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This is the 14th report in a series of periodic general reports on mortality in the Life Span Study (LSS) cohort
of atomic bomb survivors followed by the Radiation Effects Research Foundation to investigate the late health
effects of the radiation from the atomic bombs. During the period 1950-2003, 58% of the 86,611 LSS cohort members
with DSO2 dose estimates have died.
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The 6 years of additional follow-up since the previous report provide substantially more information at longer
periods after radiation exposure (17% more cancer deaths), especially among those under age 10 at exposure (58%

more deaths). Poisson regression methods were used to investigate the magnitude of the radiation—associated
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risks, the shape of the dose response, and effect modification by gender, age at exposure, and attained age.
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The risk of all causes of death was positively associated with radiation dose. Importantly, for solid cancers
the additive radiation risk (i.e., excess cancer cases per 10* person-years per Gy) continues to increase
throughout |ife with a linear dose.response relationship.
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The sex—averaged excess relative risk per Gy was 0.42 [95% confidence interval (Cl): 0.32, 0.53] for all solid
cancer at age 70 years after exposure at age 30 based on a |inear model .
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The risk increased by about 29% per decade decrease in age at exposure (95% Cl: 17%, 41%). The estimated lowest
dose range with a significant ERR for all solid cancer was O to 0.20 Gy, and a formal dose-threshold analysis
indicated no threshold; i.e., zero dose was the best estimate of the threshold.

(5) WUBRBFOERN 10 FREID ZE DU X7 O, K129 % TL7Z (95 WMEMXFECI: 17 %—41 %), &[HE
MAZBITHAEZR ERR GREIFEXTY 2 7)) Moo mEREXEIL . 0 725 0.20 Gy DXET, EXNEBY fE-
LEWEDHZLILE A, LEWEITZHY ERATLE, 772056, MEY N RK#ER LS VWEHEEZ &V 2L
T,
The risk of cancer mortality increased significantly for most major sites, including stomach, lung, liver, colon,
breast, gallbladder, esophagus, bladder and ovary, whereas rectum, pancreas, uterus, prostate and kidney
parenchyma did not have significantly increased risks.
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An increased risk of non—neoplastic diseases including the circulatory, respiratory and digestive systems was
observed, but whether these are causal relationships requires further investigation. There was no evidence of
a radiation effect for infectious or external causes of death.
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The Radiation Ef fects Research Foundation (RERF), and its predecessor the Atomic Bomb Casualty Commission (ABCC)
has conducted a mortality study since 1950 on a fixed population [Life Span Study (LSS) cohort] of about 120,000
subjects including atomic bomb survivors and residents of Hiroshima and Nagasaki who were not in either city
at the time of the bombing to determine the late health effects of ionizing radiation derived from the atomic
bombs in Hiroshima and Nagasaki .
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Periodic analyses of the LSS mortality data have resulted in a series of LSS Reports (1,2). This is the 14th
report in the series, which covers the period 1950.2003, including an additional 6 years of follow-up since
the last comprehensive report (2). The impact of changing to the DS02 dosimetry system (3) from the earlier
DS86 systemon radiation risk estimates has been reported for mortality fromall solid cancer and leukemia through
2000 (4).
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The risk of radiation for solid cancer incidence through 1998 was also reported (5). However, this is the first
time the DSO2 dosimetry system has been used while examining mortality from a wide range of causes of death.
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The most important finding regarding the late effects of A-bomb radiation exposure on mortality is an increased
risk of cancer mortality throughout life (2). The rates of excess solid cancer deaths have continued to increase
in approximate proportion to radiation dose as the cohort ages.
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Significant radiation—associated increases in risk have been seen for most sites of solid cancer. The
dose.response relationship for these sites has tended to show an approximately |inear increase with radiation
dose.
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The relative risks for many cancer sites were higher in those exposed as children. The relative risks declined
with increasing attained age of the subjects as well as the number of years after the bombing, although the
excess absolute rates continued to increase with attained age.

(13) ZL OREBAIBEROFK U A7 1%, HRRFIZTEL O —ATEVMELZ LD LE Lo, MxtU R 7 I3ER A
DN 72D LYRRE OEK L & I LET2, dRlREx ) 2 7 3ERER O & & bITHMERi S £,
In contrast, the risk of leukemia increased in the early period after the bombing and then decreased, and the
dose-response relationship for leukemia showed a |inearquadratic association (6, 7). Those different onset and
dose-response patterns imply a different pathogenesis between leukemia and solid cancer.
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This report provides an overview of the updated results and characterizes the risk of radiation based on the
DSO2 dosimetry system for total deaths and major causes of death including solid cancer, leukemia and various
types of noncancer disease. Due to the elongation of the follow-up period compared to the previous reports and
the consequent increased number of outcomes, new findings have emerged for the risks of radiation for cancer
and noncancer disease mortality.
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The purpose of this report is to (1) compare the mortality from a wide range of causes of death using a common
model| as an overview, (2) conduct more detailed analyses on dose.response relationships and effect modification
by age at exposure and attained age, and (3) describe changes in the shape of the dose response for solid cancer

and noncancer diseases over the long observation period.
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A discussion on the effects at low exposure levels such as dose and dose-rate effectiveness factor (DDREF)
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was also included. For leukemia, since detailed analyses have recently been reported for mortality over the
period 1950-2000 based on the DS02 dosimetry system (7), further detailed analyses were not conducted.
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MATERTALS AND METHODS
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Study Population and Fol low-Up
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The LSS cohort includes a large portion of the atomic bomb survivors who were within 2.5 km of the hypocenters
at the time of the bombings, together with an age- and sex—-matched sample of people who were between 2.5 and
10 km from the hypocenters.
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The cohort also includes a sample of about 26,000 persons who were registered as residents of either Hiroshima
or Nagasaki in 1950 but were not in the cities (NIC) at the time of the bombings. LSS Report 8 and the later
LSS reports have excluded the NIC group from analyses of radiation risk because of concerns about the
comparability of their mortality rates to those for other zero-dose cohort members, |ikely due to
sociodemographic or other differences (1, 8, 9).
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The subjects were recruited from the 1950 Japanese National Census, which had a supplementary questionnaire
about A-bomb exposures, plus two surveys conducted by the Atomic Bomb Casualty Commission (ABCC) in 1950 and

1951, and the resident surveys by Hiroshima and Nagasaki cities in 1953 and 1950, respectively (1). Comprehensive
mortality follow-up began on October 1, 1950 (1).
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The final number of subjects was 120,321 members (82,214 in Hiroshima and 38,107 in Nagasaki) (10). Among them,

123 subjects were unavailable for the study and were excluded from the analyses because of misidentification
or insufficient information. Individual DS02 dose estimates are available for 86,611 survivors.
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Another 7,058 survivors do not have dose estimates, mainly due to insufficient or uncertain information on



location and shielding at the time of the bombing, and were excluded from these analyses (11). The total number
of subjects and the distribution of DS02 dose categories by city and sex are shown in Table 1.
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TABLE 1
Number of LSS Cohort Members by DS02 Dose, City and Sex

Subjects with known D502 dose” [weighted colon dose (Gy)]

Total <0.005 0.005— 0.1— 02— 0.5— 1.0— 2.04 Unknown” NIC: Total
Total 86,611 38,509 29,961 5,974 6,356 3,424 1,763 624 7,058 26,529 120,321
Hiroshima 58,494 21,697 22,733 5,037 5,067 2,373 1,152 435 3,442 20,179 82,214
Nagasaki 28,117 16,812 7.228 937 1,289 1,051 611 189 3,616 6,350 38.107
Male 35,687 15,951 12,342 2,382 2,482 1,414 813 303 3,287 11,143 50,175
Female 50,924 22,558 17.619 3,592 3,874 2,010 950 321 3,771 15,386 70,146

Note. Among the total of 120,321subjects, 123 were unavailable for the study because of misidentification or insufficient information.

“ These numbers exclude the NIC and unknown-dose groups. This group was used for estimating radiation effects.

* Those with unknown doses had insufficient location information or were in complex shielding situations where dose could not be estimated
reliably.

< NIC: Not in the cities of Hiroshima or Nagasaki at the time of bombing.

Mortality follow-up was facilitated by the family registry system (koseki), which covers the whole of Japan
and is .99% complete. A small number were lost to fol low-up due to migration out of the country and were censored
at the time of emigration. In this report, follow-up data until December 31, 2003 were analyzed.
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We found 19 individuals who were born before 1900 and presumed to be alive by the koseki as of January 1, 2004
(104 years of age or older). They were checked at municipal office registries: five were documented as alive,
six migrated to other countries, seven were deleted from the residence registries because the municipality
offices could not confirm their residence status, and no information was obtained for one person.
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The six individuals whomigrated overseas were treated as censored at the time of migration. The seven individuals
who were deleted from residence registries were treated as deceased at the time of deletion due to unknown causes.
The one with no information was treated as censored at the end of the fol low-up.
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Cause of death for the subjects was classified by trained staff in the ABCC/RERF according to the International
Classification of Diseases (ICD), 7th to 10th editions (12.15). The list of disease categories, corresponding
ICD numbers, and applicable years are shown in the Appendix found on page 243.
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We analyzed all solid cancer, cancer of major sites, hemato—-lymphoid malignancies, and broad classifications
of noncancer diseases including diseases of the blood and bloodforming organs, circulatory system, respiratory
system, digestive system, and genitourinary system, infectious and parasitic diseases, and external causes.
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This report is the first to apply DS02, which includes a number of improvements over the previous system (3,
11), to the mortality experience from a wide range of causes of death in the LSS Report series. The primary
systematic change effected by DS02 was an increase of about 10% in y-ray estimates for both Hiroshima and
Nagasaki, consequently causing the estimated risks from radiation exposure to be slightly lower than before
(4). Weighted dose, which is the sum of the y-ray dose plus 10 times the neutron dose, was used to allow for
the greater biological effectiveness of neutron doses and is expressed in units of gray (Gy).
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Although the relative biological effectiveness (RBE) of neutrons is thought to be a decreasing function of dose,
with values possibly higher than 10 at low doses, we could not precisely estimate the neutron RBE for the atomic
bombs of Hiroshima and Nagasaki. Therefore, we used a constant RBE of 10, which has been used previously (6,
27).
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DSO2 includes calculated doses for 15 organ sites. In keeping with past reports, analyses of all solid cancer
used colon dose as representative for all organs, while those of hemato-Ilymphoid malignancies used the dose
to bone marrow. Analyses for site-specific cancers and noncancer diseases of major organs used corresponding
specific organ doses.

(29) DS02 Tix. 15 DHfk#E OFHEMELZEHAET, WEDLAR— MR LT, RTOETERADSHTITIBU
ThEaitE 2 RaE ONRMEE LTERA L TWET, —F7, KLU o HEMEES CIIE iR =2 L TnET,
TR E ORI L OIEERA DO T2 D Do, 3 28 E Dlissit =2 H L E L7z,
For individual dose estimates, shielded kerma estimates above 4 Gy (317 members) were truncated to 4 Gy because
they are |likely to represent misinformation on exposure factors such as shielding or exact location. To correct
for dose uncertainties due to random measurement error, unadjusted DSO2 estimates were replaced by expected
survivor dose estimates using the method developed by Pierce et al. (16) and assuming 35% measurement error
in individual doses.
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Statistical Methods and Organization of Data for Analysis
BRI TIER & O 7 — 4 Dk

Poisson regression methods for grouped survival data were used to describe the dependence of risk on radiation
dose and to evaluate the variation of the dose response with respect to city, sex, age at exposure, and attained
age (17). Significance tests and confidence intervals (Cl) were based on |ikelihood ratio statistics. The results
were considered statistically significant when the two-sided P , 0.05.
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The models used here, which were also used in previous reports (2, 5), are as follows.
Excess Relative Risk (ERR) model :

2o(c,s,b,a)[14+ERR(d, s, e,a)]
Excess Absolute Risk (EAR) model:

Lolc,s,b,a)+EAR(d, s, e, a)

(32) ZZTHE-TWDET ML, BIOYR—F (2, 5) THEbATWETRLUTOLIEY TT,

WEIFH*F Y 27 ERR &7 /L
Lolc,s,b,a) [ 1+ERR(d, s, e, a)]

W ) A7 EAR £ /L
Lolc,s,b,a)+EAR(d, s, e, a)

where 1o is the baseline or background mortality rate at zero dose, depending on city (¢), sex (s), birth
year (b), and attained age (a). 1o was modeled by stratification for the ERR model and by parametric function
involving relevant factors for the EAR model. ERR or EAR depends on radiation dose (d) and, if necessary, effect
modification by sex, age at exposure (e), and attained age. In effect, the ERR and EAR functions are descr ibed
as parametric functions of the form o (d) ¢ (e,s,a), inwhich o (d) describes the shape of the dose.response
function and ¢ (e,s,a) describes the effect modification.
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First, we estimated ERR for major causes of death using a | inear dose.response model (L) ( o (d) = B1d) without
effect modification because this simple model can be applied to most cancer sites to compare them in a common
way. The ERR model is as follows:

2o(c,s,b,a)[1+81d ]
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2o(c,s,b,a)[1+B1d ]

For leukemia, a linear—quadratic model (LQ) (o (d) =B1d + B2d?2) was used since previous LSS reports have

indicated that it had the best dose response for leukemia among the LSS (4, 7).

(35) HIMHEIZOWTIE, MDD DREOME-FISEFETHL L ZNETO LSS HEE 4 & 7)MARLTET
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Next, we took account of effect modification by sex, age at exposure, and attained age in the linear dose model
for ERR and EAR, respectively, for all solid cancer and cancer of selected sites because the model can estimate
the radiation risks more accurately and also can be applied to selected major sites with sufficient numbers
of excess cases. Effect modification was described using multiplicative—function models as fol lows:

e (e,s,a)=exp(ze+ vin(a))(1+ o s)

(3 6) WITEAT=Hid, MR, HRRFER, BIEFERIC L 20RMELZ L. #FZET /L TO ERR L EAR ZZ LR
DE L, TRXTORAELAIFREDHAIZBNT, ZOET /VITHEBRY A7 Z2 EREICHE TE, R0l F
BIBDLNEILE STeEN TS TE 2005 T, EOMEIZUTO LS RiRET V2 L Citdah g Lzt

e (e,s,a)=exp(ze+ vin(a))(1+ o s)

PR (e) . PERI(s). B4 (a)
where 7=, v and o were the coefficients for effect modification by age at exposure, attained age, and sex,
respectively. The term that includes sex (s=1 for men and s=-1 for women) as amodifier al lows the B parameter
to represent sex—averaged risk estimates. Therefore, ERR and EAR models were, respectively,

Lolc,s,b,a)[1+B1d - explre+ viIn(@))(1+ o s)];



2o(c,s,b,a)[Bid - exp(rce+ vin(a))(1+ o s)]

(37) T. VBXUOIZENTI., HREFEH, BEElmB KON 2 MEEHORETT, B N"TA—X
—OFIETHMNZ T (s=113H M, s=113Z&ctk) X, TRy 2A7#ELRDLET, LW H bIiF T, ERR
LEARDETIVITENEN TRDO L DT 7,

2olc,s,b,a)[1+B+1d - exp(te+ vin(a))(1 + o s)];

Lole,s,b,a)[Bid - explze+ vin(a))(1+ o s)]
In addition to the simple L model, we have considered LQ and pure quadratic (Q) (o (d) =B2d?) models with
effect modification (by sex, age at exposure, and attained age) for all solid cancers. The curvature of the
dose response was examined using the ratio of the quadratic and linear coefficients (6 =82/81) in the LQ
model. 6 can range from zero for a pure linear model to infinity for a pure quadratic model.

(38) HifliZz#iz (L) EFMTMA T, Bebix (LQ) B L OWIHEZR ZkD(Q) (o (d) = B202)I220ThH, M5
PIRAF, BLEFROBIELZ L TEM L TAE L, ME - SOEHE, LQE7 4 OH TIE R ERIZ ORI
(6=Bo/B)DHFREZMAL T, BIKLE L7z, 6230 DMEHRIZET A5, 0 BERKOME: “KETVETEEE
L% L7,

To evaluate the radiation effects in limited dose ranges, the ERRs for all solid cancer for selected dose ranges
were estimated based on the |inear model with effect modification by sex, age and age at exposure

[ERR= (Bid+ B2d?) [exp(ze+ viIn(a))(1+ o s)], where B1d is the coefficient for the lower dose range
and B.d 2 for the higher dose range. Coefficients for the effect modification terms were common to the two
parts of the dose range.

(39) MESNT-MREFIHO BB R 2 F M9 5 72012, IR S L2 BREFPH Tl 3 X CTOREIE O 720 O ERR 1%
PRI, BEIRERS, BIEFERICE A IEEZ N TEBIEE T VICESW TRl S L E Lz,

ERR=(B1d +B2d?)[exp(Tetuln(a)))(1+tos)]TiE, BidlE X VARWEREPA T, Bod 21X XV @ HREFEFH TR
BeLZpoTWET, ZIRMEDEHD 2 6 OREIL, 2 >OREHFHP TIHiE T,

The lowest dose range with a statistically significant ERR dose response for all solid cancer was estimated
by testing the nul | hypothesis that the |ow-dose slope was zero by stepping up the cut point by 0.01 Gy. Threshold
doses for all solid cancer were also estimated using the linear model as o (d) =p(d —ay ) for d> d or

0 (d)=0 for d=ay, where ay was the threshold, and adjusted for sex, age and age at exposure with modification
by sex, age and age at exposure.

(4 0) TN TOREIEEEOHMEINCAH B2 AR EIL, (RREO AR EZ 07205 0.01Gy X2 ThHF TT 9 IR sl ic
;ofﬂﬁbibto#&fmﬂ%ﬁmbéwﬁ%%ﬁﬁémibt\ﬁ%%?wf@d>%@t%pwkmw—%)
d= dD&Ep(d)=0, awiFLEVWET, Ml #RER, NN ZHMIEE & bR, PSR, M2 LichE s
E LT,
A wide range of possible values for ah were examined by stepping up by 0.01 Gy, and the point with the greatest
maximum |ikelihood value was determined. The minimum deviance was used to determine the dose threshold and the
dose yielding a deviance of the minimum plus 3.84 (which corresponds to x2 1 degree of freedom cutoff point)
determined its upper and lower 95% Cl. If the lower limit of the 95% C| of the threshold exceeded O Gy, we would
conclude that a threshold exists, while the upper limit indicates the maximum threshold value that is compatible
with the data.

(41) LEWVHE dDOFTREMEIL, IAWVHRREFPAT0.016y T2 Lo Z LI X WGt &N E L, £, RO LEHE
R TRA  PDRESNE LT, i J@%ib%wﬁg%&mﬁétwmﬁﬁémibtoit\ /1N 3.84 O
EPELME(ZUE 22 1 EOR CTICHY T 2)28, BT BS%DEHEXE Cl TIRESNELEZ, b LLEWED 95%D C
DFMRA, 0Gy BT IUX, A HIXLEWENRFEL, R ERPT— L B L b O ROBIEZRL TW5
Liama P TL X 9,

It has been suggested that the LSS cohort constructed in 1950 suffers from selection bias in that members of
the cohort who survived from the time of bombings to 1950 may have been healthier and hence more resistant to
the radiation effects (2, 18). To investigate this effect, the dose.response relationships of noncancer diseases

were evaluated using an LQ model without effect modification for both the early period of fol low-up (1950.1965)



and the later period (1966.2003) using an ERR model. For reference, the same analysis was also conducted for
all solid cancer using the |inear—quadratic model with effect modification by sex, age at exposure, and attained
age.

(42) 1950 ISz admR— h DA N=0 JFUEER T 5 1950 £ THE K> TRFETH - THI I O
HHNTEBIESTe, LWL T ADREDREINTNET (2 & 18), ZOREZWET H7-DIC, IEBERO
ﬁ%*ﬁm%%@\ﬁR%?W%ﬁmbf\%%WEQQV%O%TW%7iU_7V7%W%1%@@@@@@ﬁ%i
OMZ O] (1966.2003) D HFIZHEH L CRHMIi L E L7z, 2B D7Dz (5B, [RUSH 2, Hhl, #gfEE, 2z
BIC L DM EZMA TG —RET NV E2MA LT, T RTOEBREICS L TITRVWE LT,

Attributable fractions were estimated from the numbers of radiationassociated excess deaths and the
corresponding total numbers of deaths from solid cancer and noncancer diseases except for nonneoplastic
blood diseases based on the linear ERR model with effect modification by sex, age at exposure, and attained
age to al low compar isons between the two classes of outcomes. Cls for estimating excess deaths were estimated
by the multivariate delta method.

(4 3) FEMmD, KRB EERIZE C OB HHEFH S 1, FEFTAEY O ik B @<E%ﬁh%%ﬁhf%mié
FEDOREL L OXFISIE, MER], PRIRER, BHEFER CTHIE SN TR L R THIZEO ERR TEMESIT b, RO 7R Z
&@%@%ﬁ%kbibkou%%t%ﬂﬁ?étwwm%ﬁﬁﬁi\%%ﬁ@TW5%Ciofﬁﬁéhibko
Analyses are based on detailed tabulations of the data crossclassified by city, sex, age at exposure, attained
age, follow-up period, and radiation dose. The categories of age at exposure were 5-year categories for ages
0 through 69 and 70 or more. Attained age was categorized by 5-year intervals for ages 5 though 99 plus 100
or more.

(4 4) s, #i, MR, #RFE, BlEER, 7+ —7 v 7B TOBIREIC L > TREHI LT —
5®#%@Wﬁh%6%iﬁoﬁ%#%@ﬁ72)~i\W%Qﬁimei%\5#:& DELUE LT, BEFk
ITERSFET LI, 977 2100 L EEThiFE LT,

The dose category cut points were 0.005, 0.02, 0.04, 0.06, 0.08, 0.1, 0.125, 0.15, 0.175, 0.2, 0.25, 0.3, 0.5,
0.75, 1.0, 1.25, 1.5, 1.75, 2.0, 2.5 and 3 Gy. The follow-up period was divided into 5-year intervals.
MORTALITY OF ATOMIC BOMB SURVIVORS, 1950.2003 231 The basic data for each cell in the tabulations were the number
of deaths for specific causes and time at risk in terms of person-years.

(4 5) #rESFEIEL, 0.005, 0.02, 0.04, 0.06, 0.08, 0.1, 0.125, 0.15, 0.175, 0.2, 0.25, 0.3, 0.5, 0.75, 1.0,
1.25, 1.5, 1.75, 2.0, 36y TWIV £ L7, 7+u—7 v 7HEII S FOMBICHEISILE LT,

MORTALITY OF ATOMIC BOMB SURVIVORS, 1950.2003 231, {E& T DK /LDEHET — Z 13, FrRARIRIK & IRFIC X 55D
B, 2 NEHTZV DY A7 TRLIEBD T,

The cell-specific mean values were included for y-ray and neutron dose and each age/time variable. Parameter
estimation and tests were based on |ikelihood using Epicure software (19). When the lower |imit was not estimable,
an implicit lower bound on the ERR was thought to be 1/d_max, where d_max was the maximum individual dose.

(46) TNENDOENALOFEEIL, v LOPEF O E, B LUK/ RRERZ 2GR ET, T A—=HF
HELTAMILREREY 7 b7 (19)EMEH LI LEICHKSEE L, TIRA/HE TE 2o, ERR OIFERO T
FRIZ 1/d_max T D & LE Lz, d_max & iXHARKOEAMRETT,
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