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FIG. 1. Irradiated thymus bears an aberrant T-cell subpopulation with elevated ROS in mitochondria. Represen-
tative double-staining profiles of CD4 and CD8 are shown. Panel A: normal mouse; panel B: aberrant increase in
CD38* cells; panel C: aberrant increase in CD8*/DP cells; panel D: aberrant increase in DP cells; panel E: the overlay
histograms of DHR staining profile in five control mice; panels E G, H: DHR staining profile of an irradiated mouse
(solid line) overlaid with that of a control mouse (dotted line). Thymocytes in panels B and panels F, C and G, and

panels D and H were from the same individual mice.

in cell size between irradiated and normal mice; when the
same cell-sized thymocytes as determined by forward scat-
ter size in the flow cytometry analysis were compared, the
levels of DHR staining were brighter in thymocytes from
irradiated mice than in those from control mice,

The association between the CD4/CD8 staining profile
and ROS levels was analyzed in 17 irradiated and 17 con-
trol mice. Eleven of 13 mice with an aberrant CD4/CD8
staining profile exhibited increased levels of ROS while
only 2 of 21 mice with normal CD4/CD8 staining did (Ta-
ble 2). Thus an aberrant CD4/CD8 staining status was sig-
nificantly associated with an increase in ROS in mitochon-
dria (P < 0.001).

Next we assessed whether elevated levels of ROS were
associated with the clonal expansion of thymic prelympho-
ma cells that showed an aberrant CD4/CDS staining profile
in five control and five irradiated mice by PCR. Mature T
cells bear heterodimeric receptors: either TCRaf3 or

TABLE 2
Association between Elevated ROS and Aberrant
CD4/CD8 Staining Profile

CD4/CD$ staining profile

Nomal Aberrant Total
Normal ROS level 19 2 21
Elevated ROS level 2 11 13
Total 21 13 34

« Seventeen irradiated and 17 control mice were examined for CD4/
CD8 staining and ROS levels.

b Statistically significant by Fisher's exact probability test (P =
0.000018).

TCR«vS. In the thymus, T cells sequentially rearrange the
TCR-VB, -DB, and -JB genes at the DN stage and the
TCRo gene at the DP stage. Using four combinations of
DB-sense and I3 anti-sense primers, all possible combina-
tions of TCR DB-J gene rearrangements were detected as
different PCR bands of almost the same intensity in normal
thymocytes (Fig. 2, mouse nos. 1-5). In contrast, four of
five irradiated mice showed monoclonal or oligoclonal
bands; DB1-JB2.4 band in no. 6, DR1-JB2.5 band in no. 8,
DR1-IBLS, DR2-Jp2.2, DB1-JB2.5 and germ-line bands in
no. 9, DB1-JB1.4, DR2-IB2.2, DR2-JB2.3 and germ-line
bands in no. 10 (Fig. 24-D). As indicated in Table 1, these
four mice showed aberrant CD4/CDS profiles and elevated
ROS, while mouse no. 7 showed a normal CD4/CD8 stain-
ing profile and reference levels of ROS. There was a sig-
nificant association between elevated ROS and mono- or
oligoclonal TCRP gene rearrangement (Table 3). Collec-
tively, these data indicated that monoclonal or oligoclonal
expansion of thymic prelymphoma cells was associated
with aberrant CD4/CD8 staining and an increase in ROS in
mitochondria.

Radiation acutely generates both short-lived and long-

-

FIG. 2. Mono- or oligoclonal TCRB gene rearrangement is detected
in thymic prelymphoma cells. Schematic presentation of TCR Df and I
gene segments and four primer sets used for PCR: panel A: DB1-JBL.5;
panel B: DB1-JRL.6; panel C: DR2-IR2.6; panel D: DR1-JB2.6 (upper
row). PCR was performed vsing genomic DNA of individual thymus
from normal (lanes 1 to 5) and irradiated (lanes 6 to 10) mice. The marker
lane was the mixture of ADNA digested by HindIll and X174 DNA
digested by Haelll.
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TABLE 3
Association between Elevated ROS Levels and
Mono- and Oligoclonal TCRP Gene Rearrangement

TCRP gene rearrangement®

Mono- or
Polyclonal oligoclonal Total
Normal ROS 6 0 6
Elevated ROS 0 45 4
Total 6 4 10

a Five irradiated and five control mice were examined for TCRP gene
rearrangement. Clonality was judged by a pattern of TCR DB-JP gene
rearrangement shown in Fig. 2.

& Statistically significant by Fisher's exact probability test (P =
0.0048).

lived radicals (17, 18). Half-lives of radicals are generally
short, and even a long-lived sulfinyl radical has a half-life
of 20 h {(17). However, Clutton ef al. first reported that the
progeny of irradiated bone marrow cells in culture exhib-
ited an increase in production of ROS even 7 days after
irradiation and proposed a hypothesis that enhanced and
persistent oxidative stress might cause genomic instability
after irradiation (I0). Recently, two other groups confirmed
the observation of Clutton ef al. using normal fibroblasts
or cell lines (11, 12). Since generation of ROS in virre
might be influenced by culture conditions such as conflu-
ence (1), it is important to investigate whether the progeny
of irradiated stem cells exhibit an increase in production of
ROS in vivo. In the present study we provided evidence
that the hypothesis of Clutton et al. may also be plausible
in vivo.

It was noted that the elevation of ROS was not com-
pletely associated with thymic prelymphomas or lympho-
mas; two of the irradiated mice with normal CD4/CD8
staining profiles exhibited elevated ROS levels, while three
irradiated mice with either lymphoma or an aberrant CD4/
CD8 staining profile showed normal levels of ROS. The
results imply that ROS may be important but not essential
for the whole process of lymphomagenesis. Once the crit-
ical stage for lymphomagenesis has passed, ROS may no
longer be required, and in some mice, no elevation was
observed when mice were killed.

The mechanisms resulting in an increase in ROS in mi-
tochondria in thymic prelymphoma cells were beyond the
scope of the present study. The following, however, are
plausible mechanisms. First, DNA damage might generate
ROS by activating Trp33 (/9 20). Limoli reported that
chromosomally unstable cells showed elevated levels of
ROS (21). In the case of immature T cells, DN and DP
cells make endogenous DNA double-strand breaks by
RAGI/RAG?2 recombinase in the process of TCR V(DY
gene rearrangement. The levels of DHR staining were 2.2-
fold higher in DN and DP cells than those in CD4 and CD8
SP cells in normal mice (data not shown). However, the
levels of DHR staining in thymic prelymphoma celis were
higher than those in normal thymocytes, 85% of which

were DP cells, indicating that activation of RAGI/RAG2
recombinase was insufficient to elevate ROS to the levels
observed in thymic prelymphoma cells. Second, the in-
crease in production of ROS might be caused by mutations
of genomic genes that affect the function of either mito-
chondrial respiratory chains or cellular redox proteins (22,
23). Third, radiation might affect mitochondrial DINA,
which plays a role in the respiratory chain (22). Although
there are hundreds to thousands of mitochondria in one cell,
mitochondria affected by mutagens can be distributed un-
evenly into daughter cells and can accumulate sufficiently
to elevate ROS levels in the progeny (22, 24). It was also
reported that the accumulation of mitochondria lacking re-
spiratory function disrupted the pro-oxidant/antioxidant
balance in cells and thereby elevated levels of ROS (25).
Fourth, radiation might have affected stromal cells in the
thymus so as to produce excess amounts of bioactive sub-
stances such as chemokines or proinflammatory cytokines
capable of up-regulating ROS levels in thymocytes. Further
stndies are needed to investigate the mechanisms of ele-
vated ROS levels in thymic prelymphoma cells.

Finally, the present study clearly demonstrated an asso-
ciation between ROS and lymphomagenesis, suggesting
that mitochondria play an important role in multistage car-
cinogenesis.

ACKNOWLEDGMENTS

The Radiation Effects Research Foundation (RERF), Hiroshima and
Nagasaki, Japan, is a private nonprofit foundation funded by the Japanese
Ministry of Health, Labour and Welfare (MHLW) and the U.S. Depart-
ment of Energy {(DOE), with the latter provided through the U.S. National
Academy of Sciences,

Received: January 21, 2004; accepted: February 20, 2004

REFERENCES

A. G, Knudson, Antioncogenes and human cancer. Proe. Natl, Acad.
Sei. USA 90, 10914-10921 (1993).

2. A.L.Jackson and L. A. Loeb, The contribution of endogenous souc-
es of DNA damage to the multiple mutations in cancer. Mutat. Res.

477, 7-21 (2001).
3, D. E. Thompsen, K. Mabuchi, E. Ron, M. Soda, M. Tokunaga, S.
QOchikubo, S. Sugimoto, T. lkeda, M. Terasaki and S. Izumi, Cancer

incidence in atomic bomb survivors., Part II: Solid tumors, 1958-
1987. Radiat. Res. 137 (Suppl), 517-567 (1994).

4. . S. Bedford and W. C. Dewey, Historical and current highlights in
radiation biology: Has anything important been learned by irradiating
cells? Radiat. Res. 158, 251-291 (2002).

5. M. A, Kadhim, D. A. Macdonald, D. T. Goodhead, S. A. Lorimore,
S. J. Marsden and E. G. Wright, Transmission of chromosomal in-
stability after plutonium alpha-particle irradiation. Nature 355, 738
740 (1992).

6. 8. A. Lorimore, M. A. Kadhim, D. A. Pocock, D. Papworth, D. L.
Stevens, D. T. Goodhead and E. G. Wright, Chromosomal instability
in the descendants of unirradiated surviving cells after alpha-particle
irradiation. Proc. Natl. Acad. Sci. USA 95, 57305733 (1998).

7. 1. B. Liule, H. Nagasawa, T. Pfenning and H. Vetrovs, Radiation-
induced genomic instability: Delayed mutagenic and cytogenetic ef-
fects of X rays and alpha particles. Radiar. Res. 148, 200-307 (1997},

8. M. Shimizu, £ Gruz, H. Kamiya, S. R. Kim, £ M. Pisani, C. Ma-

Lty

- 110 =



10.

ELEVATED ROS IN THYMIC PRELYMPHOMA CELLS

sutani, Y. Kanke, H. Harashima and E Hanaoka, Erroneous incor-
poration of oxidized DNA precursors by Y-family DNA polymerases.
EMBQO Rep. 4, 269-273 (2003).

. W. Yang, Damage repair DNA polymerases Y. Curr. Opin. Struct.

Biol. 13, 23-30 (2003).
S. M. Clutton, K. M. Townsend, C. Walker, J. D. Ansell and E. G.

" Wright, Radiation-induced genomic instability and persisting oxida-

1.

12,

i3

4.

15.

16.

tive stress in primary bone marrow cultures. Carcinogenesis 17,
1633-1639 (1996).

J. L. Redpath and M. Gutierrez, Kinetics of induction of reactive
oxygen species during the post-irradiation expression of neoplastic
transformation in vitre. fnt. J. Radiat. Biol. 77, 1081-1085 (2001).

R. E. Rugo, M. B. Secretan and R. H. Schiestl, X radiation causes a
persistent induction of reactive oxygen species and a delayed rein-
duction of TP53 in normal human diploid fibroblasts. Radiat. Res.
158, 210-219 (2002).

M. Muto, E, Kubo and T. Sado, Development of prelymphoma cells
committed to thymic lymphomas during radiation-induced thymic
lymphomagenesis in B10 mice. Cancer Res. 47, 34693472 (1987).

H. Kawamoto, K. Ohmura, S. Fujimoto, M. Lu, T. Ikawa and Y.
Katsura, Extensive proliferation of T cell lineage-restricted progeni-
tors in the thymus: An essential process for clonal expression of
diverse T ¢ell receptor beta chains. Eur. J. Immunol. 33, 606-615
(2003).

M. J. Bevan, In thymic selection, peptide diversity gives and takes
away. Immuniry 7, 175-178 (1997).

G. Anderson, K. J. Hare and E. ). Jenkinson, Positive selection of
thymocytes: The long and winding road, Immunol. Today 20, 463~
468 (1999).

— 111 —

I7.

18,

19.

20,

21

22,

23

24.

25

647

J. Kumagai, K, Masui, Y. Itagaki, M. Shiotani, $. Kodama, M. Wa-

tanabe and T. Miyazaki, Long-lived mutagenic radicals induced in
mammalian cells by ionizing radiation are mainly localized to pro-
teins. Radiat. Res. 160, 95-102 (2003}

J. K. Leach, G. Van Tuyle, P. S. Lin, R. Schmidt-Ullrich and R. B.
Mikkelsen, lonizing radiation-induced, mitochondria-dependent gen-
eration of reactive oxygen/nitrogen. Cancer Res. 61, 3894-3901
{2001).

K. Polyak, Y. Xia, J. L. Zweier, K. W. Kinzler and B. Vogelstein, A
model] for p53-induced apoptosis. Nasure 389, 300-305 (1997).

G, Kroemer, N. Zamzami and S. A. Susin, Mitochondrial control of
apoptosis. Immunol, Today 18, 44-51 (1997).

C. L. Limoli, E. Giedzinski, W. E Morgan, S. G. Swarts, G. D. Jones
and W. Hyun, Persistent oxidative stress in chromosomally unstable
cells. Cancer Res. 63, 3107-3111 (2003).

S. DiMauro and E. A, Schon, Mitochondrial respiratory-chain dis-
eases. N. Engl. J. Med. 348, 2656-2668 (2003).

I. N. Zelko, T. J. Mariani and R. J. Folz, Superoxide dismutase mul-
tigene family: A comparison of the CuZn-SOD (SOD1), Mn-SOD
{S0D2), and EC-S0D (SOD3) gene structures, evolution, and ex-
pression, Free Radic. Biol. Med. 33, 337-349 (2002).

H. C. Lee and Y. H. Wei, Mitochondrial alterations, cellular response
to oxidative stress and defective degradation of proteins in aging.
Biogerontology 2, 231-244 (2001).

Y. H. Wei, C. F Lee, H. C. Lee, Y. 5. Ma, C. W. Wang, C. Y. Lu
and C. Y. Pang, Increases of mitochondrial mass and mitochondrial
genome in association with enhanced oxidative stress in human cells
harboring 4,977 BP-deleted mitochondrial DNA. Ann. NY Acad. Sci.
928, 97-112 (2001).



Relation Between QT Duration and Mortality in an
Elderly Japanese Population

Shuhei Nakanishi, Mp, Michiko Yamada, mp, Nobuaki Hattori, Mp, and
Gen Suzuki, MD, PhD

The effects of prolonged QTc infervals on mortality
were investigated in about 3,500 elderly Japanese
patients followed for approximately 8.8 years. Pro-
longed QTc was found to be a marker for risk for
all-cause moriality and mertality from heart disease
or from coronary heart disease (CHD) after adjusting
for other CHD risk factors. Even in Japanese subjects,
who have a lower coronary heart disease rate than
that of Caucasians, the careful observation of sub-
jects with a prolonged QTc is believed to be
necessary. ©2004 by Excerpta Medica, Inc.

(Am J Cardiol 2004;93:1182-1185)

In research involving patients in Western countries,
severa! studies have investigated the association
between prolonged QT duration and mortality.!-3 The
Japanese population has a mortality rate of coronary
heart disease (CHD) less than half of that of Western-
ers,? indicating a small CHD risk in Japanese subjects.
Accordingly, it remains unclear whether prolonged
QT duration is a risk for all-cause death and death
from heart disease or from CHD in Japanese subjects.
Therefore, for the first time, we used electrocardio-
grams for follow-up examinations of atomic bomb
survivors and a control group and investigated
whether prolonged QT duration is a risk factor for
all-cause mortality, heart disease, or CHD in Japanese
subjects.

The study population was composed of 3,543 sub-
jects, who were not diagnosed as having CHD, atrial
fibrillation, atrial flutter, or bundle branch block. They
were not taking medications that could cause the pro-
longation of QT duration at baseline. These subjects
were from the Adult Health Study (AHS) of the Ra-
diation Effects Research Foundation (RERF) in Hiro-
shima and Nagasaki who participated from July 1990
to June 1994 and were followed until death or until
December 2000. The cohort was composed of survi-
vors proximally exposed to moderate or large radia-
tion doses, age- and gender-matched survivors distally
exposed to small radiation doses, and unexposed con-
trols. The AHS program has alrcady been described in
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detail elsewhere.® At baseline examination, subjects
were interviewed and given a structured questionnaire
that included a personal medical history, smoking and
drinking status, and medication use. They underwent
standard 12-lead electrocardiography at rest, and
blood samples were obtained. QT intervals were ad-
justed for heart rate (QTc) according to Bazett’s for-
mula.8 Categories of QTc duration were defined as
normal (=420 ms), moderately prolonged (>420 to
440 ms), and extensively prolonged (>>440 ms). The
coding of underlying causes of death was performed
according to the International Classification of Dis-
eases-9 (ICD-9) and ICD-10. Deaths were identified
through the routine surveillance of information ob-
tained from obligatory family registrics. Heart disease
was defined as ICD-9 codes 390 to 458, except for 430
to 438, and as ICD-10 codes 100 to 99 and M30,
except for 160 to 169. CHD was defined as ICD-9
codes 410 to 414 and ICD-10 codes 120 to 125. The
study was approved by the RERF.

CHD risk factors that might be potential confound-
ers were investigated for each of the 3 groups catego-
rized by QTc duration, and all data are expressed as
means * SEs. Categorical data were analyzed by
chi-square tests. We conducted analysis of covariance
and, if significant, we used the Tukey-Kramer method
to assess the relation between QTc duration and CHD
risk factors. We used the Cox proportional-hazards
model, making the possible assignment of death haz-
ards ratios to the QTc duration categories for pro-
longed QTc. As potential confounders, we used age,
gender, kerma dose of atomic bomb, systolic blood
pressure, total cholesterol, body mass index (calcu-
lated as body weight [kilograms] divided by the
square of standing height [square meters]), a marker
of glucose tolerance (HbAlc); and smoking and drink-
ing status, divided into 4 categories: ncver, ever, cur-
rent, and missing. Using the DS86 dosimetry system,’
patient radiation dose was calculated as the sum of
y-rays and neutron kerma. For the Cox proportional-
hazards model, proportional hazards assumptions for
categories of QTc duration were verified by the in-
spection of log-log survival curves. For all data anal-
ysis, SAS (SAS Institute, Cary, North Carolina) pro-
cedures were used.

Clinical characteristics of the subjects categorized
according to QTc duration at baseline, adjusted for
gender, are shown in Table I. Mean age was 65.0 =
0.2 years (range 45 to 98). In the investigation of the
3 QTc categorics, compared with the normal QTc
group, the moderately prolonged QTc group and the
extremely prolonged group had, respectively: all-
cause mortality hazard ratios (HRs) of 1.28 (95%

0002-9149/04/$-see konl matter
doi:10.1016/j.omjcord. 2004.01.055
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TABLE 1 Clinical Characteristics ot Boseline

smoking, systolic blood pressure,
and total cholesterol. For heart dis-

Qe (ms) ease, significant variables were age,

<420 420440 440 HbA I, current drinking, and current

fn=1,884 [ = 965 {n = 494 smoking. For CHD, significant vari-

Variable [53.2%]) [27.2%}) [19.6%]) ables were age and HbAlc (Table 2).
Men/women 82671058 236/729 1207574 On the basis of .these data, radiation
Number of current smokers (%) 448 (24.8) 187 {19.4} 26 {13.8) dose had no effect on death from

Death 275 172 146 heart disease or CHD, but in terms of
A Hel"“;ﬁm‘e (CHD} 6332 “4(; 2 s 538 “:g 1 6 :g “‘g 4 CHD, it was believed that prolonged

ge [yrs 6 0. 0 =03 5 204" .
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Systolic blood pressure (mm Hg) 129 =1 133 1+ 138 =1 as HbA[C- In all analyses, no inter-

Diastolic blood pressure {mm Hg] 780 800 82+ 0* action was cbserved between gender
HbAle (%) 578 +0.02 581 x0.03 584 0,04 and each category of QTC duration.

Total cholesterol [mmol/L} 551002 549+003 535 =004 o s

Dola ore expressed o3 means * standard errors ofter adjustment for gender.
*Significantly different rom Qfc of 420 ms [TukeyKramer fest, p <0.05).

Among studies of Westerners,
some indicate that prolonged QTc

duration is a risk factor for all-cause
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mortality, sudden death, and cardio-
. vascular disease. However, the rate
T of CHD in Japanese subjects is lower
than that in Western populations,
leading to a situation in which no
studies have been conducted on the
effects of prolonged QTc on all-
cause mortality and death from heart
disease or from CHD in Japanese
subjects. In this stedy, we investi-
gated such effects in an clderly pop-
ulation of Japanese patients. Even in
the Japanese population, prolonged
QTc was found to be a marker for
risk lor all-cause mortality and mor-

tality from heart disease or from
CHD, even after adjusting for other

) 0 0 :
420 e bess 420 < > 440 4200rlcan 420< > 440 4200rless  420< > 440 CHD HSk faC[OI'S. .

o 440 to 440 0440 Age, gender, systolic blood pres-

All cause of death Death from heart discase mn‘:;‘;;fﬂ";m sure, total cholesterol, glucose intol-

erance indicated by HbAle, and

FIGURE 1. HR of mortality from a Cox proporfional-hazards model occording to
boseline QTc duration. Dota were expressed after the ediustment of age, gender,
kerma dose of atomic bomb, systolic blood pressure, total cholesterol, body mass
index, HbAlc, and smoking and drinking status. Error bars, 95% Cls. Trend anclysis
was p = 0.005 for cll-cause death, p = 0.0003 for death from heart disease, ond p
= 0.034 for death from CHD. *p <0.05 compared with the normal QTe category.

confidence interval [CI} 1.04 to 1.58) and 1.36 (95%
CI 1.08 to 1.70), HRs for mortality from heart disease
of 2.02 (95% CI 1.22 to 3.34) and 2.51 (95% CI, [.51
to 4.17), and mortality from CHD of 2.13 (95% CI
0.90 to 5.03) and 2.49 {(95% CI 1.05 to 5.88), after
adjustment was made for afl potential confounders,
Moreover, it was observed that when QT duration was
prolonged, the HR of all-cause death and death from
heart disease or CHD tended to increase significantly
(p = 0.005, 0.0003, and 0.034, respectively), even
when adjusted for all confounders (Figure 1). From
these data, QTc prolongation was a significant risk
factor for all-cause mortality and mortality from heart
disease or from CHD. Regarding other risk factors for
all causes of death, significant variables were age,
gender, kerma dose of atomic bomb, HbA ¢, current

smoking and drinking status have
been reported as risk factors for
CHD.2-13 In our study, in addition to
increased QTc, HbAlc (a marker of
glucose tolerance), systolic bleod
pressure {a marker of hypertension),
and current smoking increased the
risk for all-cause death. In terms of death from heart
disease or CHD, the small number of cases led to the
observation that some of these factors were no longer
significant. However, the same tendency of increased
risk existed, with the HR for each of the parameters.
Even after adjusting for these risk factors, we found
that the prolongation of QTc duration was strongly
associated with all-cause mortality and mortality from
heart disease or from CHD, and the HR was greater in
the groups with greater QTc prolongation (Table 2).
These results suggest that prolonged QTc was as im-
portant a prognostic factor as HbAlc, systolic blood
pressure, and smoking for all-cause death, and HbAlc
in cases of death from CHD. In addition, because
exposure dose was not a significant risk factor for
death from heart disease or CHD, there was believed
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TABLE 2 Hazard Ratios of Death from a Cox Proportionalhazards Model
Death from Heart
Allcouse Death Disease Death from CHD
Hazard Ralic {95% Clj Hazard Ratio (95% Cl} Hazard Ratio (95% Cl}
Variable p Valve p Value p Volue
Age [per | year) 1.10{1.09-1.11) 1.131.10-1.1¢) 1.15{1.10-1.20
<0.0001 <0.0001 <0.0001
Sex {men vs women) 1.98 {1.55-2.53) 1.34 {0.74~2.44) 1.58 (0.59-4.28)
<0.0001 0.329 0.365
Kerma dose of atomic bombs {per 1 Gy) 1.00 {1.00~1.00) 1,00 {1.00-1.00} 1.00 {0.99-1.00)
0.003 0.312 0.680
HbAlc (per 1%} 1.33 {1.24-1.43) 1.42 {1.24-1.63) 1.60 (1.31-1.96)
<0.0001 <0.0001 <0.0001
Current drinking {vs never) 0.88 [0.68-1.13} 0.40 {0.21-0.76} 0.40 (0.13-1.19)
0311 0.0056 0.099
Current smoking [vs never) 1.66 [1.25-2.20) 1.97 {1.01-3.83) 2.14 [0.66-6.90)
0.0004 0.045 0.204
Body mass index [per | kg/m?) 0.98 (0.95~-1.01} 0.97 [0.92-1.03} 1.01 (0.91-1.11}
0116 0.35¢ 0.868
Systolic blood pressure [per 1 mm Hg) 1.01 {1.00-1.01} 1.01 [0.99-1.02) 1.01 {0.99-1.03}
0.005 0.101 0.216
Tolal cholesterol (per 1 mmol/lj 0.99 {0.99-1.00§ 1,00 (0.99-1.01}) 1.00 {0.99-1.01)
<0.0001 0.773 0.471
Hazard rafios (95% Cls) of Cox proportionathazards model os independent variables occounting for death.

to be no association between dose and the deaths from
these diseases.

The prolongation of QTc duration indicates sub-
clinical imbalance in the autonomic nervous system
that has important effects on ventricular repolariza-
tion.3:16.17 Prolonged QTc duration may cause an in-
crease in deaths from ischemic heart disease due to an
increased susceplibility to malignant ventricular ar-
rhythmias. Therefore, the prolongation of QTc dura-
tion in our study population indicated an attenuation
of cardiac sympathetic nervous system function and
may have affected death from heart disease or from
CHD.

Our study found no statistical interaction between
QTc and gender, and it appeared that there was no
gender difference with respect to the effects of QTc on
mortality. Qur study therefore analyzed men and
women together. In our study and previous studies
conducted in the Western countries,}-3-181% the mean
ages and durations of observations difter. In the stud-
ies carried out in Western countries, the mean age was
relatively young; subjects were generally =50 years
of age. Moreover, the period of cbservation was >20
years. In contrast, our study followed a group of
Japanese subjects with a mean age of >60 years and
had an average period of observation of 8.79 = 0.03
years. These differences in the subjects of each of
these studies are believed to have played a role in the
varying results obtained. Comparison of the results,
therefore, must be made carefully.

We investigated the effects of QTc duration on
mortality in a cohort population of elderly Japanese.
In the Japanese population, because a positive trend
between QTc duration and mortality from heart dis-
easec was observed, it must be recognized that QTc
prolongation is a risk factor for mortality from heart
disease, even when that prolongation is moderate

1184 THE AMERICAN JOURNAL OF CARDIOIOGY®

(Figure |; Table 2). These results suggest that Japa-
nese subjects with prolonged QTc duration are at great
risk for death from CHD and thus require careful
follow-up.
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We examined the relationships between the incidence of
noncancer diseases and atomic bomb radiation dose using the
longitudinal data for about 10,000 Adult Health Study (AHS)
participants during 1958-1998. The current report updates
the analysis we presented in 1993 with 12 additional years of
follow-up. In addition to the statistically significant positive
linear dose—response relationships detected previously for the
incidence of thyroid disease (P < 0.0001), chronic liver disease
and cirrhosis (P = 0.001), and oterine myoma (P < 0.00001),
we also found a significant positive dose response for cataract
(P = 0.020), a negative linear dose-response relationship for
glaucoma (P = (.025), and significant quadratic dose-re-
sponse relationships for hypertension (P = 0.028) and for
myocardial infarction among survivors exposed at less than
40 years of age (P = 0.049). Significant radiation effects for
calculus of the kidney and ureter were evident for men but
not for women (test of heterogeneity by sex: P = 0.007). Ac-
counting for smoking and drinking did not alter the results.
Radiation effects for cataract, glaucoma, hypertension, and
calculus of the kidney and ureter in men are new findings.
These results attest to the need for continued follow-up of the
aging A-bomb survivors to fully elucidate the effects of radi-
ation exposure on the occurrence of noncancer diseases, o
2004 by Radiation Research Society

INTRODUCTION

The Adult Health Study (AHS) was begun in 1958 by
the Atomic Bomb Casualty Commission (ABCC), succeed-
ed in 1975 by the Radiation Effects Research Foundation
(RERF), as biennial clinical examinations of a subset of the
Life Span Study (LSS) cobort to examine the late effects
of atomic bomb exposure. The 1993 report (I} showed for
the first time that the incidence of uterine myoma, chronic
liver disease and cirrhosis, and thyroid disease increased
with radiation dose during 1958-1986, confirming some of
the impressions from an earlier prevalence study (2). The
current report, covering 40 years between 1958-1998, up-

! 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: yamada@rerf.or.jp.
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dates the first incidence study results with 12 additional
years of follow-up and two more diseases. Cigarette smok-
ing and alcohol consumption were also examined as poten-
tial confounders and as dose-response modifiers.

MATERIALS AND METHODS
Study Population

The AHS was established in 1958 as a subset of the LSS cokort, com-
prsing 19,961 Hiroshima and Nagasaki subjects. The AHS biennial
health examinations presented clinical information complementary to the
LSS death and tumor registries data. To enhance detection of radiation
effects, the AHS included disproportionately more individuals exposed at
higher doses than were present in the LSS: about half were within 2 km
of the hypocenter (proximal exposure), a quarier were at distances over
3 km (distal exposure), and a quarter were not in city (NIC) at the time
of bombing (ATB).

The study subjects attended at least two examinations between July 1,
1958 and June 30, 1958, This report uses data from 10,339 subjects (2.2
X 108 person-years of follow-up), which is the.original cohort reduced
by 5,000 NIC subjects, 2,064 who lacked Dosimetry System 86 (DS86)
dose estimates (3), and 2,558 who attended fewer than two examinations.
Compared to the 1993 report (J), an additicnal 698 subjects and 3 X 104
person-years (15.8%) are represented here. Since case identification relied
on the biennial health examinations, the AHS data are qualitatively dif-
ferent from those of the LSS mortality and tumor registry program.

Sixty-three percent of the subjects were women and 73% were Hiro-
shima residents (Table 1). About 50% of the AHS subjects had died by
July 1998. The proportion of participants who were under 20 years of
age ATB increased from 1/3 in 1958-1960 to 60% in 1996-1998, reflect-
ing age-related mortality. Conversely, those over 40 years ATB decreased
from 29% in 1958-1960 to 2% in 1996-1998. A high participation rate
(75 to 90%) was maintained throughout the examinations for study sub-
jects living in Hiroshima and Nagasaki and their neighboring towns. More
than half had attended 11 or more examinations.

A subject’s follow-up began at the initial AHS visit and ended on the
earlier of the date of the last disease-free visit or the date of the disease
onset. The disease onset date was estimated as the midpoint between the
first disease diagnosis date and the date of the previous disease-free ex-
amination. For each disease, cases present at the initial visit were ex-
cluded.

Clinical Procedures and Selection of Diseases for Study

The biennial health examinations, conducted with informed consent,
consist of history-taking, physical examination, and laboratory tests. De-
tails are available elsewhere (J, 2). Incident cases were ascertained by
scanning for the first occurrence of the three-digit International Classifi-
cation of Diseases (ICD) (4) codes stored in the AHS database. The ICD
codes of the 21 diseases examined are listed in the Appendix. At each
examination, the first three digits of the ICD codes, up to six diagnoses

— 116 —



NONCANCER DISEASE INCIDENCE AMONG ATOMIC BOMB SURVIVORS

623

TABLE 1
Distribution of the 10,339 AHS Participants by DS86 Weighted Total Shielded Kerma Categories (Sv)

DS86 categories (RBE = 10) in Sv

Total 0.0 0.001-0.49 0.5-0.99 1.0-1.49 1.5-1.99 2.0-2.49 2.5-299 3.0+
Hiroshima 7575 2750 2541 941 454 252 193 i3 314
Men 2698 1004 823 335 174 102 7 43 136
Women 4377 1746 1718 606 280 150 116 83 178
Mean dose 0.57 0 0.21 0.72 1.23 1.75 224 275 4.14
Mean age ATB 30,6 304 31.2 313 307 312 29.0 20.2 27.2
Nagasaki 2764 1205 532 345 338 166 76 35 67
Men 1111 514 192 125 129 75 32 14 30
Women 1653 691 340 220 209 91 44 21 37
Mean dose 0.58 0 022 0.76 1.23 1.74 2.18 270 383
Mean age ATB 245 24.2 26.5 24.5 241 23.8 233 224 221
Total 10,339 3954 3073 1286 792 418 269 166 331

per person, were stored before June 1986, four-digit codes, up to 12 per
person, were stored thereafter. Medical charts and death certificates were
not reviewed for case validation.

Radiation Dosimetry

We used individual estimates of kerma and organ-specific dose in
which survivor location and shielding by terrain and the body are taken
into account based on the DS86. Kerma and organ doses, both expressed
in sieverts, were calculated as weighted sums of their y-ray and neutron
components in grays, giving the neutron component a weight of 10. Be-
fore weighted sums were calculated, DS86 kerma estimates were trua-
cated to 4 Gy, in consideration of the imprecision in dose assessment for
proximal survivors (5). The estimated organ doses were adjusted for ran-
dom dosimetry error, generally thought to be about 35%, to reduce bias
in risk estimates (3—7). We used thyroid dose for the analysis of thyroid
discases, eye dose for eye discases, liver dose for liver disease, uterine
dose for gynecological diseases, bladder dose for prosiate disease, and
stomach dose for all others. Our 1993 report (1) used unweighted organ-
specific doses for thyroid diseases, eye discases, liver disease, gyneco-
logical diseases, prostate disease, and gastrointestinal diseases, and un-
weighted shielded kerma for residual diseases, with truncation to 6 Gy
instead of 4 Gy and without adjustment for random dosimetry errors. As
a result, the individual dose estimates used here were generally lower
compared to those of the previous report.

Table 1 shows the distribution of the AHS participants by DS86 cat-
egories, Nearly 20% of the cohort had exposure doses of 1 Sv or more.
The mean weighted shielded kerma was 0.57 Sy * 0.94 [standard de-
viation of the mean (SD)]. The unexposed category (doses = 0) includes
38.2% of the study cohort. Among the exposed (doses > 0), the mean
weighted shielded kerma was 0.92 Sv = 1.06.

Cigarette Smoking and Alcohol Consumption

Cigarette smoking history was abstracted from four LSS mail surveys
(administered to men in 1965, to women in 1969-1970, to both men and
women in 1979-1980 and in 19%91) and one survey administered during
the AHS examinations of 1965-1966. All AHS participants were part of
the pre-1991 surveys, but only about 15% were part of the 1991 survey.
The response rate was over 95% for all surveys. Smoking and drinking
statuses were considered as time-varying covariates. Follow-up time was
classified as “‘never smoked”, *“'smoke currently” or “smoked in the
past” according to changes in smoking status. We also used composite
classification of “‘never smoked” and “ever smoked" for descriptive pur-
poses. Among men, 11% never smoked, 79% smoked at some time, and
10% had no smoking information. Among women, 72% never smoked,
18% smoked at some time, and 10% had no smoking information.

We obtained alcohol intake information from two LSS mail surveys in

1979-1980 and 1991 and from the AHS epidemiological survey of 1965-
1966. The classification scheme used for smoking was applied to alcohol.
Among men, 16% never drank, 70% drank at some time, and 14% had
no data. Among women, 63% never drank, 26% had drunk at some time,
and 11% had no data. Due to lack of timely information, nonsmoking
and nondrinking groups most likely included actual smokers and drinkers,

There was no significant difference in dose among the smoking and
drinking classes except for smoking in women: The mean dose was sig-
nificantly higher by 15% for ever-smokers than for never-smokers (P <
0.01).

The background disease incidence rates were significantly higher for
“ever smoked™ than for ‘“never smoked” subjects for cardiovascular dis-
case, gastric ulcer, chronic liver disease, and cholelitiasis. However, the
background risk of cataract was significantly lower among the “ever
smoked”. Alcohol-related increase in risk was found for chronic liver
discase, and protective effects were observed for hyperplasia of the pros-
tate and Parkinson’s discase.

Statistical Methods

We applied Poisson regression methods for the longitudinal analysis
of incidence data, using AMFIT of the EPICURE program package (8).
We stratified disease incidence rates by city (Hiroshima, Nagasaki), sex
(male, female), age ATB in years (upper bounds: 10, 20, 30, 40, 50, 60,
60+), age at examination (age ATE) in years (upper bounds: 20, 30, 40,
50, 60, 70, 80, 80+), calendar time (July 1, 1958-December 31, 1967;
Janvary 1, 1968-Deccember 31, 1977; January 1, 1978-December 31,
1987; January 1, 1988-June 30, 1998), and DS86 totzl weighted organ
dose in sieverts (upper bounds: 0, 0.5, 1.0, 1.5, 2.0, 3.0, 3.0+). For some
analyses, cigarette smoking (never smoked, smoke currently, smoked in
the past) and alcohol intake (never drank, drink currently, drank in the
past) were also included as time-varying covariates in disease rate strat-
ification, The number of disease cases in each stratum was assumed to
be an independent Poisson variate with mean PY v, where PY,, is person-
years and v, is disease incidence rate in the jth dose category and the ith
category defined by other cross-classifications. -y, may also be represented
by v, = v RR;, where v, is the incidence rate in stratum i in the absence
of radiation exposure and RR, is the relative risk due to radiation dose
associated with the jth exposure level. We assumed an additive linear
dose—response model: RR, = 1 + Bd, exp [,(Z,})], where d, is the jth
dose level in stratum £ 3 is the excess risk per sievert averaged over all
strata, and z, represents the effect modifiers. We used the mean dose in
each ijth stratum for d, For diseases with a significant linear dose effect
(B). the presence of curvature was assessed by the significance of 1 in
the linear-quadratic model, RR;, = 1 + Bd; + nd2. We also examined
purely quadratic effects for all diseases by testing the significance of m
in the model RR, = 1 + nd,%. We used a two-sided type [ error of 0.05.
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TABLE 2
Number of Disease Cases and Observed Background Incidence

Background incidence per 10,000 PY

No. of cases Crude rates Standardized rates*

Disease Male Female Total Male Female Male  Female
Hypertension 1792 3243 286.44 30433 27692 178.2 185.2
Hypertensive heart disease 585 1301 80.73 80.13 81.06 38.0 423
Ischemic heart disease 600 946 63.40 76.10 56.67 315 27.3
Myocardial infarction 65 52 536 9.88 294 4.0 13
Occlusion, stenosis 232 208 17.69 27.46 12.47 99 5.5
Aortic aneurysm 74 110 6.78 9.88 512 38 24
Stroke [ 272 259 20,79 30.76 1547 11.3 6.9
Stroke II 356 373 27.98 41.01 21.04 157 9.6
Thyroid disease 182 782 36.99 19.82 46.66 12.9 485
Cataract 975 2509 154,25 123.01 171.98 53.8 979
Gastric ulcer 476 454 37.45 60.23 25.81 37.2 15.5
Duodenal ulcer 219 152 14.46 25.96 8.47 223 6.3
Chronic liver disease and cirthosis 785 0939 71.66 93.72 60.32 59.2 35.2
Cholelithiasis 271 688 40.64 35.59 43.38 16.3 226
Calculus of kidney and ureter 170 153 11.02 16.47 8.1 8.8 50
Uterine myoma - 922 51.68 — 51.68 — 377
Cervical polyp — 281 15.48 — 15.48 — 11.8
Hyperplasia of prostate 461 — 60.68 60.68 — 227 —
Dementia 19 237 11.32 6.36 13.99 23 6.7
Parkinson’s disease 35 62 312 4.05 2.63 1.5 1.3
Glaucoma 52 159 10.16 6.67 12.03 29 54

a Directly standardized to the Japanese population of 1985.

The reference group consisted of 3954 persons with DS86 dose estimaltes
of zero.

We evaluated the significance of the effect modifiers (city, sex, age
ATB, age ATE, calendar time, smoking and drinking) for the diseases for
which the main effects of radiation were significant or suggestive. Gen-
erally, covariates were treated as categorical except for age ATB and age
ATE, for which we used the cell-specific means. We used the likelihood
ratio method for significance testing and for computing the 95% confi-
dence intervals.

RESULTS

The number of disease cases and the background inci-
dence rates for the 21 diseases are shown in Table 2. We
estimated the background rates using the unexposed sub-
jects. We calculated the standardized rates using the Japa-
nese population of 1985 (9), as in the previous report (1).
The standardized rates increased for only dementia and Par-
kinson's disease, in spite of the aging of the population and
implementation of more specific diagnostic procedures such
as ultrasonography.

Table 3 shows the estimated relative risk at 1 Sv (RR5,),
the average excess disease per 10¢ PY Sv, and the attrib-
utable risk based on the linear model. Attributable risk is
the percentage of the disease cases due to over 0.001 Sv
of exposure. The last two columns also show the signifi-
cance level and the RR,, obtained by further stratifying the
background rates by smoking and drinking. Between 1958-
1998, a significant linear increase with radiation dose (P <
0.05) was detected for the incidence of thyroid diseases,
chronic liver disease and cirrhosis, uterine myoma, and cat-

aract and was suggested for calculus of the kidney and ure-
ter (P = 0.07). A significant linear decrease was detected
for the incidence of glaucoma. There was no indication of
a curvilinear increase/decrease in risk at high doses for
these diseases. The fitted linear models and the estimated
relative risks are shown in Fig. 1. The relative risk estimate
for uterine myoma at over 3 Sv was omitted, since only
three women had that exposure level. A nonlinear dose—
response relationship was evident for hypertension (Fig.
2A). Significant radiation effects were not detected for oth-
er cardiovascular diseases, including MI. However, in ac-
cord with our previous results (), MI incidence during
1968-1998 for survivors under 40 years ATB (MI<%, 78
cases) showed a significant curvilinear dose-response re-
lationship (Fig. 2B). Adjustment for smoking and drinking
only slightly affected the significance level of the linear
dose response for hypertension and calculus of the kidney
and ureter. The results of the examination of city, sex, age
ATB, age ATE, and calendar time as modifiers of the dose—
response relationship are shown in Table 4; significant or
suggestive evidence of radiation effects is shown in the
results for each disease.

Thyroid Disease

The relative risk at 1 Sv (RR,s,) for thyroid disease was
1.33 (P < 0.0001, 95% CI: 1.19-1.49). The average num-
ber of excess disease cases per 10 PY Sv was 12, and the
attributable risk was 18%. These estimates are similar to
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those obtained previously (1), which were based on 13.5%
fewer cases.

Radiation risk was higher for subjects exposed at youn-
ger ages and for subjects examined at younger ages. With
age ATB included as the most significant effect modifier,
age ATE was not additionally significant (P = 0.58), in-
dicating age ATB as the stronger factor. In fact, increased
radiation risk was apparent for survivors exposed at less
than 20 years of age (P < 0.0001, RRs, = 1.54, 95% CI.
1.33-1.81) but not for those exposed at older ages (P =
0.18, RR;, = 1.11, 95% CI: 0.96-1.30).

Chronic Liver Disease and Cirrhosis

RR,s, for liver disease was 1.15 (P = 0.001, 95% CL
1.06-1.25). The average excess risk was 11 cases per 10¢
PY Sv and the attributable risk was 8%. Similar estimates
were obtained in our previous report, with 42% fewer cases.
The effect modifiers were not significant.

The ICD code for chronic liver disease (571} includes
alcoholic liver disease (571.1-571.3), chronic hepatitis
(571.4), cirrhosis without mention of alcohol (571.5), bili-
ary cirrhosis (571.6), and other chronic nonalcoholic liver
disease (571.8). The use of the four-digit ICD after June
1986 resulted in a large increase in cases after June 1986,
due mainly to nonalcoholic fatty liver (571.8) detected by
ultrasonography, comprising 69% of the incident cases. Ul-
trasonography began to be used in the Hiroshima laboratory
in 1981 and in the Nagasaki laboratory in 1984. Partici-
pation in ultrasonography was voluntary before 1991, rais-
ing the possibility of dose-related bias. Ultrasonography has
been performed routinely since 1991, resulting in a dra-
matic rise in fatty liver diagnoses, but diagnoses of other
chronic liver diseases did not change noticeably.

We examined radiation effects for fatty liver alone and
for all other chronic liver diseases occurring after 1986. For
all liver diseases, there was significant linear dose response
(P = 0.054, RRc, = 1.14, 95% CI: 1.0-1.32). No signifi-
cant heterogeneity in the risk estimates was observed before
and after June 1986 (P = 0.76). For fatty liver alone (445
cases), a linear dose response was suggested (P = 0.073,
RR, = 1.16, 95% CI: 0.99-1.37). For 199 cases of other
chronic liver diseases, radiation effects were nonsignificant
(RR\s, = 1.06, P = 0.64, 95% CI: 0.84-1.40).

Uterine Myoma

RR,., for uterine myoma was 1.46 (P < 0.00001, 95%
CI: 1.27-1.67). There were 25 excess cases per 10¢° PY Sy,
and the attributable risk was 19%. Similar estimates were
obtained previously (1), with 23% fewer cases. Much of
the increase in cases could be attributed to the use of ul-
trasonography.

Radiation risk varied significantly by calendar time or,
equivalently, time since exposure (P = 0.015) and by age
ATB (P = 0.042). The risk decreased steadily in the first
three decades of follow-up (RR,s, = 2.0, 1.7, 1.1), which

was noted in our previous report (I}, then increased slightly
in the fourth decade (RR,5, = 1.3).

Years since exposure was the most significant effect
modifier compared to age ATB and age ATE. Neither age
ATB (P = 0.75) nor age ATE (P = 0.75) was additionally
significant with years since exposure included as dose—ef-
fect modifier.

We also found that radiation risk was elevated for the
exposed nondrinkers (P < 0.0001, RR,s, = 1.62, 95% CIL:
1.36-1.94), but not for exposed drinkers (P < 0.50, RR;,
= 1.09, 95% CI: 0.86-1.40) (test of heterogeneity, P =
0.011).

Cataract

We detected a significant positive linear dose-response
relationship (P = 0.026, RR,;, = 1.06, 95% CI: 1.01-1.11).
The estimated number of excess cataract cases per 10* PY
Sv was 8, and the attributable risk was 4%. Radiation risk
varied significantly by age ATE (P < 0.001) and possibly
by follow-up period (P = 0.09). A decreasing trend for the
first three decades was observed here as well as in the pre-
vious report, although RR ;, increased to 1.08 in the most
recent decade. Considered simultaneously with age ATE as
effect modifier, follow-up period was also significant (P =
0.012), but their interaction was not (P = 0.78). Since lens
opacities surge after age 60 years (1), we looked for het-
erogeneity in the dose response between age ATE =60 and
>60 years. Radiation effects were significant for the youn-
ger group (P = 0.009, RR,,, = 1.16, 95% CI: 1.04-1.32)
but not for the older group (P = 0.24, RR,,, = 1.03, 95%
CI: 0.98-1.09) (test of heterogeneity: P = 0.08).

Glaucoma

Examined for the first time in this report, glaucoma
showed a significant negative dose—response relationship (P
= 0.025, RR;, = 0.82, 95% CI: 0.80-0.97). The lower
95% confidence bound was the lowest value feasible before
RR became negative. There was a deficit of —1.5 glaucoma
cases per 10¢ PY Sv, and rates were reduced by 15% for
subjects exposed to over 0.001 Sv. The dose—response re-
lationship was not modified by the covariates considered.

Since rural/urban variation in baseline disease rates could
bias radiation risk estimates (/2), distal/proximal exposure
indicator was used as a surrogate for adjustment. This re-
sulted in a lack of dose response (P = 0.14), with RR,q,
essentially unchanged.

Hypertension

Radiation effects were not evident under the linear dose—
response model (P = 0.15), but they were significant under
the purely quadratic model (P = 0.028, RR s, = 1.03, 95%
CL 1.00-1.06) (Fig. 2A). Based on the quadratic model,
there were seven excess hypertension cases per 10* PY Sv,
and 2% were attributed to radiation exposure. Incident cas-
es increased by 16% since the previous report. There was
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TABLE 3
Linear Dose Response for Noncancer Disease Incidence between 1958 and 1998 in Hiroshima and Nagasaki
‘Men and Women, Stratified by City, Scx, Age ATB, Age ATE, and Calendar Time

Without smoking and drinking in stratification

Disease No. cases P Estimated RR at 1 Sv
Hypertension 5035 0.14 1.04 (0.99, 1.09)
Hypertension! 5035 0.028 1.03 (1.00, 1.06)
Hypertensive heart disease 1886 0.86 1.01 (0.92, 1.10)
Ischemic heart disease 1546 0.47 1.04 (0.94, 1.14)
Myocardial infarction? 117 0.38 1.11 (0.90, 1.46)
Mpyocardial Infarction=®+ 78 0.05 1.25 (1.00, 1.69}
Occlusion, stenosis 440 0.61 1.05 (0.88, 1.27}
Aortic aneurysm 184 0.74 1.05 (0.88, 1.44)
Stroke 1 531 0.52 1.05 (0.90, 1.25)
Stroke 1T 729 043 1.06 (0.92, 1.23)
Thyroid disease 964 0.0000 1.33 (1.19, 1.49)
Cataract 3484 0.026 1.06 (1.01, 1.11)
Gastric ulcer 930 0.98 1.00 (0.89, 1.13)
Duodenal ulcer N 0.54 0.95 (0.81, 1.14)
Chrenic liver disease and cirrhosis 1774 0.0010 1.15 (1.06, 1.25)
Cholelithiasis 959 0.93 1.00 (0.89, 1.12)
Calculus of kidney and ureter 323 0.07 1.19 (0.98, 1.46)
Uterine myoma (females) 922 0.0000 1.46 (1.27, 1.67)
Cervical polyp (females) 281 0.29 1.14 {0.90, 1.48)
Hyperplasia of prostate (males) 451 0.26 0.91 (0.79, 1.07)
Dementia . 316 0.22 1.17 (0.91, 1.52)
Parkinson's disease 97 .98 1.00 (0.727, 1.55)
Glaucoma 21 0.025 0.82 (D.80r, 0.97}

« Average PY: total = 2.2 X 10* PY; male = 8.1 X 10* PY; female = 1.5 X 10° PY (actual numbers depend on the disease).

#05% confidence interval.
¢ Minimum feasible value.

¢ [ncidence after June 30, 1964, since no ICD codes for MI were available before 1964,
*Based on Wald’s confidence interval; no feasible likelihood-based upper bound could be estimated.

/Based on the quadratic dose~response model.

+Based on the quadratic dose-response model, for incidence during 1968-1998 and age ATB under 40 years.

sugpestive evidence (P = 0.07) for increased hypertension
risk for exposed nonsmokers (RR,5, = 1.04) but not for
exposed smokers (RR,,, = 1.00). The dose response was
not modified significantly by other covariates,

Cardiovascular Diseases

None of the cardiovascular diseases showed a significant
relationship with radiation dose. The linear dose response
was not significant for overall MI (P = 0.38) and MI<®
incidence (P = 0.10), but a significant quadeatic relation-
ship was evident for MI=<® (P = 0.05, RR;s, = 1.25, 95%
CIL: 1.00-1.69) (Fig. 2B). Under the quadratic model, the
number of excess MI<4 cases per 10* PY Sv is one and
16% were attributed to radiation exposure.

Calculus of the Kidney and Ureter

An overall linear dose response was suggestive (P =
0.07); It was significant for men (RR;s, = 147, 95% CL
1.13-1.96) but not for women (RR,;, = 0.86, 95% CI:
0.73-1.17) (test of heterogeneity: P = 0.007). The dose
response disappeared after adjustment for smoking and

~drinking (P = 0.13), but radiation effects remained signif-

icant for men even after adjustment. Subjects exposed at an
early age (P = 0.0008, df = 2) and examined at a younger
age (P = 0.019, df = 2) showed higher radiation risks. Age
ATB was the most significant effect modifier in the overall
analysis as well as in the male-specific analysis.

DISCUSSION
Thyroid Disease

Radiation-related thyroid abnormalities continued to oc-
cur in the extended follow-up pericd. Although malignant
and benign thyroid tumors increased with A-bomb radiation
dose (10, 11), radiation effects on specific thyroid disorders
could not be assessed here because a large percentage of
cases had multiple thyroid abnormalities, and thyroid func-
tion tests and ultrasonography were not administered rou-
tinely.

The latest AHS thyroid disease prevalence study in Na-
gasaki applying uniform diagnostic criteria (ultrasonogra-
phy, thyroid function test, and autoimmune antibody) re-
vealed a significant dose response for solid nodules in
woren, especially those exposed at young ages, and a con-
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TABLE 3
Extended

Without smoking and drinking in stratification

Average excess
disease X 10¢ PY 3v

Attributable risk (%)

With drinking and smoking in stratification
P Estimated RR at 1 Sv

1059 (=341, 24.63) 22 (-0.7,5.0)
726 (0.76, 14.06) 13 (0.2, 3.6)
0.61 (=592, 7.48) 042 (—4.2, 5.2)
213 (-3.47, 8.10) 15 (—32,6.5)
0.57 (—0.59, 1.64) 85 (88, 24.5)
103 (001, 13.84) 156 {0.03, 30.8)
076 (—2.00, 3.82) 25 (~656, 12.6)
034 (—141, 2.49) 2.5 (~110,18.9)
105 (=2.02, 4.50) 28 (=54, 12.1)
157 (=221, 5.84) 30 (—42,112)
1199 (7.43, 16.32) 18.5 (11.5,25.2)
798 (0.95, 15.16) 38 (04,72)
~0.038 (—4.44, 4.76) —0.06 (-6.5, 7.0)
-0.89 (—3.38, 2.09) ~34 (-12.7,78)
1090 (4.25, 17.79) 31 (32,132
—0.19 (—443, 431) 03 (=66, 64)
241 (-021, 5.39) 98 (=09, 219)
2502 (15.68, 34.66) 189 (11.8,26.2)
248 (—197, 7.41) 6.8 (—54,204)
-476 (—11.95, 3.58) ~58 (—14.6, 44)
164 {~091, 4.63) 7.1 (—40,20.1)
0.020 (—1.06, 1.68) 03 (—14.27, 22.6)
~147 (-174, —~0.19) —154 (-17.8,, —2.0)

0.08 1.05 (0.99, 1.10)
0.01 1.03 (1.01, 1.06)
0.87 0.99 (0.91, 1.09)
033 1.05 (0.95, 1.16)
0.48 1.12 (0.84, 1.60)
0.14 1.17 (0.97, 1.56)
0.52 1.06 (0.89, 1.30)
0.50 1.02 (0.78, 1.41)
041 1.08 (0.90, 1.31)
0.40 1.07 (0.92, 1.24)
<0.0001 1.38 (1.22, 1.57)
0.004 1.11 (1.03, 1.19)
0.89 1.00 (0.88, 1.12)
0.69 0.96 (0.82, 1.16)
0.0087 1.12 (1.03, 1.22)
0.94 1.00 (0.89, 1.12)
0.13 1.16 (0.96, 1.43)
<0.0001 1.39 (1.22, 1.60)
0.31 1.13 (0.90, 1.45)
0.21 0.99 (0.78, 1.06)
0.18 1.20 (0.92, 1.59)
0.95 0.99 (0.73, 1.58)
0.012 0.73 (0.725, 0.899)

cave dose response for autoimmune hypothyroidism (12).
However, no significant radiation risk was detected for oth-
er thyroid disease (12).

Thyroid abnormalities also occur after exposure to other
sources of ionizing radiation, including external (13) and
internal radiation (/4). Although the prevalence of hypo-
thyroidism or thyroiditis increased in patients who received
radiation therapy ({5, 16), the effects of relatively low dos-
es of external radiation exposure are equivocal (17). The
ongoing AHS thyroid study in Hiroshima and Nagasaki ini-
tiated in 2000 should help to examine radiation effects on
specific thyroid diseases and to confirm the recent AHS
findings for hypothyroidism and autcimmune thyroid dis-
ease {12).

Chronic Liver Disease and Cirrhosis

The significantly increased incidence of chrenic liver dis-
ease and cirrhosis with radiation dose in the AHS is con-
sistent with the LSS finding (18). In Japan, the predominant
causes of chronic hepatitis and cirrhosis are HCV or HBV
infection and excessive alcohol intake (19). The prevalence
of anti-HBV surface antigen increased among the high-dose
AHS subjects in 1975-1977 (20). Although the AHS study
of anti-HCV antibody prevalence in 1993-1995 showed no
dose response (overall prevalence was 9%), a possible ra-
diation-associated increase in chronic liver diseases was
found among anti-HCV antibody-positive individuals (21},
The dose-related increase in the incidence of chronic liver

disease and cirrhosis in our study might be partially ex-
plained by the persistent HBV infection or acceleration of
active HCV infection among the heavily exposed survivors.
On the other hand, an analysis of the risk factors for cir-
rhosis based on pathological review of about 1100 survi-
vors who died between 1954-1997 did not show that A-
bomb radiation increased the risk of liver cirrhosis (G.
Sharp, personal communication). Additional studies includ-
ing the measurement of HCV-RNA should help clarify the
etiology of the dose-associated increase in chronic liver dis-
ease and cirrhosis. The dose response suggested in this re-
port for fatty liver after 1986 should be confirmed in a more
comprehensive future study that includes laboratory mea-
surements such as of cholinesterase,

Uterine Myoma

Radiation risk for uterine myoma decreased with time
since exposure. The higher radiation risk in the earlier fol-
low-up period might be attributed to higher incidence in
the older exposed female cohort, since uterine myoma is a
hormone-dependent disease with peak incidence in the peri-
menopausal period.

To examine whether the significant radiation effects were
due to bias from more frequent gynecological examinations
of exposed women, especially early in the follow-up, a
prevalence study of uterine nodules using ultrasonography
was conducted during 1991-1993 in Hiroshima (22). That
study demonstrated a significant dose~response relationship
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FIG. 1. Estimatcd linear dose response (solid line) for the incidence of six noncancer diseases with significant or suggestive radiation effects, 1958-1998.
The 95% confidence bounds are shown as dotted lines. The estimated relative risks (#) and 95% confidence intervals are shown for each dose category,

{odds ratio estimate of 1.61 at 1 Sv), and the postulated
bias was refuted.

The development of endometrial cancer or uterine sarco-
ma, but not benign nodules, many years after radiation ther-
apy has been reported (23, 24). No significant risk for uterine
carcinoma has been reported in the LSS (25). Since the path-
ogenesis of uterine myoma remains obscure, further studies
are needed to elucidate the mechanism of the development
of uterine myoma after A-bomb radiation exposure.

Cataracts

A previous AHS ophthalmological study revealed an in-
creased prevalence of posterior subcapsular opacities in the
high-dose group, especially among younger survivors (26),
but an early AHS ophthalmological study (27) and our pre-
vious AHS noncancer incidence study for 1958-1986 (1)
revealed no additional radiation effects on cataracts. How-
ever, 12 additional years of follow-up has revealed that the
overall incidence of cataract was significantly increased
with radiation dose. The cataract cases under 60 years of
age at incidence in the most recent follow-up period may
have enhanced detection of radiation effects. In recent stud-
ies, much-delayed lenticular changes were detected after

radiotherapy (28), exposure to cosmic radiation among as-
tronauts (29}, and exposure from radiation-contamninated
buildings in Taiwan (30). Our findings of a more elevated
radiation risk for lens opacities among the younger partic-
ipants and an increased RR with long latency are compat-
ible with these findings (28-30).

Glaucoma

Glaucoma cases in this study were ascertained through
self-reporting. Recent population surveys on glaucoma
prevalence conducted in Singapore and the United States
showed that prevalence rates were underestimated in the
absence of detailed ophthalmological examination (31, 32).
Since no other reports of a relationship between glaucoma
and radiation were found in the literature, additional studies
of cases ascertained through uniform application of tonom-
etry and gonioscopy are warranted.

Hypertension

The incidence of hypertension increased with radiation
dose, particularly for those with over 2 Sv of exposure.
Although no human studies directly link radiation exposure
with hypertension (33), radiation-induced nephropathy (34)
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FIG. 2. Panel A: Estimated quadratic dose response for the incidence
of essential hypertension, 1958-1998. Panel B: Estimated quadratic dose
response for the incidence of myocardial infarction incident during 1968
1998 among AHS participants who were under 4G years ATB. The esti-
mated relative risks (®) and the 95% confidence intervals are shown for
each dose category.

and arterial hypertension (35) were reported, which may be
relevant to current findings.

The AHS longitudinal analysis of blood pressure for
1958-1986 showed a small but statistically significant el-
evation in blood pressure levels in exposed survivors under
16 years of age (36). The trend, however, was reversed in
the older cohort. Our present results are consistent with
those of the longitudinal blood pressure trends for younger
survivors. The discrepancy in the older cohort might be due
in part to possible modification by medication and co-mor-
bidity after the onset of hypertension.

Cardiovascular Disease

An increase in atherosclerosis and radiation-induced heart
diseases has been reported in animal experiments and in hu-
mans after radiotherapy in the 1960s and 1970s and for oc-
cupational exposure before 1950 (37-39). Decreased risk of
myocardial infarction by the use of modern techniques sug-
gested that a relatively high dose of radiation may be in-
volved in the induction of atherosclerotic lesions (37, 40).

An AHS longitudinal analysis of total serum cholesterol
showed that the cholesterol levels of the irradiated subjects
were significantly higher than those of the unirradiated sub-
jects (41), and the same tendency was shown for the blood
pressure trends among the younger cohort (36). These increas-
es may partially explain the elevated incidence of myocardial
infarction among the younger exposed subjects in this study.

One limitation of our study is that fatal MI and asymp-
tomatic MI were not included. The ongoing AHS cardio-
vascular disease incidence study, which applies stringent
criteria for case definition, including lethal heart attack cas-
es, and measurements of atherosclerotic parameters such as
carotid artery thickness, should provide additional infor-
mation to improve our ability to elucidate the relationship
between cardiovascular disease and radiation.

Caleulus of the Kidney and Ureter

An increased risk with radiation dose was suggested for
the first time for calculus of the kidney and ureter (P =
0.07), with the effects significantly evident for men. Al-
though the prevalence of hyperparathyroidism (42} and the
level of calcium (43) were increased with radiation dose in
the AHS, the small number of hyperoparathyroid cases can-
not fully explain the findings for nephrolithiasis. Also, the
observed sex difference in radiation effects cannot be ex-
plained by calcium metabolism. The development of cal-
culus of the kidney and ureter in the AHS participants mer-
its further investigation.

In summary, this updated analysis examining the rela-
tionship between exposure to A-bomb radiation and the in-
cidence of noncancer diseases between 1958 and 1993
showed a statistically significant linear positive dose-re-
sponse relationship for thyroid disease, chronic liver dis-
ease and cirrhosis, and uterine myoma, which is consistent
with our previous results (I). Our new findings include a
positive linear dose-response relationship for cataract, a
negative linear dose—response relationship for glaucoma, a
quadratic dose-response relationship for hypertension and
for MI in the younger cohort, and a suggested positive
dose-response relationship for calculus of the kidney and
ureter. In this study, we examined smoking and drinking as
effect modifiers and found their effects to be minimal. De-
spite some limitations, such as restricted case ascertainment
and necessary exclusion of nonparticipants, the results of
this study offer important clues to the late effects of A-
bomb radiation on the development of certain noncancer
diseases.
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TABLE 4
Estimated RR at 1 Sv (RR ;) by Effect Modifiers for the Diseases with Evidence for Radiation Effects
Overall City Sex Age ATB (years)
Discase RR,;, Hiroshima Nagasaki P Male Female P 10 25 40 P
Thyroid disease 1.33 140 1.25 0.31 1.26 1.35 0.61 164 115 1.03 0.0005
Liver disease 1.15 1.15 113 0.85 .10 119 039 120 1.12 1.07 0.20
Uterine myoma 1.46 142 1.55 0.55 — — —_ 136 163 210 0.042
Cataract 1.06 1.05 1.10 0.47 1.11 1.04 024 1.12 1.07 1.04 0.29
Glaucoma 0.82 0.80 0.88 0.55 0.97 0.80 0.21 0.85 0.83 0.80 0.49
Calculus of the kidney and ureter 1.19 1.18 1.20 0.20¢ 147 086  0.007¢ 1.46 1.03 .00 0.0084
Hypertension® 1.03 102 1.04 0.68 1.03 102 065 1.03 1.03 1.02 0.91
Myocardial infarction® 1.25 1.27 1.02 0.62 122 130 0.84 1.27 1.24 122 092
Overall Age at examination Calendar time®
Disease RR,, 30 40 50 60 70 P 1 II I v P

Thyroid disease 133 188 153 132 119 L1Z2 0002 L5000 123 124 157 036
Liver disease 1.15 1.26 121 .16 113 L0 025 1.05 115 1.24 110 060
Uterine myoma 1.46 1.57 1.50 1.4 138 1.34 072 200 17 1.10 132 0015
Cataract 1.06 209 167 121 1.07 1.02 0.0005 .17 104 1.00 108 0085
Glaucoma 0.82 092 090 088 085 082 041 08 095 083 085 088
Calculus of the kidney and ureter 1.19 230 153 121 109 104 0.019 072 109 131 1.29  0.13
Hypertension® 1.03 1.04 104 103 102 102 059 1.02  1.03 1.04 100 071
Myocardial infarction* 1.25 256 183 144 124 112 037 — 136 131 .12 078

Note. Background stratified by city, sex, age ATB, age ATE, and calendar time.

=+ Calendar time: July 1958-June 1968 (I), July 1968-June 1978 (11}, July 1978-June 1988 (III), July 1988-June 1998 (IV).

* Based on the quadratic dose-response model.

¢ Based on the quadratic dose-tresponse model, for incidence during 1968-1998 and age ATB under 40 years.

43t df = 2 test.

eyt df = 4 test.

APPENDIX
Twenty-one Noncancer Diseases and their International Classification of Disease (ICD) Codes over Time
ICD edition
Disease 7th 8th 9th

Hypertension 444, 445 400, 401 401
Hypertensive heart disease 440-443 402, 404 402, 404
Ischemic heart disease 420 410-414 ) 410-414
Myocardial infarction — 410 410
Occlusion, stenosis 332 433, 434 433, 434
Aortic aneurysm 451, 452 441, 442 441, 442
Stroke I 330-332 430, 431, 433, 434 430, 431, 433, 434
Stroke IT 330-332, 334 430, 431, 433, 434, 436 430, 431, 433, 434, 436
Thyroid diseases 250-254 240-245 226, 240-245
Cataract 385 374 366
Gastric ulcer 540 531 531
Ducdenal ulcer 541 332 532
Chronic liver disease and citrhosis 581, 583 571, 573 571
Cholelithiasis 584 574 574
Calculus of kidney and ureter 602 592 592
Uterine myoma 214 218 218
Cervical polyp 215 219 216, 622
Hyperplasia of prostate 610 600 600
Dementia 304, 305 290 200
Parkinson’s disease - 350 342 332
Glaucoma 387 375 365

Note. Myocardial infarction was identified after June 1964.
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Abstract.

Purpose: Ophthalmologic examinations were conducted on atomic bomb (A-bomb)} survivors 55 years after exposure.

Materials and methods: A-bomb survivors who had been exposed before 13 years of age at the dme of the bombings in 1945 or who had
been examined in a previous study between 1978 and 1980. The examinations, conducted between June 2000 and September 2002,
included slit-lamp examination, digital phetography and a cataract grading system for three parts of the lens (nucleus, cortex and posterior
subcapsule) as an outcome variable. Proportional odds logistic regression analysis was conducted using the lowest grading class as a
reference and included explanatory variables such as age, sex, city, dose and various cataract-related risk factors. When the grades in an

individual differed, the worst grade was used.

Results: Results indicate that odds ratios (ORs) at 1 Sv were 1.07 (95% confidence intervals [CI] 0.90, 1.27) in nuclear colour, 1.12 (95%
CI 0.94, 1.30) in nuclear cataract, 1,29 (95% CI 1.12, 1.49) in cortical cataract and 1.41 (95% CI 1.21, }.64) in posterior subcapsular
cataract. The same was true after excluding |3 people whose posterior subcapsular cataracts had been previously detected.

Conclusion: Significant radiation effects were observed in two types of cataracts in A-bomb survivors.

1. Introduction

The eye lens is in the anterior part of the eye in a
capsule consisting of non-nucleated lens fibre cells
forming the lens nucleus and cortex (outer layer), and
one layer of nucleated epithelial cells covering the
surface of the lens (Masuda 1993). It is one of the most
radiosensitive organs in both humans and animals
because epithelial cells at the equator (located in the
rim portion of the lens) proliferate and continue
moving towards the centre of the lens for the entire
life of the organism. While moving toward the centre
of the lens, the epithelial cells are stretched, squeezed
and lose nuclei, resulting in fibre cells. The fibre cells
contain specific proteins called crystallins that keep
the lens transparent by chaperon activity. Cataract
pathogenesis, induced by a variety of insults such
as ultraviolet light, is impairment of epithelial cell
proliferation and/or oxidative degeneration of lens
fibre proteins. Impaired epithelial cells let water and
minerals into the lens; healthy cells keep them out by
active transport. Pathogenic changes of the lens are
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clinically observed as opacities {opaque change).
Visual acuity is usually not impaired by the opacities
if they have not advanced to the central part (visual
axis) of the lens.

Previous ophthalmological studies conducted
among atomic {A)} bomb survivors provide important
evidence of the stochastic effect of radiation (Miller
et al. 1969, Choshi & ol 1983). Radiation-induced
cataract develops relatively early (6 months to 2 years)
among the late effects of radiation (Miller et al. 1969,
Choshi et al. 1983). Infants who receive radiotherapy
(1-8 Gy) for haemangioma, however, develop poster-
ior subcapsular or cortical opacities in the untreated
eyes 30-45 vyears later, and defective lens fibre
formation can continue, probably because of a clone
of damaged germinal epithelial cells (Wide and
Sjostrand 1997). Children exposed to a lenticular
dose of 1 Gy have a 50% increased risk (OR 1.50;
95% confidence mterval [CI] 1.10-2.05) of develop-
ing a posterior subcapsular opacity and a 33%
increased risk of developing a cortical opacity (OR
1.35; 95% CI 1.07-1.69) (Hall ef ol 1999), indicating
early onset cortical opacities.

The relationship between these types of lens
changes and radiation dose in A-bomb survivors
exposed in their youth was studied in the present
paper. To assess precise radiation effects, two systems
were used. First, to grade different degrees of
opacities {(opaqueness) in nuclear {central part of the
lens), cortical {outer layer of the lens) and posterior
subcapsular cataracts (rear portion of the lens and
underneath the lens capsule), the Lens Opacity
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