were excluded, there
were no substantial changes in estimated radiation effects
(supplemental Table S2). When calcification scores were
treated as ordinal categorical variables, they were signifi-
cantly associated with radiation exposure (Supplemental
Table S3).

Discussion

In this study, we modeled three known atherosclerotic
pathologies as latent factors, which combined multiple cor-
related clinical-physiological indicators of atherosclerosis
via the common underlying pathologies. This model, as long
as reasonably specified, increased efficiency for assessing
the radiation effect, wherewith we found significant associa-
tions of radiation with two of the three pathologies, calci-
fication and plaque, reinforcing the evidence for radiation
effects on atherosclerosis. On the other hand, we did not find
a significant association with arterial stiffness.

This is the first clinical survey of the atomic bomb sur-
vivors to make use of a comprehensive collection of nonin-
vasive measures. This study confirmed the significant asso-
ciation between radiation and aortic calcification found in a
prior study on the atomic-bomb survivors [55]. In addition,
this study demonstrated a statistically significant associa-
tion with atherosclerotic plaque as indicated by the observed
values of IMT, ABI, and UT. In the prior study [55], the
association of radiation with common carotid artery IMT
was comparable to slightly more than that of 1 year of age,
but statistically non-significant. Increased power due to a
larger sample and use of multiple indicators might have
enabled this study to detect small associations, which were
equivalent to about two years of age and to about one-fifth
those of smoking.

Unfortunately, we are not able to directly compare the
magnitude of the radiation effects to those of other tradi-
tional risk factors such as hypertension because we were
not able to include most of them due to their potential roles
as mediators. However, we might make the following indi-
rect inference. First, in this study, the association of plaque
with smoking was equivalent to 10 years of age. Second,
in previous studies, the associations of carotid IMT with
smoking and with other traditional risk factors were also
equivalent to about 10 years of age [56, 57]. Consequently,
the magnitude of the radiation effects could be comparable
to about one-fifth those of traditional risk factors. Such an
indirect comparison requires hesitation, however, because
the coefficients obtained from different models may not be
comparable [58]. In particular, the coefficient of age in this
study might include some of the effects of traditional risk
factors, which generally become prevalent with increasing
age. In addition, it is important to remember that total radia-
tion effects detected in this study might not be independent
of traditional risk factors because some of the effects could
have been mediated through traditional risk factors, such as
hypertension [43, 44] and cholesterol [45].

Atherosclerosis is a complex process that involves dif-
ferent pathologies, which can be classified into plaque, cal-
cification, and arterial stiffness [8, 9]. Although not fully
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elucidated, these pathologies seem to have distinct molecular
mechanisms with some degree of co-regulation [8, 9, 59,
60]. Our study provides evidence for such structure as shown
by the degree of correlation among the three latent factors.
Furthermore, these pathologies were associated with radia-
tion in different ways: the association was larger with plaque
and calcification than with arterial stiffness. This difference
suggests that radiation exerts greater effects on processes
involving active proliferation and differentiation than on the
disintegration of arterial wall elastic fibers.

Because those mechanisms, similar to aortic calcifica-
tion, are implicated in the pathogenesis of aortic valvular
disease [61], the association between radiation and calcifica-
tion in the present study is concordant with previous studies
in the atomic bomb survivors [3, 4] that have demonstrated
increased mortality from valvular heart disease. On the other
hand, the association with plaque in this study seems contra-
dictory to the lack of observed association thus far between
radiation and mortality from ischemic heart disease [3, 4].
This apparent paradox may be partially explained by the
relatively small degree of association detected in this study
(comparable to about two years of aging). It may also be
partially explained by the lack of an observed association
with arterial stiffness in the present study. Another potential
explanation lies with the possible dual character of plaque
calcification: it may stabilize or destabilize atheromatous
plaques depending on the circumstances [62].

In this study, radiation was significantly associated with
both indicators of calcification in ordinary regression analy-
sis. Also, the associations with plaque indicators were posi-
tive in seven out of eight, among which two were statisti-
cally significant. Although this tendency suggests radiation
effects on plaque, the inconsistent associations among the
plaque indicators appears to contradict the putative biologi-
cal mechanisms that radiation should affect the underlying
mechanism, not its indicators directly. This inconsistency
was resolved by the use of structural equation modeling. In
addition, it produced narrower Cls. These differences pre-
sumably come from modeling the underlying interdependent
pathologies. Such models can borrow information across
multiple correlated indicators in a biologically plausible way
[63] and accommodate missing indicators relatively well
[64, 65], in contrast to ordinary regression, which incor-
rectly assumes independent radiation effects on indicators
and uses only information on one indicator at a time. These
improvements, although dependent on model specification,
suggest the advantage of structural equation modeling over
ordinary regression analysis when there are complex rela-
tionships such as common underlying mechanisms.

When interpreting the results of the structural equa-
tion model, however, a caveat should be noted. Although
we carefully built the model on the basis of biological and
clinical considerations, and checked the model assumptions
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by verifying no evidence of direct effects, there remains a
possibility of misspecification that could have impacted the
estimation. In particular, the MIMIC model without direct
effects of covariates on indicators constrains the radiation
effect to pass through the specified latent factor (plaque in
the case of ABI, for example). On the other hand, ordinary
regression does not impose such constraints; effects of radia-
tion could pass through any, all, or no latent factors. There-
fore, some of the differences between the MIMIC model
and ordinary regression results (Fig. 2) could stem from our
constraints regarding how the indicators depend on the latent
factors. This might have been the case with some physiologi-
cal indicators. For example, ABI (used as an indicator of
plaque) increases when the arteries in lower extremities are
heavily calcified [27], which suggests a potential effect on
ABI through calcification, in addition to that throughplaque.
Although the presence of such cross-loadings was not sup-
ported by the lack of direct effects of radiation on indicators,
it remains a possibility. On the other hand, a similar caveat
would not apply to the imaging indicators (calcification
scores and carotid IMT). This is because brightness in the
X-ray film is solely determined by the content of calcium,
which is not affected by plaque or stiffness. Similarly, IMT
is a direct imagining method for detecting plaque.

In this study, the radiation associations were less clearly
established when subjects were limited to those exposed to
radiation doses under 1 or 2 Gy (Supplemental Figure S3).
This lack of significance could simply be due to decreased
sample size given that the magnitude of the effect sizes
remained largely unchanged with marginal significance
when dose ranges were limited; a linear dose-response may
well hold in the low-dose range. Nevertheless, the widths of
confidence intervals could also allow for a non-linear rela-
tionship. Although the quadratic model was not favored over
the linear model (Supplemental Table S1), there might be
some other form of non-linear dose response not well cap-
tured by a global quadratic term over the entire dose range.
In any case, the associations are expected to be small in
these low-dose ranges, probably comparable to 2 years of
age or less. Such small associations, if any, are difficult to
demonstrate unambiguously even with this presumably effi-
cient statistical method. To clarify the potential effects of
radiation at lower dose ranges, further studies are required.

Our modeling is analogous to the reasoning of clinicians
who infer atherosclerosis in their patients by integrating
multiple clinical indicators. Clinicians measure multiple
indicators with a hope that it would assess overall athero-
sclerosis and prognosticate cardiovascular diseases better
than measuring a single indicator. Unfortunately, there has
been no reliable way of cardiovascular prognostication by
combining multiple atherosclerosis indicators. If our model
indeed captured much of the real pathophysiology, using
latent variables as predictors rather than single indicators
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separately could improve prognostication, as was demon-
strated in clinical prediction using linear models [63]. This
is a potentially fruitful topic for future study.

Strengths of our study include the following. First is that
it was conducted within a clinical cohort with high partici-
pation rate. Second is the large sample size. Third is the
measurement of a large number of clinical indicators of ath-
erosclerosis, some of which are not routinely available in
clinical settings. Fourth is our use of a sophisticated model
that combines correlated clinical indicators through their
common dependence on underlying atherosclerotic patholo-
gies. Such model can provide consistency and better statisti-
cal efficiency than would be achieved by separate analyses
of individual indicators on the assumption that the model
was reasonably specified, an assumption that we examined
carefully.

Limitations of our study include uncertainties inherent in
our cross-sectional study of this observational cohort. The
first is possible selection bias from attrition after many dec-
ades since radiation exposure. This could underestimate radi-
ation effects because of higher mortality among those with
more severe atherosclerosis. The second is possible residual
confounding by unmeasured confounders. One such factor
could be pre-exposure SES, such as education, income, and
employment status, which could be associated with radia-
tion dose through location. To control for such potential
confounding, we attempted to crudely adjust for this by
including city, proximal/distal, their interaction, and smok-
ing. The E-values [49] for the association of radiation with
plaque and calcification were 1.51 (lower limit 1.21) and
1.61 (lower limit 1.36) respectively. This indicates a residual
confounder with the relative risk of that magnitude for both
radiation dose and atherosclerosis independent of measured
variables could—but not necessarily would—explain away
the observed association, although the relative risk for a
latent factor could be less clearly interpretable compared
with directly measurable factors. Apart from potential bias,
it should be mentioned that the estimated radiation effects
in this study may include “non-radiation” effects because
atherosclerosis can be affected by compromised SES or psy-
chological strain caused by devastation from the bombing.
A third limitation is that we did not include other traditional
health-related risk factors, such as hypertension, which were
measured after exposure, although they could mediate part
of the potential confounding by SES [40]. This is because
they could also mediate radiation effects; if the analysis con-
ditioned on them, it might not only underestimate radiation
effects but also introduce collider bias [41]. In the future
we hope to identify appropriate indicators that will allow
us to add these outcomes to the structural model and test
for mediation.

Conclusion

We demonstrated the association between radiation dose and
two out of three kinds of atherosclerotic pathologies, calci-
fication and plaque (but not arterial stiffness), by applying
structural equation modeling to a set of multiple correlated
clinical indicators. The results of this cross-sectional study
suggest a possible causative role of radiation on atheroscle-
rosis, which should be confirmed by future longitudinal
studies.
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