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A retrospective cohort mortality study was conducted of
workers engaged in nuclear technology development and em-
ployed for at least 6 months at Rocketdyne (Atomics Inter-
national) facilities in California, 1948–1999. Lifetime occu-
pational doses were derived from company records and link-
ages with national dosimetry data sets. International Com-
mission on Radiation Protection (ICRP) biokinetic models
were used to estimate radiation doses to 16 organs or tissues
after the intake of radionuclides. Standardized mortality ra-
tios (SMRs) compared the observed numbers of deaths with
those expected in the general population of California. Cox
proportional hazards models were used to evaluate dose–re-
sponse trends over categories of cumulative radiation dose,
combining external and internal organ-specific doses. There
were 5,801 radiation workers, including 2,232 monitored for
radionuclide intakes. The mean dose from external radiation
was 13.5 mSv (maximum 1 Sv); the mean lung dose from
external and internal radiation combined was 19.0 mSv (max-
imum 3.6 Sv). Vital status was determined for 97.6% of the
workers of whom 25.3% (n � 1,468) had died. The average
period of observation was 27.9 years. All cancers taken to-
gether (SMR 0.93; 95% CI 0.84–1.02) and all leukemia ex-
cluding chronic lymphocytic leukemia (CLL) (SMR 1.21; 95%
CI 0.69–1.97) were not significantly elevated. No SMR was
significantly increased for any cancer or for any other cause
of death. The Cox regression analyses revealed no significant
dose–response trends for any cancer. For all cancers exclud-
ing leukemia, the RR at 100 mSv was estimated as 1.00 (95%
CI 0.81–1.24), and for all leukemia excluding CLL it was 1.34
(95% CI 0.73–2.45). The nonsignificant increase in leukemia
(excluding CLL) was in accord with expectation from other
radiation studies, but a similar nonsignificant increase in CLL
(a malignancy not found to be associated with radiation) tem-
pers a causal interpretation. Radiation exposure has not
caused a detectable increase in cancer deaths in this popula-
tion, but results are limited by small numbers and relatively
low career doses. � 2006 by Radiation Research Society

INTRODUCTION

Studies of workers in the nuclear industry have the po-
tential to provide information on radiation risk after low
doses delivered over many years at a low rate. Compre-
hensive studies have been conducted in the United States
(1–5), the United Kingdom (6, 7), Canada (8, 9) and Japan
(10). Studies of Chernobyl cleanup workers have also been
conducted (11). An international study of workers in three
countries (12) was recently expanded to include workers in
15 countries (13). No consistent pattern of increased radi-
ation risks is seen, however, perhaps due in part to the
relatively low doses and limited number of workers studied;
i.e., when low doses are involved, even a sample size of
100,000 can be insufficient to reveal an underlying radia-
tion effect (14). One exception is the study of Mayak work-
ers in Russia who received rather large exposures to plu-
tonium and external � rays (15–21). In light of these find-
ings, it was somewhat unexpected that a small study of
fewer than 5,000 workers at the Rocketdyne (Atomics In-
ternational) facilities in California exposed to lower occu-
pational doses than in these larger studies reported signifi-
cant increased cancer risks (22–24). The authors acknowl-
edged, however, that their findings would have to be rep-
licated in other series or confirmed in a further follow-up.
The current independent investigation extends the previous
follow-up of the Rocketdyne (Atomics International) study
by 5 years. In addition, somewhat different inclusion cri-
teria were used to select the workers for study, and consid-
erable effort was spent ascertaining lifetime exposure to
occupational radiation and computing individual organ dos-
es from the intake of radionuclides (25, 26).

Rocketdyne (Atomics International) facilities in Califor-
nia include the Santa Susana Field Laboratory (SSFL) and
the Canoga Park and De Soto sites. Atomics International
was dedicated to the research and development of nuclear
energy and operated ten nuclear reactors and seven criti-
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cality facilities over the years. Nine of the ten reactors op-
erated at power levels below 1 MW. Other radiation-related
activities included fabricating nuclear fuel, disassembling
and decontaminating reactor facilities, decladding spent nu-
clear fuel, and storing nuclear material. The radiation work
at the Rocketdyne facilities did not involve any nuclear
weapons activities or the production or testing of nuclear
weapons components. During the years 1958 through 1983,
enriched uranium and plutonium fuels were fabricated for
research, space and power reactors. Rocketdyne, a rocket
engine test facility, merged with Atomics International in
the 1950s. The company was owned and operated by var-
ious companies including North American Aviation, Rock-
well International and The Boeing Company. Rocketdyne
was sold in 2005 to Pratt & Whitney. For the remainder of
this report, ‘‘Rocketdyne’’ will be used to represent all cor-
porate names under which radiation work was conducted
over the past 50 years.

METHODS

The study received human subjects research approval from Vanderbilt
University, The Boeing Company, and the Oak Ridge Site-Wide Insti-
tutional Review Boards.

Cohort Definition

The study cohort comprised all workers who were monitored for ra-
diation at Rocketdyne and employed on or after January 1, 1948 for at
least 6 months. The primary source to identify the radiation worker cohort
was the files in the Radiation Health and Safety Department, which in-
cluded records of all workers ever monitored for radiation at Rocketdyne.
Inclusion in the radiation cohort required evidence of actual radiation
monitoring and confirmation of employment at Rocketdyne. There were
14,169 workers with radiation folders, but only 6,675 had actually been
monitored for radiation. An administrative decision had been made to
issue a radiation folder for all Atomics International employees regardless
of whether they would be involved in radiation work. After 7,204 workers
who were never monitored for radiation, 350 radiation workers employed
for less than 6 months, and 524 workers with insufficient identifying
information were excluded, 5,801 remained eligible for study as radiation
workers.

A Rocketdyne worker population not monitored for radiation was iden-
tified for comparison from work history Kardex cards and computerized
personnel files. Information on Kardex work history cards, copied for
over 35,000 workers, included name, Social Security number, employee
serial number, date of first hire, date of birth, a complete history of jobs
[occupational title, occupational code, pay type (hourly/salary), depart-
ment, date of job change, date of termination], and occasionally prior
employment information. Similar work information was available on a
computerized personnel listing available for over 26,000 workers em-
ployed on or after 1972. These overlapping sources identified 46,970
unique workers and provided the identifying information needed for vital
status tracing. There were 41,169 workers (8,190 SSFL workers and
32,979 workers at the nearby Rocketdyne facilities at Canoga Park and
De Soto) who were not monitored for radiation and who were employed
for at least 6 months on or after January 1, 1948.

Vital Status Determination

Vital status as of December 31, 1999 was sought for all workers. Mor-
tality was determined from the California death tapes (1960–1999), the
California death index (1940–1960), the National Death Index (1979–

1999), Pension Benefit Information (PBI) files, the Social Security Master
File, the Centers for Medicare and Medicaid Services (CMS) beneficiary
files (formerly the Health Care Financing Administration), employment
work history cards, pension records and retirement records. Cause of
death, coded according to the International Classification of Diseases
(ICD) in use at the time of death, was obtained from the California death
tape for those dying in California after 1959 and from the National Death
Index for non-California residents dying after 1978. For all other deaths,
death certificates were sought from company sources or state vital statis-
tics departments and then coded by a trained nosologist for the underlying
cause of death according to the ICD codes in use at the time of death. A
cause of death was obtained for all but 25 (1.7%) of the 1,468 radiation
workers found to have died.

Sources to confirm alive status included company employment and
retirement records, CMS files for study subjects over age 65, and Social
Security Administration files for study subjects under age 65. The 142
(or 2.4%) cohort members not confirmed as alive by these sources or not
found to have died were assumed to be alive up until their date of last
employment at Rocketdyne. For all 46,970 Rocketdyne workers studied,
368 (or 0.8%) were lost to follow-up, and death certificates were obtained
for all but 280 (or 2.5%) of the 11,118 workers who had died.

Assessment of Exposures

The approach to obtaining career doses for the workforce has been
described in detail (25). Briefly, all 14,169 folders in the Radiation Health
and Safety Department were scanned into computer-searchable image
files. All individual folders were evaluated as to whether the worker was
actually monitored for radiation, and each monitored worker was then
classified as to whether he or she was monitored for external radiation,
internal radiation or both. External radiation was abstracted on a year-by-
year basis, and bioassay data on radionuclide intakes were processed so
that yearly doses for 16 organs or tissues could be estimated using current
International Commission on Radiation Protection (ICRP) biokinetic
models. For workers with intakes of uranium aluminide, the ICRP respi-
ratory model was modified to account for delayed dissolution of inhaled
material in the respiratory tract (26). Annual radiation doses received
before and after employment at Rocketdyne were also obtained from
various national databases including the Department of Energy, the Nu-
clear Regulatory Commission, Landauer, Inc., and U.S. military services.
These data were then combined and organ doses estimated for each work-
er taking into account external (both photon and neutron) and internal
radiation exposures. All analyses are based on cumulative occupational
doses received at all places of employment unless otherwise stated.

Analytical Methods

External comparisons contrasted observed number of deaths with that
expected based on mortality rates in the general population of California.
Intra-cohort dose–response comparisons were made using Cox propor-
tional hazards models (27, 28), which contrasted rates of disease over
categories of exposure to both external and internal radiation, controlling
for potential confounding factors.

1. External (SMR) analyses

Observed numbers of deaths from cancers and all other diseases were
counted by race, gender, age and calendar year for workers overall and
for subgroups defined by time since first exposure, duration of employ-
ment, and exposure to external and internal radiation. Expected numbers
of deaths were computed based on race-, age-, calendar year- and gender-
specific mortality rates in the general population of California. 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 (29).

Person-years of follow-up began 6 months after the date of first radi-
ation monitoring or July 1, 1948 depending on which came later. Person-
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TABLE 1
Demographic and Occupational Characteristics of Rocketdyne Workers Who Were

Monitored for External Radiation and Internal Radiation, 1948–1999

Characteristic

Any external

n Percent

Any internal

n Percent

Total

n Percent

Gender

Male 5,281 92.0 2,149 96.3 5,335 92.0
Female 462 8.0 83 3.7 466 8.0

Race

White 4,651 81.0 1,754 78.6 4,695 80.9
Non-white 335 5.8 130 5.8 340 5.8
Missing 757 13.2 348 15.6 766 13.2

Pay type

Hourly 3,243 56.5 1,398 62.6 3,285 56.6
Salary 2,500 43.5 834 37.4 2,516 43.4

Monitored for radiation

External radiation only 3,569 62.1 0 0.0 3,569 61.5
External and internal radiation 2,174 37.9 2,174 97.4 2,174 37.5
Internal radiation only 0 0.0 58 2.6 58 1.0

Radiation monitoring elsewhere

Before Rocketdyne 930 16.2 572 25.6 932 16.1
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
1920–1929 1,657 28.9 582 26.1 1,670 28.8
1930–1939 1,689 29.4 692 31.0 1,701 29.3
1940–1949 755 13.1 384 17.2 769 13.3
1950–1959 524 9.1 192 8.6 534 9.2

�1960 188 3.3 34 1.5 190 3.3

Year of hire

�1948 98 1.7 21 0.9 98 1.7
1948–1959 2,461 42.9 850 38.1 2,471 42.6
1960–1969 1,934 33.7 935 41.9 1,963 33.8
1970–1979 598 10.4 307 13.8 607 10.5
1980–1989 586 10.2 110 4.9 595 10.3

�1990 66 1.1 9 0.4 67 1.2

Year of termination

�1960 319 5.6 10 0.4 319 5.5
1960–1969 2,345 40.8 978 43.8 2,370 40.9
1970–1979 917 16.0 442 19.8 924 15.9
1980–1989 830 14.5 373 16.7 844 14.5
1990–1999 809 14.1 249 11.2 817 14.1

Active (12/31/1999) 523 9.1 180 8.1 527 9.1

Duration of employment (years)

0.5–0.9 211 3.7 87 3.9 215 3.7
1–4 1,708 29.7 690 30.9 1,730 29.8
5–9 1,194 20.8 509 22.8 1,205 20.8

10–14 932 16.2 365 16.4 939 16.2
15–19 575 10.0 213 9.5 579 10.0

�20 741 12.9 257 11.5 748 12.9
Missing 382 6.7 111 5.0 385 6.6

Years of follow-up

�1 94 1.6 9 0.4 95 1.6
1–4 191 3.3 17 0.8 191 3.3
5–9 347 6.0 67 3.0 349 6.0

10–19 873 15.2 260 11.6 886 15.3
20–29 1,062 18.5 532 23.8 1,075 18.5
30–39 2,336 40.7 1,036 46.4 2,360 40.7
40–49 833 14.5 309 13.8 837 14.4

�50 7 0.1 2 0.1 8 0.1
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TABLE 1
Continued

Characteristic

Any external

n Percent

Any internal

n Percent

Total

n Percent

Vital status as of 12/31/1999

Alive 4,153 72.3 1,626 72.8 4,191 72.2
Dead 1,449 25.2 599 26.8 1,468 25.3
Lost to follow-up 141 2.5 7 0.3 142 2.4

Total 5,743 2,232 5,801

years stopped at the date of death, December 31, 1999, age 95 or date
lost to follow-up, whichever came first. Ratios of observed to expected
deaths (or standardized mortality ratios, SMRs) were computed and 95%
confidence intervals (95% CIs) calculated (29). To account for the fa-
vorable mortality experience primarily with respect to cardiovascular and
other diseases seen among newly hired workers, SMR analyses were also
conducted excluding the first 10 years of follow-up after date of hire
(data not shown). Similarly, in some 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. Observed and
expected numbers of deaths were also distributed over categories of ex-
ternal radiation dose and trend analyses were conducted following the
methods of Breslow and colleagues (30–32). Person-years of observation
were distributed to increasingly higher dose categories over time as ra-
diation doses accrued for individual workers; i.e., person-years were not
all assigned to the final cumulative dose category (29). These SMR anal-
yses based on external radiation doses were conducted for all causes of
death to provide a focus for the more robust intra-cohort analyses de-
scribed below that incorporate the internal radiation doses to specific
organs and apply the more powerful Cox regression methods.

2. Intra-cohort dose–response analyses

Intra-cohort (or internal) comparisons would be expected to minimize
any biases that might exist when external comparisons with a general
population are made. Accordingly, intra-cohort dose–response compari-
sons were made to assess risk within the cohort over categories of radi-
ation dose to specific organs. Relative risks were estimated by Cox pro-
portional hazards modeling techniques with trend tests conducted to learn
whether there were significant increases in risk with increasing levels of
radiation dose (27). The nonexposed referent category consisted of Rock-
etdyne workers who were not monitored for radiation. Year of birth, year
of hire, gender, pay type (hourly/salary), and duration of employment
were included in all models. Pay type was considered a surrogate measure
of socio-economic status. Because of their hands-on experience with large
quantities of engine fuels, oxidizers and solvents, rocket test stand me-
chanics were considered a unique group with the highest potential ex-
posure to toxic substances. Overall, there were 1,651 rocket test stand
mechanics, of whom 182 had also been monitored for radiation at some
time during their career. Adjustment for work as a test stand mechanic
was made in the 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. Exposure
categories were selected based on a priori cut points where possible (25).
The parameter estimates and standard errors for the exposure categories
in the Cox models were used to obtain risk (or hazard) ratios and con-
fidence intervals for death due to the cause under investigation compared
to those in the referent group. To allow for a possible latent period be-
tween an exposure and any effect consequent to it, doses were lagged,
i.e., excluded if they occurred during some assumed latent interval prior

to the event of interest. For most intra-cohort dose–response analyses,
doses were lagged 10 years for solid cancers and 2 years for leukemia.

Trend tests were conducted by treating the radiation dose as a single,
time-dependent continuous measure, and one-sided P values are presented
unless otherwise stated. Relative risks at 100 mSv were computed for all
cancers excluding leukemia, all leukemia excluding chronic lymphocytic
leukemia (CLL), and lung cancer.

Analyses were also conducted to assess the impact of the choice of
analytical strategy on the estimates or radiation risk. The ‘‘standard’’ Cox
proportional hazards model included adjustments for year of birth, year
of hire, gender, pay type (hourly/salary), duration of employment, and
work as a rocket test stand mechanic. Workers who held hourly jobs for
at least 20% of their career were classified as hourly workers. Compari-
sons were made with all Rocketdyne workers who were not monitored
for radiation as the referent group, but other referent groups were eval-
uated to learn whether results would be affected. Changes in the RR
estimates at 100 mSv were evaluated for a range of alternative assump-
tions. Analyses were also conducted to examine the possible modifying
effects of age at exposure, attained age, and time since exposure, and
tests of homogeneity were carried out. Finally, doses were lagged at dif-
ferent intervals (5, 10, 15 and 20 years), and analyses were conducted to
compare different choices of lag.

RESULTS

Table 1 presents the demographic and occupational char-
acteristics of the 5,801 radiation workers. The majority of
workers were male (92.0%), white (80.9%), hourly
(56.6%), born prior to 1940 (74.3%), hired prior to 1970
(78.1%), terminated employment prior to 1980 (62.3%),
employed for more than 5 years (59.9%), followed for more
than 30 years (55.2%), and alive as of December 31, 1999
(72.2%). Overall, 61.5% of the workers were monitored
only for external radiation, 37.5% were monitored for both
external and internal radiation, and 1% only for internal
radiation. Nearly 32% (or 1,833) of those monitored for
radiation at Rocketdyne had been employed elsewhere
where they had been monitored for radiation exposures.
Some workers were monitored for radiation both before and
after employment at Rocketdyne. Over 10% (or 604) of the
monitored workers received more exposure elsewhere than
they had received at Rocketdyne (25). Among workers not
monitored for radiation at Rocketdyne, 3.6% (or 1,478) had
been monitored elsewhere (mean dose, 2.6 mSv). Among
the 2,232 (or 38.5%) workers monitored for internal radi-
ation, most (1,940 or 86.9%) had negligible intakes; i.e.,
bioassay measurements indicated that their committed
equivalent dose to any tissue was well below 10 mSv (25)
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TABLE 2
Observed (Obs) Numbers of Deaths and Standardized Mortality Ratios (SMRs)a for Rocketdyne Workers

Monitored for Radiation by Type of Radiation Monitoring (External, Internal)

Type of monitoring Any external radiation Any internal radiationb Totala

No. of workers 5,743 2,232 5,801
Person-years 159,971 67,773 161,605

Cause of death (ICD9) Obs SMRa 95% CI Obs SMRa 95% CI Obs SMRa 95% CI

All causes of death (001–999) 1,449 0.78 0.74–0.82 599 0.81 0.75–0.88 1,468 0.79 0.75–0.83
All malignant neoplasms (140–208) 447 0.89 0.81–0.98 203 1.04 0.90–1.19 456 0.90 0.82–0.99
Buccal cavity and pharynx (140–149) 8 0.62 0.27–1.23 4 0.78 0.21–1.99 8 0.62 0.27–1.22
Esophagus (150) 10 0.72 0.35–1.33 7 1.27 0.51–2.61 12 0.86 0.44–1.50
Stomach (151) 21 1.18 0.73–1.81 12 1.70 0.88–2.97 21 1.17 0.73–1.79
Colorectal (153–154) 56 1.13 0.85–1.47 26 1.35 0.89–1.97 56 1.13 0.85–1.47
Biliary passages and liver (155, 156) 5 0.37 0.12–0.87 1 0.19 0.01–1.04 5 0.37 0.12–0.86
Pancreas (157) 21 0.80 0.50–1.23 9 0.88 0.40–1.67 21 0.80 0.49–1.22
Larynx (161) 9 1.64 0.75–3.11 6 2.74 1.01–5.96 9 1.63 0.74–3.09
Bronchus, trachea and lung (162) 148 0.88 0.75–1.04 69 1.05 0.81–1.32 151 0.89 0.76–1.05
Breast (174, 175) 5 0.89 0.29–2.07 1 0.81 0.02–4.52 5 0.88 0.29–2.05
All uterine (females only) (179–182) 0 (1.2) 0.00–3.02 0 (0.2) 0.00–15.20 0 (1.2) 0.00–2.99
Cervix uteri (180) 0 (0.6) 0.00–5.84 0 (0.1) 0.00–28.52 0 (0.6) 0.00–5.78
Other female genital organs (183–184) 0 (1.7) 0.00–2.22 0 (0.3) 0.00–11.48 0 (1.7) 0.00–2.20
Prostate (males only) (185) 37 0.94 0.66–1.30 17 1.11 0.65–1.78 37 0.93 0.66–1.29
Testes and other male genital organs (186,

187)
1 0.69 0.02–3.86 1 1.58 0.04–8.79 1 0.69 0.02–3.82

Kidney (189.0–189.2) 11 0.87 0.43–1.55 7 1.39 0.56–2.86 12 0.94 0.49–1.64
Bladder and other urinary (188, 189.3–

189.9)
8 0.66 0.28–1.30 3 0.64 0.13–1.86 8 0.65 0.28–1.29

Melanoma of skin (172) 7 0.72 0.29–1.49 4 1.02 0.28–2.60 8 0.82 0.35–1.62
Brain and CNS (191–192) 15 1.02 0.57–1.68 5 0.84 0.27–1.96 17 1.15 0.67–1.83
Thyroid and other endocrine glands (193–

194)
0 (1.6) 0.00–2.30 0 (0.6) 0.00–5.84 0 (1.6) 0.00–2.29

Bone (170) 0 (1.0) 0.00–3.55 0 (0.4) 0.00–8.73 0 (1.0) 0.00–3.52
All lymphatic, hematopoietic tissue (200–

208)
51 1.03 0.77–1.36 21 1.07 0.66–1.64 51 1.03 0.76–1.35

Hodgkins lymphoma (201) 5 2.00 0.65–4.68 2 1.92 0.23–6.93 5 1.99 0.65–4.63
Non-Hodgkins lymphoma (200, 202) 19 0.98 0.59–1.54 8 1.05 0.45–2.06 19 0.98 0.59–1.52
Multiple myeloma (203) 2 0.24 0.03–0.86 1 0.31 0.01–1.70 2 0.24 0.03–0.86
Leukemia and aleukemia (204–208) 25 1.34 0.87–1.98 10 1.35 0.65–2.49 25 1.33 0.86–1.97
Chronic lymphocytic leukemia (204.1) 7 2.06 0.83–4.24 4 3.03 0.83–7.76 7 2.04 0.82–4.21
Leukemia other than CLL 18 1.17 0.70–1.85 6 0.98 0.36–2.13 18 1.16 0.69–1.84
Pleura and peritonium (158.8, 158.9, 163)

and mesothelioma (ICD 10 C45)
1 1.01 0.03–5.65 0 (0.4) 0.00–9.55 1 1.01 0.03–5.61

Smoking-related cancers (140–150, 161–
162, 157, 188, 189)

215 0.86 0.75–0.98 105 1.06 0.87–1.29 221 0.87 0.76–1.00

AIDS (042–044, 795.8) 1 0.06 0.00–0.33 0 (7.8) 0.00–0.47 1 0.06 0.00–0.33
Diabetes (250) 18 0.57 0.34–0.90 8 0.64 0.28–1.26 18 0.56 0.33–0.89
Mental and behavioral disorders (290–

319)
13 0.75 0.40–1.28 5 0.70 0.23–1.64 13 0.74 0.39–1.27

Diseases of the nervous system and sense
organs (320–389)

30 0.97 0.65–1.38 9 0.75 0.34–1.42 30 0.96 0.65–1.37

Cerebrovascular disease (430–438) 66 0.71 0.55–0.90 32 0.89 0.61–1.26 67 0.71 0.55–0.91
All heart disease (390–398, 404, 410–

429)
494 0.77 0.71–0.85 191 0.76 0.66–0.88 499 0.78 0.71–0.85

Non-malignant respiratory disease, ex-
cluding influenza and pneumonia (460–
479, 488–519)

67 0.66 0.51–0.84 32 0.82 0.56–1.16 68 0.67 0.52–0.84

Emphysema (492) 17 0.75 0.44–1.20 9 1.03 0.47–1.95 17 0.75 0.43–1.19
Cirrhosis of liver (571) 37 0.52 0.37–0.72 15 0.51 0.29–0.85 38 0.53 0.38–0.73
Nephritis and nephrosis (580-589) 12 1.19 0.62–2.08 4 1.01 0.28–2.59 12 1.18 0.61–2.06
All external causes of death (800–999) 106 0.67 0.55–0.81 37 0.53 0.38–0.74 106 0.67 0.55–0.81
Accidents (850–949) 60 0.66 0.50–0.84 20 0.50 0.30–0.77 60 0.65 0.49–0.83
Suicides (950–959) 31 0.67 0.46–0.96 9 0.46 0.21–0.87 31 0.67 0.45–0.95
Unknown causes of death 25 8 25

a Expected number of deaths is shown in parentheses when the observed number is zero.
b All but 58 workers monitored for internal uptake of radionuclides were also monitored for external radiation.
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and thus was very small compared to the cumulative dose
received from natural background radiation.

Table 2 presents the standardized mortality ratios for 44
causes of death by type of radiation monitoring, comparing
the observed numbers of deaths with those expected in the
general population of California. The Rocketdyne radiation
workers had a lower risk of dying from all causes (SMR
0.79; 1,468 observed compared to 1,870 expected) and
from all cancers (SMR 0.90; 456 observed compared to 505
expected) than the general California population.

Overall, there were no significantly elevated SMRs for
any site or for all cancers combined (SMR 0.90; 95% CI
0.8–1.0). Lung cancer was not increased (SMR 0.89; 95%
CI 0.76–1.05), nor were other sites of interest, i.e., cancers
of the liver (SMR 0.37, n � 5), bone (SMR 0.0), esophagus
(SMR 0.85; n � 12) and kidney (SMR 0.94, n � 12). All
leukemias combined were slightly elevated, but not signif-
icantly (SMR 1.33, n � 25), and the SMR for chronic lym-
phocytic leukemia (CLL) was higher (SMR 2.04) than the
SMR for the other leukemias (SMR 1.16). Significant def-
icits were seen for heart disease, cerebrovascular disease,
cirrhosis of the liver and all external causes of death. Only
one death due to mesothelioma or cancer of the pleura was
observed compared to 1.0 expected.

SMRs for the subset of 2,232 workers who were moni-
tored for internal radiation were slightly higher than for the
5,743 workers monitored for external radiation, but not sig-
nificantly. Practically all the workers monitored for internal
radiation (97.5%) were also monitored for external expo-
sures. Most workers monitored for internal radiation had
insignificant intakes of radionuclides based on bioassay
measurements and other internal monitoring data; i.e., the
projected lifetime doses were small compared with doses
normally received from natural background sources of ra-
diation, and only 292 workers had levels sufficiently high
to warrant detailed organ dose determination (25). The cri-
terion for selecting workers for assessment of organ doses
from internally deposited radionuclides was that projected
lifetime equivalent doses from all intakes combined were
at least 10 mSv to any tissue (25). Among workers moni-
tored for internal radiation, an increase of cancer of the
larynx was of borderline significance (SMR 2.74; 95% CI
1.0–6.0; n � 6) as was a decrease of cancer of the liver
(SMR 0.19, 95% CI 0.0–1.0; n � 1). Cancers of the kidney
(SMR 1.39; n � 7), bladder (SMR 0.64; n � 3), bone
(SMR � 0.0), pancreas (SMR�0.88; n � 9) and prostate
(SMR 1.11; n � 17) were not significantly increased or
decreased. Workers monitored for internal radiation had
higher SMRs than workers monitored for external radiation
for lung cancer (SMR 1.05 compared to 0.88) and for all
smoking-related sites combined (SMR 1.06 compared to
0.86), but these differences were not significant.

To account for the healthy worker effect and to exclude
follow-up years for which adverse effects from occupation-
al exposure would be unlikely to occur, analyses were also
conducted that excluded the first 10 years of follow-up ex-

cept for leukemia, where the first 2 years are excluded (data
not shown). Exclusion of these early years of observation
did not change the results appreciably; i.e., the Rocketdyne
workforce still was seen to have a lower risk of death than
the general population of California for all causes (SMR
0.80; 95% CI 0.76–0.85) and for all cancers taken together
(SMR 0.93; 95% CI 0.84–1.02). Because most of the work-
force had terminated employment 20 years prior to the
close of study, the so-called healthy worker effect related
to continued employment would be expected to be dimin-
ished for cancers as observed.

Table 3 presents observed numbers of deaths with those
expected in the general population of California for 35
cause of death categories for all workers ever monitored
for radiation at Rocketdyne. The seven categories of exter-
nal radiation dose included exposures received before, dur-
ing and after employment at Rocketdyne. Internal radiation
doses are not included. Doses are lagged 10 years for solid
cancers and 2 years for leukemia. Among the 281 workers
who accumulated more than 50 mSv, 29 cancer deaths oc-
curred and 30 were expected. Few workers, only 63, had
cumulative external doses greater than 200 mSv and only
six cancer deaths (compared to 5.3 expected) occurred
among these workers.

The Poisson trend P values (31) in Table 3 are two-sided
since many of the diseases are not considered radiogenic,
e.g. diabetes or suicide. The Poisson trend statistic for in-
directly standardized rates can be regarded as a rough ap-
proximation to the more robust methods used for Table 4,
i.e., Cox time-dependent regression analyses incorporating
internal radiation dose to specific organs. Nonetheless, the
trend tests for Table 3 provide indications of the variation in
causes of death over dose categories and direct attention to
sites for which additional attention is warranted in Table 4.

Trends in the observed to expected numbers of cancer
deaths over categories of external radiation dose were eval-
uated for 20 individual cancers, of which 10 were positive
and 10 were negative, a distribution consistent with chance
(Table 3). A significant negative association with external
dose was seen for all causes of death combined, which
stemmed mainly from significant negative trends for heart
disease and non-malignant respiratory disease. The trends
for all cancers combined and for lung cancer were not sig-
nificant. A trend of borderline significance (P � 0.04) was
seen for stomach cancer that appeared to be driven by a
low SMR among the ‘‘not monitored’’ group. A significant
trend in all leukemias combined was due primarily to a
significant trend in CLL, a site not considered inducible by
radiation (37). The trend for the non-CLL leukemias known
to be associated with radiation was not significant (P �
0.18).

Table 4 presents intra-cohort dose–response analyses for
13 cancer categories and nonmalignant respiratory disease
based on Cox proportional hazards models combining ex-
ternal radiation dose with organ-specific internal radiation
dose. As described in detail elsewhere (25), the organ doses
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TABLE 3
Observed (Obs) and Expecteda (Exp) 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)
No. of workers starting interval

Person-years of observation

Not monitored
41,169

1,133,261

�5
5,762

116,650

5�
1,249

14,671

Cause of death (ICD9) Obs Expa Obs Exp Obs Exp

All causes of death (001–999) 9650 10,951.2 937 1196.5 179 219.9
All malignant neoplasms (140–208) 2733 2950 270 317.4 57 60
Buccal cavity and pharynx (140–149) 56 72.7 3 8.2 1 1.5
Esophagus (150) 61 73.6 7 8.6 2 1.7
Stomach (151) 88 101.3 11 11.4 1 2.1
Colorectal (153–154) 247 290.2 36 31.3 3 6
Biliary passages and liver (155–156) 56 76.4 4 8.4 0 1.6
Pancreas (157) 148 151.8 10 16.5 3 3.1
Larynx (161) 33 29.3 3 3.5 2 0.7
Bronchus, trachea, lung (162) 917 931.4 97 105 17 20.2
Breast (174–175) 103 114.5 5 4.7 0 0.4
Prostate (males only) (185) 192 197.4 22 23.6 7 5.3
Kidney (189.0–189.2) 74 69.9 5 8 1 1.5
Bladder and other urinary (188, 189.3–189.9) 57 66.0 7 7.5 0 1.5
Melanoma of skin (172) 47 55.4 5 6.3 2 1.1
Brain and CNS (191–192) 85 87.5 11 9.7 2 1.7
All lymphatic, hematopoietic tissue (200–208) 263 287.9 24 31.7 12 5.8

Hodgkins lymphoma (201) 18 16.2 4 1.9 0 0.2
Non-Hodgkins lymphoma (200, 202) 103 112.7 8 12.3 8 2.3
Multiple myeloma (203) 40 47.7 0 5.2 1 1
Leukemia and aleukemia (204–208) 99 108.1 12 11.3 3 2.4
Chronic lymphocytic leukemia (204.1) 18 18.7 2 2 1 0.4
Leukemia other than CLL 81 90.2 10 9.3 2 2

Pleura and peritonium (158.8, 158.9, 163) and mesothelioma (ICD 10 C45)c 7 5.4 0 0.6 1 0.1
Smoking-related cancers (140–150, 161–162, 157, 188, 189) 1346 1394.6 132 157.3 26 30.2
Diabetes (250) 157 189.2 11 20.2 2 3.8
Cerebrovascular disease (430–438) 486 580.1 42 59.5 12 11.7
All heart disease (390–398, 410–429) 3339 3633.1 313 406.5 57 77.5
Non-malignant respiratory disease, excluding influenza and pneumonia

(460–479, 488–519) 571 587.6 42 62.9 14 12.8
Emphysema (492) 121 133.2 12 14.5 2 2.8
Cirrhosis of liver (571) 234 410.6 29 47.2 4 7.7
Nephritis and nephrosis (580-589) 58 60.2 8 6.5 3 1.2
All external causes of death (800–999) 671 1004 89 114.3 7 14.7

Accidents (850–949) 399 585.4 50 67.4 4 8.4
Suicides (950–959) 215 285.5 26 32.7 2 4.6

Unknown causes of death 255 17 1

a Expected number 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 (31). 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 (27).

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.

from internal radionuclides were computed using ICRP
biokinetic models on a year-by-year basis after intake and
combined with the yearly external doses for these time-
dependent analyses. These causes of cancer death were se-
lected because of a priori interest as radiosensitive sites,
e.g. leukemia, or if the total number of deaths was at least
20. The large nonexposed group of workers was taken as
the referent category to provide statistical stability in the
risk estimates and trend evaluations. These intra-cohort

analyses are considered more valid than the SMR analyses
presented in Table 3 because potential biases associated
with general population comparisons are eliminated. Anal-
yses were adjusted for SES (i.e. pay type), duration of em-
ployment, year of birth, year of hire, and gender.

The all-cancer (excluding leukemia) analyses were over
categories of external dose, whereas the categories for the
other cancers incorporated both external and internal radi-
ation doses to specific organs (25). The number of workers
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TABLE 3
Extended

10�
1,200

22,983

Obs Exp

50�
281

3,821

Obs Exp

100�
146

2,251

Obs Exp

�200
63

1,229

Obs Exp

Total
(monitored)

5,801
161,605

Obs Exp

Trend test,
P valueb

(direction)

270 348.5 39 58.9 26 30 17 18.2 1468 1872 �0.01 (�)
100 98 9 16.1 14 8.7 6 5.3 456 505.6 0.60 (�)

3 2.5 1 0.4 0 0.2 0 0.1 8 12.9 0.78 (�)
3 2.8 0 0.5 0 0.3 0 0.2 12 14 0.90 (�)
6 3.4 2 0.6 0 0.3 1 0.2 21 17.9 0.04 (�)

14 9.7 1 1.6 2 0.8 0 0.5 56 50 0.09 (�)
1 2.7 0 0.4 0 0.2 0 0.2 5 13.5 0.13 (�)
7 5.1 1 0.8 0 0.5 0 0.3 21 26.4 0.82 (�)
4 1.1 0 0.2 0 0.1 0 0.1 9 5.5 0.19 (�)

28 33.5 0 5.4 6 3.1 3 1.9 151 169 0.36 (�)
0 0.5 0 0.1 0 0 0 0 5 5.7 0.61 (�)
6 8.3 0 1.4 2 0.7 0 0.4 37 39.7 0.73 (�)
3 2.5 1 0.4 2 0.2 0 0.1 12 12.8 0.28 (�)
1 2.4 0 0.4 0 0.2 0 0.1 8 12.3 0.22 (�)
1 1.8 0 0.3 0 0.2 0 0.1 8 9.8 0.70 (�)
2 2.7 2 0.5 0 0.3 0 0.2 17 14.9 0.67 (�)

11 9.4 1 1.6 1 0.8 2 0.5 51 49.8 0.08 (�)
0 0.3 0 0.1 0 0 1 0 5 2.5 0.31 (�)
3 3.7 0 0.6 0 0.3 0 0.2 19 19.5 0.76 (�)
1 1.7 0 0.3 0 0.1 0 0.1 2 8.4 0.22b (�)
7 3.9 1 0.6 1 0.3 1 0.2 25 18.8 0.01 (�)
3 0.7 0 0.1 1 0.1 0 0 7 3.4 �0.01 (�)
4 3.2 1 0.5 0 0.3 1 0.2 18 15.5 0.18 (�)
0 0.2 0 0 0 0 0 0 1 1 0.95b (�)

49 50 3 8.2 8 4.5 3 2.8 221 252.9 0.57 (�)
3 6.2 0 1 1 0.5 1 0.3 18 32.1 0.39 (�)
9 17.5 4 3.1 0 1.3 0 0.8 67 93.9 0.20 (�)

101 122 15 20.8 7 10.3 6 6.2 499 643.4 0.01 (�)

9 20.4 2 3.4 1 1.7 0 1.1 68 102.3 �0.01 (�)
2 4.3 0 0.7 1 0.3 0 0.2 17 22.8 0.40 (�)
1 12.7 3 2.1 1 1.2 0 0.7 38 71.7 0.39 (�)
1 1.9 0 0.3 0 0.1 0 0.1 12 10.1 0.98 (�)
8 22.9 2 3.9 0 2.2 0 1.2 106 159.2 0.10 (�)
5 13 1 2.2 0 1.2 0 0.7 60 92.8 0.16 (�)
3 7.2 0 1.2 0 0.7 0 0.4 31 46.8 0.13 (�)
5 1 0 1 25

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 (25). Only the numbers for the ‘‘all cancer
excluding leukemia’’ category are present based on external
dose because, other than for lung dose and bone marrow
dose the contribution of internal radiation was not that ap-
preciable. The variations for lung and bone marrow dose
are presented in Table 4. Because of small numbers, high-
dose categories had to be combined for model convergence
for most sites. No analyses were conducted using effective
dose—a unit used in radiation protection that, while gen-
erally related to future risk, is not appropriate for retro-
spective epidemiological evaluation of radiation risks to
specific organs or tissue (34). Doses were lagged by 10

years for solid cancers and by 2 years for leukemia. All P
values are one-sided.

There were no significant increases seen for all solid can-
cers taken together (Fig. 1), lung cancer or any other cancer
(Table 4). Nonsignificant increasing trends were seen for
kidney cancer, brain cancer, leukemia and lymphomas, and
nonsignificant decreasing trends were seen for cancers of
the colon and rectum, pancreas, prostate and bladder and
for nonmalignant respiratory disease. Stomach cancer did
not show a significant trend (P � 0.25), in contrast to the
SMR analysis presented in Table 3. Analyses were limited
due to small numbers for some cancers; e.g., only three
kidney cancers occurred among workers exposed to �50
mSv (P � 0.11) and only one bladder cancer occurred
among workers exposed to �10 mSv (P � 0.13). The risk
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TABLE 4
Intra-cohort Dose–Responsea and Relative Risk (RR) Computations for Selected Cancers for Workers

Monitored for Radiation 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 Not monitored �5

All cancers, excluding leukemia Person-years 1,133,261 116,650
No. of workersd 41,169 5,762

Observed 2,635 258
RR 1.00 0.90

95% CI Ref 0.78–1.04
Stomach (151) Observed 88 11

RR 1.00 1.04
95% CI Ref 0.50–2.16

Colorectal (153–154) Observed 247 36
RR 1.00 1.14

95% CI Ref 0.76–1.70
Pancreas (157) Observed 148 10

RR 1.00 0.63
95% CI Ref 0.32–1.24

Bronchus, trachea, lung (162) Observed 917 96
RR 1.00 0.99

95% CI Ref 0.78–1.25
Prostate (males only) (185) Observed 192 22

RR 1.00 0.83
95% CI Ref 0.51–1.37

Kidney (189.0–189.2) Observed 74 5
RR 1.00 0.53

95% CI Ref 0.20–1.47
Bladder and other urinary (188, 189.3–189.5) Observed 57 7

RR 1.00 1.12
95% CI Ref 0.44–2.84

Brain and CNS (191–192) Observed 85 11
RR 1.00 1.21

95% CI Ref 0.62–2.37
All lymphatic and hematopoietic tissue (200–208) Observed 263 24

RR 1.00 0.85
95% CI Ref 0.54–1.32

All lymphoma (2000–2003) Observed 161 12
RR 1.00 0.69

95% CI Ref 0.37–1.30
Leukemia excluding CLL Observed 80 10

RR 1.00 1.23
95% CI Ref 0.62–2.45

Chronic lymphocytic leukemia (204.1) Observed 18 2
RR 1.00 0.90

95% CI Ref 0.19–4.20
Non-malignant respiratory disease, excluding influenza and pneumonia
(460–479, 488–519) Observed 792 70

RR 1.00 0.80
95% CI Ref 0.61–1.05

a All models adjusted for year of birth, year of hire, gender, internal monitoring, pay type (hourly/salary), duration of employment, and work as a
test stand mechanic.

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 (27). (�) denotes a positive trend,
(�) 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 changed appreciably; i.e., for lung the numbers
starting each lung dose category are 5,762, 1,229, 1,293, 412 and 102 and for leukemia excluding CLL the numbers starting each bone marrow dose
category are 5,762, 1,316, 1,258, 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 50–199 mSv were combined; dose categories 5–49 mSv and �50 mSv were combined for kidney cancer and for non-malignant
respiratory disease; and �5 mSv for bladder cancer. For lung cancer, the RR (95% CI) for �50 mSv was 0.77 (0.39–1.55).
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TABLE 4
Extended

5� 10� 50� 100� �200
Trend teste P value

(direction)

14,671 22,983 3,821 2,251 1,229
1,249 1,200 281 146 63 0.45 (�)

54 93 8 13 5
0.94 1.00 0.53 1.60 1.11

0.70–1.27 0.77–1.29 0.26–1.07 0.90–2.86 0.45–2.73
1 6 3e 0.25 (�)
0.40 1.42 2.33 — —

0.05–3.21 0.46–4.43 0.55–9.84 — —
3 14 3e 0.24 (�)
0.43 1.14 0.76 — —

0.12–1.38 0.57–2.29 0.22–2.64 — —
3 7 1e 0.29 (�)
1.03 1.52 0.73 — —

0.29–3.63 0.57–4.05 0.09–5.94 — —
17 28 5e 5 0.38 (�)

0.91 0.86 0.51 — 1.73
0.53–1.54 0.55–1.37 0.20–1.28 — 0.67–4.45

7 6 2e 0.40 (�)
1.03 0.54 0.56 — —

0.42–2.50 0.20–1.43 0.12–2.56 — —
4e — 3e 0.11 (�)
0.67 2.43 — —

0.17–2.66 0.50–11.9 — —
1e — — — — 0.13 (�)
0.23 — — — —

0.02–2.21 — — — —
2 2 2e 0.44 (�)
1.44 0.92 3.12 — —

0.32–6.40 0.20–4.29 0.63–15.5 — —
12 11 4e 0.10 (�)
2.44 1.36 1.64 — —

1.25–4.75 0.66–2.80 0.55–4.90 — —
9 4 1e 0.30 (�)
2.96 0.79 0.64 — —

1.30–6.74 0.25–2.46 0.08–5.07 — —
2 4 2 0.18 (�)
1.28 1.63 2.78 — —

0.29–5.69 0.49–5.36 0.56–13.8 — —
1 3 1e 0.21 (�)
1.96 3.52 3.89 — —

0.20–18.8 0.62–19.9 0.34–44.8 — —

32e 4e 0.10 (�)
0.61 — 0.29 — —

0.38–0.97 — 0.10–0.83 — —

of leukemia (excluding CLL) tended to increase over in-
creasing categories of radiation dose to active bone marrow
(Fig. 2), but the trend was not significant (P � 0.18). 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 (37).

Table 5 presents analyses to assess the impact of the
choice of analytical strategy on the estimate of risk for all
cancers (excluding leukemia), lung cancer and leukemia

(excluding CLL). The relative risk (RR) at 100 mSv is pre-
sented first for the standard Cox model, which includes all
the adjustment factors, and then the RR at 100 mSv is pre-
sented for different models depending on the variable to be
evaluated. For the standard model, the RR at 100 mSv for
all cancers (excluding leukemia), lung cancer and leukemia
(excluding CLL) were estimated to be 1.00 (95% CI 0.81–
1.24), 0.99 (95% CI 0.86–1.13) and 1.34 (95% CI 0.73–
2.45), respectively. The choice of referent population did
not have an effect on the estimate of risk; i.e., the RR was
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FIG. 1. Intra-cohort relative risk (RR) computations for all cancer combined (excluding leukemia) for workers monitored for radiation over categories
of external radiation dose with doses lagged 10 years (Table 4). Number of workers starting each interval presented. Rocketdyne workers not monitored
for radiation used as referent. 95% CI presented. P for linear trend � 0.45.

FIG. 2. Inta-cohort relative risk (RR) computations for leukemia (excluding CLL) for workers monitored for radiation over categories of bone
marrow dose with doses lagged 2 years (Table 4). Number of workers starting each dose interval presented. Rocketdyne workers not monitored for
radiation used as referent. 95% CI presented. P for linear trend � 0.18.

similar whether all Rocketdyne workers, all SSFL workers
or only monitored workers were analyzed. Restricting the
analysis to workers who were not monitored for internal
radiation or neutrons or who were not test stand mechanics
reduced the estimate of risk but not significantly. Excluding
the 292 workers with measurable bioassay or other internal
monitoring measurements also failed to influence the mea-
sures of radiation risk. Limiting the analyses, however, to
include only the dose received at Rocketdyne and excluding
the dose received at other facilities resulted in higher esti-
mates of risk; i.e., the RR at 100 mSv for all cancers ex-

cluding leukemia increased from 1.00 to 1.11 and for all
leukemia excluding CLL from 1.34 to 1.69.

A sensitivity analysis was also conducted to evaluate the
possible effect of socio-economic status, duration of em-
ployment, gender, age, calendar year and potential exposure
to chemicals. No appreciable changes in the RR were seen
when adjustment for any of these variables was not made
(Table 5).

Relative risk estimates at 100 mSv were also computed
for all cancers excluding leukemia, lung cancer and leu-
kemia excluding CLL by attained age, age at exposure,
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TABLE 5
Relative Risk (RR) Estimates at 100 mSv for All Cancers Combined (Excluding Leukemia), Lung Cancer, and

All Leukemia Combined (Excluding CLL) Using Alternative Analytical Strategies

Subpopulation

All cancers excluding
leukemia

Deathsa RRb 95% CI

Lung cancer

Deathsa RRb 95% CI

Leukemia excluding CLL

Deathsa RRb 95% CI

Standardc 431 1.00 0.81–1.24 151 0.99 0.86–1.13 18 1.34 0.73–2.45

Study populations

Monitored workers onlyd 431 1.01 0.82–1.26 151 0.98 0.85–1.13 18 1.34 0.74–2.43
Rocketdyne dose onlyd,e 431 1.11 0.81–1.52 151 0.98 0.84–1.15 18 1.69 0.72–3.96
Restricted dosimetry-internald,f 400 1.00 0.78–1.29 142 1.00 0.64–1.55 16 1.29 0.65–2.58

Unadjusted for test stand work 431 1.00 0.81–1.24 151 0.99 0.86–1.13 18 1.34 0.73–2.46
Unadjusted for pay type 431 0.94 0.75–1.18 151 0.98 0.83–1.16 18 1.33 0.72–2.45
Unadjusted for duration of employment 431 1.02 0.82–1.25 151 0.99 0.86–1.13 18 1.34 0.73–2.45
Unadjusted for gender 431 1.00 0.81–1.24 151 0.99 0.86–1.13 18 1.33 0.73–2.45
Unadjusted for year of birth 431 0.96 0.76–1.21 151 0.99 0.84–1.18 18 1.34 0.70–2.57
Unadjusted for year of hire 431 1.01 0.82–1.25 151 0.99 0.86–1.13 18 1.36 0.76–2.43

a Deaths among workers monitored for radiation.
b RR at 100 mSv.
c Full Cox proportional hazards model with time-dependent measure for exposure and adjustment for year of birth, year of hire, gender, internal

monitoring, pay type (hourly/salary), duration of employment, and work as a rocket test stand mechanic. All Rocketdyne workers are included in these
analyses, with all non-monitored workers combined as the referent category.

d Includes only the 5,801 workers monitored for radiation while working at Rocketdyne.
e Excludes any dose received both before and after employment at Rocketdyne.
f Excludes the 292 workers with the highest intakes of radionuclides.

time since exposure and different exposure lags (data not
shown). No significant differences were observed over cat-
egories of attained age, age at exposure or time since last
exposure. For leukemia excluding CLL, the RR at 100 mSv
was higher at the youngest ages at exposure than at older
ages, but the differences were not significant. The RR at
100 mSv also was seen to decrease with increasing lag
intervals but not significantly.

DISCUSSION

The absence of any consistent or significant radiation as-
sociation for any cancer, including leukemia, reflects the
relatively low occupational doses experienced by the work-
ers (mean 13.5 mSv) and the relatively small number of
radiation workers studied (n � 5,801). Some workers did
receive high lung doses (�1 Sv) after intakes of radionu-
clides, but the number (just over 100) was apparently too
small to discern a radiation effect had there been one. A
slight increase in leukemia excluding CLL was observed
that was consistent with predictions from other radiation
studies; however, the increase was not significant, and an
even greater increase was seen for CLL, which is not
thought to be induced by radiation (14, 34–37, 45). Based
on small numbers, a positive association between radiation
and kidney cancer and a negative association between ra-
diation and bladder cancer were observed, which seem to
exemplify the play of chance when so many multiple com-
parisons are made. Similarly, but based on larger numbers,
a positive association for stomach cancer could be contrast-
ed with a negative association for colorectal cancer. The

study is noteworthy in that occupational doses received
both before and after employment at Rocketdyne were in-
corporated in the analysis, as were organ doses from the
intake of radionuclides (25, 26). A large nonexposed work-
er population was also available for comparison.

The occupational doses received by most workers in this
study (mean 13.5 mSv) were much lower than what they
received from natural background sources of radiation dur-
ing their lifetimes (of the order of 180 mSv) and from med-
ical sources of radiation (of the order of 30 mSv) (14).
Detecting a radiation effect from a low occupational dose
in the presence of much larger natural and man-made sourc-
es is problematic, and the play of chance, bias and con-
founding takes on a more important role than when expo-
sures are high.

Comparisons with Previous Radiation Studies

Studies of workers in the nuclear industry have not found
consistent associations between radiation and increased
cancer risks, but the power of the studies has been limited
by the relatively low doses received and/or the small study
sizes. Large combined studies of workers in the United
States have not reported increases in leukemia, the malig-
nancy that can occur as early as 2 years after exposure and
that is most frequently seen in populations exposed to high
doses (1, 14). In a large combined study of workers in three
countries, a significant excess of leukemia was reported but
only at one facility and at a cumulative dose greater than
400 mSv (12, 38). No increase in solid cancers was ob-
served (12). In an expanded 15-country study (13), the risk
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of leukemia was no longer significant, and for the first time
a significant risk for solid cancers was reported. However,
confounding by tobacco use was likely since the solid can-
cer increase was due entirely to an abnormally high risk of
lung cancer (39). Further, the cancer excess appeared con-
centrated in only one of the 15 counties.

Large studies of workers in the United Kingdom, Canada
and Japan and of workers at U.S. navy shipyards and in
the U.S. nuclear industry also have failed to find significant
increases in leukemia (3–6, 8, 10, 40, 41). A recent follow-
up of workers at the Portsmouth Naval Shipyard reported
a significant dose–response trend for leukemia (42). How-
ever, the report is difficult to interpret because CLL was
apparently included in the analysis, the exposed workers
did not have an elevated risk of leukemia but rather the
referent group had a significantly low risk, and a previous
case-control study within the cohort had linked leukemia
elevations to solvent use and not radiation (43). The most
recent analysis of the Portsmouth Naval Shipyard study ad-
justed for potential confounders such as organic solvents,
and the excess of leukemia, which still included CLL, was
no longer significant (44). Issues of potential study biases
and confounding become increasingly important when the
radiation dose and corresponding risk are low (9).

Increased risks of leukemia have been reported among
workers at the Mayak facility in Russia but only at cumu-
lative external doses in excess of 1 Sv and not among work-
ers exposed primarily to plutonium (15, 16, 20). In our
investigation, the average cumulative bone marrow dose,
including external and internal contributions to dose, was
only 14 mSv, and no bone marrow dose exceeded 1 Sv.
For all monitored workers in our study, the SMR for CLL
was 2.25 (n � 7), whereas for leukemia excluding CLL it
was lower (SMR 1.21; n � 16). For leukemia excluding
CLL, the relative risk at 100 mSv was estimated as 1.34
(95% CI 0.73–2.45) and was in line with what might be
predicted from other studies of higher exposures (14, 37,
45). Nonetheless, the increase was not significant, and the
higher risk seen for CLL, which is not considered radiation
inducible, adds caution to a causal interpretation.

Except for underground miners exposed to high levels of
radon (46) and Mayak workers who inhaled high levels of
plutonium (16, 47–49), increased lung cancer risks have not
been consistently or convincingly identified among occu-
pationally exposed workers (14, 36). No increases were ob-
served in the international study of workers in three coun-
tries or in studies of U.S., Japanese or UK workers (1, 5,
6, 10, 12, 50). Combined studies of 120,000 non-mining
workers involved with uranium processing and fabrication
have also failed to reveal any increases in lung cancer or
any other cancer (51). A comprehensive case-control study
of 787 lung cancer cases among workers at three uranium
processing plants in the United States also revealed no sig-
nificant association with lung doses up to 250 mGy (52).
The one exception to the absence of a lung cancer excess
is the recent 15-country study where smoking may have

played a role (13, 39). In our investigation, the average
cumulative lung dose was 19 mSv (range 0–3,000 mSv)
and apparently too low to expect to detect a radiation effect
had there been one; the relative risk at 100 mSv was esti-
mated as 1.0, and RRs higher than 1.13 could be excluded
with 95% confidence.

Studies of radiation workers in the United Kingdom had
reported an association between the intake of radionuclides
and prostate cancer (53), but no similar association was
seen among Rocketdyne workers who were monitored for
internal radiation exposures. A recent mortality study of
workers in the U.S. nuclear industry (41) reported remark-
ably low SMRs for all causes of death (SMR 0.41), which
is not comparable with our Rocketdyne study (SMR 0.80)
or, it seems, with any other study of radiation workers; e.g.,
the all-cause SMRs for the large Hanford and UK worker
studies were both 0.82 (6, 50). The mean dose (25.7 mSv)
for the U.S. nuclear power industry study (41) was low and
similar to that of the Rocketdyne study (14 mSv), and no
significant increases in leukemia or solid cancers were ob-
served in either study. However, a highly significant asso-
ciation and high radiation risk was reported for deaths from
heart disease in the U.S. nuclear utility study (41) which
also was incompatible with the absence of an association
in our study and in other larger studies in the United King-
dom and United States (6, 50). An association between ra-
diation and heart disease of borderline significance was re-
ported in the three-country study of workers, but the au-
thors attributed the finding to residual confounding by life-
style factors for which their SES variable was an inadequate
proxy or to chance when making multiple comparisons
(12). Low-dose radiation exposures are unlikely to be re-
lated to heart disease (54).

Comparisons with Previous Rocketdyne Study

Our study is an independent look at the mortality expe-
rience of the Rocketdyne workforce and essentially started
from scratch in identifying the study base, conducting do-
simetry evaluations, and performing tracing activities. In
addition, we expanded the previous investigation by 5 years
(22–24). In contrast to the previous study, we did not find
significant associations with radiation dose for all cancers,
lung cancer, hemato- and lymphopoietic cancers (ICD 200–
208) or aerodigestive cancers (ICD 140–151). The previous
investigators recognized the small size of the population
studied and the low occupational doses received and con-
cluded that their findings would have to be confirmed by
other studies and/or further follow-up of the Rocketdyne
workforce (24, 55). The differences in findings between the
two studies may be related to the additional years of follow-
up coupled with differences in study design and the ap-
proach to dose assessment and analysis. Different criteria
for worker selection and eligibility resulted in our study
population being larger than the previous one by 1,194 (or
25.9%) workers. The number of workers monitored for in-
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ternal radiation (2,232 compared to 2,297) was similar, but
the number of workers monitored for external radiation
(5,743 compared to 4,563) was appreciably larger in our
study. The increased numbers of workers and longer fol-
low-up (161,605 person-years compared to about 119,100)
resulted in an additional 593 deaths from all causes (a
67.8% increase) and an additional 198 deaths from all can-
cers (a 76.7% increase). Another important difference was
that the previous investigation limited their analysis to ra-
diation doses received only at Rocketdyne, whereas we in-
cluded additional occupational doses received elsewhere by
over 32% of the radiation workers. The collective dose in-
creased by 35% when doses received elsewhere were in-
cluded (25). Excluding such exposure could produce im-
precise or spurious results; in fact, higher radiation risk co-
efficients did result when doses received elsewhere were
excluded from our analysis. Further, we computed internal
radiation doses for each organ after the intake of radionu-
clides, whereas the previous investigation assumed lung
dose to be a surrogate for internal doses received by all
organs.

The previous study reported a significant threefold in-
creased risk of all cancers among workers exposed to great-
er than 200 mSv external radiation based on four cancer
deaths (24), whereas we failed to find a significant elevation
based on five cancer deaths (RR 1.11; 95% 0.5–2.7) or a
significant dose–response trend (P � 0.45). Similarly, we
failed to confirm the previously reported significant four-
fold increase of lung cancer at �200 mSv (based on two
deaths) (24); our estimate of RR was 1.73 (95% CI 0.7–
4.5) based on five deaths, and no dose–response trend was
apparent (P � 0.38). A significant trend also had been re-
ported previously for all lymphatic and hematopoietic ma-
lignancies taken together (excluding CLL) based on 28
deaths (24) that was not seen with further follow-up and
51 deaths (P � 0.12). Such an aggregated category, how-
ever, is not very informative because it includes Hodgkin
lymphoma, non-Hodgkin lymphoma and multiple myelo-
ma, which have not been convincingly or consistently
found to be increased after radiation exposure (14, 34, 45,
49, 56). Further, because hematological and lymphoprolific
malignancies have different etiologies, combining them as
a single entity other than for descriptive purposes is not
commonly done in studies of radiation-exposed populations
(6, 12, 34), and the rationale for doing so has been ques-
tioned (57). The previous findings were based only on ra-
diation doses received while employed at Rocketdyne,
which apparently resulted in higher estimates of radiation
risk than when analyses included total career dose.

The earlier investigation reported high relative risks at
cumulative lung doses greater than 30 mSv from inhaled
radionuclides for lymphopoietic cancers excluding CLL
and for upper aerodigestive tract cancers (ICD 140–151;
i.e., cancers of the mouth, esophagus and stomach) but not
for lung cancer (24). These analyses are difficult to interpret
because cumulative lung dose from inhaled radionuclides

was used as a surrogate of dose to other organs. Depending
on the radionuclide inhaled, some tissues such as esophagus
or bone marrow would receive miniscule doses whereas the
lung burden could be high (25). Further, since practically
all workers monitored for radionuclides also received ex-
ternal exposure and many also had received exposures at
places of employment other than at Rocketdyne, the esti-
mate of cumulative lung dose only from internal exposure
must be an incomplete surrogate for doses to other organs.
The number of aerodigestive cancers (ICD 140–151) in-
creased from 14 (23) to 41 in our study, and no significant
elevations or trends (P � 0.49) were observed. Restricting
our analysis to only those workers monitored for internal
radiation but including all external radiation doses received
at Rocketdyne or elsewhere also did not reveal any signif-
icant dose-response trends for lung cancer (the organ that
received the highest doses overall) or any other cancer.

Strengths and Limitations

The strengths of our investigation include the nearly
complete follow-up of the workforce, the approach to ob-
tain dose information from all places of employment, the
inclusion of doses to specific organs after the intake of ra-
dionuclides, and the availability of a large nonexposed
worker population for comparison. Vital status (either death
or confirmed alive) was determined for nearly 98% of the
workers. The follow-up was up to 50 years (27.9 years on
average), providing ample time for any radiation excess to
manifest itself given that there was one. Over 32% of the
workers had received radiation exposure at facilities other
than at Rocketdyne, and we were able to incorporate these
occupational doses to create a lifetime career dose. We also
were able to incorporate organ-specific doses after the in-
take of 14 different radionuclides by applying ICRP models
to the available bioassay monitoring data (25). Further, the
potential for exposure to chemicals associated with the test-
ing of rocket engines could be controlled for in the analyses
because of the existence of detailed job history work re-
cords. The major limitations, however, are the low doses
and small study size. Other limitations, such as incomplete
smoking histories, are described below.

1. Smoking

The absence of detailed smoking information is also a
limitation, but indirect methods were used to evaluate pos-
sible confounding. It was seen that pay type was a predictor
of cancer risk, with somewhat higher risk of cancers of the
lung and of smoking-related sites seen for hourly compared
to salaried workers. This difference is often seen in occu-
pational studies (58) and likely reflects different patterns in
the use of tobacco products by blue collar (hourly) com-
pared to white collar (salaried) workers (59). Over the past
20 years, the prevalence of cigarette smoking has declined
in the general population and among white collar workers
but not among blue collar workers, who continue to smoke
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in large numbers (60, 61) and at a rate twice that of white
collar workers (62). We controlled for pay type in the in-
ternal dose–response analyses to account for possible dif-
ferences in smoking and other characteristics between hour-
ly and salaried workers.

To obtain additional information on smoking histories
and the possible association with pay type, a brief smoking
survey was conducted of a random sample of nearly 300
living workers equally divided by pay type (hourly/sala-
ried). Compared to salaried workers, hourly workers were
significantly more likely to have smoked cigarettes (61%
compared to 41%), to have started smoking at a younger
age, to have quit working at an older age, to smoke for
more years, and to have consumed more cigarettes during
their lifetime in terms of ‘‘pack-years’’. The survey was
limited, because only survivors were included and the re-
sponse rate was low, only 50%. Nonetheless, it supports the
importance of controlling for pay type in the analyses as a
surrogate measure of smoking.

2. Pay type and race

Other limitations include an imperfect categorization of
pay type; e.g., we classified anyone who held an hourly job
for at least 20% of his or her career as an hourly worker.
Race also could not be determined for 13% of the workers.
Race was explored as an adjustment factor in the Cox anal-
yses but ultimately was not included in the models because
it did not affect the exposure estimates in any appreciable
way. Conducting analyses only on white males also did not
materially change the estimates of radiation risk.

3. Dosimetry sources

The completeness of the various dosimetry sources was
not evaluated. Landauer, Inc. is the largest provider of do-
simetry services in the world, but there are others that were
not accessed. The Nuclear Regulatory Commission re-
source was likely complete because of legal requirements
and presumably the Department of Energy databases, but
neither were designed for epidemiological research, nor
were the U.S. military databases. The U.S. Navy database
was the only major source that we were unable to access,
but we did obtain notifications of prior radiation exposure
in the Navy from the Rocketdyne worker records. We
sought radiation exposure information for all Rocketdyne
workers and not just for the 5,801 workers monitored for
radiation at Rocketedyne. Only 3.6% of the non-monitored
workers were monitored elsewhere, and their average dose
was low (2.6 mSv). Analyses including or excluding these
workers produced similar results. Although we were suc-
cessful in accessing the major dosimetry databases in the
United States, some exposures for a small number of work-
ers were likely missed. However, the amount of missed do-
simetry information is likely to be small since so many
databases were accessed and so many of the databases were
overlapping.

4. Comparisons with general population

Mortality comparisons with the general population are
commonly made in occupational studies to identify patterns
of risk that might be tied to specific exposures. However,
there are potential biases in these comparisons because of
differences related to health status, selection processes and
lifestyle factors that cannot be controlled for in the analysis.
There were other uncertainties in the SMR analyses asso-
ciated with differences in race and place of birth. It is un-
likely that the racial mix of the state of California (in terms
of the broad classifications of white and non-white popu-
lations used in the analysis) is comparable to that of the
working Rocketdyne populations over the 50-year study pe-
riod. In addition, nearly 25% of the over 11,000 deaths
occurred outside the state of California, indicating the mo-
bility of the workforce after retirement as well as differ-
ences in the study base; i.e., the California population was
used for comparison, yet a substantial proportion of the
worker population lived in other states. We conducted SMR
analyses based on other general population groups, and the
patterns were the same, although the magnitude of the
SMRs differed. When comparisons were made with the
U.S. general population, the SMRs were substantially lower
than those computed from the state of California, with the
SMRs for all cancer, lung cancer, leukemia and almost all
causes being significantly low. When comparisons were
made with rates available for Los Angeles and Ventura
Counties (where many of the workers had lived when em-
ployed), the SMRs were similar to those computed using
rates for the state of California.

Although the choice of the general population compari-
son group is somewhat arbitrary, it is the internal (intra-
cohort) analyses that are most appropriate when evaluating
whether a radiation association is present in this population.
In this study, Rocketdyne workers were also compared with
each other. For some analyses, the referent group was taken
as those workers with �5 mSv cumulative dose; in other
analyses, the referent was all workers who were not mon-
itored for radiation but worked for the same company under
presumably similar conditions and medical care opportu-
nities. Thus any noncomparability present when compari-
sons are made with the general population was reduced.

5. Different analytic strategies

Despite the absence of any significant associations, it was
informative to evaluate various analytic strategies to learn
whether they had appreciable effect on the estimate of risk.
Age, calendar year, gender, pay type, internal monitoring,
and work as a rocket test stand mechanic were evaluated
in addition to duration of employment. No appreciable dif-
ferences were seen, indicating that these factors were un-
likely confounders in the dose–response analyses. For com-
pletion, an analysis was undertaken to learn whether radi-
ation risks might differ by age at exposure, age of obser-
vation, or dose lag. Few differences were seen, and none
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were statistically significant. The absence of a difference
with dose lags likely reflects the fact that most exposures
occurred many years ago, and there were thus relatively
few workers with substantial doses received even 20 years
prior to the end of study.

6. Healthy worker effect

The healthy worker effect was not as apparent in this
population as seen in others, perhaps because the majority
of workers were employed prior to 1970 and the selection
effects for employment are often seen to diminish over time
and especially for cancer (59). Significantly low risks re-
mained, however, for all causes of death, all cancers com-
bined, heart disease and external causes of death when
compared with the general population of California.

Conclusion

No consistent associations between cancer and radiation
were found within the Rocketdyne workforce followed for
up to 50 years. Comparisons with the general population
of California revealed a healthy workforce with overall
death rates significantly low (SMR 0.79). Cancers of a
priori interest, i.e. lung, leukemia and kidney, were not sig-
nificantly associated with radiation. The methods used,
however, indicate the importance of capturing complete oc-
cupational histories from existing dosimetry databases and
in computing organ-specific doses from available bioassay
monitoring records on radionuclide intake. The study is
limited by the small sample size and relatively low cumu-
lative occupational doses.
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