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Abstract

Background: Radiation is one of the most important stressors related to missions in space beyond Earth’s orbit. Epidemi-
ologic studies of exposed workers have reported elevated rates of Parkinson’s disease. The importance of cognitive dys-
function related to low-dose rate radiation in humans is not defined. A meta-analysis was conducted of six cohorts in the
Million Person Study (MPS) of low-dose health effects to learn whether there is consistent evidence that Parkinson’s dis-
ease is associated with radiation dose to brain.
Materials and methods: The MPS evaluates all causes of death among U.S. radiation workers and veterans, including
Parkinson’s disease. Systematic and consistent methods are applied to study all categories of workers including medical
radiation workers, industrial radiographers, nuclear power plant workers, atomic veterans, and Manhattan Projects
workers at the Los Alamos National Laboratory and at Rocky Flats. Consistent methods for all cohorts are used to esti-
mate organ-specific doses and to obtain vital status and cause of death.
Results: The meta-analysis include 6 cohorts within the MPS, consisting of 517,608 workers and 17,219,001 person-years
of observation. The mean dose to brain ranged from 6.9 to 47.6 mGy and the maximum dose from 0.76 to 2.7 Gy. Five of
the 6 cohorts revealed positive associations with Parkinson’s disease. The overall summary estimate from the meta-
analysis was statistically significant based on 1573 deaths due to Parkinson’s disease. The summary excess relative risk
at 100 mGy was 0.17 (95% CI: 0.05; 0.29).
Conclusions: Parkinson’s disease was positively associated with radiation in the MPS cohorts indicating the need for
careful evaluation as to causality in other studies, delineation of possible mechanisms, and assessing possible implica-
tions for space travel as well as radiation protection guidance for terrestrial workers.
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Introduction

The U.S. National Aeronautics and Space Administration
(NASA) has developed detailed objective-based approaches
to its human deep space exploration efforts as it plans mis-
sions to the moon and to Mars [1–3]. The lunar plan is to
establish the deep space transportation systems for crew
and cargo along with the first Artemis moonwalks followed
by early human missions to Mars. Exposure to radiation is a
primary risk factor to human health that remains a barrier to
the safe exploration of space [4–7]. There exists a complex
radiation environment beyond Earth’s protective magnetic
field [8], specifically comprised of galactic cosmic rays
(GCR) and solar particle events (SPEs) that consist of high
energy charged particles and resulting particle fragments
from collisions with materials in spacecraft and the human
body [7,9,10]. Depending on the type and length of mission,
radiation exposures for astronauts during space exploration
are expected to be relatively high with expected doses for
a 180-day lunar mission to be about 60 mGy or so [7] and
missions to Mars of about 600–1000 days estimated to be
of the order of 300–450 mGy [11]. Beyond low earth orbit,
space radiation consists of continuous exposure to GCR and
sporadic eruptions from the sun that produce SPEs. The pri-
mary health risks associated with such exposures are cancer,
cardiovascular disease, and central nervous system diseases
[12,13].

The National Council on Radiation Protection and Mea-
surements (NCRP), at the request of NASA, evaluated the
available literature on radiation exposures relevant to space
missions and the potential for central nervous system
(CNS) effects [13–15]. The scientific committee noted that
some experimental studies using small animals showed
CNS effects (both early and late neurological disorders) fol-
lowing relatively brief exposures to high-velocity heavy ions
[16], as well as certain higher-dose human medical proce-
dures (e.g., radiation therapy administration) delivering sig-
nificant radiation exposures to the CNS resulting in
significant acute and delayed effects. Exposure to ionizing
radiation has also been linked to changes in cognitive func-
tions affecting neurological integrity and damage to the cen-
tral nervous system [17–20]. In addition, high-linear energy
transfer (LET) radiation exposures (e.g., from GCR simula-
tions) in rodents have been associated with the potential to
accelerate the development of CNS disorders including
dementia, Alzheimer’s, and cognitive impairment
[5,14,16]. Thus, there is concern about possible effects on
astronauts that might impact mission performance and com-
pletion as well as potential risks for late occurring cognition-
related outcomes. NCRP stressed the importance of
assessing CNS outcomes in terrestrial analogs in humans,
specifically suggesting additional studies of workers
exposed to polonium, radium, plutonium, uranium, and
americium. Such workers with intakes of radionuclides with
potential to expose brain tissue to high-LET alpha particles
(helium nuclei) should be studied for CNS effects including
cognitive function and dementia-related disorders
[14,15,21]. High-LET neutrons also were noted as a signif-
icant component of secondary radiation [14].

As described above, the types of radiation experienced in
space as astronauts or as tourists are complex and include
GCR, i.e., high-energy heavy ions, low-LET gamma radia-
tion, protons and high-LET neutrons. The exposures can
be continuous for several years for lengthy ventures beyond
earth orbit. Although alpha-particle exposure to brain tissue
is an imperfect analogue of high-energy heavy particles in
space, terrestrial based epidemiologic studies provide
another line of evidence that can be considered when making
judgments for radiation protection guidance for flight crews
on long missions in space [14,15]. The strengths of human
epidemiologic studies of high-LET exposures to brain and
CNS effects include: high-LET radiation is received at a
low dose rate (over years) in humans and not rodents; the
exposure is to mixed fields of high-LET radiation and
low-LET radiation (somewhat similar to the space environ-
ment); the energy deposition is similar for a wide range of
particle types and energies; and human outcomes can be
directly evaluated (e.g., the occurrence of Parkinson’s dis-
ease as well as quantitative measures of cognitive impair-
ment) [6,15]. While there are some similarities between
high-LET alpha-particle exposure to brain tissue and high-
LET exposures in space, there are significant dissimilarities
[14]. Perhaps most importantly, while high energy ions and
alpha particles emitted from radionuclides may share the
same LET values, their track structures and energies are dis-
tinct with GCR energies and ranges being magnitudes
higher. Nonetheless, while alpha particles emitted from
radionuclides in brain as well as high-LET neutron expo-
sures are an imperfect analogue for the high-energy heavy
ions experienced in space, the results in human populations
can be used in conjunction with animal studies, radiation
response and concept models, and underlying assumptions
related to human circumstances and space radiation for pro-
tection guidance when embarking on long-term missions
[14,15].

Following Alzheimer’s disease, Parkinson’s disease is the
second-most common chronic and progressive, neurodegen-
erative disorder in the United States (U.S.). It is estimated
that the prevalence for Parkinson’s disease is approximately
1 million people in the U.S. and 10 million people world-
wide while about 90,000 new cases are diagnosed with the
disease every year in the U.S. [22]. Individuals with Parkin-
son’s often experience motor symptoms like tremor, muscle
rigidity, slow movement, and difficulty with balance [23,24].
Additionally, non-motor symptoms like depression, insom-
nia, constipation, and memory loss may also occur
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[24,25]. Symptoms usually begin gradually and worsen over
time. Although the causes of Parkinson’s disease are
unknown, people with Parkinson’s disease typically show
a decrease in the number of dopaminergic neurons located
in a part of the brain called the substantia nigra [26]. When
dopamine levels decrease, it results in abnormal brain activ-
ity, which can lead to the signs and symptoms associated
with Parkinson’s disease [27]. In addition, cholinergic neu-
rons may also be involved in Parkinson’s disease [28,29]
with associated dysfunction displaying as cognitive decline,
gait problems, falls, sleep disruption, and potential neu-
ropsychiatric manifestations. Parkinson’s disease is charac-
terized by the presence of Lewy bodies, which are clumps
of proteins inside brain cells, and the aggregation of the
alpha-synuclein protein within the Lewy bodies [26].

Because of a primary focus on cancer and cardiovascular
outcomes, few epidemiologic studies have been conducted
to explicitly explore the possible correlation of radiation
exposure and Parkinson’s disease or any neurological condi-
tion. In the few studies to date, however, there is growing
evidence that Parkinson’s disease may be associated with
ionizing radiation [6,30–32] and this has increased the inter-
est in this area [33,34].

The Study of One Million Radiation Workers and Veter-
ans, known as the Million Person Study (MPS), includes
over one million U.S. workers and veterans who had occu-
pational monitoring for radiation exposure [6,35,36]. The
MPS is designed to evaluate the level of health effects (can-
cer and non-cancer outcomes) on workers who receive pro-
tracted, chronic occupational exposures [36]. These workers
are defined by occupational or service groups and were
exposed to radiation at varying times from 1913 to the pre-
sent, including: workers involved in the Manhattan project
and at nuclear facilities of the U.S. Department of Energy
[37], atomic veterans of the U.S. Department of Defense
[38], nuclear power plant workers [39], industrial radiogra-
phers [6,40], medical radiation workers [41], nuclear sub-
mariners and other U.S. Navy personnel [6,42], and
radium dial workers [43]. The project is a U.S. national
effort with active cooperation of several federal agencies
for support [44]. All MPS studies are now evaluating Parkin-
son’s disease as an outcome for dose-response evaluation
[6,31].

The purpose of the current study is to collate and describe
MPS results on Parkinson’s disease risks and summarize
Excess Relative Risk (ERR) estimates at 100 mGy brain
dose for individual MPS cohorts using meta-analytic tech-
niques. Such improved understanding of radiation risks in
humans can provide benefit to NASA’s risk projection and
mitigation approaches [5] as well as being relevant to radia-
tion safety for workers in general [6].
Materials and methods

Million person study epidemiologic methods

The MPS applies harmonized and standardized radiation
epidemiologic methodologies for each cohort for all aspects
of the project with the ultimate aim in the future of pooling
of all cohort data into one large analytic data resource [6].
Until then, results from individual MPS cohort studies are
published as they are completed.

Cohort identification relies upon previously conducted
studies [36] and the availability of central dosimetry reposi-
tories [6,40,45–50]. Vital status determination and cause of
death are obtained following a multistage approach with
multiple sources of information that include state maintained
vital statistics files and national databases of the Social Secu-
rity Administration Death Master File (SSA-DMF), the
National Death Index (NDI) and the SSA Service for Epi-
demiological Researchers (SSA-SER), along with publicly
available data, ancestry services, and death certificates
[51]. Vital status has been confirmed for over 90% of all
study subjects in cohorts analyzed to date, and the ascertain-
ment of cause of death is typically over 96%. Statistical
adjustments are made for smoking status or a reliable
surrogate such as area-level derivation of education [42],
self-reported education, military rank, and/or worker job cat-
egories as measures of socioeconomic status. Underlying,
and when available, contributing causes of death are coded
according to the International Classification of Diseases
(ICD) edition in place at the time of death, spanning six
ICDs, from ICD5 to ICD10. For presentation purposes and
analyses, cause of death (COD) for each worker is mapped
to the comparable COD in ICD9 [51]. In early MPS studies
a combined neurodegenerative disease outcome which
included dementia, Alzheimer’s disease, Parkinson’s disease,
and motor neuron disease and was assigned ICD9 290.0-
290.4, 331.0, 332, 335.2 [52,53]. Later MPS studies have
evaluated each outcome separately with Parkinson’s disease
(ICD9 332) specifically assessed [6,38–40,54,55].

High-quality radiation epidemiology requires comprehen-
sive organ dose assessments and reconstructions for each
individual under study. The NCRP has provided specific
guidance for deriving organ doses and their uncertainty for
epidemiologic studies, with a focus on the MPS. This guid-
ance was consistently employed for each study cohort in the
MPS [56,57]. Annual organ dose estimates are assigned
based on defined exposure scenarios, exposure pathways,
radiation monitoring devices using personal dosimeters,
individual bioassay data, and by employing the latest guid-
ance and dose coefficients from the NCRP and the Interna-
tional Commission on Radiological Protection
[21,49,50,56,58–62]. In addition, the NCRP has recently
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developed improved kinetic and anatomical models for brain
dosimetry for internally deposited radionuclides [15,63].

Standardized mortality ratios (SMR) are used to compare
observed deaths with the numbers expected in the U.S. gen-
eral population accounting for age, sex, and calendar year of
observation. Exact 95% Poisson confidence intervals (CIs)
for the SMRs [64] and for the ratio of SMRs [65,66] are
computed.

Internal (within-cohort) analyses are conducted to
account in part for the healthy worker effect that is often pre-
sent in occupational studies when comparisons are made
with the general population [67,68]. These analyses were
conducted using Cox proportional hazards models [69] and
Poisson regression models [70,71] with Parkinson’s disease
mortality as the outcome. The dose-response models were
based on the estimated brain doses in mGy with the primary
analysis using categories of radiation dose to brain as the
exposure. While a radiation weighting factor (DWF) of 1
was assumed for all alpha-particle related doses, DWFs of
2.5 and 16 were assumed for thermal and non-thermal neu-
trons, respectively [55]. Dose-response functions for contin-
uous measurements of radiation dose were also modeled as
linear ERR functions. All models included adjustment for
sex, year of birth, and a measure or surrogate measure of
socioeconomic status (SES) [42,70]. Age was used as the
timescale for the hazard function. Cox analyses were con-
ducted using SAS/STAT software (version 9.4 of the SAS
System for Windows, SAS Institute Inc., Cary, NC). Cox
and Poisson ERR models were also constructed using EPI-
CURE software [70,71]. The PEANUTS program for ERRs
and corresponding 95% confidence intervals (CI) included
the same covariates as the final Cox models (sex, year of
birth, and SES).

Meta-analysis

To quantitatively combine the ERR estimates for the
association between Parkinson’s disease and radiation brain
dose from six MPS cohorts, a meta-analysis was conducted.
The meta-analysis combines the results of individual studies
to obtain a summary estimate of risk that is assumed to be
more informative than from a single study. A meta-
analysis takes into account the sample size and precision
of the included individual studies providing a summary esti-
mate that is a weighted average of the individual study
results. The quality of the studies included in a meta-
analysis is an important consideration when interpreting
the validity of the summary result. For the MPS, the quality
of each study is similar and high with regard to dosimetry,
vital status determination, population identification and com-
pleteness, and transparent statistical methods.

This meta-analysis was conducted to summarize the
ERRs at 100 mGy brain dose from 6 MPS cohorts. The
ERR at 100 mGy brain dose and 95% confidence intervals
(CIs) were used with and without the assumption of hetero-
geneity of risks, and statistical tests for heterogeneity were
computed. In practical terms, this means that a Fixed Effects
meta-analysis model which considered only variations in
risk within cohorts was applied, as was a Random Effects
model which considers within cohort variation plus between
cohort variations. The meta-analysis was done on the origi-
nal scale (i.e., with no conversion to the logarithm of the rel-
ative risk before pooling) because all the included risks at
100 mGy have highly symmetrical confidence intervals
about the central risk estimate. A summary estimate, which
is the pooled, inverse-variance weighted mean risk, was cal-
culated from the 6 cohorts. Cochran’s Q statistic (and corre-
sponding p-value) and the I2 index were calculated to test for
heterogeneity, and the DerSimonian-Laird method [72,73]
for the Random Effects model was applied for pooling
heterogeneous groups of studies and for obtaining the over-
all variance on the summary risk estimate from the meta-
analysis. These methods have been used previously for
radiation-related risk assessments across various epidemiol-
ogy study cohorts [74–79]. All meta-analyses statistics were
conducted using Microsoft� Excel software (version 16.57,
Microsoft� Excel for Mac, Microsoft, Redmond, WA).

Results

MPS cohorts evaluating Parkinsons disease

There are 8 MPS cohort studies that have evaluated
Parkinson’s disease mortality to date. Two of the cohorts,
Mound workers and Mallinckrodt uranium processing work-
ers, had few deaths attributable to Parkinson’s disease, so
that only a combined neurodegenerative category was eval-
uated that included dementia, Alzheimer’s disease, Parkin-
son’s disease, and motor neuron diseases [52,53].
Accordingly, the Mound and Mallinckrodt studies were
not included in the meta-analysis. Table 1 lists the six
cohorts included in the Parkinson’s disease mortality meta-
analysis: nuclear power plant workers [39], industrial radio-
graphy workers [6,40], medical radiation workers [41], Los
Alamos National Laboratory (LANL) workers [55], Rocky
Flats workers [54], and atomic veterans [38]. These repre-
sent 517,608 workers followed from as early as 1945
through as late as 2019 with a combined total of
17,219,001 person-years of follow-up.

Dose to brain by MPS cohort

The 6 MPS cohorts that evaluated Parkinson’s disease
mortality included 4 cohorts that received low-LET gamma
and x-ray exposures and 2 cohorts characterized by low-LET
and high-LET exposures. The high-LET exposures included



Table 1
Million Person Study cohorts evaluating Parkinson’s disease mortality as a distinct outcome.

MPS cohort No. workers Study follow-up Person-years
of follow-up

Nuclear Power Plant Workers (NPP) 135,193 1957–2011 4,079,620
Industrial Radiography Workers (IR) 123,401 1969–2019 3,416,647
Medical Radiation Workers (MRW) 109,019 1965–2016 2,779,838
Los Alamos National Laboratory Workers (LANL) 26,328 1943–2017 1,181,472
Rocky Flats Workers (RF) 9,397 1951–2017 391,118
Atomic Veterans (A-Vets)* 114,270 1945–2010 5,370,306
Total 517,608 – 17,219,001
* The total number of veterans in the A-Vets cohort was 114,270, however, the total number utilized in the dose response was 113,806, because of the
exclusion of veterans with unknown doses.
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intakes of radionuclides and external neutrons. The internal
intakes of radionuclides included plutonium, americium,
polonium, and uranium, along with some potential for
fission- and activation-products [6,14,40,55,80]. Resulting
doses from all components of exposure were summed to
estimate annual brain doses (mGy) for each individual in
each cohort. Table 2 lists the mean (mGy), median (mGy),
standard deviation (mGy), percent of workers with
�100 mGy, and maximum (Gy) cumulative brain dose esti-
mates for cohorts included in the meta-analysis. Across the
cohorts, mean cumulative brain doses ranged from
6.9 mGy for the atomic veterans to 47.6 mGy for Rocky
Flats workers. Maximum cumulative brain doses ranged
from 0.76 to 2.7 Gy.

LANL and Rocky Flats workers received both high-LET
and low-LET exposures that contributed to their cumulative
brain dose. The high-LET component ranged from 10 to 15
percent of total brain dose assuming a dose weighting factor
of 1 for alpha particles. For LANL workers, the contribution
of high-LET radiation to total cumulative brain dose was
14.6%. The contributions were 13.6% from high-LET neu-
trons, 1.0% from high-LET plutonium alpha particles,
84.0% from low-LET photons, and 1.4% from low-LET tri-
tium. For Rocky Flats workers, the contribution of high-LET
radiations to total cumulative brain dose was 9.6%. The con-
tributions were 9.1% from high-LET neutrons, 0.45% from
high-LET plutonium (238Pu, 239Pu, and 241Pu) alpha parti-
cles, 0.01% from high-LET americium and progeny alpha
particles, 0.03% from uranium alpha particles, and 90.4%
from low-LET photons.

Radiation dose response and Parkinson’s disease
mortality

Table 3 lists the number of Parkinson’s disease deaths,
SMRs and ERRs at 100 mGy brain dose for Parkinson’s dis-
ease among 6 cohorts within the MPS. There were 1573
workers with an underlying cause of death coded as Parkin-
son’s disease. SMRs comparing observed deaths with the
numbers expected in the general population in the U.S. ran-
ged from as low as 0.82 (95% CI: 0.66;1.02; n=87) for the
medical radiation worker cohort to as high as 1.16 (95%
CI: 1.00;1.34; n=197) for the Los Alamos National Labora-
tory workers. While none of the SMRs were significantly
different from 1.0 (all p > 0.05), 5 of the 6 cohorts had a pos-
itive ERR at 100 mGy even though, similarly, none were
statistically significant. The ERR at 100 mGy for the atomic
veteran cohort was negative but not statistically different
from the other study estimates because of the wide confi-
dence interval. For comparison, the ERR at 100 mGy brain
dose for the combined neurodegenerative disease category
(dementia, Alzheimer’s disease, Parkinson’s disease and
motor neuron diseases) was 0.23 (95% CI: �0.01; 0.54)
for Mound workers (4977 workers, 22 cases) and �0.06
(95% CI: �0.18; 0.06) for Mallinckrodt uranium processing
workers (2514 workers, 93 cases). Mound workers had the
potential for high-LET intakes of polonium and plutonium
[52] as well as neutron exposure, and Mallinckrodt workers
had the potential for high-LET intakes of uranium and
radium [53].

Meta-analysis for Parkinson’s disease mortality risk

In the primary Random Effects model, the summary
meta-analysis ERR at 100 mGy was 0.17 (95% CI: 0.05;
0.29), the I2 index was 0.0% (indicating that none of the
variability in the radiation related effect size estimates is
due to the differences between individual cohorts) and the
p-value for the Cochran’s Q-test was 0.88 (indicating no sta-
tistically significant heterogeneity between the individual
cohorts). A forest plot for the primary Random Effects
model is shown in Fig. 1. The individual study weights in
descending order were 27%, 26%, 22%, 11%, 11% and
3%, for weighting the risks from LANL, RF, NPP, IR



Table 2
Estimated mean (mGy), median (mGy), and other brain dose statistics for 6 cohorts within the Million Person Study.

MPS cohort Mean
(mGy)

Median
(mGy)

STD
(mGy)

Percent �
100 mGy

Maximum
(mGy)

Low-LET
Nuclear Power Plant Workers (NPP) 33.2 17.2 45.5 6.58 834
Industrial Radiography Workers (IR) 11.9 1.1 31.2 2.10 977
Medical Radiation Workers (MRW) 18.9 9.8 27.7 1.15 1080
Atomic Veterans (A-Vets) 6.9 2.6 17.7 0.05 2654
High-LET and Low-LET
Los Alamos National Laboratory Workers
(LANL)

11.6 0.8 39.4 1.78 760

Rocky Flats Workers (RF) 47.6 13.2 89.0 11.7 831
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MRW and A-Vets, respectively. In addition, an assessment
of the individual impact of studies on the summary estimate
(Table 4) shows that the findings are robust to the effects of
any single study. For example, removing the A-Vets cohort
had little effect on the overall summary meta-analysis esti-
mate. The Fixed Effects model provided very similar results.
Discussion

The meta-analysis of 6 MPS cohort studies found a statis-
tically significant ERR at 100 mGy brain dose for Parkin-
son’s disease mortality: 0.17 (95%CI: 0.05; 0.29) (Fig. 1).
This provocative finding is based on over 50% of the work-
ers in the MPS, i.e., over half a million workers, but needs to
be confirmed in ongoing follow-up of these and other MPS
cohorts such as Hanford, Savanah River, Fernald, and Oak
Ridge Laboratories (X-10, Y-12, and K-25), and nuclear
submariners. Future MPS work will include an overall
pooled estimate of these harmonized MPS cohorts. This har-
monization effort is underway with development of statisti-
cal software to enable assessments of up to 50 million
person-years of workers with individual organ doses, job
histories, demographic and clinical information, and vital
status outcomes. The pooling is possible because the basic
datasets for all cohorts provide the same or very similar cat-
egorizations of worker characteristics, time-dependent
organ-dose reconstruction, and outcomes based on the same
criteria [56].

A preliminary pooled analysis combining 3 MPS cohorts,
i.e., nuclear power workers, industrial radiographers, and
medical radiation workers (representing 367,722 total
workers) resulted in an ERR at 100 mGy brain dose for
Parkinson’s disease of 0.30 (95% CI: 0.08; 0.56) for 354
deaths [31,40], a value consistent with the summary estimate
in this present study as would be expected since these
combined cohorts represent 3 of the 6 cohorts included in
the meta-analysis and provided 60% of the total person-
years of observation.

Other studies have recently reported associations of
increased risk of CNS outcomes with radiation. A study
among Russian Mayak workers for cumulative gamma-ray
dose to the brain reported an evaluation of 300 incident
Parkinson’s diagnoses with an ERR per Gy of 1.02 (95%
CI:0.59; 1.63) [30]. A recent update of a French nuclear
worker study [32] evaluated 124 deaths due to Parkinson’s
disease with an ERR per Gy of -1.30 (95% CI: not estimated,
7.44). An overlapping meta-analysis of 3 MPS mortality
studies along with the Mayak incidence study reported a sig-
nificant summary relative risk of Parkinson’s disease at 100
mGy of 1.12 (95% CI 1.07, 1.17) [33].

Death certificates do not capture all incident cases of
Parkinson’s disease which conceivably could lead to
decreased statistical power [81] as well as any bias related
to cause of death coding when there are multiple contribut-
ing causes. Further, the quality or accuracy of death certifi-
cate coding for Parkinson’s disease may not be as high as for
incident diagnoses, suggesting the importance of conducting
incidence studies. To this end, NASA has recently funded
studies to link the MPS rosters with the U.S. Centers for
Medicare and Medicaid Services (CMS) assessment and
claims databases that include information on claims-based
disease incidence as well most chronic conditions (e.g.,
dementia, Alzheimer’s, Parkinson’s), other potentially
related medical factors (e.g., tobacco use, obesity, diabetes),
and cognitive function scores from standardized tests for
workers admitted to nursing home facilities [6,82]. Linkages
to these databases for the MPS cohorts are ongoing, and
analyses for each cohort based on both incidence and mortal-
ity data will be forthcoming.

Specific mechanisms for Parkinson’s disease have not yet
been determined but may be associated with inflammatory
processes in general, neural inflammation specifically,
autophagy, oxidative stress, mitochondrial dysfunction,



Table 3
Standard mortality ratio (SMR) and Excess Relative Risk (ERR]) at 100 mGy brain dose) for Parkinson’s disease among 6 cohorts within
the Million Person Study.

MPS cohort* No. workers No. Parkinson’s disease deaths SMR (95% CI) ERR at 100 mGy (95% CI)

NPP 135,193 140 0.90 (0.76; 1.06) 0.24 (�0.02; 0.50)
IR 123,401 235 0.96 (0.84; 1.09) 0.24 (�0.13; 0.61)
MRW 109,019 87 0.82 (0.66; 1.02) 0.17 (�0.20; 0.54)
LANL 26,328 193 1.16 (1.00; 1.34) 0.16 (�0.07; 0.40)
RF 9397 57 1.06 (0.80; 1.38) 0.13 (�0.11; 0.37)
A-Vets 113,806 861 0.94 (0.88; 1.01) �0.22 (�0.90; 0.46)
Total 517,608 1573 0.96 (0.86; 1.07) 0.17 (0.05; 0.29)
* Abbreviations given in Table 2.

Figure 1. Forest plot and result of the summary ERR at 100 mGy brain dose from a Random Effects meta-analysis for Parkinson’s disease
mortality based on 6 of the Million Person Study (MPS) epidemiologic studies. Excess relative risks at 100 mGy brain dose with 95%
confidence intervals for Parkinson’s disease mortality are plotted on rows corresponding with each MPS study cohort. The summary
estimate is displayed in the last row (and is indicated by the vertical dotted line). The total number of veterans in the A-Vets cohort was
114,270, however, the total number utilized in the dose response was 113,806, because of the exclusion of veterans with unknown doses.
Abbreviations: NPP, nuclear power plant; IR, industrial radiographer; MRW, medical radiation workers; LANL, Los Alamos Nuclear
Laboratory; RF, Rocky Flats; ERR, excess relative risk.

Table 4
Meta-analysis estimate of ERR at 100 mGy (95% CI) after
removing the indicated individual study from the analysis.

MPS cohort removed* ERR at 100 mGy (95% CI)

None, i.e., overall summary estimate 0.17 (0.05; 0.29)
NPP 0.15 (0.01; 0.28)
IR 0.16 (0.03; 0.29)
MRW 0.17 (0.04; 0.29)
LANL 0.17 (0.07; 0.31)
RF 0.18 (0.04; 0.32)
A-Vets 0.18 (0.05; 0.30)
* Abbreviations given in Table 2.
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and/or impaired protein aggregation may all be involved in
the disease pathogenesis [83,84]. However, no specific
mechanism has been proposed or identified that definitively
addresses the possible causes of a potential correlation of
radiation exposure and Parkinson’s disease mortality. Inter-
estingly, cigarette smoking is consistently seen to reduce
the risk of Parkinson’s disease in large population studies
[85,86] which may, perhaps, be associated with nicotinic
acetylcholine receptor functioning [28]. Within the MPS
cohorts, separate analyses have shown that the SMR for
Parkinson’s disease for workers or veterans with higher
levels of education were higher than the SMR for those with
lower levels of education (as a surrogate for socioeconomic
status), consistent with the expectation that those who are
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unlikely to smoke are at higher risks of Parkinson’s disease
than likely smokers [6,38,40,85,86]. The associations with
genetic factors, tobacco use and environmental exposures,
such as pesticides [84], suggest that there may be unknown
lifestyle and environmental factors that could be contributing
to or confounding these Parkinson’s disease mortality find-
ings. While other forms of neurological disorders such as
dementia, Alzheimer’s, and motor neuron disease, such as
ALS, have not been found to be associated with radiation
exposure, they too remain areas of ongoing and future
research.

In conclusion, Parkinson’s disease is a complex chronic
and progressive neurodegenerative disease associated with
dopamine deficiency and several other factors including
environmental and genetic influencers of potential risk
[84]. Evidence from occupational studies, including those
performed as part of the MPS, have correlated chronic ion-
izing radiation exposures with increased mortality rates of
Parkinson’s disease. Such CNS outcomes that have the
potential for cognitive impairment and are, if substantiated,
highly relevant for protection guidance for radiation workers
and especially for astronauts. Research efforts should be ini-
tiated to elucidate putative radiation biologic and/or patho-
logic mechanisms, to identify potential hallmarks and
disease biomarkers, and further evaluate the impact of smok-
ing assessment. Additionally, epidemiologic studies should
explore the inclusion of the incidence of Parkinson’s along
with mortality. More statistically precise estimates of radia-
tion risk following chronic worker exposures [87] are antic-
ipated from future pooling of MPS cohorts for Parkinson’s
disease and other CNS-related mortality and incidence out-
comes associated with cognitive detriment [6].
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