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Abstract—The Trinity nuclear test, conducted in 1945, exposed
residents of New Mexico to varying degrees of radioactive fallout.
Companion papers in this issue have detailed the results of a dose
reconstruction that has estimated tissue-specific radiation absorbed
doses to residents of New Mexico from internal and external exposure
to radioactive fallout in the first year following the Trinity test
when more than 90% of the lifetime dose was received. Estimated
radiation doses depended on geographic location, race/ethnicity,
and age at the time of the test. Here, these doses were applied to
sex- and organ-specific risk coefficients (without applying a dose
and dose rate effectiveness factor to extrapolate from a population
with high-dose/high-dose rates to those with low-dose/low-dose
rates) and combined with baseline cancer rates and published
life tables to estimate and project the range of radiation-related
excess cancers among 581,489 potentially exposed residents of
New Mexico. The total lifetime baseline number of all solid cancers
[excluding thyroid and non-melanoma skin cancer (NMSC)] was
estimated to be 183,000 from 1945 to 2034. Estimates of ranges
of numbers of radiation-related excess cancers and corresponding
attributable fractions from 1945 to 2034 incorporate various
sources of uncertainty. We estimated 90% uncertainty intervals
(UIs) of excess cancer cases to be 210 to 460 for all solid cancers
(except thyroid cancer and NMSC), 80 to 530 for thyroid cancer,
and up to 10 for leukemia (except chronic lymphocytic leukemia),
with corresponding attributable fractions ranging from 0.12% to
0.25%, 3.6% to 20%, and 0.02% to 0.31%, respectively. In the
counties of Guadalupe, Lincoln, San Miguel, Socorro, and Torrance,
which received the greatest fallout deposition, the 90% UI for the
projected fraction of thyroid cancers attributable to radioactive
fallout from the Trinity test was estimated to be from 17% to 58%.
Attributable fractions for cancer types varied by race/ethnicity, but

90% UIs overlapped for all race/ethnicity groups for each cancer
grouping. Thus, most cancers that have occurred or will occur
among persons exposed to Trinity fallout are likely to be cancers
unrelated to exposures from the Trinity nuclear test. While these
ranges are based on the most detailed dose reconstruction to date
and rely largely on methods previously established through scientific
committee agreement, challenges inherent in the dose estimation, and
assumptions relied upon both in the risk projection and incorporation
of uncertainty are important limitations in quantifying the range
of radiation-related excess cancer risk.
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INTRODUCTION

THE TRINITY nuclear test was conducted on 16 July 1945 in
south-central New Mexico as the culmination of the Manhattan
Project, just 3 wk before the atomic bombings of Hiroshima
and Nagasaki, Japan. The device was similar to the Fat
Man-type plutonium implosion device used in the bombing
of Nagasaki. The test resulted in varying levels of radiation
dose from radioactive fallout to residents of New Mexico
depending on geographic location of residence, age at the
time of the test, and race/ethnicity. Because the test occurred
over 70 y ago, it is not possible to retrospectively identify
the population exposed and collect statewide records of the
number and types of cancers that occurred in that population.
For that reason, conducting an analytical epidemiological
follow-up study of exposed individuals is not feasible.

Recognizing, however, that ionizing radiation is an estab-
lished carcinogen, exposure of the New Mexico population
could lead to an increase in cancer incidence. Information
that quantitatively relates radiation dose levels to cancer
risk is required to provide an estimate (and/or projection) of
such an increase. Today, the best quantitative evaluation of
radiation-related cancer risk as a function of radiation dose
is based largely on epidemiological studies of the Japanese
atomic bomb survivors who were acutely exposed to low
to moderate/high external doses, in addition to some other
radiation-exposed populations (Ron et al. 1995; NRC 2005;
Preston et al. 2007). Cancer risk models developed using
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data from the Japanese atomic bomb survivors can be used to
estimate or project risks in other populations with different
exposure scenarios; e.g., the residents of New Mexico alive
at the time of the Trinity test. This extrapolation from one
population to another adds uncertainty in estimating the
impact of radiation on cancer risks, but in the absence of a
large, well-defined and carefully followed cohort of Trinity
fallout-exposed individuals with individual dose estimates,
radiation risk projection based on models developed from
other exposed cohorts remains the only viable tool to estimate
the number of cancers that might have been caused by
fallout exposure to the New Mexico population (NRC 2005;
Berrington de Gonzalez et al. 2012).

Our objective is to estimate the range of radiation-related
excess cancers and corresponding attributable fractions from
exposure to fallout from the Trinity nuclear test among the
residents of New Mexico alive at the time of the test. We
use multiple databases to characterize the exposed New
Mexico population and baseline cancer rates and statistical
risk projection methods with reconstructed radiation doses
(Simon et al. 2020) to estimate the potential magnitude and
proportion of radiation-related cancer risks. We consider
uncertainties of the models and other factors used in the
calculations and describe limitations in the uncertainty analysis.
This is the first assessment of cancer risks due to exposure
to radioactive fallout from the Trinity nuclear test.

MATERIALS AND METHODS

Based on methods and data described in companion
papers (Bouville et al. 2020; Potischman et al. 2020; Simon
et al. 2020), estimates of tissue-specific radiation absorbed
doses from exposure to fallout from external and internal
sources were derived for residents of different precincts by
age at the time of the test and race/ethnicity for the first year
following the Trinity test. In the current paper, total (internal
and external combined) tissue-specific radiation doses are
applied to baseline cancer rates, published life tables, and
sex- and organ-specific risk coefficients to project the num-
ber of excess cancers among residents of NewMexico alive
at the time of the test.

Study population
The population residing in New Mexico at the time

of the Trinity test on 16 July 1945 was estimated by linear
interpolation of the 1940 and 1950 United States census
counts and is presented in Table 1 (USCB 2019). The total
number of people reported in 5-y age groups by the census
were apportioned equally to single year ages within that 5-y
group. For the wider age group of people 75 y and older,
individuals were apportioned from ages 75 to 90 y based
on 1939 US life tables for males and females. These censuses
capture race/ethnicity of Whites, African Americans, and
“other races.” For New Mexico, the “other races”

category was assumed to be Native Americans.3 The
1940 census combined counts for non-Hispanic whites
and Hispanic whites for each county in New Mexico.
However, a 5% sample of the 1940 census indicates that
Hispanics (using the definition of having the Spanish mother
tongue) represented 41.7% of the entire population of New
Mexico at that time. We assumed the Hispanic population
to be 41.7% of every precinct and age group combination,
rounded to the nearest person. The total population of
New Mexico in 1945 was estimated to be 581,489 people
comprised of 315,352 Whites; 225,561 Hispanics; 34,673
Native Americans; and 5,903 African Americans.

Radiation dose
Tissue-specific absorbed doses (Table 2) from a range

of radionuclides were estimated (Simon et al. 2020) for in-
dividuals residing in the 721 precincts of New Mexico for
the primary organs at risk from exposure to radioactive
fallout: active bone marrow, thyroid, stomach, colon, and
lung, similar to analyses done for other populations exposed
to radioactive fallout (Land et al. 2010). For the cancer
risk projection of other organs, colon dose was used as a
surrogate dose to project the excess of all solid cancers
[excluding thyroid and non-melanoma skin cancer (NMSC)].
The dose reconstruction relied on fallout deposition estimates
derived from ground-level exposure-rate measurements made
within 3 wk of the detonation, which were later confirmed by
measurements from environmentally-placed x-ray film badges
(Hoffman 1945), and on recall of diet and lifestyle from

Table 1. Distribution of the NewMexico population by age and race/
ethnicity in 1945.

Race/ethnicity

Age group (y) White Hispanic
Native

American
African
American Total

0–4 38,816 27,764 5,544 467 72,591

5–9 36,029 25,770 4,432 444 66,674

10–14 33,692 24,099 3,599 406 61,797

15–19 30,691 21,952 3,094 423 56,160

20–24 28,079 20,084 3,367 524 52,053

25–29 28,169 20,148 2,952 755 52,024

30–34 24,609 17,602 2,287 607 45,105

35–39 21,401 15,308 1,993 549 39,251

40–44 17,424 12,463 1,533 494 31,915

45–49 15,335 10,969 1,149 407 27,859

50–54 12,139 8,682 1,166 265 22,252

55–59 9,176 6,563 929 162 16,830

60–64 6,757 4,833 862 163 12,614

65–69 5,537 3,960 520 127 10,143

70–74 3,671 2,626 553 69 6,919

75 and older 3,828 2,738 693 42 7,301

Total 315,352 225,561 34,673 5,903 581,489

3

The research findings in this paper do not apply to the Navajo Nation.
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the mid-1940s in contemporary focus groups and personal
interviews from persons alive and residing in New Mexico
at the time of Trinity. In the dose assessment, three exposure
pathways were included: (1) external irradiation from the
radionuclides deposited on the ground, (2) inhalation of
radionuclide-contaminated air during and after the passage of
the radioactive cloud, and (3) ingestion of contaminated water
and food. The ingestion pathway accounted for radioactive
contamination of 13 types of food and water (Bouville et al.
2020; Simon et al. 2020). The calculations of contamination
of foods and air for the internal dose assessment accounted
for 63 radionuclides in the fallout that are fission or activation
products. Of the 63 considered, 54 have radioactive half-lives
of less than 3 mo, while only nine have radioactive half-lives
longer than 9 mo. The risk analysis presented here uses
estimates of intakes and doses received in the first year
following the test. Any dose received in later years would
not only be much smaller than the component assessed but
would also be considerably more uncertain. Each derived
dose estimate was considered to be the “best estimate” of
radiation absorbed dose to specific organs for persons
representative of a specific age-at-exposure group (0 to <1 y,
1–2 y, 3–7 y, 8–12 y, 13–17 y, and 18 y and older) and race/
ethnicity (Whites, Hispanics, Native Americans, and African

Americans) in each precinct. Different dietary and lifestyle
patterns were assumed for each precinct based on collected
data from interviews and focus groups (Potischman et al.
2020). Table 2, adapted from Simon et al. (2020), presents
population-size weighted mean radiation absorbed doses by
county and age at exposure groupings among residents
of New Mexico alive in 1945 with doses estimated to be
greater than zero.

Baseline cancer rates
Baseline cancer rates are cancer incidence rates in a

population without known exposure to the factor of interest;
in this case, radiation from Trinity fallout. Baseline inci-
dence rates for each specific cancer type vary between pop-
ulations as well as over calendar time, across ages, birth
cohorts, sex, and race/ethnicity groups within a population.
To ensure stable estimates of baseline cancer rates by age at
diagnosis, calendar year, sex, and race/ethnicity, we used
cancer incidence rates reported by the Surveillance, Epide-
miology, and End Results (SEER) cancer registry program
from 1973 to 2015, which includes between 9 and 18
high-quality cancer registries across the United States. To
derive baseline cancer incidence rates for 1945 to 1972,
we extrapolated rates for all races combined from 1973 to
1987 from the nine SEER cancer registries (SEER9 2018).
We fit Poisson regressionmodels that included 5-y age groups

Table 2.4 Adapted from Simon et al. (2020). Mean radiation absorbed doses (mGy) to residents of New Mexico from Trinity
radioactive fallout by county and age at exposure groupings. Abbreviations: ABM, active bone marrow. Doses rounded to two
significant digits. Note: Weighted by population size in corresponding county and age grouping during first year at risk (1950
for solid cancers and 1947 for leukemia).

Population Age group (y) ABM Thyroid Colon Stomach Lung

Totala

<1 7.2E-01 1.1E+01 3.1E+00 8.7E-01 2.8E+00

1–2 8.2E-01 3.0E+01 4.9E+00 1.0E+00 2.4E+00

3–7 6.8E-01 2.2E+01 3.1E+00 7.9E-01 1.7E+00

8–12 6.7E-01 1.6E+01 3.0E+00 7.6E-01 1.8E+00

13–17 6.3E-01 1.2E+01 2.5E+00 6.8E-01 1.8E+00

Adult 4.8E-01 6.6E+00 2.1E+00 5.8E-01 1.6E+00

Selected countiesb

<1 5.2E+00 6.6E+01 2.3E+01 6.5E+00 2.2E+01

1–2 5.4E+00 1.7E+02 2.6E+01 6.8E+00 1.9E+01

3–7 4.6E+00 1.3E+02 1.7E+01 5.5E+00 1.3E+01

8–12 4.5E+00 9.1E+01 1.7E+01 5.3E+00 1.4E+01

13–17 4.2E+00 6.8E+01 1.5E+01 4.9E+00 1.4E+01

Adult 3.5E+00 3.9E+01 1.3E+01 4.2E+00 1.2E+01

Other counties

<1 9.7E-02 2.9E+00 3.2E-01 8.9E-02 1.3E-01

1–2 1.8E-01 1.1E+01 2.0E+00 1.9E-01 1.7E-01

3–7 1.3E-01 7.4E+00 1.2E+00 1.4E-01 1.4E-01

8–12 1.4E-01 5.2E+00 1.1E+00 1.3E-01 1.5E-01

13–17 1.4E-01 4.0E+00 7.6E-01 1.1E-01 1.4E-01

Adult 8.1E-02 2.2E+00 5.7E-01 8.7E-02 1.1E-01

aIncluding precincts with doses estimated to be greater than zero.
bIncluding Guadalupe, Lincoln, San Miguel, Socorro, and Torrance.

4E-notation is used here due to space restrictions.
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coded with dummy variables [combining 0 to 10-y-olds for
thyroid, leukemia—except chronic lymphocytic leukemia
(CLL)], solid (except thyroid and NMSC) and 0 to 15-y-
olds for lung, colon, and stomach cancer), calendar year in
single years fitted as a continuous variable, sex, and interac-
tion terms of calendar year by sex and age groups by sex.
The SEER program includes cancer incidence rates for in-
dividuals of Hispanic ethnicity since 1992, so race ratios of
Hispanics/Blacks/non-HispanicWhites/NativeAmericans
compared to all races combined estimated using SEER
rates from 1992 to 2006 were applied to cancer incidence
rates for earlier periods. Poisson regression models using
SEER18 data from 2000 to 2015were used to extrapolate age-,
sex-, and race/ethnicity-specific cancer incidence rates to years
2016 to 2034. Further details are provided in Appendix A.

Models for estimating radiation-related cancer risk
Excess radiation-related cancer risk can be computed

either based on a multiplicative model with the excess rela-
tive risk (ERR), an additive model using the excess absolute
risk (EAR), or a combination of the two models. We used
models based on the recommendations of the National
Academy of Sciences BEIRVII report on the Biological
Effects of Ionizing Radiation (NRC 2005). BEIR VII
dose-response models were used for estimating the ERR
and EAR per unit dose of radiation (Table 3). Most of
the radiation dose-response coefficients in the BEIR VII
report (denoted by b, g, h, d, and φ in the equation below)
are based on analyses of data from the Life Span Study of
Japanese atomic bomb survivors, which is considered the
gold standard in radiation risk assessment (Preston et al.
2007). The general form of the BEIR VII dose-response
models for the ERR and EAR is

ERR D; s; e; a; tð Þ or EAR D; s; e; tð Þ
¼ bsDexp geþ haþ dt þ φetð Þ: ð1Þ

Here, D is dose in Gy, e = (exposure age-30)/10 for ex-
posure age<30 and e = 0 for exposure age ≥ 30, a = loge
(attained age/60) and t = loge(time since exposure/25),
where time since exposure in years is attained by age minus
age at exposure.Age inyears at exposure in this study is defined
as age at the time of the Trinity test. For example, based on
these models (eqn 1) and coefficients (Table 3), the
radiation-related risk of thyroid cancer is only modified by
age at exposure, with a stronger modification than other
cancers; thus, decreasing age at exposure substantially in-
creases thyroid cancer risk. The dose-response model for
leukemia (excluding CLL) described in BEIR VII has a
linear-quadratic form for acute exposures, but the quadratic
term is typically dropped for protracted exposures, like those
due to radioactive fallout (Land et al. 2010).We also used the
BEIR VII committee’s assumptions for cancer latency, that

cancer risk follows a step function so that it is equal to zero
at time since exposure of less than 2 y for leukemia and less
than 5 y for solid cancers. Unlike the BEIRVII report, we did
not apply a dose and dose rate effectiveness factor (DDREF)
to extrapolate from populations with high-dose/high-dose
rates to those with low-dose/low-dose rates. A DDREF
greater than 1, when applied to the excess relative risk, would
reduce the number of estimated excess cases.

Transfer of estimated excess relative risk to the exposed
New Mexico population

Selection of the weight given to the ERR and EAR
models can significantly impact the projected excess cancer
risk when the baseline cancer rates differ between the
population from which the ERR or EAR was derived
(e.g., Japanese atomic bomb survivors) and the population
to which the risk is transferred (e.g., 1945 residents of New
Mexico). The BEIR VII approach uses the multiplicative
model (i.e., ERR) for thyroid cancer because mechanistic
considerations suggest greater support for relative risk than
for absolute risk transport (NRC 2005). For leukemia (except
CLL), stomach cancer, colon cancer, and for solid cancers
(except thyroid and NMSC), the BEIR VII approach uses
a weighted average (on the logarithmic scale) of the ERR
and EAR models with weights of 0.7 on multiplicative
transfer (ERR) and 0.3 on additive transfer (EAR). For
lung cancer, the multiplicative model (ERR) weight is 0.3
and 0.7 for the additive (EAR) model. We used a similar
approach, except that the weighted averages are on the
arithmetic, rather than the logarithmic, scale as used by
previous studies to enable propagation of uncertainties
(Land et al. 2010; Berrington de Gonzalez et al. 2012).

Person-years
The models recommended by BEIRVII provide esti-

mates of the age-specific excess cancer risks. However,
projected lifetime cancer risk must reflect person-time at
risk over the lifespan. Here, we use the term “person-years”
to represent the sum of years for which the study population
is at risk of developing cancer. Person-years at risk reflect
the conditional probability of a person reaching a certain
age. United States (US) life tables provide 1-y survival data
for persons alive at any given age during that calendar period
and are published approximately every 10 y, based largely on
US census data (CDC 2019). We assumed that individuals in
the exposed population could reach an age of up to 90 years
and estimated person-years from age in 1945 up until age
90 y or year 2034 using published life tables by calendar
year, sex, and race/ethnicity, when available. For each corre-
sponding sex, race/ethnicity, calendar year, and age, we
multiplied the corresponding baseline cancer rates by the
person-years for that age and summed over the different
ages to estimate lifetime cancer risk. This approach adjusts
for competing age-specific mortality in estimating cumulative
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baseline and radiation-related excess risk. This approach
allowed for survival probabilities to vary by sex, race/ethnicity,
and age and to change over calendar time. Further details
are found in Appendix B.

Calculation of excess and attributable fractions
The number of lifetime excess cancers for a given can-

cer type associated with age at exposure, e; attained age, a;
latency period, l; transfer weight,w; and baseline cancer rate
B(a) at attained age a is

∑90
a¼eþlpy að Þ w� B að Þ � ERRþ 1−wð Þ � EAR½ � ð2Þ

where py(a) is the person-years at risk of cancer during a
single year age interval adjusted by the life table probability
of survival to age a. The equation above is a simplified version
for ease of exposition, since baseline cancer rates B(a) depend
on age, sex, race/ethnicity, and calendar year, and as described
previously, the ERR and EAR depend on age at exposure,
attained age, sex, and tissue-specific dose. In the presentation of
the results, we rounded excess numbers to the nearest multiple
of 10, and we do not present any numbers <10 after rounding.

Values for baseline and excess numbers of cancer cases
were converted to estimates of attributable fractions, i.e., the
projected proportion of cancers attributable to radiation dose,
by dividing the excess number of cancers by the total num-
ber, computed as the sum of baseline and excess cases. These
estimates, which incorporate latency, attained age, and calendar

time into person-years at risk, correspond to attributable
fraction measures based on incidence density in a closed
cohort (Greenland and Robins 1988).

Uncertainty
Our study accounts for many important but not all pos-

sible sources of uncertainty.We accounted for uncertainty in
the baseline cancer rates, model parameters, model transfer
weights, and radiation doses. For some sources, the uncer-
tainty magnitudes were based on empirical data, while for
others the magnitudes of uncertainty were obtained more
subjectively from experts. The uncertainty of each component
used in the calculation of the excess number of cancers was
described using probability distribution functions. Paramet-
ric bootstrap methods were used to propagate these numer-
ous sources of uncertainty. Possible sources of uncertainty
not accounted for include census-based population infor-
mation, national life tables, the extrapolation of model pa-
rameters to low doses and low dose rates, and changes in
environmental and lifestyle factors that may have impacted
the baseline cancer rates in early periods.

Since baseline cancer rates for the population of New
Mexico were computed based on Poisson models for the
periods 1945 to 1972 and 2016 to 2034, while we used
SEER rates more directly for the periods 1972 to 2015,
different approaches were implemented for accommodating
uncertainty in the baseline rates depending on the calendar
period. For years 1973 to 2015, we assumed the number

Table 3. Estimates (95% uncertainty limits) of preferred ERR and EAR model parameters for estimating site-specific cancer
risk. Abbreviations: ERR, excess relative risk; EAR, excess absolute risk; PY, person-years.

Model parameter Leukemiaa Thyroid Colon Stomach Lung All solidb

ERRd

bM 1.1 (0.10, 2.6) 0.53 (0.14, 2.0) 0.63 (0.37, 1.1) 0.21 (0.11, 0.40) 0.32 (0.15, 0.70) 0.33 (0.24, 0.47)

bF 1.2 (0.10, 2.9) 1.05 (0.28, 3.9) 0.43 (0.19, 0.96) 0.48 (0.31, 0.73) 1.40 (0.94, 2.1) 0.57 (0.44, 0.74)

γ(e) -0.4 (-0.78, 0.0) -0.83c -0.3c -0.3c -0.3c -0.3 (-0.51, -0.10)

h(a) 0 0 -1.4c -1.4c -1.4c -1.4 (-2.2, -0.7)

d(t) -0.48 (-1.1, 0.20) 0 0 0 0 0

φ(e*t) 0.42 (0.0, 0.96) 0 0 0 0 0

EAR (per 104 PY)d

bM 1.62 (0.1, 3.6) 0 3.2 (1.8, 5.6) 4.9 (2.7, 8.9) 2.3 (1.1, 5.0) 22 (15, 30)

bF 0.93 (0.1, 2.0) 0 1.6 (0.8, 3.2) 4.9 (3.2, 7.3) 3.4 (2.3, 4.69) 28 (22,36)

γ(e) 0.29 (0.0, 0.62) 0 -0.41c -0.41c -0.41c -0.41 (-0.59, -0.22)

h(a) 0 0 2.8c 2.8c 5.2 (3.8, 6.6) 2.8 (2.15, 3.41)

d(t) 0 0 0 0 0 0

φ(e*t) 0.56 (0.31, 0.85) 0 0 0 0 0

Multiplicative/additive
transfer weights 0.7/0.3 1.0/0.0 0.7/0.3 0.7/0.3 0.3/0.7 0.7/0.3

aLeukemia excludes CLL. Because dose from fallout was considered to have been received at a low dose rate, the parameter for the
dose-squared term in the BEIRVII model for leukemia was set equal to zero.
bExcept thyroid cancer and non-melanoma skin cancer.
cError assumed to be negligible, following BEIRVII (NRC 2006).
dThe form of the ERR and EARmodels isbsDexp (ge + ha + dt +φet) where D is dose in Gy; (age at exposure-30)/10 for age at exposure<30
and e = 0 for age≥30; a = loge(attained age/60) and t = loge[(time since exposure)/25]. The sex-specific b, γ, h, d, and φ are uncertain param-
eters where sex-specific b is assumed to have log-normal distributions for solid cancers and a four-parameter beta distribution for leukemia; γ,
h, d, and φ are assumed to have normal uncertainty distributions when not constant.
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of cancer cases for a specific cancer site was distributed
according to a Poisson distribution with the age- and
sex-specific counts and standard deviations provided by
the SEER program. Uncertainty for models extrapolating
cancer risks from 1945 to 1972 and 2016 to 2034 used
estimated parameters and covariance matrices describing the
correlations between parameters from the fitted Poisson
models in the baseline cancer risk models to generate rates
directly from the Poisson models. See Appendix A for details.

The uncertainty in the ERR and EAR computations
(eqn 1) arises from two different sources: the uncertainty
in the parameters that are used and the uncertainty in the re-
constructed dose. We accounted for uncertainty in model
parameters used for ERR and EAR similarly to the BEIR
VII report. The parameters in Table 3 were assumed to be
random variables, with bM and bF arising from log-normal
distributions for solid cancers and from four-parameter beta
distributions for leukemia. Parameters γ, h, d, and φ were
assumed to have either normal distributions or were assumed
to be constant when no uncertainty limits were provided. The
bM and bF parameters for solid cancers in Table 3 were as-
sumed to be medians or geometric means (with 95% uncer-
tainty limits) and were converted to arithmetic means in the
ERR and EAR calculations using the standard deviation cal-
culated from the uncertainty distribution. For example, for
colon cancer with bM distributed log-normally with upper
and lower uncertainty limits UL and LL, respectively,
the mean for the parameter bM was calculated as,

bM mean ¼ bM exp
LnUL−LnLL

2�1:96ð Þ2
2

� �
:

Total tissue-specific doses used in eqn (1) were assumed
to be log-normally distributed (Simon et al. 2020).

An important component of uncertainty relates to the
transfer of excess relative risk (multiplicative) and absolute
(additive) risks to the 1945 New Mexico population from
data derived largely from Japanese atomic bomb survivors.
This uncertainty arises from the lack of knowledge about
which type of risk projection is accurate. The estimated excess
number of cases due to radiation exposure may be highly
sensitive to the choice of weights, w, for the ERR and
EAR (eqn 2). We took a conservative approach, similar to
BEIR VII, in incorporating the uncertainty in the choice
of weights by assuming the weight follows a Bernoulli
distribution (NRC 2005). For example, for colon cancer,
when the multiplicative transport weight was taken to be
0.7, the weight for the additive transport was 1−w = 0.3,
and the variance of the weight was 0.7 � 0.3. In contrast,
only multiplicative projections were used for thyroid cancer
and consequently, no uncertainty was assigned to w.

Dose uncertainty was also accounted for. An assess-
ment of uncertainty found the uncertainty distribution on

the best estimate of dose within a race/ethnicity and age
group in a specified precinct to be log-normal (Simon et al.
2020). For the dose uncertainty component of the risk pro-
jection, we randomly drewa dose realization from a log-normal
distribution that had as parameters the median dose (i.e.,
“best estimate”) and the variance computed from the
geometric standard deviation (by age, voting precinct, and
race/ethnicity). To examine the impact of dose uncertainty
on our 90% uncertainty intervals (UIs) for the number of ex-
cess cancer cases, we compared our results for the total pop-
ulation (years 1945–2034) to results that did not incorporate
dose uncertainty (Appendix C).

Parametric bootstraps/dose simulations based on the
assumptions described above generated 1,000 realizations
of baseline and excess cases from which we calculated
1,000 realizations of attributable fractions for each of 721
voting precincts, 4 race/ethnicities, 90 exposure ages, male
and females, 90 calendar years of follow-up, and 6 cancer
groups. The estimated numbers of cancers were summed
to obtain totals for the entire New Mexico population and
population sub-groups defined by selected counties/other
counties, and race/ethnicity categories. Using the 1,000
realizations of the projected number of excess cancers,
medians, means, and 90% uncertainty intervals (based on the
5th and 95th percentiles of the bootstrap distribution for the
respective quantity), and corresponding attributable fractions
were then generated for each cancer type and selected
sub-population. By providing medians, means, and 90%
UIs, we intend to stress that our estimates should not be
interpreted as precise numbers but rather as ranges of
possible excess cancer cases and attributable fractions.

RESULTS

Our estimates of excess cancer cases assume 581,489
residents of New Mexico were alive at the time of the
Trinity test in July 1945 (Table 1). After accounting for a
2-y latency period for leukemia and a 5-y latency period
for solid cancers, we calculated a total of 26.6 million
person-years at risk of leukemia and 24.9 million person-years
at risk of solid cancers from 1945 until 2034 or age 90 y,
which ever came first (Table 4).

The total lifetime baseline number of all solid cancers
(excluding thyroid and NMSC) was estimated to be 183,000
from 1945 to 2034, which is approximately 31% of the pop-
ulation alive and residing in New Mexico at the time of the
Trinity test (Table 4). We estimated a radiation excess 90%
UI of 210 to 460 for solid cancers (except thyroid and
NMSC) corresponding to an attributable fraction between
0.12% and 0.25% of all solid cancer cases in this population.
We estimated an excess 90% UI of 80 to 530 thyroid cancer
cases from 1945 to 2034, representing a range for the attributive
fraction of 3.6% to 20% in the total population. The 1945
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to 2015 period includes most of the baseline and excess
cancers, which represents 0 to 70 y since the test and
about 96% of the estimated person-years.

Estimated numbers of baseline cancers, radiation-related
excess cancers, and the proportion of total cancer risk attribut-
able to Trinity fallout are shown for selected counties in
Table 4. Among the 30 counties in New Mexico at the time
of the test, the counties of Guadalupe, Lincoln, San Miguel,
Socorro, and Torrance had the highest attributable risk ranges
of all solid cancer (except thyroid and NMSC) and accounted
for over 70% of excess cancer cases. The 90% UIs of the
total projected number of cancers in these counties were 150
to 330 for all solid cancers (except thyroid and
NMSC), 60 to 370 for thyroid cancer, and up to 10 for
leukemia (except CLL), with attributable fractions ranging
from 0.65% to 1.4%, 17% to 58%, and 0.12% to 2.1%,
respectively. The county-specific attributable risk 90% UIs of
thyroid cancer are shown in Fig. 1.

Projected baseline and radiation-related cancers and
proportion of total cancer risk attributable to radioactive
fallout are shown by race/ethnicity in Table 5. The number
of mean baseline and excess cancer cases was highest
among Whites, primarily reflecting the population size of
Whites at the time of the test. Whites contributed up to
14.9 million person-years to the time at risk, and we esti-
mated an excess with an upper 90% uncertainty limit of
<10 for leukemia (except CLL), 90% UIs 50 to 330 for thy-
roid cancer, and 130 to 310 for all solid cancers (except for
thyroid and NMSC). These correspond to attributable
fraction 90% UIs of 0.02% to 0.31%, 3.6% to 20%, and
0.11% to 0.26%, respectively. Hispanics contributed about
10 million person-years, and we estimated an excess 90%
UIs of up to 10 for leukemia (except CLL), 30 to 210 for
thyroid cancer, and 70 to 160 for all solid cancers (except
for thyroid and NMSC). These corresponded to attributable
fraction 90% UIs of 0.02% to 0.35%, 3.4% to 22%, and
0.13% to 0.29%, respectively. Native Americans contrib-
uted approximately 1.5 million person-years, and we esti-
mated an excess number of cases with an upper 90%
uncertainty limit of <10 thyroid cancers and <10 solid can-
cers (except for thyroid and NMSC), corresponding to at-
tributable fraction 90% UIs of 0.63% to 4.2% and 0.03% to
0.07%, respectively. African Americans contributed up to
232,000 person-years, and we estimated an excess number
of cases with an upper 90% uncertainty limit of <10 thyroid
cancers and <10 all solid cancers (except for thyroid and
NMSC) corresponding to attributable fraction 90% UIs of
0.83% to 5.5%, and 0.02% to 0.05%, respectively.

We compared the length of the 90% UIs for our results
for the total population (years 1945–2034) to results that did
not incorporate dose uncertainty. Not incorporating dose
uncertainty substantially reduced the length of the 90%
UIs by 25% for leukemia (except CLL), 31% for stomach

cancer, 36% for colon cancer, 40% for all solid cancers (ex-
cept thyroid cancer and NMSC), 49% for lung cancer, and
50% for thyroid cancer. The sources of uncertainty for the
remainders of the 90%UI length included baseline cancer rates,
transport model weighting, and BEIRVII radiation-related
cancer risk parameters.

DISCUSSION

Despite the widespread interest in quantifying the can-
cer burden from Trinity through an observational epidemio-
logical study, it was not feasible to conduct a study of that
type in part because of the absence of a tumor registry in
New Mexico in the 30 y immediately following the nuclear
test. Instead, the current study uses newly estimated
radiation doses and existing epidemiologically-based radiation
risk data to estimate cancer risks to the radiation-exposed
population of New Mexico. We applied estimates of tissue-
specific radiation doses to the populations of 721 precincts
of NewMexico by age and race/ethnicity to information from
published, publicly available NewMexico census data, US life
tables, US baseline cancer rates, and radiation risk model
parameters derived primarily from study of the Japanese
atomic bomb survivors.

In thiswork, we determined the five counties of Guadalupe,
Lincoln, San Miguel, Socorro, and Torrance likely accounted
for over two-thirds of excess cancers and reported the esti-
mated excess and corresponding ranges for these counties
combined (Table 4). Similarly, we reported the excess cancer
for the other 25 counties combined. The distribution of attrib-
utable fractions for thyroid cancer shown by county (Fig. 1) re-
flects the dose estimation (Simon et al. 2020). In this work and
that of Simon et al. (2020), both the organ doses and the
resulting excess cancer cases were estimated at the voting pre-
cinct level and summed at the county level. While precincts in
counties far outside the main fallout pattern (see Bouville et al.
2020, Fig. 1), were relatively homogenous in the exposures
they received, the exposure levels in precincts in counties
within the main fallout deposition pattern were much more
heterogenous (Simon et al. 2020). In counties within the
fallout pattern, the precise boundaries of the fallout deposi-
tion pattern relative to the precinct boundaries locations
were difficult to assess. Consequently, precinct-level doses
and cancer risks are not reported because such small divi-
sions are not considered reliable.

Among single cancer sites, in the total population, county
subgroups, and in all race/ethnicities represented in Tables 4
and 5, the fraction of cancer cases attributable to radiation
exposure was highest for thyroid cancer. This reflects the
large effect of exposure to the radioactive isotope 131I in
fallout from nuclear weapons tests. Iodine concentrates in the
thyroid gland, which uses iodine to produce thyroid hor-
mones, resulting in exposures generally much greater than
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for other organs of the body. The radioactive isotope 131I is
indistinguishable by the thyroid gland from the non-radioactive
version, making the thyroid gland especially vulnerable to this
form of radiation, particularly during childhood, as has been
reported in population-based studies of Chernobyl fallout
(Brenner et al. 2011; Zablotska et al. 2011). The estimates
for attributable fraction of thyroid cancer were highest for His-
panics and Whites, reflecting higher intakes of dairy products
and locations of residence for these groups. However, the un-
certainty around these estimates was substantial, and 90% uncer-
tainty intervals for attributable fractions of thyroid cancer do not
support strong differences across races/ethnicities.

There are several limitations that must be considered in
the interpretation of our excess and attributable fractions es-
timates. While the association between ionizing radiation
and cancer risk is considered one of the best quantified
dose-response relationships for any environmental agent,
the estimated number of excess cases is still uncertain and
depends on numerous assumptions and input data. In this
work, we sought to use the best available published data
as input to our calculations and to make assumptions that
would not knowingly or purposefully bias the estimates.

The study population and distribution of race/ethnicity
was estimated based on US census data from 1940 and 1950
as that was the government-documented data available to
this study (USCB 2019). However, use of census data is ac-
knowledged to have possibly resulted in underestimates of
the numbers of certain groups if they were less likely to partic-
ipate in the census for either year. This could have been the
case, for example, for Native Americans who, through 1950,
were racially identified by a census taker rather than the indi-
vidual interviewed (Jobe 2004). Hispanics were identified by
those self-reporting the “Spanish mother tongue,” which may
have underestimated the proportion of the New Mexico

population in that race/ethnicity category. Similarly, national
life tables were used that for many years correspond to data
collected by the United States Census Bureau and may not
have accurately described the experience of all ethnic and
racial groups in New Mexico. In addition, possible nonlinear
changes, e.g., those caused by World War II, in the
population distribution during the period of time between
the two censuses were not accounted for.

Cancer incidence data were not systematically col-
lected for residents of New Mexico for the entire time
period (Gibson and Jung 2002) in our study, so we relied
on available data from high quality cancer registries in the
United States SEER program that started in 1973 and have
been updated until 2015 to obtain stable estimates of age-, sex-,
and race/ethnicity-specific baseline cancer rates, projecting
rates for periods 1945–1972 and 2016–2034, which were
outside the time period captured by SEER. We limited the
scope of projection to ages under 90 y and calendar year
before 2034, for which projections of baseline cancer rates
are more reliable. Projected baseline cancer rates prior to
1973 did not account for changes in environmental and
lifestyle risk factors. For example, the broader availability
of refrigeration in the 1940s, which reduced helicobacter
pylori prevalence, possibly results in an underestimation
of stomach cancer incidence in the early period (Luo et al.
2017). Modeled racial and ethnic patterns for cancer incidence
based on data obtained from the SEER program do reflect
racial and ethnic patterns in cancer mortality that have been
reported for New Mexico from 1958 to 1982 (Becker et al.
1993). For example, similarly to Becker and colleagues, we
estimated a near two-fold increased risk of stomach cancer
among Hispanics compared to Whites. Overall, cancer
incidence for residents of New Mexico has been reported
to be lower than the entire United States (NCI 2019), which

Fig. 1. Uncertainty intervals (5%, 95%) for proportion (in %) of thyroid cancer risk attributable to radioactive fallout from the Trinity nuclear test
by county among New Mexico residents alive in 1945 (1945 to 2034).
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would imply that the number of estimated baseline and excess
cancers may be overestimated under the multiplicative transfer
model. However, inaccuracy in baseline cancer rates and
all-cause mortality derived from US life tables apply similarly
to estimates of excess and baseline cases, so that the projected
proportion of cancer risk attributable to radioactive fallout,
calculated as excess cases divided by the sum of baseline and
excess cases, should not be appreciably impacted. Thus, we
do not believe that these various limitations have substantially
biased our estimates of attributable fractions presented in
Tables 4 and 5 and Fig. 1.

Uncertainty in dose estimation is an important limita-
tion of this study. Dose estimates were based on the fallout
pattern, information collected about individuals’ diet and
lifestyle, and exposure models used to estimate doses for
external and internal exposure from consumption of food,
water, in-cloud inhalation, and resuspension over the first
year following Trinity. Information on diet and lifestyle ob-
tained from focus groups have inherent limitations, including
memory recall and difficulty in sampling groups representa-
tive of all ages at the time of potential exposure. An analysis
of dose uncertainty, based on Monte Carlo simulations using
subjectively and experience-derived probability density func-
tions resulted in geometric standard deviations on dose esti-
mates ranging from 2.7 to 5.6 (Simon et al. 2020). When we
compared our estimates of numbers of excess cancer cases
for the total population (years 1945–2034) to those that did
not incorporate dose uncertainty, we found that 25% to 50%
of the length of the 90%uncertainty intervals could be attributed
to dose uncertainty. Thus, uncertainty in dose estimation had a
substantial impact on the total uncertainty around our estimates.

Excess relative and absolute risk models rely on evidence
from Japanese atomic bomb survivors, many of whom were
exposed to moderate to high doses and high dose rates that
resulted from near-instantaneous prompt gamma ray expo-
sure and very little protracted exposure from radioactive
fallout. In contrast, the residents of New Mexico were
potentially exposed to lower doses and low dose rates over
a longer time since no New Mexico residents were close
enough to the detonation to be exposed to prompt gamma
rays (Simon et al. 2020). A DDREF of 1.5 was used in BEIR
VII to extrapolate from populations with high-dose/high-dose
rates to those with low-dose/low-dose rates, effectively reducing
the number of estimated excess cancer cases. An evaluation
of uncertainty in the BEIRVII report (Table 12-10, page 284),
indicated that the main contribution to uncertainty for all solid
cancers (except thyroid and NMSC) was the DDREF. The
current analysis differs from the BEIRVII report in that we
did not apply either a DDREF or incorporate uncertainty
around the values for the DDREF. There continues to be
substantial debate among experts as to how to best extrapolate
to low doses (Ruhm et al. 2015; Rühm 2016; Shore et al. 2017;
Tran and Little 2017). While the International Commission

on Radiological Protection (ICRP) has proposed a DDREF
of 2 (Wrixon 2008), the expert panel at the World Health
Organization more recently did not apply a DDREF (i.e.,
they set DDREF equal to 1) to its health risk assessment
following the nuclear accident in Fukushima (WHO 2013).
In addition, recently updated and expanded pooled analyses
of thyroid cancer, the organ most exposed to Trinity fallout,
supports linearity of the dose-response in the low dose range
(<0.2 Gy) (Veiga et al. 2016; Lubin et al. 2017).

Several other issues merit discussion. We did not ac-
count for uncertainty in the life table- and census-based es-
timates of person years at risk by age and race/ethnicity. It
should also be restated that the doses captured exposure
from only the first year after the detonation, corresponding
to an estimated 90% of the lifetime dose. The effect of cap-
turing 90% of the dose would suggest our risk projection
might slightly underestimate total excess cases and attributable
risk, particularly for cancer outcomes related to longer-lived
radionuclides. We also did not project risk for the in utero
exposed population, which may also lead to a slight underesti-
mation of total excess cancer cases. Although dose estimates
were available for this group, robust long-term epidemiological
data are not available from which to obtain radiation-related
risk parameters.

CONCLUSION

We provide estimates of the ranges of excess cancer cases
from exposure to Trinity fallout to residents of New Mexico
alive in 1945. In this analysis, we accounted for uncertainty
of estimated doses, baseline cancer risks, model weights,
and radiation-risk model parameters. There are several key
conclusions from this analysis. Our 90% UIs suggest that
as many as 1,000 or as few as 290 cancers have already
occurred or are projected to occur in the future that would
not have occurred in the absence of residential radiation
exposure from Trinity fallout. Most of the excess cancers are
projected to have occurred or will occur among residents of
Guadalupe, Lincoln, San Miguel, Socorro, and Torrance
counties in 1945. Uncertainty in dose estimation had a
substantial impact in the total uncertainty around our
estimates. Finally, most cancers that have occurred or will
occur among the residents of New Mexico in 1945 are likely
to be cancers unrelated to exposures from Trinity fallout.
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APPENDIX A: BASELINE CANCER RATES

Cancer incidence rates for the full period 1945 to 2034
were estimated by age at diagnosis, calendar year, sex, and
race/ethnicity using data reported by the Surveillance, Epide-
miology, and End Results (SEER) cancer registry program
from 1973 to 2015. Since the SEER registries contained His-
panic ethnicity-specific data beginning in 1992, the period fol-
lowing 1992 was used to calculate race/ethnicity rate ratios
that were applied to earlier periods. All solid cancers included
ICDO-III codes C00-C89 behavior 3, excluding leukemia,
lymphoma,myeloma, and other lympho-hematopoietic malig-
nancies, plus brain and CNS tumors of benign, uncertain, or
unknown behavior (ICDO-III codes C70-C72, behavior 0,1)
with in situ excluded. Site-specific codes were C34 for lung,
C18 for colon, C16 for stomach, and C73 for thyroid. For leu-
kemia, all malignant leukemiawas included except CLLbased
on the ICD-O-3/WHO 2008 definition (SEER 2019). Fig. A1
shows an example of the baseline cancer estimation by calen-
dar year for all cancer groups, by race/ethnicity, males and fe-
males, for the 80–84-y age group.

Years 1945 to 1972
We used rates for all races/ethnicities combined from

1973 to 1987 from SEER 9 to extrapolate rates from 1945 to
1972 (Rühm et al. 2016).Wemodeled 5-y age-specific rates
for all cancers. As there were very few cancers observed in
the 0–4-y age groups, we combined that group with the
5–9-y age group and used 17 age groups in the modeling
for thyroid cancer, leukemia (except CLL), and all solid
cancers (excluding thyroid and NMSC) combined. We fit
Poisson regression models that included the age groups
coded with dummies, calendar year in single years treated
as a continuous variable fitted with a linear trend, sex and
interaction terms of year by sex, and age groups by sex (17 de-
grees of freedom). For colon, lung and stomach cancer, we
combined the 0–4, 5–9, and 10–14 y age groups into a single
15-y category and used 16 age categories. The terms in the
Poisson model were the same otherwise (interaction of sex
by age group, year, interaction of sex by year).

Race/ethnicity ratios using SEER rates for each site
were computed using data from 1992 to 2006. We fit Poisson
models to race/ethnicity specific counts and populations
SEER 9 rates, adjusted for race/ethnicity [all race/ethnicities
combined (ALL), Black, Non-hispanic White, Native American,
Hispanics], age (trend, single years), and calendar year (sin-
gle years, treated as a continuous variable) with “ALL” as

the reference group. We then tested if there were year by
race interactions in the Poisson models. There were some
minor deviations from a constant race/ethnicity ratio by year
for the following sites/races/ethnicities: Hispanics for colon
(men and women) and White women for stomach, which
we did not accommodate further as they were not signifi-
cant after controlling for multiple testing. The extrapolated
rates from 1945 to 1972 were multiplied by the race/ethnicity
ratio to obtain race/ethnicity and age-specific rates for each
cancer site. The same race/ethnicity ratios were also applied
to cancer rates for all races combined from SEER 9, from
1972 to 1992, as not all race/ethnic groups were available in
SEER during that period. For lung and all solid cancers, the
race/ethnicity ratio estimates differed by sex; for all other sites,
they were the same for men and women.

Years 1973 to 1991
The same race/ethnicity ratios used for the 1945 to

1972 period were also applied to cancer rates for all
races/ethnicities combined from SEER 9, from 1973 to
1992, as not all race/ethnic groups were available in SEER
during that time period.

Years 1992 to 2015
To use the most comprehensive data available in SEER,

incidence rates by age at diagnosis, calendar year, sex, and
race/ethnicity used SEER 13 from 1992–1999 and SEER
18 from 2000–2015 (SEER13 2018, SEER18 2018).

Years 2016 to 2034
To obtain cancer rates for projections from 2016 to

2034 (inclusive), we used sex- and race/ethnicity-specific
rates from SEER18, 2000 to 2015 (SEER18 2018). We fit
Poisson models including age in 5-y groups coded with
dummies, calendar year in single years (centered at 2007),
sex, and race/ethnicity and included interaction terms of
race/ethnicity with year, age, and sex for all sites. For all solid
cancers, we fit separate models for men and women that oth-
erwise had the same parametrization. Calendar year was fit
with a linear trend (which seemed appropriate after some
model checking). The coefficients from the Poisson models
were then used to project the rates.

APPENDIX B: LIFETABLES

Availability of publishedUS lifetables varied by calendar
year and race/ethnicity. Separate male and female survival
probabilities were available for each year and race/ethnicity in
the table.We allowed for changes in survival probability across
calendar years by updating the lifetables every decade, which
represented the period in which they became available. Race/
ethnicity-specific lifetables were not available for non-Whites
until 1999. When a specific race/ethnicity was not available,
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we used lifetables for either non-Whites, all races, or what was
available. For example, a lifetable based on data from 1939
to 1941 among Whites was used for each race/ethnicity for
the period 1945 to 1948. Table B1 summarizes the lifetables
we used to estimate survival probability by calendar period
and race/ethnicity.

APPENDIX C: BOOTSTRAP VARIANCE
COMPUTATION

We computed the variance of the following quantity,

O ¼ ∑K
i¼1personyears ið Þ*

B ið Þ*ERR ið Þ*raceratio*wþ 1−wð Þ*EAR ið Þ½ �;
ðC1Þ

where personyears(i)was the observed number of person-years
in a cell defined by precinct, sex, age, race, and calendar year
using a bootstrap procedure; w was the transfer weight;
raceratio, the ratio of cancer incidence rates for different
race/ethnicities; B(i) is the baseline cancer rates per cell;
ERR(i) is the excess relative risk per cell; and EAR(i) is the ex-
cess absolute risk per cell. We assumed that the person-years
were fixed, as their variability is expected to be small com-
pared to the variability in the baseline rates, the race/ethnicity
ratio (when incorporated) and the ERR and EAR functions.

The variance computation for the baseline counts that
only used baseline rates, but not the EAR and ERR func-
tions, proceeded along the same lines. Once we obtained
1,000 bootstrap values of O, the 90% confidence interval
around the original estimate was calculated by taking the
5th and 95th percentile of the bootstrap empirical distribution
function as the lower and upper confidence limit, respec-
tively. Details for the individual component of eqn (C1)
follow next.

Bootstrap for the baseline rates
The bootstrap computation for the baseline rates differed

by calendar time period. For the 1945 to 1972 and 2016–2034
periods, we used a parametric bootstrap to account for the un-
certainty in the predicted rates. We resampled coefficients for
each of the Poisson models from a multivariate normal distri-
bution that had as the mean the parameter estimates and the
covariance matrix as estimated from the original model fit to
the SEER data. Similarly, we assumed that the estimates of
the race/ethnicity ratio parameters arose from a normal distri-
bution with known mean and covariance, and resampled
values from a multivariate normal distribution with that mean
and covariance matrix. These new estimates were used in the
computation of the rates and the observed and excess numbers
of cancers.

For the 1972 to 1991 period, we used SEER rates for
the baseline rates, which we multiplied by a race/ethnicity
ratio to obtain race/ethnicity specific rates. We thus ob-
tained bootstrap counts in cell I by resampling counts from
a Poisson distribution that has the mean the number of cases
in cell i reported in SEER, with the person years observed in
that cell. The race/ethnicity ratio uncertainty was again in-
corporated by sampling the corresponding parameters as
described for the 1945 to 1972 period.

For the 1992 to 2015 period, the age, sex, and race/
ethnicity specific rates were directly obtained from SEER,
and we resampled counts from a Poisson distribution, as de-
scribed for the 1972 to 1991 period, without any further
race/ethnicity adjustment.

Bootstrap for ERR and EAR
The uncertainty in the ERR and EAR computations

came from two different sources: the uncertainty in the param-
eters that are used, and the uncertainty in the reconstructed
dose. We used a parametric bootstrap to incorporate uncer-
tainty around parameter values in the ERR and EAR func-
tions, given by eqn (1) (rewritten below for convenience),

ERR D; s; e; a; tð Þ or EAR D; s; e; tð Þ
¼ bsDexp geþ haþ dt þ φetð Þ;

whereD = dose is in Gy, e = (exposure age-30)/10 for expo-
sure age<30 and e = 0 for exposure age ≥ 30, a = loge
(attained age/60) and t = loge(time since exposure/25) where
time since exposure is attained age minus age at exposure.

We used distributional assumptions based on recom-
mendations in the BEIRVII report (NRC 2005). For normally
(or log-normally) distributed parameters, we resampled values
from a normal distribution that had as the true parameter
values the mean and variances given in the BEIRVII report.
We assumed that parameters bM and bF in the ERR and
EAR models followed a log-normal distribution for every site
except leukemia forwhichwe sampled values from the normal

Table B1. Selection of life tables by race/ethnicity for years
1945 to 2034.

Race/ethnicity

Years
Lifetable
years White Hispanic

African
American
(AA)

Native
American

1945–1948 1939-41 White White White White

1949–1958 1949-51 All races All races All races All races

1959–1968 1959-61 White Non-white Non-white Non-white

1969–1978 1969-71 White Non-white Non-white Non-white

1979–1988 1979-81 White Non-white Non-white Non-white

1989–1998 1989-91 White Non-white Non-white Non-white

1999–2008 1999-01 White All races AA All races

2009–2015 2009 White Hispanic AA All races

2016–2034 2015 White Hispanic AA All races
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distribution with the appropriate mean and variance and then
exponentiated them. For leukemia, the bM and bF parameters
were assumed to arise from a four-parameter beta distribution.
We thus first applied the inverse normal density to them, and
then the cumulative distribution function of a four-parameter
beta distribution. The parameters for the four–parameter beta
distribution were obtained by solving a set of linear equations
in the published confidence bounds and the mean, knowing
that the lower interval bound was zero, to match up the inter-
vals given in BEIRVII (NRC 2005).

For leukemia and all solid cancers, we additionally in-
corporated the covariance between the parameter values.
First, we drew all parameters for a multivariate normal dis-
tribution and then exponentiated the first two components
for all solid cancers. Note that the covariances are not pre-
served after exponentiating.

For all solid cancers, d = 0 and φ = 0 in eqn (1) for
ERR. The remaining ERR parameters have means loge
(bM) = −1.104; loge(bF) = −0.558; g = −0.3; h = −1.4.
For the EAR function for all solid cancers, d = 0 and φ =
0 in eqn (1) and the remaining ERR parameters have means
loge(bM) = −6.1; loge(bF) = −5.876; g = 2.779; h =
−0.4058. The covariance matrices for the parameters in
the ERR and EAR functions were

For leukemias, h = 0 for the ERR and EAR functions.
The remaining ERR parameters have means d = −0.4767,
φ = 0.4211, loge(bM) = 0.05572; loge(bF) = 0.1631; g =
−0.4011 for ERR. For the EAR function the parameters
have means loge(bM) = 0.485; loge(bF) = −0.0703; g =
0.2865 and φ = 0.557.

To obtain realizations of a four-parameter beta distribu-
tion, we first compute X from applying a normal distribution
with mean bM and variance given by the first diagonal term
in the ERR covariancematrix tobM and then applying the in-
verse cumulative distribution function of a four-parameter
gamma distribution to the so-transformed values of X.

Dose uncertainty
To accommodate dose uncertainty in the estimates of the

numbers of excess cancers, we randomly drew a dose realiza-
tion from a log-normal distribution that had as parameters the
mean dose and the variance computed from the 0.025th and
0.975th quantile of the distribution for each voting precinct,
age group, and race/ethnicity. To examine the impact of dose
uncertainty on our 90% uncertainty intervals, we compared
results for the total population (years 1945 to 2034) that
accounted for all sources of uncertainty to results that did not
incorporate dose uncertainty. Results are presented in TableC1.

Table C1. Impact of dose uncertainty on 90% uncertainty interval for
excess cancer cases. Thus, uncertainty in dose has a substantial impact
in the total population, 1945-2034.

Length of 90%
uncertainty interval

(5%, 95%)

Cancer group With dose uncertainty
Without dose
uncertainty % change

Leukemia (except CLL) 8 6 25%

Thyroid 445 224 50%

Colon 22 14 36%

Stomach 16 11 31%

Lung 41 21 49%

All Solid (except thyroid
and NMSC)

246 147 40%

■■

CovERR(loge(bM), loge(bF) h g)
= [0.031703

0.010922 0.011666

−0.021094
0.010922 0.017866 0.0094576

−0.011821
0.011666 0.0094576 0.010547

−0.023224
−0.021094 −0.011821 −0.023224 0.14091];

CovEAR(loge(bM), loge(bF) h g)
= [0.029955

0.0094495 0.0093699

−0.0085991
0.0094495 0.015269 0.0086235

−0.015065
0.0093699 0.0086235 0.0093004

−0.020365
−0.0085991 −0.015065 −0.020365 0.10435].

The covariance matrices are:

CovERR(Log(βM), Log(βF),η, γ) =

[0.031703 0.010922 0.011666 -0.021094

0.010922 0.017866 0.0094576 -0.011821

0.011666 0.0094576 0.010547 -0.023224

-0.021094 -0.011821 -0.023224 0.14091]

CovEAR(Log(βM), Log(βF), η, γ) =

[0.029955 0.0094495 0.0093699 -0.0085991

0.0094495 0.015269 0.0086235 -0.015065

0.0093699 0.0086235 0.009300 -0.020365

-0.0085991 -0.015065 -0.020365 0.10435]

CovERR(βM, βF, δ, γ, φ) =

[0.31306 0.24735 0.026282 0.026395 0.019503

0.24735 0.30365 0.020753 0.022953 0.015975

0.026282 0.020753 0.11003 0.016966 0.057885

0.026395 0.022953 0.016966 0.037307 0.013467

0.019503 0.015975 0.057885 0.013467 0.069669]

CovEAR(βM, βF, δ, γ, φ) =

[0.2568 0.22277 0 0.018272 -0.0029116

0.22277 0.24963 0 0.016169 -0.0021659

0 0 0 0 0

0.018272 0.016169 0 0.021735 0.010381

-0.0029116 0.0021659 0 0.010381 0.015841]
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Fig. A1. Projected (1945-1972 2016-2034) and observed (1973-2015) baseline cancer rates per 100,000 person-years by year for individuals aged
80-84 y smoothed using loess regression.
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