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EXECUTIVE SUMMARY 

Background and Objective. In the early 1990s, a worker health study-discussed in this report--was 

initiated in response to strong concerns voiced by area residents about the use of radioactive and toxic 

substances at the Santa Susana Field Laboratory (SSFL) of Rocketdyne/Atomics International (AI), a 

Department of Energy contractor. Starting in the early 1950s, SSFL activities included the operation 

of nuclear reactors, handling of plutonium, and rocket-engine testing. This report will focus on the 

possible effects of exposures to two types of ionizing radiation on cancer mortality among 

RocketdyneIAI workers: penetration of the body by gamma and X rays (external radiation); and the 

ingestion, inhalation, or absorption of alpha-emitting radionuclides such as uranium (internal 

radiation). Possible effects of selected chemical exposures on cancer mortality will be addressed in a 

future addendum report. 

Health effects of radiation have been widely studied among nuclear workers in the past two 

decades, but much controversy remains concerning the extent to which chronic exposure to low-level 

ionizing radiation encountered in the workplace increases the risk of specific cancers. Despite the 

biologic plausibility of carcinogenic effects on several ("radiosensitive") organs and tissues, the results 

for most types of cancers are rather inconsistent across studies. The only type of cancer that has been 

found in most studies to be associated with occupational radiation exposures is leukemia. 

Methods. We conducted a retrospective cohort study among employees of RocketdyneIAI, who were 

monitored for low-level ionizing-radiation exposure between 1950 and 1993. The study population 

consisted of 4,563 employees monitored for external radiation and 2,297 employees monitored for 

internal radiation, with the second group being mostly a subset of the first. 

Historical radiation information was abstracted from company records and used to measure 

cumulative doses (in millisieverts [mSv]) of both types of radiation. (The radiation dose from one 
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chest x-ray, for example, is approximately 0.1 mSv.) Personnel records provided us with information 

about age, gender, employment history, pay type (salaried professional/managerial, salaried 

technicalladministrative, or hourly), and some limited information on work location. Crude measures 

of asbestos and monomethyl-hydrazine exposures were based on job titles during selected periods of 

employment and, for asbestos, on selected work locations. Medical records allowed us to obtain 

smoking information for a subset of our cohort. Three sources of vital-status information plus 

RocketdyneIAI beneficiary files were used to identify deaths occurring by December 31, 1994. We 

collected information about underlying and contributing causes of death from death certificates 

obtained for deceased cohort members. 

Two analytic approaches were used in this study for different purposes: internal comparisons 

of monitored workers according to measured level of cumulative radiation dose (dose-response 

analyses); and external comparisons of monitored RocketdyneIAI workers with two other (external) 

reference populations. We relied on the internal comparisons to estimate radiation effects in this 

study. External comparisons were used solely to describe the study population, to assess the net 

influence of "healthy-worker" effects operating in this study population, and to identify types of 

cancers with elevated mortality rates that might be explained by radiation (or other) effects estimated 

from the internal comparisons. 

In the internal-comparison approach, conditional logistic regression was used to estimate the 

effects (rate ratios) of external- and internal-radiation exposures on cancer mortality among monitored 

workers. Externally monitored workers were used to estimate the effects of external radiation, and 

internally monitored workers were used to estimate the effects of internal radiation. Cumulative 

(total) radiation doses were treated as timedependent predictors and lagged by zero to 20 years to 

account for varying periods of inductionllatency. To estimate each radiation effect, we controlled 

analytically for the other type of radiation exposure (internal or external dose), age at risk (time 

dependent), time since first radiation monitoring (time dependent), pay type, and in certain analyses, 
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other variables such as asbestos and hydrazine exposures. 

Because there were not enough deaths from most specific cancer sites to conduct separate 

dose-response analyses, we grouped cancers on the basis of a priori information. For analyses of the 

effects of external radiation, the outcome events of interest were deaths from all cancers, solid cancers 

of "radiosensitive" organs (according to BEIR V, 1990), hemato- and lymphopoietic cancers (blood 

and lymph system, excluding chronic lymphocytic leukemia), and lung cancer (the most common 

radiosensitive solid cancer). In analyses of the effects of internal radiation, the outcome events of 

interest were deaths from all cancers, hemato- and lymphopoietic cancers (excluding chronic 

lymphocytic leukemia), lung cancer, upper-aerodigestive-tract cancers (oral cavity, pharynx, 

esophagus, and stomach), and urinary-tract cancers (bladder and kidneys). 

Since the results of other occupational studies suggest that the effect of low-level radiation 

may depend on the ages at which workers are exposed, we used several methods to examine possible 

interaction effects between radiation dose and age at exposure. The principal method was to estimate 

simultaneously the separate effects of cumulative radiation dose received during three age intervals: 

before age 40, between ages 40 and 49, and after age 49. 

In the external-comparison approach, we estimated standardized mortality ratios (SMRs), 

comparing the mortality experience of monitored RocketdyneIAI workers with the mortality 

experience of two external populations: the general U.S. population, and a population of workers 

assembled by the National Institute for Occupational Safety and Health (NIOSH) from other 

occupational studies. SMRs were based on stratification by age, sex, and calendar year; in addition, 

comparisons with the NIOSH population were stratified by pay type (salaried vs. hourly). 

Results. Among externally monitored workers, we identified 875 total deaths, of which 258 (29.5%) 

were due to cancer as the underlying cause. Among internally monitored workers, we identified 441 

total deaths, of which 134 (30.4%) were due to cancer as the underlying cause. By comparing 
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different sources of vital-status information, we established that the identification of deaths before 

1995 was nearly complete. 

In the dose-response analyses of monitored workers, external-radiation dose was positively 

associated with the rate of dying from hemato- and lymphopoietic cancers and from lung cancer; the 

mortality rates for both types of cancer were especially elevated for dose levels greater than 200 mSv. 

We also observed increasing trends in mortality rates with increasing external-radiation dose for all 

cancers and for radiosensitive solid cancers. No external-radiation effects were observed for cancers 

of nonradiosensitive organs. 

Among workers monitored for internal radiation, we found increasing trends in mortality rates 

with increasing internal-radiation dose for upper-aerodigestive-tract cancers and for hemato- and 

lymphopoietic cancers. No appreciable internal-radiation effects were observed for cancers of the 

lung or urinary tract. 

The estimated external- and internal-radiation effects did not change when adjusting for our 

measures of asbestos and hydrazine exposures. Furthermore, smoking status was not systematically 

associated with cumulative external-radiation dose in three subgroups of monitored workers sampled 

at different times. 

Our analyses of external-radiation effects at different ages of exposure yielded contrasting 

results for different cancer outcomes. For total cancers, radiosensitive solid cancers and lung cancer, 

we found that the effect of external radiation was relatively greater for doses received after age 50; 

but for hemato- and lymphopoietic cancers, we found the effect was relatively greater for doses 

received before age 50. 

Compared with the general U.S. population, RocketdyneIAI workers monitored for external- 

or internal-radiation exposure experienced lower mortality rates from all causes, all cancers, and heart 

disease. Comparisons of monitored RocketdyneIAI workers with NIOSH-cohort members of 

comparable pay type showed lower mortality rates for all causes and heart disease, but similar 
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mortality rates for total cancers. Compared with either reference population, monitored 

RocketdyneIAI workers also experienced a higher mortality rate from leukemias. 

Conclusions. All available evidence from this study indicates that occupational exposure to ionizing 

radiation among nuclear workers at RocketdyneIAI has increased the risk of dying from cancers of 

the blood and lymph system. Despite the small numbers of deaths from these cancers in workers with 

relatively high doses, we observed associations for both external and internal radiation, and these 

associations are not likely to be chance findings; furthermore, these findings are consistent with the 

results of our external comparisons with two reference populations. In addition, these findings are 

consistent with results previously reported for several other nuclear cohorts. 

Exposure to external radiation appears to have increased the risk of dying from lung cancer. 

Although this effect has not been observed consistently in other studies of nuclear workers, it does not 

appear to be due to the confounding effects of smoking, asbestos, or hydrazine exposures. 

Nevertheless, we cannot rule out residual confounding by these factors or by unmeasured risk factors 

such as other chemical carcinogens, but such potential bias could be in either direction. 

Results of this study strongly suggest that exposure to internal radiation has increased the risk 

of dying from cancers of the upper-aerodigestive tract. We observed a strong dose-response 

relationship that is not likely to be a chance finding. Although there were limitations in measuring 

internal-radiation doses among workers, we would expect such measurement errors to result in an 

effect estimate that is smaller than the true effect (i.e., bias toward the null). Nevertheless, we cannot 

rule out confounding (in either direction) by alcohol consumption, dietary factors, and other 

unmeasured risk factors. Upper-aerodigestive-tract cancers have not been analyzed as a single group 

in previous radiation studies, and we did not have enough deaths of each cancer type in this group to 

conduct separate dose-response analyses; thus, our finding needs to be replicated in other populations. 

In contrast to findings reported for several other epidemiologic studies of radiation effects, we 
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observed an association between cumulative external-radiation dose and total-cancer mortality. 

Indeed, the estimated excess rate ratio (rate ratio minus one) corresponding to the effect of 100 mSv 

was at least 6 to 8 times greater in our study than comparable estimates extrapolated from the study of 

A-bomb survivors. Our results, however, are consistent with those of two previous studies of nuclear 

workers. 

We estimated that 9 cancer deaths observed in the externally monitored cohort were 

attributable to external-radiation doses of 10 mSv or more; this attributable number represents 3.5% 

of all observed cancer deaths and 11.1 % of "exposedn cancer deaths with cumulative doses of 10 mSv 

or more. We also estimated that 15 cancer deaths observed in the internally monitored cohort were 

attributable to internal-radiation doses greater than 0 mSv; this attributable number represents 11.2% 

of all observed cancer deaths and 27.3% of "exposed" cancer deaths with cumulative doses greater 

than 0 mSv. Since we were not able to provide confidence limits for these estimates, their precision 

cannot be assessed. Nevertheless, the estimated numbers of attributable deaths may be conservative 

for several reasons: e.g., they ignore deaths possibly due to external doses less than 10 mSv; they 

ignore possible radiation-induced cancer deaths afrer 1994; and they ignore radiation-induced cases of 

cancer that are not fatal. 

The results of this study also suggest that the effect of low-level ionizing radiation may vary 

by age at exposure and that the pattern of this effect modification by exposure age may differ by type 

of cancer. While the estimated effects of external radiation on total cancers, radiosensitive solid 

cancers, and lung cancer were largest for doses received after age 50, the estimated effect on hemato- 

and lymphopoietic cancers was largest for doses received before age 50. Despite the low statistical 

power for testing the effects of age-specific radiation doses in our analyses, these results are 

consistent with findings from other studies. We therefore recommend that other researchers consider 

exposure age when estimating the effects of ionizing radiation. 

Results of the external comparisons suggest that the mortality rates for all causes and, in 
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particular, heart disease were lower for monitored RocketdyneIAI workers than for either the general 

U.S. population or the NIOSH population of other worker cohorts. These findings do not mean that 

being employed at RocketdyneIAI decreases the risk of dying from heart disease or other causes, but 

rather that healthier individuals are more likely to get employed at RocketdyneIAI and stay in the 

radiation-monitoring program than are less healthy individuals. This latter phenomenon is known as 

the "healthy-worker effect. " 

Although we cannot rule out all forms of error in our estimates of radiation effects, we 

believe the direction of possible bias is no more likely to be away from the null (exaggerating effects) 

than toward the null (underestimating effects). Moreover, the positive findings observed in our study, 

in contrast to many previous studies, may be due in part to the extended follow-up period. Longer 

follow-up allows time for the development of radiation-induced cancers that are characterized by long 

inductionllatency periods or that tend to occur more frequently after exposures late in life. It should 

be noted that only 20% of monitored workers had died by the end of the follow-up period. On the 

basis of this consideration, plus other methodologic issues that cannot be resolved by the present 

study, we recommend continued follow-up of the RocketdyneIAI cohort in the coming decades. 

Future surveillance should include the detection of cancer incidence as well as mortality. 
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1. INTRODUCTION 

This report describes the statistical associations observed between occupational exposure to 

low-level ionizing radiation and cancer mortality among workers employed since 1950 at the Santa 

Susana Field Laboratory (SSFL) and related facilities in the Los Angeles area. These facilities, 

including the field station, have formed the basis of what is now the Rocketdyne Division of Boeing 

North America, Inc. Nuclear operations at the field station have long been a focus of concern in the 

community. More than 15 years ago, workers and local residents began raising questions about 

accidents at the facility and the risk of radioactive releases that might prove harmful to SSFL 

personnel or residents in the surrounding area. 

The Study Setting: RocketdyneJAtomics International 

The Santa Susana Field Laboratory, located in the Simi Hills of Ventura County adjacent to 

the Los Angeles County line, was established in 1948 by North American Aviation (NAA), the 

predecessor to Rockwell International, which recently sold the facility to Boeing North America, Inc. 

Although it was initially engaged in rocket-engine testing alone, the SSFL branched out into nuclear- 

power operations in 1956. Those nuclear programs had been developed earlier in the decade at a 

Downey plant housing the NAA division, soon to be called Atomics International (AI). In 1955, A1 

established headquarters at Canoga Park and transferred its nuclear-reactor development and testing 

programs to Area IV of the SSFL. Since then, Area IV has been the site of 10 nuclear reactors and a 

variety of other radiation-generating projects. In addition, at the end of the 1950s, A1 built a new 

complex on De Soto Avenue, not far from the Canoga Park headquarters, with nuclear work at the 

new facility focusing on fuel production and fuel-rod assembly. 

In 1984, A1 merged with Rocketdyne, which had been the rocket-propulsion division at NAA 

and later at Rockwell and Boeing. For purposes of this report, we will use the term "Rocketdyne/AI" 



to refer to the combination of entities that fed into the present-day Rocketdyne, including the nuclear 

operations at Downey, the SSFL, and the Canoga and De Soto facilities. Exposures to ionizing 

radiation at ~ o c k e t d ~ n e I ~ 1  have taken two forms. The most common form of exposure has been 

external exposures, which entail penetration of the body by gamma rays, X rays, or neutrons. Most 

external exposures are characterized as low linear-energy-transfer (LET) radiation. Internal 

exposures, in contrast, depend on deposition of high linear-energy-transfer particles within the body 

as the result of ingestion, inhalation, or absorption through wounds. Alpha-emitting radionuclides 

such as uranium have been responsible for the majority of internal exposures at RocketdyneIAI. 

The major sources of external radiation exposure were concentrated at the SSFL (Area IV), 

with the preponderance of activity involving the nuclear reactors functioning from 1957 through the 

1970s. Radioactivity was not only released from operation of the reactors, but it was also associated 

with criticality testing, the manufacture of reactor-fuel assemblies, disassembly of reactors and used- 

fuel assemblies, small-scale laboratory research, and storage of radioactive material. Substantial 

external exposures to radiation also occurred early in the 1950s at the NAA Downey plant, where 

California's first nuclear reactor was designed, constructed, and operated. Limited exposures were 

associated with a reactor at the central Canoga Park facility. 

Internal exposures resulted from operations performed at the De Soto facility and the SSFL 

and involved the use of radionuclides such as uranium-238 and plutonium-239. Activities with the 

potential for exposing employees internally to radionuclides included glove box operations, used for 

handling nuclear fuel, which were conducted during the periods, 1962-68 and 1973-82. 

Nuclear operations were phased out between the mid-1960s and the early 1980s, when the last 

reactor was shut down. However, decladding of irradiated reactor fuel continued at the SSFL 

between 1975 and 1987. Since then, the potential for radiation exposure at RocketdyneIAI has been 

limited to personnel employed in decontamination and decommissioning of the nuclear facilities, 

storage of radioactive material, industrial radiography, and applied physics experimentation. 
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History of the Study 

Public awareness of RocketdyneIAI's nuclear programs was raised in 1980 by media coverage 

of a community-activist report describing accidents at SSFL that involved known or potential releases 

of radioactivity (Committee to Bridge the Gap, 1980). During the subsequent decade, concerned 

workers and residents mobilized support for an investigation to determine whether harmful health 

effects were occurring at SSFL's nuclear sites or in the adjacent community. As a result, in 1990, 

several members of the California State Assembly asked the California Department of Health Services 

(CDHS) to undertake such an investigation. 

In response, CDHS conducted preliminary statistical analyses of newly diagnosed cancer cases 

in the Los Angeles County census tracts immediately adjacent to SSFL for the years 1978-88, and in 

the tracts on both the Los Angeles and Ventura County sides for the years 1988-1989. These studies 

suggested a higher-than-expected incidence of bladder cancers among Los Angeles County residents 

living near SSFL during the period 1983-88. In a comparison of the proportions of different types of 

cancer diagnosed in 1988-89 among Los Angeles and Ventura County residents living near SSFL, 

relative to the proportions reported for all other residents of the same counties, the proportional 

incidence of bladder cancer was again somewhat elevated for people living at the Los Angeles 

boundary, but somewhat depressed for those at the Ventura boundary. On the other hand, men living 

near the SSFL in Ventura County had a higher proportion of lung cancer than did men living 

elsewhere in the county, but women did not, nor did either men or women living near the site in Los 

Angeles County. Leukemias and other cancers believed to be most sensitive to external radiation 

were not found to occur with unusual frequency in the communities surrounding the SSFL in any of 

the periods examined. It is possible, however, that the effects of radioactivity releases from SSFL 

may not be limited to leukemias or other "radiosensitive" cancers. 

Because of the lack of consistency in these findings, the absence of information about the 

extent to which residents may have been exposed to contaminants released at the SSFL, and other 
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limitations and uncertainties, the community studies remain difficult to interpret. The two cancers 

that appeared to be excessive in some localities, those of the bladder and the lung, are strongly 

associated with risk factors other than radiation, especially smoking and occupational exposure to 

certain chemicals. 

Thus, the CDHS analyses underscored the importance of conducting a study of the effects of 

both chemical and radiation exposures in the cohort of nuclear workers at SSFL and its associated 

facilities. This population is well-defined and was exposed earliest and most extensively to 

Rocketdyne/AI's radiation and to various potentially carcinogenic chemicals. Historical records 

dating to the beginning of the 1950s are available to document vital status and causes of death for the 

entire population, as well as to provide at least qualitative indicators of exposure to broad classes of 

chemicals and quantitative measures of individual radiation doses. 

In 1991, the state legislators who had intervened in support of community concerns were able 

to secure funding from the U.S. Department of Energy for the epidemiologic study of workers 

reported here. 

Background: Findings From Other Epidemiologic Studies 

A number of previous studies have examined the cancer mortality associated with long-term 

exposure to low-level ionizing radiation, which is characteristic of occupational settings. (As used in 

this report, "exposuren refers to a situation in which radiation or radioactivity is in the immediate 

environment of a person.) Few consistent patterns have emerged, however, and the carcinogenic 

potential of the doses resulting from such exposures remains controversial. (As used in this report, 

"dosen means absorbed dose-i.e., energy absorbed in tissue divided by the mass of that tissue.) 

: Traditional radiobiologic theory suggests that the fractionated doses (doses delivered during 

several distinct exposures) of gamma and X rays produced by most occupational and diagnostic 

radiation exposures should be less harmful than the same dose delivered in a single exposure. Greater 
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fractionation allows greater time for damage from one exposure to be repaired before a second 

exposure occurs, and in many cases will lead to a lower probability of effect for the same total dose 

(BEIR V, 1990). The exception appears to be high linear-energy-transfer (LET) radiation such as 

from radon or radium, where an inverse dose-rate effect has been noted; that is, spreading the same 

dose over longer periods of time appears to increase the probability of cancer above that from doses 

delivered during a single, rapid exposure (United Nations, 1994; BEIR IV, 1988). 

Among A-bomb survivors, it is not clear whether single whole-body doses of less than 200 

milligray (mGy) (20 rads) have increased the risk of cancer (Shimizu et al., 1990; see Table 1.1). 

Using a linear no-threshold model (i.e., assuming all doses increase the probability of cancer and this 

probability is directly proportional to dose) to extrapolate from the data on the survivors receiving 

doses above 200 mGy to doses below this level yields an estimate of the probability of cancer, 

excluding leukemias, equal to 0.41 % (90% confidence interval [CI] 0.32-0.52%) per 10 mGy (per 

rad). It should be noted that these exposures involved doses to the entire body. However, studies of 

lowdose external exposures among nuclear workers, conducted over the past 20 years have not 

yielded unequivocal results (Stewart and Kneale, 1991). In these studies, estimates of the excess 

relative risk of cancer per 10 mGy have ranged from 0% to 4.94%, depending on characteristics of 

the cohort studied, the models used to estimate risk, and assumptions about the time that must elapse 

between the dose and the appearance of the cancer if the latter is to be attributed to the former (i.e., 

the "lag" period) (Gribbin et al., 1993; Wing et al., 1993; Fraser et al., 1993). Thus, the results 

obtained from some nuclear-worker cohort studies raise the possibility that risk estimates for total 

cancers extrapolated from the A-bomb survivor data might underestimate the carcinogenic effect of 

doses delivered by low-level external exposure to radiation by as much as 10-fold. On the other 

hand, some occupational results are also consistent with the hypothesis of no effect at the doses and 

dose rates studied (see also Tables 1.2 and 4.2). 

Similar issues of inconsistent findings have plagued attempts to estimate the effects of doses 
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from low-level exposure to internal radioactivity (i.e., radioactivity that emits radiation within the 

body). In animal experiments, high doses from alpha- and betalgamma-emitting radionuclides have 

resulted in immunosuppressive and carcinogenic effects to the organs in which these radionuclides 

concentrate (ICRP, 1980). The carcinogenic potential of such radionuclides has been confirmed in 

heavily exposed human populations, including uranium miners and millers, radiumdial painters, and 

patients treated with Thorotrast and radium-224 (Mays, 1988; BEIR IV, 1988). The cancer sites 

implicated coincided well with distribution patterns for the radionuclides within the body, with 

increases in the incidence of lung, liver, and head-sinus carcinomas, as well as leukemias and bone 

sarcomas. These human populations have experienced carcinogenic effects of internal radiation when 

high doses are delivered, specifically when the dose equivalent (the product of the dose and a quality 

factor) is greater than 1 sievert (Sv) (100 rem) in an irradiated organ. 

Studies have been conducted recently to examine the effects of internally deposited 

radionuclides on the health of employees in the nuclear industry. Dose equivalents of less than 1 Sv 

have been associated with internal exposure to predominantly alpha-emitting radionuclides. In one 

such investigation, 26 white male workers who had been exposed to airborne plutonium during World 

War I1 were followed for 42 years, to 1986 (Voelz and Lawrence, 1991). At that time, the mean age 

of the study population was 66 years. By 1990, 7 subjects had died; three were diagnosed with lung 

cancer, one with osteosarcoma, and another with fatal chronic respiratory disease. The individual 

who died from osteosarcoma had received an estimated average skeletal dose equivalent of 16 

millisievert (mSv) before his death. In contrast, the lowest average skeletal dose received by 

individuals who died of bone sarcomas in the earlier radiumdial painter studies was 800 mSv. 

The results of selected occupational cohort studies from the nuclear industry have included 

increased mortality of lung cancer among workers exposed to uranium or plutonium (Wiggs et al., 

1994; Checkoway et al., 1988); increased mortality of lung and hemato- and lymphopoietic cancers 

among workers exposed to plutonium (Wilkinson et al., 1987); and increased incidence and mortality 
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of prostate cancers among employees exposed to tritium (Beral et al., 1985; 1988; Fraser et al., 

1993). However, these studies have not been conclusive with respect to the carcinogenic effects of 

moderate-to-low doses; they have not yielded consistent results for specific types of cancers, nor do 

they clearly indicate what cancers are affected by radiation; and most studies were based on small 

numbers of outcome events (resulting in imprecise estimates of effect). Moreover, some of the 

reported associations were not confirmed when the follow-up period was extended (Dupree et al., 

1994). 

In a pooled analysis of data from 7 occupational cohort studies, Cardis et al. (1995) reported 

that the only excess risk of cancer mortality for workers exposed to external radiation was for 

leukemias, excluding chronic lymphocytic leukemia. The estimated rate ratio for a cumulative dose 

of 100 mSv was 1.22 (95% CI 0.94-1.58), which is similar to the effect estimate reported in BEIR V 

(1990) for A-bomb survivors (see Table 4.2). Although Cardis et al. conclude that the effect of 

radiation on leukemias did not differ "significantly" across studies, their results clearly show 

substantial heterogeneity; the estimated rate ratio for 100 mSv ranged from 0.9 to 5.8. 

Inconsistencies across studies in the observed effects of internal and external radiation 

exposure might be due to several factors: random (sampling) error, selection biases resulting from 

healthy-worker effects, and interstudy differences in duration of follow-up, lag-period assumptions, 

types of radiation, dosimetry, dose distributions, measurement error, residual confounding, and the 

distribution of effect modifiers. The present study represents one of the smallest nuclear-industry 

cohorts studied, but it has one of the longest follow-up periods reported in the literature. We have 

also incorporated methods to deal with healthy-worker effects, varying induction/latency (lag) periods 

between radiation exposure and cancer death, and possible interaction effects between radiation and 

other risk factors. Thus, our study should add to the growing body of information about the effects 

of prolonged, low-level exposure to radiation in the workplace. 
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Objectives 

The objective of this study was to determine whether workers at RocketdyneIAI's nuclear 

sites have experienced excessive mortality from specific cancers, total cancers, or other causes as a 

result of their work-related exposures to radiation or chemical carcinogens. By examining dose- 
@ 

response associations for a range of cumulative external and internal radiation dose levels, we will 

assess whether our data support the relative excess-risk extrapolations derived from highdose studies 

of A-bomb survivors, or whether they are consistent with results from other occupational cohort 

studies (see Table 4.2). We will also address the hypothesis that the effect of radiation dose on 

cancer mortality varies with age at exposure. 

Unfortunately, information about chemical exposures proved to be extremely elusive, with 

almost no quantitative measures having been retained in currently available Rocketdyne files. As a 

result, it has been possible to define only crude groupings of workers whose job titles and periods of 

employment placed them at increased risk of exposure to some types of chemicals and chemical 

combinations such as asbestos and hydrazine. The process of classifying and analyzing these complex 

chemical exposures for a lirger group of workers is still ongoing (see the last part of Section 2 for a 

brief description of this process). This report will therefore focus on the radiation component of the 

study; chemical exposures will be considered only as potential confounders of radiation effects. The 

possible effects of chemical exposures in the workplace will be addressed in a future addendum 

report. 

2. METHODS 

Study Design 

We drew on the population of all those employed by RocketdyneIAI since 1950--55,000 total 

registered in the company's personnel files--to carry out a worker mortality study with a retrospective 
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(historical) cohort design. The record systems required for such a study were provided mainly by 

Rockwell International Corporation. Personnel and radiation-monitoring records from 1950 through 

1993 allowed us to define the subpopulations of interest and to obtain data on their radiation doses 

and other personal risk factors such as age. Death certificates retrieved from RocketdyneIAI pension 

files and state vital-statistics offices enabled us to analyze the relationship between exposure status and 

mortality rates from various causes. 

For the portion of the study described in this report, we restricted our analyses to the 5,066 

RocketdyneIAI nuclear workers enrolled in the company's Health Physics Radiation Monitoring 

Program between January 1, 1950 and December 3 1, 1993. In a future addendum to this report, we 

will examine mortality patterns for a larger group of workers employed in certain jobs and periods 

associated with exposure to selected chemicals such as asbestos and hydrazine. These carcinogenic 

substances were commonly used in nuclear and other RocketdyneIAI operations and might have 

increased the risk of cancer mortality in these workers. 

Subject Selection 

In restricting our analyses of radiation effects to workers monitored in the Health Physics 

Radiation Monitoring Program (HPRMP), we assumed that these employees were subject to similar 

self-selection and company-selection procedures and, therefore, should be relatively comparable with 

respect to baseline health status. Some employees who were never enrolled in the HPRMP were 

occasionally badged or monitored for radionuclides as a result of temporary assignment to areas with 

potential for radiation exposure. Since these employees might not have met the same baseline health 

criteria, they were not included in our study cohort. 

The HPRMP cohort included workers monitored for both external and internal radiation. For 

our analyses, we  divided it into two partially overlapping subsets. The first subset consisted of the 

4,665 HPRMP enrollees who had been monitored for external-radiation exposure at least once during 



their employment at Rocketdyne/AI. Thus, the other 401 members of the total HPRMP cohort were 

not included in this "externally monitored group," since those individuals never received a badge, and 

it was impossible to determine whether they had or had not been exposed to radiation. Similarly, 

2,336 employees who were ever monitored for internal-radiation exposure constituted the second, 

"internally monitored group," which excluded 2,730 HPRMP members who had never undergone 

testing for internal exposure. There was no way to determine whether those workers without 

monitoring records had, in fact, been unexposed. The number of HPRMP members tested for 

internal exposure to radionuclides peaked in 1963-64. 

Not all HPRMP members were included in either of our two study groups. Specifically, 323 

workers enrolled in the HPRMP had no record of ever having been monitored for either external- or 

internal-radiation exposures. In addition, 102 individuals (2.2%) from the externally monitored group 

and 39 (1.7%) from the internally monitored group had to be excluded because their company 

personnel records were not retrievable and their radiation records lacked birth dates and social 

security numbers. As a result, it was impossible to obtain vital-status information for these 

employees. We did not restrict the cohort based on employment duration, race, or gender. 

Tables 2.1-2.6 describe the characteristics of the two final study populations. Thus, in this 

report we will explore the effect of external and internal radiation exposures for 4,563 externally 

monitored workers with known vital status and for 2,297 internally monitored workers with known 

vital status who were monitored at least once during their employment at RocketdyneIAI. Note that 

most of the internally monitored workers (2,253) are included in the externally monitored group. 

Follow-up for each eligible cohort member began at the first date of either external or internal 

monitoring, depending on the type of radiation exposure under investigation, or on January 1, 1950, 

whichever date was later. Follow-up ended either on the date of death of a cohort member or on 

December 31, 1994, whichever date came first. 
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Data from Personnel Records 

Personnel records provided us with personal identifiers and information about employment 

history, including the assigned division or department, location code, job title, and pay type (salaried 

professionallmanagerial, salaried technicalladministrative, or hourly). In addition, a remark field on 

the record indicated periods of medical and other types of leave, dates of lay-off and retirement, and 

shift classification. 

We received no information that would allow us to interpret department codes and functions 

consistently over time, with codes dating back to the 1950s and 1960s being especially problematic. 

Work-location codes for the SSFL, De Soto, and Canoga facilities of RocketdyneIAI were very crude 

and did not reflect actual work sites, but rather time-clock locations. For example, at the SSFL, the 

only code used on personnel cardexes prior to 1960 was an "S," indicating simply SSFL. From about 

1960 to 1971, 31 two-letter codes were used to refer to specific SSFL buildings; after 1971, these 

were replaced by 35 three-letter building codes. Since the SSFL has about 400 buildings, however, 

most of these buildings are not represented by these location codes. Furthermore, two time-clock 

buildings at the SSFL seem to be all that are listed on the majority of records, giving little indication 

of where the employees actually worked. 

Furthermore, pay-code information before 1972 did not always correctly distinguish salaried 

technicalladministrative personnel (also called "salaried weekly evaluatedn) from those paid on an 

hourly basis. We learned that this discrepancy was partly due to the fact that unions had not been 

established for certain job categories before this time and that, in general, the salaried-weekly- 

evaluated pay code had been used ambiguously by the personnel administration. Thus, we used job- 

title information for all individuals with ambiguous pay codes to determine whether these employees 

belonged to the hourly or salaried category. Rocketdyne/AI administrators and union representatives 

reviewed our pay-code categorizations based on job title. 

In summary, personnel records were used in this study to obtain information on personal 
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identifiers for tracking vital status during follow-up (i.e., name, social security number, and birth 

date), pay codes and job titles for distinguishing salaried from hourly employees, and job titles and 

employment periods for developing proxy measures for selected chemical exposures (see below). 

Data from Death Certificates 

We received 334 death certificates of vested HPRMP members from the company. Company 

records also enabled us to determine vital status for workers currently employed-about 10% of the 

HPRMP cohort. We accepted this latter information only when two independent company data 

sources identified the employee as active at the end of follow-up. 

Employees not identified as alive or dead with the help of company records were followed, 

using three different record systems designed to identify individuals who die in the United States. 

Specifically, we linked the RocketdyneIAI personnel identifier data with information from (1) Social 

Security Administration (SSA) beneficiary-records files (cover period: 1935-94), (2) vital-statistics 

files for the State of California (cover period: 1960-94) and (3) the U.S. National Death Index (NDI) 

(cover period: 1979-94). All cohort members were matched against the SSA files and the vital- 

statistics files for the State of California. Due to the costs of the NDI service, we excluded from the 

NDI search all individuals known to be alive or dead on the basis of other sources, except for a 

verification sample covering 10% of all deceased employees. For all apparent record matches, we 

requested copies of the death certificates and determined whether the match was accurate after 

reviewing the information on those certificates. 

From all sources combined, we have identified 875 deceased eligible HPRMP members who 

died between 1959 and 1994. We were able to obtain all but 30 (3.4%) of the death certificates from 

RocketdyneIAI or State Vital Statistics offices. We believe that at least 7 of those 30 death 

certificates are missing because the deaths occurred outside the United States. Thus, SSA files 

indicated that these 7 deaths occurred during the period covered by NDI, but NDI was unable to 
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locate U.S. death certificates for these individuals. Where we have been able to retrieve non-U.S. 

death certificates, they have come from the RocketdynelAI beneficiary files. 

We checked the reliability of the three computerized mortality-record systems used to 

ascertain the vital status of our cohort members. NDI correctly identified 97.8% (all but one) of the 

deaths from a 10% sample of known deaths. Other researchers have reported a sensitivity of 98% 

and 99.5% for the NDI search procedure (Rich-Edwards et al., 1994; Wiggs et al., 1994). The 

California vital-statistics-file records missed 5 (1.7%) of all California deaths identified by other 

means. About 21 % of all deaths in our cohort occurred outside of California, but only 5 of these 175 

out-of-state deaths occurred before 1979, and, therefore, could not be traced via the NDI system. 

Although the SSA search failed to identify 18.2% of deaths confirmed through other means, it 

identified correctly all non-California deaths that occurred before 1979, i.e., outside the period 

covered by the NDI system. Thus, the combined use of the three record systems was judged 

complete enough to justify the presumption that a person was alive at the end of follow-up if not 

identified as dead by at least one of the three computerized services or RocketdyneIAI files. 

A licensed nosologist coded the cause-ofdeath information recorded on each death certificate 

using the 9th revision of the International Classification of Diseases (ICD-9) (USDHHS, 1989; 1991). 

Both the underlying and associated (contributing) causes were coded, since associated causes can help 

to identify cancers with better prognosis that do not, by themselves, cause the individual's death. 

Nevertheless, associated causes of deaths will be included only in some "internal-comparison" 

analyses, since data available for the reference populations in the "external comparisons" are limited 

to rates for underlying causes. The coding was checked for accuracy, and discrepancies were 

discussed and reconciled by two members of the study team. 

External Radiation: Sources of Data and Dosimetry 

The major forms of external-radiation exposure (i.e., radiation produced outside the body) 
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monitored at RocketdyneIAI were gamma and X rays, but the records also contain readings for 

exposure to beta radiation and neutrons. All radiation records include whole-body dose measurements 

(i.e., estimates of the doses received by the tissues of the whole body). In this report, cumulative 

dose (i.e., the sum of all doses received from first monitoring to a given time) includes penetrating or 

deep exposures, but it excludes superficial skin doses and doses to the hands or feet alone. Neutron 

exposures were excluded from the study since they contributed only a small fraction of the total dose 

in the population and their inclusion raises considerable uncertainty about the appropriate quality 

factor (see Table 2.7). Records cover not only doses received by workers at the SSFL and Los 

Angeles area facilities, but also doses recorded during temporary assignments to non-Rocketdyne 

sites. All these exposures were included in our dose estimates. 

If previous employment at nuclear facilities other than RocketdyneIAI had been reported for 

an employee, RocketdyneIAI records usually contained information about the radiation dose received 

at those facilities. Although this documentation of pre-employment radiation doses made it possible 

for us to add these to doses received at the study facility, most analyses in this report were restricted 

to doses received at RocketdyneIAI. The major reason for this decision is that dose estimates from 

non-RocketdyneIAI sources must be considered less reliable than measurements taken at 

RocketdyneIAI, since it is unknown how consistently and accurately previous exposures had been 

documented and reported to RocketdyneIAI. Tables 2.8 and 2.9 show the average doses previously 

received by HPRMP members and the number of workers for whom we found previous exposure 

records, by radiation dose received at RocketdyneIAI. The availability of previous exposure records 

is two to three times greater for HPRMP members who received more than 10 mSv external radiation 

at the RocketdyneIAI facilities than for those who received less than 10 mSv (Table 2.9). In addition, 

pre-RocketdyneIAI exposures were usually reported as one cumulative dose instead of quarterly or 

annual doses. The RocketdyneIAI records occasionally note that a previous employee had 

subsequently been employed at another nuclear facility, but no dose measurements are available. 



15 

The data from each individual's radiation files were organized by year and by radiation source 

(external or internal), then checked for validity and accuracy before being entered into our computer 

files by study personnel. Specifically, checks were performed to ensure that: (1) measurement dates 

were within the time of employment; (2) units of measurement were assigned and understood; (3) 

there were no duplicate records (the same record on the same date recorded several times in a file); 

and (4) where possible, cumulative doses reported for each year were equal to the sum of weekly, 

monthly or quarterly doses also reported for that year. Unclear information was discussed with two 

RocketdyneIAI health physicists who have worked at Santa Susana since the 1950s and who are most 

knowledgeable about the radiation measurement and documentation procedures employed over time. 

Files included film-badge, thermoluminescentdosimeter, and pocket-chamber dosimeter 

readings-. During some periods, readings were taken by more than one device--usually a film badge 

and a pocket dosimeter, and these multiple readings were identified as duplicate measurements. 

Whenever a film-badge reading was available, it was abstracted instead of the pocketdosimeter 

readings for a given period. This choice is justified by the greater accuracy and reliability of film- 

badge measurement over pocket-dosimeter readings. 

In the early 1950s, readings were taken on a monthly and sometimes a weekly or daily basis, 

driven by concerns about possible accidental short-term high-level exposures. In the 1960s, the 

company's monitoring policy changed, and quarterly readings from film badges became customary. 

Since film badges have a minimum detection limit (MDL) for recording dose equivalent, the more 

frequently readings are taken, the less likely the MDL will be reached for a given low dose. Thus, 

the film-badge readings during the 1950s might underestimate the actual dose equivalent received by 

an employee. The threshold reported for the Landauer film badges used by RocketdyneIAI 

throughout the follow-up period is 0.1 mSv. 

Results of the A-bomb-survivor studies indicated increased cancer risks for dose equivalents 

above 200 mSv. Levels of 10 and 20 mSv have been used in several previous occupational-radiation 
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studies as cut-points to define dose categories for statistical analysis. Thus, we decided to categorize 

dose equivalent for external penetrating radiation into 4 ordered groups: < 10 mSv, 10 to <20 mSv, 

20 to < 200 mSv, and 2200 mSv. We also treated cumulative dose equivalent (in mSv) as a 

continuous variable and explored the use of logarithmic transformations of dose equivalent (i.e., 

log[dose+ 11). 

Internal Radiation: Sources of Data and Dosimetry 

Periodic bio-assays of urine or feces (measurements of radionuclide concentration in excreta) 

and in vivo whole-body or lung counts (measurements of the amount of radioactivity in the whole 

body and the lung) were obtained as measures of internal dose for workers assigned to areas 

potentially contaminated by radioactive materials. The doses resulted primarily from the inhalation 

and, to a lesser degree, ingestion of radionuclides produced or used in a wide variety of operations 

from 1952, at the start-up of the first nuclear reactor, to 1993, the last date for which internal 

dosimetry records were located in this study. The fuel-fabrication operations that were primarily 

responsible for internal doses involved almost exclusively uranium of different enrichment levels. We 

estimate that only about 50-60 individuals worked with materials containing plutonium at 

RocketdyneJAI. 

Most of the available internaldose records were for the years 1963 to 1983, and the number 

of records prior to 1963 was low. A total of 2,617 unique files were examined, leading to slightly in 

excess of 100,000 separate measurements of internal radiation exposures. Of the 2,617 files, 2,294 

(87.7%) belonged to HPRMP members. 

The data abstraction has been supervised and the internaldose construction performed by Dr. 

Douglas Crawford-Brown, a health physicist from the University of North Carolina at Chapel Hill. 

The following description of the internaldose-estimation process relies heavily on his input. 

The primary radionuclides analyzed were: (1) uranium, with a range of degrees of enrichment 
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for U-235; (2) mixed fission products (unspecified as to radionuclide); (3) Sr-90; (4) Cs-137; and (5) 

plutonium. In addition, measurements of gross beta- and gross alpha-radiation in samples were 

performed on some individuals. A much smaller number of measurements were made of specific 

materials such as Hg and Po, but these did not contribute significantly to the population dose at the 

facilities. More than 90% of the internal-exposure records were urinalysis measurements for either 

uranium or for mixed-fission products. 

For urinalysis measurements of uranium, the techniques employed were radiometric and 

fluorometric. The radiometric method is the more reliable for dose reconstruction, and so was used 

as the primary basis of dose estimation for uranium intakes in this study. In all instances where the 

radiometric method was used, the reporting units were disintegrations per minute (dpm) excreted per 

unit volume of urine. The fluorometric results (reported in units of micrograms, pgm) were used 

only as a check against the radiometric results, i.e., to ensure that both results yielded similar order- 

of-magnitude estimates of dose. 

In addition, there were limited in vivo lung-counting results for U-235, indicated in the 

records as "IVLC" and reported in units of mgm. In most records, the raw measures had been 

converted to an estimate of the percent of the maximum permissible lung burden (%MPLB). 

For the measurement of mixed fission products, radiometric urinalyses were performed by the 

facility and reported in units of disintegrations per minute (dpm) excreted per unit volume of urine. 

In only a few cases was it possible to determine the radionuclide present in the sample on the basis of 

information provided in the available records. 

For the measurement of plutonium, radiometric analyses were also performed and reported 

either as dpm/volume or dpmlday (confirmed to mean dpm excreted per day). 

For every individual, records were examined for each of the above radionuclides separately 

and sorted by calendar time within each year. A time-weighted-average measurement for an 

individual was then obtained for each year by weighting each reading in that year by the fraction of 
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the year until the next reading in the temporal sequence. For example, if X, were a reading obtained 

on January 1 of a year and if X2 were a reading obtained on July 1 of that same year, then the 

average for the year would be OSX, + 0.5X2, since each reading would represent the exposure 

measure for approximately 50% of that year. The exception was at the end of the period of 

monitoring (indicated by the end of monitoring records for an individual), in which case the 

radionuclide was assumed to be removed with a half-life depending on the particular radionuclide (see 

the discussion below), and the resulting integral of activity versus time was calculated. 

Methods for converting bioassay results to annual dose (in units of rads) were based on the 

biokinetic models of ICRP Publications 30 (1978) and 54 (1987) and on the mathematical techniques 

described fully in a report by Crawford-Brown et al. (1989). This approach yielded the following 

conversion factors for the primary radionuclides of interest: 

(1) For uranium urinalyses, each 15 dpm excreted per day is equivalent to an average dose of 

0.5 rad to the lung tissue. This conversion factor is based on a mean removal half-time of uranium 

from the lung of 120 days dnd on the assumption that 80% of excreted uranium is through the urine. 

The dose to the bone marrow depends on the time since the onset of exposure. An average value of 

0.05 rad per year to the bone marrow per 15 dpmlday urinary excretion has been assumed in this 

study, based on equilibrium conditions. 

(2) For uranium in vivo lung counts, the conversion factor is obtained directly from the 

RocketdynelAI estimate of the percent maximum permissible lung burden. In each case, the time- 

averaged %MPLB for an individual is multiplied by 0.15 rad. The conversion factor for the dose to 

the bone marrow is approximately 0.02 rad per %MPLB. 

(3) For mixed-fission products, the conversion depends on the availability of information on 

the radionuclide involved. In cases where the radionuclide was specified in the records (e.g., Sr-90 

or Cs-137), committed effective dose equivalents had already been calculated by the facility health- 

physics staff. These calculations were confirmed and used as the dose for an individual. Where the 



radionuclide was not specified, a representative conversion factor based on an assumption of Sr-90 

intakes and a Class Y retention half-time in the lung is employed. The resulting conversion factor is 

0.5 rad per year to the lung per 250 dpm excreted per day. 

(4) For plutonium, the conversion factor used was 1 radlyear dose to the lung per dpmlday. 

This factor is appropriate for a Class Y plutonium compound. 

No policy that required uniform monitoring for all workers existed at RocketdyneIAI. 

Rather, the health-physics team selected workers they judged to be potentially exposed to significant 

internal-radiation doses from airborne contaminants and included the selected individuals in a routine 

quarterly monitoring program; while other workers were monitored only in the event of accidents 

involving radioactive-material spills. Thus, there might be no measurements available for an 

individual during a certain period, even though exposure may have occurred. In most records, there 

is no indication of whether a bioassay reading was routine or the result of an accident. If the assay 

was the result of an accident, it is reasonable to assume that the intake occurred soon before the 

measurement. If no information was provided about the reason for the measurement, we assumed 

that the record represented a routine measurement. Consequently, the assumption of time weighting 

used in this study will overestimate doses for instances in which the measurement was due to an 

accident, but was not designated as such. Fortunately, it was possible to separate routine and 

accident-related measurements for individuals with large annual doses (in excess of 1 rad in a year). 

For other measurements, if the measurement was due to an accident, it is likely that the calculation.of 

dose used in this stbdy is an overestimate. This is because it was assumed that the measurement 

reflected the average amount of radioactivity in the body throughout the interval between that 

measurement and the next. 

On the other hand, a potential for underestimation of the true average annual dose existed due 

to the minimum detection limits (MDLs) of the assay methods in use (see previous subsection). For 

uranium, the MDL corresponded to an annual dose of 0.2 rad; thus, our annualdose averages could 
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be underestimated by as much as 0.2 rad if a burden slightly below the detection limit were 

maintained throughout the year. For mixed-fission products, the problem was less acute, since the 

MDL corresponded to an annual dose of 0.05 rad. For plutonium, the detection limit was 

approximately 0.2 rad. In many cases, it was possible to avoid this problem by obtaining the original 

measurement results and using the measured value rather than the administrative value; but this option 

was not always available. 

There were few internal-exposure records prior to 1963, despite the likelihood that internal 

exposures may have been significant during that early period. The reason for the paucity of early 

records is the practice adopted during that period of monitoring only those individuals with a 

significant possibility of receiving annual lungdose equivalents in excess of 150 mSv. After 1963, a 

larger proportion of individuals were monitored routinely for purposes of reporting. It is reasonable 

to conclude that the lifetime internaldose estimates for individuals first employed between 1953 and 

1963 are often underestimates, although the degree of underestimation cannot be determined. 

For each year, employees could be assigned to one of four categories of internal dose. First, 

there were individuals for whom no monitoring results were obtained. Second, there were individuals 

for whom measurements were obtained, but all were less than the MDL. The doses for this second 

class of individuals were higher than for those who fell into the first category, since a determination 

had been made that the monitored individuals were working at locations with a potential for exposure, 

and the MDLs for some of the radionuclides were high. Third, there were individuals with positive 

readings in a year but with an estimated annual dose of 0.5 rad or less. Finally, there were 

individuals with positive readings indicating an annual dose greater than 0.5 rad. The dose estimates 

for this fourth group of individuals will be the most reliable, since they were usually based on a clear 

separation of routine and accidentdriven measurements. 

Taking into account the above arguments about the validity and reliability of annual dose 

estimates for internal radionuclide exposures, we created two types of internal-radiation variables for 



purposes of analysis: (1) a binary variable indicating whether each worker was "monitored" or "not 

monitored" during a given period; and (2) cumulative dose equivalent for each worker (i.e., the sum 

of the annual dose equivalents from first monitoring to a given time, with a specified lag between 

cumulative dose measurement and outcome event), which was categorized into 4 groups: 0 mSv, > 0 

to 5 mSv, > 5 to < 30 mSv, and 2 30 mSv. 

Chemical Exposures: Sources of Data and Measurement 

Contrary to our expectations before starting data collection, RocketdyneIAI did not provide us 

with air-monitoring data for carcinogenic chemicals between 1950 and 1984. We determined that 

exposure to hydrazine, asbestos, beryllium, and many solvents occurred at the facilities during this 

period, and we had originally planned to construct a job-exposure matrix for these chemicals. With 

the help of walk-through visits, interviews of managers and workers, and historical facility reports, 

we conducted an extensive industrial-hygiene review of the SSFL facility. For example, we were 

able to locate chemical inventories for the years 1955-94 for several chemicals of interest (e.g., 

hydrazine and solvents). We were also able to determine that most machinists could have been 

exposed to nitrosamines from cutting oils before the transition was made to water-based coolants in 

the early 1980s. The data collected during our industrial-hygierie review helped us to identify jobs, 

time periods, and work locations with a high probability of substantial exposure to certain chemicals 

such as hydrazine and asbestos. 

We had planned to develop a job-exposure matrix based on the three major components: 

work location, job title, and period. As noted in previous interim reports, however, it soon became 

obvious that our ability to link workers with job locations was extremely hampered, since location 

codes on personnel cardexes do not actually identify the work locations of most employees. In 

general, we could only crudely link individual workers with one of the major RocketdyneIAI 

facilities, but usually not with a room or even a building in which certain chemicals of interest were 
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known to be used. 

Nevertheless, we have been able to identify two location codes from personnel cardexes that 

are associated with asbestos exposure for mechanics (nuclear and liquid metal), engineers, and 

machinists who worked during certain periods in Area IV of the SSFL. Asbestos exposure was found 

to occur primarily in building 006 (sodium laboratory) and building 143 (sodium reactor experiment) 

of the SSFL before 1980. Thus, employees working between 1950 and 1980 in these buildings were 

exposed to airborne asbestos. Tasks particularly associated with high exposures involved cutting 

through and patching up asbestos insulation. Workers mixed bags of dry asbestos with water in a 5- 

gallon bucket until the mixture became mud-like. Interviews also revealed that workers did not wear 

respirators while performing such tasks before the early 1980s. 

We created a +category variable to reflect a worker's expected or likely exposure to asbestos. 

The 4 exposure categories were defined as follows: "high" if the subject worked for more than 6 

months before 1980 in building 006 or 143 and if hisher job title was any type of mechanic, 

machinist, or technician; "low" if s h e  worked for more than 6 months before 1980 in building 006 or 

143 and if hisher job title was any type of engineer; "potential" if (a) sthe worked for more than 6 

months before 1980 in building 006 or 143 with another job title, or (b) hisher job title before 1980 

was any type of mechanic, machinist, or technician and there was no mention in the personnel records 

of assignment to building 006 or 143; and "unexposed" otherwise. For purposes of analysis, asbestos 

exposure was treated as three binary variables (indicating the three "exposed" categories). In 

addition, the 4 categories were collapsed into two-high vs. other--because we thought there might be 

considerable misclassification among the "other" categories and because we wanted to model the 

effect of each chemical exposure with only one variable (degree of freedom) to enhance precision. 

Table 2.10 shows the number and proportion of workers in the high asbestos group, by level of 

cumulative external-radiation dose. 

An approach similar to the one described above for asbestos exposure was used to measure 
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exposure to monomethyl hydrazine in personnel working at rocket-engine test stands in Areas 1-111 of 

the SSFL. For members of the HPRMP to have been potentially exposed to hydrazine, they would 

have to have been transferred from A1 (Area IV) to the Rocketdyne division (Areas 1-111) or vice 

versa. Workers were again grouped into 4 categories of expected or likely hydrazine exposure on the 

basis of job titles and employment periods, using information derived from worker and manager 

interviews and company-record reviews. The "high" exposure group includes workers employed for 

more than 6 months as propulsiodtest mechanics or propulsion/test technicians. Some employees 

with these job titles have been responsible for loading hydrazine into test-stand fuel tanks and for 

loading Peacekeeper fuel tanks with hydrazine. These loading procedures officially involved "closed 

systems" to avoid exposure, but leakage of fuel from the systems was allegedly a common 

occurrence. The "low" exposure group includes workers with job titles who are very likely to have 

been present during engine firings involving hydrazine use, but who have not necessarily had direct 

contact with hydrazine. These job titles are propulsion/test inspector, test engineer, research 

engineer, and instrumentation mechanic. The "potential" exposure category includes workers with 

job titles who may have been present at engine test firings (e.g., flight-line mechanics and engineers), 

but for whom we have no way of confirming such possible exposure. The "unexposed" group 

includes all other workers. As with asbestos, the 4 hydrazine-exposure categories were also collapsed 

into two, high vs. other, for purposes of analysis. Table 2.11 shows the number and proportion of 

workers in the high hydrazine group, by level of cumulative external-radiation dose. 

Misclassification of hydrazine exposure using our approach is probably greater than 

misclassification of asbestos exposure. Not only is it impossible to determine from job titles which 

workers were actually assigned to rocket-test stands or buildings in Areas 1-111 where hydrazine was 

used, but also exposure to hydrazine was more likely to result from accidental and unpredictable 

occurrences. 



General Analytic Approach 

In this section, we describe two different analytical approaches used in this study: (1) 

external com~arisons of our 'monitored workers with two national reference populations; and (2) 

internal com~arisons of monitored workers according to measured dose levels of radiation exposure 

(dose-response analyses). 

The relative advantage of external comparisons is that large reference populations, such as the 

general U.S. population, provide more power and precision when rare outcome events are examined 

(e.g., death from leukemia or brain cancer). On the other hand, such external comparisons are 

limited for estimating radiation effects because there are likely to be many differences between 

RocketdyneIAI workers and the comparison population, aside from radiation exposure, that can affect 

morbidity and mortality. We seldom have adequate data on other risk factors in the external 

population to control analytically for bias caused by these differences. Typically, workers selected 

for many jobs tend to be healthier, on average, than members of the general population, so that we 

expect lower mortality rates in worker populations. This phenomenon, called the "healthy-worker 

effect," makes the interpretation of external comparisons problematic. 

Consequently, we rely primarily on the internal comparisons to estimate radiation effects in 

this study. External comparisons are used to describe the study population, to assess the net influence 

of healthy-worker effects that are operating in this worker population, and to identify specific cancer 

sites with elevated mortality rates that might be explained by the effects of radiation (or other 

occupational exposures) estimated from the internal comparisons. To enhance the interpretation of 

external comparisons, we have performed these analyses separately for two different reference 

populations: the general U.S. population, and a compilation of worker populations assembled by the 

CORPS project of NIOSH from other occupational studies (Zahm, 1992; see Table 4.1.a for a list of 

studies included in this reference population). These two reference populations allow us to make 

complementary contrasts with different selection processes at work. While the general U.S. 



population includes many individuals with cancer and in poor health, the NIOSH cohorts include 

relatively healthy workers who were selected in part because of exposures to toxic chemicals that 

were thought or hypothesized to be carcinogenic. 

Statistical Methods: External Comparisons 

We used the Monson (1994) program to estimate expected numbers of deaths and standardized 

mortality ratios (SMRs) for the RocketdyneIAI population or subpopulation. Expected numbers of 

deaths were based on mortality rates observed in the two reference populations described above, 

stratifying on age @-year strata), sex, and calendar year (5-year strata). Each SMR represents the 

estimated mortality rate for the RocketdyneIAI cohort divided by the corresponding mortality rate for 

the reference population (i.e., the rate ratio), standardized to the age-sex-year distribution of the 

RocketdynelAI cohort. We present the mortality results for all causes of death, all cancers, specific 

types of cancer (including the groupings used in the internal comparisons-see below), and other 

major diagnostic categories such as cardiovascular, respiratory, genito-urinary, gastrointestinal, and 

external causes (Monson, 1994). 

The reference database compiled by the NIOSH-CORPS program pools mortality data from 

39 occupations and industries (see Table 4.1.a). Use of mortality rates derived from this pooled 

dataset is supposed to help minimize compaiison problems caused by "healthy-worker effects" (see 

below), incomplete ascertainment of deaths, and other complications encountered in occupational 

cohort studies. Anorher helpful feature of the NIOSH-CORPS project is that it provides separate rates 

for salaried and hourly employees. On the other hand, the limited number of cancer deaths in the 

NIOSH population prevented us from estimating SMRs for specific types of cancers, as was done 

with the U.S. population. 

The ICD-9 codes provided by our nosologist for deceased cohort members were first 

translated by the Monson program (1994) from ICD-9 codes to the codes in use at the time of each 
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death, then translated again to the ICDA-8 codes used for the SMRs reported in Tables 3.1-3.6. 

Estimation of variances and 95% confidence limits for the SMRs involving the U.S. population was 

based on the method of Byar, which was recommended by Breslow and Day (1987). These variances 

and confidence limits are estimated under the assumption that the stratum-specific rates for the U.S. 

reference population are fixed (with zero variance). Since this assumption would not hold for the 

NIOSH reference population, we had to use another method. In the absence of available software for 

exact estimation with stratified person-time data, we used the asymptotic method of Greenland (1982) 

in which all strata with no outcome events (deaths) were excluded and 0.5 was added to each cell of 

every stratum with one zero cell. Since the information on death certificates indicated that 96% of all 

RocketdyneIAI employees were white, we applied only the rates for white members of the external 

reference populations to the HPRMP cohort (see also the section on Confounding ... for a discussion 

of race information). 

Since the externally monitored and internally monitored cohorts involved different groups of 

workers in the HPRMP, we performed separate external comparisons for these two groups. As noted 

previously, all but 44 of the internally monitored group are included in the externally monitored 

group. Analyses stratified by pay type (salaried vs. hourly) included only those HPRMP-cohort 

members for whom pay type was known (see Tables 2.2 and 2.5). 

Statistical Methods: Internal Comparisons 

In comparing the mortality patterns associated with different levels of exposure within each 

monitored group, it was not possible to treat each cancer site as a separate outcome variable because 

there were not enough deaths for most cancer types to yield informative dose-response analyses. 

Thus, the outcomes examined in the internal comparisons are restricted to deaths from all cancers 

combined and from specific groups of cancers that were classified as radiation-sensitive 

(radiosensitive) in BEIR V (1990). For the dose-response analyses of external radiation, we created 
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two a priori groups of radiosensitive cancers: (1) all hemato- and lymphopoietic cancers (ICD-9 200- 

208), excluding chronic lymphocytic leukemia; and (2) all solid cancers identified as radiosensitive in 

BEIR V, including lung cancer (see below). In addition, analyses were conducted separately for the 

most common type of cancer death in our study population--lung cancer (ICD-9 162). 

In addition to lung cancer, the solid-radiosensitive-cancer group includes cancers of the 

esophagus (ICD-9 150), stomach (ICD-9 151), colon (ICD-9 153), brain (ICD-9 191-192), breast 

(ICD-9 174), and urinary-tract system (ICD-9 188-189). Bone and thyroid cancers are not included 

because no deaths from these causes were identified in our study population. Thyroid cancers have 

been primarily linked to childhood radiation exposure, and there is little evidence that they are 

affected by exposure to radiation during the adult years (Boice, 1996). It should be noted, however, 

that brea$t and thyroid cancers might be underrepresented in our mortality data because they are 

relatively nonfatal. Although we excluded the 4 chronic-lymphocytic-leukemia (CLL) deaths from the 

analyses of hemato- and lymphopoietic cancers presented in this report (since they are generally not 

considered to be radiosensitive), we also performed some of these analyses by including these 4 CLL 

deaths as outcome events; the estimated radiation effects did not change appreciably. 

For the dose-response analysis of workers monitored for internal-radiation exposure, it is 

important to recognize that the internally deposited radionuclides of major concern in this study emit 

densely ionizing alpha-radiation that usually reaches and damages only the tissues in its immediate 

vicinity, within micrometers of the particle (ICRP, 1980). However, the air-filled spaces in the lung 

allow alpha particles to reach greater distances, such that almost any tissue constituent of the lung 

may receive a considerable dose of radiation. Larger particles rarely reach the lower respiratory tract 

or, if they do, are cleared rapidly and completely. On the other hand, such particles can deliver large 

doses of alpha radiation to minute regions of the naso- and oropharyngeal systems and the 

gastrointestinal tract, even if their residence time is no longer than a few days. Furthermore, 

relatively insoluble radioactive particles that reach the alveolae are gradually translocated to 
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tracheobronchial and other thoracic lymph nodes, which may accumulate concentrations of inhaled 

material several hundred times greater than in the regions of the lung (ICRP, 1980). 

Given the above properties of internally deposited radionuclides, we examined their effects on 

the organ systems through which radioactive particles pass from intake to excretion. For dose- 

response analyses of internal radiation, we grouped together "upper-aerodigestive-tract cancers" of the 

naso-oropharyngeal regions, esophagus, and stomach (ICD-9 140-151). A similar grouping has been 

used in other epidemiologic studies of these rare cancers (e.g., Benner et al., 1995; Spitz, 1994). In 

separate analyses, we also examined radionuclide effects on hemato- and lymphopoietic cancers (ICD- 

9 200-208), lung cancer (ICD-9 162), and urinary-tract cancers (bladder and kidneys; ICD-9 188- 

189). Other organs to which radioactive materials are translocated and in which they are sometimes 

concentrated-depending on their solubility, chemical structure, affinity to certain tissues, etc.--are the 

liver and bones. We did not, however, observe any deaths from bone or primary liver cancers 

among HPRMP members monitored for internal radiation. 

For the internal comparisons of monitored workers according to cumulative radiation dose, 

we used the risk-set approach of Breslow and Day (1987) for cohort studies. In this approach, 

conditional logistic regression is used to compare individuals who have died of cancer with individuals 

still at risk of dying from cancer ("survivors")--a method that resembles the analysis of matched case- 

control data. We constructed risk sets of deaths and survivors for use in the analysis by matching to 

each cancer death, di, who died at time ti, & mi cohort members who were still alive at time ti. 

Thus, we did not sample a fraction of survivors (controls) for each death from the complete risk set 

(case-cohort sampling), a procedure that reduces the number of survivors in the analysis and has been 

employed in other studies to minimize the amount of required computer memory. Consequently, an 

individual contributed to multiple risk sets from hisher time of entry into the cohort (start of 

monitoring or 111150) until the end of follow-up (12131194) or hisher death. The principle of 

weighting each individual according to length of follow-up in person-time is retained in this approach, 
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since the longer an employee belongs to the cohort, the more often s h e  will be eligible as a 

comparison subject. This procedure provided us with an average of 3,578 survivors for each cancer 

death. 

Rate ratios (RR) and 95% confidence intervals (CI), comparing each exposed group with the 

reference group, were derived from the estimated model coefficients and their standard errors. These 

estimated coefficients (ln[rate ratios]) obtained from conditional logistic analysis of risk sets are 

comparable to those obtained from a proportional hazards model (e.g., Gilbert et al., 1989) or a 

finely stratified Poisson model (e.g., Wing et al., 1991). By including other covariates (predictors) in 

the model, we controlled for the effects of confounding variables such as sex, calendar period, age at 

exposure, time since first exposure, and age at the time of the index case's death (called "age at 

risk"). This approach also allowed us to treat cumulative radiation dose and certain other variables 

(e.g., time since first monitored) as time dependent, meaning that the value for an individual can 

change over time during the follow-up period. Cumulative radiation dose was treated in separate 

analyses as a set of three binary variables (indicating the three nonreference dose categories) or as one 

continuous variable. To test for trend across dose categories using logistic regression, the mean doses 

for all subjects in each category were used as exposure scores. 

We explored the effect of "total cumulative lifetime dose" by adding to the dose received at 

RocketdyneIAI any penetrating-radiation doses documented for previous employment at other 

facilities. As noted earlier, however, most analyses.in this report were restricted to doses received at 

RocketdyneIAI, because we believe that pre-RocketdynelAI doses were not completely documented in 

Rockwell records and the level of documentation may be associated with the radiation dose received 

at RocketdynelAI. The only reported findings involving the analysis of total cumulative lifetime dose 

are shown in Tables 3.7 and 3.9 (first column of estimated effects). 

cumulative radiation dose received at RocketdynelAI was treated as a time-dependent variable 

in all analyses. Timedependent treatment of radiation dose involves updating the cumulative dose for 
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each subject at risk at the time of each outcome event (cancer death). To allow for varying periods of 

inductiodlatency between radiation exposure and cancer death, cumulative doses were lagged by 0, 2, 

5, 10, 15, and 20 years. Lagging was achieved by limiting the cumulative dose for each individual in 

a risk set to the dose received 0, 2, 5, 10, 15, or 20 years before the index death. 

In using a logistic model to estimate effects, we assume that the logit of the probability of 

dying from the index cancers in an interval, conditional on being alive at the start of that interval, is a 

linear function of the covariates (Hosmer and Lemeshow, 1989). Thus, if the covariates are a linear 

function of untransformed variables, the effects of any two covariates are assumed to be multiplicative 

on the odds scale. According to Breslow and Day (1987: 160), such multiplicative relative-rate 

models are preferred to additive relative-rate models used in several other studies (e.g., BEIR V, 

1990) for estimating radiation effects, because the estimated parameters of the linear relative-rate 

model are unstable. This problem is particularly relevant to our analyses due to the small numbers of 

cancer deaths. Furthermore, the limited size of our dataset did not allow us to distinguish adequately 

among alternative model forms. 

We modeled exposure both as a set of binary variables and as a continuous variable for 

cumulative dose in mSv. Log transformations of the continuous variable (log[dose+ 11) were also 

explored. The log transformation of dose is equivalent to using a multiplicative power model, which 

approximates the additive risk model (Breslow and Day, 1987: 159). 

In all models, we explored the influence of confounding factors, such as the ones discussed 

below, but only the results of reduced models will be presented in this report. The covariates-pay 

type, time since first monitoring, and age at risk-were retained in all final models. For other 

potential confounders, we followed the change-in-effect criterion recommended by Greenland (1989) 

in order to determine whether a covariate should be removed from a model. Specifically, the 

covariate remained in the model if its inclusion changed the estimated rate ratio for radiation dose by 

more than 10%. Effect modification was evaluated by adding interaction (product) terms to the 
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models and, for age and dose, by other methods described in the next section. 

To estimate the number and fraction of cancer deaths attributable to occupational exposure to 

radiation, we used the logistic-regression results for each cancer outcome, where cumulative external 

or internal radiation dose is modeled as indicator variables for three nonreference categories (i = 

1.. .3). The attributable fraction for the i-th dose category (AFi) was approximated as (RR, - l)/RRi, 

where RR, is the estimated rate ratio, derived from the logistic-regression results with zero lag, for 

the i-th dose category (i > 0) compared with the reference category (i = 0) (Rothman, 1986:38-39). 

Thus, the estimated attributable fraction for the total population (AF)-i.e., the proportion of all 

cancer deaths (of one type) attributable to a radiation dose greater than the reference value--is 

approximately 1 minus the sum (across all dose categories, i = 0...3) of (A,/A)/RRi, where Ai is the 

number of cancer deaths in the i-th dose category, A is the total number of cancer deaths (of one 

type) observed in the study, and RR, = 1. Therefore, the number of cancer deaths (of one type) that 

were attributable to the effect of radiation--i.e., the attributable number--is AF times A. By summing 

the estimated attributable numbers for all types of cancer found to be positively associated with 

external or internal radiation dose, we estimate the total number of observed cancer deaths (of all 

types) attributable to radiation received at work-during the follow-up period in the cohort of 

monitored workers. 

Confounding, Effect Modification, and Misclassification Bias 

When estimating the effect of external or internal radiation on cancer mortality, the 

cumulative dose for each type of radiation was treated as a potential confounder of the other effect. 

In analyses of the externally monitored group, internal dose for workers not internally monitored was 

set equal to zero. 

We created several binary variables to explore the effect of age at risk on cancer mortality. 

There was no advantage to using binary variables versus a continuous variable in adjusting for the 



confounding effect of age; therefore, we treated age as continuous in all models. In certain models 

involving age stratification (described below), we adjusted for age at risk in another way--by post- 

matching survivors to cancer deaths on age (f 1 year) when creating the risk sets for analysis. 

Since follow-up started at first monitoring, "time since first monitoring" in our analyses is 

analogous to the "time since hire" or "time since start of follow-up" in other occupational cohort 

studies. Recently, there have been discussions in the literature about the potential confounding effect 

of such time-related variables as time since hire in cohort studies using cumulative exposure measures 

(Flanders et al., 1993; Steenland and Stayner, 1991; Arrighi and Hertz-Picciotto; 1995). Flanders et 

al. (1993) argue that it is essential to control for this variable in order to remove the bias caused by 

the decline in health status after the start of employment, which is positively associated with 

cumulative exposure. Arrighi and Hertz-Picciotto (1995) showed that other variables capturing the 

time effect in cohort studies, such as calendar period and current age or age at hire, are highly 

correlated with time since hire. Thus, adjusting for time since hire in addition to the other time- 

related variables might have little influence on the effect estimates for cumulative exposure. 

When examining the effect of time since first monitoring in the analyses for either external or 

internal radiation exposure in our cohort, we found that some estimated rate ratios for radiation dose 

changed more than 10%. We therefore adjusted for time since first monitoring in all models used to 

estimate the effects of external and internal radiation. Time since first monitoring was treated as time 

dependent; i.e., its value changed for a survivor from risk set to risk set, depending on when the 

index death occurred. 

According to the A-bomb survivor studies, age at exposure modifies the effect of radiation 

exposure. Thus, at comparable doses and ages at risk, cancer incidence was observed to be higher 

for persons who were exposed as children than for those who were exposed as adults (Thompson et 

al., 1994). A previous reanalysis of occupational cohort studies, however, suggested the opposite 

relationship between age at exposure and the effect of cumulative low-level radiation dose in the adult 



33 

years (Kneale and Stewart, 1993; 1995; Stewart and Kneale, 1996). According to Kneale and 

Stewart, employees of nuclear facilities exposed at older ages (> 50-65) experienced higher cancer- 

mortality rates than did employees exposed at younger ages to comparable dose levels, conditional on 

age at risk and other factors. 

We decided to examine the dependence of the external-radiation effect on age at exposure in 

several ways. First, we used age at first monitoring as a surrogate for age at first exposure in the 

analyses where we had time-matched survivors to deaths. We could not use "age at the mean of the 

monitoring period" or "age at peak exposure," because in any risk set, some survivors would not 

have reached their mean or peak exposure by the occurrence of the index death. Age at first 

monitoring was treated as a continuous covariate in the model and centered around its population 

mean. Second, we assessed interaction effects, using product terms in the model, between cumulative 

(timedependent) radiation dose and two age variables: age at first monitoring and age at first 

exposure to more than 10 mSv. Third, we examined separately the effects of binary variables 

indicating exposure after the age of 40, 45, 50, 55 and 60 years, controlling for cumulative dose. 

Fourth, we post-matched survivors to cancer deaths on time of death and age at risk (f 1 year); then, 

we created a separate cumulative dose variable for each of three age intervals ("windows"): < 40 

years, 40-49 years, and > 49 years. Then all three age-specific dose variables were added to the 

model, along with other covariates. In this report, we present only the results of this fourth method 

because we believe the results are easiest to interpret. 

Pay-type and job-title information from personnel records were used to generate a three- 

category proxy measure for socioeconomic status (SES); union employees paid on an hourly basis 

were distinguished from salaried technicalladministrative employees and salaried 

managerial/profe&ional employees. Since some employees changed pay type or job title, we 

categorized each worker according to the job title and pay type held longest at Rockwell. Due to 

missing personnel records, we were unable to identify pay type for 21 1 HPRMP members. In our 
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preliminary attempts to model the effects of pay type on cancer mortality, we treated workers with 

unknown pay type as a separate binary variable, and we used mean imputation to deal with the 

missing values. Subsequent efforts, however, to reduce the number of covariates in the model 

suggested that it was suffkient to treat pay type as a binary variable-salaried professionallmanagerial 

vs. all other pay-type groups, including unknown-in order to adjust efficiently for the confounding 

effect of this variable. 

Information about tobacco smoking was systematically recorded for a subgroup of HPRMP 

members. Medical questionnaires from certain periods provided us with information about smoking 

at first employment and at annual medical examinations. Questionnaires from 1961 to 1969 indicated 

only if the worker was a smoker (yestno); from 1970-1980, no smoking information was provided; 

after 1980, the amounts and dates of smoking and quitting were specified. Since smoking information 

was available for only 1,096 HPRMP members, we were unable to control for the effect of smoking 

in the total cohort. Thus, to assess potential confounding by smoking, we examined the associations 

between smoking and cumulative radiation dose and between smoking and pay type in the subsample 

of 1,096 subjects (see Tables 3.14-3.19). 

Since RocketdyneIAI did not systematically collect data on the race of its employees before 

1972, we were unable to control for the influence of this variable in our analyses, since most subjects 

were hired before 1972. According to the information on death certificates, however, 96% of all 

deceased workers were white. Computerized personnel data for RocketdyneIAI employees showed 

that the racelethnicity distribution after 1971 was: 82% whitelCaucasian, 6.5% Hispanic, 6% African 

American, 5.2% Asian, and 0.3% other groups. Thus, the HPRMP cohort can be characterized as 

overwhelmingly white. Tables 2.2-2.5 show that it was also overwhelmingly male. When gender 

was added as a covariate to our models, it did not change the effect estimate for radiation dose. 

Therefore, the results presented in this report are not adjusted for gender. 

We also assessed the potentially confounding effects of chemical exposures by adding to 
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models timedependent binary covariates for asbestos and hydrazine exposures (see the previous 

section). Since the effect estimates for radiation dose did not change appreciably (i.e., by > 10%) 

when controlling for these covariates, the results presented in this report are not adjusted for asbestos 

or hydrazine. 

3. RESULTS 

External Comparisons 

The results of comparing the mortality experience of RocketdyneIAI workers monitored for 

external radiation with two other reference populations are shown in Tables 3.1 and 3.2. In Table 

3.1, males in the externally monitored study population are compared with white males in the U.S. 

population. In Table 3.2, males in the externally monitored study population are compared with 

white males in the NIOSH reference population, stratified by pay type (salaried vs. hourly). The 

mortality rates for all causes and for all cancers were markedly lower in externally monitored male 

workers than in U.S. white males (SMR = 0.68, 95% CI 0.64-0.73; and SMR = 0.79, 95% CI 

0.69-0.89, respectively). Similar results were obtained for all causes of death when comparing 

monitored workers with the NIOSH reference population (SMR = 0.79 for salaried workers and 0.78 

for hourly workers), but the mortality rates for all cancers were similar (SMR = 0.99 for salaried 

workers and 1.02 for hourly workers). Although none of the 95% confidence intervals for specific 

cancers in Tables 3.1 or 3.2 exclude the null value, there does appear to be some excess mortality 

from leukemias in the RocketdyneJAI cohort; the SMR, using the U.S. population as the referent, is 

1.60 (95% CI 0.95-2.52). From the comparisons with the NIOSH population, we see that the excess 

leukemia mortality is restricted to salaried employees (SMR = 2.05; 95% CI 0.83-5.04). Compared 

with the NIOSH population, both salaried and hourly RocketdynelAI worker; experienced much 

lower mortality rates for arteriosclerotic heart disease (SMR = 0.68, 95% CI 0.45-1 .O4; and SMR = 
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0.75, 95% CI 0.59-0.95, respectively). 

The mortality experience for female RocketdyneIAI workers monitored for external radiation 

is shown in Table 3.3. Although the SMRs for all causes and all cancers are similar to the results for 

males, these analyses are not very informative because we observed only 31 deaths among female 

employees. 

The results of comparing the mortality experience of male RocketdyneIAI workers monitored 

for internal radiation with the two white male, reference populations are shown in Tables 3.4 and 3.5. 

These results are generally similar to the results for the larger externally monitored group (Tables 3.1 

and 3.2), but with wider confidence intervals. The SMR, comparing RocketdyneIAI workers with the 

U.S. population, is 0.72 (95% CI 0.66-0.80) for all causes and 0.87 (95% CI 0.73-1.03) for all 

cancers (Table 3.4). In comparisons with the NIOSH population (Table 3.9,  we again see some 

excess leukemia mortality that is restricted to salaried workers (SMR = 1.81, 95% CI 0.66-4.98). 

The mortality experience for female RocketdyneJAI workers monitored for internal radiation 

is shown in Table 3.6. Again, the results are not very informative because we observed only 8 deaths 

among these employees. 

Since we are not able to adjust for smoking in our external comparisons and since smoking is 

a risk factor for several cancers, it is informative to compare the frequency of cigarette smoking in 

RocketdyneIAI employees with the frequency of smoking in the reference populations. In 1965, 

51.3% of all U.S. white males greater than 20 years of age and 60.1 % of white males between the 

ages of 25 and 34 were cigarette smokers (U.S. Surgeon General, 1979). Between 1961 and 1969, 

63.4% of all RocketdyneJAI employees (mean age 31 years) were smokers. In 1980, 37.1 % of the 

U.S. white male population greater than 20 years of age were cigarette smokers (U.S. Surgeon 

General, 1983), and this proportion dropped to 28% in 1990. Among RocketdyneIAI employees 

between 1982 and 1984, the proportion of smokers was 37.4% among hourly workers and 19.5% to 

24.7% among salaried workers. Thus, since RocketdyneIAI employees seem comparable to the 



general U.S. population of white male adults with respect to smoking behavior, the estimated SMRs 

were probably not confounded very much by smoking. 

Internal Comparisons: External-Radiation Effects 

Table 3.7 shows the distribution of total cumulative external-radiation doses for all externally 

monitored subjects, for those who died from any cause, and for those who died from any cancer. 

This table also shows how the exposure distribution for cancer deaths changes when radiation dose is 

lagged by various amounts ranging from 0 to 20 years, and it shows the exposure distribution for 

cancer deaths, with zero lag, when pre-RocketdyneIAI doses are included. 

The final logistic models for estimating the effects of external radiation among externally 

monitored workers include the following predictors: age at risk, time since first monitoring, pay 

type, cumulative dose of external radiation, and cumulative dose of internal radiation. Table 3.8.a 

shows the adjusted rate-ratio (RR) estimates for each predictor, by type of cancer outcome, assuming 

a zero lag (excluding pre-RocketdyneIAI doses). Table 3.8.b presents crude and adjusted rate-ratio 

estimates for the effects of external radiation dose, assuming a 15-year lag. Table 3.8.c shows the 

results of the zero-lag analysis redone to include as outcome events both underlying causes of death 

(as in previous tables) and associated (contributing) causes. This alternative approach does not change 

the estimated effects of external radiation. 

The results in Tables 3.8.a-c show that cancer-mortality rates increase monotonically with 

external-radiation dose for total cancers (p for trend = 0.036, Table 3.8.a) and for all radiosensitive 

solid cancers (p = 0.12), but not for cancers classified as nonradiosensitive (p = 0.58). Although 

the trend for hemato- and lymphopoietic cancers was not perfectly monotonic across the 4 dose 

categories @ = 0.003), the rate was particularly elevated for the highest dose group (2 200 mSv), 

which contained two index deaths (RR = 15.7; 95% CI 3.33-73.5). A similar pattern was observed 

for lung cancer. Although the trend was not perfectly monotonic (p = 0.045), the rate was 
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particularly elevated for the highest dose group, which contained two lung-cancer deaths (RR = 4.70; 

95% CI 1.05-21.0). 

Table 3.9 shows the estimated effects of external radiation dose measured as a continuous 

variable with different lags (0-20 years). The rate-ratio estimates for lung cancer decline with 

increasing lag greater than 2 years. In contrast, the rate-ratio estimates for hemato- and 

lymphopoietic cancers and for all cancers increase somewhat with increasing lag. The estimates for 

radiosensitive solid cancers do not change much with different lags. The widths of the confidence 

intervals around the rate-ratio estimates increase with increasing lag because of the decline in the 

number of observed deaths. Furthermore, the likelihood ratio chi-square statistic is fairly uniform 

across all lag periods. Thus, although it is difficult to identify a "best-fitting" model on the basis of 

likelihood ratio statistics, the largest values are observed for a 10-15-year lag with hemato- and 

lymphopoietic cancers and for a 0-5-year lag with lung cancer. 

We observed no interaction effects (on the multiplicative scale) between cumulative dose and 

either age at first monitoring or age at first exposu;e to more than 10 mSv, controlling for these main 

effects and other covariates. When effects were estimated separately for cumulative doses received 

during three age internals, however, the results .suggest that age at exposure might modify the effect 

of external radiation on cancer mortality (Tables 3.10.a-b). Although the power for testing these age- 

specific effects is low, the pattern of effect modification by exposure age appears to vary by type of 

cancer outcome. While the effects of radiation on total cancers, radiosensitive solid cancers, and lung 

cancer are largest for doses received after age 50, the effect on hemato- and lymphopoietic cancers is 

largest for doses received before age 50. 

When adding our measures of asbestos and hydrazine exposures to the models, we observed 

little changes in the estimated radiation effects; thus, these chemical exposures do not appear to 

confound the effect of external radiation on cancer mortality. The associations between smoking 

status measured at different periods and cumulative external-radiation dose among samples of workers 
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are shown in Tables 3.14, 3.16, and 3.18. Since smoking is not systematically associated with 

radiation dose in any period, it appears that smoking probably was not an important confounder of the 

external-radiation effects estimated in our dose-response analyses. On the other hand, smoking is 

associated with pay type (see Tables 3.15, 3.17, and 3.19), suggesting that pay type might have 

served as a proxy for smoking in our analyses. 

Since external radiation was associated with both hemato-lymphopoietic cancers and 

radiosensitive solid cancers, we estimated the numbers of deaths from these cancers attributable to 

external radiation at RocketdyneIAI. As described in the Methods section, these estimates take into 

consideration radiation effects estimated from the logistic-regression analyses as well as the 

distribution of external-radiation doses received by monitored workers at RocketdyneIAI. We found 

that about 5 deaths from hemato-lymphopoietic cancers and about 4 deaths from radiosensitive solid 

cancers (including lung cancer) during the follow-up period were attributable to cumulative external 

doses greater than or equal to 10 mSv. These 9 deaths represent 3.5% of all cancer deaths observed 

in the externally monitored cohort and 11.1 % of "exposed" cancer deaths with cumulative doses of 10 

mSv or more. 

Internal Comparisons: Internal-Radiation Effects 

Table 3.11 shows the distribution of cumulative internal alpha-radiation dose for all internally 

monitored workers, those who died of any cause, and those who died of any cancer. This table also 

shows how the exposure distribution of cancer deaths changes when radiation dose is lagged by 0-20 

years. The number of highly exposed cancer deaths decreases only slightly with increasing lag, 

indicating that most radiation exposure occurred more than a decade before the cancer deaths. 

Table 3.12.a shows the estimated effects of internally deposited radionuclides on the organ 

systems discussed in the Methods section, with zero lag, controlling for external radiation dose, pay 

type, age at risk, and time since first monitoring (for internal radiation). A strong monotonic 
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association is observed between cumulative internal dose and mortality from cancers of the upper- 

aerodigestive tract @ for trend = 0.0001), even though no effect of external radiation was observed 

for these cancers. A strong monotonic trend was also observed for hemato- and lymphopoietic 

cancers (p = 0.0001). Unlike the results with external radiation, these dose-response associations are 

not entirely dependent on small numbers of deaths in the highest dose category (2 30 mSv). We 

found no effects of internal radiation on mortality from urinary-tract cancers (kidney and bladder; see 

Table 3.12.a). Although there was an inverse association o b s e ~ e d  between internal-radiation dose 

and lung-cancer mortality, this result was probably a chance finding @ for trend = 0.20). 

Because of its effects on hemato-lymphopoietic and upper-aerodigestive-tract cancers, 

cumulative internal dose is also associated with total-cancer mortality @ for trend = 0.087). Lagging 

doses by 15 years or including cancers listed as associated causes on death certificates does not 

change these results (see Tables 3.12.b-c). Furthermore, the estimated effects of internal radiation do 

not change appreciably when adding our measures of asbestos and hydrazine exposures to the models. 

We estimated that about 6 deaths from hemato-lymphopoietic cancers and about 9 deaths from 

upper-aerodigestive-tract cancers during the follow-up period were attributable to cumulative internal 

doses greater than 0 mSv. These 15 deaths represent 11.2% of all cancer deaths observed in the 

internally monitored cohort and 27.3% of "exposed" cancer deaths with cumulative doses greater than 

0 mSv. 

The combined effects on total-cancer mortality of both external and internal radiation, cross- 

classified into 9 dose categories, were estimated for all 2,253 workers monitored for both external 

and internal radiation. The results of these analyses are shown in Table 3.13.a (with zero lag) and 

Table 3.13.b (with a 15-year lag). Although there are no cancer deaths in the highest combined dose 

category (2 200 mSv external and r 30 mSv internal), the cancer-mortality rate is elevated 

appreciably (i.e., RR > 5) for monitored workers in the highest dose category of one radiation type 

and in the next highest category of the other type (20-199 mSv external or 6-29 mSv internal). 



Nevertheless, the 95% confidence intervals for these estimates are quite wide. 

4. DISCUSSION 

External Comparisons 

Total mortality and total-cancer mortality were lower in our radiation-monitored cohorts than 

in the general U.S. population. When we stratified the monitored cohorts by pay type (salaried vs. 

hourly) and compared them with similar strata in the male NIOSH population, however, mortality 

from all cancers was similar for externally and internally monitored workers. Furthermore, male 

salaried RocketdyneIAI employees monitored for external or internal radiation experienced elevated 

mortality rates from leukemias. 

The all-cause SMR (0.68; 95% CI 0.64-0.73), comparing RocketdyneIAI workers with the 

U.S. population, illustrates the well-known healthy-worker effect. That is, most employed 

populations have consistently been shown to have lower death rates from all causes than does the 

general population. This does not mean that being employed decreases the risk of dying, but rather 

that healthier individuals are more likely to get employed and stay employed than are less healthy 

individuals. A review article by Park et al. (1991) pointed out that the mean SMR for employees 

from nuclear industries is even lower than the mean SMR for all industries combined (SMR = 0.79 

vs. 0.83). Our review of the literature corroborated this finding. Within the nuclear industry, SMRs 

for all employees (including both those monitored and those not monitored for radiation) are slightly 

higher than the SMRs reported for monitored employees alone (Table 1.2.a). Our all-cause SMR of 

0.68 for externally monitored RocketdyneIAI workers is lower than the mean SMR reported by Park 

et al., and it is lower than most of the SMRs listed in Table 1.2.a. The selective hiring and retention 

of healthy workers, therefore, may be more pronounced at RocketdyneiAI than in most other studied 

occupational cohorts. 
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We believe that one reason for the strong healthy-worker effect in some of the nuclear- 

industry facilities is the high percentage of highly educated employees in research facilities such as 

RocketdyneIAI. About 45% of our cohort members were salaried professional, technical, or 

managerial employees, many of them scientists. The total-mortality SMR of 0.68 for our cohort is 

comparable to the SMR of 0.63 (95%CI 0.60-0.65) reported for employees of the Los Alamos 

National Laboratory (Wiggs et al., 1994), another nuclear facility with a strong emphasis on research. 

Park et al. (1991) describe a strong impact of socioeconomic status on SMRs in occupational cohorts. 

According to these authors, U S .  cohorts consisting of professionals (e.g., managers, engineers, 

architects, pathologists, and chemists) have all-cause SMRs ranging from 0.5 to 0.7; and British 

studies have shown a linear decrease in all-cause and total-cancer SMRs with an increase in social 

class (from unskilled to professional) for men of working age. It is not surprising, therefore, that the 

low all-cause SMR persisted when we compared the RocketdyneIAI employees to the total NIOSH 

population, since about 90% of the NIOSH population was hourly workers. We would expect more 

valid comparisons by stratifying on pay type, since this stratification should help to control for 

differences between RocketdyneIAI and the total NIOSH cohort in the distribution of socioeconomic 

status and related factors. 

When salaried and hourly workers from the externally monitored group were compared with 

the corresponding NIOSH groups, the resulting all-cause SMRs remained low: 0.78 and 0.77, 

respectively. These low SMRs are due primarily to the relatively low mortality rate from circulatory 

diseases in our cohort, especially arteriosclerotic heart disease (SMR = 0.68 and 0.75, respectively). 

A low SMR (0.57; 95% CI 0.54-0.60) for circulatory diseases was previously described for Los 

Alamos employees, indicating a similar selection effect for employees at that nuclear facility. 

For both externally and internally monitored cohorts, the observed total-cancer mortality rates 

among RocketdyneIAI salaried and hourly employees were similar to the corresponding rates in the 

NIOSH population. Nevertheless, elevated mortality rates for leukemias were consistently observed 
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in RocketdyneIAI groups, especially for salaried workers. These latter results may be due in part to 

the effects of occupational radiation exposure that we found in the internal comparisons. In addition, 

we found excess mortality rates for other specific cancers in the external comparisons, but these 

elevated SMRs were not observed consistently across different analyses and they are based on small 

numbers of deaths. 

One limitation of the external comparisons stratified on pay type is that this variable does not 

entirely characterize individual workers in the NIOSH reference population, but only each study 

cohort as a whole. That is, NIOSH epidemiologists and industrial hygienists classified each study 

cohort as "ever blue collar" (hourly workers) on the basis of general characteristics of that cohort. 

Thus, the population of "hourly" NIOSH workers actually contains both hourly and salaried workers. 

This heterogeneity is not true, however, for the NIOSH group of salaried workers, which is 

comparable to the classification we used with RocketdyneIAI workers. Most of the 8,363 employees 

labeled as salaried by NIOSH were drawn from only 4 occupational groups: formaldehyde- 

production workers (3,447), anatomists (2,317), petrochemical workers (1,472), and civilian workers 

at an airforce base (833) (see Table 4.1.b). Since NIOSH researchers had access to company 

personnel records for these cohorts, they were.able to delete hourly workers. Thus, we believe that 

salaried workers in the NIOSH population are sociodemographically similar to the salaried workers at 

RocketdyneIAI. 

Many of the studies forming the NIOSH reference population were conducted to test specific 

hypotheses regarding the effects of occupational chemical exposures on cancer mortality. According 

to Zahm (1992), however, the wide variety of jobs, occupations, and industries represented in the 

total NIOSH population is supposed to result in risks of specific diseases that are typical of general 

working populations. Nevertheless, the risk of dying from certain cancers in the NIOSH population 

may still have been higher than would be expected if those workers had not been exposed to 

occupational carcinogens. Thus, our external comparisons of monitored workers with the NIOSH 
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population may have underestimated the health risks of working at RocketdyneIAI. 

For this investigation, as in other studies of workers at nuclear facilities, the only practical 

source of information on cancer occurrence was death certificates. Although it would have been 

desirable to examine incidence, rather than mortality, only population tumor registries systematically 

compile information about all newly diagnosed cases of cancer in a given area, and the Southern 

California registries were established too late to cover most of the follow-up period for our cohort. 

Moreover, we have found that our study population has been relatively mobile, such that about a 

quarter of all cohort members have died out of state. Thus, cancer registries covering all of 

California would probably have missed many of these cases. 

We were not able to validate the cause-ofdeath entries on death certificates with information 

from next of kin or hospital and pathology records. As documented in the literature, such a "follow- 

back" investigation could improve the quality of mortality data (Ron et al., 1994a). Financial 

constraints and issues of confidentiality, however, prevented us from obtaining mortality information 

from any source other than death certificates. 

The major methodologic problems of using death certificates alone to obtain information on 

cancer mortality are: inaccuracies in determining the specific cancer site, e.g., distinguishing between 

colon and rectal cancers; difficulties in determining whether a reported cancer site is the primary or a 

secondary malignancy; and underreporting of multiple primary cancers in the same individual. 

Underreporting of cancer as a cause of death, in general, is much more frequent for individuals over 

70 years of age (32% of our deaths) and for those who did not die in a hospital. If the recorded 

cause of death is based on a biopsy or an autopsy, the diagnosis on the death certificate gains validity, 

but on only 10% of our death certificates was such a procedure noted. 

In general, we would expect the misclassification of cancer as the cause of death on death 

certificates to be nondifferential with respect to radiation dose--i.e., the proportion of misclassified 

cancer deaths of a specific type and the proportion of misclassified deaths from other causes would 
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not vary by level of radiation dose. Therefore, we would expect the direction of misclassification 

bias in effect estimation to be toward the null value (RR = 1). Since the frequencies of many types 

of cancer are small in our study, however, adding or subtracting only one death from a given dose 

category might change the results appreciably. 

The latest comparison of cancer-incidence with cancer-mortality results for A-bomb survivors 

showed that, in general, cancer-incidence data provided more outcome events with which to assess a 

dose-response relationship, but cancer-mortality analyses did not produce fallacious trends when 

compared with the results of cancer-incidence analyses (Ron et al., 1994b). Demers et al. (1992) 

compared results based on cancer-incidence data with those based on mortality information in an 

occupational cohort study of fire fighters and policemen. Consistent with Surveillance Epidemiology 

End Results data (Horm et al., 1985; Chu et al., 1990), these authors found many more incident than 

fatal cases for cancers of better prognosis, such as the oral cavity, pharynx, colon, rectum, prostate, 

bladder, and skin; but only for bladder and colon cancers did the mortality data produce effect 

estimates different from those based on the incidence data. Relative to the general population, the 

index cohort experienced a lower cancer-mortality rate, but the same incidence rate. The authors 

concluded that this difference between incidence and mortality was due to differential case fatality; 

i.e., cancer cases in the index cohort had a better survival than did cases in the general population, 

possibly due to better health-insurance coverage for fire fighters and policemen. We might expect 

such an effect for cancers with a low fatality rate in the RocketdyneIAI cohort, as well, since 

RocketdyneIAI employees had extensive health-insurance coverage. 

Internal Comparisons: External-Radiation Effects 

The RocketdyneIAI workers monitored for external radiation experienced increases in 

mortality with increasing cumulative external-radiation dose for both total cancers and all solid 

cancers of so-called radiosensitive organs but not solid cancers of nonradiosensitive organs. In 
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addition, we observed a clear increase in mortality from hemato- and lymphopoietic cancers at high 

doses (r 200 mSv). Such high levels were also associated with an elevation of lung-cancer 

mortality. 

Our study population is one of the smallest among the nuclear cohorts investigated to date (see 

Table 1.1). As discussed in the Methods section, a dose-response analysis of many site-specific 

cancers was not feasible for the HPRMP cohort because of the small numbers of cancer deaths 

observed for most sites. In order to assess dose-response relationships, therefore, we combined target 

cancer sites, using a priori knowledge according to BEIR V (1990), into three groups: cancers of the 

blood and lymph system (hemato- and lymphopoietic cancers excluding chronic lymphocytic 

leukemia), radiosensitive solid cancers, and nonradiosensitive solid cancers. We also conducted 

sensitivity analyses of our cancer groupings by including and excluding certain cancers; yet the results 

reported in Tables 3.8 and 3.12 did not change. Our finding of an association between external- 

radiation dose and mortality from radiosensitive solid cancers indicates that, in contrast to the results 

of certain previous studies (see Table 4.2), the trend observed for total-cancer mortality cannot be 

attributed solely to the effects on hemato- and lymphopoietic cancers. Furthermore, the magnitude of 

the effect of external radiation was similar for total cancers and radiosensitive solid cancers in our 

study. 

Although our dose-response analyses are based on small numbers of cancer deaths, there are 

several pieces of evidence to suggest that some, if not all, of the observed trends are likely to 

represent true radiation effects. First, a dose-response analysis pooling all cancer deaths in our study 

that are not included in the "radiosensitive" categories showed no effect of radiation exposure, as 

expected. Second, the results of certain dose-response analyses (internal comparisons) are consistent 

with related findings from the external comparisons involving two different reference populations. 

Specifically, mortality rates for leukemias in our study population were elevated in comparison to 

each external reference population. Furthermore, the excess mortality rate of these cancers, relative 
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to the NIOSH population, was restricted to salaried workers. 

A third piece of supporting evidence for our major findings is that the cancer sites associated 

with external radiation in our study are consistent with findings of external-radiation effects from 

previous studies. In accordance with the pattern of high-dose effects in humans and animals, one 

would expect exposure to low-level external radiation to increase the risk of leukemias and cancers of 

organs with so-called radiosensitive tissues-i.e., tissues with immature, undifferentiated, and rapidly 

dividing cells. Previous studies of low-level exposures have partially borne out this prediction. For 

example, researchers at the International Agency for Research on Cancer (IARC) conducted a pooled 

analyses of data from 7 published nuclear-cohort studies (Cardis et al., 1995). These investigators 

found an effect of low-level ionizing radiation on leukemia mortality, but the magnitude of this effect, 

though similar to the results of the A-bomb-survivor analyses, is smaller than the effect estimated for 

hemato- and lymphopoietic cancers in our study (see Table 4.2). Moreover, in contrast, to our 

findings, Cardis et al. (1995) reported no effects of radiation on cancers other than leukemias. We 

believe, however, that Cardis et al. did not adequately take into account the substantial heterogeneity 

of effect across studies. Indeed, the relatively small pooled effect they reported for leukemias was 

largely determined by the results of one large study (Hanford). 

Gilbert (1989) pointed out that data from A-bomb survivors and from therapeutically 

irradiated ankylosing-spondylitis patients (Darby et al., 1985) have yielded the highest rate ratios for 

easily diagnosed cancers that occur in sufficient numbers to be studied adequately, rather than for 

those cancers characterized as highly radiogenic according to conventional biologic criteria for 

radiosensitivity. Furthermore, on the basis of empirical evidence from studies of medically irradiated 

patients, the authors of BEIR V (1990) classified the brain as a radiosensitive organ, although it does 

not meet the definition of a biologically radiosensitive tissue. Findings from occupational cohort and 

case-control studies suggest that radiation is not only associated with so-called radiosensitive cancers 

(e.g., lung, leukemia, and brain), but also with cancers not regarded as radiosensitive (e.g., prostate 
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and some female genital organs). Increases in the risks of leukemia, multiple myeloma, and cancers 

of the lung, ovary, and urogenital system have also been reported for A-bomb survivors exposed to 

more than 200 mSv (Shimizu et al., 1990). Subsequently, however, the results for multiple myeloma 

were revised; according to the latest incidence data, there is no increased risk with increasing external 

dose (Preston et al., 1994). 

One reason for inconsistent findings across studies may relate to differences in the time 

required for radiation to induce different types of cancer. For example, Checkoway et al. (1988) 

found that the effect of radiation on lung-cancer mortality diminished with increasing lag in exposure 

measurement, a phenomenon also observed in our cohort. Thus, our lagged analysis suggested a 

stronger effect of external-radiation dose on lung cancers when we used shorter lags (5 years or less). 

Such findings may indicate a predominantly late-stage effect for radiation on lung cancers, if it is not 

an artifact due to the small numbers of deaths in both studies. In contrast, for total cancers and for 

hemato- and lymphopoietic cancers, lags of 15 to 20 years yield the largest rate-ratio estimates. 

Although it is best to perform lagged analyses with specific cancer sites, in our study there was 

suficient information to perform such analyses only for lung cancer. 

In the A-bomb survivor studies, deaths from leukemias peaked only 5 years after the 

exposure, while other cancers showed a much longer inductionllatency (BEIR V, 1990). In addition, 

some leukemias tend to occur earlier in adult life than do other cancers. One might argue from those 

findings that radiation effects on solid cancers have not been observed consistently in previous 

occupational studies because the follow-up time in those studies was too short to allow for the longer 

induction/latency periods (> 10 years) required for the development of radiation-induced solid 

cancers (other than lung cancer). Shimizu et d. (1990) argue that there is no evidence that radiation- 

induced cancers appear earlier than other cancers at the same sites; rather, the increase in site- 

specific, radiation-induced cancer mortality occurs at approximately the same ages when cancer 

mortality from natural (background) sources increases. Thus, nuclear workers exposed in their 
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twenties would have to be followed for as long as 30-40 years before a potential radiation effect could 

be observed. It is not surprising, therefore, that findings and conclusions from previous studies in the 

nuclear industry changed considerably with increasing duration of follow-up (see Table 1.4). Thus, 

the varying durations of follow-up in previous studies might be one reason for the inconsistency of 

published results. 

The average follow-up time for members of the externally monitored RocketdyneIAI cohort 

(26 years) is one of the longest reported in the literature to date. The resulting advantages are two- 

fold: In gddition to allowing for longer periods of cancer inductionllatency, the extended follow-up 

has enabled us to study a relatively high proportion of workers exposed late in life. Note that the 

effect on lung-cancer mortality of exposure to external radiation after age 50 is much greater than the 

corresponding effects of the same cumulative doses at younger ages (see Table 3.10a-b). 

Internal Comparisons: Internal-Radiation Effects 

Increases in mortality with increasing internal-radiation dose were found for hemato- and 

lymphopoietic cancers and upper-aerodigestive-tract cancers among RocketdyneIAI employees. No 

effects were observed on mortality from urinary-tract cancers. Although an inverse association was 

found between intend-radiation dose and lung-cancer mortality, we do not regard a protective effect 

of radionuclide exposure to be biologically plausible. Thus, we believe that this latter association was 

probably a chance finding @ = 0.20); it may have resulted from negative bias due to unmeasured 

confounders. 

Results from other studies have been inconsistent regarding the health effects of internal 

exposure from alpha-radiation-emitting particles in nuclear cohorts. Wiggs et al. (1994) reported a 

slightly elevated lung-cancer-mortality rate among plutonium-exposed workers at the Los Alamos 

National Laboratories. Checkoway et al. (1988) found the strongest gradient for the effect of 

cumulative (external) gamma-radiation dose on lung-cancer mortality in a subgroup of workers also 
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exposed to more than 50 mSv of (internal) alpha radiation; but Dupree (1994) was not able to confirm 

these results in an extended follow-up of the same cohort. In British studies, trends for all cancers, 

lung cancer, and prostate cancer showed an increase in mortality with increasing dose of external 

radiation only among those workers who were monitored for both external and internal radiation 

(Beral et al., 1985; Beral et al., 1988). 

We did not observe an effect of internal radiation on lung-cancer mortality in our cohort, in 

part perhaps, because of confounding by other risk factors. The most likely potential confounders are 

smoking and chemical carcinogens such as asbestos and beryllium. We did not (and will not) have 

the information necessary to adjust properly for individual exposures to specific chemicals, but we 

were able to examine the smoking distribution for a subgroup of internally exposed workers. We did 

not find a consistent association between smoking and cumulative internal radiation dose; therefore, 

our results are not likely to be confounded appreciably by smoking. 

As was true for external radiation, the results of certain dose-response analyses of internal 

radiation (internal comparisons) are consistent with related findings from the external comparisons 

involving two different reference populations. Specifically, mortality rates for leukemia in our study 

population were elevated in comparison to both the U.S. population and the NIOSH population of 

salaried workers. The implication is that the excess mortality rate of these cancers in the 

RocketdyneIAI cohort appears to be due to the effects of low-level, internal and external, ionizing 

radiation. 

Wilkinson et al. (1987) reported results for internal radiation that are similar to ours; they 

found that Rocky Flats employees with a positive plutonium body burden experienced increased 

mortality from hemato- and lymphopoietic cancers. Elevated rates of these cancers have also been 

observed in medical patients treated with high doses of Thorotrast (BEIR IV, 1988). In addition, 

consistent dose-response associations with leukemias have been observed for lower levels of exposure 

to alpha emitters. Archer et al. (1973) also reported an estimated SMR of 4 for these cancers among 
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uranium miners and millers (based on only 4 cases, with 1 expected), and Waxweiler et al. (1983) 

found a small increase for lymphatic cancers among uranium millers (again based on small numbers). 

A dose-response relationship between radiation and cancers of the upper-aerodigestive tract 

has not previously been described for occupational cohorts. The only finding of an association 

between internal alpha radiation and cancer was reported by Wilkinson (1985), who observed rates of 

gastric-cancer mortality that were higher in several northern New Mexico counties with substantial 

deposits of uranium than in counties without such deposits. Those results need to be interpreted with 

caution, however, since they are based on ecologic (aggregate) data and since residents of the high- 

risk counties may also have been exposed to other carcinogens, such as arsenic and cadmium. 

A positive association between internal-radiation dose and external-radiation dose in Oak 

Ridge workers was reported by Checkoway et al., 1988. This association was also observed in our 

study among monitored workers (see Tables 3.7 and 3.10). Thus, in all analyses of external-radiation 

effects, we adjusted for the effect of internal radiation, and vice versa. Our analysis of the combined 

effect of both exposures suggests an increase in total-cancer mortality with both types of radiation 

(Table 3.13.a-b). 

The evaluation of alpha-radiation exposure in this study focused on the potential for damage 

due to physical contact with an organ or tissue while the radioactive particle is moving through the 

body. Accordingly, we grouped cancers according to the organs of radionuclide entry or exit, with a 

separate category for all cancers of the blood and lymph system. Use of these outcome categories in 

dose-response analyses of internal radiation has an important limitation, however, since most of the 

dose measurements were calculated on the basis of expected doses to the lung. Thus, very different 

doses might have been delivered to other organ systems, depending on the radioactivedecay process 

and the retention function of the radionuclide for different organs. According to our health physicist 

(DCB), the quality of our internal-radiation data does not allow us to calculate specific organ doses 

beyond lung doses. Nevertheless, we can still use our computed lung doses as crude indicators of 
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dose to other organs. 

The mean radionuclide lung dose in our cohort of 2,297 internally monitored workers was 

only 2.1 mSv. This dose is much lower, for example, than the average lung dose of 82.1 mSv 

reported for 3,491 workers of the Y-12 facility at the Oak Ridge National Laboratory (Checkoway et 

al., 1988). 

We chose to exclude workers unrnonitored for alpha-radiation exposure from all analyses of 

internal-radiation effects for two reasons: to minimize exposure misclassification, since some of the 

unmonitored workers were probably exposed to alpha radiation before 1963; and to minimize possible 

selection bias resulting from differences in unmeasured risk factors between monitored and 

unmonitored workers. Evidence for this second rationale comes from the work of Wilkinson and 

Morgenstern (1995), who found that mortality rates for several cancers in the Rocky Flats study 

differed markedly for unmonitored workers and monitored workers with near-zero levels of plutonium 

uptake. Consequently, the total number of cancer deaths observed in our analyses was reduced from 

258 in the group monitored for external radiation to 134 in the group monitored for internal radiation. 

Given the relatively low levels of internal radiation in our cohort and the relatively small 

number of cancer deaths, especially at high doses, we were somewhat surprised to find such 

pronounced dose-response associations with both hemato- and lymphopoietic cancers and upper- 

aerodigestive-tract cancers. On the other hand, the negative results for exit-organ cancers, such as 

those of the kidney and bladder might be misleading, because bladder cancer is relatively nonfatal; the 

ratio of mortality to incidence is 1:6. Mortality data might not reflect the effect of radiation exposure 

on the incidence of these nonfatal cancers if, for example, access to health care and therefore survival 

among cancer cases varied according to level of radiation exposure. 

In summary, despite the small size of the group monitored for internal radiation, our finding 

of a dose-response association between cumulative internal-radiation dose and mortality from hemato- 

and lymphopoietic cancers is consistent across both phases of the analysis (external and internal 
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comparisons), is widely regarded to be biologically plausible, and is consistent with the results of 

other studies. The dose-response association with upper-aerodigestive-tract cancers, though strong 

and biologically plausible, needs to be replicated in other populations. 

Confounding and Effect Modification 

The estimated rate ratios reported in this study have not been adjusted for smoking, a well- 

known risk factor for many of the cancers considered in our analyses. In order to confound the effect 

of radiation on cancer mortality, a covariate not only must be a risk factor for the disease, but also it 

must be associated with radiation dose in the total cohort. We examined the association between 

radiation dose and smoking during two periods for which smoking data were available from 

subgroups of our cohort. For those two periods, 1961-69 and 1980-94, we found that the distribution 

of smoking did not vary in any systematic way with cumulative dose of external or internal radiation. 

Thus, smoking is not likely to confound the effect of radiation dose on the risk of dying from any 

disease. Nevertheless, residual confounding due to smoking cannot be ruled out because of the lack 

of complete smoking histories in our subjects. 

In a case-control study designed to address this confounding problem, Petersen et al. (1989) 

also showed that tobacco use was not strongly related to radiation dose among workers of the Hanford 

nuclear facility. Those authors also demonstrated that adjustment for smoking in the analysis did not 

appreciably change the estimated effects of cumulative dose on lung-cancer risk. 

Since pay type (our indicator of socioeconomic status) was associated with smoking in the 

study population (see Tables 3.15, 3.17, and 3.19), we might have partially controlled for the effect 

of smoking on cancer mortality by adding pay type to our models. Furthermore, smoking prevalence 

for RocketdyneiAI employees in the 1960s appears comparable to that of the general U S .  population 

of white males in 1965 (U.S. Surgeon General, 1979), and smoking prevalence is even lower for 

RocketdyneIAI employees in the 1980s than for the general U.S. population of white males in 1980 
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(US. Surgeon General, 1983). Thus, neither the external nor internal comparisons in this study are 

likely to have been positively confounded by smoking. 

Since radiation dose in our monitored study population may have been associated (perhaps 

inversely) with exposures to chemical carcinogens, it is possible that radiation effects were 

confounded by the effects of these chemical exposures. To address this concern, we attempted to 

identify employees likely to have been exposed to chemical carcinogens at RocketdyneIAI. Industrial 

hygienists working on our study surveyed the facility, interviewed managers and workers, and 

assessed the potential for exposure to chemical carcinogens by evaluating job titles according to 

location and period. We identified beryllium, asbestos, some solvents, and hydrazine as carcinogenic 

substances to which workers in our study population could have been exposed (Wagoner et al., 1980; 

Carpenter et al., 1988). We were unable to measure these exposures at the individual level, however, 

due to the lack of information on worker locations. Instead, we created two 4-category variables 

(none, potential, low, and high) for hydrazine and asbestos exposures from a crude job-exposure 

matrix based on available information. By adding binary covariates for these chemical exposures to 

the logistic models, we found that the estimated effects of radiation did not change appreciably. This 

apparent lack of confounding by these chemical exposures was observed for all cancer outcomes, 

including lung-cancer mortality. Although we observed a crude association between our asbestos 

measure and total external-radiation dose (see Table 2. lo), this association ignores the timedependent 

treatment of these covariates and the associations with other covariates in the model; in addition, the 

asbestos variable is only minimally associated with cancer mortality, including lung cancer. Thus, the 

effects of radiation reported in this study do not appear to be confounded by the effects of asbestos or 

hydrazine exposures. Nevertheless, because of the crude measurement, we cannot rule out residual 

confounding due to these or other unmeasured risk factors (e.g., solvents, diet, and alcohol). 

Another factor that might be responsible for inconsistent results across occupational studies is 

potential modification of radiation effects by age at exposure. Kneale and Stewart (1993; 1995) 
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reported that the effect of external radiation on total-cancer mortality at Hanford was much higher for 

workers exposed after age 58 than for workers exposed earlier in life. Indeed, their results indicated 

that a cumulative dose of only 10 mSv after age 58 could double the total-cancer mortality rate (see 

also Table 4.2). The results of our analyses of radiation effects for cumulative doses received during 

three age intervals seem to corroborate Kneale and Stewart's finding of effect modification by 

exposure age (see Tables 3.10.a-b). Although our estimated effects are weaker than theirs, we also 

found that the effect of external radiation on total-cancer mortality was strongest for workers exposed 

after age 50. A similar pattern of effect modification was found for radiosensitive solid cancers, 

including lung cancer. In contrast, the opposite pattern was observed for hemato- and lymphopoietic 

cancers, such that the effect of external radiation was strongest'for workers exposed before age 50. 

Given the imprecision of these effect estimates, however, our results must be interpreted cautiously. 

5. CONCLUSIONS 

All available evidence from this study indicates that occupational exposure to ionizing 

radiation among nuclear workers at RocketdyneJAI has increased the risk of dying from cancers of 

the blood and lymph system. Despite the small numbers of deaths from these cancers in workers with 

relatively high doses, we observed associations for both external and internal radiation, and these 

associations are not likely to be chance findings; furthermore, these findings are consistent with the 

results of our external comparisons with two reference populations. In addition, these findings are 

consistent with results previously reported for several other nuclear cohorts. 

Exposure to external radiation appears to have increased the risk of dying from lung cancer. 

Although this effect has not been observed consistently in other studies of nuclear workers, it does not 

appear to be due to the confounding effects of smoking, asbestos, or hydrazine exposures. 

Nevertheless, we cannot rule out residual confounding by these factors or by unmeasured risk factors 
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such as other chemical carcinogens, but such potential bias could be in either direction. 

Results of this study strongly suggest that exposure to internal radiation has increased the risk 

of dying from cancers of the upper-aerodigestive tract. We observed a strong dose-response 

relationship that is not likely to be a chance finding. Although there were limitations in measuring 

internal-radiation doses among workers, we would expect such measurement errors to result in an 

effect estimate that is smaller than the true effect (i.e., bias toward the null). Nevertheless, we cannot 

rule out confounding (in either direction) by alcohol consumption, dietary factors, and other 

unmeasured risk factors. Upper-aerodigestive-tract cancers have not been analyzed as a single group 
I 

in previous radiation studies, and we did not have enough deaths of each cancer type in this group to 

conduct separate dose-response analyses; thus, our finding needs to be replicated in other populations. 

In contrast to findings reported for several other epidemiologic studies of radiation effects, we 

observed an association between cumulative external-radiation dose and total-cancer mortality. 

Indeed, the estimated excess rate ratio (rate ratio minus one) corresponding to the effect of 100 mSv 

was at least 6 to 8 times greater in our study than comparable estimates extrapolated from the study of 

A-bomb survivors (Tables 3.9 and 4.2). Our results, however, are consistent with those of two 

previous studies of nuclear workers. 

We estimated that 9 cancer deaths observed in the externally monitored cohort were 

attributable to external-radiation doses of 10 mSv or more; this attributable number represents 3.5% 

of all observed cancer deaths and 11.1 % of "exposed" cancer deaths with cumulative doses of 10 mSv 

or more. We also estimated that 15 cancer deaths observed in the internally monitored cohort were 

attributable to internal-radiation doses greater than 0 mSv; this attributable number represents 11.2% 

of all observed cancer deaths and 27.3% of "exposed" cancer deaths with cumulative doses greater 

than 0 mSv. Since we were not able to provide confidence limits for these estimates, their precision 

cannot be assessed. Nevertheless, the estimated numbers of attributable deaths may be conservative 

for several reasons: e.g., they ignore deaths possibly due to external doses less than 10 mSv; they 
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ignore possible radiation-induced cancer deaths after 1994; and they ignore radiation-induced cases of 

cancer that are not fatal. 

The results of this study also suggest that the effect of low-level ionizing radiation may vary 

by age at exposure and that the pattern of this effect modification by exposure age may differ by type 

of cancer. While the estimated effects of external radiation on total cancers, radiosensitive solid 

cancers, and lung cancer were largest for doses received after age 50, the estimated effect on hemato- 

and lymphopoietic cancers was largest for doses received before age 50. Despite the low statistical 

power for testing the effects of age-specific radiation doses in our analyses, these results are 

consistent with findings from other studies. We therefore recommend that other researchers consider 

exposure age when estimating the effects of ionizing radiation. 

Results of the external comparisons suggest that the mortality rates for all causes and, in 

particular, heart disease were lower for monitored RocketdyneIAI workers than for either the general 

U.S. population or the NIOSH population of other worker cohorts. These findings do not mean that 

being employed at RocketdyneIAI decreases the risk of dying from heart disease or other causes, but 

rather that healthier individuals are more likely to get employed at'RocketdyneIA1 and stay in the 

radiation-monitoring program than are less healthy individuals. This latter phenomenon is known as 

the "healthy-worker effect. " 

Although we cannot rule out all forms of error in our estimates of radiation effects, we 

believe the direction of possible bias is no more likely to be away from the null (exaggerating effects) 

than toward the null (underestimating effects). Moreover, the positive findings observed in our study, 

in contrast to many previous studies, may be due in part to the extended follow-up period. Longer 

follow-up allows time for the development of radiation-induced cancers that are characterized by long 

inductionllatency periods or that tend to occur more frequently after exposures late in life. It should 

be noted that only 20% of monitored workers had died by the end of the follow-up period. On the 

basis of this consideration, plus other methodologic issues that cannot be resolved by the present 



study, we recommend continued follow-up of the RocketdyneIAI cohort in the coming decades. 

Future surveillance should include the detection of cancer incidence as well as mortality. 
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b lndlcate the mach~ne w~th whlch the medtum is compatible I e 
w~th whch ~t can be used (e g VHS IBM PC-compatible haw aisk 8 
Megs ) 

c Enter 'YV the proauct has souna 

d. E'nter 'Y'if the product is in color. 

e. Enter -Y" if the product has tableslgraphics. 

f. Enter any other information which would be helpful to the user ol 
the ST1 product (e.g.. prog-amming language, etc.) 

0. LOCAllOWRANSMISSDN INFORMATION 

1. Product awaikblt at site. Thrs is a requued field d electronlc full-texl 
' 

ST1 Product retamed at site. Provide a complete unlque URL (Unifov 
Resource Locator; adaress sufficient to access a complete copy of the 
specific ST1 product. 

2 F oduct being tmwnttted to O m :  This is  a requrd Celd if 
electronic full-text STI Product is being transmitted to OSTI. Indicate the 
method of transmission. 

3. In- Ploduct Filename This IS a requued fiddif an 
electronic copy of the STI produd is being transmitted to OSTl 
electronicafly via an open systems network or other computergeneratea 
medium. Provide the name of the file that contains the ST1 product ltself 

AWmONAL INFORMATION ( c o m m n g  medW0~mar or 
locab~anwnissrort, fc - OSTI mtemal use o w :  Speafy file format if the 
file is not a fulMext ST1 product (e.g.. a data file), or if special 
arrangemen's haw been made with OSTl to send fulktext in a non- 
standard format 

(Grantees and Awardees: Skip to Contact section at the end of Part 1111 

Part I#: ST1 PRODUCT REVIEWIRELEASE INFORMATION 

A. ACCESS LIMITATION - ?Ns is a requked fiehi Recommendat~ons to 
restrid access to ST1 products must have a legal basis or be 
accompaniedby wdtien programmatic guidance. Questions concerning 
current laws ?nd guidance may be referred to in Part I1 or AlTACHMENT 
7 of the DOE Guide 241 .l-1, Guide to the Management of Scrmtrfic m u  
Technml Infomatron, or by contacting OSTl at (423) 576-1035 

1 Unlimited Announcement The unrestncted. unlimrteo a~stributi- 
the product. 

2. OpenNet ST1 products declassified and made available for public 
,elease will be announced on the Department's OpenNet Database r 
accordance with the Qepartment's Openness In~tiative. 

When recaras for awlassified ST1 products are submitted to OSTl 
electrmicaNy. an auWratat~ve classrfication change notice (paper only 1 ' 
accordance with C Q E  M 475.1 -1, Identifyng Classrfied Informatron muss . . 
accompany that submssion. 

2.a.1. Acceadan Number: For use in indicating additional sources of a 
?-xument. This number may be - ' by OpenNet users uhen requestins 
a document. The Accession Nun-+ ?r is a unique identifier Of up to 13 
..';'%numeric characters only (A- . a-z, or 0-9). The transmitting field or 
program office is responsible for assuring that the number is unique 
within its jurisdiction. OSTl will add a twocharacter prefix to assure 
number's untqceness across DOE for a maximum slze of 15 characie.' 

2.a.2. Document Location: This should identify additional sources 
where the public may go to obtain a copy of the document. At a 
minimum. :his entry must contain a point of contact and enough aaoitional 
lnformation to enable a user to order a document (e.g.. address, phone . 

number. lax rdmber, e-marl address, etc.). Multiple location entries may 
be provided; separate multiple locations with a semicolon and a space 
Note. If a standard location will be used (e.g., a public documents 
readtng room). OSTl can provide an availability code which can be 
entered instead of the location text. 

2 b Field Offlce Acronym Use the appropriate acronym provtded in 
OpenNet DeClassrfied Informatron Database Data Input Speoficatlons 
revised December 15. 1994 

2 c Deciassification Date Provide the a e ~ i b ~ ~ ~ ~ , ~ ~ ~ ~ ~ ~  I ' Z ! e  for any 
-ocument that nas been dec;assified and publicly released 

2 d Declassitication Status Requlredfor all documents be~ng ente-c 
into OpenNet Check Sanltlzed' for documents w~th portions aeletec f 3  

privacy or securtty reasons and enter a declassif~cation date t f  the 
sanltizea document IS also a declassifted document Check Neve- 
class~fied" for d0CufnentS that have never been classifted and are belr , 
vade publlcly available 

2.e. OpenNet Document Categories. For information products whim 
will be included in the OpenNet Database, provide the appropriate two- 
level subject categories based on the list in OpenNet DeClasstfied 
Ioformatlon Database Data lnput Specifications, revised December 15. 
1994. The list or OpenNet document categories is also available at URL 
hnp llwww doe.govhtmVosti~opennet~opencats.html 



FORM 241.1 INSTRUCTIONS 
2.f OpcnCiktAd&esaee. Provide the name and address of the reaptent 

F of the inbfm8tion product if it is a memo, letter, or stmtlar type of product 

3. U.S. ~~ Only. STI products su~table for t h i  oesfgnat~on 
are those which othenvisa are not protectable under FOIA. but whose 
mntent f&b under the subject areas ueb~t i&u trt the sensltne subjects 
attachment of DOE Oder 1240.28, Unclass~fied Vitts and Asstgnrnents 
by Fc-eign N a t i i .  

4-13. Refer to ArrACHMENT 7 of the DOE Guide 241.1-1, Guide to the 
Managemenr of Scientific and Technical Irdmaa'on. 

4. C w  nutuid. Acopyright restriction on part or all of the 
contenta ofthe STI product may affect the reproduction and distribution of 
fb pmducl by OSTI. Any restriction must be specified. 

f 1. RognmMncted Special Handling. Provide a reference to specific 
guidance or attach a copy of the specific guidance. 

14. Ch.rllkct. STI produds will be announced by OSTl in awrdance 
wilh 00E/OSTC-3674 Rev.75. 

'. OTHER. lndude other useful i n f o d o n  which should be iqduded in the 1 
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C. COHTACT AND RELEASING OFFICIAL 
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about the content of the ST1 product. 
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appropriate review and release of the STI product. Do not forward th~s 
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OM0 BURDEN DISCLOSURE STATEMEM 

Public reporting burden for this coHection of information is estimated to 
average 10 minutes pe, response, induding the time for reviewing 
instructions, searching existing data sources, gathering and maintaining the 
data needed. and completing and reviewing the cdlection of information 
Seaid comments regarding this Inden estimate or any other aspect of th6 
collection of information, including suggestions for reducing this burden to 
the Office of Information, Records, and Resource Management, HR-41, 
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Table 1.1 Results from epidemiologic cohort studies of low-level radiation exposure in populations of nuclear workers: general cohort description 

Hefercnce 
(facility location) 

ROCKY FLATS 
(Colorado) 
Wilkinson et al., 
1987 

OAK RlDGE 
(Tennessee) 
Wing eta]., 1991 

NAVAL 
SHIPYARD (Maine) 
Rinsky et al., 1981 

MOUND FACILITY 
(Dayton, OH) 
Wiggs, et a1.,1991 

Population 

Total cohort 7,609 

Rad cohort: 
5,413 white males 
>2 years of 
employment 
comparison 5 2nCi 
with > 2 nCi internal 
exposure 
Total cohort 17,517 

Rad cohort: 
8,318 white males 
employed >I month; 
hired between: 1943- 
1972 
Total cohort 24,545 
white male civilian 
workers employed 
between 1952-1977 
-1 5,585 unmonitored 
- 1,345 monitored and 

dose=O 

Rad cohort: 
-7,615 monitored and 
dose>O 

Total cohort 6,884 
employed between 
1947-1979 

Rad cohort: 
3.229 white males 

Follow-up 
period 
(average 
length of 
follow-up) 

1952-1979 
(14.49 years) 

1943-1984 
(26 years) 

1952-1 977 
(12.9 years)* 

* radiation 
work started 
in 1958, 
before 1958 
only a few 
radiographers 
were 
monitored 

1947-1979 
(18.8 years) 

Number of deaths 

527 total death (6.9%) 
126 cancers 

Rad cohort: 
409 total death (7.6%) 

95 cancers 
(in workers employed < 2 years: 
1 18 total death, 3 1 cancers) 

2,766 total death (15.8%) 
636 cancers 

Rad cohort: 
1,524 total death (1 8.3%) 

346 cancers 

4,762 total death (1 9%) 
977 cancers (39 leukemias) 

Non-monitored: 
3,733 total death (24%) 

726 cancers (3 1 leukemias) 
Monitored (and dose=O): 
196 total death (1 5%) 
50 cancers (1 leukemia) 

Rad cohort (monitored and 
dose>O): 
833 total death (I 1%) 
201 cancers (7 leukemias) 

593 total death (14.2%) 
number of cancers not given 

Rad cohort: 
304 total death (9.4%) 
66 cancers 

(ICD 200-209: 10, leukemia: 4) 

Salary type 
distribution 

? 

52.5% 
non-monthly 
salary 

Number 
of ill- 
defined 
cancers 
(ICD- 8: 
195-199) 

N=5 

N=75 
(ICD-8 
193-199) 

? 

no data 

Number of 
individuals not 
located o r  
excluded 

57 and everybody 
employed at other 
nuclear companies 

1,373 (lost to 
follow-up and no 
DC, no DC=361) 

SMR (95Yo CI)" 

Rad cohort: 
overall: .62 (.57-.68) 
cancer: .71 (.59-.84) 

Total cohort: 
overall: .73 
cancer: .75 
Rad cohort: 
overall: .74 (.71-.78) 
cancer: .79 (.71-.88) 

Total cohort: 
overall: .89 (.86- .91) 
cancer: .94 (.89-1.01) 
Non-monitored: 
overall: .98 (.95-1.01) 
cancer: 1 .OO (.93-1.08) 
Monitored (and dose=O): 
overall: .65 (.57- .75) 
cancer: .84 (.62-1 .I 1) 

Rad cohort (monitored and 
dose>O): 
overall: .78 (.73- 34 )  
cancer: .92 (.80-1.06) 

Total cohort: 
overall: .89 (32- .97) 
cancer: .91 (.76-1 .lo) 

Rad cohort: 
overall: .79 (.70- .88) 
cancer: .88 (.68-1.12) 



Table 1.1 continued 

Population 

Total cohort 44,100 
3 1,500 males 
12,600 females 

1.Rad cohort: 
36,235 monitored 
males and females 

2.Rad cohort: 
23,704 monitored 
white males 
employed for >6 
months 

3.Rad cohort: 
24,672 males 
7,971 females 

employed for >6 
months 
3.Rad cohort: 
27,395 monitored 
males 
8,473 monitored 

females 

Total cohort 22,552 

Rad cohort: 
8,555 male 

834 female 

Follow-up 
period 
(average 
length of 
follow-up) 

1945-1978 
recruits 
1944-1981 
deaths 

(2.Rad 
cohort: 2 1 
years for 
monitored 
white males) 

1944-1986 

1944-1 978 
recruits 
1944-1986 
deaths 

1951-1982 
(1 8.6 years) 

Number of deaths 

7,249 total death (16.4%) 
1.603 cancer 

1. Rad cohort: 
men: 5,079 total death 

1,078 cancers 
women: 495 total death 

154 cancers 

2. Rad cohort: 
4,426 total death (18.7%) 

833 cancers 

3. Rad cohort: 
? total deaths 
1466 cancers 

men: 6,644 total death (24.3%) 
1,507 cancers 

women: 698 total death (8.2%) 
225 cancers 

3,115 total death (13.8%) 
865 cancers 

Rad cohort: 
men: 940 total death (I 1%) 

257 cancers 
women: 32 total death (3.8%) 

18 cancers 

Salary type 
distribution 

? 

males: 
7% clerical 
42% 
professionals 
51% craftsmen 
and operators 

blank 

Number 
of ill- 
defined 
cancers 
(ICD- 8: 
195-199) 
? 

166 (out 
of 1,507 
male 
cancers 
(1 1%) 
and 12 
females 

N=23 
(out of 
275 
cancers 
(8.4%) 

Number of 
individuals not 
located or  
excluded 

1. Rad cohort: 
44 workers 

2. Rad cohort: 
- 2 workers 
exposed to >25 
Rem 

None 

SMR (95% CI)" 

Total cohort: 
overall: .79 
cancers: .85 

1. Rad cohort: 
overall: - males: .78 

- females: .74 
cancers: - males: .85 

- females: 3 0  

2. Rad cohort (male): 
all non-cancers: .74 (.72-.77) 
cancers: .82 (.77-38) 

3. Rad cohort: 
? 

not mentioned 

Total cohort: 
overall: .77 
cancers: .82 

Rad cohort: 
overall: .73 
cancers: .77 



Table 1.1 continued 

Population 

Total cohort 14,327: 
1 1,604 males 
2,633 females 

Rad cohort: 
10,157 white males 
and females 

Total cohort 39,718, 
males and females 

Rad cohort: 
- 19,760 monitored 

males 
- 1,785 monitored 

females 
Total cohort 95.217* 
87,522 men 
7,695 women 

(includes N=23,914 
from UKAEA and 
N=16,393 from 
Sellafield) 

('42,033 of the 
workers were born 
after 1945, i.e., were < 
15 years of age; might 
nclude workers never 
nonitored (assumed 
lose = 0) 

Follow-up 
period 
(average 
length of 
follow-up) 

1947-1 983 
(2 1.7 years) 

1946-1 986 
:22 years) 

955-1988 
nean follow- 
~p time? 

2,277 total death (15.9%) 
572 cancers 

men: 2,048 total death (17.6%) 
women: 229 total death (8.7%) 

Rad cohort: 
1516 total death (14.9%) 
396 cancers 

5,509 total death (14.0%) 
1,506 cancer deaths 

Rad cohort: 
3021 total deaths (15.3%) 
710 cancer deaths 

5,660 total death (7%) 
1435 cancers 

nen: 6,434 total death (7.3%) 

Salary type 
distribution 

60% male 
industrial 
workers 
52% female 
industrial 
workers 

? 

25.9% of all 
leath are non- 
ndustrial 
workers, 
14.1% are 

workers 

Number 
of ill- 
defined 
cancers 
(ICD- 8: 
195-199) 

N=17 
(out of 
396 
cancers = 

4.3%) 

N=45 

31 (out of 
1,435 
:ancers = 

5.3%) 

Number of 
individuals not 
located o r  
excluded 

35? 

1706 

1919 

SMR (95% CI)" 

Total cohort: 
overall: .98 
cancers: .95 

Rad cohort: 
overall: 

-men: .98 
- women: 1.02 

cancer: 
-men: .96 
-women: .87 

Total cohort: 
overall: .78 
cancers: .80 

Rad cohort: 
werall: .76 

rota1 cohort: 
~verall: .83 
for industrial: .93 
for non-industrial: .63) 
:ancer: .84 
Lung: .75 
CD 200-209: .85) 



Table 1.1 continued 

OF CANADA 
LIMITED 
(Canada) 
Gribbin et al., 1993 

CALVERT CLIFFS 
NUCLEAR POWER 
PLANT 
(MD) 
Jablon, Boice Jr., 
1993 

LOS ALAMOS 
NATIONAL 
LABORATORY 
(New Mexico) 

Population 

Total cohort 13,570 

Rad cohort: 
8,977 white males 

Total cohort 9,I 32 

Rad cohort: 
8,615 males 

15,727 
white males hired 
1943-1977 

lortality Ratio based on ' 

Follow-up 
pcriod 
(average 
length of 
follow-up) 

1956-1985 
(17.5 years) 

* Mean age 
33.2 vears 
1943-1 990 
(29 years) 

Number of deaths Salary type 
distribution 

Rad cohort: 
878 total death (9.8%) 
227 cancers 

346 total death 
101 cancers 

Rad cohort: 
332 total deaths (3.9%) 
98 cancers 

3196 total death 
732 cancers 

; population 

? 

not known 

Number 
of ill- 
defined 
cancers 
(ICD- 8: 
195-199) 
? 

? 

? 

Number of 
individuals not 
located or 
excluded 

1,043 + (2,530 
women) 

339 workers 
without dose 
measurements, 
17 1 females 

SMR (95% cI)" 

Rad cohort: 
overall: .77 (.72- .83) 
cancer: .87 (.76- .99) 
(lung: .90 (.71-1.13) 
leukemia: .60 (.22-1.30)) 

Total cohort: 
overall: .85 (.76- .95) 
cancer: 1.08 (.88-1.3 1) 

Rad cohort: 
overall: .87 
cancer: 1.12 

Total cohort: 
overall: .63 (.60-.65) 
cancers: .64 (.59-.68) 



Table 1.2 Results from epidemiologic cohort studies of low level radiation exposure and cancer in populations of nuclear workers: description of exposure and - 
health effects 

Reference 

ROCKY FLATS 
Wilkinson et al., 
1987 

OAK RIDGE 
Wing et al., 1991 

NAVAL SHIPYARD 
Rinsky et al., 1981 

MOUND FACILITY 
Wiggs et al., 1991 

HANFORD 
Gilbert et al., 1989 

Gilbert, Cragle, 
Wiggs, 1993 

Exposure Distribution in rcm 
(for radiation cohort) 

59.4% exposed > 1 rern 
25% 2 2 nCi and > 1 rern 

Mean exposure 4.13 rem? 
# exposed to > 1 rern = 3,2 15 
0 2,129 (25.6%) 
0-< l 3,913 (47.0%) 
I-< 5 1,638 (19.7%) 
5-< 10 317 (3.8%) 
10- 1,145 321 (3.8%) 

# exposed to > 1 rern = 2,276 
Rad cohort: 
0-<I 5,046 (66.5%) 
1 - 4  1,688 (22.2%) 
5- 91.4 863 (1 1.3%) 

Mean 2.8 rem, Median 5 5  rern 
#exposed to > 1 rern = 2,550 
0-< 1 1866 (57.8%) 

# exposed to > 1 rern = 1,363 
2. Rad cohort: 

Mean exposure = 3.23 rern 
# exposed to > 1 rern = 9,848 

3. Rad cohort: 
Mean exposure = 2.6 rern 

Number of workers 
monitored for internal 
exposure (or with positive 
monitoring result) 
N=1.451 (26.8% ) had positive 
Plutonium body burden 
(out of 2,196 workers employed 
<2 years N=22 had a positive 
Plutonium body burden) 

N=3,763 (45.2% of rad cohort) 

Nobody received dose >lo% of 
MABB 

N=457 (1.9%?) confirmed 
Plutonium deposition cases 

Type of 
radioactive 
material 
handled 
Plutonium 

Polonium 
Uranium 
Protactinium-23 1 
Plutonium-239 
Plutonium-238 
Tritium 

Plutonium 
Neutron 

Other potential 
carcinogens 
cohort members 
were exposed to 
not mentioned 

Solvents 
Beryllium 

Solvents 
(Benzene, 
Carbontetracloride, 
Tetrachloroethane) 

Beryllium 

not mentioned 

Results from internal 
comparisons 

Increased risk for: 
-all lymphopoietic cancers (ICD 
200-208) and internal exposure to 
>2 nCi 
- prostate cancers (10 year lag) 

Increased risk for: 
- all cancers 
- leukemia 
- lung cancer 

Trend for: 
- leukemia and gamma dose > 1 
rern 
(4 death observed, 2.5 expected) 

Increased risk for: 
- leukemia (exposed to >5 rem; 
SRR=15.43 (1.83-1 30.4) based on 
2 observed cases) 
Trend for: 
- all lympho- and hematopoietic 
cancers 
lncreased risk for: 
- multiple myelomas with 
increasing dose (10 year lag) 
- for lung cancer ( 2 2 rem (10 year 
lag) 
- slight increase for all female - 
cancers and female genital cancers 
(10 year lag) 

3. Rad cohort: 
Increased risk for all cancers with 
increasing age at risk 



Table 1.2 continued 
Weference . 

I4ANFOllD 
Stewart and Kneale, 
1993 

ATOMIC WEAPON 
ESTABLISHMENT 
Beral et a]., I988 

SELLAFIELD 
Smith et al., 1986 

UNITED KINGDOM 
ATOMIC ENERGY 
AUTHORITY 
Fraser et a1, 1993 

Exposure Distribution in rem 
(for radiation cohort) 

Mean exposure = 2.23 rem 
0-< I 7,815 (83.2%) 
I-< 5 1,205 (12.8%) 
5-<I0  229 (2.4%) 
10-176 140 (1.5%) 

# exposed to > 1 rem = 1,574 

for 10,157 monitored (estimated 
from figure): 
3-< 1 2,050 (20.2%) 
1-<5 3,180 (31.3%) 
5-< 10 1,458 (14.4%) 
2 10 3,469 (34.2%) 

Mean exposure = 9 rem 
Y exposed to > 1 rem = 8,107 
I-< 1 10,739 (49.8%) 
I-< 10 8,445 (39.2%) 
? I0  2,361 (11.0%) 

Y exposed to > lrem = 7,959 

Number of workers 
monitored for internal 
exposure (or with positive 
monitoring result) 
N=12,047 men and N= 1975 
women monitored 

957 men and 121 women had 
significant level of intemal 
radiation exposure 

3,742 (40%) for Plutonium 
3,044 (32%) for Uranium 
1,562 (1 7%) for Tritium 

638 (7%) for Polonium 
281 (3%) for Actinium 

no data available 

Plutonium 3,564 (17%) 
Tritium 1,702 (8%) 
other radionuclides 

6,412 (30%) 

Type of 
radioactive 
material 
handled 

Tritium 
Plutonium 
Uranium 
Polonium 
Actinium 

blank 

Tritium 
Plutonium 
other 
radionuclides 

Other potential 
carcinogens 
cohort members 
were exposed to 
s.a. 

no data 

no data 

no data 

Results from internal 
comparisons 

lncreased risk for: 
- all cancers after exposure age 55 

Increase risk for: 
- all cancers for exposure >I rem 
(lag period 10 years or lag period 15 
years); result is more pronounced 
for persons with internal exposures 
to radionuclides. 
Trend for : 
-Plutonium and lung cancer 
-Tritium and uranium and prostate 
cancer 
Increased risk for: 
- all lymphatic and hematopoietic 
cancers (especially myelomas and 
leukemias) 
- bladder cancers (1 5 year lag) 

Increased risk for: 
-prostate cancers with and without 
lag and dose >I0  rem (10 observed 
14.86 expected) and for tritium 
exposure 
- uterus cancers and gamma or 
radionuclide exposure 



Table 1.2 continued 
Reference R 

A REGISTRY OF 
RADIATION 
WORKERS, 
ENGLAND 
Kendall et al., 1992 

ATOMIC ENERGY 
OF CANADA 
LIMITED 
Gribbin et al., 1993 

CALVERT CLIFFS 
NUCLEAR POWER 
PLANT 
Jablon and Boice Jr., 
1993 

LOS ALAMOS 
NATIONAL 
LABORATORY 
Wiggs et al., 1994 

Exposure Distribution in rem 
(for radiation cohort) 

Mean exposure = 3.36 rem 
# exposed to >I rem =36,272 
for 8,977 monitored and non- 
monitored: 
0 4,717 (52.6%) 
>O-<I 2,252 (25.1%) 
1- 1 5  1,048 (1 1.7%) 
5-<I0 390 (4.3%) 
210 570 (6.3%) 

Mean exposure = 5.2 rem 

Number of workers Type of 
monitored for internal radioactive 
exposure (or with positive material 
monitoring result) handled 
13,500 (14.2%) known to have Not mentioned, 
been monitored for but for part of the 
radionuclides cohort same as 

Sellafield and 

not mentioned not mentioned 

# exposed to > 1 rem = 2,008 1 I 

0 1,444 (16.8%) 1 not mentioned I not mentioned 

Mean exposure = 2.1 rem 
# exposed to > 1 rem = 3,608 

I 

not mentioned 1 3775 monitored for plutonium ( Plutonium, 

Other potential 
carcinogens 
cohort members 
were exposed to 
Not mentioned 

not mentioned 

not mentioned 

not mentioned 

Results from internal 
comparisons 

Increased risk for: 
- leukemia (for workers exposed to 
>10 rem) 

Non-significant trend (p=0.058) 
for: 
- all leukemias (excluding CLL 
(based on 4 cases)) 

No increase in risk with increasing 
radiation dose 

Increased rate ratio for: 
- lung cancer (I .78 95% CI = 0.79- 
3.99) for plutonium exposed 
workers 
- dose response relationship of 
external (gamma) dose and of 
tritium exposure for malignant 
brain tumors, Hodgkin's disease, 
esophageal and kidney cancers 



Table 2.1 Description of the study population; external radiation 
monitoring 

HPRMP members monitored for external exposure 
- with known vital status a 4563 
- with unknown vital status 102 

HPRMP members not monitored for external exposure 40 1 

Total 5066 
-- 

a 2253 of these HPRMP members were also monitored for 
internal radiation (see Table 2.4). 



Table 2.2 Characteristics of 4563 HPRMP members monitored for 
external radiation, by gender 

-- 

Male Female 

Number of employees 

Average survival time (years) 

Average age at entry into cohort (years) 

Number of person-years 

Number deceased 

Pay type 

- unknown 

- salaried manageriaWprofessiona1 

- salaried technicaVadrninistrative 

- hourly/union 

Length of employment at Rockwell Total % 
(in years) N 



Table 2.3 Characteristics of 4,087 male IBRMP members monitored for 
external radiation with known pay type 

Salaried Hourly 

Number of employees 1829 2258 

Average survival time (years) 29.0 23.7 

Average age at entry into cohort (years) 33.0 34.9 

Number of person-years 53,108 53,539 

Number deceased 292 508 



Table 2.4 Description of the study population; internal radiation 
monitoring 

HPRMP members monitored for internal exposure 
- with known vital status a 2297 
- with unknown vital status 39 

HPRMP members not monitored for internal exposure 2730 

Total 5066 

" 2253 of these HPRMP members were also monitored for 
external radiation 



Table 2.5 Characteristics of 2297 HPRMP members monitored for 
internal radiation, by gender 

Male Female 

Number of employees 2218 79 

Average survival time (years) 25.5 23.1 

Average age at entry into cohort (years) 34.5 33.7 

Number of person-years 56,610 1,827 

Number deceased 433 8 

Pay type: 

- unknown 7 5 3 

- salaried manageriallprofessional 682 25 

- salaried technicaVadministrative 189 33 

- hourlylunion 1272 18 

Length of employment at Rockwell: Total YO 
(in years) N 



Table 2.6 Characteristics of 2,143 male HPRMP members monitored for 
internal radiation with known pay type 

Salaried Hourly 
-- 

Number of employees 

Average survival time (years) 

Average age at entry into cohort (years) 

Number of person-years 

Number deceased 



Table 2.7 Distribution of cumulative neutron doses and average cumulative external radiation dose 
received at Rocketdyne/AI for externally monitored HPRMP members (assuming a quality 
factor of 10 for neutrons). 

Cumulative neutron radiation dose received at 
Rocketdyne/AI (mSv) 

0 - < 1 0  10-<20 20 - < 200 > 200 

HPRMP members with neutron dose 333 11 3 0 
measurements 
Average cumulative external radiation 23.8 73 .O 212.5 0 
dose received at RocketdyneIAI 

Table 2.8 Previous average (i.e. previous to RocketdyneIAI employment) external radiation dose 
and average external radiation dose received by HPRMP cohort members at 
RocketdyneIAI. 

Average Average cumulative Average cumulative 
Records of external exposure cumulative external dose internal dose received 
previous to RocketdyneIAI previous dose received at at RocketdyneIAI 
employment available (mSv) RockwelVAI (mSv) (mSv) 
Yes 
(N = 424) 27.8 21.9 1.8 
No 
(N = 4139) 0 10.9 1 .O 

Table 2.9 Distribution of previous external radiation dose and average previous dose received by 
KPRMP cohort members by dose category of external radiation received at 
RocketdyneIAI. 

Cumulative external radiation dose received at RocketdyneIAI (mSv) 

Average previous dose (mSv) 24.0 35.9 27.3 67.9 

HPRMP members with 
records for previous external 223 (6.6) 85 (14.4) 11 1 (20.2) 5 (14.7) 
dose N (%) 
All HPRMP members N (%) 3391 (100) 589 (100) 549 (100) 34 (100) 



Table 2.10 Number and percent of externally monitored HPRMP members who have been 
exposed to high levels of asbestos for at least six months, by level of external 
radiation dose (mSv). 

External radiation dose level (mSv) 

< 10 10-<20 20-<200 > 200 Total 

Asbestos exposed 
N (%) 52 (1.5) 24 (4.1) 50 (9.1) 16 (47.1) 142 

Total N (Oh) 3391 (1 00) 589 (1 00) 549 (100) 34 (100) 4563 

Table 2.1 1 Number and percent of externally monitored HPRMP members who have been 
exposed to high levels of hydrazine for at least six months, by level of external 
radiation dose (mSv). 

External radiation dose level (mSv) 

< 10 10-<20 20-<200 > 200 Total 

Hydrazine exposed 
N (%) 82 (2.4) 23 (3.9) 28 (5.1) 2 (5.9) 135 

Total N (%) 3391 (100) 589 (100) 549 (100) 34 (100) 4563 



TOTAL N 
TOTAL PERSONYEARS OF FOLLOW-UP 

Table 3.1 SMR, observed, and expected number of deaths for white male HPRMP 
external radiation; comparison with the US-population by cause of deatha 

I 

All causes of death (ICD 001-998) 
All cancers (ICD 140-229) 

members monitored for 

Cancers 
Buccal cavity and pharynx (ICD 140-149) 
Digestive organs and peritoneum (ICD 150- 159) 
Esophagus (ICD 150) 
Stomach (ICD 15 1) 
Large intestines (ICD 153) 
Rectum (ICD 154) 
Liver (ICD 155-156) 
Pancreas (ICD 157) 
Respiratory system (ICD 160-1 63) 
Larynx (ICD 16 1) 
Lung - primary and secondary (ICD 162) 
Bone (ICD 170) 
Skin (ICD 172-173) 
Prostate (ICD 185) 
Testis (ICD 186- 187) 
Bladder (ICD 188) 
Kidney (ICD 189) 
Eye (ICD 190) 
Brain and other central nervous system (ICD 19 1- 192) 
Thyroid (ICD 193) 
Lymphosarcoma and reticulosarcoma (ICD 200) 
Hodgkin's disease (ICD 201) 
Leukemia and aleukemia (ICD 204-207) 
Lymphatic tissue (ICD 202-203,208) 
Lymphopoietic cancer (ICD 200-208) 

Other causes 
Benign neoplasms (ICD 2 10) 
Diseases of blood & blood-forming organs (ICD 280-89) 
All diseases of circulatory system (ICD 390-458) 
Arteriosclerotic heart disease, including CHD (ICD 4 10- 14) 
All vascular lesions of CNS (ICD 430-438) 
All respiratory diseases (ICD 460-5 19) 
Emphysema (ICD 492) 
All diseases of digestive system (ICD 520-577) 
Cirrhosis of liver (ICD 571) 
All diseases of genito-urinary system (ICD 580-629) 
All external causes of death (ICD 800-998) 
Suicide (ICD 950-959) 

Total residualb 
Cancer residualc 

a According to ICDA-8 

11 1,765 
OBS # 

US-POPULATION 
(WHITE MALES) 

EXP # SMR (95% CI) 

- 
b Including undetermined causes of death and missing causes of deaths due to missing death certificates 
c Cancers of unspecified site. 



Table 3.2 SMR and observed number of deaths for salaried and hourly male HPRMP members monitored for external radiation; comparison with 
white, male NIOSH salaried and hourly cohort members, by pay status and cause of deatha 

TOTALN , 

TOTAL PERSONYEARS OF FOLLOW-UP 

All causes of death (ICD 001-998) 
All cancers (ICD 140-229) 

Cancers 
All radiosensitive solid cancers 
(ICD 150,151,153,162,174,188,189,191,192) 
All non-radiosensitive solid cancers 
(ICD 140-149,152,154-161,163-173,175-187,190,193-199) 

Lung (ICD 162) 
Upper-aerodigestive tract (ICD 140- 15 1) 
Bladder and Kidney (ICD 188- 189) 
All Hemato-Lymphopoietic cancers (ICD 200-208) 
Leukemias (ICD 204-207) 

Other Causes 
All diseases of circulatory system (ICD 390-458) 
Arteriosclerotic heart disease, including CHD (ICD 410-14) 
All vascular lesions of CNS (ICD 430-438) 
All respiratory diseases (ICD 460-5 19) 
All diseases of digestive system (ICD 520-577) 
All external causes of death (ICD 800-998) 

a According to ICDA-8 

ROCKET- 
DYNEIAI~ 

1,829 
53,108 
OBS # 

292 
99 

5 6 

26 

2 1 
9 
6 
17 
12 

123 
75 
10 
13 
8 

25 

NIOSH SALARIED 
8,363 

190,374 
(95% CI) 

ROCKET- 
DYNEIAI" 

2,258 
53,539 
OBS # 

508 
136 

'85 

3 9 

5 5 
13 
5 
12 
5 

218 
139 
2 1 
33 
16 
4 1 

NIOSH HOURLY 
182,027 

3,626,494 
SMR~ (95% CI) 

b Rocketdyne salaried employees only, excluding employees with unknown pay status 
c Rocketdyne hourly employees only, excluding employees with unknown pay status 



Table 3.3 SMR, observed, and expected number of deaths for female HPRMP monitored for external radiation; 
comparisons with white females in the US-population by cause of deathapb 

TOTAL N 
TOTAL PERSONYEARS OF FOLLOW-UP 

All causes of death (ICD 001-998) 
All cancers (ICD 140-229) 

Cancers 
Digestive organs and peritoneum (ICD 150-1 59) 
Large intestine (ICD 153) 
Respiratory system (ICD 160- 163) 
Lung - primary and secondary (ICD 162) 
Breast (ICD 174) 
Hodgkin's disease (ICD 201) 
Lymphatic tissue (ICD 202-203,208) 
Lymphopoietic cancer (ICD 200-208) 

Other Catises 
Allergic, endocrine, metabolic, nutritional diseases (ICD 240-279) 
Diabetes mellitus ( E D  250) 
Mental, psychoneurotic, and personality disorders (ICD 290-3 17) 
A11 diseases of nervous system and sense organs (ICD 320-389) 
All diseases of circulatory system (ICD 390-458) 
Arteriosclerotic heart disease, including CHD (ICD 410-414) 
All vascular lesions of CNS (ICD 430-438) 
All respiratory diseases (ICD 460-5 19) 
All pneumonia (ICD 480-486) 
All diseases of digestive system (ICD 520-577) 
Cirrhosis of liver (ICD 571) 
All external causes of death (ICD 800-998) 
All accidents (ICD 800-949) 
Motor vehicle accidents (ICD 8 10-827) 
Suicide (ICD 950-959) 

Total residual' 
Cancer residuald 

a According to ICDA-8 

ROCKET- 
DYNElAI 

274 
6,984 
OBS # 

US-POPULATION 
.(WHITE FEMALES) 

EXP# SMR (95%CI) 

b This table only contains the causes of deaths for which at least one death was observed in the cohort 
c Including undetermined causes of death and missing causes of death due to missing death certificates 
d Cancers of uns~ecified site 



Table 3.4 SMR, observed, and expected numbers of death for male HPRMP members monitored 
for internal radiation; comparison with the U 

TOTALN ~ 

TOTAL PERSONYEARS OF FOLLOW-UP 

All causes of death (ICD 001-998) 
All cancers (ICD 140-229) 

Cancers 
Buccal cavity and pharynx (ICD 140-149) 
Digestive organs and peritoneum (ICD 150- 159) 
Esophagus (ICD 150) 
Stomach (ICD 151) 
Large intestines (ICD 153) 
Rectum (ICD 154) 
Liver (ICD 155-156) 
Pancreas (ICD 157) 
Respiratory system (ICD 160- 163) 
Larynx (ICD 16 1) 
Lung - primary and secondary (ICD 162) 
Bone (ICD 170) 
Skin (ICD 172-173) 
Prostate (ICD 185) 
Testis (ICD 186-187) 
Bladder (ICD 188) 
Kidney (ICD 189) 
Eye (ICD 190) 
Brain and other central nervous system (ICD 19 1 - 192) 
Thyroid (ICD 193) 
Lymphosarcoma and reticulosarcoma (ICD 200) 
Hodgkin's disease (ICD 201) 
Leukemia and aleukemia (ICD 204-207) 
Lymphatic tissue (ICD 202-203, 208) 
Lymphopoietic cancer (ICD 200-208) 

Other causes 
Benign neoplasms (ICD 2 10) 
Diseases of blood & blood-forming organs (ICD 280-89) 
All diseases of circulatory system (ICD 390-458) 
Arteriosclerotic heart disease, including CHD (ICD 4 10- 14) 
All vascular lesions of CNS (ICD 430-438) 
All respiratory diseases (ICD 460-5 19) 
Emphysema (ICD 492) 
All diseases of digestive system (ICD 520-577) 
Cirrhosis of liver (ICD 571) 
All diseases of genito-urinary system (ICD 580-629) 
All external causes of death (ICD 800-998) 
Suicide (ICD 950-959) 

Total residualb 
Cancer residualc 

a According to ICDA-8 

population b: 
ROCKET- 
DYNEIAI 

2,218 
56,610 
OBS # 

433 
133 

3 
3 6 
5 
6 
15 
1 
0 
8 

50 
4 
46 
0 
5 
7 
1 
3 
5 
0 
6 
0 
0 
1 
8 
3 
12 

0 
1 

183 
118 
20 
30 
7 
12 
9 
5 
3 5 
9 

12 
5 

ause of deatha 
US-POPULATION 
(WHITE MALES) 

EXP # SMR (95% CI) 

b Including undetermined causes of death and missing causes of death due to missing death certificates 
c Cancers of unspecified site 



Table 3.5 SMR and observed number of deaths for salaried and hourly male HPRMP members monitored for internal radiation; comparison with 
NIOSH salaried and hourly cohort members, by pay status and cause of deatha 

TOTAL N . 
TOTAL PERSONYEARS OF FOLLOW-UP 

All causes of death (ICD 00 1-998) 
All cancers (ICD 140-229) 

Cancers 
All radiosensitive solid cancers 
(ICD 150,151,153,162,174,188,189,191,192) 
All non-radiosensitive solid cancers 
(ICD 140-149,152,154-161,163-173,175-187,190,193-199) 

Lung (ICD 162) 
Upper-aerodigestive tract (ICD 140-1 5 1) 
Bladder and Kidney (ICD 1 88- 1 89) 
All Hemato-Lymphopoietic cancers (ICD 200-208) 
Leukemias (ICD 204-207) 

Other Causes 
All diseases of circulatory system (ICD 390-458) 
Arteriosclerotic heart disease, including CHD (ICD 4 10- 14) 
All vascular lesions of CNS (ICD 430-438) 
All respiratory diseases (ICD 460-5 19) 
All diseases of digestive system (ICD 520-577) 
All external causes of death (ICD 800-998) 

a According to ICDA-8 

ROCKET- 
DYNE/AI~ 

87 1 
24.386 
OBS # 

138 
5 0 

27 

16 

6 
4 
3 
7 
7 

5 7 
3 5 
5 
6 
6 
11 

NIOSH SALARIED 
8,363 

1,900,374 
(95% CI) 

ROCKET- 
DYNE/AIc 

1,272 
30,402 
OBS # 

278 
77 

48 

24 

3 1 
9 
4 
5 
1 

119 
79 
13 
23 
6 

22 

NIOSH HOURLY 
182,027 

3,676,494 
SMR~ (95% CI) 

b Rockwell salaried employees only, excluding employees with unknown pay status. 
c Rockwell hourly employees only, excluding employees with unknown pay status. 





Table 3.7 Distribution of all HPRMP members, all deaths, and all cancers deaths monitored for external radiation, by level of cumulative 
external radiation dose and lag period. 

Number Number of cancer deaths by exposure lag Mean Mean 
Dose Number of (in years)b external Number internal 
level Total of all cancer Total dose internally dose 

(msv) Na deathsa deathsa 0 2 5 10 15 20 N~ ( ~ S V ) ~  monitored (mSv)C 

Total 4563 875 258 258 258 258 258 258 258 4563 11.94 2253 2.1 

a Dose levels were calculated as the external dose received previous to employment at Rockwell plus the dose received at Rockwell, 
assuming zero lag (see footnote b). 
Dose levels refer to external dose received at Rockwell only. 

" Mean internal dose received at Rockwell was estimated only for the workers who were internally monitored (see column 13). 



Table 3.8.a Adjusted rate-ratio (RR) estimates (and 95% CI) for the effect of cumulative external dose and other predictors on cancer mortality for all HPRMP 
members monitored for external radiation, by cancer type, assuming zero lag for exposure. Results of conditional logistic regression models, where 
survivors are post-matched to cancer deaths on time of death (failure-time) only. Cancers recorded as underlying cause of death only. 

Hemato- and Radiosensitive Solid Non-radiosensitive Solid 
Predictor Variable All Cancers Lymphopoietic Cancers-ung Cancersc cancersb cancersh 

Age at Rskdf 

Time Since First 0.99 1.06 0.98 0.98 0.98 
~onitored~. '  (0.97, 1.01) (0.98, 1.15) (0.95, 1.01) (0.96, 1.01) (0.95, 1.02) 

Pay type: 0.76 1.27 0.48 0.76 0.60 
Salaried Managerial1 (0.58, 1.00) (0.58, 2.79) (0.28,0.81) (34, 1.07) (0.35, 1.04) 
Professional vs. Other 

Internal Radiation ~ose" '  1 .03 1.16 0.78 1.00 1.01 
(0.89, 1.21) (0.91, 1.47) (0.35, 1.74) (0.78, 1.28) (0.74, 1.38) 

External Radiation Dose No. No. No. No. No. 
(mSv)' Cancer Cancer Cancer Cancer Cancer 

Deaths Deaths Deaths Deaths Deaths 
< 10 177 1.00 15 1.00 65 1.00 111 1.00 51 1.00 

10 - <20 41 1.07 (0.75, 1.52) 7 1.74 (0.68, 4.45) 8 0.63 (.030, 1.33) 21 0.90 (0.56, 1.45) 13 1.21 (0.64,2.27) 
20 - < 200 36 1.13 (0.78, 1.65) 4 1.00(0.31,3.21) 12 1.18 (0.61, 2.28) 24 1.24 (0.78, 1.98) 8 0.93 (0.43,2.03) 

1 200 4 3.10 (1.13, 8.48) 2 15.65 (3.33, 73.5) 2 4.70 (1.05, 21.0) 2 2.55 (0.62, 10.5) 0 . 

P for trendg 0.036 0.003 0.045 0.12 0.58 

" ICD-9 200-208, excluding chronic lymphatic leukemia. 
b ICD-9 150, 151, 153, 162, 174, 188, 189, 191, 192. " ICD-9 162 excluding niesotheliomas. Note: lung cancers are a subgroup of the radiosensitive cancers. 
d Measured in one year increments 

Assumes exposure due to radionuclides equal to zero for employees not monitored for internal radiation. Measured in lOmSv increments. 
Treated as time-dependent 
The two-sided test for trend was performed by entering an interval variable with the category means as the score values into the logistic regression model. 
ICD-9 140-149, 152, 154-161, 163-173, 175-187, 190, 193-199. 



Table 3.8.b Crude and adjusted rate ratio (RR) estimates (and 95% CI) for the effect of cumulative 
external radiation dose on cancer mortality for all HPRMP members monitored for external radiation, by 
exposure level and cancer type, assuming a 15-year lag for exposure; results from conditional logistic 
regression models, where survivors are post-matched to cancer deaths on failure time only. Cancers 
recorded as the underlying cause of death only. 

Outcome Dose level No. of Crude Adjusteda P for trendb 
(in mSv) cancer RR (95% CI) RR (95% CI) 

deaths 
All cancers 

Radiosensitive 
solid cancersc 

Non- 
radiosensitive 
solid cancersf 

Hemato- and 
lymphopoietic 
cancersd 

Lung cancerse 

4.55 (0.63, 32.9) 4.22 (0.55, 32.3) 
" Variables in the model: age-at-risk, pay type (salaried manageriaYprofessional vs. other), 

internal exposure (continuous variable), time-since-first-exkrnally monitored. 
b The two-sided test for trend was performed by entering an interval variable with the category means 

as the score values into the logistic regression model. 
'ICD-9 150, 151, 153, 162, 174, 188, 189, 191, 192. 
d ICD-9 200-208, excluding chronic lymphatic leukemias. 
" ICD-9 162 excluding mesotheliomas. 
f ~ ~ ~ - 9  140-149, 152, 154-161, 163-173, 175-187, 190, 193-199 



Table 3.8.c Crude and adjusted rate ratio (RR) estimates for the effect of cumulative 
external radiation exposure on cancer mortality for all HPRMP members 
monitored for external exposure, by exposure level and cancer type, assuming 
a zero lag for exposure; results from conditional logistic regression models, 
where survivors are post-matched to cancer deaths on failure time only. 
Cancers recorded as the underlying and associated causes of death. 

Outcome Exposure No. of Crude Adjusteda 
level cancer RR (95% CI) 

(in mSv) deaths 
RR (95% CI) P for 

trendb 
All cancers < 10 203 1.00 . 1.00 . 0.064 

Radiosensitive < 10 123 1.00 . 1.00 . 0.170 
solid cancersc l o - <  20 27 1.01 (0.64, 1.57) 0.92 (0.58, 1.45) 

20 - <200 25 1.10 (0.71, 1.70) 1.17 (0.74, 1.86) 
2200 2 1.86 (0.46, 7.51) 2.45 (0.60. 10.11) 

Non- < 1 0  69 1.00 . 1.00 . 0.66 
radiosensitive l o - <  20 11 1.27(0.73,2.24) 1.18(0.66,2.12) 
solid cancersf 20 - <200 9 0.89 (0.46, 1.74) 1.02 (0.51, 2.05) 

2200 0 0 0 

Hemato- and < l o  20 1.00 . 1.00 . 0.008 
lymphopoietic 10 - < 20 8 2.21 (0.97, 5.03) 1.53 (0.65, 3.60) 
cancersd 20 - <200 4 1.13 (0.39, 3.31) 0.79 (0.26, 2.44) 

2200 2 1 1.86(2.76, 50.96) 13.05 (2.86, 59.55) 

Lung cancerse < 10 70 1.00 . 1.00 . 0.060 
l o - <  20 11- 0.75(0.39,1.45) 0.74(0.37,1.45) 
20 - <200 12 0.94(0.51,1.74) 1.12(0.58,2.16) 

2200 2 3.24 (0.79, 13.22) 4.62 (1.04, 20.51) 

" Variables in the model: age-at-risk, pay type (salaried rnanageriaVprofessiona1 vs. all other), 
internal exposure (continuous variable), time-since-first-externally monitored. 

  he two-sided test for trend was performed by entering an interval variable with the category means 
as the score values into the logistic regression model. 

'ICD-9 150, 151, 153,162, 174,188, 189, 191, 192. 
ICD-9 200-208, excluding chronic lymphatic leukemias. 
' ICD-9 162 excluding mesotheIiomas. 
f ~ ~ ~ - 9  140-149, 152, 154-161, 163-173, 175-187, 190, 193-199. 



Table 3.9 Adjusted rate ratio (RR) estimates, 95% CI, and likelihood ratio 25df for the effect of 100 mSv external radiation dose on cancer 
mortality among all HPRMP members monitored for external radiation, by exposure lag and type of cancer outcome; results fiom 
conditional logistic regression models for continuous external radiation dose. Cancers recorded as underlying cause of death 
only.' 

Exposure lag (in years) 

Outcome No. of R R ~  
cancer (95% CI) 0 2 5 10 15 20 
deaths LR 2~cif 

All cancers 

Radiosensitive 
solid cancersc 

Non- 
radiosensitive 
solid cancersd 

Hemato- and 
lymphopoietic 
cancersc 

Lung cancersf 

LR 2Sdf = likelihood ratio chi-square for the model containing external dose (continuous) and four other variables (see a), 95% CI = 95% confidence interval. 
" Adjusted for age-at-risk, pay type (salaried manageriaVprofessiona1 vs. other), internal dose (continuous), and time since first monitored. 

This first column describes the results from models in which external radiation dose received previous to employment at RockdyneIAI was added to the dose received 
at RocketdyneIAI and a lag of zero years was assumed. " ICD-9 150, 15 1, 153, 162, 174, 188, 189, 191, 192, according to BEIR V, see text. * ICD-9 140-149, 152, 154-161, 163-173, 175-187, 190, 193-199. " ICD-9 200-208 excluding chronic lymphatic leukemia. 
ICD-9 162 excluding mesotheliomas. 



Table 3.10.a Adjusted rate ratio (RR) estimates (and 95% CI) for the effect of lOOmSv cumulative external radiation dose received at 
Rockwell on cancer mortality among externally monitored HPRMP members, by age at exposure and type af cancer 
outcome; results from conditional logistic regression models using continuous cumulative dose variables, assuming zero 
year lag. Cancers recorded as the underlying cause of death only." 

No. of Age at exposure 
cancer 

Outcome deaths 
1 5-66b 15-39 40-49 50-66 

All cancers 258 1.21 (0.85, 1.73) 1.17 (0.61,2.25) 1.08 (0.49, 2.37) 1.77 (0.55, 5.74) 

Radiosensitive 163 1.23 (0.78, 1.94) 1.13 (0.47, 2.7 1) 0.83 (0.27,2.54) 3.03 (0.99, 9.3 1) 
solid cancersc 

Non-radiosensitive 72 0.37 (0.08, 1.80) 0. 16 (0.01, 2.90) 1.03 (0.14, 7.73) 0.09 (0.00, 29.61) 
solid cancersf 

Hemato- and 
lymphopoietic 28 1.95 (1.13, 3.35) 2.40 (0.84, 6.88) 2.35 (0.67, 8.24) 0.06 (0.00, 106.23) 
cancersd 

Lung cancerse 87 1.61 (0.93, 2.80) 0.90 (0.24, 3.35) 1.64 (0.51, 5.23) 3.73 (1.17, 11.91) 

Survivor post-matched to death by failure time and age (kl year), adjusted for pay type (salaried manageriaVprofessiona1 vs. other), 
internal dose, time-since-first-monitored. The estimate reflects time-dependent dose accumulated within each age interval and measured 
as a continuous variable. 
Note: This is the estimate for cumulative dose (continuous) over all three age intervals. 
ICD-9 150, 15 1, 153, 162, 174, 188, 189, 191, 192 according to BEIR IV, see text. 
ICD-9 200-208 excluding chronic lymphatic leukemias. 
ICD-9 162 excluding mesotheliomas. 
ICD-9 140-149, 152, 154-161, 163-173, 175-187, 190, 193-199. 



Table 3.10.b Adjusted rate ratio (RR) estimates (and 95% CI) for the effect of lOOmSv cumulative external radiation dose received at 
Rockwell on cancer mortality among externally monitored HPRMP members, by age at exposure and type of cancer 
outcome; results from conditional logistic regression models using continuous cumulative dose variables, assuming a 15- 
year lag. Cancers recorded as the underlying cause of death only." 

No. of Age at exposure 
cancer 

Outcome deaths 
1 5-66b 15-39 40-49 50-66 

All cancers 

Radiosensitive 163 1.14 (0.62, 2.10) 1.32 (0.54, 3.22) 0.73 (0.17, 3.09) 3.33 (0.18, 60.8) 
solid cancersc 

Non-radiosensitive 72 0.34 (0.05, 2.15) 0.10 (0.00, 3.07) 0.79 (0.07, 8.68) 0.55 (0.00, 173.1) 
solid cancersf 

Hemato- and 28 2.58 (1.41,4,73) 2.78 (0.93, 8.35) 2.82 (0.72, 1 1 .07) 0.19 (0.00, 689.8) 
lymphopoietic 
cancersd 

Lung cancersC 8 7 1.43 (0.64, 3.19) 1.09 (0.28,4.28) 1.37 (0.28, 6.82) 6.13 (0.31, 121.3) 

Survivor post-matched to death by failure time and age (fl year), adjusted for pay type (salaried manageriaVprofessiona1 vs. other), 
internal dose, time-since-first-monitored. The estimate reflects time-dependent dose accumulated within each age interval and measured 
as a continuous variable. 
The estimate for cumulative dose (continuous) over all three age intervals. 
ICD-9 150, 15 1, 153, 162, 174, 188, 189, 191, 192 according to BEIR IV, see text. 
ICD-9 200-208 excluding chronic lymphatic leukemias. 
ICD-9 162 excluding mesotheliomas. 
ICD-9 140-149, 152, 154-161, 163-173, 175-187, 190, 193-199. 



Table 3.1 1 Distribution of all HPRMP members, total deaths, and all cancers deaths monitored for internal radiation by level of 
cumulative internal radiation dose and exposure laga. 

Number Number of cancer deaths by exposure lag Mean Mean 
of deaths (in years) internal Number external 

Dose level Total from all dose externally dose 
(m Sv) N causes (m Sv)" monitored ( m ~ v ) ~  

23 0 17 7 4 4 4 3 3 3 62.60 17 5 1 .05 

Total 2297 44 1 134 134 134 134 134 134 2.10 2253 19.16 

" Internal dose received at Rockwell only. 
b Mean of external radiation dose received at Rockwell only for those externally monitored in addition to being monitored for internal 

exposure (see footnote a). 



Table 3.12.a Adjusted rate ratio (RR) estimates (and 95% CI) for the effect of cumulative internal radiation dose and other factors on cancer mortality for 
all HPRMP members monitored for internal radiation exposure, by cancer type, assuming zero lag for exposure. Results of conditional 
logistic regression models, where survivors are post-matched to cancer deaths on time of death (failure-time) only. Cancers recorded as 
underlying cause of death only. 

Hemato- and Upper Aerodigestive Bladder & Kidney - 
Predictors A11 Cancers Lyrnphopoietic Cancersa Lung cancersb ~ & c t  cancersC cancersd 
Age at Riskcg 1.10 1.10 1.10 1 .09 1.18 

Time Since First 0.99 0.99 0.97 0.94 0.95 
Monitoredeg (0.97, 1.01) (0.89, 1.09) (0.93, 1.02) (0.85, 1.03) (0.84, 1.07) 

Pay Type: 
Salaried Managerid 0.75 1 .05 0.49 0.64 0.79 
Professional vs. (0.51, 1.10) (0.26,4.27) (0.21,0.97) (0.17,2.35) (0.16,4.06) 
Other 

External Radiation 1.02 1.06 1.06 0.92 1 .05 
Dose (10n1~v)'~ (0.98, 1.06) (1.00, 1.13) (1.01, 1.11) (0.76, 1.12) (0.91, 1.21) 

Internal Radiation No. No. No. No. No. 
Doseg (mSv) Cancer Cancer Cancer Cancer Cancer 

Deaths Deaths Deaths Deaths Deaths 
0 79 1.00 2 1.00 30 1.00 3 1.00 5 1.00 

P for trendh 0.087 0.0001 0.20 0.0001 0.43 

a 1CD-9 200-208, excluding chronic lymphatic leukemias. 
ICD-9 162, excluding mesotheliomas. 

" ICD-9 140-151. 
ICD-9 188, 189. 

" Measured in one year increments. 
f Assumes dose due to radionuclides equal to zero for employees not monitored for external radiation. Measured in lOmSv increments. 

Treated as timedependent. 
h The test for trend was perfomied by entering an interval variable with the category means as the score values into the logistic regression model. 



Table 3.12.b Crude and adjusted rate ratio (RR) estimates (and 95% CI)for the effect of cumulative 
internal dose on cancer mortality for all HPRMP members monitored for internal 
exposure, by dose level and cancer type, assuming a 15-year lag for exposure; results 
from conditional logistic regression models. Cancers recorded as the underlying cause 
of death only. 

Outcome Dose level No. of Crude Adjusted P for 
(in mSv) cancer RR (95% CI) RR (95% CI) trendb 

deaths 
All cancers 

Upper 
aerodigestive 
tract cancersC 

Hemato- and 
lymphopoietic 
cancersd 

Lung cancerse 

Bladder and 
kidney cancersf 

" Variables in the model: age-at-risk, pay type (salaried manageriaVprofessiona1 vs. other), 
external dose (continuous, zero lag), time-since-first-internally monitored. 

The two-sided test for trend was performed by entering an interval variable with the category means 
as the score values into the logistic regression model. 

' ICD-9 140-151. 
ICD-9 200-208, excluding chronic lymphatic leukemias. 

" ICD-9 162 excluding mesotheliomas. 
ICD-9 188, 189. 



Table 3.12.c Crude and adjusted rate ratio (RR) estimates (and 95% CI) for the effect of cumulative 
internal dose on cancer mortality for all HPRMP members monitored for internal 
radiation, by dose level and cancer type, assuming a zero lag for exposure; results fiom 
conditional logistic regression models. Cancers recorded as the underlying and 
associated causes of death. 

Outcome Dose level No. of Crude Adjusteda 
(in mSv) cancer RR (95% CI) 

deaths 
RR (95 % CI) P for 

trendb 
1.00 . 1.00 . 0.146 All cancers 

Upper 
aerodigestive 
tract cancersC 

Hemato- and 
lymphopoietic 
cancersd 

Lung cancerse 

Bladder and 
kidney cancersf 

a Variables in the model: ase-at-failure-time, salary type (managerial-professionaVother), 
external dose (continuous, zero lag), time-since-first-internally monitored. 

  he two-sided test for trend was performed by entering an ordinal variable with the category means 
as the score values into the logistic regression model. 

' ICD-9 140-1 5 1. 
d ICD-9 200-208, excluding chronic lymphatic leukemias. 

ICD-9 162 excluding mesotheliomas. 
f ICD-9 188, 189. 



Table 3.13.a Adjusted rate ratio (RR) estimates (and 95% CI) for the combined effects 
of cumulative internal and external radiation dose on total cancer mortality 
among all HPRMP members monitored for both internal and external 
radiation (N = 2253), by dose level assuming a zero year lag for both 
exposures; results from a conditional logistic regression modela. 

Internal dose (mSv) 

< 5 2 5 - < 3 0  1 3 0  

External No. of No. of No. of 
dose (mSv) cancer RR cancer RR cancer RR 

deaths (95% CI) deaths (95% CI) deaths (95% CI) 

Adjusted for age-at-risk, pay type (salaried managerial/professional vs. other), time-since-first- 
internally-monitored. 
Reference category. 



Table 3.13.b Adjusted rate ratio (RR) estimates (and 95% CI) for the combined effects 
of cumulative internal and external radiation dose on total cancer mortality 
among all HPRMP members monitored for both internal and external 
radiation (N = 2253), by dose level assuming a 15-year lag for both 
exposures; results from a conditional logistic regression modela. 

Internal dose (mSv) 

External No. of No. of No. of 
dose (mSv) cancer RR cancer RR cancer RR 

deaths (95% CI) deaths (95% CI) deaths (95% CI) 

" Adjusted for age-at-risk, pay type (salaried manageriallprofessional vs. other), time-since-first- 
internally-monitored. 

b Reference category. 



Table 3.14 Smoking prevalence for externally monitored H P W  members who were 
included in a medical survey containing questions about smoking (yeslno) 
between 196 1 - 1969, by cumulative external radiation dose level. 

Dose level (mSv) No. (%) Smoker No. (%) Non- Total (%) 

Total 474 (63.5) 272 (36.5) 746 (100) 

Table 3.15 Smoking prevalence for externally monitored H P R M P  members who were 
included in a medical survey containing questions about smoking (yeslno) 
between 196 1 - 1969, by pay type. 

Pay type No. (%) Smoker No. (%) Non- Total (%) 

Salaried 
managerial/ 125 (55.1) 102 (44.9) 227 (100) 
professional 

Salaried technicall 
administrative 61 (56.0) 48 (44.0) 109 (100) 

Hourly 

Unknown 1 (61.3) 2 (38.7) 3 (100) 

Total 474 (63.5)" 272 (36.5) 746 (100) 

In 1965, 51.3% of the US-white male population > 20 years of age were cigarette 
smokers at the time of the survey, 60.1% were smokers among white males 25-34 years 
of age (the mean age of the 746 Rockwell employees in the table was 3 1.2 years at the 
time smoking information was collected for them in the 1960's) (U. S. Surgeon General, 
1979). 



Table 3.16 Smoking prevalence for externally monitored HPRMP members who were 
included in a medical survey containing questions about smoking (yesfno) 
between 1980- 1992, by cumulative external radiation dose level. 

Dose level (mSv) No. (%) No. (%) No. (%) Total (%) 
Smoker Quitter Non-smoker 

< 10 79 (46.5) 23 (13.5) 68 (40.0) 170 (100) 

Total 11 1 (46.4) 36 (15.1) 92 (38.5) 239 (100) 

Smoker Quitter 
Average years of smoking 21.9 14.2 

Average # of packs smoked per day 0.89 1.06 

Average years of employment 17.6 19.0 

Table 3.17 Smoking prevalence for externally monitored HPRh4P members who were 
included in a medical survey containing questions about smoking (yesfno) 
between 1980-1982, by pay type. 

Pay type No. (%) No. (%) No. (%) Non- Total (%) 
Smoker Quitter smoker 

Salaried 21 (36.8) 11 (19.3) 25 (43.9) 57 (100) 
managerial/ - 
professional 

Salaried technical/ 10 (58%) 1 (5.9) 6 (35.3) 17 (100) 
administrative 

Hourly 76 (47.2) 24 (14.9) 61 (37.9) 161 (100) 

Unknown 4 (100) 0 0 4 (100) 

Total . 11 1 (46.4) 36 (15.1) 92 (38.5) 239 (1 00) 



Table 3.18 Smoking distribution for externally monitored HPRMP members who 
answered a medical survey containing questions about smoking between 
1983-1994, by cumulative external radiation dose level. 

Dose level (mSv) No. (%) No. (%) No. (%) Non- Total (%) 
Smoker Quitter smoker 

< 10 82 (32.3) 84 (33.1) 88 (34.6) 254 (100) 

Total 110 (32.9) 118 (35.4) 106 (3 1.2) 334 (100) 

Smoker Quitter 
Average years of smoking 22.3 15.1 

Average # of packs smoked per day 1 .05 1.11 

Average years of employment 14.9 17.1 

Table 3.19 Smoking distribution for externally monitored HPRMP members who were 
included in a medical survey containing questions about smoking between 
1983-1994, by pay type. 

Pay type No. (%) No. (%) No. (%) Non- Total (%) 
Smoker Quitter smoker 

Salaried 
managerial/ 20 (24.7) 29 (35.8) 32 (39.5) 81 (100) 
professional 

Salaried technical/ 
administrative 3 (18.8) 7 (43.8) 6 (37.5) 16 (100) 

Hourly 84 (35.9) 82 (35.0) 68 ( 29.1) 234 ( 100) 

Unknown 3 (100) 0 (0) 0 (0) 3 (100) 

Total 110 (32.9)" 118 (35.4)" 106 (31.7) 334 (100) 

" In 1980, 37.1% of the US-white male population > 20 years of age were cigarette 
smokers at the time of the survey, 3 1.9% had quit smoking (U.S. Surgeon General, 
1983). In 1992,28.6% of the US-white male population > 18 years of age were current 
cigarette smokers (NCHS, 1993). 



Table 4.1 .a Description of the NIOSH white cohort members. 

NIOSH Study 
ID 

No. of Male 
Cohort Cohort Description 

Members 

AA1 Aerial Applicators 19,367 

AF1 Hill Air Force Base Study 10,45 1 

AN 1 Anatomists 

AT1 Attapulgite 

BA1 Beta Naphthylamine 414 

BH1 Lead Smelters 1,971 

BN3 Benzene 1,583 

CD3 Cadmium (and arsenic) 604 

Selected FAA male pilots during years 1965-1 979. Almost half 
worked at least 1 year applying pesticides aerially; the others were 
flight instructors with no record of aerial pesticide application. Vital 
status determined as of 1/1/80. 

All civilian employees who worked for at least one year at Hill Air 
Force Base, Utah during years 1952-1956. Vital status as of 
1213 1/82. 

All men living in the U S .  who joined the American Association of 
Anatomists during years 1888-1969. Vital status as of 1213 1/79. 

Male employees who worked at least 1 month at the plant within the 
period of 1/1/40 and 12/31/75. Additional follow-up through 
9/28/84. 

Male workers employed at least 1 day between 1/1/40 and 1130173. 
Additional follow-up through 1213 1/82. 

White males who worked at least 1 year between 1/1/40 and 
1213 1/65. Additional follow-up through 1213 1/82. 

White males employed in a rubber hydrochloride department for at 
least 1 day between 1/1/40 and 1213 1/65. Additional follow-up 
through 813 1/84. 

White males employed at least 6 months between 1940 and 1969. 
Additional follow-up through 1213 1/82. 



Table 4. l .a (continued) 

NIOSH Study 
ID 

No. of Male 
Cohort Cohort Description 

Members 

CG1 Coast Guard 

CHI Chromium Workers 

C01 Cutting Oil Mists 

CS 1 Copper Smelters 

DR1 Dry Cleaners 

EL1 Tetraethyl Lead 

FF 1 Flavor and Fragrance 

3,681 Selected Coast Guard personnel. Almost half of the cohort 
performed marine inspection duties between 1942 and 1970; others 
were never inspectors. Vital status determined as of 1/1/80. 

1,42 1 Males employed at least 1 month during the years 1940 and 1969 at 
a New Jersey chromium pigment factory. Vital status determined as 
of 12/31/82. 

2,604 White males employed at least 5 years during 1938-1967 at a metal 
machining plant in North Central area of U.S. Vital status 
determined as of 1/1/68. 

5,323 White males employed for at least 1 year between 1938 and 1956 at 
a Montana copper smelter and living as of 1213 1/63. Vital status 
determined as of 1213 1/77. 

407 Members of a St. Louis, MO dry cleaning union who were members 
for 1 or m&e years between 1945 and 1978. Vital status determined 
as of. 1/1/79. 

2,23 1 Male employees who worked at least 1 day at the plant between 
1/1/52 and l2/3 1/77. Additional follow-up through 1213 1/82. 

1,404 White males employed at least one day during 1945-1965 in flavor 
and fragrance chemical plant in New Jersey. Vital status determined 
as of 1/1/81 



Table 4.1 .a (continued) 

NIOSH Study 
ID 

No. of Male 
Cohort Cohort Description 

Members 

F01 

FU1 

GL 1 

GRMS 

HS 1 

JJB 

MW1 

Formaldehyde 

Furniture Workers 

Leather 

Grain Millers 

Gold Miners 

Boilermakers 

Mineral Wool 

All workers first employed before 1/1/66 in ten facilities that 
produce or use formaldehyde. Vital status determined as of 1/1/80. 

Members of the United Furniture Workers of America who were 
first employed in unionized plants between 1946 and 1962. Vital 
status determined as of 1/1/79. 

People employed at least one day between 1/1/40 and 5/1/80 (6558). 
Additional follow-up through 4/1/85. 

White males enrolled in American Federation of Grain Millers' life 
insurance program during years 1955-1985. Vital status determined 
as of 12/31/85. 

White male gold miners employed full-time underground for at least 
1 year between 1/1/40 and 1213 1/65. Additional follow-up through 
1213 1/82. 

Men employed at least one day between 1/1/50 and 12/31/73 with a 
minimum of 3 years duration employment. Vital status determined 
as of 1/1/77. 

White males employed in mineral wool production or in the 
machine shop, maintenance, or housekeeping department of a 
mineral wool plant in Indiana for a least 1 year and having any part 
of their employment within 1/1/40 and 1213 1/48. Additional follow- 
up through 1 213 1/82. 



Table 4.1 .a (continued) 

NIOSH 
ID Study 

No. of Male 
Cohort Cohort Description 

Members 

NS I Naval Ship yard 24,532 

PA1 Pesticide Applicators 3,803 

PB 1 Polychlorinated Biphenyls 112 

PB2 Polychloriniated Biphenyls 65 1 

PCE Perchloroethylene 303 

PH4 Phosphates 

PLP Pulp and Paper 

White males employed at least 1 day between 1/1/52 and 8/l 5/77. 
Additional follow-up through 1213 1/82. 

White males licensed by the Florida Dept. of Health and 
Rehabilitative Services to apply pesticides during 1965-1966. Vital 
status determined as of 1/1/77. 

All workers who accumulated at least 3 months of employment at 
any time in areas of plants where there was potential for exposure to 
PCBs from 1/1/40 through 1/1/76. Additional follow-up through 
1213 1/82. 

All workers who accumulated at least 3 months of employment at 
any time in areas of plants where there was potential for exposure to 
PCBs from 1 11 /4O through 1 11 176. Records tracked through 
additional follow-up through 1213 1/82. 

All workers employed for at least 1 year prior to 1960 in dry 
cleaning shops where PCE was the primary solvent. Vital status 
determined as of 1213 1/82. 

Workers employed at the plant between 1/1/53 and 1213 1/77. 

White male pulp and paper mill employees from WA who worked at 
least I year between 1945 and 1955 inclusive. Study started on 
1/1/45 and continued to 1213 1/77. Additional follow-up through 
1213 1/82. 



Table 4.1 .a (continued) 

NIOSH 
ID Study 

No. of Male 
Cohort Cohort Description 

Members 

PO2 Pottery Workers 

PPP Plywood 

RW1 Leather 

SB 1 Styrene Butadiene 

SB2 Styrene and Butadiene 

ST1 Styrene 

TL3 Talc 

2,044 White males employed for at least 1 year between 1939 and 1966 in 
3 U.S. ceramic plumbing fixture plants. Vital status determined as 
of 1/1/81. 

2,277 White male plywood mill employees from WA and OR who worked 
at least 1 year between 1945 and 1955 inclusive. Study started 
1/1/45 and continued to 313 1/77. Additional follow-up through 
1213 1/82. 

2,706 All people employed at least one day between 1/1/40 and 611 1/79. 
Study started 1/1/40 and continued to 12/31/82. Additional follow- 
up through 4/1/85. 

1,655 White males with at least 6 months of blue-collar employment were 
included. Study started 1/1/43 and continued to 313 1/76. Additional 
follow-up through 1213 1/82. 

1,069 White males with at least 6 months of blue-collar employment were 
included. Study started 1/1/50 and continued to 313 1/76. Additional 
follow-up through 1213 1/82. 

4,257 Employees of 2 reinforced plastic boat building facilities who 
worked at least 1 day between 1/1/59 and 9130178. Study started on 
1/1/59 and continued to 313 1/78. Additional follow-up through 
1213 1/82. 

3 89 White male talc miners who were employed at least 1 day between 
1/1/47 and 1213 1/59. Study started 1/1/47 and continued to 6130175. 
Additional follow-up through 1213 1/82. 





Table 4.1.b Description of the NIOSH white cohort members with salaried pay statusa 

No. of 
Male 

NlOSH Study Cohort Cohort Description 
ID Members 

F01 

AN1 

UCI 

AF 1 

CHI 

FF 1 

GRMS 

Formaldehyde Production Plants 

Anatomists (Formaldehyde exposure) 

Petrochemical Facility 
(Houston, TX) 

Civilian Employees of an Airforce 
Base employed between 1952-56 

Chromium workers 

Chemical Plant 

Grain Millers 

3,447 Study of 10 plants producing or using formaldehyde, subgroup of salaried 
employees. First employed before 1966, followed until 1980. 

2,3 17 Study of anatomists exposed to formaldehyde. All cohort members were 
academics in teaching and research institution, most have conducted doctoral 
level research. Joined Association of American Anatomists 1888-1 969, followed 
until 1979. 

1,472 Study of petrochemical workers, subgroup of salaried employees. 
1941-1977 employed at plant, followed until 1977. 

833 Aircraft maintenance facility employees (Hill Airforce Base, Utah), potential 
exposure to solvents (TCE), (61% of salaried employees were never exposed!) 
1952-1956 employed at facility for at least one year, followed until 1982. 

2 18 Chromium pigment factory, subgroup of salaried employees. 
Follow-up from 1940- 1982. 

73 Flavor and fragrance production, exposure to TCP and TCDD. 
Employed between 1945-1 965, follow until 198 1. 

3 Enrolled in American Federation of Grain Millers, between 1955- 1985. 

Total 8,363 

a Company personnel records supplied information about pay status except for the anatomists. 



Table 4.2 Estimated rate ratio (and 95% confidence interval) for the effect of 100 mSv of external 
penetrating radiation on cancer mortality, and the exposure lag (in years), by type of 
cancer outcome: Comparison of results from selected studies and analyses* 

- -  

Type of Cancer 

StudyIAnal ysis 
and Source 

All Leukemia Lung 
Sites (Etc.1 (Etc.) 

A-bomb survivors 
Shirnizu et al., 1990a 

A-bomb survivors (etc.) 
BEIR V, 1990b 

Rocky Flats Nuclear Weapons 
Plant 

Wilkinson et al., 1987" 

Oak Ridge National 
Laboratory 

Wing et al., 1991d 

Hanford 
Gilbert et al., 1993e 

Hanford 
Kneale & Stewart, 1995' 

Pooled analysis of 7 
occupational cohorts 

Cardis et al., 19959 

RocketdyneIAI (Rockwell) 
Morgenstern et al., 1997~ 



Table 4.2 Footnotes 

Results presented in this table for other studies have been taken directly from published reports, 
or they have been derived from the results reported in those publications. Rate-ratio estimates are 
derived from estimated model coefficients, where radiation dose was treated as an untransformed 
continuous or interval variable (except the Rocky Flats analyses [see footnote c] and the leukemia 
analysis in BEIR V in which both linear and quadratic terms for dose were included in the model 
[see footnote b]). In all analyses, except Oak Ridge (see footnote d), cancer deaths were listed as 
the underlying cause on the death certificates. 

Based on linear (additive) rate ratio (RR) model, using Poisson regression with 8 dose categories; 
95% confidence limits are approximated. Estimated RR = 1 + PX, where X = dose, and @ = 
excess rate ratio (RR- 1) per unit dose. 

Based on linear (additive) rate ratio (RR) model, using Poisson regression with 10 dose 
categories; confidence limits are not available. Estimated RR = 1 + #?X-exp[CariZi], where X = 
dose, 6 = excess rate ratio (RR- 1) per unit dose (when Zi = O), and Zi = effect modifiers; for 
leukemia, both X and x2 terms are included in the model. 

Estimated RR is the standardized rate ratio for workers who received 50 or more mSv (mean = 
103 mSv) compared with workers who received less than 10 mSv (mean = 3.5 mSv); thus, the 
difference in mean cumulative doses between the two groups is approximately 100 mSv; 
confidence limits are not available. The standard population was the total study population. 

Based on log-linear'(rate ratio, RR) model, using Poisson regression with 8 dose categories; 
confidence limits'are derived from reported standard errors. Estimated RR = exp[/3X], where X 
= cumulative dose, and 6 = natural-log rate ratio per unit dose. 

Based on linear (additive) rate ratio (RR) model, using Poisson regression with 11 dose 
categories; the lower 95% confidence limit is approximated. Estimated RR = 1 + PX, where X 
= cumulative dose, and @ = excess rate ratio (RR- 1) per unit dose. 

Based on power doublingdose model, using risk-set analysis with dose treated as a continuous 
variable; with and without restriction by categories ("windows") of effect modifiers; confidence 
limits are not available. Estimated rate ratio, RR = 1 + (Xl#?y, where X = cumulative dose, #? 
= doubling dose, and E = power for assessing departures from linearity (E = 1). 

Based on linear (additive) rate ratio (RR) model, using Poisson regression with 11 dose 
categories; 95% confidence limits are approximated. Estimated RR = 1 + #?X, where X = 
cumulative dose, and #? = excess rate ratio (RR- 1) per unit dose. 

Based on conditional logistic (odds ratio, OR) model, using risk-set analysis with dose treated as a 
continuous variable; with and without stratification by age at exposure as an effect modifier. 
Estimated OR = RR = expUX], where X = cumulative dose, and #? = natural-log odds ratio 
per unit dose. 

All cancei deaths, excluding leukemia. 

ICD ? 



Table 4.2 Footnotes 

k. ICD ? 

1. All cancer deaths, excluding leukemia. RR was estimated for a 50-year-old male who was 
exposed at the age of 30. 

m. ICD-8 204-207. RR was estimated for a person who was older than 20 years of age at the time 
of exposure and for a period no more than 25 years after exposure. 

n. ICD-8 160-163. RR was estimated for a male and for a period no more than 25 years after 
exposure. 

o. All cancer deaths. 

r. All deaths in which cancer was listed as the underlying (91 %) or contributing (9%) cause on the 
death certificate. 

s. ICD-8 204-207; underlying (93%) or contributing (7%) cause of death. 

t. ICD-8 162-163; underlying (92%) or contributing (8%) cause of death. 

u. All cancer deaths. 

v. ICD-8 204-207, excluding chronic lymphatic leukemia. 

x. All "fatal" cancer deaths. RR was estimated for doses received at all observed ages and years 
(Model I). 

y. All "fatal" cancer deaths. RR was estimated for doses received after the age of 61 and before 
1979 (Model IV). 

z. All cancer deaths. 

aa. ICD-9 204-208, excluding chronic lymphatic leukemia. 

bb. All cancer deaths. RR was estimated for doses received at all observed ages (15-66). 

cc. ICD-9 200-208, excluding chronic lymphocytic leukemia. RR was estimated for doses received 
at all observed ages (15-66). 

dd. ICD-9 162. RR was estimated for doses received at all observed ages (15-66). 

ee. All cancer deaths. RR was estimated for doses received after the age of 49. 



Table 4.2 Footnotes 

ff. ICD-9 200-208, excluding chronic lymphocytic leukemia. RR was estimated for doses received 
before the age of 40. 

gg. ICD-9 162. RR was estimted for doses received after the age of 49. 


