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ORIGINAL ARTICLE

Updated mortality analysis of the Mallinckrodt uranium processing
workers, 1942–2012

Ashley P. Goldena , Elizabeth D. Ellisa , Sarah S. Cohenb , Michael T. Mummac , Richard W.
Leggettd, Phillip W. Wallacea, David Girardia, Janice P. Watkinsa, Roy E. Shoree,f, and John D. Boiceg,h

aOak Ridge Associated Universities, Oak Ridge, TN, USA; bEpidStat Institute, Ann Arbor, MI, USA; cInternational Epidemiology Institute,
Rockville, MD, USA; dOak Ridge National Laboratory, Oak Ridge, TN, USA; eEpidemiology Division, New York University School of
Medicine, NewYork, NY, USA; fRadiation Effects Research Foundation, Hiroshima, Japan; gNational Council on Radiation Protection and
Measurements, Bethesda, MD, USA; hDepartment of Medicine, Division of Epidemiology, Vanderbilt Epidemiology Center and
Vanderbilt-Ingram Cancer Center, Nashville, TN, USA

ABSTRACT
Purpose: Mallinckrodt Chemical Works (MCW) was the earliest uranium processing facility in
the United States, and in 1942 produced the uranium oxide used for the first sustained and
controlled nuclear fission chain-reaction at the University of Chicago. A second follow-up
through 2012 was conducted of 2514 White male workers employed 1942–1966 at the
MCW for dose-response analyses for selected causes of death.
Materials and methods: Organ/tissue-specific dose reconstruction included both external
(12,686 MCW film badge records, 210 other facility film badge records, and 31,297 occupa-
tional chest x-rays) and internal sources of uranium and radium (39,451 urine bioassays,
2341 breath radon measurements, and 6846 ambient radon measurements). Dust measure-
ments from pitchblende facilitated quantitative risk estimates for non-radiogenic effects on
the lung and kidney. Vital status was determined from multiple sources including the
National Death Index and the Social Security Administration. Cox regression models were
used for dose response analyses.
Results: Vital status was determined for 99% of the workers, of whom 75% had died. The
mean lung dose from all sources of external and internal radiation combined was 69.9 mGy
(maximum 885 mGy; percent workers >100 mGy, 10%) and there was no evidence for a
dose response for lung cancer (Hazard Ratio (HR) of 0.95 (95% CI ¼ 0.81–1.12) at 100 mGy).
A significant association with radiation was found for kidney cancer (HR of 1.73 (95% CI ¼
1.04–2.79) at 100 mGy) and suggested for nonmalignant kidney diseases (HR of 1.30 (95%
CI ¼ 0.96–1.76) at 100 mGy). A non-radiation etiology could not be discounted, however,
because of the possible renal toxicities of uranium, a heavy metal, and silica, a component
of pitchblende dust. Non-significant HRs at 100 mGy for other sites of a priori interest were
0.36 (0.06–2.03) for leukemia other than CLL, 0.68 (0.17–2.77) for liver cancer, and 1.23
(0.79–1.90) for non-Hodgkin lymphoma. The HR at 100 mGy was 1.09 (0.99–1.20) for ische-
mic heart disease. An association was seen between dust and combined malignant and
non-malignant lung disease, HR at 10mgm�3year�1 of 1.01 (1.00–1.02).
Conclusions: A positive radiation dose response was observed for malignant and non-
malignant kidney disease, and a negative dose response for malignant and non-malignant
lung disease. Cumulative measures of dust were significantly associated with malignant and
non-malignant lung disease and suggested for malignant and non-malignant kidney disease.
Small numbers preclude definitive interpretations which will await the combination with
similar studies of early uranium processing workers.
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Introduction

The contribution of the Mallinckrodt Chemical Works
(MCW) in the development of the atomic weapons
that ended World War II was critical and often
unappreciated. In 1942, Arthur Holly Compton, the

Nobel-prize winning physicist, knew that ether, a dan-
gerous and explosive solvent, would be required to
refine the large amount of uranium ore needed to
produce uranium metal and oxides (USACE 1996;
Westbrook and Bloom 2010). He approached Edward
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Mallinckrodt Jr, the president of MCW, to do this
processing because MCW had a history of safely
working with ether. Mallinckrodt agreed to support
the war effort, and the uranium processing began in
July 1942. On 2 December 1942, the entire 40 tons of
uranium oxide produced at the MCW facility in St.
Louis, MO, were used at the University of Chicago by
Enrico Fermi to produce the first man-made sustained
and controlled nuclear fission chain-reaction – and
the atomic age was born.

Uranium was processed at MCW’s St. Louis facili-
ties from 1942 through 1957 and then moved to
Weldon Spring, MO, where operations continued
until shut down at the end of 1966. For MCW to pro-
duce the 40 tons of uranium oxide needed for the
Manhattan Project, hundreds of tons of pitchblende
from the then Belgian Congo (currently Democratic
Republic of the Congo) were processed. In 1940,
Belgium sent 1250 tons of pitchblende to Staten
Island, New York, to prevent it from falling into the
hands of Germany. During the early years of oper-
ation at MCW, pitchblende ore that was upwards of
60 percent pure uranium was processed.

The pitchblende ore contained up to 100mg of
radium per ton of ore, which increased to 300mg per
ton during processing. Both soluble and insoluble
uranium compounds were produced during process-
ing. Daily average dust concentrations of 100–200
times the maximum allowable concentration of
50 lgm�3 were measured in poorly ventilated process-
ing areas. Throughout the processing steps, potential
exposures were to internal and external radiation, as
well as to silica and sulfuric acid (Eisenbud 1975).
The chemical toxicity of uranium, a heavy metal, par-
ticularly with respect to damage to the kidneys, was
also an industrial hygiene concern.

A previous study of 2514 White male workers at
the MCW uranium processing plant employed
1942–1966 followed the workers through 1993 and
considered only external radiation exposure (Dupree-
Ellis et al. 2000). Significantly low standardized mor-
tality ratios (SMR) were observed for all causes of
death and for all circulatory diseases consistent with
the healthy worker effect (Monson 1986). No cause of
death was found to be significantly elevated. A dose
response was indicated for kidney cancer with an
excess relative risk (ERR) per Sv of 10.5 (90% confi-
dence interval: 0.6, 57.4). Chronic nephritis was ele-
vated but not significantly. Silica present in the
pitchblende ore was suggested as a possible cause of
kidney damage. Internal intakes of radium and

uranium were not considered, nor were potential
chemical exposures.

We extended and enhanced the original study of
MCW uranium processing workers by adding 19 add-
itional years of follow-up and by reconstructing
organ/tissue-specific doses from intakes of radium and
uranium using the latest biokinetic models. These
organ/tissue doses were determined using 7 different
sources of contemporary personal and area monitor-
ing data: personal film badge readings during employ-
ment at MCW, annual chest X-rays required for
employment, breath radon measurements, uranium
urinalysis measurements, time-weighted job-specific
analysis of exposure to dust, job-specific exposure to
radon, and personal film badge data from pre- and
post-employment at MCW (Watkins et al. 1997; Ellis
et al. 2018). Using these sources, this study addresses
directly the possible health effects from intakes of
uranium and radium experienced about 60 years ago.

Outcomes of interest included the kidney because of
the prior association with radiation (Dupree-Ellis et al.
2000) and because of potential damage from the chemical
toxicity of uranium and silica present in the dust from
pitchblende; the lung because of the inhalation of radium,
uranium and silica; non-Hodgkin lymphoma (NHL)
because the thoracic lymph nodes receive exposure from
intakes of uranium and radium; liver and bone cancer
because of exposure from internal emitters; leukemia
other than CLL because the bone marrow is radiosensi-
tive; ischemic heart disease because of current interest
(Ozasa et al. 2017); brain cancer and combined dementia,
Alzheimer’s, Parkinson’s, and motor neuron disease
because of interest in alpha particle dose to brain
(UNSCEAR 2017; Boice, Ellis, et al. 2018; Boice, Leggett,
et al. 2018); and multiple myeloma, colon cancer, and
mesothelioma because of reports in other uranium
worker studies.

The MCW study is part of the Million US Worker and
Veteran Study of low-dose health effects (MWS), some-
times called the Million Person Study. The MWS includes
approximately 360,000U.S. Department of Energy work-
ers; 147,000 nuclear utility workers; 115,000 atomic veter-
ans who participated in above-ground atmospheric tests;
170,000 radiologists and medical workers; 90,000 other
workers including navy personnel; and 130,000 industrial
radiographers (Bouville et al. 2015; Boice, Ellis, et al. 2018;
NCRP 2018).

Materials and methods

Human subjects research approval was received from
the Oak Ridge Site-wide Institutional Review Board
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and the Vanderbilt University Institutional
Review Board.

Cohort definition

The study population was previously described by
Dupree-Ellis et al. (2000). In brief, 2514 White males
were employed on or after 1 January 1942 in the
MCW Uranium Division located in St. Louis, MO
and Weldon Spring, MO. All workers included in the
study cohort were employed at least 30 days sometime
between 1942 and 1966, which is the entire period of
uranium processing operations at MCW.

Assignment of worker pay type (hourly or salary)
was made using the first job title to establish a meas-
ure of socio-economic status (SES) as a surrogate for
tobacco use (Sorensen et al. 2004). Each job title was
assigned as hourly or salary first by identifying words
in the job title that indicated either salary or hourly
positions (e.g. manager, foreman, director were
assigned salary; rigger, pipefitter, technician were
assigned hourly), and then by individual inspection of
job histories when identifying keywords were
not present.

Vital status and outcome determination

The cohort had previously been traced for vital status
through 1993 using the SSA Epidemiological Vital
Status Service, Pension Benefit Information, and the
National Death Index (NDI) (Dupree-Ellis et al.
2000). For this update, vital status as of 31 December
2012 was determined from linkages with the SSA
Epidemiological Vital Status Service which confirmed
that 598 workers (24%) were alive at the end of 2012

and NDI which confirmed that 1895 workers (75%)
had died by the end of 2012 (Figure 1). In addition,
the Centers for Disease Control and Prevention
LinkPlus program, a probabilistic scoring system
which does not require exact matches on all variables,
was used to match the study roster against the SSA
Death Master File and state mortality files (Campbell
et al. 2008). Cause of death was determined for all but
16 (1%) of the 1895 workers who had died. Workers
without a SSA, state mortality file or NDI match
(n¼ 21, 1%) were assumed alive until the date of last
contact which was usually the date of last employment
at MCW.

Workers with serious renal disease were identified
by linkage with the U.S. Renal Data System
(1977–2008), which includes persons who received
kidney dialysis or transplant (USRDS 2017).

Summary of radiation dose reconstruction

The methods for radiation dose reconstruction have
been described (Ellis et al. 2018). Briefly, the approach
to estimating occupational doses received by MCW
employees followed the procedures outlined by Boice
et al. (Boice, Cohen, et al. 2006; Boice, Leggett, et al.
2006; Boice et al. 2014) and the NCRP Report 178
(NCRP 2018). There were three sources for external
dose estimates: personal film badge records and occu-
pational chest X-rays from MCW, and individual film
badge records for time periods of work at other facili-
ties before or after MCW employment. Personal film
badge records were obtained for 2024 workers
included in the study (80% of the cohort) from the
Manhattan Engineer District files and MCW occupa-
tional records from mid-1945 through 1966. Doses

Mallinckrodt 
Chemical Works 

workers 
N=2514

Alive 
n=598 (24%)

Dead 
n=1895 (75%)

Cause of death 
known 

n=1879 (99%)

Cause of death 
unknown 

n=16 (1%)

Lost to follow-up 
n=21 (1%)

Figure 1. Vital status tracing of 2514 workers at the Mallinckrodt Chemical Works with follow-up through 31 December 2012.
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were imputed for those workers and working years
were film badge records were not available as
described previously (Dupree-Ellis et al. 2000). Organ/
tissue doses were calculated taking into account the
photon energy of the radiation source, the organ/tis-
sue-specific conversion coefficients resulting from the
energy (ICRP 2010), and the geometry of the exposure
of the worker to the radiation source based on job
groupings of the estimated percentage of time for
anterior-posterior exposure to the source. Over 31,000
medical chest x-rays, required annually for workers in
uranium processing operations, were found for 1995
workers and used to calculate annual organ/tissue
doses, taking into account both the number of poster-
ior-anterior (PA) and lateral (LAT) positions and the
associated dose equivalents specific for the organ/tis-
sue of interest given by Thomas (Thomas 2011). Two
hundred and ten dosimetry records documenting radi-
ation exposure received before or after employment at
MCW were obtained for 43 workers from five add-
itional sources: DOE Radiation Exposure Monitoring
System (REMS) (DOE 2017); other historic DOE radi-
ation exposure data not included in DOE REMS; the
Nuclear Regulatory Commission Radiation Exposure
Information and Reporting System (REIRS) (NRC
2018); Landauer, Inc.; and the Nuclear Test Personnel
Review Program for military veterans who partici-
pated in the U.S. atmospheric nuclear tests from 1944
to 1962 or the occupation forces of Hiroshima and
Nagasaki, Japan. All organ/tissue-specific doses from
each source were added together to obtain the total
organ/tissue-specific external dose received by each
worker for each calendar year, as described by Ellis
et al. (2018).

The important internal emitters at MCW were all
naturally occurring radionuclides, primarily members
of the 238U and 235U chains and in particular the ele-
vated concentrations of airborne 238U, 235U, 234U,
226Ra, 222Rn and its short-lived progeny. Detailed
explanations for internal dose reconstructions are
given by Ellis et al. (2018). Briefly, three sources of
internal dosimetry were used to calculate organ/tissue-
specific cumulative internal doses for MCW workers:
39,451 uranium urine samples available for 1925
workers from 1948 to 1966; 2341 radon breath sam-
ples available for 500 workers from 1948 to 1966, and
6846 ambient radon exposure measurements for 1392
workers available from 1944–1955. Workers without
internal source records were considered unexposed.
The biokinetic and dosimetric models used to estimate
annual organ/tissue doses from internal sources in
this study are those recommended in International

Commission on Radiological Protection Publications
68 (ICRP 1994), 71 (ICRP 1995), 100 (ICRP 2006),
116 (ICRP 2010), and 137 (ICRP 2017). Dose to the
thoracic lymph nodes was also based on ICRP models
and dosimetry systems (ICRP 1994, 2006). It was
assumed that all intakes of uranium or 226Ra were via
inhalation of moderately soluble (Type M) material.
Radon breath samples were used to estimate radium
body burden. All organ/tissue-specific doses from
each source were added together to obtain the total
organ/tissue-specific internal dose for each worker for
each calendar year.

Summary of dust exposure

Because of the high levels of airborne dust in the
uranium processing operations at MCW, there was
concern about both the internal radiation exposure
and the chemical toxicity of uranium and silica, a
known important component of pitchblende, to
organs such as the lung and kidney. General air and
breathing zone sampling for dust were done fre-
quently from 1942–1952, with worker-specific esti-
mates of daily exposure to dust recorded in
worksheets. These data were used to calculate job-spe-
cific daily time-weighted average dust exposures for
1091 of the 1457 workers employed during the time
period that dust exposures were recorded as described
in Ellis et al. (2018). Dust exposures were imputed
based on job title and work history for the remaining
366 workers during this period. Because the internal
intakes of uranium are best described by the available
uranium bioassay data, the dust exposures were used
to explore potential associations between lung and
kidney outcomes and heavy metal toxicity.

Analytic methods

Standardized mortality ratio (SMR) analyses compared
the numbers of deaths observed among MCW work-
ers with the numbers expected based on general
population rates in the United States for persons of
the same age in five year groups, race (White) and sex
(male) over the same 5-year time periods. The SMR
analyses were based on the underlying cause of death.
For all workers, person-time began 30 days after date
of first hire at MCW or 1 January 1942, whichever
was later, and ended at the date of death, age 95, date
lost to follow-up, or 31 December 2012, whichever
came first.

Within-cohort analyses (hereafter called internal
analyses) were conducted using Cox proportional
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hazards models to compute risks across categories of
estimated radiation dose to specific organ/tissues (Cox
1972). All Cox models were conducted using SAS/
STAT software (SAS/STAT software, Version 9.4 of
the SAS System for Windows, SAS Institute Inc.,
Cary, NC, USA). Excess Relative Risks at 100 mGy
were estimated using the Peanuts program in Epicure
(Preston et al. 2007). The internal analyses are consid-
ered more valid than the SMR analyses because poten-
tial biases associated with general population
comparisons are eliminated and time-dependent
internal radiation doses from intakes of radionuclides
are incorporated. To increase statistical power, the
cause-specific internal analyses included both the
underlying and contributing causes of death obtained
from the National Death Index and available death
certificates for all sites except for lung cancer and
ischemic heart disease. If a worker had both kidney
cancer and non-malignant kidney disease, only kidney
cancer was counted; similarly, for lung cancer and
non-malignant respiratory disease excluding flu and
pneumonia, only lung cancer was counted in the com-
bined analyses. Year of birth and pay-type (hourly
versus salary) were included in all models. Sensitivity
analyses were conducted including adjustments for
year of hire, duration of employment, socioeconomic
status, and cumulative dust exposure.

For the internal cohort analyses, radiation dose was
treated as a categorical measure, with categories
defined based on the distribution of dose for each
organ/tissue of interest. The dose category was then
treated as a time-dependent measure, allowing work-
ers to be assigned to increasingly higher dose catego-
ries over time as their individual radiation doses
accrued. Doses accrued over time include both exter-
nal doses and internal doses from the decay of radio-
nuclides that had been retained in the body after
inhalation or ingestion. Age was used as the underly-
ing timescale for the hazard function. To allow for a
possible latent period between radiation exposure and
any effect consequent to it, doses were lagged, i.e.
excluded if they occurred during some assumed inter-
val prior to the event of interest, 10 years for solid
cancers and 2 years for leukemia. Parameter estimates
and standard errors for the dose categories in the Cox
time-dependent regression models were used to obtain
hazard ratios (HR) and 95% confidence intervals (CI)
for death due to the cause under investigation com-
pared with those in the referent group taken as the
workers with low cumulative radiation dose. Trend
tests treated the radiation dose as a single continuous
measure, and two-sided p-values are presented. HRs

at 100 mGy were computed for selected causes of
death. In the primary analysis, a dose weighting factor
of 1 was applied to alpha particle absorbed doses
from uranium or radium-226, i.e. assuming that the
absorbed dose was the relevant measure of biological
effect. Additional analyses were performed assuming
dose weighting factors of 10 or 20 as possible indica-
tors of biological effectiveness for these alpha particle
absorbed doses (data not shown). Excess relative risks
(ERRs) also were estimated using the same model
specifications as the Cox time-dependent regression
model. ERRs at100 mGy are presented in the text and
tables alongside the HR at 100 mGy.

Analyses of cumulative dust exposure in relation to
kidney cancer, non-malignant kidney disease, lung
cancer, and non-malignant lung disease were also
conducted using Cox regression. Cumulative dust
exposure was treated as a categorical measure using
tertiles derived from the 1358 workers with dust
measurements greater than zero; workers who had no
dust exposure (N¼ 99) were grouped with the lowest
tertile of dust which was treated as the referent.
Adjustment was made for pay type and year of birth
in all models. Dust doses were not lagged but when
adjustment was made for radiation dose to the kidney
or lung, the radiation dose was lagged by 10 years.
HRs and 95% CIs were calculated in the model using
categories of dust, and at 10mgm�3year�1 of dust
exposure from a model treating dust as a continuous
measure. ERR (95% CI) at 10mgm�3year�1 were
also estimated.

Results

All MCW workers included for study were White
males and 83% were hourly wage earners.
Demographic and occupational characteristics of the
cohort are presented in Table 1. Many workers were
born before 1920 (41%) and followed for more than
50 years (41%). Sixteen percent were hired between
1942 and 1945 (16%) and the mean duration of
employment in the uranium division of MCW was 5.2
years. The mean age at start of follow-up was 30.3
years (range 16.1–65.3). Vital status was obtained for
99% of the population and 75% had died by the end
of 2012 (Figure 1). The average follow-up was 43.3
years. Of the 2514 workers, 2459 (98%) had a film
badge measurement greater than 0, and all who had
chest X-rays were assumed to have exposures greater
than 0. Of the 2160 workers for whom internal moni-
toring data were available, 1868 workers were moni-
tored for uranium (1855 with dose >0), 487 for
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radium (423 with dose >0), and 1356 for radon (all
with dose >0) (Table 1). There were 43 (1.7%) work-
ers monitored for radiation at other facilities either
before or after employment at Mallinckrodt adding
575 mGy to the population dose.

Table 2 presents descriptive statistics for organ/tis-
sue-specific radiation doses by different types of
exposure. The mean external doses from film badges
ranged from 27.9 mGy to 36.0 mGy for kidney and
lung, respectively, while the highest external doses
from occupational chest X-rays were for the heart,
lung, and kidney. Thus, the highest combined external
dose was observed in the lung (mean 46.7 mGy; max-
imum 778 mGy). Assuming a dose weighting factor of
1 for absorbed doses from internal exposures, the
mean lung dose was 27.1 mGy (maximum 416 mGy),
by far the highest internal exposure, primarily due to
ambient radon. Except for the lung, the internal dose
was a minor component of the total dose. The total
combined external and internal doses are presented
for dose weighting factors of 1, 10, and 20, where the
highest organ doses are to the lung and thoracic
lymph nodes.

Table 3 presents SMRs for all 2514 Mallinckrodt
workers. Overall, the number of observed deaths was
below that expected: 1894 deaths were observed and
2024.5 were expected (SMR 0.94; 95% CI 0.89–0.98).
There were 488 deaths from cancer compared with
502.5 expected (SMR 0.97; 95% CI 0.89–1.06). The
SMR for brain and central nervous system cancers
was significantly elevated (SMR 1.85, 95% CI ¼
1.16–2.80) and the SMR for stomach cancer was

Table 2. External and internal radiation doses to specific
organs and tissues received by 2514 workers at the
Mallinckrodt Chemical Works.

Type of dose (mGy) N

workers
Mean

Median Std Max

External - occupationala

Lung 2514 36.0 11.2 68.9 724
Brain 2514 33.0 10.7 62.5 738
Heart 2514 35.6 11.0 68.4 711
Kidney 2514 27.9 8.9 53.1 604
Colon 2514 35.6 11.0 68.4 712
Red Bone Marrow 2514 32.9 10.3 62.9 676
Thoracic Lymph Nodes 2514 32.9 10.3 62.9 676
External - Medical x-ray (chest)
Lung 2514 10.7 7.2 8.7 54
Brain 2514 4.2 3.0 3.6 20
Heart 2514 11.8 8.0 9.7 59
Kidney 2514 10.7 7.2 8.7 54
Colon 2514 2.3 1.8 1.9 12
Red Bone Marrow 2514 2.2 1.8 1.9 11
Thoracic Lymph Nodes 2514 10.0 6.7 8.1 50
Internal doses > 0b

Lung 2155 27.1 11.2 39.2 416
Brain 2155 0.08 0.04 0.11 1
Heart 2155 0.09 0.04 0.12 1
Kidney 2155 0.73 0.41 0.91 12
Colon 2155 0.13 0.058 0.21 3
Red Bone Marrow 2155 0.57 0.18 1.05 10
Thoracic Lymph Nodes 2155 2.57 1.08 4.31 44
Total dose (externalþ internal) Dose weighting factor ¼ 1
Lung 2514 69.9 33.1 103.0 885
Brain 2514 37.2 15.2 63.9 750
Heart 2514 47.5 23.3 73.0 738
Kidney 2514 39.2 20.2 57.9 637
Colon 2514 38.0 13.4 69.4 714
Red Bone Marrow 2514 35.6 12.9 64.3 683
Thoracic Lymph Nodes 2514 45.1 21.8 69.5 708
Total dose (externalþ internal) Dose weighting factor ¼ 10
Lung 2514 277.4 102.4 426.6 4175
Brain 2514 37.7 15.6 64.4 750
Heart 2514 48.0 23.7 73.5 738
Kidney 2514 44.7 23.8 62.6 641
Colon 2514 38.7 13.9 70.6 717
Thoracic Lymph Nodes 2514 63.0 30.6 94.6 842
Total dose (externalþ internal) Dose weighting factor ¼ 20
Lung 2514 508.0 178.0 796.7 8327
Brain 2514 38.3 16.1 65.0 750
Heart 2514 48.6 24.1 74.1 738
Kidney 2514 50.7 26.8 68.6 645
Colon 2514 49.0 24.3 74.6 736
Thoracic Lymph Nodes 2514 83.0 38.9 126.0 1138
aExternal occupational doses include film badge readings from
Mallinckrodt and doses received at other facilities.

b2160 workers monitored for internal radiation. Only 5 workers who were
monitored for internal radiation had 0 doses. Internal doses include
uranium and radium-226 doses as well as radon and radon pro-
geny doses.

Table 1. Demographic and occupational characteristics of
2514 workers employed during 1942–1966 at the Mallinckrodt
Chemical Works.

Total Population
N¼ 2,514

Characteristic n %

Sex-Male 2514 100%
Race-White 2514 100%
Pay type
Hourly 2076 83%
Salary 438 17%
Year of Birth
<1900 124 5%
1900-1909 264 11%
1910-1919 619 25%
1920-1929 858 34%
1930-1939 561 22%
1940-1947 88 4%
Year of Hire
1942-1945 399 16%
1945-1954 1109 44%
1955-1966 1006 40%
Years of follow-up
<20 232 9%
20–29 288 11%
30–39 395 16%
40–49 572 23%
50–59 809 32%
�60 218 9%
Vital Status as of 12/31/2012
Alive 598 24%
Dead 1895 75%
Lost to follow-up 21 1%
Radiation monitoring
External - occupational (any) 2514 100%
External - medical (any) 2514 100%
Internal (any monitoring) 2160 86%
Internal (positive assay, dose >0) 2155 86%
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significantly below expectation (SMR 0.47, 95% CI ¼
0.19–0.97). The SMRs for cancer sites of a priori
interest were not remarkable. Deaths due to all heart
disease (SMR 0.89, 95% CI ¼ 0.82–0.96) and ischemic
heart disease (SMR 0.92, 95% CI ¼ 0.84–1.00) were
significantly below expectation. Rates of non-malig-
nant respiratory disease and non-malignant renal dis-
ease were not significantly different from the general
population, nor were dementia, Alzheimer’s,
Parkinson’s, and motor neuron diseases.

Table 4 shows internal cohort dose-response analy-
ses based on Cox proportional hazards models and
excess relative risk models combining organ/tissue-
specific doses from external radiation with internal
radiation exposures from uranium and radium, as
well as doses received before or after employment at
MCW. All analyses presented in Table 4 assume a
dose weighting factor of 1. Dose weighting factors of
10 and 20 for organ/tissue-specific alpha particle
absorbed doses were also examined (results not

Table 3. Standardized mortality ratios (SMR) and 95% confidence intervals (CI) for cancer and other causes of
death among 2514 Mallinckrodt Chemical Works workers with follow-up 1942–2012a.
Cause of Death (ICD9) Observed Expected SMR 95% CI

All Causes of Death (001–999) 1894 2,024.5 0.94� 0.89–0.98
All Malignant Neoplasms (140–208) 488 502.5 0.97 0.89–1.06
Buccal Cavity & Pharynx (140–149) 8 10.6 0.76 0.33–1.49
Esophagus (150) 15 13.7 1.09 0.61–1.80
Stomach (151) 7 14.9 0.47� 0.19–0.97
Colon (153) 46 42.2 1.09 0.80–1.45
Rectum (154) 8 9.0 0.89 0.38–1.76
Biliary Passages & Liver (155,156) 6 12.1 0.50 0.18–1.08
Pancreas (157) 29 25.7 1.13 0.76–1.62
Larynx (161) 5 5.7 0.87 0.28–2.04
Bronchus, Trachea, & Lung (162) 157 171.1 0.92 0.78–1.07
Breast (175) – 0.6 0.00 0.00–5.90
Prostate (185) 48 48.3 0.99 0.73–1.32
Testes & Other Male Genital Organs (186, 187) 1 1.3 0.76 0.01–4.23
Kidney (189.0–189.2) 13 12.5 1.04 0.55–1.77
Bladder & Other Urinary (188, 189.3–189.9) 12 16.0 0.75 0.39–1.31
Melanoma of Skin (172) 10 7.8 1.28 0.61–2.36
Brain & CNS (191–192) 22 11.9 1.85� 1.16–2.80
Thyroid & Other Endocrine Glands (193–194) 1 1.4 0.70 0.01–3.89
Bone (170) 2 1.1 1.75 0.20–6.32
Connective & Other Soft Tissue (171) 3 2.4 1.23 0.25–3.59
All Lymphatic, Haematopoietic Tissue (200–208) 57 50.2 1.14 0.86–1.47
Non–Hodgkin Lymphoma (200; 202) 25 18.6 1.34 0.87–1.98
Hodgkin Lymphoma (201) 2 2.6 0.78 0.09–2.81
Leukemia & Aleukemia (204–208) 23 20.0 1.15 0.73–1.73
Chronic Lymphocytic Leukemia (CLL) (204.1) 5 4.7 1.07 0.35–2.50
Leukemia other than CLL 18 15.3 1.17 0.69–1.85
Multiple Myeloma (203) 6 8.5 0.71 0.26–1.54
Pleura & peritoneum (158.8, 158.9, 163) and mesothelioma (ICD10 C45) 2 2.1 0.95 0.11–3.41
AIDS (042–044, 795.8) – 1.6 0.00 0.00–2.36
Smoking Related Cancers (140–150, 157, 161–162, 188–189) 239 255.4 0.94 0.82–1.06
Non–Smoking Related Cancers 249 247.1 1.01 0.89–1.14
Diabetes (250) 27 41.8 0.65� 0.43–0.94
Mental and Behavioral Disorders (290–319) 33 31.6 1.04 0.72–1.47
Diseases of the Nervous System (320–389) 72 63.3 1.14 0.89–1.43
Cerebrovascular Disease (430–438) 114 110.3 1.03 0.85–1.24
All Heart Disease (390–398, 404, 410–429) 648 728.4 0.89� 0.82–0.96
Ischemic Heart Disease (410–414) 521 567.0 0.92 0.84–1.00
Non–malignant Respiratory Disease (460–519) 176 187.3 0.94 0.81–1.09
Bronchitis, Emphysema, Asthma (490–493) 57 66.9 0.85 0.65–1.10
Cirrhosis of Liver (571) 32 35.3 0.91 0.62–1.28
Nephritis & Nephrosis (580–589) 31 24.4 1.27 0.86–1.80
All External Causes of Death (800–999) 98 119.2 0.82 0.67–1.00
Accidents (850–949) 72 80.1 0.90 0.70–1.13
Suicides (950–959) 21 29.6 0.71 0.44–1.09
Myelodysplastic Syndrome (238.7) 2 2.7 0.74 0.08–2.69
Polycythemia Vera (238.4) – 0.4 0.00 0.00–8.73
Dementia & Alzheimer’s Disease (290, 331) 50 42.4 1.18 0.88–1.55
Dementia, Alzheimer’s, Parkinson’s & Motor Neuron Diseases (290, 331, 332; 335.2) 71 60.7 1.17 0.91–1.48
Unknown Causes of Death 14 – –.
aTotal person-years of follow-up were 107,927; expected numbers for the referent population were based on the general population
rates in the United States for persons of the same age, race (White) and sex (male) over the same time periods of follow-up.�Indicates statistical significance at p< .05.
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Table 4. Internal cohort dose-response analyses for select causes of death over categories of organ-specific radiation doses
among 2514 workers at Mallinckrodt Chemical Works.
Dose (mGy) Number of workers Number of cases HR 95% CI

Lung Cancer
<10 703 46 1.00 REF
10–49 877 36 0.60 0.39, 0.94
50–99 422 37 1.05 0.68, 1.62
100–249 367 31 1.07 0.68, 1.70
�250 145 7 0.59 0.26, 1.31
Total 2514 157 p for trend .56 (�)
HR (95% CI) at 100 mGy 0.95 (0.81, 1.12)
ERR (95% CI) at 100 mGy �0.06 (�0.18, 0.06)
Non-malignant respiratory disease excluding flu and pneumonia
<10 703 52 1.00 REF
10–49 877 82 0.98 0.69, 1.39
50–99 422 48 0.91 0.61, 1.35
100–249 367 36 0.85 0.55, 1.31
�250 145 20 1.26 0.75, 2.13
Total 2514 238 p for trend .30 (þ)
HR (95% CI) at 100 mGy 1.06 (0.95, 1.19)
ERR (95% CI) at 100 mGy 0.06 (�0.09, 0.21)
Combined Lung Disease (CancerþNon-malignant respiratory disease)
<10 703 98 1.00 REF
10–49 877 118 0.82 0.62, 1.07
50–99 422 85 0.95 0.71, 1.28
100–249 367 67 0.94 0.68, 1.28
�250 145 27 0.96 0.62, 1.48
Total 2514 395 p for trend .72 (þ)
HR (95% CI) at 100 mGy 1.02 (0.93, 1.12)
ERR (95% CI) at 100 mGy 0.02 (�0,08, 0.12)
Brain Cancer
<10 1066 12 1.00 REF
10–49 951 6 0.62 0.23, 1.67
�50 497 4 0.86 0.26, 2.84
Total 2514 22 p for trend .25 (-)
HR (95% CI) at 100 mGy 0.78 (0.29, 2.10)
ERR (95% CI) at 100 mGy �0.13 (-0.55, 0.29)
Kidney cancer
<10 885 4 1.00 REF
10–49 1079 8 1.47 0.44, 4.92
�50 550 5 1.93 0.49, 7.58
Total 2514 17 p for trend .025 (þ)
HR (95% CI) at 100 mGy 1.73 (1.07, 2.79)
ERR (95% CI) at 100 mGy Not presented due to lack of fit
Nephritis and Nephrosis
<10 885 16 1.00 REF
10–49 1079 35 1.37 0.75, 2.48
50-99 319 12 1.13 0.53, 2.42
�100 231 8 1.32 0.55, 3.15
Total 2514 71 p for trend .10 (þ)
HR (95% CI) at 100 mGy 1.30 (0.96, 1.76)
ERR (95% CI) at 100 mGy 0.34 (�0.31, 0.99)
Combined Kidney Disease (CancerþNon-malignant kidney disease)
<10 885 20 1.00 REF
10–49 1079 43 1.39 0.82, 2.37
50-99 319 13 1.08 0.53, 2.21
�100 231 12 1.74 0.83, 3.65
Total 2514 88 p for trend .013 (þ)
HR (95% CI) at 100 mGy 1.39 (1.07, 1.80)
ERR (95% CI) at 100 mGy 0.52 (�0.19, 1.21)
Liver cancer
<10 804 3 1.00 REF
10–49 1054 2 0.40 0.07-2.41
�50 656 3 0.80 0.15-4.12
Total 2514 8 p for trend .59 (�)
HR (95% CI) at 100 mGy 0.68 (0.17-2.77)
ERR (95% CI) at 100 mGy �0.14 (�0.60, 0.32)
Colon cancer
<10 1150 25 1.00 REF
10–49 859 23 1.01 0.57, 1.79
�50 505 15 0.93 0.49, 1.78
Total 2514 63 p for trend .71 (þ)
HR (95% CI) at 100 mGy 1.06 (0.78, 1.43)

(Continued)
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shown) and minimally affected the estimates of risk;
with the exception of lung cancer where the negative
trends approached statistical significance. At
100 mGy, no statistically significant dose-response
associations were seen for cancers of the lung, brain,
or leukemia other than CLL. The risk estimates for
ischemic heart disease were positive and of borderline
significance. A positive and significant risk was
observed for kidney cancer (HR 1.73, 95% CI ¼ 1.07,
2.79), but risk estimates for nephritis and nephrosis
were not significant. The ERR for kidney cancer is
not presented in Table 4 due to significant lack of fit,
such that the model would not converge. A combined
analysis of both malignant and non-malignant kidney
disease revealed an increased risk of borderline signifi-
cance (HR 1.39, 95% CI ¼ 1.07, 1.80). A similar com-
bined analysis of both malignant and non-malignant
lung disease was not remarkable. Because of the possi-
bility that dust inhalation was a potential confounder,
the models for kidney and lung cancer were adjusted
for cumulative dust exposure. The risk for kidney can-
cer increased slightly (HR 1.85, 95% CI ¼ 1.09, 3.14),
while the risk for lung cancer decreased slightly (HR

0.93, 95% CI ¼ 0.78, 1.11), though not significantly
(data not shown).

The average annual cumulative dust exposure esti-
mate was 15.08mgm�3year�1, with the maximum
average of 30.88mgm�3year�1 in 1944 declining to
1.23mgm�3year�1 in 1952. Internal cohort dose-
response analyses with dust inhalation as the exposure
of interest for kidney and lung outcomes are pre-
sented in Table 5. Dose-response relationships over
cumulative dust categories for kidney cancer, non-
malignant kidney disease, and a combined measure of
both outcomes were not significant. The highest
cumulative dust categories showed statistically signifi-
cant elevations for non-malignant kidney disease and
the combined malignant and non-malignant kidney
disease category (Table 5). The dose responses for
lung cancer, non-malignant disease, and the combined
diseases were all positive, with the combined cancer
and non-malignant disease category approaching stat-
istical significance.

Linkages with the U.S. Renal Data System (USRDS)
identified 23 former Mallinckrodt workers with end-
stage renal disease (ESRD). The total radiation dose to

Table 4. Continued.
Dose (mGy) Number of workers Number of cases HR 95% CI

ERR (95% CI) at 100 mGy 0.06 (�0.31, 0.43)
Ischemic Heart Disease
<10 804 123 1.00 REF
10–49 1054 220 1.40 1.12, 1.76
50–99 361 86 1.15 0.87, 1.52
100–249 231 76 1.80 1.35, 2.40
�250 64 16 1.24 0.74, 2.10
Total 2514 521 p for trend .07 (þ)
HR (95% CI) at 100 mGy 1.09 (0.99, 1.20)
ERR (95% CI) at 100 mGy 0.13 (�0.01, 0.28)
Alzheimer’s/Dementia/Parkinson’s Disease/Motor Neuron Disease
<10 1066 30 1.00 REF
10–49 951 36 1.02 0.63, 1.66
50-99 263 17 1.23 0.67, 2.25
�100 234 10 1.08 0.52, 2.25
Total 2514 93 p for trend .58 (�)
HR (95% CI) at 100 mGy 0.91 (0.64, 1.29)
ERR (95% CI) at 100 mGy �0.13 (�0.28, 0.02)
Leukemia other than CLL
<10 1131 9 1.00 REF
10–49 901 6 0.76 0.26, 2.16
�50 482 3 0.72 0.18, 2.81
Total 2514 18 p for trend .24 (�)
HR (95% CI) at 100 mGy 0.36 (0.06, 2.03)
ERR (95% CI) at 100 mGy �0.14 (�0.60, 0.33)
Non-Hodgkin Lymphoma
<10 841 8 1.00 REF
10–49 1055 15 1.20 0.51, 2.84
�50 618 7 1.00 0.34, 2.89
Total 2514 30 p for trend .36 (þ)
HR (95% CI) at 100 mGy 1.23 (0.79–1.90)
ERR (95% CI) at 100 mGy 0.20 (�0.23, 0.64)

All radiation doses have a dose weighting factor of 1 applied. Models include radiation doses lagged by 10 years for solid tumors and by 2 years for leu-
kemia. Doses were analyzed using time-dependent covariates. Outcomes include deaths from underlying and contributing causes of death with the
exception of ischemic heart disease and lung cancer. All models adjusted for pay type (hourly/salary) and year of birth. P-value for test for linear trend
in the relative risk (i.e. hazard ratio) computed for continuous organ dose. P-values are two-sided. REF denotes the referent category. HR denotes
Hazards Ratio. ERR denotes Excess Relative Risk.
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the kidney for these 23 workers ranged from 2.66 mGy
to 183 mGy (dose weighting factor of 1). Nine of the
23 incident cases were attributed to hypertension, 6 to
diabetes, 3 to glomeruleronephritis, 1 to cystic kidney
disease, with 4 to a cause unknown. Among the 23
workers with ESRD, all but one had died by the end of
study follow-up. Among these 22 deaths, no deaths
from kidney cancer and nine deaths from non-malig-
nant kidney disease were observed. Incidence rates
from USRDS were used to calculate a standardized inci-
dence ratio (SIR) of ESRD among the cases who were
diagnosed from 1978 (the start of nearly full coverage
of the USRDS registry) through end of follow-up
(N¼ 22 cases). The number of observed cases was 22
with 30.1 cases expected (SIR 0.73, 95% CI 0.46–1.10).

A SIR analysis was also conducted by dust levels, as 11
of the 22 cases had measured dust level. However, no
discernable pattern over dust concentration categories
was observed. A SIR analysis was also conducted for
ESRD attributed to glomerulonephritis; however, there
were only 3 observed cases with 3.2 cases expected. The
three cases of glomerulonephritis had estimated cumu-
lative dust exposures of 0, 6.65, and 1055mgm�3year�1.

Discussion

A second follow-up of 2514 White males employed at
the MCW uranium processing facility between
1942–1966 was conducted with an extended period of
observation of up to 70 years (mean 43.3 years) where

Table 5. Internal cohort dose-response analyses for kidney-related causes of death over catego-
ries of cumulative dust exposure among 1457 workers with potential for dust exposure at
Mallinckrodt Chemical Works.
Cumulative dust exposure (mg/m3-years) Number of workers Number of cases HR 95% CI

Kidney Cancer
0–3.77 551 1 1.00 REF
>3.77–23.61 452 2 2.75 0.24–31.38
>23.61 454 6 8.03 0.79–81.5
Total 1457 9 p for trend .72 (�)
HR (95% CI) at 10mg/m3–year 0.99 (0.93–1.06)
ERR (95% CI) at 10mg/m3–year 0.22 (�0.70, 1.14)
Non–malignant kidney disease
0–3.77 551 14 1.00 REF
>3.77–23.61 452 11 1.04 0.46–2.35
>23.61 454 12 2.52 1.14–5.60
Total 1457 37 p for trend .47 (�)
HR (95% CI) at 10mg/m3–year 0.99 (0.95–1.02)
ERR (95% CI) at 10mg/m3–year �0.04 (�0.25, 0.16)
Combined (Kidney cancer and Non–Malignant Kidney Disease)
0–3.77 551 15 1.00 REF
>3.77–23.61 452 13 1.15 0.54–2.45
>23.61 454 18 2.86 1.36–5.98
Total 1457 46 p for trend .38 (�)
HR (95% CI) at 10mg/m3–year 0.99 (0.95-1.02)
ERR (95% CI) at 10mg/m3–year �0.001 (�0.24, 0.24)
Lung Cancer
0–3.77 551 32 1.00 REF
>3.77–23.61 452 43 1.74 1.08–2.78
>23.61 454 27 1.29 0.72–2.30
Total 1457 102 p for trend .12 (þ)
HR (95% CI) at 10mg/m3–year 1.01 (0.998–1.02)
ERR (95% CI) at 10mg/m3–year 0.04 (�0.12, 0.21)
Non–malignant Lung disease
0–3.77 551 47 1.00 REF
>3.77–23.61 452 50 1.35 0.89–2.04
>23.61 454 54 1.69 1.06–2.69
Total 1457 151 p for trend .24 (þ)
HR (95% CI) at 10mg/m3–year 1.01 (0.995–1.02)
ERR (95% CI) at 10mg/m3–year 0.15 (�0.06, 0.37)
Combined (Lung cancer and NMRD)
0–3.77 551 79 1.00 REF
>3.77–23.61 452 93 1.50 1.10–2.05
>23.61 454 81 1.52 1.06–2.19
Total 1457 253 p for trend .06 (þ)
HR (95% CI) at 10mg/m3–year 1.01 (1.00–1.02)
ERR (95% CI) at 10mg/m3–year 0.09 (�0.05, 0.22)

Dust data not lagged. Doses were analyzed using time-dependent covariates. Outcomes include deaths from under-
lying and contributing causes. All models adjusted for SES, year of birth, and organ-specific (kidney or lung) radi-
ation dose lagged 10 years. p-value for test for linear trend in the relative risk (i.e. hazard ratio) computed for
continuous dust dose. p-values are two-sided. REF denotes reference category.
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over 75% of the workforce had died. Comparisons
with the general population revealed a healthy work-
force with overall death rates (SMR 0.94) significantly
low, related in large part to the low death rate from
heart disease (SMR 0.89). The overall cancer rates
(SMR 0.97) were close to general population expect-
ation and similar to the SMR computed at last follow-
up (SMR 1.05) (Dupree-Ellis et al. 2000).

Few studies of uranium processing workers, includ-
ing uranium millers, have incorporated organ/tissue-
specific estimates of inhaled uranium and radium into
analyses (UNSCEAR 2017). Most MCW workers had
positive bioassay measures for uranium or radium
(2,160 or 86%) which facilitated the computation of
organ/tissue-specific doses from these internal alpha-
particle emitters. The comprehensive dose-reconstruc-
tion incorporated external and internal exposures from
processing pitchblende, medical x-rays for employment,
and doses received before and after working at MCW.
Statistically significant dose-response relationships were
found for kidney cancer alone, and malignant and non-
malignant kidney disease combined. Significant dose-
response relationships were not found for malignant or
non-malignant lung disease, non-CLL leukemia, brain
and CNS cancer, non-Hodgkin lymphoma, ischemic
heart disease (IHD) or dementia, Alzheimer’s disease
and other motor neuron diseases.

Comparisons with similar uranium
processing facilities

Studies of workers exposed to uranium in under-
ground mines, milling activities, gaseous diffusion
plants, enrichment and other processing facilities have
been recently reviewed (UNSCEAR 2017). Uranium
has not been considered a human carcinogen
(National Academy of Sciences 1988; IARC 2012;
ATSDR 2013) and occupational limits are often based
on its chemical toxicity, notably to the kidney (Leggett
1989; ICRP 1997). Human studies are limited, how-
ever, because of small sizes, relatively low estimates of
radiation dose, and incomplete or absent measures of
intakes of uranium. The discussion of and compari-
sons with previous uranium worker studies focuses on
similar uranium processing plants or uranium mills
and not on underground mines gaseous diffusion
plants, enrichment or other facilities.

Four uranium processing plants operated in North
America during the years of the Manhattan Project:
MCW in Missouri (Dupree-Ellis et al. 2000),
Middlesex Sampling Plant in New Jersey (Eisenbud
1975), Linde Air Products Company Ceramics Plant

in New York (Dupree et al. 1987), and Port Hope
Radium and Uranium Refining and Processing Plant
in Canada. All processed high-grade uranium pitch-
blende ore obtained from the Belgian Congo which
contained high concentrations of uranium, radium
and silica. During the years 1958 through 1983,
enriched uranium fuels were fabricated for research,
space and power reactors at Rocketdyne (Atomics
International) in California (Boice, Cohen, et al. 2006;
Boice et al. 2011). Internationally, studies of the uran-
ium processing workers and millers have been con-
ducted in Germany (Kreuzer et al. 2015), France
(Guseva Canu et al. 2010; Guseva Canu et al. 2011;
Guseva Canu et al. 2012; Zhivin et al. 2016) and the
United Kingdom (McGeoghegan and Binks 2006) but
without individual dose reconstructions following
intakes of uranium. A combined mortality analysis of
Port Hope and German uranium processing workers
was conducted of 7431 workers (Zablotska et al. 2018)
and found no statistically significant elevations in lung
cancer or cardiovascular disease as related to occupa-
tional ionizing radiation exposures. Studies of uran-
ium millers include those of the Colorado Plateau
(Pinkerton et al. 2004), Grants, New Mexico (Boice
et al. 2008) and Uravan, Colorado (Boice et al. 2007).
There were no consistent findings in these studies and
any interpretation is hindered because of the inability
to estimate organ/tissue doses related to the ingestion
or inhalation of uranium processing materials.

Overall, these occupational studies suggested only a
weak association between lung cancer with uranium
work (UNSCEAR 2017), but the inconsistent results
and imperfect dose reconstructions temper any con-
clusion that might be drawn. The three studies with
comprehensive dose reconstructions for individual
workers with intakes of uranium (the current MCW
study (Ellis et al. 2018), Rocketdyne (Leggett et al.
2005; Boice, Cohen, et al. 2006; Boice et al. 2011) and
Fernald Feed Materials Production Center (Anderson
et al. 2012; Silver et al. 2013) studies, provide no evi-
dence for a radiation-related lung cancer risk. The
occupational studies also revealed no clear and con-
sistent relationship between uranium work and any
other cancer or non-cancer, including leukemia,
lymphoma, digestive system cancers, kidney and other
urological cancers, brain/CNS cancers, non-malignant
respiratory and kidney disease and cardiovascular dis-
ease (UNSCEAR 2017).

The Fernald Feed Materials Production Center
study included 6409 uranium processing workers
employed 1951–1985 (Silver et al. 2013). Females and
non-White employees were included. The dose
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reconstruction was comprehensive and organ/tissue-
specific doses were estimated for external radiation,
internal intakes of uranium based on urine samples,
radon and its progeny (Hornung et al. 2008), and
exposure received both before and after employment
at Fernald (Anderson et al. 2012). A relationship
between intestinal cancer (small intestine and colon)
and organ dose was suggested. Leukemia (other than
CLL) showed a significant negative dose response. No
relationship was found for malignant or nonmalignant
respiratory disease and uranium work. Salaried and
hourly workers were identified, and an informative
analysis showed that hourly workers, compared with
the general population, were at significantly high risk
for lung cancer and ischemic heart disease, whereas
salaried workers were at significantly low risk for
these causes of death. Since salaried workers have
both a low exposure to radiation and a low risk of
death to smoking-related conditions, not adjusting for
pay type (or some other measure of socio-economic
status) might produce spurious results. A major limi-
tation is the low estimates of cumulative organ/tissue
dose, i.e. the mean cumulative organ dose for the lung
from internal uranium exposure was 1.1 mGy and
13.4 mGy from external exposures. The mean cumula-
tive radon progeny exposure was 26 working level
months (WLMs). Another limitation was that the
urine analyses were based on single-void samples and
not on 24-h urinary excretion collections, which intro-
duces a large uncertainty in estimates of uran-
ium intakes.

The Port Hope Radium and Uranium Refining and
Processing Plant study in Canada included 3000 male
and female uranium processing workers first
employed during 1932–1980 (Zablotska et al. 2013).
The workers processed pitchblende, were exposed to
external gamma-rays and dust and had inhaled or
ingested uranium and radium. Both mortality and
cancer incidence were evaluated, and most analyses
focused on the 2645 male workers. There were no sig-
nificant findings, and the only elevation reported was
a nonsignificant lung cancer risk following exposures
to radon daughter products (mean WLM 15.9). The
mean cumulative whole-body c-ray dose was
134.4 mSv. Limitations include the small study size,
incomplete dose reconstructions, lack of information
on dust exposure and apparent lack of any measure of
socio-economic status. To improve understanding of
possible risks associated with intakes of uranium, the
authors recommend further follow-up, improved dose
reconstruction and pooling with other similar studies

in North America (as listed above) and in Europe
(Laurent et al. 2016; Gueguen et al. 2017).

Kidney disease

A significant association was seen in the present study
between radiation kidney dose and malignant and
nonmalignant kidney diseases. Other studies of uran-
ium processing workers, however, fail to find a con-
sistent link between kidney disease and radiation
(UNSCEAR 2017). A recent study of workers at gas-
eous diffusion plants in the US, however, has reported
the suggestion of a dose response for kidney cancer
and non-malignant kidney disease, though not of stat-
istical significance and the exposure scenarios were
completely different from uranium processing facilities
(Yiin et al. 2018). Further, of the 17 deaths due to
cancer of the kidney and urinary organs among
MCW workers, 16 were coded as cancer of the kidney
parenchyma (ICD-9 code 189.0), i.e. a type of kidney
cancer that has not been linked to radiation, except at
high therapeutic doses (Preston et al. 2007;
UNSCEAR 2008; Ozasa et al. 2012). Only cancers of
the renal pelvis and ureter (i.e. primarily transitional
cell carcinomas) have been increased following radi-
ation. No cancer of the renal pelvis was observed
among MCW workers, and only one was of the ureter
(ICD-9 code 189.3). The previous studies of no associ-
ation between radiation and dose to the kidney paren-
chyma, e.g. among atomic bomb survivors and other
populations, raise questions as to whether radiation
dose contributed to the increase in kidney cancer
among MCW workers and may point to the possible
influence of metal toxicity and silica exposure. The
observed distribution by cell type among MCW work-
ers is as expected from general population statistics
which indicate that 90% of kidney cancer are adeno-
carcinomas of the renal parenchyma and only 10% are
renal pelvis carcinomas (Chow et al. 2010).

Since radiation dose to the kidney appears an
unlikely explanation for the observed “radiation dose-
response”, conceivably the increased risk might be
related to uranium nephrotoxicity or damage from sil-
ica exposure. Radiation dose to the kidney is corre-
lated with the inhalation of pitchblende dust which
contains uranium and silica. Renal toxicity associated
with high intakes of uranium has been demonstrated
in animal experiments and ascribed to chemical dam-
age to the kidneys (Leggett 1989; ATSDR 2013;
Dinocourt et al. 2015; UNSCEAR 2017). The possible
chemical toxicity of uranium is considered more
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important for human health than the risk of cancer
from its radioactive properties.

Large intakes of uranium can cause kidney damage
because the kidney both removes uranium from the
body and is a site of uranium accumulation. However,
renal damage observed in humans generally appears
to be transient, and there have been no deaths attrib-
utable to uranium poisoning even among diabetic
patients treated in the last century with large amounts
of uranium (Kathren 2008). Further, there is no con-
vincing evidence in human epidemiologic studies link-
ing uranium intakes to deaths from kidney disease
(Pinkerton et al. 2004; Boice et al. 2007; ATSDR 2013;
UNSCEAR 2017). It is unclear, then, whether the dir-
ect uranium exposure to the kidney would have been
sufficient to cause nonmalignant disease.

Dust inhalation has been linked to nonmalignant
kidney disease, but not kidney cancer, in epidemio-
logic studies (Thun et al. 1985; Osorio et al. 1987;
Calvert et al. 1997; Rapiti et al. 1999; Steenland et al.
2001; Steenland 2005; IARC 2012). The level of cumu-
lative dust exposure among MCW workers was gener-
ally higher than those reported in studies of
crystalline silica-exposed gold miners (Steenland and
Brown 1995; Calvert et al. 1997), ceramics workers
(Rapiti et al. 1999), workers in the industrial sand
industry (Steenland et al. 2001) and most other non-
mine occupations reporting significant increases of
nonmalignant kidney disease (Steenland 2005).
Although there was little evidence for an exposure-
response over categories of cumulate dose, a signifi-
cant risk was seen in the highest tertile (cumulative
dust exposure > 23.6mgm�3year�1), suggesting the
possibility of a dust effect. The ESRD registry has
been used to reveal increases in renal toxicity, espe-
cially glomerulonephritis, from studies of workers
exposed to silica dust (Calvert et al. 1997; Steenland
et al. 2001; Steenland 2005). Linkage with the end
stage renal disease registry identified 23 MCW work-
ers. Three were diagnosed with glomerulonephritis
with estimated cumulative dust exposures of 0, 6.65,
and 1055.27mgm�3year�1. It is of note that of the
1358 workers with dust measurements, one of the
three workers in the ESRD registry with glomerulo-
nephritis had the third highest cumulative dust expos-
ure and fell in the 99 percentile of the exposure
distribution. Silicosis was recorded as a contributing
cause of death in two workers, providing limited sup-
port for a silica effect on other organs.

In summary, the significant dose response seen
between radiation dose to the kidney and malignant
and nonmalignant kidney diseases remains

unexplained. Cancer of the kidney is not elevated in
other studies of uranium workers nor is it considered
a radiogenic cancer, except for cancer of the renal pel-
vis which occurs infrequently and not among MCW
workers. Silica is considered a cause of nonmalignant
kidney disease but not kidney cancer (ASTDR 2017).
The observations, then, may have resulted from the
combined effects of uranium and silica chemical
nephrotoxicity from the dust and radiation dose or
the play of chance.

Lung disease

There is mixed evidence as to whether lung cancer is
associated with work at uranium processing facilities
(UNSCEAR 2017). Studies in the United States
(Dupree et al. 1987; Dupree-Ellis et al. 2000; Boice
et al. 2011; Silver et al. 2013), Canada (Zablotska et al.
2013), and the United Kingdom (once cancer of the
pleura was excluded) (McGeoghegan and Binks 2006)
report no consistent elevations in risk. Studies in
France and Germany are equivocal (UNSCEAR 2017).
Studies of uranium millers in the United States find
no increases in lung cancer related to uranium milling
(Pinkerton et al. 2004; Boice et al. 2007, 2008).
Limiting factors of these studies include incomplete or
absent dose reconstructions (NRC 1983), and several
studies make comparisons only with general popula-
tion rates. The MCW workers provide no evidence to
support an association between uranium work and
lung cancer risk. We found no evidence of a dose
response for lung cancer, nonmalignant lung disease,
or malignant and nonmalignant lung disease com-
bined. The absence of a lung cancer effect in these
many studies of uranium processers and millers con-
trasts with the substantial increase in lung cancer
mortality seen among underground uranium miners
exposed to radon and radon progeny (Lubin
et al. 1995).

There also is little to no evidence that non-malig-
nant lung disease is associated with uranium or uran-
ium work (UNSCEAR 2017), consistent with the
MCW findings. The negative dose response for lung
cancer over a broad range of absorbed doses and after
applying dose weighting factors of 10 and 20 (data
not shown) is peculiar and remains unexplained.
There was suggestive evidence, however, of an associ-
ation of malignant and nonmalignant lung disease
with cumulative estimates of dust. This is consistent
with studies of workers exposed to silica where signifi-
cant increases have been reported for both lung can-
cer (Calvert et al. 2003) and nonmalignant lung

INTERNATIONAL JOURNAL OF RADIATION BIOLOGY 13



disease (Osorio et al. 1987; Calvert et al. 1997;
ASTDR 2017).

Ischemic heart disease

Studies of uranium processing workers in Canada
(Zablotska et al. 2013), France and Germany (Guseva
Canu et al. 2012; Zhivin et al. 2016; Zablotska et al.
2018) have suggested increases in ischemic heart dis-
ease, whereas studies in the United States have not
(Dupree-Ellis et al. 2000; Silver et al. 2013). Studies of
uranium millers also do not find elevations (Pinkerton
et al. 2004; Boice et al. 2008). Most studies are limited
by incomplete or no dose reconstruction, and risks in
several studies were based only on comparisons with
general population rates (SMRs). Overall, there is no
convincing evidence that uranium exposure is associ-
ated with IHD (UNSCEAR 2017).

Similar to a comprehensive study of uranium pro-
cessors in France (Guseva Canu et al. 2012), a dose
response between IHD and heart dose of borderline
significance was seen among MCW workers.
However, the heart doses were very low, and related
to external gamma ray and medical X-ray exposures
(mean, 47.5 mGy) and not intakes of uranium or
radium (mean, 0.09 mGy). Further, there is not suffi-
cient evidence in human studies that absorbed doses
in the heart below 500 mGy cause cardiovascular dis-
ease (CVD) (NCRP 2018; Shore et al. 2019).

If heart radiation is an unlikely cause of the IHD
risk at these low heart doses, other explanations might
include radiation effects on the kidney and inadequate
adjustment for socioeconomic status. Damage to the
kidney, which is a primary target organ for uranium
intakes, might affect the risk of heart disease through
the renin-angiotensin pathway (UNSCEAR 2017). For
example, chronic kidney disease associated with radi-
ation may have played a role in the development of
cardiovascular disease (CVD) among atomic bomb
survivors (Sera et al. 2013), i.e. radiation-induced
renal dysfunction could be a mechanism that causes
an increase in CVD (Adams et al. 2012). Malignant
and nonmalignant kidney disease was increased
among MCW workers, and thus damage to the kid-
ney, whatever the cause/s, might be related to the
observed increase in IHD.

In the absence of knowledge on smoking history,
socioeconomic status (SES) such as pay type (salaried/
hourly) is frequently used in occupational studies as a
surrogate adjustment factor for tobacco use. This is
because the smoking prevalence among hourly (blue-
collar) workers is nearly double that among salaried

(white-collar) workers (Sorensen et al. 2004). Workers
at the Fernald Feed Materials Production Center were
analyzed separately by salaried or hourly status. In
comparison with general population rates, salaried
worker had significantly low SMRs for IHD and lung
cancer, whereas hourly workers had significantly high
SMRs for both diseases (Silver et al. 2013), indirectly
confirming the likelihood that pay type can predict
smoking history. We conducted a similar SMR ana-
lysis with somewhat similar results: the SMRs for sal-
aried workers were significantly low for both IHD
(0.60) and lung cancer (0.48) but the SMRs for hourly
workers were near population expectation: 0.99 for
IHD and 1.03 for lung cancer (data not shown). We
conducted analyses not adjusting for SES: the risk esti-
mates for IHD increased slightly, and the dose-
response trend changed from borderline significant (p
trend¼.07) to statistically significant (p trend¼.029).
There was little change in the lung cancer results.
These analyses indicate the importance of adjusting
for SES in the analyses, and the possibility of substan-
tial confounding by smoking if not done.

Nonetheless, pay type is only a crude indicator for
smoking status. Workers change from hourly to salar-
ied positions, and we were only able to assign pay
type at the time of first hire. Some skilled hourly
workers have lifestyles similar to salaried workers, but
this could not be determined. Only 17% of the MCW
workers where salaried, but adjustment mattered for
IHD. Conceivably inaccuracies in the pay type classifi-
cation for a strong risk factor (smoking surrogate)
could contribute to spurious results.

Brain

A significant SMR was seen for brain and CNS can-
cers. When conducting multiple statistical tests for
numerous disease outcomes, some significantly ele-
vated cancer and non-cancer risk estimates are
expected to occur by chance alone and should be eval-
uated in context of findings from other studies as well
as internal consistency. There was no association with
radiation dose to the brain among Mallinckrodt work-
ers. Further, the evidence that brain cancer is caused
by radiation comes mainly from studies of children
with inconsistent or nonexistent evidence following
adult exposures (UNSCEAR 2008), especially in large
worker studies where negative dose responses are
reported (Cardis et al. 2007; Zablotska et al. 2014;
Richardson et al. 2018). Animal experiments
(Dinocourt et al. 2015; UNSCEAR 2017) and human
autopsy evaluations provide evidence that intakes of
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uranium (Avtandilashvili et al. 2015) and radium
(Schlenker et al. 1982) can deposit in the brain. The
brain dose from alpha particles emitted from the
intakes of uranium and radium was too small
(median, 0.040 mGy; max 1.4 mGy) (Ellis et al. 2018),
however, to expect an increase in brain and
CNS cancers.

Non-Hodgkin lymphoma (NHL)

Because inhaled uranium deposited in the lung tends
to migrate to the thoracic lymph nodes, lymphoma is
a plausible adverse outcome (UNSCEAR 2017). Yet
most studies of uranium processors (Silver et al. 2013;
Zablotska et al. 2013) and uranium millers (Boice
et al. 2008) do not find significant elevations of NHL,
and current studies of all uranium workers do not
provide clear evidence of uranium-related risks
(UNSCEAR 2017). A positive, but not significant,
dose-response for NHL was seen among MCW work-
ers based on a 10-year radiation dose lagging period
and dose to the active bone marrow which is often
done as a surrogate for dose to the lymphatic system
(data not shown). The dose response for NHL did not
change and remained non-significant when the more
relevant dose to the thoracic lymph nodes was used.
External radiation has not generally been considered a
cause of NHL except perhaps an unexplained excess
risk among male but not female atomic bomb survi-
vors (Hsu et al. 2013). Larger combined studies with
improved dose reconstruction to the thoracic lymph
nodes might confirm the absent or very low risk of
NHL from uranium and radium depositions.

Dementia, Alzheimer’s, Parkinson’s and other
motor neuron diseases

There is limited evidence to suggest that uranium
exposures to brain tissue at sufficient levels might
cause cognitive disturbances and behavior changes in
experimental animals, most likely related to the chem-
ical properties of uranium affecting the neural net-
work (Dinocourt et al. 2015; UNSCEAR 2017). Such
behavioral effects could not be evaluated among
MCW workers. However, the possible effect of alpha
particle exposure on brain disease could be evaluated
with regard to death due to dementia and other motor
neuron diseases.

There is no evidence that low-LET radiation
increases the risk of dementia, Alzheimer’s disease,
Parkinson’s disease, or motor neuron disease (Yamada
et al. 2009). Experimental studies of animals briefly

exposed to energetic heavy ions report behavioral
changes as well as an acceleration in the occurrence of
Alzheimer’s disease raising the possibly that radiation
exposure in space might increase the risk of
Alzheimer’s disease later in life (Cherry et al. 2012;
NCRP 2016). The concern is whether galactic cosmic
rays (GCR), the high-velocity heavy ions traveling
through space after a super nova explodes (or as ema-
nating from super massive black holes), might
adversely affect the central nervous system (NCRP
2016; Boice, Ellis, et al. 2018).

There are no human exposures or analogs similar
to GCR in space. Studies of workers with internal
intakes of radioactive elements might serve as a pos-
sible, though imperfect, analog to such GCR expo-
sures. Radiochemical analyses of tissues have
demonstrated that uranium and radium can pass the
blood-brain barrier, be deposited in brain tissue and
expose brain tissue to high-LET alpha particles
(Schlenker et al. 1982; Avtandilashvili et al. 2015;
Kathren and Tolmachev 2015). Radiochemical analy-
ses have also confirmed brain depositions from
intakes of plutonium (James et al. 2003; James et al.
2007), americium (McInroy et al. 1985), as well as the
more nearly uniformly distributed alpha particle emit-
ter polonium (Nathwani et al. 2016). Preliminary ana-
lysis of workers at the Mound facility with intakes of
polonium suggested an increased risk for the com-
bined motor neuron diseases of dementia, Alzheimer’s
disease, Parkinson’s disease and other motor neuron
diseases (Boice 2017). A dose response for MCW
workers with intakes of uranium and radium, how-
ever, was not apparent for the combined motor neu-
ron diseases. Limitations of the MCW study includes
small numbers and low brain doses from alpha par-
ticles (mean 0.08 mGy) and external radiation (mean
�37 mGy). Combination of these data with similar
cohorts in the MWS should enhance understanding as
to whether such brain exposures might be related to
dementia and associated conditions.

Other sites

Bone cancer, liver cancer and multiple myeloma were
sites of interest because of the potential for exposure
to intakes of uranium and radium. There was no evi-
dence for an increased risk related to radiation, but
the number of deaths from bone cancer (n¼ 2), liver
cancer (n¼ 6) and multiple myeloma (n¼ 6) were too
small for meaningful analyses. There was no evidence
for an increase in mesothelioma in the current study
based on only 2 cases, suggesting the absence of
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asbestos exposure at this early uranium processing
facility. The Fernald study of uranium processing
workers suggested an increased risk for intestinal can-
cer (colon and small intestine) (Silver et al. 2013);
whereas we found no evidence for a radiation-related
risk for colon cancer. Most studies of uranium work-
ers do not find an association between multiple mye-
loma and radiation dose, except for one study of
workers at gaseous diffusion plants in the United
States (UNSCEAR 2008; Yiin et al. 2009; UNSCEAR
2017; Yiin et al. 2017; Yiin et al. 2018). The associ-
ation reported between uranium bone marrow dose
and multiple myeloma risk in the gaseous diffusion
plant studies requires confirmation by other studies
(UNSCEAR 2017); dose to the thoracic lymph nodes
might be a better surrogate for dose to the lymphatic
system than dose to bone marrow, although we found
it made little difference.

Sensitivity analyses

A discussion of sensitivity analyses and uncertainty
propagation techniques is found in Ellis et al. (2018).
The relatively small size of the MCW study, small
number of specific outcomes, relatively low organ/tis-
sue-specific radiation doses, and complex exposure
sources (intakes of radionuclides and dust, external
exposures from chest x-rays and pitchblende, radon
inhalation, and sources from other facilities) limited
our ability to conduct meaningful uncertainty analy-
ses. More substantive approaches for handling uncer-
tainties are planned in future combined analyses of
similar studies within the MWS, reducing the role of
sampling variability and increasing statistical power
and precision. The extensive collection of radiation
exposure data available for the MCW uranium proc-
essing workers and the other similar studies provides
a broad application of the methodology endorsed by
the NCRP Publication 178 (NCRP 2018) for construc-
tion of organ/tissue doses for use in epidemiologic
studies. Nonetheless, the limited approach to uncer-
tainty is a study weakness.

Simple sensitivity analyses included making min-
imum and maximum assumptions for dose and evalu-
ating the effect on dose-response analyses, which were
minimal because of small number sampling variability.
Assumptions were made on how to apply the dosi-
metric and biokinetic models needed to produce
organ/tissue-specific doses. Doses for workers with
missing or incomplete records were imputed. The
radiation exposure data available for the 43 workers
before and after employment at MCW did not contain

the level of detail available for the same data collected
while employed at MCW. The assumptions made, the
methods used to impute missing data, and the deci-
sions made to use the personal monitoring data col-
lected outside of MCW employment may have
affected individual worker dose. Fortunately, these
numbers were small, and modifying the assumptions,
imputation approaches, handling and adjusting for
dust inhalation had little impact on the analyses and
interpretations. Adjusting and not adjusting for poten-
tial confounding factors revealed the importance of
socioeconomic status as a surrogate for tobacco use
but mainly for IHD. The statistical power for all but a
few organ/tissue sites was so low that the non-signifi-
cant findings and patterns remained non-significant.
More formal techniques for propagation of uncertain-
ties in parameter values are planned in future com-
bined analyses.

Strengths and limitations

Strengths of the study include the cohort design, the
long and complete follow-up of up to 70 years, and
the comprehensive dose reconstruction that included
external and internal doses from six sources of expos-
ure. Occupational doses received both before and after
employment at MCW were captured, organ/tissue-
specific doses from intakes of uranium and radium
were computed, organ/tissue-specific doses from occu-
pational medical X-rays required for employment
were included, ambient radon levels in work areas
were available, and dust measurements from pitch-
blende, including uranium and silica, were addressed
in the analyses. The 39,451 urine bioassay samples
(over 20 samples per worker) add to the quality of the
information on dose reconstruction, as did the radon
breathe measurements. Another strength was the esti-
mation of radiation dose to the thoracic lymph nodes
for NHL dose-response analyses, eliminating reliance
on red bone marrow dose as a surrogate for dose to
the lymphatic system. Linkages to identify serious
renal disease within the U.S. Renal Data System added
an extra dimension of understanding to the mortality
findings. Other methodological strengths include the
low percentage of workers who were lost to follow-up
(0.8%), and the low percentage of deaths for which a
specific cause was not available (0.8%).

Limitations of the study include the relatively small
number of workers and the incomplete knowledge of
confounding factors such as smoking history.
Adjusting for pay type (hourly vs salaried) was an
attempt to control indirectly for smoking and other
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lifestyle behaviors (Boice, Leggett, et al. 2006). Other
uncertainties include the possibility of missing or
incomplete measurements of radiation doses or dust
exposure, and the assumptions of aerosol size and
residence time in the lungs. Further, concomitant
intakes of radionuclides such as actinium and protac-
tinium could not be accounted for. The relatively low
cumulative dose and dose range limited the ability of
the study to detect radiation effects had there been
any. Our inability to control for solvents and other
laboratory chemical exposures in the workplace is
a limitation.

Differences in smoking habits between MCW
workers and the general population were not reflected
in the SMRs for lung cancer (SMR 0.93) and smok-
ing-related cancers (SMR 0.94), nor for non-malignant
respiratory diseases (SMR 0.94). The overall SMR for
lung cancer reflected an SMR of 1.03 for hourly work-
ers and a significantly low SMR of 0.48 for salaried
workers. Adjustment was made for job title in the
intra-cohort analyses as a surrogate measure of socioe-
conomic class among radiation workers, and there
was no evidence for a dose-response effect for lung
cancer or non-malignant respiratory disease. The
study examined mortality and not incidence of disease
for which the number of events and quality of diagno-
ses would be expected to be higher. However, most of
the diseases of interest, e.g. cancers of the lung, liver,
and leukemia, however, have a high fatality rate over
the years of study so that mortality would be expected
to reflect incidence closely. A limitation is the small
number of deaths for most individual outcomes of
interest. Biomarkers for uranium in epidemiological
studies might provide insights into low-dose effects
(Hall et al. 2017).

Summary

The MCW workers have a singular place in history
in producing the uranium oxide metal necessary for
the first manmade sustained and controlled nuclear
fission chain-reaction in 1942. Some 70 years later,
2514 workers were followed for health effects pos-
sibly related to the external and internal radiation
doses received and the dust inhaled. The dose
reconstruction took into account six sources of
exposure and is perhaps one of the most compre-
hensive of any radiation epidemiologic study yet
conducted. The MCW study is used as a model for
other similar studies of uranium processing facilities
within the MWS, such as Middlesex, NJ. The high
quality of the available radiation and dust data at

MCW was a testimony to the oversight provided by
two of the renowned health physicists of the last
century: Robley Evans and Merril Eisenbud.
Although the cohort is relatively small, a significant
radiation dose response was observed for malignant
and non-malignant kidney disease. A non-radiation
etiology could not be completely discounted, how-
ever, because of inconsistencies in the radiation lit-
erature and the likely influence of the toxic
properties of uranium, a heavy metal, and silica, a
component in the pitchblende dust inhaled. The
negative findings for malignant and non-malignant
lung disease are of note, as are the non-significant
positive radiation association for ischemic heart dis-
ease. However, the small numbers preclude defini-
tive interpretations and wait for combination with
other studies following similar methodologies to
refine and clarify radiation association following
prolonged exposures to ionizing radiation and to
evaluate more precisely risks from intakes of radio-
active elements.
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