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Updated analyses of mortality data are presented on 46,970
workers employed 1948–1999 at Rocketdyne (Atomics Interna-
tional). Overall, 5,801 workers were involved in radiation
activities, including 2,232 who were monitored for intakes of
radionuclides, and 41,169 workers were engaged in rocket
testing or other non-radiation activities. The worker population
is unique in that lifetime occupational doses from all places of
employment were sought, updated and incorporated into the
analyses. Further, radiation doses from intakes of 14 different
radionuclides were calculated for 16 organs or tissues using
biokinetic models of the International Commission on Radiation
Protection (ICRP). Because only negligible exposures were
received by the 247 workers monitored for radiation activities
after 1999, the mean dose from external radiation remained
essentially the same at 13.5 mSv (maximum 1 Sv) as reported
previously, as did the mean lung dose from external and internal
radiation combined at 19.0 mSv (maximum 3.6 Sv). An
additional 9 years of follow-up, from December 31,1999 through
2008, increased the person-years of observation for the radiation
workers by 21.7% to 196,674 (mean 33.9 years) and the number
of cancer deaths by 50% to 684. Analyses included external
comparisons with the general population and the computation of
standardized mortality ratios (SMRs) and internal comparisons
using proportional hazards models and the computation of
relative risks (RRs). A low SMR for all causes of death (SMR
0.82; 95% CI 0.78–0.85) continued to indicate that the
Rocketdyne radiation workers were healthier than the general
population and were less likely to die. The SMRs for all cancers
taken together (SMR 0.88; 95% CI 0.81–0.95), lung cancer
(SMR 0.87; 95% CI 0.76–1.00) and leukemia other than chronic
lymphocytic leukemia (CLL) (SMR 1.04; 95% 0.67–1.53) were
not significantly elevated. Cox regression analyses revealed no
significant dose–response trends for any cancer. For all cancers

excluding leukemia, the RR at 100 mSv was estimated as 0.98
(95% CI 0.82–1.17), and for all leukemia other than CLL it was
1.06 (95% CI 0.50–2.23). Uranium was the primary radionuclide
contributing to internal exposures, but no significant increases in
lung and kidney disease were seen. The extended follow-up
reinforces the findings in the previous study in failing to observe
a detectable increase in cancer deaths associated with radiation,
but strong conclusions still cannot be drawn because of small
numbers and relatively low career doses. Larger combined
studies of early workers in the United States using similar
methodologies are warranted to refine and clarify radiation risks
after protracted exposures. g 2011 by Radiation Research Society

INTRODUCTION

Rocketdyne (Atomics International) facilities in Cal-
ifornia include the Santa Susana Field Laboratory
(SSFL) and the Canoga Park and De Soto sites. Atomics
International merged with Rocketdyne, a rocket engine
test facility, in the 1950s. Ten research nuclear reactors
(nine operated at power levels below 1 MW) and seven
criticality facilities operated over the years. Other
radiation-related activities included fabricating nuclear
fuel, disassembling and decontaminating reactor facili-
ties, decladding spent nuclear fuel and storing nuclear
material. During the years 1958 through 1983, enriched
uranium and plutonium fuels were fabricated for
research, space and power reactors.

Activities at the Santa Susana Field Laboratory, situated
in the Simi Valley, included a sodium reactor experiment
that produced electricity for the city of Moorpark for a
short time in 1957. This first commercial use of a nuclear
power reactor generated much public interest, including
coverage on Edward R. Murrow’s television show, ‘‘See It
Now.’’ Later, however, it was the site of one of the first
reactor accidents with the core melting in 1959. After
cleanup activities were completed and repairs made, the
reactor operated for several more years.

Results of analyses of mortality data on 5,801
radiation workers and 41,169 non-radiation workers
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employed at Rocketdyne during 1948–1999 were report-
ed in 2006 (1). A comprehensive dose reconstruction
program incorporated lifetime occupational doses re-
ceived at all known places of employment into the
analyses as well as internal doses from radionuclide
intakes (2, 3). No statistically significant elevations in
cancer rates were observed after a mean follow-up of
27.9 years. For all cancers excluding leukemia, the RR at
100 mSv was estimated as 1.00 (95% CI 0.81–1.24), and
for all leukemia other than chronic lymphocytic
leukemia (CLL) it was 1.34 (95% CI 0.73–2.45). An
extended follow-up was conducted through 2008 (the
last year for which cause of death was available from the
National Death Index), adding another 9 years of
observation (updated mean, 33.9 years) during the ages
later in life when cancer rates are increasing.

METHODS

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

Cohort Definition

The study cohort has been described previously (1). In brief, 46,970
eligible workers were identified from work history cards, electronic

files and radiation folders (Fig. 1). A total of 5,801 radiation workers
employed on or after January 1, 1948 for at least 6 months were
identified from the Rocketdyne California facilities at the Santa
Susana Field Laboratory or nearby facilities at Canoga Park and De
Soto. For comparison, 41,169 workers were identified who were
employed at least 6 months at these same facilities and who were not
monitored for radiation. Most workers employed by Rocketdyne over
the years were not involved in radiation activities but rather in the
testing and development of rocket engines, including the Saturn
rocket engine used for the Apollo moon landings and the Redstone
rocket engine that launched the first U.S. satellite, Explorer. These
non-monitored workers did not come in contact with radiation
sources and were not monitored for radiation.

Vital Status Determination

Updated mortality and vital status as of December 31, 2008 for the
radiation workers were determined from various linkages of the study
roster with national databases including the National Death Index
(NDI), the California Death Statistical Master File, the Social
Security Administration (SSA) Death Master File, other SSA files for
alive status, Comserv, a computer services firm specializing in
locating persons (www.comserv-inc.com), and LexisNexis, an online
information service provider (www.lexisnexis.com). For matching
with the SSA Death Master File and the California Death Statistical
Master File, we used the Centers for Disease Control and Prevention
matching program, LinkPlus, which incorporates a probabilistic
scoring system and does not require exact matches on all variables (4).
All probabilistic matches were then reviewed individually before a
decision on the validity of the match was made. Among radiation

FIG. 1. Vital status of eligible Rocketdyne workers.
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workers, SSA files and other sources confirmed that 3,307 workers
(57.0%) were alive in 2008 (Table 1). An additional 914 deaths (38.4%

of the updated total of 2,382) were identified, and cause of death was
determined for all but 36 (1.5%). There were 112 (1.9%) workers
without an SSA, California mortality or NDI match who were assumed
alive up until their date of last employment at Rocketdyne.
Comparable tracing results were found for the non-radiation workers,
although there were fewer deaths proportionally in this younger cohort.

Dose Reconstruction

A comprehensive approach to estimating doses received by
Rocketdyne employees has been described (5). Briefly, lifetime
occupational doses from all places of employment were sought, and
radiation doses from intakes of 14 different radionuclides were
calculated for 16 organs or tissues using current biokinetic models of
the International Commission on Radiation Protection (ICRP) or

TABLE 1
Characteristics of Rocketdyne Workers Who Were Monitored for External and/or Internal Radiation and Non-

monitored Workers, Followed 1948–2008

Characteristic

Any external (n 5 5,743) Any internal (n 5 2,232) Total monitored (n 5 5,801) Total non-monitored (n 5 41,169)

n % n % n % n %

Sex

Male 5,281 92.0 2,149 96.3 5,335 92.0 31,677 76.9
Female 462 8.0 83 3.7 466 8.0 9,492 23.1

Race

White 4,651 81.0 1,754 78.6 4,695 80.9 31,113 75.6
Non-white 335 5.8 130 5.8 340 5.8 3,410 8.3
Missing 757 13.2 348 15.6 766 13.2 6,646 16.1

Pay type

Hourly 3,243 56.5 1,398 62.6 3,285 56.6 26,135 63.5
Salary 2,500 43.5 834 37.4 2,516 43.4 15,034 36.5

Radiation monitoring elsewhere

Before
Rocketdyne

930 16.2 572 25.6 932 16.1 —a —

After
Rocketdyne

1,219 21.2 499 22.4 1,224 21.1 — —

Year of birth

,1920 930 16.2 348 15.6 937 16.2 6,247 15.2
1920–1929 1,657 28.9 582 26.1 1,670 28.8 8,179 19.9
1930–1939 1,689 29.4 692 31.0 1,701 29.3 9,942 24.2
1940–1949 755 13.1 384 17.2 769 13.3 7,883 19.2
1950–1959 524 9.1 192 8.6 534 9.2 5,521 13.4
$1960 188 3.3 34 1.5 190 3.3 3,397 8.3

Year of hire

,1948 98 1.7 21 0.9 98 1.7 1,029 2.5
1948–1959 2,461 42.9 850 38.1 2,471 42.6 11,961 29.1
1960–1969 1,934 33.7 935 41.9 1,963 33.8 13,854 33.7
1970–1979 598 10.4 307 13.8 607 10.5 4,171 10.1
1980–1989 586 10.2 110 4.9 595 10.3 8,386 20.4
$1990 66 1.1 9 0.4 67 1.2 1,768 4.3

Years of follow-up

,1 67 1.2 8 0.4 68 1.2 117 0.3
1–4 108 1.9 15 0.7 108 1.9 370 0.9
5–9 135 2.4 41 1.8 136 2.3 955 2.3
10–14 736 12.8 186 8.3 743 12.8 5,149 12.5
20–29 1,135 19.8 397 17.8 1,149 19.8 10,710 26.0
30–39 1,055 18.4 511 22.9 1,068 18.4 6,911 16.8
40–49 2,104 36.6 946 42.4 2,124 36.6 13,132 31.9
$50 403 7.0 128 5.7 405 7.0 3,825 9.3

Vital status as of 12/31/2008

Aliveb 3,278 57.1 1,283 57.5 3,307 57.0 26,127 63.5
Dead 2,354 41.0 943 42.3 2,382 41.1 14,854 36.1
Lost to follow-up 111 1.9 6 0.3 112 1.9 188 0.5

Total 5,743 2,232 5,801 41,169

a 3.6% of the non-radiation workers had been monitored elsewhere.
b The 37 workers who died outside the U.S. were counted as alive until the last date they were known to reside in the U.S.
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updated versions of those models proposed for use in upcoming ICRP
documents (2, 5, 6). The radionuclides with documented intakes
included isotopes of uranium, plutonium, americium, calcium, cesium,
cerium, zirconium, thorium, polonium, promethium, iodine, zinc,
strontium and hydrogen (tritium). Over 30,000 individual bioassay
measurements were abstracted. For workers with intakes of uranium
aluminide, the ICRP respiratory model was modified to account for
delayed dissolution of inhaled material in the respiratory tract (2). The
most recent biokinetic models for polonium were also applied (5, 7).
Overall, the most significant contribution to the estimated doses from
internally deposited radionuclides came from enriched uranium. The
highest estimated doses to lung and kidney came from intake of
uranium, to bone surface from intake of plutonium, strontium or
thorium, and to liver and testes from intake of plutonium.

Annual radiation doses received before and after employment at
Rocketdyne had been obtained from the Department of Energy, the
Nuclear Regulatory Commission, Landauer, Inc., and U.S. military
services. The mean dose from external radiation was 13.5 mSv
(maximum 1 Sv), and the mean lung dose from external and internal
radiation combined was 19.0 mSv (maximum 3.6 Sv). All workers
known to be alive at last follow-up were again linked to the dosimetry
systems of Landauer, Inc., the DOE REMS database and the NRC
REIRS database to determine any occupational radiation doses
received after 1999 through 2008. Updated organ doses from
internally deposited radionuclides were also estimated through 2008
for those known to be alive on December 31, 2008 or until the time of
death for those who died earlier.

Analytic Methods

Both external and internal analyses were carried out to estimate the
relative risks (RR) of death from cancer and other diseases.
Standardized mortality ratio (SMR) analyses compared the numbers
of deaths observed among cohort members with the numbers
expected based on general population rates in the state of California
for persons of the same age, race and sex over the same periods (8).
Internal analyses applied Cox proportional hazards models compar-
ing radiation workers with non-monitored workers over categories of
estimated radiation dose to specific organs (9). All of the analyses
were based on the underlying cause of death as coded from the death
certificate. This is standard practice in epidemiological studies
because underlying causes of death are thought to be recorded in a
more systematic fashion across time by physicians than ‘‘contribut-
ing’’ causes. For the 13% of workers with unknown race, a weighted
approximation based on the proportions of race for the 87% of
workers with known race was used to compute expected numbers.

Person-years of follow up began 6 months after the date of first
radiation monitoring (or 6 months after the date of first hire for non-
radiation workers) or July 1, 1948, depending on which came later.
Ninety-eight of the radiation workers and 1,035 of the non-monitored
workers had been hired prior to 1948 when SSFL began operations;
their person-years of follow-up for all analyses began on July 1, 1948.
Person-years stopped at the date of death, December 31, 2008, age 95
or date lost to follow-up, whichever came first. In most analyses
exposures were lagged 10 years for solid cancers and 2 years for
leukemia; i.e., exposures occurring in these intervals prior to end of
follow-up were excluded because they would be unlikely to contribute
to the risk of cancer or leukemia mortality. Observed and expected
numbers of deaths were also distributed over categories of external
radiation dose and trend analyses were conducted following the
methods of Breslow and colleagues (10).

Internal comparisons are expected to minimize biases that might
exist when external comparisons with a general population are made.
Internal comparisons compare radiation workers with non-radiation
workers employed at the same facilities during the same calendar
years. Year of birth, year of hire, sex, pay type (hourly/salary),
duration of employment and work as a test stand mechanic were

included in all models (SAS/STAT software, Version 9.2 of the SAS
System for Windows, SAS Institute Inc., Cary, NC). Age at
observation was used as the time variable for the hazard function in
these internal analyses. Pay type was taken as an indicator of
socioeconomic status and as a surrogate for lifestyle factors such as
tobacco use (1, 11). Because of their hands-on experience with large
quantities of engine fuels, oxidizers and solvents, rocket test stand
mechanics were considered a unique group with highest potential
exposure to toxic substances (12).

For the internal analyses, radiation workers entered the risk set at
their first date of radiation monitoring at Rocketdyne plus 6 months.
Workers not monitored for radiation entered the risk set at their first
date of hire at Rocketdyne plus 6 months. Radiation exposure
category was treated as a time-dependent covariate, allowing workers
to be assigned to increasingly higher dose categories over time as their
individual radiation doses accrued. Parameter estimates and standard
errors for the exposure categories in the Cox models were used to
obtain risk (or hazard) ratios and confidence intervals for death due
to the cause under investigation compared to those in the referent
group. Trend tests treated the radiation dose as a single, time-
dependent continuous measure, and one-sided P values are presented
unless otherwise stated. The direction of any trend, whether positive
or negative, is also presented. Relative risks at 100 mSv were
computed for all cancers excluding leukemia, all leukemia other than
chronic lymphocytic leukemia (CLL), and lung cancer.

The large group of workers not monitored for radiation was taken
as the referent category and provided statistical stability in the risk
estimates and trend evaluations. The all cancer (excluding leukemia)
internal analyses were over categories of external dose, whereas the
categories for the other cancers incorporated both external and
internal radiation doses to specific organs (3). The data for all cancer
(excluding leukemia) are presented over categories of external dose
because, other than for lung dose and bone marrow dose, the
contribution of internal radiation dose to organs or tissues was not
appreciable. Because of small numbers, high-dose categories had to be
combined for model convergence for most sites. The number of
workers starting each dose interval and the associated person-years
varied somewhat for each cause of death category because of the
differing contributions of internal radiation dose to different organs.
Diseases of a priori interest—based on possible associations seen in
other studies and on knowledge of the likely distribution of uranium
and other radionuclides within the body once inhaled or ingested—
included lung disease/cancer, kidney disease/cancer, liver disease/
cancer, bone cancer, esophageal cancer and leukemia. No analyses
were conducted using effective dose—a unit used in radiation
protection that, while generally related to future risk, is not
appropriate for retrospective epidemiological evaluation of radiation
risks to specific organs or tissue (13).

RESULTS

Most of the Rocketdyne radiation workers were male
(92.0%), white (80.9%), born before 1940 (74.3%), hired
before 1970 (78.1%), followed for more than 30 years
(62.0%), and alive in 2008 (57.0%) (Table 1). Overall,
3,569 workers were monitored only for external radia-
tion, 2,174 workers for both external and internal
radiation, and 58 workers only for internal radiation.
There were 1,833 (nearly 32%) radiation workers who
were also monitored for radiation either before or after
employment at Rocketdyne; 323 (5.6%) workers had
been monitored both before and after. Among the 2,232
(38.5%) workers monitored for internal radiation, most
(1,940 or 86.9%) had negligible intakes; i.e., bioassay
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TABLE 2
Observed and Expecteda Numbers of Deaths and Standardized Mortality Ratios (SMRs) for Rocketdyne Workers

Monitored for External and for Internal Radiation

Type of monitoring Any external radiation

No. of workers 5,743

Exp SMRb 95% CI
Person-years 194,731

Cause of death (ICD9) Obs

All Causes of Death (001–999) 2354 2895.3 0.81* 0.78–0.85

All Malignant Neoplasms (140–208) 672 772.6 0.88* 0.81–0.94
Buccal Cavity & Pharynx (140–149) 10 17.6 0.57 0.27–1.04
Esophagus (150) 20 22.4 0.89 0.55–1.38
Stomach (151) 26 25.6 1.02 0.66–1.49
Colorectal (153–154) 68 75.3 0.90 0.70–1.15

Colon (153) 58 60.9 0.95 0.72–1.23
Rectum (154) 10 13.3 0.75 0.36–1.38

Biliary Passages & Liver (155–156) 12 24.0 0.51* 0.26–0.87
Pancreas (157) 35 41.7 0.84 0.59–1.17
Larynx (161) 10 7.9 1.27 0.61–2.34
Bronchus, Trachea, & Lung (162) 209 244.0 0.86* 0.74–0.98
Bone (170) 0 1.5 0.00 0.00–2.51
Connective & Other Soft Tissue (171) 4 4.4 0.90 0.25–2.31
Melanoma of Skin (172) 12 14.3 0.84 0.43–1.46
Breast (174–175) 8 8.2 0.97 0.42–1.91
All Uterine (Females only) (179–182) 2 1.8 1.10 0.13–3.98

Cervix Uteri (180) 0 0.8 0.00 0.00–4.48
Ovary & Other Female Genital Organs (183–184) 1 2.7 0.38 0.01–2.09
Prostate (Males only) (185) 63 71.1 0.89 0.68–1.13
Testes & Other Male Genital Organs (186–187) 1 1.8 0.56 0.01–3.12
Kidney (189.0–189.2) 17 19.5 0.87 0.51–1.40
Bladder & Other Urinary (188, 189.3–189.9) 22 22.1 1.00 0.62–1.51
Brain & Central Nervous System (191–192) 23 20.5 1.12 0.71–1.68
Thyroid & Other Endocrine Glands (193–194) 1 2.4 0.42 0.01–2.32
All Lymphatic Tissue (200–203) 46 47.6 0.97 0.71–1.29
Hodgkin Lymphoma (201) 5 3.0 1.64 0.53–3.83
Non-Hodgkin Lymphoma (200, 202) 31 30.6 1.01 0.69–1.44
Multiple Myeloma (203) 10 14.0 0.71 0.34–1.31

All Leukemia & Aleukemia (204–208) 33 29.8 1.11 0.76–1.56
Chronic Lymphocytic Leukemia (204.1) 8 5.9 1.36 0.59–2.68
Leukemia other than CLL 25 23.9 1.05 0.68–1.54

Mesothelioma, MN of pleura & peritoneum (158.8, 158.9, 163)c 2 3.2 0.63 0.08–2.29
Smoking-Related Cancers (140–150, 157, 161–162, 188–189) 323 375.1 0.86* 0.77–0.96

AIDS (042–044, 795.8) 1 20.0 0.05* 0.00–0.28
Diabetes (250) 30 64.6 0.46* 0.31–0.66
Mental & Behavioral Disorders (290–319) 42 33.3 1.26 0.91–1.70
Diseases of Nervous System & Sense Organs (320–389) 70 74.2 0.94 0.74–1.19
Cerebrovascular Disease (430–438) 117 162.6 0.72* 0.60–0.86
All Heart Disease (390–398, 404, 410–429) 780 965.4 0.81* 0.75–0.87
Nonmalignant Respiratory Disease (460–478, 490–519)d 148 185.0 0.80* 0.68–0.94
Emphysema (492) 30 31.2 0.96 0.65–1.37
Cirrhosis of Liver (571) 49 85.6 0.57* 0.42–0.76
Nephritis & Nephrosis (580–589) 24 21.7 1.11 0.71–1.64

All External Causes of Death (800–999) 140 193.9 0.72* 0.61–0.85

Accidents (850–949) 80 114.5 0.70* 0.55–0.87
Suicides (950–959) 41 55.6 0.74 0.53–1.00

Unknown Causes of Death 36 — —

a Expected number of deaths is based on California population mortality rates.
b All but 58 workers monitored for internal uptake of radionuclides were also monitored for external radiation.
c Mesothelioma was not a codeable cause of death until 1999: ICD10 (C45). Before 1999, deaths from cancer of the pleura and peritoneum

(ICD9 158.8, 158.9, 163) are used to approximate mesothelioma mortality.
d Excludes flu and pneumonia.
* P , 0.05.
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measurements indicated that their committed equivalent
dose to any tissue was well below 10 mSv (3). Among the
41,169 workers not monitored for radiation at Rock-
etdyne, 63.5% were alive in 2008, 36.1% had died, 0.5%
were lost to follow-up, and 3.6% (or 1,478) had been
monitored elsewhere for radiation (mean dose, 2.6 mSv).

The non-monitored workers were similar to the radia-
tion workers with regard to race and years of follow-up
but were more likely to be female, younger and hourly
workers. Overall, 17,236 workers (36.7%) were found to
have died and 29,397 (62.6%) to be alive as of December
31, 2008, and only 300 (0.6%) were lost to follow-up

Any internal radiationa Any radiation

2,232

Exp SMRb 95% CI

5,801

Exp SMRb 95% CI
80,878 196,674

Obs Obs

943 1131.2 0.83* 0.78–0.89 2382 2916.7 0.82 0.78–0.85

280 300.4 0.93 0.83–1.05 684 778.2 0.88 0.81–0.95
4 7.0 0.57 0.16–1.46 10 17.8 0.56 0.27–1.04

10 8.9 1.12 0.54–2.07 22 22.5 0.98 0.61–1.48
13 10.1 1.29 0.69–2.20 26 25.8 1.01 0.66–1.48
30 29.2 1.03 0.69–1.47 68 75.8 0.90 0.70–1.14
25 23.6 1.06 0.69–1.56 58 61.4 0.95 0.72–1.22
5 5.2 0.96 0.31–2.24 10 13.4 0.75 0.36–1.37
3 9.6 0.31* 0.06–0.91 12 24.2 0.50* 0.26–0.87

15 16.2 0.92 0.52–1.52 35 42.0 0.83 0.58–1.16
7 3.1 2.24 0.90–4.61 11 7.9 1.39 0.69–2.49

94 95.5 0.98 0.80–1.20 214 245.8 0.87 0.76–1.00
0 0.6 0.00 0.00–6.29 0 1.5 0.00 0.00–2.49
1 1.8 0.57 0.01–3.18 4 4.5 0.90 0.24–2.29
4 5.7 0.70 0.19–1.78 13 14.4 0.90 0.48–1.54
2 1.7 1.15 0.14–4.14 8 8.3 0.96 0.42–1.90
0 0.3 0.00 0.00–10.62 2 1.8 1.09 0.13–3.94
0 0.2 0.00 0.00–22.47 0 0.8 0.00 0.00–4.43
0 0.5 0.00 0.00–7.46 1 2.7 0.37 0.01–2.07

24 27.6 0.87 0.56–1.30 63 71.5 0.88 0.68–1.13
1 0.8 1.30 0.03–7.26 1 1.8 0.55 0.01–3.09
7 7.7 0.91 0.37–1.87 18 19.6 0.92 0.54–1.45

10 8.6 1.17 0.56–2.15 22 22.3 0.99 0.62–1.50
9 8.2 1.10 0.50–2.08 25 20.7 1.21 0.78–1.78
0 0.9 0.00 0.00–3.94 1 2.4 0.41 0.01–2.30

18 18.8 0.96 0.57–1.51 46 48.2 0.95 0.70–1.27
2 1.3 1.60 0.19–5.76 5 3.1 1.63 0.53–3.79

11 12.0 0.92 0.46–1.64 31 30.9 1.00 0.68–1.43
5 5.5 0.92 0.30–2.14 10 14.2 0.71 0.34–1.30

14 11.7 1.20 0.66–2.01 33 30.0 1.10 0.76–1.54
4 2.3 1.76 0.48–4.51 8 5.9 1.35 0.58–2.66

10 9.4 1.06 0.51–1.96 25 24.1 1.04 0.67–1.53

0 1.2 0.00 0.00–2.98 2 3.2 0.63 0.08–2.27
147 147.1 1.00 0.84–1.18 332 377.8 0.88* 0.79–0.98

0 9.1 0.00* 0.00–0.41 1 20.2 0.05* 0.00–0.28
10 25.1 0.40* 0.19–0.73 31 65.1 0.48* 0.32–0.68
15 13.0 1.15 0.64–1.90 43 33.6 1.28 0.93–1.72
26 28.0 0.93 0.61–1.36 71 74.7 0.95 0.74–1.20
53 61.6 0.86 0.64–1.13 119 163.7 0.73* 0.60–0.87

304 374.8 0.81* 0.72–0.91 787 972.3 0.81* 0.75–0.87
67 70.5 0.95 0.74–1.21 149 186.2 0.80* 0.68–0.94
16 12.0 1.34 0.77–2.17 30 31.4 0.96 0.64–1.36
18 35.1 0.51* 0.30–0.81 50 86.3 0.58* 0.43–0.76
9 8.4 1.07 0.49–2.04 24 21.9 1.10 0.70–1.63

48 83.2 0.58* 0.43–0.77 140 195.8 0.72* 0.60–0.84

27 49.0 0.55* 0.36–0.80 80 115.6 0.69* 0.55–0.86
11 23.4 0.47* 0.23–0.84 41 56.2 0.73* 0.52–0.99

11 — — 36 — —
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TABLE 3
Observed and Expecteda Numbers of Deaths for Workers Monitored for Radiation over Categories of External

Radiation Dose, Doses Lagged 10 Years for Solid Cancers and 2 Years for Leukemia

External radiation dose (mSv) Not monitored ,5

Exp

5–

Exp

10–
No. of workers starting each dose interval 41,169

Exp

5,762 1,277 1,221
Person-years 1,392,648 140,926 18,046 28,439

Cause of death (ICD9) Obs Obs Obs Obs

All Causes of Death (001–999) 14854 16655.0 1522 1846.3 278 334.6 445

All Malignant Neoplasms (140–208) 4163 4438.4 419 487.7 80 90.2 143
Buccal Cavity & Pharynx (140–149) 75 99.6 5 11.3 1 2.0 3
Esophagus (150) 98 116.9 11 13.9 3 2.6 7
Stomach (151) 115 144.5 14 16.4 1 3.0 8
Colorectal (153–154) 384 432.1 45 47.4 3 8.9 16

Colon (153) 338 349.5 40 38.3 2 7.2 14
Rectum (154) 42 76.9 5 8.5 1 1.5 2

Biliary Passages & Liver (155–156) 94 139.0 9 15.3 2 2.8 1
Pancreas (157) 246 239.2 17 26.3 5 4.9 12
Larynx (161) 44 41.4 5 4.9 2 0.9 4
Bronchus, Trachea, & Lung (162) 1304 1346.0 135 153.0 25 28.7 41
Bone (170) 12 8.9 0 1.0 0 0.2 0
Connective & Other Soft Tissue (171) 35 26.7 3 2.9 0 0.5 1
Melanoma of Skin (172) 74 78.5 9 9.1 3 1.6 1
Breast (174–175) 148 158.9 7 6.9 0 0.6 1
All Uterine (Females only) (179–182) 27 38.4 2 1.6 0 0.1 0

Cervix Uteri (180) 9 17.5 0 0.7 0 0.1 0
Ovary & Other Female Genital Organs (183–184) 52 55.6 1 2.3 0 0.2 0
Prostate (Males only) (185) 341 335.0 42 42.6 8 8.9 10
Testes & Other Male Genital Organs (186–187) 6 10.2 1 1.3 0 0.2 0
Kidney (189.0–189.2) 106 105.8 11 12.2 1 2.3 3
Bladder & Other Urinary (188, 189.3–189.9) 98 113.4 14 13.6 3 2.7 5
Brain & Central Nervous System (191–192) 116 120.4 14 13.3 3 2.3 4
Thyroid & Other Endocrine Glands (193–194) 18 14.8 1 1.6 0 0.3 0
All Lymphatic Tissue (200–203) 262 270.4 25 30.4 11 5.5 6

Hodgkin Lymphoma (201) 19 19.1 4 2.2 0 0.3 0
Non–Hodgkin Lymphoma (200, 202) 173 172.8 16 19.4 9 3.5 4
Multiple Myeloma (203) 70 78.5 5 8.8 2 1.7 2

All Leukemia & Aleukemia (204–208) 166 166.5 17 18.2 4 3.7 9
Chronic Lymphocytic Leukemia (204.1) 31 31.0 3 3.6 1 0.7 3
Leukemia other than CLL 135 135.4 14 14.6 3 2.9 6

Mesothelioma, MN of Pleura & Peritoneum (158.8, 158.9, 163)c 20 15.7 1 1.9 1 0.4 0
Smoking-Related Cancers (140–150, 157, 161–162, 188–189) 1971 2062.3 198 235.2 40 44.1 75

AIDS (042–044, 795.8) 42 147.8 1 14.3 0 1.9 0
Diabetes (250) 297 372.8 23 40.7 2 7.5 4
Mental & Behavioral Disorders (290–319) 171 201.2 26 21.4 6 3.8 9
Diseases of Nervous System & Sense Organs (320–389) 446 427.1 46 47.1 8 8.2 13
Cerebrovascular Disease (430–438) 793 966.8 67 102.6 20 19.4 21
All Heart Disease (390–398, 404, 410–429) 4869 5372.4 503 609.5 87 113.7 152
Nonmalignant Respiratory Disease (460–478, 490–519)d 963 1026.5 88 114.2 23 22.2 30
Emphysema (492) 164 177.3 17 19.8 5 3.7 6
Cirrhosis of Liver (571) 302 500.0 38 57.0 4 9.2 3
Nephritis & Nephrosis (580–589) 120 123.7 15 13.7 4 2.5 5

All External Causes of Death (800–999) 873 1234.7 113 138.8 10 18.4 15
Accidents (850–949) 515 726.7 63 82.4 7 10.7 9
Suicides (950–959) 284 337.3 35 38.8 2 5.5 4
Unknown Causes of Death 288 28 1 5

a Expected number of deaths is based on California population mortality rates.
b P values are two-sided since many causes of death, e.g., diabetes, have not been associated with radiation. For some sites with sparse

numbers, the P value was computed collapsing the dose categories. The trend test is provided to indicate the variation of observed and expected
causes of death over categories of external radiation dose. The more optimal dose–response trends are found in Table 4, where internal radiation
dose is included and the more powerful Cox regression analysis is used.

c Mesothelioma was not a codeable cause of death until 1999: ICD10 (C45). Before 1999, deaths from cancer of the pleura and peritoneum
(ICD9 158.8, 158.9, 163) are used to approximate mesothelioma mortality.

d Excludes flu and pneumonia.
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(Fig. 1). Cause of death was missing for only 324, or
1.9% of the deaths occurring within the United States.

Dosimetry linkages with Landauer Inc., DOE REMS
and NRC REIRS databases matched 247 unique
workers, of whom 157 had a measurable dose after
1999 through 2008 (mean cumulative dose, 0.6 mSv).
This small dose to such a small number of workers did

not appreciably change the mean external dose for the
entire population; i.e., the mean of 13.50 mSv increased
only to 13.52 mSv. Similarly, for the 209 workers alive in
1999 with meaningful prior intakes of radionuclides,
their mean cumulative lung dose over the next 9 years
was only 0.013 mSv. Again, this did not meaningfully
change the previous mean cumulative lung dose, which

Exp

50–

Exp

100–

Exp

$200

Exp

Total monitored

Trend test P valueb

(directional)

284 149 66 5,801

Exp
4,791 2,841 1,631 196,674
Obs Obs Obs Obs

558.9 66 94.9 45 49.3 26 32.6 2382 2916.7 ,0.01 (2)

151.9 17 25.2 16 14.0 9 9.0 684 778.2 0.41 (2)
3.4 1 0.6 0 0.3 0 0.2 10 17.8 0.76 (2)
4.5 1 0.8 0 0.4 0 0.3 22 22.5 0.36 (z)
4.9 2 0.8 0 0.5 1 0.3 26 25.8 0.06 (z)

14.8 2 2.5 2 1.3 0 0.9 68 75.8 0.99 (2)
12.1 1 2.0 1 1.1 0 0.7 58 61.4 0.60 (2)
2.5 1 0.4 1 0.2 0 0.1 10 13.4 0.08 (z)
4.6 0 0.8 0 0.5 0 0.3 12 24.2 0.14 (2)
8.2 1 1.4 0 0.8 0 0.5 35 42.0 0.62 (2)
1.5 0 0.3 0 0.1 0 0.1 11 7.9 0.30 (z)

48.6 1 8.0 7 4.6 5 2.9 214 245.8 0.29 (2)
0.3 0 0.0 0 0.0 0 0.0 0 1.5 0.22 (2)
0.8 0 0.1 0 0.1 0 0.1 4 4.5 0.43 (2)
2.8 0 0.5 0 0.3 0 0.2 13 14.4 0.43 (2)
0.7 0 0.1 0 0.0 0 0.0 8 8.3 0.98 (z)
0.1 0 0.0 0 0.0 0 0.0 2 1.8 0.73 (z)
0.1 0 0.0 0 0.0 0 0.0 0 0.8 0.54 (2)
0.2 0 0.0 0 0.0 0 0.0 1 2.7 0.33 (2)

15.2 0 2.6 2 1.3 1 0.9 63 71.5 0.16 (2)
0.2 0 0.0 0 0.0 0 0.0 1 1.8 0.80 (2)
3.9 1 0.6 2 0.4 0 0.2 18 19.6 0.79 (z)
4.6 0 0.8 0 0.4 0 0.3 22 22.3 0.98 (2)
3.8 4 0.6 0 0.4 0 0.2 25 20.7 0.13 (z)
0.4 0 0.1 0 0.0 0 0.0 1 2.4 0.26 (2)
9.2 2 1.6 1 0.9 1 0.6 46 48.2 0.81 (z)
0.4 0 0.1 0 0.0 1 0.0 5 3.1 0.07 (z)
6.0 2 1.0 0 0.6 0 0.4 31 30.9 0.99 (z)
2.8 0 0.5 1 0.3 0 0.2 10 14.2 0.80 (2)
6.2 1 1.0 1 0.6 1 0.4 33 30.0 0.25 (z)
1.2 0 0.2 1 0.1 0 0.1 8 5.9 0.11 (z)
4.9 1 0.8 0 0.5 1 0.3 25 24.1 0.59 (z)
0.7 0 0.1 0 0.1 0 0.0 2 3.2 0.33 (2)

74.6 5 12.3 9 7.0 5 4.5 332 377.8 0.52 (2)

2.9 0 0.6 0 0.3 0 0.2 1 20.2 0.08 (2)
12.7 0 2.1 1 1.2 1 0.8 31 65.1 0.01 (2)
6.4 1 1.1 0 0.5 1 0.4 43 33.6 0.03 (z)

14.7 0 2.6 2 1.2 2 0.9 71 74.7 0.55 (2)
31.9 7 5.5 4 2.6 0 1.8 119 163.7 0.65 (2)

189.5 24 32.4 13 16.3 8 10.9 787 972.3 0.01 (2)
37.9 4 6.4 4 3.3 0 2.3 149 186.2 0.11 (2)
6.1 0 1.0 2 0.5 0 0.3 30 31.4 0.63 (z)

15.2 4 2.5 1 1.5 0 0.9 50 86.3 0.44 (2)
4.3 0 0.7 0 0.4 0 0.3 24 21.9 0.98 (z)

29.3 2 5.0 0 2.8 0 1.6 140 195.8 0.13 (2)
17.0 1 2.9 0 1.6 0 1.0 80 115.6 0.22 (2)
8.9 0 1.5 0 0.9 0 0.5 41 56.2 0.06 (2)

1 0 1 36
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TABLE 4
Internal Cohort Dose–Response Trend Analysesa and Relative Risks (RR) for Selected Cancers over Categories of

Organ-Specific Radiation Dosesb with Doses Lagged 10 Years for Solid Cancer and 2 Years for Leukemia

Cause of death (ICD9) Dose (mSv)b Non-monitored ,5 5–

All cancers, excluding leukemia No. of workersd 41,169 5,762 1,277
Observed 3998 399 76
RR 1 0.93 0.94
95% CI Ref f 0.83–1.04 0.73–1.21

Stomach (151) Observed 115 14 1
RR 1 1.17 0.41
95% CI Ref 0.63–2.17 0.05–3.18

Colorectal (153–154) Observed 380 44 3
RR 1 0.94 0.30
95% CI Ref 0.66–1.34 0.09–0.97

Pancreas (157) Observed 246 17 5
RR 1 0.63 1.03
95% CI Ref 0.38–1.07 0.39–2.74

Bronchus, trachea, lung (162) Observed 1304 134 25
RR 1 0.98 1.00
95% CI Ref 0.81–1.20 0.65–1.54

Prostate (Males Only) (185) Observed 341 42 8
RR 1 0.89 0.77
95% CI Ref 0.63–1.27 0.36–1.67

Kidney (189.0–189.2) Observed 106 11 4
RR 1 0.96 0.69
95% CI Ref 0.49–1.88 0.21–2.27

Bladder and Other Urinary (188, 189.3–189.5) Observed 98 14 8
RR 1 1.19 0.93
95% CI Ref 0.63–2.23 0.34–2.52

Brain and CNS (191–192) Observed 116 13 3
RR 1 1.06 1.57
95% CI Ref 0.58–1.95 0.46–5.40

All Lymphatic and Hematopoietic Tissue (200–208) Observed 434 42 15
RR 1 0.85 1.67
95% CI Ref 0.60–1.19 0.94–3.00

All Lymphoma (200–203) Observed 262 25 11
RR 1 0.85 2.11
95% CI Ref 0.55–1.32 1.05–4.25

Leukemia other than CLL Observed 134 14 3
RR 1 0.91 0.95
95% CI Ref 0.50–1.64 0.27–3.29

Chronic lymphocytic leukemia (CLL) (204.1) Observed 31 3 1
RR 1 0.82 1.37
95% CI Ref 0.23–2.86 0.16–12.0

Nonmalignant respiratory disease, excluding
influenza & pneumonia (460–479, 488–519)

Observed 1325 131 69
RR 1 0.89 0.81
95% CI Ref 0.73–1.09 0.59–1.12

a All models adjusted for year of birth, year of hire, sex, internal monitoring, pay type (hourly/salary), duration of employment, and work as a
test stand mechanic. The time variable for the hazard function is age at observation. All workers were followed for vital status through December
2008.

b Dose categories include external radiation doses received before, during, and after employment at Rocketdyne. External radiation doses plus
any internal doses from the intake of radionuclides are included for all organs except the ‘‘all cancer excluding leukemia’’ category where the
cancers are distributed and analyzed over categories of external dose.

c P value for test for linear trend in the relative risk (i.e., hazard ratio) computed over categories of organ dose. (z) denotes a positive trend,
(2) denotes a negative trend. P values are one-sided.

d Number of workers starting the dose interval. Although the number of workers differed across categories of dose because of the differing
contribution of internal radiation dose to different organs, only the categories of lung dose and bone marrow dose change appreciably; i.e. for
lung the numbers starting each lung dose category are 5,762, 1,258, 1,314, 387 and 106, and for leukemia other than CLL, the numbers starting
each bone marrow dose category are 5,762, 1,325, 1,257 and 334.

e Because of small numbers, convergence over the full range of dose categories was possible only for ‘‘all cancers, excluding leukemia.’’ For
lung cancer, dose categories 50 mSv and 100–199 mSv were combined; dose categories 5–10 mSv and 10–49 mSv were combined for kidney
cancer and for non-malignant respiratory disease. For all sites other than ‘‘all cancers, excluding leukemia’’ and lung cancer, the highest dose
category was $50 mSv.

f Referent category.
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remained essentially the same at 19.0 mSv. The
negligible contribution of radiation doses received after
1999 reflects (1) the small number of former Rocketdyne
workers employed in radiation activities after 1999, (2)
the low radiation exposures received by most current
workers in the nuclear industry, and (3) the low
radioactivity of substances still remaining in the body
after so many years had passed since intake.

Table 2 presents the SMRs for over 40 causes of death
for the 5,743 workers monitored for external radiation
and the 2,232 workers monitored for internal radiation.
Overall, 2,382 deaths were observed and 2,916.7 were
expected (SMR 0.82; 95% CI 0.78–0.85). There were 684

deaths from cancer and 778.2 expected (SMR 0.88; 95%
CI 0.81–0.95). There was no statistically significant
elevation among the 132 SMRs presented. For all
radiation workers taken together, 26 SMRs for specific
cancer deaths are presented: 12 were above or consistent
with 1.0 and 14 were below 1.0.

Lung cancer was not increased (SMR 0.87; 95% CI
0.76–1.00, n 5 214), nor were other sites of a priori
interest, e.g., cancers of the liver (SMR 0.50, n 5 12),
bone (SMR 0.0), esophagus (SMR 0.98, n 5 22) and
kidney (SMR 0.92, n 5 18). Nonmalignant kidney
disease, i.e., nephritis and nephrosis (SMR 1.10, n 5 24),
also was not significantly increased. All leukemias

10– 50– 100– $200
Trend testc P value

(direction)

1,221 284 149 66
134 16 15 8 0.41 (2)

0.99 0.73 1.24 1.11
0.80–1.23 0.44–1.20 0.73–2.10 0.54–2.27

8 3 — — 0.27 (z)
2.02 2.54 — —

0.77–5.31 0.65–9.92 — —
16 4 — — 0.18 (2)

0.89 0.69 — —
0.47–1.70 0.23–2.03 — —

12 1 — — 0.18 (2)
1.48 0.40 — —

0.69–3.18 0.05–3.08 — —
41 7 — 7 0.42 (2)

0.93 0.51 — 1.64
0.63–1.36 0.24–1.12 — 0.74–3.65

10 3 — — 0.33 (2)
0.54 0.49 — —

0.25–1.14 0.15–1.67 — —
— 3 — — 0.13 (z)
— 2.63 — —
— 0.64–10.7 — —
— — — — 0.21 (2)
— — — —
— — — —
4 4 — — 0.37 (z)
1.30 4.21 — —

0.41–4.09 1.27–14.0 — —
15 7 — — 0.25 (z)

0.97 1.43 — —
0.52–1.79 0.62–3.30 — —

6 4 — — 0.34 (z)
0.66 1.38 — —

0.26–1.66 0.45–4.17 — —
6 2 — — 0.44 (z)
1.10 1.16 — —

0.40–3.05 0.24–5.52 — —
3 1 — — 0.22 (z)
2.42 2.70 — —

0.49–12.0 0.27–27.4 — —
— 13 — — 0.07 (2)
— 0.56 — —
— 0.31–1.03 — —

TABLE 4
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combined were slightly elevated but not significantly
(SMR 1.10, n 5 33). The SMR for chronic lymphocytic
leukemia (CLL) was higher (SMR 1.35, n 5 8) than the
SMR for the other leukemias (SMR 1.04, n 5 25). No
type or subcategory of leukemia was significantly
increased. Significant deficits were seen for heart disease,
diabetes, cerebrovascular disease, cirrhosis of the liver,
nonmalignant respiratory disease and all external causes
of death.

Table 3 presents trends in the observed to expected
numbers of cancer deaths over categories of external
radiation dose. For 27 individual cancers, 12 of the
trends were positive and 15 were negative, a distribution
consistent with chance. The trends were computed using
both the non-monitored workers and the ,5 mSv group
as the referent category with similar results (data not
shown). The seven categories of external radiation dose
included exposures received before, during and after
employment at Rocketdyne. Among the 284 workers
who accumulated 50 mSv or more, 42 cancer deaths
occurred and 48.2 were expected. Few workers, only 66,
had cumulative external doses greater than or equal to
200 mSv, and only 9 cancer deaths (compared to 9.0
expected) occurred among these workers. The trends for
all cancers combined and for lung cancer were not
significant. A significant positive trend (P 5 0.03, 1-
sided) was seen for stomach cancer. A slight trend in all
leukemias combined (P 5 0.13, 1-sided) was related to a
positive trend in CLL (P 5 0.06, 1-sided), a type of
leukemia not considered inducible by radiation (14).
There was no dose–response trend for the non-CLL
leukemias, which are known to be associated with
radiation (P 5 0.30, 1-sided). The 58 workers who were
monitored only for internal intakes of radionuclides
were assigned a zero external dose. Excluding them from
the analyses did not affect the results presented in
Table 3. These Poisson trend statistics for indirectly
standardized rates can be regarded as rough approxi-
mations to the more robust methods used for Table 4,
i.e., Cox time-dependent regression analyses incorporat-
ing internal radiation dose to specific organs and
adjusting for potentially important confounding vari-
ables.

Table 4 presents internal cohort dose–response anal-
yses for 14 cancer categories and nonmalignant respira-
tory disease based on Cox proportional hazards models
combining external radiation dose with organ-specific
internal radiation dose. These causes of cancer death
were selected because of a priori interest as radiosensitive
sites, e.g., leukemia or as sites of uranium deposition or
exposure, e.g., lung and kidney, or if the total number of
deaths was at least 20, e.g., prostate.

There were no significant increases seen for all solid
cancers taken together, lung cancer or any other cancer
(Table 4). Nonsignificant increasing trends were seen for
cancers of the stomach, kidney, brain and other central

nervous system, leukemia and lymphomas. Nonsignifi-
cant decreasing trends were seen for cancers of the
colorectum, lung, pancreas, prostate and bladder and
for nonmalignant respiratory disease. Stomach cancer
did not show a significant trend (P 5 0.27, 1-sided). The
risk of leukemia (excluding CLL) tended to increase over
increasing categories of radiation dose to active bone
marrow but the trend was not significant (P 5 0.44).
The relative risks (i.e., hazard ratios) for CLL were
consistently higher than those for the other leukemias
(excluding CLL), which is of interest given that
radiation has not been found to increase the risk of
CLL (14), but the trend was not statistically significant
(P 5 0.22). The relative risk (RR) at 100 mSv was
computed for the standard Cox model, which includes
all the adjustment factors. The RR at 100 mSv for all
cancers (excluding leukemia), lung cancer and leukemia
(excluding CLL) were estimated to be 0.98 (95% CI
0.82–1.17), 1.01 (95% CI 0.89–1.16) and 1.06 (95% CI
0.50–2.23), respectively. For CLL, the RR at 100 mSv
was 1.36 (95% CI 0.63–2.89).

Table 5 shows the relative risk (RR) for lung cancer
over categories of external and internal dose for 5,801
radiation workers. The referent group was taken as the
3,817 workers with cumulative lung dose ,5 mSv for
both external and internal radiation. Of the 15 RRs
presented, 7 were above unity and 8 were below unity,
and no RR was statistically significant. Among the 1,984
workers with .5 mSv external and/or .5 mSv internal
dose to the lung, the RR was 1.15 (95% CI 0.88–1.51).
The numbers are too small to make strong conclusions
about the joint effects of external and internal exposures;
i.e., there were only 6 lung cancers among workers with
.5 mSv from both external and internal radiation.

DISCUSSION

An additional 9 years of follow-up uncovered no
consistent associations between cancer and radiation
within the Rocketdyne workforce. Comparisons with
the general population of California revealed a healthy
workforce with overall death rates significantly low
(SMR 0.82). Cancers of a priori interest, e.g., lung,
leukemia and kidney, were not significantly associated
with radiation. The study is unique in capturing
occupational doses received both before and after
employment at Rocketdyne and in computing organ
specific doses from available bioassay monitoring
records on radionuclide intake. The study is limited by
the small sample size (n 5 5,801) and relatively low
cumulative occupational doses. Nonetheless, the period
of observation was up to 60 years (mean, 33.9 years),
and RRs at 100 mSv as low as 1.16 for lung cancer and
1.17 for all cancers (excluding leukemia) could be
excluded with 95% confidence. The RR at 100 mSv for
leukemia other than CLL (RR 1.06) was not statistically
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significant but was consistent with predictions from
other radiation studies, though somewhat lower (14).
The increase in the number of deaths during the
additional 9 years of follow-up increased the precision
of the radiation risk estimates. Though slightly lower,
the radiation risk estimates were similar and statistically
compatible with those reported previously (1).

Low risks for heart disease and cerebrovascular
disease are often reported in occupational studies and
are ascribed to the ‘‘healthy worker effect’’ associated
with selection for employment and for continued
employment (15–18). The healthy worker effect often
diminishes with length of time since first employed (18).
This diminution of the healthy worker effect was seen in
the current study, with the SMRs for heart disease
increasing from 0.78 to 0.81 and for cerebrovascular
disease from 0.71 to 0.73. The SMRs for cancer,
however, decreased from 0.90 to 0.88 with the additional
9 years of follow-up.

As expected when conducting multiple statistical
analyses of numerous disease end points, some elevated
cancer risk estimates are expected to occur by chance
alone and should be considered in the context of
findings from earlier worker studies. A significant
positive trend in the SMRs for stomach cancer and a
positive trend in the RRs for stomach cancer, for
example, were seen over categories of radiation dose in
comparison with general population rates and in
comparison with the non-monitored workers, respec-
tively. The overall SMR for stomach cancer (1.01, n 5

26), however, was not elevated among radiation
workers, and the significant trends appeared to be
related in part to a significantly low SMR among the
‘‘not monitored’’ group (SMR 0.80; 95% CI 0.66–0.96).
There is little evidence suggesting that uranium workers
(23) or other radiation workers are at increased risk for
stomach cancer, whereas increases are seen among
atomic bomb survivors and some patient groups treated
with radiotherapy (14). Helicobacter pylori infection is
the strongest and most important risk factor for
stomach cancer (19). Other risk factors include ethnicity,
diet, tobacco use and family history.

Uranium

The 2,232 workers monitored for intakes of radionu-
clides had similar patterns of risk as those monitored for
external radiation. Although intakes were detected for
some 14 different radionuclides, intake of uranium
enriched in uranium-235 was the most frequent. Some
workers received high lung doses (.3 Sv), but the
number of workers was apparently too small to discern a
radiation effect had there been one; i.e., the RR at
100 mSv was estimated to be 1.01 (95% CI 0.89–1.16).
Because of its long half-life, solubility properties and
lack of significant associations in epidemiological
studies, uranium has not been classified as a human
carcinogen (14, 20). The National Research Council
Committee on Toxicology (21) recently evaluated 16
studies of uranium workers and concluded ‘‘that the

TABLE 5
Relative Risk (RR)a for Lung Cancer over Categories of External and Internal Dose to Lung with Doses Lagged

10 Years

Internal dose to lung (mSv)

External dose to lung (mSv)

,5 5–49 $50 Total

,5

No. of workers 3,817 1,436 288 5,541
No. of lung cancers 134 62 11 207
RR (CI) 1.00 (Ref c) 1.23 (0.92–1.65) 1.09 (0.60–1.99) 1.21 (0.91–1.59) b

5–49

No. of workers 45 105 25 175
No. of lung cancers 1 3 2 6
RR (CI) 0.63 (0.09–4.43) 0.81 (0.26–2.51) 2.28 (0.60–8.70) 0.98 (0.44–2.18)

$50

No. of workers 29 43 13 85
No. of lung cancers 0 1 0 1
RR (CI) 0.00 (0.00–3.78) 0.66 (0.09–4.63) 0.00 (0.00–9.13) 0.34 (0.05–2.37)

Total

No. of workers 3,891 1,584 326 5,801
No. of lung cancers 135 66 13 214
RR (CI) 0.38 (0.05–2.72) b 1.19 (0.89–1.58) 1.14 (0.65–1.98) 1.15 (0.88–1.51) b

a Referent category for all RRs is external dose ,5 mSv and internal dose ,5 mSv to lung.
b RR calculated after excluding referent group. That is, the referent group is compared with the 1,724 workers with ,5 mSv internal dose who

developed 73 lung cancers (RR 1.21); with the 74 workers with ,5 mSv external dose who developed 1 lung cancer (RR 0.38); and the 1984
workers with .5 mSv external and/or .5 mSv internal dose who developed 80 lung cancers (RR 1.15).

c Referent category.
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preponderance of evidence indicates that there is not an
appreciable risk of cancer in humans exposed to
uranium.’’ This assessment is consistent with previous
evaluations by the UK Royal Society (22), the IARC
(20) and the Institute of Medicine (23). Uranium from
reprocessing of irradiated fuel is more radioactive than
natural uranium because of contaminants such as
uranium-232, which has a half-life of 72 years (24), but
there presumably was little to no exposure to uranium-
232 among Rocketdyne workers. Recent studies of
uranium millers report no consistent associations
between duration of employment and excess cancers
(25, 26). Studies of workers with estimates of organ
doses from uranium intakes also fail to find clear
evidence of dose–response relationships (1, 27).

Kidney Disease

The possible chemical toxicity of uranium, a heavy
metal, is considered more important for human health
than the risk of cancer from its radioactive properties
(28). Ingesting large amounts of uranium might cause
kidney damage because the kidney is involved in
removing uranium from the body and is a site of
elevated accumulation of uranium. However, renal
damage observed in humans after high intakes of
uranium generally appears to have been transient (29).
Among Rocketdyne workers, the highest doses were
estimated for workers exposed to airborne uranium
aluminide (UAlx) during the fabrication of reactor fuel
plates. Most types of uranium are soluble and leave the
body within a few days, but inhaled UAlx did not leave
the body quickly due to an unexpected delayed dissolu-
tion of the inhaled material (2). Among the 2,232 workers
monitored for intakes of enriched uranium and other
radionuclides, 9 deaths due to non-malignant kidney
disease occurred compared with 8.4 expected (SMR 1.07;
95% CI 0.49–2.04), and 7 deaths due to kidney cancer
occurred compared with 7.7 expected. The absence of
significant increases in kidney disease is consistent with
studies of workers processing uranium that also failed to
reveal consistent evidence of an excess of chronic renal
failure or any cancer that could be attributed to uranium
intake (21, 22, 30). Kidney damage of clinical importance
has rarely if ever been observed in workers exposed to
high levels of soluble uranium compounds (31) or in Gulf
War veterans exposed to depleted uranium from embed-
ded shrapnel (32).

Leukemia

A slight increase in leukemia other than CLL was
observed that was consistent with, though lower than,
statistical predictions from other radiation studies; i.e.,
the RR at 100 mSv for all leukemia excluding CLL was
1.06 (95% CI 0.50–2.23). However, a similar non-
significant increase in CLL (RR 1.36; 95% CI 0.63–2.89),

a malignancy not thought to be caused by radiation (14),
tempers a causal interpretation.

Strengths and Limitations

Strengths of our occupational study include the
cohort design, the long follow-up of up to 60 years,
the capturing of occupational doses received both before
and after employment at Rocketdyne, the computation
and inclusion of organ specific doses from intakes of
radionuclides, the complete roster of all workers
employed in a variety of research programs (including
nuclear fuel fabrication, spent nuclear fuel decladding,
and reactor operation and disassembly), and the large
number of nonexposed workers at the same facilities
available for comparison. Other strengths include the
low percentage of workers who were lost to follow-up
(0.6%) and the low percentage of deaths for which a
specific cause was not available (1.9%).

Limitations of the study include the relatively small
number of workers, possible errors in dosimetry, and the
incomplete knowledge of confounding factors such as
smoking history. Pay type (hourly/salary), however, was
adjusted for in the analyses as a surrogate measure of
socioeconomic class and indirectly for tobacco consump-
tion as supported by a small survey of 300 workers (1).
Further, the overall SMR for smoking-related cancers
was significantly low at 0.88 (95% CI 0.79–0.98), sug-
gesting a low cigarette consumption compared with the
general population. The study is of mortality and not
incidence of disease, for which the number of events and
quality of diagnoses would be expected to be higher. Most
of the diseases of interest, e.g., lung cancer and leukemia,
however, have a high fatality rate over the years of study
so that mortality would reflect incidence fairly closely.
Diseases that have a low fatality rate can be evaluated in
mortality studies, although the statistical power to
identify a significant increase in risk might be lower than
for an incidence survey because of the smaller number of
events. The relatively low cumulative dose, even incor-
porating doses received both before and after Rocketdyne
employment, limits the ability of the study to detect an
effect had there been one. Nonetheless, the mean dose
from external radiation of 13.5 mSv (maximum 1 Sv) and
the mean lung dose from external and internal radiation
combined of 19.0 mSv (maximum 3.6 Sv) are comparable
to the mean doses from the recent, albeit much larger,
international study of radiation workers with mean
external dose of 19.4 mSv and less than 0.1% receiving
cumulative doses over 0.5 Sv (33), and the mean follow-
up of Rocketdyne workers (33.9 years) was longer than in
the 15-country international study (12.7 years). The
recent study of workers in the UK National Registry
for Radiation Workers included 171,541 persons with
mean dose of 24.9 mSv (6% over 0.1 Sv) and mean follow-
up of 22.7 years (34). No worker study, however, has
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found significant increases of cancer below 0.2 Sv, in large
part because of the statistical uncertainties associated
with such low-dose exposures (35).

Personnel monitoring devices and bioassay measure-
ments provide estimates of radiation dose in ways far
superior to those possible for chemical or other agents
found in the workplace, but such estimates are
nonetheless subject to random error and to systematic
biases (36). ‘‘Random error in the measurement of dose
is independent across workers and tends to reduce the
power for detecting effects. Systematic error or bias can
lead to spurious results. Systematic biases can include
inadequate collection of prior or subsequent radiation
work histories, inadequate treatment of the intake of
radionuclides and underestimation of neutron expo-
sures. Other sources of possible bias include medical
radiation procedures, natural background radiation and
even conventions in recording radiation dose, e.g., for
doses below a minimum detectable level (MDL) of the
measurement device setting the dose to either zero or to
the MDL, or assigning a value for missing dose as the
maximum allowed by regulation during the reporting
period. Measurement uncertainties include those associ-
ated with differences in photon energy, exposure
geometry and type of dosimeter’’ (3). The magnitude
of the major sources of potential bias was minimized by
our success in capturing practically all radiation exposures
received elsewhere and by applying the latest ICRP
models to compute organ doses after internal intakes of
radionuclides (2, 3). Inadequate or improper treatment of
worker exposures would likely have underestimated organ
doses and overestimated derived risks per unit dose.

In summary, the long-term follow-up of Rocketdyne
workers exposed to external radiation and internal
radiation, primarily enriched uranium, as early as 1948
has failed to reveal significant excesses of cancers or
nonmalignant diseases. Although limited by a relatively
small sample size and low cumulative occupational doses,
the workers were followed for up to 60 years, and RRs at
100 mSv as low as 1.16 could be excluded with 95%
confidence for lung cancer, 1.17 for all cancers excluding
leukemia and 2.23 for leukemia other than CLL. Larger
combined studies of early workers in the United States
using similar methodologies are warranted to refine and
clarify radiation risks after protracted exposures (37).
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