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ORIGINAL ARTICLE

Mortality from leukemia, cancer and heart disease among U.S. nuclear power
plant workers, 1957–2011

John D. Boice Jra,b , Sarah S. Cohenc , Michael T. Mummad,e , Derek A. Hagemeyerf, Heidi Chene,
Ashley P. Goldenf , R. Craig Yoderg , and Lawrence T. Dauerh

aNational Council on Radiation Protection and Measurements, Bethesda, MD, USA; bDivision of Epidemiology, Department of Medicine,
Vanderbilt Epidemiology Center and Vanderbilt-Ingram Cancer Center, Vanderbilt University, Nashville, TN, USA; cEpidStrategies, Cary, NC,
USA; dInternational Epidemiology Institute, Rockville, MD, USA; eVanderbilt University Medical Center, Nashville, TN, USA; fOak Ridge
Associated Universities, Oak Ridge, TN, USA; gLandauer Inc (Retired), Glenwood, IL, USA; hDepartment of Medical Physics, Memorial Sloan
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ABSTRACT
Background: The aim of the Million Person Study of Low-Dose Health Effects (MPS) is to examine
the level of radiation risk for chronic exposures received gradually over time and not acutely as
was the case for the Japanese atomic bomb survivors. Nuclear power plant (NPP) workers com-
prise nearly 15 percent of the MPS. Leukemia, selected cancers, Parkinson’s disease, ischemic heart
disease (IHD) and other causes of death are evaluated.
Methods and material: The U.S. Nuclear Regulatory Commission’s Radiation Exposure Information
and Reporting System (REIRS) and the Landauer, Inc. dosimetry databases identified 135,193 NPP
workers first monitored 1957–1984. Annual personal dose equivalents [Hp(10)] were available for
each worker. Radiation records from all places of employment were sought. Vital status was deter-
mined through 2011. Mean absorbed doses to red bone marrow (RBM), esophagus, lung, colon,
brain and heart were estimated by adjusting the recorded Hp(10) for each worker by scaling fac-
tors, accounting for exposure geometry and energy of the incident gamma radiation.
Standardized mortality ratios (SMR) were calculated. Radiation risks were estimated using Cox pro-
portional hazards models.
Results: Nearly 50% of workers were employed for more than 20 years. The mean duration of fol-
low-up was 30.2 y. Overall, 29,124 total deaths occurred, 296 from leukemia other than chronic
lymphocytic leukemia (CLL), 3382 from lung cancer, 140 from Parkinson’s disease and 5410 from
IHD. The mean dose to RBM was 37.9 mGy (maximum 1.0Gy; percent >100 mGy was 9.2%), 43.2
mGy to lung, 43.7 mGy to colon, 33.2 mGy to brain, and 43.9 mGy to heart. The SMRs (95% CI)
were 1.06 (0.94; 1.19) for leukemia other than CLL, 1.10 (1.07; 1.14) for lung cancer, 0.90 (0.76;
1.06) for Parkinson’s disease, and 0.80 (0.78; 0.82) for IHD. The excess relative risk (ERR) per 100
mGy for leukemia other than CLL was 0.15 (90% CI �0.001; 0.31). For all solid cancers the ERR per
100 mGy (95% CI) was 0.01 (–0.03; 0.05), for lung cancer �0.04 (–0.11; 0.02), for Parkinson’s dis-
ease 0.24 (–0.02; 0.50), and for IHD �0.01 (–0.06; 0.04).
Conclusion: Prolonged exposure to radiation increased the risk of leukemia other than CLL among
NPP workers. There was little evidence for a radiation association for all solid cancers, lung cancer
or ischemic heart disease. Increased precision will be forthcoming as the different cohorts within
the MPS are combined, such as industrial radiographers and medical radiation workers who were
assembled and evaluated in like manner.
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Introduction

The study of a Million U.S. Radiation Workers and Veterans
(also known as the Million Person Study of Low-Dose
Health Effects (MPS)) is designed to examine the level of
radiation risk for chronic exposures that are received grad-
ually over time (Boice, Cohen et al. 2019) and not acutely,
as occurred for the Japanese atomic bomb survivors (Ozasa
et al. 2012; Grant et al. 2015; McLean et al. 2017).
Individualized and annualized dosimetry is an essential
aspect of the MPS (Boice et al. 2006; Till et al. 2014;

Bouville et al. 2015; Beck 2017; Dauer et al. 2018; Leggett
et al. 2018; Ellis, Boice et al. 2018; NCRP 2018a, 2020;
Yoder et al. 2021). Previous studies have been published on
workers at U.S. Department of Energy (DOE) facilities
(Boice et al. 2011, 2014; Boice, Cohen, Mumma, Golden
et al. 2021; Boice 2017a; Boice 2017b; Golden et al. 2019)
and veterans who participated in above-ground nuclear
weapons tests (Boice 2014; Till et al. 2014; Caldwell et al.
2016; Boice et al. 2020).
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Workers in the nuclear power plant industry comprise
nearly 15% of the MPS population. The consistent reporting
of annual worker doses required by the U.S. Nuclear
Regulatory Commission (NRC) for their licensees provided
a high-quality dosimetry database that was redesigned in
1994 to facilitate epidemiologic study (Hagemeyer et al.
2018). The number of nuclear power plant workers under
study (n¼ 135,193) is nearly three times the number of
adults over age 20 years at exposure (n¼ 51,215) in the
study of Japanese atomic bomb survivors (Ozasa et al.
2012), and over seven times the number of adult males
(n¼ 18,860). Herein we report cause-specific analyses for
over 40 causes of death and dose-response analyses for leu-
kemia, myelodysplastic disease, all solid cancers, esophageal
cancer, lung cancer, Parkinson’s disease, and ischemic heart
disease (IHD) among early workers in the nuclear power
industry first monitored between 1957 and 1984 in the
United States and followed through 2011.

Methods

Human subjects research approval for the study was
received from Vanderbilt University.

Cohort definition

A cohort of 1,065,703 workers employed at nuclear power
plants in the United States in 1957 through 2011 was avail-
able for study: 1,001,958 workers within the Radiation
Exposure Information and Reporting System (REIRS) main-
tained by the NRC (Anzenberg et al. 2010; Hagemeyer et al.
2018; USNRC 2021) and 63,745 workers within the
Landauer, Inc. dosimetry database (NCRP 2018a, 2020;
Yoder et al. 2021) (Figure 1). Workers were excluded if the
date of first monitoring was after 1984 (n¼ 592,935) or if
personal identifiers needed for tracing, specifically a Social
Security Number (n¼ 5738) were absent. Workers first
monitored before 1985 were selected on the basis of cost
and information value. Workers employed after 1984 were
less likely to receive moderate to high cumulative doses
compared with workers employed earlier, and were younger
and less likely to have died. The choice of 1985 rather than
1980 was because the Three Mile Island reactor accident in
1979 led to new NRC safety requirements involving reactor
modifications that increased workers’ exposures until about
1985 (Anzenberg et al. 2010; Blevins and Andersen 2011;
NCRP 2018a). There were 307,553 workers with cumulative

Figure 1. Schematic of the selection and vital status of the 135,193 nuclear power plant workers first monitored between 1957 and 1984 in the United States and
followed through 2011.

2 J. D. BOICE ET AL.



doses <10 mSv, and it would have been prohibitively expen-
sive to trace and collect death information on them all. A
10% sampling of these very low dose workers was for cost
savings without a noticeable diminution of statistical power
for dose-response analyses. Short-term workers monitored
for less than 30 days (n¼ 10,016), duplicate records and
those with invalid identifiers (n¼ 3706) were removed. The
final study population of 135,193 consisted of all workers
with a cumulative dose �10mSv and a 10% sample of work-
ers with a cumulative dose <10 mSv (Table 1). The short-
term workers monitored for less than 30 days were traced
and the cause of death determined in the same manner as
the final study population and evaluated separately.

Just over 15% of the cohort had dosimetry records in
both REIRS and Landauer files. The final cohort was com-
prised almost entirely of workers identified within REIRS
(99.2%) with supplemental information from Landauer files
(Table 1). In the past, the REIRS and Landauer databases
have been used in the planning and conduct of epidemio-
logic studies (Goldsmith et al. 1989; Jablon and Boice 1993;
Muirhead et al. 1996; Boice et al. 2006) but not in defining
a cohort for study.

Although first monitoring at a nuclear power plant could
begin as early as 1957 (Supplement Table 2), follow-up
started in 1969 for the 14% of workers who were identified
within the REIRS database as being monitored before 1970.
The Atomic Energy Act of 1969 provided the legal require-
ments for NRC licensees to record and report worker doses.
However, these reports to the NRC were not optimal for
epidemiologic study (Goldsmith et al. 1989; Jablon and
Boice 1993; Muirhead et al. 1996) until 1994 when reporting
requirements changed and near complete voluntary report-
ing back to 1969 essentially created a system of records with
personal identifiers and annual doses that could be used for
health studies (USNRC 1994; Oak Ridge Institute for
Science and Education (ORISE) 2011; Hagemeyer et al.
2018). Follow-up started in 1977 for the 0.8% of workers
who were identified only from the Landauer files. Although
Landauer has microfiche records dating back to the 1950s,
they are not easily accessible. Electronic files suitable for epi-
demiologic studies were first available in 1977 and included
cumulative exposures before 1977 if the worker had been
employed as a Landauer client. After removing 3706 workers
with invalid identifiers or who were duplicates and 10,016
workers who were monitored for less than 30 d, the cohort
was reduced from the sampled population of 148,915 work-
ers to the final study cohort of 135,193 workers (Figure 1).

Landauer developed a special database of annual and life-
time personal monitoring results in response to a mid-1980s
request from the Radiation Epidemiology Branch of the
National Institutes of Health as an ongoing tool to support
their study of registered radiologic technologists (Villoing et
al. 2021). The expanded and extensive nature of the database
has allowed its use as a confirmatory and supplemental
source of dose information residing in other governmental
dose registers or worker records (Ellis, Girardi et al. 2018;
Yoder et al. 2021; Boice, Cohen, Mumma, Howard
et al. 2021).

Vital status and outcome determination

Vital status was determined through 2011. The Social
Security Administration (SSA) Service for Epidemiological
Researchers (https://www.ssa.gov/policy/about/epidemiology.
html) was relied upon to determine alive status. This service

Table 1. Demographic and occupational characteristics of 135,193 nuclear
power plant workers first monitored for radiation between 1957 and 1984 and
followed through 2011 in the United States.

Characteristic N %

Source of the population
NRC REIRS only 111,681 82.6
Landauer only 1123 0.8
Both REIRS and Landauer 22,389 16.6

Sex
Female 4420 3.3
Male 130,773 96.7

Year of birth (YOB)
1902– 2529 1.9
1920– 9906 7.3
1930– 18,941 14.0
1940– 42,026 31.1
1950– 52,990 39.2
1960�1966 8801 6.5

Mean YOB ¼ 1946
Year first monitored for occupational radiation at an NPP
1957– 1823 1.4
1970– 17,649 13.1
1975– 46,821 34.6
1980�1984 68,900 51.0

Mean year of first NPP monitoring ¼ 1978
Number of nuclear power plants at which a worker was monitored
1 64,241 47.4
2 27,351 20.2
3 13,256 9.8
4 7417 5.5
5–9 13,773 10.2
10 or more facilities 9155 6.8

Years monitored for radiation at a nuclear power plant
<1 20,569 15.2
1– 28,881 21.4
5– 19,201 14.2
10– 27,331 20.2
20– 25,241 18.7
30�47 13,970 10.3

Mean number of years monitored at a NPP = 12.8
Years of follow-up
<1 118 0.1
1– 3092 2.3
10– 7303 5.4
20– 46,473 34.4
30– 74,711 55.3
40�42 3496 2.6

Mean duration of follow-up (years) ¼ 30.2
Mean age at start of follow-up (years) ¼ 32.0
Career cumulative radiation dose, personal dose equivalent
< 5mSv 21,048 15.6
5– 72,085 53.3
50– 13,786 10.2
75– 8293 6.1
100– 13,659 10.1
200– 4024 3.0
300 mSv or greater 2298 1.7

Mean career dose ¼ 52.6 mSv
Vital status as of 12/31/2011
Alive/assumed alive 106,069 78.5
Dead 29,124a 21.5
Mean age at end of follow-up (years) ¼ 62.2

a29,076 deaths occurred in the US and were eligible for the SMR analyses. 13
deaths occurred outside the US, and 35 deaths occurred after age 94 y.

NRC: U.S. Nuclear Regulatory Commission; REIRS: Radiation Exposure
Information and Reporting System; NPP: Nuclear Power Plant; SMR:
Standardized Mortality Ratio.
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Table 2. Standardized mortality ratios (SMR) and 95% confidence intervals (CI) for 135,193 Nuclear Power Plant Workers, first monitored for radiation 1957–1984
with follow-up through 2011 in the United States.

Males Females Total

Persons-at-risk 130,773 4420 135,193

Person-years-at-risk
3,947,966 131,654 4,079,620

Cause of death (ICD9)a Obs SMR Obs SMR Obs SMR 95% CI

All causes of death (001–999) 28,646 0.88� 430 1.00 29,076 0.89� 0.88–0.90
All malignant neoplasms (140–208) 9157 1.03� 172 1.12 9329 1.03� 1.01–1.05
All solid cancers (140–199) 8287 1.04� 158 1.12 8445 1.04� 1.01–1.06
Buccal cavity & pharynx (140–149) 163 0.82� 3 2.11 166 0.83� 0.71–0.96
Esophagus (150) 351 1.07 4 3.13 355 1.07 0.96–1.19
Stomach (151) 216 1.01 0 0.00 216 1.00 0.87–1.14
Colon (153) 629 0.94 16 1.64 645 0.95 0.88–1.03
Rectum (154) 131 0.96 1 0.54 132 0.95 0.80–1.13
Biliary passages & liver (155,156) 253 0.81� 4 1.32 257 0.81� 0.72–0.92
Pancreas (157) 498 1.01 10 1.40 508 1.01 0.92–1.10
Pleura & peritoneum (158.8, 158.9, 163) & mesothelioma (ICD10 C45)b 251 5.69� 0 0.00 251 5.66� 4.98–6.40
Larynx (161) 97 0.96 0 0.00 97 0.96 0.78–1.17
Bronchus, trachea & lung (162) 3334 1.10� 48 1.27 3382 1.10� 1.07–1.14
Bone (170) 8 0.40� 0 0.00 8 0.39� 0.17–0.77
Connective & other soft tissue (171) 63 1.00 2 1.44 65 1.01 0.78–1.29
Female breast (174) n/a n/a 37 1.15 37 1.15 0.81–1.58
Male breast (175) 4 0.35� n/a n/a 4 0.35� 0.09–0.89
All uterine (females) (179–182) n/a n/a 3 0.37 3 0.37 0.07–1.08
Cervix uteri (180) n/a n/a 1 0.23 1 0.23 0.00–1.26

Ovary and other female genital organs (183–184) n/a n/a 7 0.67 7 0.67 0.27–1.38
Prostate (185) 527 0.99 n/a n/a 527 0.99 0.91–1.08
Testes & other male genital organs (186, 187) 19 0.72 n/a n/a 19 0.72 0.43–1.12
Kidney (189.0–189.2) 229 0.86� 3 1.21 232 0.87� 0.76–0.99
Bladder & other urinary (188, 189.3–189.9) 209 0.92 0 0.00 209 0.91 0.79–1.05
Melanoma of skin (172) 217 1.01 3 1.08 220 1.01 0.88–1.15
Other malignant neoplasm of skin (173) 41 0.73� 0 0.00 41 0.73� 0.52–0.99
Eye (190) 6 1.25 0 0.00 6 1.23 0.45–2.67
Brain & central nervous system (191–192) 267 0.90 7 1.41 274 0.90 0.80–1.02
Thyroid & other endocrine glands (193–194) 31 1.04 1 1.57 32 1.06 0.72–1.49
All lymphatic, hematopoietic tissue (200–208) 870 0.96 14 1.15 884 0.96 0.90–1.03
Non–Hodgkin lymphoma (200, 202) 316 0.86� 3 0.64 319 0.86� 0.77–0.96
Hodgkin lymphoma (201) 24 0.65� 0 0.00 24 0.63� 0.41–0.94
Multiple myeloma (203) 166 1.09 4 2.01 170 1.11 0.95–1.29
Leukemia (202.4, 204–208) 360 1.03 6 1.26 366 1.04 0.93–1.15
Acute lymphocytic leukemia (204.0) 21 0.99 0 0.00 21 0.97 0.60–1.49
Acute myeloid leukemia (205.0, 205.3, 206.0, 207.0, 207.2) 159 1.12 2 0.88 161 1.12 0.95–1.30
Chronic myeloid leukemia (205.1, 206.1) 37 1.08 0 0.00 37 1.06 0.75–1.47
Chronic lymphocytic leukemia (CLL) (202.4, 204.1, 204.9) 67 0.95 0 0.00 67 0.95 0.73–1.20
Leukemia other than CLL 290 1.05 6 1.41 296 1.06 0.94–1.19

Smoking-related cancers (140–150, 157, 161–162, 188–189) 4881 1.05� 68 1.31� 4949 1.05� 1.02–1.08
Nonsmoking-related cancers 4276 1.00 104 1.02 4380 1.00 0.97–1.03
Polycythemia vera (238.4) 1 0.27 0 0.00 1 0.27 0.00–1.49
Myelodysplastic syndrome (238.7) 48 1.09 0 0.00 48 1.08 0.80–1.43
Diabetes (250) 578 0.68� 13 1.00 591 0.68� 0.63–0.74
Mental and behavioral disorders (290–319) 419 0.77� 6 0.84 425 0.77� 0.70–0.85
Dementia, Alzheimer’s, Parkinson’s & motor neuron
disease (290.0–290.4, 331.0, 332, 335.2)

651 0.93 6 0.55 657 0.93 0.86–1.00

Dementia and Alzheimer’s (290.0–290.4, 331.0) 405 0.93 6 0.74 411 0.92 0.84–1.02
Parkinson’s disease (332) 140 0.91 0 0.00 140 0.90 0.76–1.06

Diseases of the nervous system (320–389) 664 0.83� 9 0.63 673 0.82� 0.76–0.89
All heart disease (390–398, 404, 410–429) 7497 0.82� 64 0.81 7561 0.82� 0.80–0.84
Ischemic heart disease (410–414) 5372 0.80� 38 0.77 5410 0.80� 0.78–0.82

Cerebrovascular disease (430–438) 1056 0.88� 22 1.12 1,078 0.88� 0.83–0.94
Nonmalignant Respiratory Disease (460–519) 2155 0.89� 25 0.72 2,180 0.89� 0.85–0.92
Bronchitis, emphysema, asthma (490–493) 1080 0.97 15 0.80 1,095 0.96 0.91–1.02
Asbestosis (501) 87 9.15� 0 0.00 87 9.15� 7.33–11.3

Cirrhosis of liver (571) 714 0.81� 4 0.42 718 0.81� 0.75–0.87
AIDS (042–044, 795.8) 144 0.29� 1 0.44 145 0.29� 0.24–0.34
Nephritis & nephrosis (580–589) 281 0.78� 5 0.96 286 0.78� 0.69–0.88
All external causes of death (800–999) 3076 0.84� 53 1.25 3,129 0.85� 0.82–0.88
Accidents (850–949) 1960 0.91� 37 1.42 1,997 0.92� 0.88–0.96
Suicides (950–959) 817 0.79� 10 1.00 827 0.79� 0.74–0.85

Unknown causes of death 446 – 12 – 458 –
aICD¼ International classification of disease. Revision 9 codes are shown. n/a denotes not applicable.
bMesothelioma did not have an explicit code in ICD9 but did in ICD10 as denoted.�Indicates SMR is significantly different from 1.0.
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accesses the Internal Revenue Service records of persons
who recently filed a tax return, Medicare beneficiaries for
those 65 y of age or older, and other sources of vital status.
Death notifications relied upon the National Death Index
(NDI) which began in 1979, the SSA Death Master File
which began in 1960, and state mortality files available from
33 states (Mumma et al. 2018). A matching algorithm that
uses a probabilistic scoring system for all matching variables,
e.g. date of birth, was used to confirm the fact of death
(Campbell et al. 2008). The NDI, state mortality data files,
and death certificates obtained from state departments of
health identified both the underlying and contributing
causes of death. Information from LexisNexis (www.lexis-
nexis.com) and/or credit bureaus was employed to validate
or correct key matching variables.

Overall, 106,069 workers (78.5%) were confirmed or
assumed to be alive, and 29,124 workers (21.5%) were found
to have died. Cause of death was obtained for all but 458
(1.6%) of those who died. Of the 106,069 workers confirmed
or assumed alive at the end of follow-up (Table 1), 90.0%
were confirmed alive by the SSA Service for Epidemiological
Researchers. The remaining workers were presumed alive
based on the absence of a match against the NDI, the SSA
Death Master File, and 33 state mortality files. The over
11,000 workers known to be alive after 1978, based on dates
recorded on dosimetry records, were submitted to the NDI
for a full search of death records from 1979 through 2011.
Further, a 1% sample of workers presumed to be alive was
intensely searched through credit bureaus and LexisNexis
and 94% were confirmed alive as of the end of follow-up
and no deaths were found.

Of the 29,124 deaths overall, only 370 (1.3%) occurred
before 1979 when the NDI began. Of these 370 deaths, a
cause of death was obtained for 281 (76.0%) from state mor-
tality files or from a death certificate. For 89 pre-NDI deaths
(0.3% of all deaths), a death certificate or cause of death
could not be determined.

Radiation dose estimation

Most radiation exposures received by nuclear power plant
workers were from penetrating external gamma radiation
with only a negligible contribution coming from neutrons or
intakes of radioactive material (Bouville et al. 2015; Dauer
et al. 2018; NCRP 2018a). Annual personal dose equivalents,
Hp(10), were available from the REIRS and Landauer files.
Radiation doses from all places of employment were sought
by linking the study roster to the Radiation Exposure
Monitoring System (REMS) maintained by the U.S.
Department of Energy (DOE) (DOE 2021), other DOE dos-
imetry databases, and U.S. military service dosimetry data-
bases. All doses were combined to create annual dose
estimates for each worker following methods previously
described (Boice et al. 2006; Ellis, Boice et al. 2018). Overall,
the mean cumulative Hp(10) was estimated as 19.5 mSv for
all 425,713 workers eligible for the study, 52.6 mSv for the
study cohort of 135,193 workers, and 61.3 mSv for the

115,288 workers with cumulative doses >10 mSv (max-
imum 1.32 Sv).

Practically all recorded doses were from external expo-
sures to high-energy low-LET photons, predominantly from
58Co, 60Co and 137Cs. As in previous MPS studies (Boice
et al. 2006), a workshop was held with former nuclear power
radiation workers, dosimetrists, and health physicists to
learn firsthand about exposure circumstances, monitoring
practices, and work conditions (Boice 2016). Most exposures
were received during maintenance, modification, and repair
work during outages where the external exposure photon
fields were generally anterior to posterior (AP) and with
degraded energy through piping, valves or tank steel. The
methods employed to estimate organ doses for the NPP
cohort are described in NCRP Report 178 (NCRP 2018a).
Mean absorbed doses (mGy) to red bone marrow (RBM),
lung, esophagus, colon, brain and heart were estimated by
adjusting the recorded Hp(10) for each worker by scaling
factors (conversion coefficients), accounting for exposure
geometry and energy of the incident gamma radiation
(ICRP 2010). The conversion coefficients were assumed to
be stable and not variable over time or with exposure cir-
cumstances following the recommendation in NCRP Report
178 (NCRP 2018a) when only annual dosimetry results are
available. The activity-weighted average photon energy was
typically around 0.7MeV, ranging from about 0.6 to
1.5MeV (NCRP 2018a). The associated scaling factors were
0.72 for RBM, 0.81 for lung, 0.79 for esophagus, 0.83 for
colon, 0.63 for brain, and 0.83 for heart. The mean cumula-
tive absorbed dose to RBM in the study cohort was 37.9
mGy (maximum 1.0Gy; percent >100 mGy was 9.2%); 43.2
mGy to lung (maximum 1.1Gy; percent >100 mGy was
11.3%); 41.6 mGy to esophagus (maximum 1.05Gy; percent
> 100 mGy was 10.7%); 43.7 mGy to colon (maximum
1.1Gy; percent > 100 mGy was 11.5%); 33.2 mGy to brain
(maximum 0.83Gy; percent >100 mGy was 7.4%); and 43.9
mGy to heart (maximum 1.1Gy; percent >100 mGy
was 11.6%).

Outcome classification for leukemias

The classifications for the leukemia subtypes used in the
analyses are based on the International Classification of
Diseases (ICD) codes for leukemia over three ICD
Revisions: ICD-8, ICD-9 and ICD-10 (Supplement Table 1).
The specific categories were selected to be consistent with
the incident study of Japanese atomic bomb survivors (Hsu
et al. 2013). The Japanese investigators reclassified early leu-
kemia diagnoses using the French–American–British (FAB)
classification system and subsequently coded leukemia diag-
noses using the ICD for Oncology (ICD-O) codes that were
current at the time of diagnosis. The specific analyses con-
ducted are ‘leukemia other than CLL’, CLL, acute myeloge-
nous leukemia (AML), acute lymphocytic leukemia (ALL),
chronic myelogenous leukemia (CML) and myelodysplastic
syndrome (MDS). While up to a third of the cases of MDS
may progress to AML, it appears that MDS is biologically
and clinically different from AML and should be considered
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separately (Albitar et al 2002; Komrokji et al. 2019; Zeidan
et al. 2019), noting also that its association with radiation
exposure appears uncertain (UNSCEAR 2020).

Analytic methods

Standardized mortality ratio (SMR) analyses were employed
to compare the observed number of deaths from specific
causes with the number expected based on general popula-
tion rates in the United States for persons of the same age
and sex over the same calendar years. Rates for white males
and females were used in the SMR analysis since the most
common ethnicity among nuclear power plant workers over
the years of study was white. Follow-up started on the date
of first radiation monitoring at a nuclear power facility or 1
January 1969 (if the worker was identified in REIRS) or 1
January 1977 (if the worker was identified only from
Landauer records), whichever was earlier. The end of the
follow-up was the date of death, 95th birthday, or 31
December 2011, whichever came first. Of the 29,124 deaths
overall, 29,076 occurred in the US and were eligible for the
SMR analyses which are based on mortality rates for the US.
Excluded from the SMR analyses were 13 deaths that
occurred outside the US and 35 deaths that occurred after
age 94 y.

Internal (within-cohort) analyses were conducted to
account in part for the healthy worker effect that is often
present in occupational studies when comparisons are made
with the general population (Monson 1986; Howe et al.
1988; Checkoway et al. 1989; Buckley et al. 2015). Internal
analyses were conducted using Cox proportional hazards
models (Cox 1972) to compute the risks of leukemia, all
solid cancers, lung cancer, esophageal cancer, non-Hodgkin
lymphoma, multiple myeloma, MDS, Parkinson's disease,
and IHD across categories of radiation dose. The Cox mod-
els included adjustment for sex, year of birth, and socioeco-
nomic status (SES) (categorized as a low, medium, high
based on census block group mean education levels) (Cohen
et al. 2018). Age was used as the timescale for the hazard
function. The primary analysis used categories of radiation
exposure as the primary exposure. Dose-response functions
for continuous measurement of radiation exposure were
additionally modeled as linear functions. Cox analyses were
conducted using SAS/STAT software (version 9.4 of the SAS
System for Windows, SAS Institute Inc., Cary, NC).

Cox and Poisson excess relative risk (ERR) models were
constructed using EPICURE software (Preston et al. 2015).
The PEANUTS model for ERRs included the same covari-
ates as the final Cox models (sex, year of birth, and SES).
Akaike Information Criterion (AIC) values were used during
some analyses to compare different regression models
(Akaike 1974). Poisson regression models were also used.
For each individual worker, the personal dose equivalents in
mSv were all converted to organ-specific mGy doses. The
dose-response models were all based on the estimated
organ-specific absorbed doses in mGy. The dose-response
graphics presented are based on a linear model with 95%

confidence bands about the regression line representing the
range of true regression lines at 95% confidence.

Adjustment for SES is frequently done in occupational
studies to control for possible confounding factors that are
not available on an individual basis, such as tobacco use and
other lifestyle factors that may influence mortality and dis-
ease occurrence. Estimates of SES for each nuclear power
plant worker were obtained by geocoding residential histor-
ies and acquiring area-wide estimates of education based on
census-block group data (Cohen et al. 2018; Mumma et al.
2018). LexisNexis provided residential histories for the over
130,000 workers in our cohort. Then, based on the geocoded
address, each worker was placed into a census-block group
with an estimate of mean educational attainment character-
ized as low, medium or high.

To account for the possibility that workers who fre-
quently worked at different utilities each year, i.e. so called
transient workers, differed from workers who remained
most of their career at a single facility, an adjustment for
mobility was made. Worker mobility was classified into two
categories: high mobility (workers who were monitored at 2
to >10 facilities) and low mobility (workers monitored at a
single facility) (Table 1). The adjustment for mobility did
not significantly change the estimates of risk so was not
retained in the final models (Supplement Table 4). Analyses
with and without an adjustment for the duration of radi-
ation monitoring were performed. To adjust for the duration
of radiation monitoring, workers were classified into one of
six categories of years monitored (<1, 1–4, 5–10, 10–19,
20–29, >30). Because time must elapse between exposure
and the appearance of a consequent health event, radiation
doses were lagged in the analysis. For leukemia other than
CLL and for MDS, the dose lagging was 2 years; for CLL all
solid cancers, lung cancer, esophageal cancer, non-Hodgkin
lymphoma, multiple myeloma, Parkinson’s disease and IHD,
doses were lagged 10 years. A 5-year lag was also evaluated
for lung cancer.

For the leukemia internal analyses, the underlying cause
of death and most contributing causes of death were
included to increase statistical precision. Leukemia as a con-
tributing cause of death, however, was not included if the
underlying cause was cancer. This was done to reduce the
likelihood that the leukemia was secondary to any treatment
for the initial primary cancer. Including contributing causes
of death in studies of occupational cohorts has been recog-
nized as providing additional information on risk assessment
(Steenland et al. 1992; Rushton 1994).

All exposure estimates were based on recorded personal
dosimeter measurements. There was no imputation of miss-
ing dosimetric data which were judged to be minimal
among employees at nuclear power facilities (Bouville et al.
2015; NCRP 2018a). The classical (Berkson) error structure
of the individual worker data dose estimates indicates little
sharing of errors, and, accordingly, accounting for this type
of dosimetric uncertainty in the dose-response analyses does
not have a meaningful effect (Stram et al. 2015). To address
the influence of unshared dosimetric errors (NCRP 2008),
the procedures outlined in NCRP Report 178 (NCRP 2018a)
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are being followed as are additional analyses explicitly
addressing issues of undetected dose-related in part to the
minimum detectable response of the dosimeters in use dur-
ing the study period. Compared with other occupational
dose reconstruction circumstances (Gilbert 1998), the NPP
industry is required to provide precise dosimetry data that
are collected under strict criteria in compliance with legal
regulations (USNRC 2021).

Results

Most of the 135,193 NPP workers were male (96.7%), born
before 1950 (54.3%), and followed for more than 30 years
(57.9%). The date of first radiation monitoring at an NPP
was before 1975 for 14.5% of the workers, and 25.3% of
workers were under the age of 25 years at first monitoring.
The mean number of years monitored was 12.8 years.
Because of the completeness of the personal identifiers used
in the matching procedures, vital status was obtained essen-
tially for all workers. Overall, 29,076 workers (21.5%) had
died before 2012 (SMR 0.89; 95% CI 0.88; 0.90). The average
follow-up was 30.2 years. The mean cumulative personal

dose equivalent from external radiation was 52.6 mSv (max-
imum 1.32 Sv; percent workers >100 mSv, 14.8%). There
were 27,518 workers (20.4%) who received occupational
exposures at other facilities before (n¼ 10,592) or after leav-
ing (n¼ 16,926) employment at a nuclear power facility.
The mean personal dose equivalent received elsewhere was
20.4 mSv.

The observed and expected deaths for over 50 specific
and grouped causes of death are shown in Table 2 by sex.
For all causes of death, the SMR was 0.89 (95% CI 0.88;
0.90) and significantly low based on 29,076 deaths, related
in part to the deficit observed for ischemic heart disease
(SMR 0.80; 95% CI 0.78; 0.82; n¼ 5,410). In contrast, all
cancer deaths were significantly increased (SMR 1.03; 95%
CI 1.01; 1.05; n¼ 9,329), related in part to the excess
observed for lung cancer (SMR 1.10; 95% CI 1.07; 1.14;
n¼ 3,382). Cancers of the pleura, peritoneum and meso-
thelioma were significantly increased (SMR 5.66; 95% CI
4.98; 6.40; n¼ 251) as were deaths due to asbestosis (SMR
9.15; 95% CI 7.33; 11.3; n¼ 87). There were 296 deaths
from leukemia other than CLL (SMR 1.06; 95% CI 0.94;
1.19), and 67 deaths from CLL (SMR 0.95; 95% CI 0.73;

Table 4. Observed and expected deaths due to chronic lymphocytic leukemia (CLL) and risk estimates by radiation dose to red bone marrow
(RBM) among 135,193 nuclear power plant workers first monitored for radiation 1957–1984 and followed through 2011 in the United States.

Radiation dose to RBM (mGy)

Total<5 5– 50– �100

No. of workers 26,027 80,273 17,604 11,289 135,193
Mean dose (mGy) 0.83 20.9 70.2 165.9 35.6
CLL deaths
Observeda 12 49 4 2 67
Expected 15.5 42.2 7.8 5.3 70.9
O/E (SMR) 0.84 1.12 0.39 0.38 0.92

CLL casesb 17 52 3 2 74
Hazards ratioc 1.0 (R) 1.68 0.53 0.54 0.46d

95% Confidence intervals – 0.94; 3.00 0.15; 1.86 0.12; 2.36 0.21; 1.05
aNumber of CLL deaths recorded as the underlying cause of death on the death certificate
bNumber of CLL deaths recorded on the death certificate as either the underlying cause of death or the contributing cause of death, excluding
contributing causes where the underlying cause was recorded as a cancer

cDoses lagged by 10 years. Cox proportional hazards models adjusted for year of birth and area-level education. Sex was not included as an
adjustment factor due to the small numbers of female cases. Age used as underlying timescale. HR denotes hazards ratio.

dModel estimate of HR at 100 mGy ¼ 0.46 (95% CI 0.21; 1.05), two-sided p for trend ¼ 0.066 (–). ERR per 100 mGy ¼ –0.77 (95% CI
–1.59; 0.05).

Table 3. Observed and expected deaths due to leukemia other than chronic lymphocytic leukemia and risk estimates by radiation dose to red bone marrow
(RBM) among 135,193 nuclear power plant workers, first monitored for radiation 1957–1984 and followed through 2011 in the United States.

Radiation dose to RBM (mGy)

Total<5 5– 50– 75– 100– 200– �300

No. of workers 22,968 81,739 11,710 6466 9519 2078 713 135,193
Mean dose (mGy) 0.88 21.0 61.1 86.6 136.7 238.5 377.8 37.6
Leukemia deathsa

Observed 58 176 27 13 13 6 3 296
Expected 60.5 166.3 20.6 11.0 15.4 3.8 1.7 279.5
O/E (SMR) 0.96 1.06 1.31 1.18 0.84 1.58 1.73 1.06

Leukemia casesb 62 182 28 14 14 7 4 311
Hazards Ratioc 1.0 (R) 1.20 1.51 1.43 1.01 2.05 2.52 1.16d

90% Confidence intervals – 0.93; 1.53 1.03; 2.21 0.87; 2.34 0.62; 1.66 1.06; 3.97 1.08; 5.91 0.99; 1.36
aNumber of leukemia deaths other than chronic lymphocytic leukemia recorded as the underlying cause of death on the death certificate
bNumber of leukemia deaths other than chronic lymphocytic leukemia recorded on the death certificate as either the underlying cause of death or the contribu-
ting cause of death, excluding contributing causes where the underlying cause was recorded as a cancer

cDoses lagged by 2 years. Cox proportional hazards models adjusted for sex, year of birth, and area-level education. Age used as underlying timescale. HR
denotes hazards ratio.

dModel estimate of HR (90% CI) at 100 mGy ¼ 1.16 (90% CI 0.999; 1.36), one-sided p for trend ¼ 0.051 (þ). The ERR per 100 mGy ¼ 0.15 (90% CI
�0.001; 0.31).
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1.20). Hodgkin lymphoma (SMR 0.63; 95% CI 0.41; 0.94;
n¼ 24) and non-Hodgkin lymphoma (SMR 0.86; 95% CI
0.77; 0.96; n¼ 319) were significantly below expectation.
Multiple myeloma (SMR 1.11; 95% CI 0.95; 1.29; n¼ 170)
and MDS (SMR 1.08; 95% CI 0.80; 1.43; n¼ 48) were ele-
vated but the increases were not statistically meaningful.
The SMR for Parkinson’s disease was 0.90 (95% CI 0.76;
1.09; n¼ 140), and the SMR for prostate cancer was 0.99
(95% CI 0.91; 1.08; n¼ 527).

For females, the only statistically significant SMR was for
all smoking-related cancers SMR 1.31 (95% CI 1.02;1.66;
n¼ 68). Cancers of the female breast (SMR 1.15; 95% CI
0.81; 1.59; n¼ 37) and lung (SMR 1.27; 95%CI 0.94; 1.68;
n¼ 48), and leukemia other than CLL (SMR 1.41; 95%CI
0.51; 3.07; n¼ 6) were increased but not significantly. There
were no deaths due to mesothelioma or asbestosis among
female workers.

The 10,043 workers monitored for <30 d had 298,458
person-years of observation (29.7 y on average). For all
causes of death, the SMR was 0.98 (95% CI 0.95; 1.02) based
on 2820 deaths. The site-specific SMRs for most causes of
death were compatible with workers who were monitored
for longer times, including all cancers (SMR 1.05; 95% CI
0.98; 1.13; n¼ 832), lung cancer (SMR 1.14; 95% CI 1.02;
1.28; n¼ 305), smoking-related cancers (SMR 1.13; 95% CI
1.02; 1.123; n¼ 455), ischemic heart disease (SMR 0.85; 95%
CI 0.78; 0.93; n¼ 531), and all external causes of death
(SMR 1.15; 95% CI 1.02; 1.28; n¼ 303). There were 23
deaths from leukemia other than CLL (SMR 0.97; 95% CI
0.67; 1.45).

The internal analyses included an additional 15 cases of
non-CLL and an additional 7 cases of CLL that were
recorded on the death certificate as a contributing, but not
underlying, cause of death. The internal analyses were thus
based on a total of 311 cases of non-CLL (using a 2-year
dose lag) and 74 cases of CLL (using a 10-year dose lag).
For leukemia other than CLL (Table 3, Figure 2), the ERR
at 100 mGy was 0.15 (90% CI �0.001; 0.31). Both linear
and linear-quadratic ERR models fit the data equally well,
i.e. the Akaike Information Criteria (AIC) values of 600.19
and 601.85, respectively, were very similar.

The SMR for CLL was not elevated and there was no evi-
dence of a dose-response (Table 4). Based on a linear model,
the ERR at 100 mGy was �0.77 (95% CI �1.59; 0.05).

The SMRs for subtypes of leukemia were: 0.97 (95% CI
0.60; 1.49) for ALL, 1.12 (95% CI 0.95; 1.30) for AML, and
1.06 (95% CI 0.75; 1.47) for CML (Table 2). The patterns of
risk over categories of dose showed increasing trends for
each subtype (Table 5). For ALL the estimate of HR at 100
mGy was 1.59 (90% CI 1.10; 2.30; p for trend <0.01); for
AML it was 1.27 (90% CI 1.06; 2.53; p for trend 0.046); and
for CML it was 1.21 (90% CI 0.79; 1.85; p for trend 0.45).
Standard Cox proportional hazards models (HR-1) and Cox
proportional hazards regression models to estimate ERRs
(Preston et al. 2015) provided equivalent results (Table 5).
There was no significant trend over categories of RBM dose
for MDS alone (ERR per 100 mGy �0.34 (95% CI �1.11;
0.42) n = 48) or in combination with leukemia other than

CLL (data not shown). For multiple myeloma and non-
Hodgkin lymphoma the comparable ERRs (95% CI) at 100
mGy were 0.01 (�0.29; 0.31; n = 170) and �0.09 (�0.34;
0.16; n = 319), respectively.

The SMR for all solid cancers, excluding leukemias and
lymphomas, was significantly increased [SMR 1.04 (95%CI
1.01; 1.06; n¼ 8,445)] and this increase was due almost
entirely to increases in smoking-related cancers. Internal
dose-response analyses for all solid cancers found no evi-
dence for an increase in risk over categories of absorbed
dose to the colon, taken as an estimate of whole-body dose
[ERR (95% CI) at 100 mGy was 0.01 (–0.03;
0.05); n¼ 8,445].

The SMR for lung cancer was significantly increased
[SMR 1.10 (95% CI 1.07; 1.14; n¼ 3,382)] as was the SMR
for cancers of the pleura and mesothelioma [SMR 5.66 (95%
CI 4.98; 6.40; n¼ 251)] (Table 2). The highest SMR for any
cause of death was for asbestosis [SMR 9.15 (95% CI 7.33;
11.3; n¼ 87)]. Internal dose-response analyses for lung can-
cer found no evidence for an increase in risk over categories
of absorbed dose to the lung: ERR (95% CI) at 100 mGy
was �0.04 (–0.11; 0.02) (Table 6, Figure 3). The sex-specific
ERRs (95% CI) at 100 mGy were �0.06 (–0.11; 0.01;
n¼ 3334) among the 130,773 male workers and 0.63 (–0.91;
2.17; n¼ 48) among the 4420 female workers; a difference
that was not statistically significance (p-value for heterogen-
eity ¼ 0.37). The mean lung dose was 44.0 mGy (max 1.08
Gy) for males and 19.3 mGy (max 0.47 Gy) for females.

Cancer of the esophagus was elevated in comparison with
the general population although the increase was not statis-
tically significant (SMR 1.07, 95% CI 0.96; 1.19, n¼ 355).

Figure 2. Excess Relative Risk (ERR) of leukemia other than chronic lymphocytic
leukemia (CLL) by radiation dose to red bone marrow among 135,193 workers
at U.S. nuclear power plants first monitored between 1957–1984 and followed
through 2011. Linear model presented (solid line) based on a continuous meas-
ure of dose, and 95% confidence bands (dotted lines) presented about the
regression line. Doses were lagged by 2 years and adjustments were made for
sex, year of birth, and socioeconomic status. ERRs and 90% confidence limits
are calculated for selected categories of dose to the red bone marrow and dis-
played at the mean dose in each category (categories <5 (referent), 5-, 50-, 75-,
100-, 200-, �300 with respective mean doses of 0.88, 21.0, 61.1, 86.6, 136.6,
238.5, and 377.8 mGy (see Table 3)).
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Internal dose-response analyses for esophageal cancer
showed the ERR (95% CI) at 100 mGy to be 0.11 (–0.05;
0.28) (Table 6). The SMR for all heart disease was signifi-
cantly low at 0.82 (95% CI 0.80; 0.84, n¼ 7,561). Similarly,
death from IHD occurred significantly below expectation
[SMR 0.80 (95% CI 0.78; 0.82, n¼ 5,410)]. Internal dose-
response analyses found no evidence for an increase in IHD
over categories of absorbed dose to the heart. Over 14,000
workers had heart doses in excess of 100 mGy and nearly
2000 had doses in excess of 250 mGy. The ERR (95% CI) at
100 mGy was �0.01 (–0.06; 0.04) (Table 6, Figure 4).

The SMRs for non-Hodgkin lymphoma (NHL), multiple
myeloma, and myelodysplastic syndrome (MDS) were 0.86
(95% CI 0.77, 0.96; n = 319), 1.11 (95% CI 0.95; 1.29; n =
170), and 1.08 (95% CI 0.80, 1.43; n = 48), respectively
(Table 2). The ERRs (95% CI at 100 mGy) for NHL,

multiple myeloma, and MDS were �0.09 (�0.34; 0.16), 0.01
(�0.29; 0.31), and �0.34 (�1.11; 0.42), respectively (analyses
not presented).

The adjustment for duration of monitoring in our study
of NPP workers was found to increase both the estimate of
risk and the significance of the dose-response for leukemia
other than CLL (Supplement Tables 3 and 4). Without an
adjustment for the duration of monitoring, the ERR at 100
mGy was 0.15 (90% CI �0.001, 0.31), whereas with an
adjustment it was increased to 0.32 (90% CI 0.17, 0.46).
Although the risk estimates are statistically indistinguishable,
the risk estimate with adjustment for the duration of moni-
toring was double the estimate without such an adjustment.
The choice of the number of duration categories used for
adjustment did not make a difference. If two categories were
used, less than or more than 10 y duration, the estimate of

Table 5. Excess relative risk (ERR) estimates at 100 mGy for leukemia subtypes by analytical method among 135,193 nuclear power plant
workers, first monitored for radiation 1957–1984 and followed through 2011 in the United States.

Leukemia subtypesa Number of cases

Standard cox model EPICUREd

HR-1 at
100 mGy 90% CI

ERR per
100 mGy 90% CI

Acute lymphocytic leukemia (ALL) 25 0.59 0.10; 1.30 0.44 0.07; 0.81
Acute myeloid leukemia (AML) 165 0.27 0.06; 1.53 0.24 0.06; 0.42
Chronic myeloid leukemia (CML) 40 0.21 –0.21; 0.85 0.18 –0.25; 0.61
Chronic lymphocytic leukemia (CLL) 74 –0.54 –0.79; 0.05b –0.77 –1.59; 0.05b

Leukemia other than CLLc 311 0.16 –0.001; 0.36 0.15 �0.001; 0.31
aICD definitions and numbers found in Supplement Table 1. Counts include underlying and contributing causes of death. Doses are lagged
two years in models for all subtypes except CLL. CLL model uses doses with 10-year lagging. All models adjusted for sex, year of birth,
and area-level education except CLL which was not adjusted for sex due to small numbers of cases among female workers. Age used as
underlying timescale in Cox models. HR denotes hazards ratio.

b95% Confidence intervals are provided for CLL because it is not seen to be consistently increased following radiation (UNSCEAR 2008).
cThe counts for leukemia other than CLL include acute leukemias of unspecified cell type as listed in Supplement Table 1.
dCox proportional hazards regression model results obtained using the PEANUTS program within EPICURE (Preston et al. 2015).

Figure 3. Excess Relative Risk (ERR) of lung cancer by radiation dose to lung
among 135,193 workers at U.S. nuclear power plants first monitored between
1957–1984 and followed through 2011. Linear model presented (solid line)
based on a continuous measure of dose, and 95% confidence bands (dotted
lines) presented about the regression line. Doses were lagged by 10 years and
adjustments were made for sex, year of birth, and socioeconomic status. ERRs
and 95% confidence limits are calculated for selected categories of dose to the
lung and displayed at the mean dose in each category (categories <25 (refer-
ent), 25-, 50-, 100-, and >250 with respective mean doses of 10.1, 35.5, 70.3,
148.5, and 335.0 mGy).

Figure 4. Excess Relative Risk (ERR) of ischemic heart disease by radiation dose
to heart among 135,193 workers at U.S. nuclear power plants first monitored
between 1957–1984 and followed through 2011. Linear model presented (solid
line) based on a continuous measure of dose, and 95% confidence bands (dot-
ted lines) presented about the regression line. Doses were lagged by 10 years
and adjustments were made for sex, year of birth, and socioeconomic status.
ERRs and 95% confidence limits are calculated for selected categories of dose
to the heart and displayed at the mean dose in each category (categories <25
(referent), 25-, 50-, 100- and >250 with respective mean doses of 10.1, 35.5,
70.3, 148.7, and 335.9 mGy).
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Table 6. Internal cohort dose-response analyses for all solid cancers, cancers of the lung and esophagus, Parkinson’s disease, and ischemic heart disease by
organ-specific dose among 135,193 nuclear power plant workers first monitored for radiation 1957–1984 and followed through 2011 in the United Statesa.

Dose (mGy) Workers Cases HR 95% CI

All solid cancers excluding leukemias and lymphomas (ICD-9 140–199)
<25b 74,707 5275 1.0 REF
25–<50 27,084 1,591 1.16 1.09; 1.23
50–<100 19,145 904 1.00 0.93; 1.08
100–<250 12,335 569 1.06 0.97; 1.15
�250 1,922 106 0.90 0.74; 1.09

Totals and p for trend 135,193 8445 0.60 (þ)
HR (95% CI) at 100 mGy 1.01 0.97; 1.05
ERR (95% CI) at 100 mGy 0.01 �0.03; 0.05
Lung cancer (total)
<25c 75,217 2131 1.0 REF
25–<50 26,985 648 1.18 1.08; 1.29
50–<100 18,990 353 0.99 0.88; 1.11
100–<250 12,161 216 1.01 0.88; 1.17
�250 1840 34 0.73 0.52; 1.03

Totals and p for trend 135,193 3382 0.17 (–)
HR (95% CI) at 100 mGy 0.96 0.90; 1.02
ERR (95% CI) at 100 mGy �0.04 –0.11; 0.02
Lung cancer (males)
<25c 71,784 2091 1.0 REF
25–<50 26,442 645 1.19 1.09; 1.30
50–<100 18,675 351 0.99 0.88; 1.11
100–<250 12,036 213 1.00 0.87; 1.16
�250 1836 34 0.73 0.52; 1.03

Totals and p for trend 130,773 3334 0.15 (–)
HR (95% CI) at 100 mGy 0.96 0.90; 1.02
ERR (95% CI) at 100 mGy –0.06 –0.11; 0.01
Lung cancer (females)
<25c 3433 40 1.0 REF
25–<50 543 3 0.64 0.19; 2.08
50–<100 315 2 1.11 0.26; 4.66
�100 129 3 3.59 1.09; 11.8

Totals and p for trend 4420 48 0.12 (þ)
HR (95% CI) at 100 mGy 1.80 0.86; 3.78
ERR (95% CI) at 100 mGy 0.59 �0.16; 1.33
Esophageal cancer
<25d 76,799 205 1.0 REF
25–<50 26,681 71 1.31 0.99; 1.72
50–<100 18,491 46 1.30 0.94; 1.80
100–<250 11,564 29 1.39 0.94; 2.06
�250 1658 4 0.97 0.36; 2.61

Totals and p for trend 135,193 355 0.17 (þ)
HR (95% CI) at 100 mGy 1.12 0.95; 1.32
ERR (95% CI) at 100 mGy 0.11 –0.05; 0.28
Parkinson’s disease
<25e 86,335 97 1.0 REF
25–<50 24,048 21 1.03 0.64; 1.65
50–<100 15,909 8 0.71 0.34; 1.46
100–<250 8175 11 1.74 0.93; 3.25
�250 726 3 2.35 0.75; 7.44

Totals and p for trend 135,193 140 0.07 (þ)
HR (95% CI) at 100 mGy 1.27 0.98; 1.65
ERR (95% CI) at 100 mGy 0.24 –0.02; 0.50
Ischemic heart disease
<25f 74,427 3535 1.0 REF
25–<50 27,149 896 1.02 0.95; 1.10
50–<100 19,215 574 1.01 0.93; 1.11
100–<250 12,448 334 1.00 0.89; 1.12
�250 1954 71 0.95 0.75; 1.20

Totals and p for trend 135,193 5410 0.70 (–)
HR (95% CI) at 100 mGy 0.99 0.94; 1.04
ERR (95% CI) at 100 mGy –0.01 –0.06; 0.04
aModels utilize radiation doses lagged by 10 years. Outcomes include deaths from underlying causes of death only. Cox proportional hazards models adjusted
for sex, year of birth, and area-level education. Age used as underlying timescale. HR denotes hazards ratio. CI denotes confidence interval. ERR denotes excess
relative risk.

bModel utilizes dose to the colon.
cModel utilizes dose to the lungs. The p-value for heterogeneity was 0.37 for the difference in lung cancer sex-specific risk estimates.
dModel utilizes dose to the esophagus.
eModel utilizes dose to the brain.
fModel utilizes dose to the heart.
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risk was similar to the estimate using six categories: the HR
at 100 mGy was 1.28 (95% 1.10; 1.48) based on 2 category
adjustment whereas it was 1.37 (90% CI 1.19;1.59) based on
a finer 6 category adjustment.

Sensitivity analyses were conducted to evaluate the choice
of referent group, adjustment factors, and the effect of
including contributing causes of death. Excluding all work-
ers with zero recorded dose and using the <10 mGy cat-
egory as referent had little effect on the dose-response

analysis for leukemia other than CLL with the HR at 100
mGy estimated to be 1.17 (95% CI 1.02; 1.34; trend
p¼ 0.03). Adjusting for mobility and year of hire increased
the estimates of risk slightly but the increase was not statis-
tically significant (Supplement Table 4). Removing adjust-
ments for sex and SES also had minimal effect on the
estimates of radiation risk. Using a 2-year lag for CLL rather
than a 10-year lag, did not affect the dose-response which
remained significantly negative. Using a 5-year lag for lung

Table 8. Excess relative risk (ERR) estimates per 100 mGy for subtypes of leukemia for selected studies of radiation-exposed populations.

Studya,b (reference)
ALL (n) AML (n) CML (n) CLL (n)
(90% CI) (90% CI) (90% CI) (90% CI)

Current study – U.S. nuclear power plant workers 0.44 (25) 0.24 (165) 0.18 (40) –0.77 (74)
(0.07; 0.81) (0.06; 0.42) (–0.25; 0.61) (–1.59; 0.05)

INWORKS (Leuraud et al. 2015; Hamra et al. 2016) 0.58 (30) 0.13 (254) 1.05 (100) –0.11 (138)
(<0; 3.16) (–0.08; 0.43) (0.45; 2.00) (<0; 0.18)

IARC 15-country (Cardis et al. 2007) <0.0 (19) –0.41 (81) 1.0 (45) –0.17 (47)
NR (–0.76; 0.17) (–0.09; 4.02) (–0.89; 0.40)

IARC 3-country (Cardis et al. 1995) –0.89 (11) 0.34 (32) 1.1 (28) –0.09 (27)
(<0; 7.3) (<0; 1.49) (0.29; 3.09) (<0; 0.73)

UK NRRW (Muirhead et al. 2009) 0.78 (15) 0.12 (102) 0.33 (44) <–0.19 (69)d

(<0.19; 8.95) –0.12; 0.57 (0.04; 0.93) (<–0.l9; 0.12)
NIOSH U.S. case-control (Daniels et al. 2013) NR 0.22 (150) 0.29 (52) –0.032 (74)

(–0.l9; 1.2) (<0; 2.6) –0.16; 0.74)
French nuclear workers (Metz-Flamant et al. 2013) NR 1.58 (35) NRc –0.14 (NR)

(0.15; 4.61) (<0; 1.49)
U.S. radiologic technologists (Linet et al. 2020) 0.058 (15) 0.00 (85) –0.02 (9) <–0.02 (23)

(<–0.02; 1.03) (<–0.02; 0.24) (<–0.02; >10) (<–0.03; 0.18)
Mayak Production Association (Kuznetsova et al. 2016) NR 1.32 (24) 0.14 (13) –0.02 (21)

(0.43; 4.9) (–0.02; 0.73) NR
aAcute lymphocytic leukemia (ALL), acute myeloid leukemia (AML), chronic myeloid leukemia (CML), chronic lymphocytic leukemia (CLL), not reported (NR).
Current study includes underlying and contributing causes of death. Note that Linet and colleagues (Linet et al. 2020, Table 4) prepared an informative and
detailed comprehensive summary of leukemia subtype ERRs for radiation-exposed populations.

bStudies are not independent. The INWORKS study, for example, contains workers in the IARC 3-country, IARC 15-country, UK NRRW and the NIOSH case-con-
trol studies.

cEstimates are presented only for myeloid leukemia and not separately for AML or CML. ALL not presented (n� 7).
dUsing a 10-year lag, the ERR per 100 mSv was –0.03 (90% CI –0.17; 0.31).

Table 7. Excess relative risk (ERR) estimates per 100 mGy for leukemia other than chronic lymphocytic leukemia for selected studies of radiation-exposed
populations.

Studya Persons Cases
ERR per
100 mGy

Confidence
intervals Reference

U.S. nuclear power plant workers 135,193 311 0.15 0.00; 0.31b Current study
U.S. industrial radiographers 123,556 173 0.17 –0.02; 0.35b NCRP (2018b)
U.S. medical radiation workers 109,019 126 0.10 –0.34; 0.54c Boice, Cohen, Mumma, Howard et al. (2021)
Mallinckrodt uranium processing 2514 18 0.14 –0.60; 0.33c Golden, Ellis, et al. (2019)
Mound 4954 21 0.04 –0.37; 0.71b Boice et al. (2014)
Atomic veterans 113,807 710 –0.37 –1.08; 0.33b Boice et al. (2020)
Atomic bomb survivors (adult males)d 24,845 98 0.09 –0.16; 0.37b Prestond

INWORKS 308,297 531 0.30 0.12; 0.52b Leuraud (2015), Hamra et al. (2016)
IARC 15-country 407,391 198 0.19 <0; 0.85c Cardis et al. (2005, 2007)
IARC 3-country 95,673 119 0.22 0.01; 0.57b Cardis et al. (1995)
UK National Registry of Radiation Workers 174,541 198 0.17 0.01; 0.43c Muirhead et al. (2009)e

NIOSH U.S. case-control NR 369 0.09 –0.17; 0.65c Daniels et al. (2013)
French nuclear workers 59,021 60 0.40 <0; 1.68b Metz-Flamant et al. (2013)
U.S. 15-utilities 53,698 26 0.57 –0.26; 3.04c Howe (2004)
U.S. radiologic technologists 110,297 155 0.05 <�0.09; 0.24c Linet et al. (2020)
Mayak Production Association 22,373 56 0.36 0.16; 0.82c Kuznetsova et al. (2016)
aStudies are not all independent. The INWORKS study, for example, contains workers in the IARC 3-country, IARC 15-country, UK NRRW and NIOSH U.S. case-con-
trol studies.

b90% CI; also cases include underlying and contributing causes.
c95% CI.
dDale Preston (Personal Communication, 31 May 2016).
eA recent update with 269 deaths from leukemia other than CLL is generally consistent with the earlier reports [ERR per 100 mGy 0.10 (90%CI –0.23 to 2.90)]
(Gillies et al. 2019).

NR denotes not reported.
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cancer rather than a 10-year lag, also did not affect the
dose response.

Discussion

Previous studies of nuclear power plant workers in the US
were limited by low statistical power. An early study of
nearly 9000 workers at a single nuclear power facility dem-
onstrated the feasibility of linking together company dosim-
etry records with NRC REIRS and Landauer data to obtain
complete dosimetry information on workers (Goldsmith
et al. 1989; Jablon and Boice 1993; Muirhead et al. 1996). A
larger study of 53,698 workers was carefully conducted but
limited in design (Howe et al. 2004). Workers had to be
alive in 1979 and employed at a nuclear power plant oper-
ated by one of 15 utilities in the United States. A radiation
association for leukemia was not found but statistical power
was limited due to small numbers. The 1979 restrictions
were for ease of tracing since 1979 is the year when the
NDI began, but this restriction resulted in few leukemia
deaths, only 26, low cumulative doses (mean 25.7 mSv), and
few career doses >100 mSv (about 5%). The current study
of 135,193 early NPP workers monitored as early as 1957 is
larger, with longer follow-up and a broader range of radi-
ation doses than previous investigations. Consistent with
current understanding (Daniels and Schubauer-Berigan
2011; McLean et al. 2017; Gilbert et al. 2020; Hauptmann
et al. 2020) (Table 7), prolonged exposure to occupational
radiation was seen to increase the mortality risk of leukemia
other than CLL among NPP workers.

International occupational studies

Large international occupational studies have been coordi-
nated by the International Agency for Research on Cancer
(IARC) (Cardis et al. 1995, 2005, 2007). Results compared
with other studies are not independent because of overlap-
ping facilities included in each analysis, e.g. the British
Nuclear Fuels plc (BNFL) facility at Sellafield contributed
many workers and leukemia cases among those who
received doses >200 mSv. A significant risk of leukemia
other than CLL was reported in the IARC 3-country study
(Cardis et al. 1995), primarily due to relatively high occupa-
tional doses (>200 mSv) seen at the Sellafield plant
(Douglas et al. 1994). A significant leukemia risk was not
observed in the subsequent IARC 15-country study which
excluded workers who were monitored for internal intakes
of radioactive material and other factors (Cardis et al. 2007).
Among the over 49,346 U.S. nuclear power plant (NPP)
workers in the 15-country study, leukemia excluding CLL
also was not significantly increased (ERR per 100 mSv 0.13;
90% CI <0.00, 0.18; n = 65). It is not entirely clear, but this
U.S. NPP cohort of 15 facilities (Vrijheid et al. 2008) appar-
ently derived from the larger study conducted by Howe et
al. (2004).

The latest and largest international investigation is the
International Nuclear Workers Study (INWORKS), which
includes 308,297 radiation workers from France, the United

Kingdom, and the United States (Leuraud et al. 2015;
Richardson et al. 2015, 2018; Thierry-Chef et al. 2015; Hamra
et al. 2016; Daniels et al. 2017; Laurier et al. 2017; Haylock
et al. 2018). In contrast to the 15-country study, U.S. NPPs
were not included. INWORKS reported an association
between the cumulative external photon dose to the RBM
and mortality from leukemia other than CLL: ERR per 100
mGy ¼ 0.30 (90% CI: 0.17; 0.52). These data are not inde-
pendent of other studies and include radiation workers from
the UK National Registry for Radiation Workers (NRRW)
(Muirhead et al. 2009), nuclear industry workers in France
(Metz-Flamant et al. 2013), and five nuclear facilities in the
United States (Schubauer-Berigan et al. 2015). Despite the
many strengths of the INWORKS investigation, possible con-
founding tempers interpretations (NCRP 2018b). Statistically
significant risks were reported for cancers of the testis, rectum
and peritoneum, sites not convincingly linked to ionizing
radiation (UNSCEAR 2008), and positive dose responses were
reported for cancers of the pleura and mesothelioma which
are caused by asbestos and not radiation (Mumma et al.
2019). Removing France in a sensitivity analysis resulted in
statistical non-significance, even though the French data were
the smallest component of INWORKS, and there were rather
puzzling results regarding neutron exposures (NCRP 2018b).
That is, neutron doses were not computed but adjustment
based upon a neutron monitoring flag was made. If no
adjustment for neutron monitoring is made the ERR per Gy
estimate for solid cancers was reduced from 0.48 (95% CI
0.20; 0.79) to 0.20 (90% CI �0.03; 0.46) (Richardson et al.
2015). The reasons behind this large drop in the ERR esti-
mate, and from statistical significance to nonsignificance, are
unclear, ‘but may relate to some confounding, especially since
one might expect missing neutron doses in the risk modeling
to cause overestimation, rather than underestimation’
(NCRP 2018b).

The UK National Registry for Radiation Workers
(NRRW) study of 174,541 workers found a significant risk
of leukemia other than CLL, based on 198 deaths, mean
dose 25.5 mSv and with 6.2% of workers with occupational
doses >100 mSv (excess relative risk (ERR) per Sv ¼ 1.38;
90% CI 0.08; 3.24) (Muirhead et al. 2009; Gillies and
Haylock 2014; Gillies et al. 2019). More than half of the
workers with high cumulative doses came from the Sellafield
facility. A study of 64,956 workers at four BNFL facilities,
again with nearly 50% of workers coming from Sellafield,
reported a significant risk of leukemia other than CLL (ERR
per Sv ¼ 2.60; 90% CI 0.28; 7.01) based on 85 deaths and
mean dose of 53.0 mSv among the 42,431 radiation workers
(Gillies and Haylock 2014). The mortality analysis based on
269 deaths from leukemia other than CLL is consistent with
earlier reports [ERR per 100 mGy 0.10 (90%CI �0.23; 2.90)]
(Gillies et al. 2019).

A study of 45,468 Canadian nuclear power industry
workers and workers at Atomic Energy of Canada Limited
(a research facility) failed to observe a significant association
between occupational dose and leukemia but analyses were
based on only 17 leukemia deaths (Zablotska et al. 2014). A
study of 59,021 French nuclear workers reported a
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nonsignificant association between occupational exposure
and leukemia other than CLL based on 60 deaths and a
mean dose of 22.5 mSv (Metz-Flamant et al. 2013). A study
of 200,583 Japanese nuclear workers reported a nonsignifi-
cant negative association with cumulative dose and leukemia
based on 80 deaths and mean dose of 12.2 mSv (with 2.6%
of the workers > 100 mSv) (Akiba and Mizuno 2012;
Akiba 2018).

Combined U.S. occupational studies

One of the first combined mortality analyses of U.S. worker
studies was conducted by Gilbert and colleagues in 1993 of
44,943 workers at three weapons facilities (Gilbert et al.
1993). There were 67 deaths due to leukemia other than
CLL, the mean dose was <50 mSv and the correlation
between radiation was negative (ERR per Sv ¼ �1.0; 90%
CI <0.0; 2.2). A later combined case-control study of leuke-
mia among workers in the United States involved six facili-
ties (including the Portsmouth Naval Shipyard) and 105,245
workers (Daniels et al. 2013). There were 264 deaths due to
leukemia other than CLL, the mean dose was 26.5 mSv, and
the association between radiation was positive but not statis-
tically significant (ERR per 100 mSv ¼ 0.09 (95% CI �0.17;
0.65). There were 74 deaths due to CLL and similar to the
current study, there was a negative association with radi-
ation (ERR per 100 mSv ¼ �0.032 (95% CI �0.16; 0.74)). A
recent cohort evaluation of workers at five U.S. facilities
(n¼ 119,195), excluded the Los Alamos National
Laboratory, changed the eligibility criteria for inclusion,
included contributing causes of CLL (total cases 128) and
confirmed the previous findings based on 369 deaths from
leukemia other than CLL and a mean external dose of
20.2mS (Schubauer-Berigan et al. 2015).

A feasibility study at the Calvert Cliffs Nuclear Power
Plant published in 1993 envisioned the creation of a radi-
ation registry of workers which might form the basis of a
comprehensive study of over 100,000 NPP workers in the
United States (Jablon and Boice 1993). This vision became a
reality (Hagemeyer et al. 2018) as demonstrated by the cur-
rent study. The pilot study at the Calvert Cliffs facility
included 9132 workers, of whom 5093 were plant employees
and 4093 were contract workers. The contract workers expe-
rienced the higher cumulative doses (Goldsmith et al. 1989).
No significant findings were reported. However, in the cur-
rent follow-up of 6264 plant employees at Calvert Cliffs
(Supplement Table 2), a significant SMR of mesothelioma
was observed based on 5 deaths (SMR 3.19; 95% CI 1.03;
7.44), and similar to the asbestos-related risk reported for all
workers in the current study.

Leukemia other than CLL

Most occupational studies of combined facilities discussed
above are characterized as having well-defined populations,
good occupational records, comprehensive follow-up proce-
dures, nearly complete ascertainment of deaths and causes
of death, individual personal dosimetry measurements to

estimate cumulative occupational dose, and careful and
complete statistical analyses (NCRP 2018b; UNSCEAR
2018). There is a consistency in the presence of a positive
correlation between radiation and death due to leukemia
other than CLL (Table 7), and the absence of a correlation
between radiation and death due to CLL (Table 8).

Leukemia other than CLL is found to be increased in
studies of Japanese atomic bomb survivors (Hsu et al. 2013),
patients receiving high-dose radiation procedures (Boice
et al. 1987; Curtis et al. 1994; Little et al. 1999), pioneering
radiologists (Matanoski et al 1975; NA/NRC 2006;
UNSCEAR 2008), populations exposed to environmental
contamination (Krestinina et al. 2010; Preston et al. 2017;
NCRP 2018b) and more recently in large occupational stud-
ies (NCRP 2018b; Linet et al. 2020) (Table 7). The current
study of nuclear power plant workers in the United States
adds to this evidence. The numbers of cases of leukemia
subtypes, ALL, AML and CML, also were sufficient to com-
pute estimates of mortality risk that were generally consist-
ent with those reported in other studies although the
confidence intervals about the risk estimates were broad
(Table 8).

Among Japanese atomic bomb survivors, linear-quadratic
and purely quadratic dose-response models provided better
fits to the non-CLL data than a linear model (UNSCEAR
2008; Hsu et al. 2013). Among bomb survivors over the age
20 years when exposed in 1945, there were 121 deaths due
to leukemia other than CLL; the ERR per Sv was approxi-
mately 3.1 (95% CI 1.7; 5.0) (UNSCEAR 2008) or about
twice the estimate of the current study. In the most recent
incidence study of atomic bomb survivors (Hsu et al. 2013),
there were 98 incident leukemia cases other than CLL or
adult T-cell leukemia (ATL) among 24,845 adult males, the
mean dose was about 10 mGy, and the estimate of ERR per
100 mGy was 0.09 (95% CI �0.16; 0.37) (Table 7). Although
the confidence intervals overlap for the risk estimates in the
current study, the acute exposure of atomic bomb survivors
may carry a somewhat higher risk of radiation-induced leu-
kemia than the study of NPP workers who received pro-
longed exposures over many years. This lower risk following
protracted exposures is consistent with chromosome aberra-
tion data comparing atomic bomb survivors with Sellafield
workers (Tucker et al. 1997). A more statistically powerful
evaluation of the risk of leukemia following prolonged radi-
ation exposure will come within the MPS when large
cohorts are combined, including industrial radiographers
(NCRP 2018b), medical radiation workers (Boice, Cohen,
Mumma, Howard et al. 2021), above-ground nuclear weap-
ons test participants (Boice et al. 2020) and DOE radiation
workers (Boice, Cohen et al. 2019; Boice, Cohen, Mumma,
Golden 2021). A study of 112,726 nuclear submariners,
including the 1954 Nautilus crew, has begun that increases
the study size of previous investigations by including officers
and by extending the years of follow-up by 18 years, from
1982 to 2020 (Charpentier et al. 1993; Mueller et al. 2020;
NDC 2021; Friedman-Jimenez et al. 2021). The study of
nuclear submariners will provide additional statistical power
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for future pooled analyses of comparable populations within
the MPS.

CLL
For NPP workers in the U.S., the dose-response for CLL
was negative based on either a 10-year dose lag or a 2-year
dose lag. CLL is not generally considered to be caused by
ionizing radiation (UNSCEAR 2008). Practically all studies
fail to find positive correlations, including patients treated
with radiation (Boice et al. 1987; Curtis et al. 1994) and
occupationally exposed workers (Cardis et al. 2007;
Schubauer-Berigan et al. 2007, 2015; Vrijheid et al. 2008;
Muirhead et al. 2009; Daniels et al. 2013; Leuraud et al.
2015; Kuznetsova et al. 2016; Linet et al. 2020). Negative
dose-response relationships for CLL are seen for most occu-
pational studies (Table 8).

A significant correlation between radiation and CLL was
reported in the study of Japanese atomic bomb survivors
(Hsu et al. 2013) based on only 12 cases. Results are uncer-
tain because 2 of the 12 cases (16.7%) were hairy cell leuke-
mias, which should be classified as non-Hodgkin lymphoma
(NHL) and not CLL (Linet et al. 2020). In comparison with
the current study, 2 of the 74 cases (2.7%) of CLL among
NPP workers were hairy cell leukemias; the population
expected value was 2.7 and excluding the 2 cases did not
affect the negative dose-response. Further, NHL is not seen
to be a consistent consequence following radiation exposure
(UNSCEAR 2008), and we found no evidence for a dose
response (ERR per 100 mGy �0.09; 95% CI �0.34; 0.16; n
= 319). Some reports of increases in CLL (Zablotska et al.
2013) are not consistent with previous studies and may
reflect peculiarities in the dose reconstruction (based on
worker interviews), case ascertainment and diagnos-
tic criteria.

MDS
Radiation has been associated with MDS among long-term
atomic bomb survivors at Nagasaki (Iwanaga et al. 2011).
Neither MDS nor MDS in combination with AML were
found to be correlated with radiation dose in the current
study, similar to three other MPS studies, i.e. for medical
radiation workers, workers at the Los Alamos National
Laboratory, and military participants at above-ground
nuclear weapons tests (Boice et al. 2020; Boice, Cohen,
Mumma, Golden 2021; Boice, Cohen, Mumma, Howard
2021). Studies of U.S. radiologic technologists (Linet et al.
2020) also report no association between MDS and radiation
exposures. High dose radiotherapy, as well as chemotherapy,
are major risk factors for MDS (Komrokji et al. 2019). MDS
appears to be distinct from AML (Albitar et al. 2002; Zeidan
et al. 2019), and it has been questioned recently whether
MDS should be included in the assessment of leukemia risk
following radiation (UNSCEAR 2020). MDS is a grouping of
heterogeneous diseases, and its classification has evolved
over the years (Komrokji et al. 2019). It was not uncommon
for MDS cases to be misclassified as AML which might
affect mortality evaluations. Whether low doses of radiation

can cause MDS is an area of scientific interest, and will be
addressed further in combined studies within the MPS.

Lung cancer

The SMR for lung cancer was significantly elevated in com-
parison with the general population, reflecting perhaps
residual confounding due to cigarette smoking or to intakes
of asbestos from thermal insulation received by many of the
workers. The NPP workers had previously been found to be
at high risk of asbestos-related diseases including mesotheli-
oma and asbestosis (Mumma et al. 2019). Further, it has
been estimated that up to 12% of lung cancers might be
related to occupational levels of exposure to asbestos and
that up to 20–25% of workers with heavy exposure to asbes-
tos might develop lung cancer (Agency for Toxic Substances
and Disease Registry (ATSDR) 2013). Given the substantial
excesses of deaths from mesothelioma and asbestosis among
these NPP workers, it is possible that some lung cancer
deaths were similarly related to asbestos exposure.
Unfortunately, job classification was not available to separate
NPP workers with likely exposure to asbestos as was pos-
sible in several other MPS investigations, i.e. industrial
radiographers, shipyard workers and atomic veterans (Till
et al. 2018; Mumma et al. 2019).

There was little evidence for a radiation dose response
for lung cancer nor was there any discernible difference
between men and women and radiation risk, (p for hetero-
geneity 0.37), consistent with eight other MPS cohorts
(Boice 2019; Boice, Ellis et al. 2019; Boice et al. 2020; Boice,
Cohen, Mumma, Golden et al. 2021; Boice, Cohen, Mumma,
Howard et al. 2021; Boice, Quinn et al. 2021; NASEM
2021a). These findings of healthy populations who experi-
enced chronic exposures during employment are relevant to
understanding and assessing the radiation risks faced by
astronauts on long-term missions beyond Earth orbit. The
lung cancer risk estimates and standards currently used by
NASA to protect flight crew are based on the Japanese
atomic bomb survivor study that indicates that women are
at 2-3 times higher lifetime risk of lung cancer than are men
on a relative scale (NCRP 2014; Boice 2019). The current
radiation standard for astronauts limits the time women are
allowed in space compared with men, although these stand-
ards are being reviewed (NASEM 2021a).

Other studies of occupationally exposed workers that
failed to find a significant radiation association for lung can-
cer include the Hanford workers (Petersen et al. 1990), med-
ical radiologic technicians (Velazquez-Kronen et al. 2020),
and the UK National Registry of Radiation Workers
(Muirhead et al. 2009; Haylock et al. 2018). Increases in
lung cancer have been reported among atomic bomb survi-
vors acutely exposed to radiation in 1945 (Ozasa et al.
2012); workers in the 15-country study, although a negative
dose response was seen for the subcohort of NPP workers
(ERR per 100 mSv �0.12; 90% CI <0.00, 0.05; n = 316)
(Cardis et al. 2007); Mayak workers in Russia (Gillies et al.
2017), and the INWORKS occupationally-exposed workers
(Richardson et al. 2018). Differences in results might be
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related to characteristics of exposure such as brief compared
with prolonged; the quality of the radiation such as low-LET
compared with high-LET; uncontrolled confounding related
to tobacco use or asbestos exposure; or possible biases in
dosimetry, including the manner in which intakes of radio-
nuclides and exposure to neutrons were handled.

All solid cancers

For completion, an analysis of all solid cancers was con-
ducted and found little evidence for a dose-response rela-
tionship (Figure 5). Sampling variability was such, however,
that ERRs per 100 mGy higher than 0.05 could be excluded
with 95% confidence. Thus, the data are not inconsistent, in
a statistical sense, with the Japanese atomic bomb survivor
ERR per 100 mGy estimate of 0.042 (95% CI 0.032; 0.053)
for all solid cancer based on a linear model (Ozasa et al.
2012). Estimation of radiation associations for all solid can-
cers is frequently done in epidemiologic studies to increase
statistical precision, has value for purposes of radiation pro-
tection, but lacks biological plausibility (NCRP 2012). The
value of combining all solid cancers as a single outcome has
been recently questioned given the heterogeneity of back-
ground rates for individual cancers and the differences that
arise when selected cancers are removed from the combined
cancer dose-response relationship (Cologne et al. 2019).
NCRP (2012) recommended caution in interpreting radi-
ation associations, either positive or negative, based on com-
bining all cancers: ‘Clearly, there are differences in the
etiologies and the radiation responses between lung cancer
(caused by smoking), breast cancer (influenced by hormonal
factors), cervical cancer (caused by human papillomavirus),

rectal cancer (seen in excess only following radiation ther-
apy), bone cancer (a high-dose effect), and brain cancer
(nondividing neural cells, where the association is seen pri-
marily among children)…’ The different shapes of the
dose-response curves for individual cancer sites, e.g. linearity
for breast and thyroid cancer, nonlinearity for nonmelanoma
skin and lung cancer, and a flat response (no risk) for cer-
vical cancer and other cancers, tempers a biologically mean-
ingful interpretation of the shape of the dose-response
relationship when all cancers are taken together.

Ischemic heart disease

Nuclear power plant workers were significantly less likely to
die than comparable persons in the general population. This
is not unexpected because there are selection factors related
to health that influence a person’s ability to work, the so-
called ‘healthy worker effect’ (Monson 1986; Checkoway
et al. 1989). Internal dose-response comparisons are con-
ducted to minimize this bias. Based on 5410 deaths from
IHD, there was no evidence for a radiation association. The
ERR at 100 mGy was slightly negative, �0.01; and was influ-
enced by the lower risk apparent among the over 14,000
workers who received >100 mGy dose to the heart. The
absence of a radiation association for IHD has been seen in
all MPS cohorts reported to date (Boice, Quinn et al. 2021),
including Rocketdyne (Boice et al. 2006, 2011), Mound
(Boice et al. 2014), Mallinckrodt (Ellis, Boice et al. 2018;
Golden et al. 2019), Los Alamos National Laboratory (Boice
et al. 2021a), medical radiation workers (Boice, Cohen,
Mumma, Howard et al. 2021), and industrial radiographers
(NCRP 2018b). Significant radiation associations for heart

Figure 5. Excess Relative Risk (ERR) of all solid cancers by radiation dose to
colon among 135,193 workers at U.S. nuclear power plants first monitored
between 1957–1984 and followed through 2011. Linear model presented
(solid line) based on a continuous measure of dose, and 95% confidence
bands (dotted lines) presented about the regression line. Doses were lagged
by 10 years and adjustments were made for sex, year of birth, and socioeco-
nomic status. ERRs and 95% confidence limits are calculated for selected cate-
gories of dose to the colon and displayed at the mean dose in each category
(categories <25 (referent), 25-, 50-, 100-, and >250 with respective mean
doses to the colon of 10.1, 35.5, 70.3, 148.6, and 335.3 mGy).

Figure 6. Excess Relative Risk (ERR) of Parkinson’s disease by radiation dose to
brain among 135,193 workers at U.S. nuclear power plants first monitored
between 1957–1984 and followed through 2011. Linear model presented (solid
line) based on a continuous measure of dose, and 95% confidence bands (dot-
ted lines) presented about the regression line. Doses were lagged by 10 years
and adjustments were made for sex, year of birth, and socioeconomic status.
ERRs and 95% confidence limits are calculated for selected categories of dose
to the brain and displayed at the mean dose in each category (categories <25
(referent), 25-, 50-, 100-, and >250 with respective mean doses to the brain of
9.6, 35.4, 69.9, 144.8, and 319.7 mGy).
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disease have been found among the Japanese atomic bomb
survivors (Ozasa et al. 2012), although a recent report focus-
ing on IHD failed to confirm a radiation association
(Takahashi et al. 2017). It remains of great scientific and
radiation protection interest to learn whether doses below
0.5Gy can result in increased deaths due to heart disease
(Tran et al. 2017; NCRP 2018b; Wakeford 2019, Boice, Held
et al. 2019; Electric Power Research Institute (EPRI) 2020;
Richardson et al. 2020; Anderson et al. 2021; Tapio et al.
2021). Because heart disease occurs so frequently in the
population, even a small risk related to radiation exposure
at low doses would equate to a meaningful excess.
Nonetheless, it is not clear why there are inconsistencies
among the various epidemiologic studies reported to date
but reasons likely include: the epidemiologic challenges in
detecting a very small excess risk at low doses; confounding
effects of uncontrolled cigarette smoking or other health
conditions related to heart disease such as high blood pres-
sure, diabetes, and obesity; radiation effects on the heart
related to any concomitant kidney exposure; and changes in
the coding of death certificates over time or misclassification
of causes of death (Ozasa et al. 2017; de Vocht et al. 2020).

Other sites

Cancer of the esophagus was elevated and there was a sug-
gestion of a dose-response consistent with several of the
other studies within the MPS including Mound (Boice et al.
2014), atomic veterans (Boice et al. 2020), and Los Alamos
National Laboratory (Boice, Cohen, Mumma, Golden et al.
2021). Cancer of the prostate was not elevated: the SMR
based on 527 deaths was 0.99 (95% CI 0.91, 1.08). Previous
MPS studies have not revealed significant dose- response
relationships for prostate cancer (Boice et al. 2020; Boice,
Cohen, Mumma, Golden et al. 2021; Boice, Cohen, Mumma,
Howard 2021), in contrast to a recent publication on the
Japanese atomic bomb survivors (Mabuchi et al. 2021).
Dementia, Alzheimer’s, Parkinson’s, and motor neuron dis-
eases were not increased. However, a nonsignificant dose-
response for Parkinson’s was seen (ERR per 100 mGy 0.24;
95% CI �0.02, 0.50; n = 140) (Figure 6) similar to those
reported in other large MPS studies, notably for medical
radiation workers (ERR per 100 mGy 0.07; 95% CI �0.20,
0.54; n = 87), industrial radiographers (ERR per 100 mGy
0.24; 95% CI �0.02, 0.50; n = 128), and workers at the Los
Alamos National Laboratory (ERR per 100 mGy 0.16; 95%
CI �0.17, 0.40; n = 193) (Boice and Dauer 2021; Boice,
Cohen, Mumma, Golden et al. 2021; Boice, Cohen, Mumma,
Howard 2021; Boice, Quinn et al. 2021). These estimates are
broadly consistent with the association recently reported
among Mayak workers for a cumulative gamma-ray dose to
the brain (ERR per Gy 1.02; 95% CI 0.59, 1.63; n¼ 300 diag-
noses) (Azizova et al. 2020). Improved estimates of radiation
risk following prolonged exposures are anticipated from the
future pooling of MPS cohorts for Parkinson’s disease, leu-
kemia and cancers of the lung, stomach, bladder, brain, thy-
roid, kidney and other causes of death, including those from

nonmalignant conditions such as IHD and cerebrovascu-
lar disease.

Strengths and limitations

The strengths of the study of nuclear power plant workers
include the cohort design; large numbers of over 135,000
healthy workers; complete and long follow-up of up to 60
years (mean 30.2 years); accurate and unbiased ascertain-
ment of causes of death from the NDI and state mortality
indices; near complete determination of all occupational
doses from all places of employment; precise dosimetry data
collected under strict criteria in compliance with legal regu-
lations; a comprehensive approach to estimating organ doses
for the NPP cohort was followed as detailed in NCRP
Report 178 (Dauer et al. 2018; NCRP 2018a); minimal expo-
sures to neutrons or intakes of radioactive materials a large
number of cause-specific deaths available for analysis (e.g.
311 deaths from leukemia other than CLL compared with
121 among atomic bomb survivors exposed over age 19
(UNSCEAR 2008)); a large number of workers exposed to
over 100 mSv (e.g. 19,981 compared with 4097 adult male
atomic bomb survivors over age 19 years); sufficient num-
bers of the four subtypes of leukemia for statistical analyses
of risk; and substantial statistical power to evaluate a radi-
ation effect following chronic exposures over many years.
Limitations include the small number of female workers
such that sex-specific differences could not be thoroughly
evaluated; the relatively small number of excess leukemia
cases that precluded clear differentiation between various
dose-response models; reliance on death certificate informa-
tion; the possibility of missed doses, although the legal
requirements to report worker doses at nuclear power plants
might mitigate somewhat this concern as does the multiple
independent sources of dosimetry information available; and
limited evaluation of uncertainty in the analyses to date
(Ron and Hoffman 1999; Schafer and Gilbert 2006; NCRP
2008, 2018a; UNSCEAR 2014). Most of these limitations will
be met in the larger context of the MPS and the pooling of
all cohorts, i.e. up to a million radiation workers
and veterans.

Cigarette smoking causes lung cancer, heart disease, leu-
kemia and many other diseases (USDHSS 2010). In the
absence of individual information on tobacco use or other
lifestyle behaviors that may influence mortality, adjustment
for SES is frequently done as a way to account for such
potentially confounding factors. For the over 130,000 NPP
workers, individual SES adjustment was based on area-wide
educational levels obtained from small-scale census-block
group residential histories (Cohen et al. 2018; Mumma et al.
2018). While individual-level SES variables are preferred
over area-level variables (Steenland et al. 2004), area-level
variables have been shown to be adequate correlates of SES
in occupational and other studies of cancer, heart disease
and overall mortality (Anderson 1997; Waitzman and Smith
1998; Yen and Kaplan 1999; Diez Roux 2001). Further, it is
of note that education level has been strongly correlated
with tobacco use among early DOE radiation workers in
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interview studies (Mahoney and Wilkinson 1987).
Nonetheless, despite our best efforts to adjust for correlates
of smoking, the possibility of residual confounding is recog-
nized as a limitation.

Other uncertainties include the choice of analytical strat-
egies such as whether adjustments for the duration of moni-
toring should be made. In addition to conducting internal
cohort analyses as a way to minimize the selection bias asso-
ciated with having to be healthy in order to work, i.e. the
‘healthy worker effect’ (Monson 1986; Howe et al. 1988;
Checkoway et al. 1989), adjusting for duration of employ-
ment is often done to account for any ‘healthy worker sur-
vivor effect’ (Buckley et al. 2015). Duration of employment
can be correlated, however, with cumulative exposures,
length of follow-up and other factors that might affect risk
estimates (Boice 2010; Golden et al. 2018). In some radiation
studies, the adjustment led to sizeable increases in the esti-
mates of risk (Cardis et al. 2007), while in others, the effect
of adjustment tended to reduce estimates of risk (Muirhead
et al. 2009). It is also of interest that early departure from
employment is not always an indicator of poor health, e.g.
for early radiation workers it was not uncommon for many
healthy workers to leave employment at a radiation facility
for employment elsewhere (Boice et al. 2006). The over
10,000 NPP workers monitored for <30 d, evaluated separ-
ately, appeared as healthy as the longer-termed worker.
Although the length of follow-up was similar, the workers
monitored for <30 d may have been visitors or managers
and not comparable to other workers. Nonetheless, they do
not provide strong support for the notion that those who
continued to work were especially healthy compared with
shorter-term NPP workers. Further, the NPP workers who
moved from plant to plant, presumably because of unique
skills or the desire for improved positions, had slightly
higher radiation risks (related to higher exposures) than
those who remained at a single plant, although the differen-
ces were not statistically meaningful.

A recent Government Accountability Office report endorsed
the MPS and stressed the need for enhanced scientific under-
standing in order to reduce uncertainties of the health conse-
quences of low-dose radiation received by the public and
workers (USGAO 2017). There is broad consensus support by
national and international radiation research and radiation pro-
tection communities for the renewal and reinvigoration of low-
dose radiation research (NASEM 2019, 2021b). Acts passed by
the U.S. Congress and appropriation bills signed by the President
of the U.S. have supported the MPS and confirmed the need for
scientific research that will inform decision-makers and improve
risk-management strategies (Boice, Held et al. 2019).

Conclusions

The study of nuclear power plant workers employed
1957–1984 provides convincing confirmatory evidence that
low-dose and low-dose-rate exposures over time significantly
increase the risk of leukemia other than CLL. A negative asso-
ciation between radiation and CLL is consistent with most
radiation studies and indicates that this type of leukemia

should not be considered highly sensitive to radiation expo-
sures. Consistent with MPS cohort studies completed to date,
there was little evidence for a radiation association with lung
cancer or ischemic heart disease. In contrast, associations
between radiation and Parkinson’s disease are seen in most
MPS cohort studies. More statistically precise estimates will be
forthcoming when other cohorts within the MPS are com-
bined, in particular the studies of 123,000 industrial radiogra-
phers, 114,000 nuclear weapons test participants, 109,000
medical radiation workers, 112,000 nuclear submariners, and
the over 150,000 workers at the Department of Energy
nuclear facilities.
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