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Abstract—Radioactive fallout from nuclear test detonations
during 1946-1958 at Bikini and Enewetak Atolls in the

Marshall Islands (MI) exposed populationsliving elsewhere in
the MI archipelago. A comprehensive analysis, presented in

seven companion papers, has produced estimates of tissue-

specific radiation absorbed dose to MI residents at all histor-
ically inhabited atolls from internal (ingested) and external

irradiation resulting from exposure to radioactive fallout, by

calendar year, and by age of the population at time of

exposure. The present report deals, for the first time, with the
implications of these doses for cancer risk among exposed
members of the MI population. Radiation doses differed by

geographic location and year of birth, and radiation-related

cancer risk depends upon age at exposure and age at obser-

vation for risk. Using dose-response models based on commit-
tee reports published by the National Research Council and

the National Institutes of Health, we project that, during the
lifetimes of members of the MI population potentially exposed

to ionizing radiation from weapons test fallout deposited

during the testing period (1948-1958) and from residual

radioactive sources during the subsequent 12 y (1959-1970),
perhaps 1.6% (with 90% uncertainty range 0.4% to 3.4%) of

all cancers might be attributable to fallout-related radiation

exposures. By sub-population, the projected proportion of
cancers attributable to radiation from fallout from all nuclear

tests conducted in the Marshall Islands is 55% (28% to 69%)
among 82 persons exposed in 1954 on Rongelap and Ailingi-

nae, 10% (2.4% to 22%) for 157 persons exposed on Utrik, and
2.2% (0.5% to 4.8%) and 0.8% (0.2% to 1.8%), respectively,
for the much larger populations exposed in mid-latitude
locations including Kwajalein and in southern locations in-

cluding Majuro. By cancer type, point estimates of attributable

risk varied, by location, between 12% and 95% for thyroid
cancer, between 2% and 78% for leukemia, and between 0.8%
and 55% for all cancers combined. Thelargest projected risks

pertain to the Rongelap Island community and the lowest risks

pertain to the populations resident on the southern-mostatolls.
While the projected cancer risks are smaller than those
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estimated by the National Cancer Institute in a more simplistic

analysis conducted in 2004, these estimates of cancer risk are
the best available as they are based on the most detailed dose

reconstruction to date and comprehensively include popula-
tions at all locations and dose contributions from all nuclear

tests.
Health Phys. 99(2):201-215; 2010
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INTRODUCTION

PREVIOUSLY ADMINISTERED by Japan under a League of

Nations mandate, the Marshall Islands (MI) archipelago

was occupied by the United States (U.S.) during World
War II. The group of atolls and islands was administered

by the U.S. as a United Nations Trust Territory until 1986
when the Republic of the Marshall Islands (RMI) was

established as a sovereign nation in free association with

the U.S.

After World WarII, the U.S. established the Pacific

Proving Grounds, essentially the atolls of Bikini and

Enewetak and the nearby ocean at the northwestern end
of the archipelago, for testing nuclear weapons. The
populations of Bikini and Enewetak were relocated to

other atolls prior to testing. Between 1946 and 1958, 66
nuclear test detonations were carried out on or near to the

atolls of the Marshall Islands. As discussed in four of the
companion papers (Becket al. 2010; Bouville et al. 2010;

Simon et al. 2010a and b), 20 of these tests resulted in

varying levels of radiation exposure from radioactive

fallout to residents of the inhabited islands in the archi-

pelago. Significant exposures to radioactive fallout began

in 1948, and exposures to residual fallout radioactivity
continued after the cessation of testing in 1958, until

about 1970. The highest exposures by far were from the

thermonuclear test (code name Castle Bravo) detonated

on Bikini on | March 1954, which unexpectedly resulted

in very substantial radiation exposure to 82 members of
the Rongelap community who were on Rongelap Island
and nearby Sifo Island (Ailinginae Atoll) and substantial
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exposure to 157 members of the Utrik community.
Lesser exposures of different degrees affected approxi-
mately 13,000 other Marshallese then living elsewhere in

the archipelago, including the major population centers

of Majuro and Kwajalein.
The purpose of the present paper is to update and

replace the cancer risk estimates of an earlier report
(DCEG 2004)titled “Estimation of the Baseline Number

of Cancers among Marshallese and the Number of
Cancers Attributable to Exposure to Fallout from Nu-
clear Weapons Testing Conducted in the Marshall

Islands” and to provide thorough documentation of the

methods used to estimate cancer risks. Presented here,

for the first time, is a comprehensive assessment of

cancer risks from exposure to fallout from all nuclear

tests for all Marshallese alive during the years 1948

through 1970.

MATERIALS AND METHODS

Ionizing radiation exposure is a known cancerrisk

factor and, because it is often possible to estimate
tissue-specific radiation doses with reasonable precision,

the relationship between dose and subsequent cancerrisk
is probably better quantified than for any other common

environmental carcinogen. In the companion papers,

estimates of organ-specific radiation absorbed doses
from fallout-related internal (ingested) and external ra-

dioactive materials are derived for residents of different

atolls affected by different test explosions, by year and
age. These values have been summarized to provide

yearly radiation doses correspondingto all calendar years
from 1948 through 1970,all historically inhabited atolls,

and all ages when exposures occurred.
Although small-scale medical studies have been

reported describing early and late health effects among
residents of Rongelap and Utrik in particular (Conard et

al. 1970; Hamilton et al. 1987; Cronkite et al. 1997;

Takahashi et al. 1997, 2001), and records are available

concerning compensation claims awarded to RMIresi-
dents who developed cancers and other health problems

subsequent to fallout-related events (NCT 2004), the

infrastructure of medical reporting and records in the
RMIis not sufficient to support detailed epidemiological

studies such as those carried out among survivors of the

atomic bombings of Hiroshima and Nagasaki, Japan

(Preston et al. 2003, 2007). Fortunately, however, much

of the dose-response information provided by studies of
the atomic bomb survivors and of other populations

exposed to medical, occupational, and other sources of

radiation, is summarized in the recent report of the U.S.

National Research Council’s Committee to Assess

August 2010, Volume 99, Number 2

Health Risks from Exposure to Low Levels of Ionizing

Radiation, otherwise known as BEIR VII (NRC 2006).

The goal of the present investigation is to estimate the

likely consequences of the nuclear tests in terms of
cancer risk to the MI population from fallout-related

radiation exposures, and to that end we have used the

BEIR VII dose-response models, with a few modifica-

tions which are noted in the text. Cancer risk projections
are provided for post-1948 lifetime baseline? and

radiation-related numbers of leukemias and cancers of
the thyroid, stomach, colon, and all remaining solid

cancer sites considered as a group. Lifetime risk is

further divided into “past” (from 1948 through 2008) and

“future” (after 2008) periods.

Population
Table 1 showstotal MI population numbers bysex,

as determined by censuses carried out in 1935, 1958,

1967, and 1973 (RMI 1987, Tables 1.1 and 1.7). These

data indicate that the MI population increased by about
33% over the 1935 value between 1935 and 1958, by

36% of the 1958 value between 1958 and 1967, and by

another 28% between 1967 and 1973, and that the

male/female ratio decreased from 1.10 in 1935 to 1.06 in
1958 and to a little over 1.04 in 1967 and 1973. Fig. 1

shows estimated sex-specific MI population sizes by

year, obtained by interpolation using the standard fitted
Bezier cubic spline curve algorithm (Foley et al. 1992) as

implemented in the Microsoft Excel’ spreadsheet com-
mand for XY scatter plot with data points connected by

smoothed lines.

The census reports of 1958, 1967, and 1973 also

gavetotal population numbers byatoll (RMI 1987, Table

1.2), which weused to apportion the total populations for
these and other years by atoll. As a general rule, for

yearly apportioning of the interpolated yearly total num-
bers amongthe various atolls, we used the 1958 propor-

tional allocation for each of the years 1948-1957, and
interpolated linearly between 1958 and 1967 for 1959-
1966 and between 1967 and 1973 for 1968-1970.
Estimated numbers are plotted by year in Fig. 2 for the
combined populations of the northern atolls of Rongelap

and Utrik, the mid-latitude population center Kwajalein,
a group of six other mid-latitude atolls (Ailuk, Likiep,

Mejit, Ujelang, Wotho, and Wotje), the southern popu-
lation center Majuro, and the remaining 13 southern
atolls (Ailinglaplap, Arno, Aur, Ebon, Jaluit, Kili, Lae,

Lib, Maloelap, Mili, Namorik, Namu, and Ujae). Fig. 2

* Cancers that presumably would have occurred in the absence of
exposure to radioactive fallout.

* Provided for information purposes only. Identification of soft-
ware does not imply any endorsement.



Projected lifetime cancer risks @ C. E. LAnp ETAL. 203

Table 1. Census-based total Marshall Islands population by sex

and census year (RMI 1987).
 

Census year
 

 

Sex 1935 1958 1967 1973

Males 5,480 7,175 9,658 12,335

Females 4,966 6,753 9,267 11,800
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Fig. 1. Fitted Bezier cubic splines expressing yearly interpolated,

sex-specific population numbers for the entire Marshall Islands
population, based on census results for 1935, 1958, 1967, and

1973.
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Fig. 2. Estimated population sizes over time for Majuro, 13 other

southern atolls, Kwajalein, 6 other mid-latitude atolls, and the

Rongelap and Utrik communities including membersnotpresentat

the time of the Castle Bravo test on 1 March 1954.

clearly indicates a substantial trend over time of migra-

tion to the two population centers from nearby as well as

remote atolls. The populations of Kwajalein and Majuro
increased over 1948-1970 by factors of 4 and 2.5,

respectively, compared to 1.2 for southern atolls other

than Majuro, 1.07 for mid-latitude atolls other than
Kwajalein, and 1.05 for Rongelap and Utrik.

The census reports for 1958 and 1973, but not 1967,

gavedistributions for the entire MI population by sex and
age interval, as shown in Table 2 (RMI 2003, Table 2.7).

Using what might be termed a “global enumeration
algorithm,” we applied the 1958 sex-specific age distri-

butions to all atolls for 1948-1957, and interpolated

linearly between the 1958 and 1973 distributions for

1959-1970. Two exceptions were 82 members of the
Rongelap community who received very high radiation
doses from exposure to fallout from Castle Bravo on |

March 1954, while on Rongelap (64) or Ailinginae (18),

and 157 membersof the Utrik community who received

10-fold lower, but still substantial, doses while exposed

on Utrik to fallout from the same event. Both groups

were enumerated in historical documents (see for exam-

ple, BNL 1975) by age and sex when they were evacu-

ated several days later. For community members who

were not present at the time of Castle Bravo, numbers of
people andtheir distribution by year, age, and sex were

estimated using the above-mentioned global enumeration
algorithm.

Radiation dose
Estimation of tissue-specific radiation absorbed

doses to bone marrow, thyroid gland, stomach, colon,

and other organs andtissues from fallout-related internal
(ingested) and external radioactive sources is discussed

in the companion papers (Bouville et al. 2010; Simon et

al. 2010b). External doses were assumedto be essentially

Table 2. Distribution of Marshall Islands population by age and sex

in 1958 and 1973: numberof persons and percent (%) (RMI 2003).
 

 

Age 1958 1958 1973 1973

group (y) male female male female

<1 268 (3.8) 246 (3.7) 485 .23° (3.9%) 409.19* (3.5*)

1-4 1,078 (15.2) 1,073 (16.1) 1,951.77* (15.9%) 1,784.81" (15.2°)
5-9 1,162 (16.4) 953 (14.3) 2,023 (16.4) 1,876 (15.9)
10-14 782 (11.1) 703 (10.5) ‘1,550 (12.6) 1,538 (13.1)
15-19 452 (6.4) 476 (7.1) 1,379 (11.2) 1,385 (11.8)
20-24 411 (5.8) 426 (6.4) 1,070 (8.7) 975 (8.3)
25-29 462 (6.5) 443 (6.6) TAl (6.0) 770 (6.5)
30-34 421 (6.0) —-390 (5.8) 489 (4.0) 446 (3.8)
35-39 386 (5.5) 387 (5.8) 429 (3.5) 432 (3.7)
40-44. 294.(4.2) —-291 (4.4) 427 (3.5) 362 (3.1)
45-49 317(4.5) 274 (4.1) 358 (2.9) 369 (3.1)
50-54 201 (2.8) 231 (3.5) 357 (2.9) 359 (3.1)
55-59 201 (2.8) 220 (3.3) 328 (2.7) 312 (2.7)
60-64 231(3.3) ‘178 (2.7) 263 (2.1) 249 (2.1)
65-69 151 (2.1) ‘112 (1.7) 159 (1.3) 189 (1.6)
70-74 120(1.7) ‘102. (1.5) 113 (0.9) 139 (1.2)
75-79 50(0.7)  53(0.8)  63.64°(0.5) ——-56.91* (0.5)
80-84 50(0.7)  57(0.9) —-63.64° (0.5) «6 1.21° (05°)
85+ 43(0.6)  66(1.0)  —54.73°(0.4*) 70.88" (0.6")
Total 7,080 (100) 6,681 (100) 12,305 (100) 11,784 (100)
 

“1973 age detail apportioned according to 1958 detail.


