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@  PKCn is known to be expressed predominantly in epithelial tissues  phosphorylate unique protein substrates'’. Although PKCn was
% in mouse!?, but its expression pattern in humans was unknown. identified in 1990 (ref. 13), its specific substrates are not yet known.
= Therefore, we carried out quantitative real-time PCR using mRNA  Therefore, it is unclear how PKCn is involved in the development and
5 obtained from various human tissues. PKCn was ubiquitously —progression of atherosclerosis. Our pathological findings showed that
Q  expressed and showed slightly higher expression in thymus and spleen, PKCn was abundantly expressed in foamy macrophages that are
© suggesting its physiological importance in white blood cells (Supple-  essential in all phases of atherosclerosis. Macrophages contribute to

the uptake of lipoproteins, release of reactive oxygen species and

#57, With atherosclerotic diseases, we subsequently investigated the expres-
%%gsion of PKCn in human atherosclerotic lesions (Fig. 4). Immunohis-

immune mediators that have important roles in the development of
atherosclerosis!®. Previous studies indicated that PKCn was involved

&4
o3

=" tochemical analysis of a coronary arterial specimen showed that PKCn

was expressed in endothelial cells and some foamy macrophages in the
intima and in a part of spindle-shaped smooth muscle cells in the
intima and media (Fig. 4b-h). This immunohistochemical positivity
was completely abolished by preabsorbing antibody with an excess
of immunogenic peptide. To further investigate a role of PKCn in
atherosclerosis, two independent pathologists carefully classified
60 coronary arterial specimens according to the type of atherosclerotic
lesion!®. The expression of PKCn increased in accordance with the
progression of coronary atherosclerotic lesion type (P < 0.0001 for
Spearman’s rank correlation; Fig. 4i). These results suggest a role for
PKCn in the development and progression of atherosclerosis in humans,

PKC is a serine-threonine kinase that regulates a wide variety of
important cellular functions including proliferation, differentiation
and apoptosis. PKCs are classified into three subfamilies based on their
molecular structure and cofactor requirements. Classical PKC iso-
forms (o, BL, BIL, and v) are regulated by calcium, diacylglycerol and
phospholipids. Novel PKC isoforms (3, € 1 and 8) are regulated by
diacylglycerol and phospholipids but are insensitive to calcium.
Atypical PKC isoforms ({ and X or 1) are insensitive to either calcium
or diacylglycerol'®, Despite their high degree of sequence homology,
different PKC isoforms mediate unique cellular functions and

in oxidative stress. Overexpression of PKCn in human monocytic cells
resulted in the induction of inducible nitric oxide synthase and nitric
oxide (NO) production after endotoxin exposure'®. Antisense oligo-
nucleotides for PKCn inhibited LPS-induced NO release in primary
astrocytes®®, The other possible downstream signal is the promotion of
cell growth through suppression of cyclin E (ref. 21) and caspase-3
activity?? as well as activation of the Akt pathway??, which is involved
in diverse cellular processes.

In conclusion, we have identified PRKCH as a new candidate gene for
cerebral infarction using genome-wide SNP analysis and have replicated
this association in an independent case-control sample. The nonsynon-
ymous SNP (1425G/A) in PRKCH causes enhancement of PKC activity
and is associated with a higher incidence of cerebral infarction in a
Japanese population-based sample. Although the function and the
signaling pathway of PRKCH are not fully elucidated, our findings
may contribute new insights into the pathogenesis of atherosclerosis and
suggest the possibility of new preventive measures for cerebral infarction.

METHODS

Study subjects. Details of the study subjects and the flow diagram of this study
are shown in Supplementary Figure 5 online. For the genome-wide case-
control study, affected individuals with cerebral infarction were recruited from
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seven affiliated hospitals of Kyushu University (Kyushu University Hospital,
Hakujyuji Hospital, Fukuoka Red Cross Hospital, Kyushu Medical Center,
Imazu Red Cross Hospital, Fukuoka Higashi Medical Center and Seiai
Rehabilitation Hospital) in 2004. The diagnoses of cerebral infarction and its
subtypes for all cases were made by stroke neurologists of the affiliated hospitals,
referring to detailed clinical features and ancillary laboratory examinations:
namely, cerebral angiography, brain imaging (including computed tornography
and magnetic resonance imaging), echocardiography and carotid duplex
imaging. Details of the diagnostic criteria for cerebral infarction and its subtypes
have been described previously®®. Briefly, subtypes of cerebral infarction were
determined on the basis of the Classification of Cerebrovascular Disease III
proposed by the National Institute of Neurological Disorders and Stroke®.
Lacunar infarction was diagnosed as the presence, as observed by brain imaging,
of a relevant brainstem or subcortical hemispheric lesion with a diameter of
<15 cm and no evidence of cerebral cortical or cerebellar impairment.
Atherothrombotic infarction was diagnosed when the subjects had significant
stenosis or occlusion of a major cerebral artery with infarct size >1.5 cm on
brain imaging. The diagnosis of cardioembolic infarction was made on the basis
of primary and secondary clinical features suggestive of cardicembolism as
reported by the Cerebral Embolism Task Force?® with the TOAST dassification
of risk sources of cardicembolism®. The category of undetermined subtype
included all cerebral infarction cases for which the subtype could not be
determined because of insufficient clinical or morphological information.

Control subjects were enrolled from the participants in the Hisayama study,
an ongoing prospective population-based epidemiological study of cardiovas-
cular disease established in 1961. Details of this study have been described
previously!2. Between 2002 and 2003, a screening survey for the present study
was performed. Briefly, a total of 3,328 individuals aged 40 years or older
consented to participate in the screening survey and underwent a comprehen-
sive assessment (participation rate of 78%). After excluding subjects with a
history of stroke or coronary heart disease, we selected age-matched (within 5
years) and sex-matched control subjects from the participants by 1:1 matching
using random numbers (Supplementary Table 3 online).

The replication case-control samples were recruited from the BioBank Japan
project. We selected lacunar infarction cases from subjects registered to have
cerebral infarction in the BioBank. Cases with lacunar infarction were diag-
nosed on the basis of clinical findings, including neuroimaging results. Controls
were randomly selected from the subjects registered in the BioBank Japan.

To investigate the impact of 1425G/A on the development of cerebral
infarction, we used a cohort population of the Hisayama study established in
1988 (ref 2). A total of 2,742 Hisayama residents aged 40 years or older
participated in the health examination (participation rate of 81%) in 1988.
‘After we excluded individuals with a history of stroke or coronary heart disease,
we monitored 2,637 subjects for the occurrence of cardiovascular disease or
death. Of these, 1,683 participated in the 2002-2003 examination.

We obtained written informed consent from all study subjects, and proce-
dures were approved by the ethics commitiees of the Graduate School of
Medical Sciences of Kyushu University and the Institute of Medical Science of
the University of Tokyo.

SNP genotyping. We extracted genomic DNA from peripheral blood leuko-
cytes using standard protocols. We genotyped SNPs using the multiplex PCR-
based Invader assay (Third Wave Technologies) as previously described®” or by
direct sequencing of PCR products using ABI3700 capillary sequencers
(Applied Biosystems) according to standard protocols.

Cell culture, transfection and immunoprecipitation. We maintained 293T
cells in D-MEM supplemented with 10% (vol/vol) FBS and 1% (vol/val)
antibiotic/antimycotic solution (Sigma) at 37 °C under 5% CO,. We con-
structed a2 plasmid designed to express full-length PKCn-374V by cloning
human thymus cDNA into a p3xFLAG-CMV-14 expression vector (Sigma). A
plasmid expressing full-length PKCn-3741 was constructed from p3xFLAG-
CMV-14-PKCn-374V vector using the QuikChange XL Site-Directed Muta-
genesis Kit (Stratagene) following the manufacturer’s instructions. For transient
transfection, we plated 293T cells in 15-cm dishes and transfected p3xFLAG-
CMV-14-PKCn-374V or p3xFLAG-CMV-14-PKCn-3741 using FuGENE6
(Roche) according to the manufacturer’s instructions. After 48 h, we collected

cells and lysed them at 4 °C in lysis buffer containing 1% Nonidet P-40,
150 mM NaCl, 50 mM Tris-HCl (pH 8.0), 1 mM phenylmethyl sulfonyl
fluoride, 1 mM dithiothreitol and 0.1% protease inhibitor cocktail set I
(Calbiochem). After 2 30-min incubation on ice, the lysates were centrifuged
at 20,000g for 15 min at 4 °C. The supernatant was incubated with anti-Flag M2
affinity gel (Sigma) for 3—4 h at 4 °C after preclearing with rec-Protein G-
Sepharose 4B conjugate (Zymed) and mouse normal IgG for 30 min. After
incubation, the gels were washed twice with lysis buffer and with 1x TBS buffer,
and the Flag-tagged protein was eluted by addition of 15 pg of 3x Flag peptide
(Sigma). We assessed the purity of immunoprecipitates by Coomassie brilliant
blue staining. Equal amounts of immunoprecipitates were subjected to SDS-
PAGE, and the amount of Flag-PKCn was assessed by protein blotting using
antibody to PKCn (Santa Cruz) and the ECL protein blotting detection system
(Amersham). The protein concentration was measured by the Bradford method.

PKC activity and autophosphorylation assay. PKC autophosphorylation
activity and kinase activity were measured according to a previously described
method?®, For the PKC autophosphorylation assay, equal amounts of immu-
noprecipitates for mock (empty vector), PKCn-374V and PKCn-3741 were
incubated at 30 °C for the indicated times in a total volume of 50 ul of reaction
mixture containing 20 mM Tris-HC (pH 7.5), 5 mM MgSOy, 1 mM EGTA and
5 pCi [y-3P]ATP with 10 pM phosphatidylserine (Sigma) and 100 nM
phorbol-12,13-dibutyrate (PDBu, Sigma) and were then subjected to SDS-
PAGE and autoradiography. Protein kinase activity was measured by incor-
poration of 3P from [y-*2P]ATP into myelin basic protein (MBP) peptide
(Sigma). The incubation mixture contained 20 mM Tris-HCl (pH 7.5), 5 mM
MgS0,, 1 mM EGTA, 100 uM ATP, 1 pCi [y-*P]ATE, 10 ug MBP peptide and
PKCn immunoprecipitant in a total volume of 50 pl, with 10 uM phospha-
tidylserine and 100 nM PDBu. After incubation for 3 min at 30 °C, the reaction
was terminated by direct application to P81 phosphocellulose squares (Upstate)
followed by washing with 75 mM phosphoric add and measurement of
radioactivity. One umit of the activity was defined by incorporation of
1 nmol/min of radioactive phosphate from ATP into MBP.

Quantification of PRKCH expression using real-time PCR. We carried out
real-time quantitative PCR using an ABI 7700 (Applied Biosysterns) with SYBR
Premix ExTag (TaKaRa) in accordance with the manufacturer’s instructions.
We purchased total RNA from various human tissues (Clontech) and synthe-
sized first-strand cDNA from 1 pg of total RNA using oligo d(T);»-15 primers
and Superscript 111 Reverse Transcriptase (Invitrogen). The relative expression
of PRKCH mRNA was normalized to the amount of B-actin expression in the
same cDNA using the standard curve method described by the manufacturer.

Immunohistochemistry and morphometric analysis of coronary arteries.
Hearts were obtained at autopsy at the Department of Pathology of Kyushu
University from 16 deceased Hisayama residents (eight men and eight women),
ranging in age from 68-91 years old (81.1 % 6.2), within 16 h of death. The
coronary arteries were cannulated, washed with 0.1 mol/l PBS (pH 7.4) and
perfused with 1 1 of 4% (wt/vol) paraformaldehyde in 0.1 mol/l sodium
phosphate (pH 7.4) at 100 mm Hg Then, the heart was immersed in
4% paraformaldehyde for at least 24 h at 4 °C. The right coronary artery and
left anterior descending coronary artery were dissected free from the surface of
the heart, cut perpendicular to the long axis at 3-mm intervals and then
embedded in paraffin. Sixty blocks were obtained and cut into 3-pm-thick serial
sections at once. Serial sections from each block were separately subjected to
hematoxylin and eosin staining, elastica-van Gieson staining and Masson
trichrome staining, as well as immunchistochemistry. In accordance with the
definitions proposed by the Committee on Vascular Lesions of the Council on
Arteriosclerosis of the American Heart Association (AHA)'>, the atherosclerotic
lesion type of each section was carefully classified by two independent pathol-
ogists (T.N. and K.8.).

Immunohistochemical examinations were performed as described pre-
viously?. In brief, deparaffinized sections were incubated with 3% nonfat
milk; with primary antibodies against human PKCn (Santa Cruz), endothelial
cells (anti-human CD31, Dako), monocytes/macrophages (anti-human CD68,
Dako) and smooth musdle cells (anti-human a-SMA, Sigma); and then with
peroxidase-labeled secondary antibody (Dako). The slides were incubated
with 3,3’-diaminobenzidine tetrahydrochloride (DAB) and counterstained with
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hematoxylin. As a negative control, we substituted nonimmune rabbit IgG or
nonimmune mouse IgG of each isotype instead of primary antibody. As a
second negative control, we used antibody preabsorbed with an excess amount
(10:1 molar ratio) of immunogenic peptide. As PKCn is expressed in normal
epithelium of human mammary glands®®, we used the tissue blocks retrieved
from human mammary glands as positive controls. A single observer, blind to
the atherosclerotic lesion types, quantified PKCn-positive lesions by determin-
ing the positive area in atherosclerotic intima. All images were captured and
analyzed by US National Institutes of Health Image software.

Statistical analysis. Data are presented as mean * s.d. unless otherwise stated.
We assessed association and Hardy-Weinberg equilibrium by 3 test and
Fisher's exact test. We calculated linkage disequilibrium index and A index
and created Figure 1d as described previously’. For adjustment of multiple
testing, we performed a random permutation test with 10,000 replications
using the MULTTEST procedure in SAS9.12 software. In the 14-year follow-up
cohort study, we estimated hazard ratios and 95% confidence intervals for the
development of cerebral infarction among the candidate genotypes using Cox
proportional hazards model after adjustment for age and sex. In adjustment for
clinical risk factors, we used a conditional logistic regression model for the case-
control study and Cox proportional hazards regression model for the pro-
spective cohort study using SAS software. We compared the PKCn-positive
area among the grade of coronary atherosclerosis using Spearman’s rank
correlation with Bonferroni correction. The difference in PKC activity between
374V and 3741 was tested by Student’s #-test.

Note: Supplementary information is available on the Nature Genetics website.
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Table 1. Characteristics of Study Subjects

Men Women B

Number of observation 981 2018

Age at baseline (years) 64.9 (10.0) 69.2 (9.6)
Height (cm) 163.0 (6.3) 149.5 (6.1)

Body weight (kg) 60.4 (9.6) 51.3 (8.8)

Body mass index (kg/r?) 227 (3.1) 23.0(3.6)
Waist circumference (om) 83.4 (8.2) 82.5 (10.3)

Hip circumference (cm) 89.7 (5.8) 89.9 (6.9)
Current smoker (%) 43.8 8.3

Values are expressed as mean (SD).

Table 2. Development of diabetes
(mean follow-up period 6.8 years)
134 cases (men 50 subjects, women 84 subjects)

Anthropometric relative risk 95%

measurements of diabetes confidence interval ~ p-value
body weight (per 5kg} 1.20 110, 1.31 <0.001
body mass index {per 2kg/m?) 1.23 1.12,1.38 <0.001
waist circumference (per 5¢m) 1.27 1.16,1.39 <0.001
hip circumference {per 3cmy} 1.15 1.07,1.25 <0.001
waist/hip ratio (per 2%) 1.16 1.10, 1.24 <0.001

* adjusted for age, sex, HbA1c, smoking status

Figure 1. Risk of diabetes by waist circumference
in men and women

Relative risk Males

Relative risk

Females

<75  75<80 £0<85 85«90 $0«<35

Waist circumference (cm)

95- <78

*adjusted for age, HbA1c, smoking status at baseline

75480 80«85 B5.<90 90«85 95-
Waist circumference (cm)

184

Table 3. Development of stroke
(mean follow-up period 6.8 years)

117 cases (men 36 subjects, women 81 subjects)

Anthropometric refative risk 95%

measurements of stroke  confidence interval P-VGIUGA
body weight (per 5kg) 0.80 0.71,0.91 <0.001
body mass index (per 2kg/m?) | 0.82 0.72,092 <0.001
waist circumference (per 5cm)|  0.80 0.68, 0.93 0.016
hip circumference (per 3cm) 0.87 0.80, 0.96 0.004
waist/hip ratio {per 2%) 0.97 0.91, 1.04 0.381

* adjusted for age, sex, HDL-cholesterdl, SBP, DM
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Although it has been suggested that cardiovascular disease
incidence is increased among atomic bomb survivors, the ex-
istence of a causal relationship between radiation exposure
and atherosclerosis is unclear. Microbial infections, including
those caused by Chlamydia preumoniae, Helicobacter pylori
and cytomegalovirus, have recently been implicated in ath-
erosclerosis. Since immune function is somewhat impaired
among atomic bemb survivors, their immune defense against
such infections might be diminished. To investigate this pos-
sibility, we measured antibody levels to the above microor-
ganisms in the sera of survivors. We found that the levels of
IgG and IgA antibodies to Chlamydia pneumoniae decreased
significantly with radiation dose, whereas the Jevels of IgG
antibodies to Helicobacter pylori or cytomegalovirus remained
unchanged. The inflammation marker C-reactive protein was
significantly and positively associated with level of antibodies
te Chlamydia prewmonize only in heavily exposed (21000
mGy) survivors. These results may suggest that among atomic
bomb survivors, immune response to Chlamydia pneumoniae
is diminished and chronic inflammatory reactions related to
Chlamydia prneumoniae infection are presenf.  © 2006 by Radiation
Research Soclety

INTRODUCTION

Mortality and incidence studies have suggested that car-
diovascular disease is increased with radiation dose among
atomic bomb (A-bomb) survivors (/-3). Long-term inves-
tigation of patients treated with radiation therapy for Hodg-
kin’s lymphoma confirmed earlier observations that the

' Address for correspondence: Department of Clinical Studies, Radia-
tion Effects Research Foundation, 5-2 Hijiyama Park, Minami-ku, Hiro-
shima 732-0815, Japan; e-mail: hakoda@rerf.orjp.

2 Present address: Department of Nutritional Sciences, Faculty of Hu-
man Ecology, Yasuda Women's University, [3-1 Yasuhigashi 6-chome,
Asaminami-ku, Hiroshima 731-0153, Japan.

treatment may have induced coronary heart disease (4, 5).
The total local dose received by such patients, however,
was about 30 Gy, whereas for A-bomb survivors, the total
dose typically did not exceed 3 Gy (6). The possibility
exists, therefore, that the mechanism for development of
cardiovascular disease in A-bomb survivors differs from
that in radiation therapy patients.

Although various factors initiate the atherosclerotic pro-
cess, of which coronary heart disease is a typical clinical
expression, inflammation accompanying activation of mac-
rophages and T lymphocytes plays a central role (7, &). The

‘causal mechanism for development of this inflammatory
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process is not fully understood, but infectious agents have
been implicated repeatedly (9-12). Among several patho-
gens, Chlamydia pneumoniae, Helicobacter pylori and cy-
tomegalovirus have been’ investigated extensively, with
Chlamydia pneumoniae regarded as the most plausible
cause for the pathogenesis of atherosclerosis (9-12). Since
irpairment of immune function, especially decreased I~
lymphocyte function, is suggested for A-bomb survivors
(13-16), infectious agents may provide a plausible expla-
nation for the development of atherosclerotic disease
among this population.

It has been reported that mortality due to pneumonia is
increased with radiation dose (/) and that this may be a
reflection of increased infections among A-bomb survivors.
Another example of increased infections among the survi-
vors is the increase in the prevalence of hepatitis B virus
surface antigen with radiation dose (17—I9). On the other
hand, tuberculosis mortality is not increased among A-
bomb survivors (I). To further investigate infectious agents
implicated in atherosclerosis among A-bomb survivors, we
measured serum levels of antibodies to Chiamydia pneu-
moniae, Helicobacter pylori and cytomegalovirus in this
survivor population and evaluated the association of the
antibodies with radiation dose.

MATERIALS AND METHODS
Study Subjects

The study population comprised Adult Health Study (AHS) partici-
pants who had undergone biennial clinical examinations since 1958 at
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the Radiation Effects Research Foundation (RERF) in Hiroshima and
Nagasaki. The AHS was initiated to evaluate the long-term effects of
ionizing radiation from the atomic bombs on human health (20). The
original AHS cohort consisted of 19,961 individuals, approximately half
of whom were exposed to the bombs proximally (<2,000 m from the
hypocenter), with the other half exposed either distally (23000 m from
the hiypocenter) or not in the cities at the time of the bombings. The latter
group of survivors was thus not exposed to substantial levels of A-bomb
radiation. The design of the AHS has been described elsewhere (20). In
1977, 1,218 individuals whose estimated radiation dose was greater than
I Gy, and the same number of controls distally exposed to the bomb,
were newly added to the cohort. The 5,000 people who were not in the
two cities at the time of the bombings were excluded from the AHS
cohort in 1986. Thus there were 17,397 cohort members at that time.
When this study began in March 2000, 10,030 cohort members had died
and 1,058 had moved away from the two cities, so there were 6,309 AHS
cohort members who were potentially able to visit the RERF clinic.

While almost 4,187 (66%) of the eligible cohort members agreed to visit
RERF and undergo health examinations, 119 (3%) of these people did not
consent to the antibody measurements for this study. Radiation dose estimates
(DS86 whole-body kerma estimates) (27) were available for 3,476 (85%) of
the 4,068 participants with antibody measurements. We obteined written in-
formed consent from the subjects and approval from the institutional Human
Investigation Committee. Body weight and height were measured during the
participant’s clinic visit. Body mass index (BMI) was calculated by dividing
weight in kilograms by the square of height in meters. Smoking information
(number of cigarettes smoled per day) was obtained through interview by
nurses at the visit,

Laboratory Methods

Serum samples were obtained from each participant at the time of the
clinic visit. Serum was stored at —80°C until use, Frozen serum samples
obtained in Nagasaki were sent to Hiroshima for analysis. We used en-
zyme-linked immunosorbent assay (ELISA) kits to determine serum an-
tibody levels. IgG and IgA antibodies to Chlamydia pneumoniae were
measured using HITAZYME® C. prewnoniae Ab-IgG (Hitachi Chemical
Co., Ltd., Tokyo, Japan) and HITAZYME® C. pneumoniae Ab-IgA (Hi-
tachi Chemical Co., Ltd.), respectively. For IgG antibody to eytomega-
loviras, we used CYTOMEGALO IgG (I)-EIA “SEIKEN” (DENKA
SEIKEN Co., Ltd., Osaka, Japan), and for IgG antibody to Helicobacter
pylori, we employed AUTOACE H. PYLORI G (AZWELL Inc,, Osaka,
Japan). Using these ELISA kits, we measured antibody levels in serum
semi-quantitatively based on a comparison of optical density of the serum
samples with that of the standard materials provided in the kits, The
values obtained were expressed as units (U). In addition to sequential
antibody levels, we used antibody status (positive or negative) for anal-
ysis. Following the manufacturers’ instructions, we scored antibody leve]
as positive if it measured =1.1 U for IgG or IgA antibody to Chlamydia
pneumoniae, =16.5 U for 1gG antibody to Helicobacter pylori, and =4
U for IgG antibody to cytomegalovirus.

We measured serum level of C-reactive protein (CRP), a sensitive
marker for inflammation, using a validated, high-sensitivity assay kit
(Nissui Pharmaceutical Co. Ltd.,, Tokyo, Japan) and an auto-analyzer
(Clinical Analyzer 7170, Hitachi, Ltd., Tokyo, Japan), a robotic system
used for the assay of many routine clinical bicchemical parameters.

Statistical Analysis

The relationship between measurements of antibody levels (response)
and radiation dose (dose) was analyzed by a multiple regression model,
with adjustment for city, gender, age and smoking history, as follows:

log(responsey = a + Bcity + B.gender + Bylage — 70)

+ Bsmoking + Bsdose,

where city = 0 for Hiroshima subjects, 1 for Nagasaki subjects; gender
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= 0 for males, | for females; smoking = number of cigarettes smoked
per day; dose = exposed dose. Logarithmic transformation was applied
to the dependent variable response to obtain a more normal distribution
of antibody level, With this model, for any of the values of city, gender,
age and dose, the increased rate of response per gray was calculated as
¢® and its percentage change was 100(¢®s — 1). The antibody levels for
nonexposed nonsmoking males aged 70 years in Hiroshima were esti-
mated by e*.

For analysis of the relationship between antibody level and log-trans-
formed CRP level, BMI centered at 23 kg/m? was included in the re-
gression model as follows:

log(CRP) = o + Bcity + Bagender + By{age — 70) + Bysmoking
+ Bs(BMI — 23) + Bedose + B,response

The interaction between radiation dose and antibody level was tested by
adding the term dose X response to the above model.

When the relationship was examined by dose category (0, 1-999 mSv,
and =1000 mSv), the following model was applied:

log(CRP) = o + Bycity + Bgender + Bylage — 70) + Bsmoking
+ B,(BMI — 23) + Bgresponse + B,d, X response

+ Bgdy, X response,

where d, = 1 for the 1-999-mGy group, = 0 otherwise; d, = 1 for the
=1000-mGy group, = 0 otherwise. Accordingly, for any of the values
of city, gender, age and BMI, the percentage change in CRP for 1 U of
antibody level was estimated as [0Q(gPe<er — [} for O mGy,
[00(gt®srpaxmie — 13 for 1-999 mGy, and 100(e®s*paxenr — [} for 21000
mGy. Heterogeneity among dose categories in the relationship between
CRP and antibody level was tested by the null hypothesis, #;: d, = d,
= 0.

For the dichotomous summaries (positive or negative) of antibody mea-
surements, binominal odds regression model was used to analyze rela-
tionship with radiation dose, and adjustment was made for age, gender
and smoking history.

RESULTS

Table 1 shows the number of individuals in each radia-
tion dose category and the mean and median serum levels
of antibedies to Chlamydia pneumoniae, Helicobacter py-
lori and cytomegalovirus. The antibody level to cytomeg-
alovirus was not measured for the subjects who came to
RERF after about the halfway point of this study (14
months after the start of the study). Thus the antibody level
to cytomegalovirus was measured for 2,049 subjects but
was not for the rest of the subjects. This was because the
proportion of subjects who had a positive response to cy-
tomegalovirus was very high (more than 99%) among those
whose antibody level had been measured before that time.
A high prevalence of positive IgG antibody response to
cytomegalovirus was also reported in a different region of
Japan (22).

Table 2 shows the association of the level of IgG anti-
body to Chlamydia pneumoniae with radiation dose. Since
antibody level was significantly associated with male gen-
der, older age, and cigarette smoking, we adjusted for those
factors in addition to city in the multivariate regression
analysis. After the adjustments, the serum level of IgG an-
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TABLE 1
Antibody Level and Positivify among Atomic Bomb Survivors

Radiation dose {(mGy)

0 {999 =1000
Number of individuals* 1,481 1,368 627
Mean age (years) 71.6 72,1 70.8
Mean dose (mGy) 0 315.8 1524.9
Male (%) 32.1 28.6 37.8
Mean BMI (SE) 23.0 (0.09) 231 (0.1 224 (0.1)
Current smoker (%) 14.3 14.2 13.1
Antibody level”
Chiamydia pneumoniae, 1gG
Median level (U) 231 2.19 2.00
Mean level (SE) (U) 2.69 (0.036) 2.59 (0.052) 2.49 (0.081)
Positivity (%) 777 75.4 701
Chlamydia pneumoniae, IgA
Median level (U) 1.63 1.54 141
Mean level (SE) (U) 1.94 {0.036) 1.87 (0.038) 1.79 (0.055)
Positivity (%) 67.9 66.1 63.0
Helicobacter pylori, IgG
Median level (U) 41.1 38.2 45.2
Mean level (SE) (U) 482 (L.1) 46.8 (1.0) 499 (1.7
Positivity (%) 62.7 60.1 63.0
Cytomegalovirus, 1gG
Median level (U) 47.8 51.7 47.4
Mean level (SE) (U) 619 (1.8) 624 (1.8) 62.0 (2.6)
Positivity (%) 99,2 99.6 99.2
CRP level
Median level (mg/dl) 0.062 0.066 0.062
Mean level (SE) (mg/dl) 0.11 (0.004) 0.12 {0.004) 0.12 (0.006)

« For the measurement of cytomegalovirus [gG, the numbers of subjects were: 0 Gy: 858, -1-999 mGy: 816, and
=1000 mGy: 375.

¢ Antibody level is presented as median and mean values for quantitative measurements. Positivity is the proportion
of individuals whose antibody level was defined as positive, as described in the Materials and Methods, for each
dose category.

tibody to Chlamydia pneumonice was significantly and  dose (Table 2). This antibody level was significantly higher
negatively associated with radiation dose. The level of IgA  in subjects from Nagasaki than in those from Hiroshima
antibody to Chlamydia pnewmoniae was significantly and  (Table 2). The distribution of levels of IgG and IgA anti-
positively associated with male gender, older age and cig-  body to Chlamydia pneumoniae in relation to radiation dose
arette smoking and negatively associated with radiation  is presented in Figs. 1 and 2, respectively. No significant

TABLE 2
Association of Levels of IgG and IgA Antibodies to Chlamydia pneumoniae with Radiation Dose (multiple
regressions)®
Chlamydia preumoniae
1eG IsA
Factors (unit) Change (%) 95% CI P Change (%) 95% CI P
Dose (1.000 mGy) —~14.2 ~197, -83 <0.001 -4.9 -89, —-0.1 0.021
Age (10 years) 29.5 215,380 <0.001 18.3 13.6, 23.3 <0.001
Gender (Male: 0, Female: 1) ~34.2 —41.7, =254 <0.001 ~22.9 —28.6, —11.4 <0.001
Smoking (20 cigacettes/day) 20.1 19, 41.6 0.029 19.3 7.3, 327 0.001
City (Hiroshima: 0, Nagasaki: 1) 3.8 —6.8, 155 0.50 8.9 1.6, 16.7 0.016

« Association was examined by linear regression analysis, adjusting for each factor. Values are indicated as percentage change of the antibody level
per unit (in parentheses) increase for each factor. Representative antibody level (intercept) (95% CI) for nonirradiated and nonsmoking males at 70
years of age in Hiroshima was calculated to be 2.06 (1.83, 2.32) U for IsG and 1.52 (1.41, 1.65) U for TgA. CI, confidence interval.
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FIG. 1. Scatter diagram of [gG antibody level and radiation dose with
regression lines fitted for nonsmoking male (dotted line) and female (solid
line) at age 70 years in Hiroshima. Muitiple R? value for the regression
was 0.037.

IgG antibody level to Chlamidia pneumoniae

dose effect was observed for other antibody levels. The
level of IgG antibody to Helicobacter pylori decreased with
age and was not significantly associated with either ciga-
rette smoking or radiation dose (Table 3). The level of IgG
antibody to cytomegalovirus was significantly associated
with female gender, older age and cigarette smoking but
not with radiation dose (Table 3). In these analyses for as-
sociation of antibody level with radiation dose, interactions
between age, gender, smoking and radiation dose were ex-
amined, but no significant interactions were observed.

When antibody level was classified as cither positive or
negative, association with radiation dose was similar. Thus
a negative association was observed between radiation dose
and positive response to Chlamydia pneumoniae in both the
IgG and IgA antibody classes (data not shown). Radiation
dose was not significantly associated with positive IgG an-
tibody response to Helicobacter pylori or cytomegalovirus
(data not shown).

To investigate the biological significance of the de-
creased antibody level to Chlamydia pneumoniae in radia-
tion-exposed survivors, the serum level of CRP, a sensitive
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FIG. 2. Scaiter diagram of IgA-antibody level and radiation dose with
regression lines fitted for nonsmoking male (dotted line) and female (solid
line) at age 70 years in Hiroshima. Multiple R? value for the regression
was 0.035.

marker of inflammation, was examined. In this analysis,
samples with CRP levels greater than 1.0 mg/dl were ex-
cluded from analysis to avoid confounding by acute infec-
tious disease and systemic inflammatory disease samples.
Thus 2 total of 3,155 samples were analyzed, CRP level
was positively associated with radiation dose, age, male
gender, smoking and BMI (Table 4). CRP level also dif-
fered between Hiroshima and Nagasakd (Table 4). The dis-
tribution of the CRP level in relation to radiation dose is
presented in Fig. 3.

After adjustment for the factors presented in Table 4, the
CRP level was positively and significantly associated with
the level of IgA antibody to Chlamydia pnewmoniae (3.7%
increase per 1 U increase in antibody level, P = 0.006) but
only marginally with the level of IgG antibody to Chla-
mydia pneumoniae (P = 0.057) (Table 5). In these analyses,
association of CRP level with radiation dose did not change
substantially from the results presented in Table 4 [per-
centage increase in CRP level per 1,000 mGy was 7.0% (P
= 0.004) and 7.1% (P = 0.003) when IgG and IgA anti-

TABLE 3
Association of Levels of IgG Antibody to Helicobacter pylori and Cytomegalovirus with Radiation Dose
{(multiple regressions)’

Helicobacter pylori 18G

Cytomegalovitus IgG

Factors (unit) Change (%) 95% CI P Change (%) 95% CI P
Dose (1,000 mGy) - 89 —10.2, 32.0 039 1.9 -3.2,7.1 0.46
Age (10 years) ~20.6 —-34.7, —3.5 0.021 18.1 12.6, 23.8 <0.001
Gender (Male: 0, Female: 1) —60.4 ~729, —11.4 <0.001 379 26.0, 50.9 <0.001
Smoking (20 cigarettes/day} 3.8 -317,73.2 >0.5 31.4 16.5, 48.2 <0.001
City (Hiroshima: 0, Nagasaki: [) 19.1 —127, 624 0.271 2.1 -5.9, 10.8 >0.5

« Association was examined by linear regression analysis, adjusting for each factor. Values are percentage change of the antibody level per unit (in
parentheses) increase of each factor. Representative antibody level (intercept) (95% CI) for nonirradiated and nonsmoking males at 70 years of age in
Hiroshima was calculated to be 58.8 (42.1, 82.1) U for Helicobacter pylori 1gG and 32.8 (30.0, 35.9) U for cytomegalovirus IgG. Cl, confidence
interval.

189



364 HAKODA £T AL.
TABLE 4
Association of CRP Level with Radiation Dose (inultiple regressions)
Factors (unit) Change (%) 95% CI P
Dose (1,000 mGy) 6.9 2.1, 1.9 0.004
Age (10 years) 204 15.0, 26.1 <0.001
Gender (Male; 0, Female: 1) —18.8 -25.1, —-11.9 <0.001
Smoking (20 cigarettes/day) 275 14.1, 424 <0.001
BMI (1.0} 7.7 6.6, 8.8 <0.001
City (Hiroshima: 0, Nagasaki: 1) -124 —18.5, -5.7 <0.001

@ Association was examined by linear regression analysis, adjusting for each factor. Values represent the percentage
change of CRP level per unit (in parentheses) increase of each factor. Representative CRP level (intercept) (95%
CI) for nonirradiated and nonsmoking males at 70 years of age in Hiroshima was calculated to be 0.072 (0.67, 0.79)

mg/dl. BMI, body mass index. CI, confidence interval.

body levels were included in the model, respectively]. In
addition, when CRP was included in the adjustment factors
for analysis of the relationship between antibody level and
radiation dose, the results were similar to those presented
in Table 2. Thus a 15.3% decrease in antibody level per
gray was observed for IgG (when CRP was not included,
a 14.2% decrease was observed, as indicated in Table 2)
and a 5.1% decrease for IgA {when CRP was not included,
a 4.9% decrease, as indicated in Table 2).

The response of CRP to the Chlamydia pnewmoniae an-
tibody level did not interact formally with radiation dose
(significance level of the interaction between radiation dose
and antibody level: P = 0.36 for IgG and P = 0.5 for IgA).
To further investigate the decreased antibody levels in ra-
diation-exposed survivors, however, the relationship be-
tween CRP level and antibody levels was examined in dif-
ferent dose categories. In this analysis, a significant asso-
ciation of CRP level with IgA antibody level was noted in
the high-dose group (=1000 mGy) but not in the 0-Gy or
1-999-mGy groups (Table 5). The percentage increase in
CRP levels per unit of antibody in the high-dose group was
approximately twice that in the nonirradiated and interme-
diate-dose groups (Table 3), although the difference be-
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FIG. 3. Scatter diagram of CRP level and radiation dose with regres-
sion lines fitted for nonsmoking male (dotted line) and female (solid line)
with BMI of 23.0 kg/m? at age 70 years in Hiroshima. Multiple R value
for the regression was 0.086.
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tween the groups was not statistically significant. The re-
lationship between CRP level and the level of IgG antibody
to Chlamydia pnewmoniae was also significant in the high-
dose group but not in the 0-Gy or 1-999-mGy groups (Ta-
ble 5).

DISCUSSION

In this cross-sectional study of A-bomb survivors, we
observed a radiation dose-associated decrease in the level
of antibody to Chlamydia pneumoniae. The effects of gen-
der and smoking on level of antibodies to the three path-
ogens observed in the present study were similar to those
reported previously (23-25). The limitations of our study
may be as follows. Since more than half of the original
cohort had died before the start of this study, the possibility
cannot be excluded that persons with higher antibody levels
might have been preferentially lost from the group of sub-
jects with higher radiation doses. It is also possible that
some persons could not participate in the study because of

TABLE 5
Association of CRP Level with Antibody Level to
Chlamydia pnewmoniae Stratified by Radiation

Dose*
CRP level
No.of  Change
subjects (%) 95% CI P
Chiamydia pneamoniae IgG
Total samples 3,155 1.8 -0.01t, 3.7 0.057
0 mGy 1,355 12 ~1.0,3.5 0.287
1-999 mGy 1,239 1.5 -0.8, 3.9 0.201
=1,000 mGy 561 3.5 0.3, 6.6 0.024
Chlamydia pneumoniae IgA
Total samples 3,155 3.7 1.0, 6.5 0.006
0 mGy 1,355 2.9 —1.3,6.1 0.075
1-999 mGy 1,239 3.3 ~0.1,6.8 0.055
=1,000 mGy 561 6.5 2.0, 1.2 0005

1 Association was examined by multiple regression analysis, adjusting
for city, gender, age, body mass index, and smoking. Percentage change
in CRP level is presented for one unit increase in antibody level. CI,
confidence interval.
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illness related to high or low antibody levels. Further, some
other unknown factor(s) not adjusted for in the present anal-
ysis might have confounded the results.

Biologically, two possibilities exist for the lower anti-
body response to bacterial infection. One is a decrease in
infectious agents; the other is a decrease in immune re-
sponse to post-bombing bacterial infection. The former
seems less likely in A-bomb survivors due to the exacer-
bation of hygiene conditions by the complete destruction
of lifeline and medical systems after the bombings of the
two cities. Diminished immune function has been suggested
in radiation-exposed survivors. Thus lymphocyte prolifer-
ation induced by mitogens, alloantigens and bacterial su-
perantigens (13, 16), the proportion of T lymphocytes, es-
pecially CD4-positive helper T lymphocytes (14), and the
frequency of T lymphocytes producing interleukin 2 (I5)
are all diminished among radiation-exposed survivors. In
addition to these nonspecific decreases in immune function,
there may be some antigen-specific impairment among A-
bomb survivors, as suggested by repertoire analysis ex-
amining the usage of divergent variable region genes of T-
lymphocyte receptors in the blood (26). Since T lympho-
cytes are essential for antibody production of B cells, im-
pairment in T lymphocytes in the survivors may affect
antibody production, '

Similarly, diminished immune response has been impli-
cated in other infections in the survivors. It has repeatedly
been shown, for example, that prevalence of hepatitis B
surface antigen is increased with radiation dose in A-bomb
survivors, whereas prevalence of its antibody is not (/17—
19). Although a smooth dose~response relationship was not
observed between the prevalence of antibody to hepatitis C
virus and radiation dose, prevalence of the antibody was
lower in survivors with a positive dose estimate than in
those with a dose estimate of 0 (27).

The mechanism behind the absence of a significant as-
sociation between antibody levels to Helicobacter pylori
and cytomegalovirus with radiation is not clear, but it may
be related to the difference in the frequency of recurrent
infection by these pathogens. The first infection among the
three pathogens occurs early in childhood, and subsequent
recurrent infection is common ounly for Chiamydia preu-
moniae (28). If immune function at the time of Chlamydia
pneumoniae infection is related to antibody level, dimin-
ished immune function due to A-bomb exposure at the time
of the recurrent infection might cause decreased antibody
response. Naturally, we cannot estimate either the timing
of infection or the cause of the antibody level (i.e., past
primary infection, re-infection or reactivation). Of interest
is that the increased prevalence of hepatitis B surface an-
tigen with radiation dose among A-bomb survivors is re-
stricted to those who received blood transfusions after A-
bomb radiation exposure (19). Since persistence of hepatitis
B virus antigen is related to diminished immune response
to the virus, the radiation dose-associated increase in the
prevalence of hepatitis B antigen among the survivors who

191

365

received blood transfusions suggests impaired immune
function from exposure to A-bomb radiation.

Although interaction with radiation dose was not for-
mally significant for the association of CRP level with an-
tibody level, we found a tendency for CRP level to be as-
sociated with levels of both IgG and IgA antibodies to
Chlamydia pneumoniae in the high-dose group. This find-
ing may suggest the presence of infection-related inflam-
mation in heavily exposed survivors. Since persjstent in-
fection in macrophages is typically found after the acute
phase of Chlamydia pnewmoniae infection ends, association
of CRP level with antibody level may reflect an active state
of chronic infection.

We also confirmed, with a larger number of subjects, our
previous finding of a positive association of CRP level with
radiation dose (29). This finding could prove to be impor-
tant because many studies bave demonstrated that a mildly
elevated CRP level is a risk factor for cardiovascular dis-
ease (8, 30). Association of CRP level with male gender,
BMI and smoking, which was found in the present study,
was also reported previously (37). The reason for the city
difference in CRP level found in the present study is un-
clear. Systemic technical error is not likely because all sam-
ples were measured in the Hiroshima laboratory. Since the
prevalence of diabetes mellitus among A-bomb survivors
is lower in Nagasaki than in Hiroshima (32), and since
diabetes is associated with increased CRP levels (33), we
adjusted for diabetes in our analysis, but the city difference
remained significant (data not shown).

In conclusion, our study suggests that the immune re-
sponse to Chlamydia preumoniae, a microorganism impli-
cated in cardiovascular pathogenesis, is diminished in ra-
diation-exposed A-bomb survivors. However, inflammatory
response to Chlamydia pneumoniae may be present, which
would reflect an active state of infection in the survivors.
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Abstract

Purpose: 'To determine whether exposure to atomic bomb radiation altered the prevalence of asymptomatic atherosclerosis.
Material and methods: In a cross-sectional analysis, we examined aortic arch calcification by plain chest radiography and
common carotid artery intima-media thickness (IMT) by ultrasonography among 1804 survivors of the atomic bombing in
Hiroshima. We evaluated the association between atherosclerotic changes and radiadon exposure, while adjusting for
potentially confounding factors.

Resulrs: Multivariate logistic regression analysis showed that aortic arch calcificadon was significantly associated with
radiation exposure (p < 0.05). The odds ratio at 1 Gy was 1.30 (95% confidence interval [CI]: 1.05—1.53) for men and 1.31
(95% CI: 1.13~1.51) for women. Carodd artery IMT did not vary significantly with radiation dose (p=0.18).
Conclusion: Radiation dose contributed to the prevalence of aortic atherosclerosis but not carotid artery atherosclerosis in
atomic bomb survivors.

Keywords: Atherosclerosis, atomic bomb radiation exposure, aortic arch calcification, carotid artery intima-media thickness,
risk factors

among British radiologists (Berrington et al. 2001).

Introduction McGale and Darby (2005) reviewed the published
The association between radiation and cardiovascu~ literarure and concluded that epidemiological data
lar disease has been investigated in therapeutic and other than from the atomic bomb survivors do not
occupational settings (Trivedi & Hannan 2004). provide clear evidence of a risk of circulatory system
Therapeutic exposure of the neck, head, or thorax disease at doses of ionizing radiation in the range
to a relatively high cumulative dose is a risk factor for 0—4Sv.

cardiovascular disease (Levinson et al. 1973, Corn In atomic bomb survivors, statistically significant
et al. 1990, Boivin et al. 1992, Rutqvist ct al. 1992, increases in mortality were seen for heart disease and
Hancock et al. 1993, Franklyn et al. 1998) and stroke in the Life Span Study (1.SS) by the Radiation
subclinical findings such as accelerated carotid artery Effects Research Foundation (RERF) (Shimizu et al.
atherosclerosis are also observed (Chung et al. 1994, 1999, Preston et al. 2003). In the Adult Health Study
Dubec et al. 1998, King et al. 1999). A cardiovas- (AHS), a subcohort of a high-exposure group and
cular effect for low-dose radiation exposure, conirols in the LSS, the incidence of myocardial
however, is not well established. Increased mortality infarction (MI) between 1968 and 1998 was in-
from cardiovascular disease was reported among the creased among younger (less than 40 years old at the
Chernobyl emergency workers (Ivanov et al. 2001) time of the bombings), heavily exposed subjects
and among US radiologic technologists with occupa- (Wong et al. 1993, Yamada et al, 2004).

tional radiation exposure before 1950, when Radiation effects on the conventional cardiovas-
radiation doses were likely to be high (Hauptmann cular disease risk factors were reported in the AHS.
et al. 2003), but no association between cardiovas- Tncreased serum cholesterol levels were observed
cular disease and radiaton exposure was shown among exposed subjects for all birth cohorts
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(Wong et al. 1999), as was increased blood pressure
among those born in or after 1930 (Sasaki et al. 2002).

Atherosclerosis of the aorta and carotid artery can
be detected by non-invasive techniques. Aortic arch
calcification has been estimated by chest X-rays
taken during the RERF biennial health examinations
since 1958 and intima~media thickness (IMT) in the
common carotid artery has been measured by
ultrasonography since 2000. Since atherosclerosis
in the aorta or carotid arteries is a predictor of
coronary heart disease (Nagai et al. 1998, O’Leary
et al. 1999, Iribarren et al. 2000, 1i et al. 2002,
Symeonidis er al. 2002), we can detect the sub-
clinical effects of atomic bomb radiation exposure on
such diseases by measuring aortic arch calcification
and carotid IMT.

Materials and methods
Subjects and procedure

The AHS cohort in Hiroshima and Nagasaki at its
inception in 1958 consisted of 10,000 survivors who
were within 2000 m from the hypocenter at the time
of bombings, 5000 survivors who were beyond
3000 m, and 5000 controls who were not in the city
at the time of the bombings. After 1976, follow-up of
controls (not in the city group) was discontinued and
about 3,500 survivors were added to the cohort. They
have been followed by biennial clinical examinations.
Details are available elsewhere (Wong et al. 1993).
The clinical follow-ups include physical examina-
tions, laboratory measurements, height and weight
measurements, questionnaires regarding smoking
habits, plain chest X-ray, and ulirasonography. The
patients provided informed consent, and the study
complied with institutional guidelines regarding
research ethics and the welfare of human subjects.
The study subjects are the AHS subjects in
Hiroshima, About 55% of the original AHS subjects
had died and about 7% of them had moved away from
the area by 2000. The participation rate for the AHS
subjects living in Hiroshima was 74%. A total of 2267
Hiroshima subjects participated in the clinical exam-
inations between October 2000 and May 2002.
Excluded from the study were 101 subjects who were
examined outside RERF and did not undergo chest
radiography and ultrasonography, 186 subjects who
refused chest radiography and/or ultrasonography,
162 subjects for whom dose estimates were lacking,
and 14 subjects for whom height and weight
measurements were missing. If a subject had two
examinations during the study period, the first
examnination was selected for the analysis. The final
sample consisted of 615 men and 1189 women.
The Dosimetry System 86 dose comprised the
sum of gamma rays and included the use of
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neutrons. The dose component was truncated to 4
Gray (Gy), in consideration of the imprecision in
dose assessment for high-dose subjects. The doses
received were under 0.005 Gy for 269 men and 472
women (non-exposed), 0.005-0.499Gy for 182
men and 408 women, 0.5-0.999 Gy for 66 men
and 159 women, and >1.0 Gy for 98 men and 150
women. The mean dose for exposed subjects was
794 mGy for men and 701 mGy for women. There
was no evidence that the parricipation rates of the
clinical examinations, chest radiography, or ultra-
sonography differed in relation to radiatdon doses.

Posterior-anterior chest radiographs were obtained
during deep inspiration in a standing position by Fuji
Computed Radiography (Fuiji Film Medical, Tokyo,
Japan) with 17 x 17 in film. We reviewed the films for
the purpose of this study without knowledge of the
study participants, We graded aortic arch calcifica-
tion into three categories: no calcification (no visible
calcification), mild ecalcificaion (small spots or a
single thin area of calcification), or severe calcifica-
tion (one or more areas of thick calcification).

We performed carotid artery ultrasonography
using GE Yokogawa I.OGIQ500MDMR3 imaging
units (GE Yokogawa Medical Systems, Hino, Japan)
with an 11 MHz probe. We measured the IMT of the
far wall of the common. carotid arteryata 15—20mm
segment proximal to the bifurcation manually at
three points using high-resolution images, and we
calculated the mean value as the value representing
individual carodd IMT.

Statistical analysis

We applied a polytomous logistic regression model
with proportional odds assumption for evaluating the
three caregory ordered cutcome variables of aortic
arch calcification. The multivariate models included
covariates at the time of the evaluation of athero-
screlotic changes for age, white blood cell count
{(WBC), hemoglobin Alc (HbAlc), total cholesterol,
high-density lipoprotein (HDL) cholesterol, creati-
nine, systolic blood pressure (SBP), body mass index
(BMI) calculated as weight in kilograms divided by
height in meters squared, and number of cigarettes
smoked per day. We treated all covariates as
continuous values. Since subjects lacking dose or
BMI were excluded from the study, there were no
missing data. Independent risk factors were identi-
fied by sex, because previous reports showed sex
differences in aortic arch calcification risk predictors
(Iribarren et al. 2000, Li et al. 2002). Linear
regression models were used to identify risk factors
for carotid IMT. Sex was included as a covariate in
the analysis of carodd IMT.

We used the LOGISTIC procedure for analysis of
aortic arch calcification and the REG procedure for



analysis of carotid IMT in the SAS program (SAS
version 6.11, SAS Institute Inc, Cary, NC, USA) for
the estimation of the parameters and testing,.

Results

Table I shows the characteristics of the subjects by
sex and exposure category. The age range at the time
of the evaluation of atheroscrelotic changes was
55-95 years, ‘

Prevalence of mild aortic arch calcification was
26.1% for men and 31.9% for women and that of
severe calcification was 8.8% for men and 19.1% for
women. Prevalence of aortic arch calcification
increased for older subjects (p < 0.001) and for
women (p < 0.05). Proportion of aortic arch calci-
fication severity by sex and dose category is shown in
Table I

Atherosclerosis among A-bomb survivors 823

Table III shows the results of multiple logistic
regression analysis for aortic arch calcification in
which age, dose, WBC, HbAlc, total cholesterol,
HDI. cholesterol, creatinine, smoking, SBP, and
BMI were simultaneously entered as independent
variables. The proportional odds rado for 1Gy
increments of radiation dose was 1.30 for men
(p=0.012) and 1.31 for women (p = 0.0003). Older
age was independently associated with aortic arch
calcification in both sexes. Aortic arch calcification
was related to higher HbAlc in men and smoking
and higher SBP in women.

Quartile values of carord IMT by sex and dose
category are shown in Table II. The carotid IMT
value was positively associated with age, total-
cholesterol, and SBP, and negatively associated with
HDL cholesterol (Table IV). Radiarion dose was not
associated with carotid IMT.

Table I. Characteristics of subjects by sex and radiation dose.

Men Women
Daose (Gy) <0.005 >0.005 <0.005 >0.005
Number 269 346 472 717
Mean (SD)

Age 65.9 (9.0) 67.4 (8.8) 71.0 (9.5) 717 (9.1)
WBC {coounr/mms) 6070 (160) 6230 (150) 5420 (150) 5720 (160)
HbAlc (%) 5.5 (0.7) 5.7 (1.0) 5.6 (1.0) 5.5 (0.9)
Tortal-cholesterol (mg/di) 200 (33) 201 (36) 216 (35) 217 (35)
HDI1~cholesterol {mg/dl) 59 (11 57 (15) 68 (18) 67 (17
Creatinine (mg/dD) 0.9 (0.7) 0.8 (0.3) 0.6 (0.2) 0.7 (0.4)
BMI (Kg/mz} 22.8 (3.1) 22,77 (3.0) 23.2 (3.3) 23.0 3.9
SBP (mmHg) 134 (18) 135 (19) 135 21) 136 {20)
DBP (mmHg) 82 (10) 82 (10) 79 (10) 79 (10)
Current smoker (%) 44 38 6 8
Cigarettes/day 19 20 15 14

WBC, white blood cell count; HbAlc, HemoglobinAlc BMI, body mass index; SBP, systolic blood pressure; DBP, diastolic blood

pressure,
Table IL Aortic calcification and carotid intima media thickness by sex and dose category.
Aortic calcificadon

Men Women
Dose (Gy) 1o mild Severe no mild severe
<0.005Gy 68.8% 25.3% 5.9% 51.9% 30.3% 17.8%
0.005-0.499 Gy 68.1% 24.2% 1.9% 51.7% 30.4% 17.9%
0.5~0.999 Gy 53.0% 33.3% 13.6% 44.0% 33.3% 22.6%
>1.0Gy 58.2% 27.6% 14.3% 38.0% 39.3% 22.7%

Intima Media Thickness (mm)

Men Women
Dose (Gy) Lower quartile Median Higher quartile Lower guartle Median Higher quartile
<0.005 Gy 0.60 0.70 0.77 0.60 0.70 0.83
0.005-0.499 Gy 0.60 0.70 0.83 0.63 0.70 0.83
0.5-0.999 Gy 0.60 0.70 0.80 0.60 0.70 0.83
>1.0Gy 0.63 0.70 0.83 0.63 0.70 0.87
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Table II1. Odds ratio and 95% confidence interval (CI) of aortic arch calcification.

Men Women
Variable Qdds ratio 95% confidence interval Odds rado 95% confidence interval
Age (10 years) 2.54%% 2.04, 3.20 3,00%* 2,58, 3.49
Dose (1 Gy) 1.30% 1.05, 1.53 1.31%* 1.13, 1.51
WBC (100 cells) 1,01 1.00, 1.02 1.00 0.99, 1.01
HbAlc (1%) 1.29%% 1.06, 1.56 1.08 0.94, 1.22
Total cholesterol (10 mg/dl) 0.99 0.94, 1.05 0.99 0.96, 1.03
HDL cholesterol (10 mg/dl) 1.01 0.90, 1.14 1.02 0.95, 1.10
Creatinine (1 mg/dl) 1.35 0.94, 2.00 0.95 0.69, 1.27
Smoking (10 ciparettes) 0.56 0.81, 1.13 1.64%* 1.24, 2.19
SBP (10 mmKg) 1.06 0.96, 1.16 1.14%* 1.07, 1.21
BMI (Kg/m®) 1.01 0.95, 1.07 1.00 0.96, 1.03

The abbreviations are the same as Table L **p < 0.01 #p < 0.05.

Table IV. Linear regression analysis of carotid intdma media
thickness.

regression
Variable coefficient pvalue
Age {years) 0.00705 <0.0001
Sex (women/men) —0.01732 0.08
Dose (GY) 0.00719 0.18
WEBC (100 cells) -0.00012 0.66
HbAlc (%) 0.00101 0.82
Total cholesterol (mg/dh) 0.00029 0.02
HDL cholesterol (mg/dl) - 0.00085 0.001
Creatinine (mg/dl) 0.01222 0.24
Smoking (1 cigarette) 0.00056 0.30
SBP (mmHg) 0.00103 <0.0001
BMI (Kg/m®) 0.00056 0.65
B 0.158

The abbreviations are the same as Table 1.

Discussion

Although mortality from circulatory system diseases
increased with radiation dose among atomic bomb
survivors, other epidemiological data investigating
the association between low doses of ionizing
radiation and circulatory diseases have not provided
clear evidence of such a relationship (McGale &
Darby 2005). Few subclinical markers of athero-
sclerosis for low-dose radiatdon exposure have been
examined; meanwhile, the development of carotid
atherosclerosis after radiation therapy with high-dose
exposure has been reported (Chung et al. 1994,
Dubec et al. 1998, King et al, 1999). In one study
(Kawamura et al. 1992), severe aortic arch calcifica-
tion significantly increased with atomic bomb
radiation dose, but observer bias for detection of
aortic arch calcification was large and the detection
rate was low (less than half the prevalence of severe
calcification in the present study), probably because
the X-rays used were taken to detect lung lesions.
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In the present study, we reviewed films taken for the
specific purpose of detecting aortic arch calcification,
but it was still sometimes difficult to determine the
level of calcification. To justify the results of analysis
based on dose as a continuous value, we also
estimated odds ratios for categories of dose. The
relatively lower dose category (0.005-0.499 Gy) did
not show any significant effects on azortic arch
calcification based on comparison with the controls
(<0.005 Gy). Odds ratio for the relatively high dose
category (>0.5 Gy) were 1,63 for men (p=0.02) and
1.48 for women (p=0.007), based on an age
adjusted model. Estimated odds ratios were similar
after adjusting for all categorical confounders. Our
finding shows a stronger assocjation between radia-
tdon dose and aortic arch calcification in both sexes.

Oxidation (Sakurai & Sawamura 2003) and
inflammation (Ross 1993, Hallahan et al. 1996) are
implicated in atherosclerosis. Since significant asso-
ciation between inflammation in atomic bomb
survivors and radiation dose was observed (Neriishi
et al. 2001) and increased expression of cell adhesion
molecules such as E-selectin (1 Gy) (Hallahan et al.
1996) and intercellular adhesion molecule-1
(2-5Gy) (Hong et al. 1995) was induced by
irradiation, aortic arch atherosclerosis may develop
through these mechanisms.

In this study, radiation dose was not related to the
carotid IMT. Some reports show regional differences
in the development of atherosclerosis (Tanaka et al.
1988), with the acrta showing the most rapid disease
progression. Atherosclerotic changes in the aorta are
frequently observed in the arch, where changes of
shear stress and turbulence occur (Friedman &
Ehrlich 1975). The hemodynamic differences be-
tween the aortic arch and the common carotid artery
might be a reason for the apparent difference in the
effect of atomic bomb radiation exposure. Capillaries
and small arteries are the most radiosensirive vessels
(Hopewell et al. 1993, Fajardo 1999). Microscopic



observation of the superficial minute vessels of
atomic bomb survivors in the 1950s showed in-
creased capillary abnormalities among subjects
exposed proximally to the hypocenter (Tsuya et al.
1969). Atherosclerosis in the aorta might be caused
by injury to the vasa vasorum.

Conventional risk factors for cardiovascular dis-
ease, such as high blood pressure, high serum
cholesterol level, and smoking, are associated with
carotid artery atherosclerosis (Fleiss et al. 1991,
Crouse et al. 2002) and aortic arch calcification
(Iribarren et al. 2000, Li et al. 2002). Although few
studies have investigated risk factors for different
arterial regions simultaneously, risk factors for
carotid artery and aortic arch calcification differ by
study population and study design. Although no
other study has investigated risk factors for aortic
arch calcification among Japanese, the results of this
study, showing that risk factors for aortic arch
calcification were age, HbAlc, smoking, and SBP,
were consistent with the result that risk factors for
coronary artery calcification assessed by cinefluoro-
scopy were age, hypertension, and diabetes mellitus
but not total cholesterol, HDL cholesterol, or obesity
in Japanese clinical data (Yamanaka et al. 2002). In
middle-aged working Japanese men, age, blood
pressure, total cholesterol, and HDL cholesterol
were associated with carotid IMT (Fujii et al. 2003),
as indicated by this study. This study did not include
certain other conventional risk factors, such as
alcohol consumption, menopausal status, and family
history, because the information was not available for
some of the participants.

The present study has several limitations. First, it
was cross-sectional study, thus introducing the possi-
bility of a sarnple bias such as a lower participation rate
ameng subjects with severe atherosclerosis. A long-
itudinal analysis using long-term AHS data is needed
to avoid this kind of participation bias and to elucidate
causal relationships with risk factors. Second, grading
of aortic arch calcification was subjective. Third, some
important risk factors were not included in the
analyses.

In this study, we investigated the relationship
between atomic bomb radiation exposure and sub-
clinical markers of atherosclerosis. After we adjusted
for cardiovascular risk factors, atomic bomb radia-
tion exposure remained a significant risk factor for
aortic, but not carotid artery, atherosclerosis. This
may suggest an association between atherosclerotic
changes and low-dose radiation exposure.
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