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CRAGLE, D.L, WATKINS, J.P., INGLE. J.N., ROBERTSON-DEMERS. K., TANKERSLEY, W.G., and 
WEST. C.M. Mortality Among a Cohort of White Male Wor1<ers at a Uranium Processing Plant: 
Fernald Feed Materials Production Center, 1951-1989. Radiat. Res. 

This study foUowed a cohort of 4,014 wh~e males hired at the Feed Materials Production 
Center (FMPC) In Fernald, Ohio, between 1951 and 1981. Vital status through the end 
of 1989 ascertained 1.064 dsaths. SMRs stratified by pay code showed a healthy worker 
effect in salaried, but not hOL'r1y employees when compared with mortarrty rates of U.S. 
white males. Significant Increases were noted for salaried workers for deaths from 
stomach canoer (SMR=2.61, 90% confidence Interval (C.I.) (1.22.5.14)) and for hourty 
workers for all cancers [SMR=1.21. (1.07,1.37)], lung cancer [SMR=1.26, (1.02,1.54)], 
and motor vehicle accidents [SMA= 1.59, (1.14.2.15)]. Dosimetry data was available for 
99% of the study members. Cumulative population doses for Internal and external 
radiation were 163.6 Gray (Gy) and 58.9 Sieverts (Sv). Trend teet statistics for 18 
selected cancer and three noncancer causes of death revealed a borderline significant 
trend for lung cancer (p=.OS) with extemal dose. Trend tests for nonmalignant 
respiratory diseases were significant for chronic respiratory diseases (p= .01) with Internal 
dose. Dose-response analyses for lung cancer with ex1ernal dose revealed an excess 
relative risk per Sv of S.O [90% C.I.: (0.1, 18.5)) with a 10 year lag and 10.7 (1.8.23.7) 
with a 15 year lag. Models of lung cancer with Internal dose revealed no Significant 
relationships. Dose·response analyses for nonmalignant respiratory diseases and Internal 
dose resulted in an excess relative risk per Gy of 13.8 (2.8.45.8) with a 10 year lag and 
14.2 (2.2. 44.2) with a 15 year lag. 
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INTRODUCTION 

From 1961 to 1969 the Fernald FMd Materials Production Center (FMPC) processed 

uranium ore concentrates, uranIum of low-grade enrtohment, and thorium Into fabrtoated mala! 

products tlnd reactor core 1erge! elements for use by the nation', defense progr&ma. 8ecev,. 

of the work process.8 Involved, the potentlal 10r Intemal radIation dose from Inhalation of 

ur81llum dust was hIgher than the potentIal for penetrating dose f&C$tved from external emitting 

5QUf099. 

The obj9C1.lves of this study were to determIne whether there was (1) excess mortality In 

the cohort compared to the United States general popula1ion, and (2) evIdence that workers with 

higher doses of either Internal or external p&n&tratlng radiation had elevated rates of certain 

diseases. Onl)' white males were included In this study beC8U~ they were the majority of the 

worker population and worked In areas with 1he greatest potential for radiation exposure. 

ME1liODS 

The population was enumerated from ooglnal work hIstory records obtained from the 

facilIty for the years 1951 through 1989. The data etement$ available from the,e records 

Inciuded: birth date, raoe, gender, pay etatlJ9, date 01 first employment, leave of abunoe dates, 

termInatIon date. Job title, department and plant 

Vital status was determIned through s&a(che$ conducted by the Social Security 

AdmInistration. Pension Benefits. Inc •• and the National Death Index. Death oertlflcetes were 

sought 10r all IndMdual$ where there was an Indlcatlon of death from a.rry of these sources. All 

c:&rtlflcal" wete coded aoeordlng to the eighth rev1slon of the IntemBllonat ClassJ1'lcatlon of 

DI9&8&Q$, A~apted for Use In the UnHed Statts (ICOA). The undertyJng cause of dea1h was used 

for aU external analyse, comparIng the poputatlon to naUonal ,tatltUes. Non-und&r1yfng cancer 

eaUM8 were U$ed for an Internal cancerA$pecific, dose-responae anaJyaes comparing exposed 



cohort member. to uMxpos~d. 

AssIgnment of &lema! DoS9$ 

The deep dose equivalents pro'wided bV tht facility were used for external radiation dose 

estimates. Weekly external radiation monltorlng begr., at FMPC In 1952 for employees havIng 

the highest exposure potential. Employees havIng a lesser exposure potentlal were monitored 

blw8Qkly. By the mld-l95Ot all workers were monitored monthly until the 1989 shutdown of the 

facility's operatlons. No neutron monitoring was performed as the potential for neutron exposure 

was not present. Film badges woro v&ed until 1983 when the elte 9wltch$d to thermolumlnoscent 

dosImeters (TLOs). Available exposure records were maintaIned as an annual cumulative d09$ 

equIvalent which was rounded to the nearest mSv during the period 01 film badge use. The 

cumulatIve TlO measurements were recorded to the nearest 0.01 mSv with the excoptlon of 

measurements that were less than 0.05 mSv, which were set 10 zero. 

Monitoring results were not available for 1 % of the workIng yeare for the cohort. For 

these mlesll'lg years, the dose was prorated and assIgned based on the dose equivalent 10r the 

year immediately preceding or toll owing the mIssing dose provided sImilar activities continued. 

11 there was no available InformatIon to assign a dose from nearby years, an appropriate median 

dose was assigned from 8 comparable populatIon matched to the employee work hIstory (0.5%). 

The median dose was use a rather than the mean to avoid the biasing effect of any unu9ually 

hIgh resultl. 

Once 1M medIan and nearby dose equivalents were 8.9slgned. there were an additional 

41 (O.1%) person-years without exposure data. These person-yeara were IncfMdual1y assigned 

dose equivalent. by a health physIcIst, consIdering year of employment. plant, anC! job title 

Information. 

6 



Assignment of Intemal DoS6S 

Internal exposure monf1ortng for radiation fll"6t began wfth • urlna1y$ls program In 1952. 

Workers W8r& monitored on a nonroutlne ba~1s as a control measure and by 1958 urlne,lysls 

became .. prlm8l)' means of Internal 8xpo$ure monltorlng. Thl.9 program required quarterly urine 

.ample collec1ion for all prOCGS8 ares workers and aeml-aMual collectIon for the remalr\1ng 

workera. BeglMlng In 1968. the Y-12 (Oak Ridge. TN) mobile In VNo Radiation Monltorfng 

18bora10ry vfsll&d the FMPC elte twlce 8 year to perform whole body counts (WeC). Worker 

wee monItoring frequency was determined by Job potential for exposure and prevfou9 res!)118. 

Much of the tung exposure was due to relatively Insoluble uranium compounds. However, 

to limit the effect on dose$ from po8~lble exposures to mote soluble forms of uranium a 

technique was used which we.s earlier developed by Strom (1) to eliminate aberrantly·hlgh results 

from both In vivo and urinalyses flies. 

The amoun18 of uranIum On units of mg) In the lung was calculated from In vivo lung 

count measurement,. UrInalyses resutts were also us&d to &S1tmate amount of uranium In the 

!ung by a method developed by Strom (f) and later reported by Crawford-Brown (2). Since all 

Internal dala were converted to the same unb, the lung burdens estimated from the In vlYo and 

urlnalyels data were combined to determine the best Integrated burden-day es1lma1e tor each 

employee-year of exposure (3). For years In which. worker had no Internal monttorlng (MUtts 

(6%). doses were estimated usIng nearby me8.9urements. Theae reference measurements were 

taken from similar worker a.c:tMtles within a two year period (4%) surrounding the worker's year 

of missIng results. If there wat no available Information to ClsUmate a nearby dose (2%), an 

approprlate median dOBe was assigneeS from the populatiOn available that best mmched the 

employee work history. The lung dose to uranium wat eak:ulated 1n unlts 01lntern81 radiatIon 

dose (mGy) per mg-day of Intemal exp09vr. by convertIng the,., weight measurements .nto 
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activity untts and assuming • straight line relationship. 

Statistical Analyses 

S1andBrdlzed Mortality Ratio (SMA) analyses compared the overall and eause-apecific 

mortality of the hourly and the 8alarled employees to U.S. white male population rates. DOS8' 

response analyses Investigated the relationship between radiatIon dose9 and mortality '13lng 8n 

Internal comparison group. . Tlme-dependent cumulative Internal (mGy) and external (mSv) 

radiation doses were stratified Into groups using these Intervals; 0, -6, -10, -20, -40, -eo, -160, 

-320, 320+. For external doses the final Interval was 160+ mSv 81nee no person-yoars were 

assigned to the 320+ Interval. For each cell, the mean cumulatIve dose of all tts person-years 

was used as the doss value In analyses. 

The first phase of the dose-response analysis consIsted of tests for trend as a screening 

procedure for a dos~-response relationship between selected causes of death and cumulative 

Intemal or external doses lagged ten years and also lagged two years for leukemia. Although 

. Internal doses were computed based on dose to the lung, these doses would be proportionately 

8caled for other organ ettas. For the purpose of screening In trend tests, they are 8ufficlent for 

ordering le.vels of exposure In the population. As detailed In Breslow and Day (4), Poisson trend 

81atiatlcs were calculated strattfvlng on 15 five-year age groups, eight flve-year calendar periodS, 

. and two paycode groupings (hourly and salaried) for dhrtrlbutlons of person-years at rl9k. The 

final phase of the analysis determined dose-response estimates for lung cancer and 

nonmangnant respiratory diseases. An excess relative risk model was employed utlltzlng PoiSSon 

regression techniques for modeling death rates 88 • function of dose and covarfate values to 

obtain maximum nkelihood estimates of the parameters. Precision of the estlmates waalndlcated 

by likelihood based 90% confidence Intervals, Cumula1Jve doses were accumulated with 10-)'881 

and 15-year lags and Intervals corresponded to those listed above In the d9sct1ptlon of the trend 
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188tl. Dose-re.ponse 6sUmatea w~re adjusted by IncludIng these eoverfatee In the models: age 

(natural 109 of age/52.6). bfrth cohort (1 :pre-1920. 2:192()..30, 3:1930+). tiond paycode (1 :hourly, 

2:monthly). Oose-response relationships were InvestIgated 8eparataly for Interl'\8l dose and 

external dose by modeling dose as continuous with the mean cumulative dOM In each C$II beIng 

used 89 the dOle value In the analysIs. The resultIng pa.ra.meter esametes were scaled to 

repre,ent the change In the excess relative risk for each Sv (for extemal dose) or Gy (for Internal 

oosa) Increase In dose Of) equivalently, the percent change for each 10 mSv or 10 mGy II'IC(eas9 

1n dose. 

RESULTS 

The collort consIsted of 4,014 whIte males who entered follow-up between 1951 and 1981 

end contrIbuted a total of 121,038 person-years of fori ow-up through 1989. Of the total, 1,339 

(33.4%) were salaried or white collar workers and 2,616 (66.6%) were hourly or blue collar 

workers. By the end of 1989 a total of 1.0&4 deaths (.26.5% of the COhort) wele Identlned. and 

1,053 death certIficates (99.0% of the deaths) were obtaIned. 

The average age at hIre W89 30.7 years with a median of 29.0 years. Over 85% 01 the 

cohort was first hired before 1960 allowlng 30 or more yeara of follow-up. This Is re1lected In the 

average length of follow-up of 30.2 years and a median of 33.6 years. For length or employment 

the mInimum WQ.9 three months and the maxfmum 37.1 years WIth a mean and median of a.6 

years and 5.5 yBars. 

The SMR anatysls results are listed In Table' for both utat19d and hour1y employees. 

There were no deathS from boM sarcoma and only one death from chronIc nephrltls In the 

population. The saJari$d emploY$es exhIbited the heatthy wOrXer effeet with Significantly 

decreased SMAs for aU causes. and more partlcularty. alf diseases of the circulatory sys1em. 
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Other slgnlflcant deflcltS In mortality for talarled employees occurred for tung cancer, disease. 

of the r&Splfatory system, diseases of the genitourInary 8ystem, e.nd aft external C8laeS of death. 

Onty the SMR for 9'tomach cancer was al9nl1lcanUy .le'Vat&d. 

Hourly employe" had a IIfgnlflcant deficit for all diseases of the clroutatory .ystam and 

diseS98S 01 the genItourInary sy.tem. The all causes SMR did not show a heallhy worker effect 

e.nd thts group thowed 81gnlficantly elemed mortality for all cancer deaths. A 81gnlflcant eXC99S 

of tung cancer deaths was observed In this hourly worker popula110n. 

Dose distributions for the cohort by different leg periods and by hourly or salarIed work 

&'tatu6 are shown In Tables 1/ and III. The total population dose for Internal radIation and external 

radiation were 163.6 Gy and 68.9 Sv. Internal dose9 tended to be hIgher than external doses, 

as evldonced In 1M means (40.Q mGy versus 14.8 mSv) and medians (29.9 mGy ven~U9 2.0 mSv). 

Table IV lists trend test statistics for specltle cancers by Internal dose. Non-Hodgkins 

lymphoma Is of borderline slgnl1lcaoCG but Is baud on only thrM C8ses, Lymphosarcoma and 

retlculum-cofl sarcoma 1$ elso of borderfln9 &lgnl1lca.nce; however. the nine CNQS are eU 

dlatl1buted among the lower dose groups below 20 mGy fot a ten yeS! lag and below eo mGy 

for a 1wo year lag. 

Table V displays the resutts of the trend 1estt tor cancers with external dose. Wrth the 

exception of a borderflne signiflcant trend for lung cancer, none of the cancer causes eXhibited 

a signl1lcant trend with IncreasIng external radiation dose. Comparison of the observed to 

expected ratios by dose group for lung cancer thoWS that the Increased risk occurs beginning 

In the 4()..60 mSV dose group and contlnues Into the htgher dose groups. 

, Trend test re$ults for nonmalignant respIratory disease deaths, along with the acute and 

chronIc subgroup, with Internal and externat dO$es are shown In Table VI. The acute subgroup 

Includes dls&ases ,uell as Influenza end pneumonia, whereas ehronlc bronehltJa, emphysema, 
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. asthma, chronic Interstitial pneumonia, and chronic obstructive pulmonary disease comprises the 

second subgroup. The trend tast for all respiratory diseases together ,hOWl • borderline 

81gnlflcant trend w1th Internal dose. When 8ubdMded, the trend for acu1e conditions Is not 

Significant. However, the trend for cnronlc conditions with Intemal dose Is Ilgnlficant with a ~ 

value of 0.01. Analyses using external doses did not reveal any algnH\cant rela1ionshlp wtth 

nonmalignant respira10ry diseases either as a v4'lole or 9ubgrouped by acute and chronic. 

Table VIII dlsplaya the results ofthe excess relative risk modeling analyses 10r lag periods 

of 10 and 15 years. Pr&sented are estimates per GV of Internal radiation dose along with 

. likelihood based 90% conndence Intervals for lung cancer and nonmalignant respiratory diseases. 

Conflrmlng the results of the trend test8, there was no Itatlstlcally-algnlflcant r81a1ionshlp between 

cumulaUve Internal dose and lung cancer. For nonmalignant respiratory diseases both the 10-

and 15-Y8ar lag models are statistically slgntflC8nt and the estimates of excess relative risk are 

qulie similar. Because the distribution of deaths for the chronic lung dise85es subgroup did not 

Include any deaths In the four lowest dose groups, estimates could not be calculated. Also 

presented are estlmates per Sv of external radiation dose for lung cancer. Both the 1 ~ and 15-

. year lag models showed a significant relationship Vtith the 15-year lag revealing a higher rfsk. 

DISCUSSION 

Examination or the results of standardized mortality ratio (SMA) analyses 10r this 

popula1lon of workers occupatlonally exposed to uranium dust revealed, In salaried workers, a 

deficH of deaths 1rom aJ\ causes combined. ThIs healthy worker effect was not evident In the , 
hour1y workers and was an unusual finding for an occupational epidemiologic etudy focu,ed on 

a cohort where hiring first occurred In the 1950s and later. The SMR 10r deaths from diseasea 

of the cfrculatory ayatem was slgnlflcantly decreased for both the salaried and hourly employees 

reflecting evidence of the healthy worker effect for cardiovascular dlseas... The slgnlflcant 
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Increase In deaths among hourly workers from cancers Is the result of generalized Increases In 

deaths In mott cancer categories rather than a large Increase In a alngle category. . The 

Increases In cancer deaths among hourly employees Included 14 of the 17 categories examined 

wfth the exception, of cancer of the stomach. bone sarcoma, and cancer of the akin. 

It Is Important to note that this population of radiation exposed workers exhlbhed neither 

excest leukemIa nor a dose-response relaUonshlp between leukemia (excluding two observed 

CLl.8) and either Internal or extemal radiation dose. The total population dose for external 

radiation was 58.9 Sv with the average cumulative doae to a worker of 14.7 mSv, thus limiting 

the ability to detect such a dose-response rela1ionshlp with external radiallon. 

Examination of the exce~ of stomach cancer deaths In the salaried employees reveals 

l1le majority of these deaths occurred In Individuals who held administrative pOSitions, and had 

very low potential for exposure to either Internal or external radiation, or chemicals. Increases 

In stomach cancer have been observed In other populations where the primary exposure was 

to Internal radIation; however, In the FMPC population there was no evidence of a dose-response 

relationship with either Internal or external radiation. 

An exce8s of lung cancer wu observed In the hour1y worker popula1lon when compared 

with the Unhed States standard population. Lung cancer Is not generally recognized 88 8 

consequence of external radiation exposure, whereas n mIght be expected 89 a consequence 

of chronic exposure to uranium dust. Published results from combined worker studies (5) dId 

not demonstrate a trend for external dose with lung cancer, but ra1her revealed a negative trend . 

. However, for the Fernald cohort the trend test for lung cancer with external dose was of 

borderflrie significance, and the dose-response estimate for lung cancer was also revealed as 

staUstically significant. The major dtfference between the populations In the combined worker 

population study and the present study Is the additional possibility of exposure to internal 
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radIation In the Fernald cohort. A study by Checkoway (6) Investigated a population of worke,. 

-who had Ilmllar types of exposures as the present population. The Checkoway study found a 

-rela1\onshlp between external dose and lung cancer In worker. who had more than 5 mQy 

cumulative Internal dose using a zero and a 10-year lag (the Checkoway study used a quality 

factor of 10 tor the Internal do~e whIch has been removed here for the purpose of comparison). 

-Examination of the Fernald population dose dlstrlbutlon with a 10-ye8r lag ,eveals that 84% of 

-the hour1y workers and 67.7% of the salaried workers have more than 5 mGy of Imernal doss. 

In 8 recent analysIs of mortality among white male workers al the Los Alamos National 

Laboratory (7) • subgroup of workers who were monitored for plutonIum exposure was 

examined. Because only 303 of the wo/1(er8 In thIs monItored group actually had doses from 

plutonium, It weB pos91ble to compare death rates In the plutonlum-exposed monitored workere 

wIth those In the plutonium-unexposed monitored workers. The rate ratio for lung cancer 

-comparing exposed to unexposed workers was 1.78 (95% conlldene& Interval 0.79 to 3.99, basad 

-on eIght C8US). The next anatysls excluded workers who had a cumulative external radiation 

dose of 10 mSv or more In order to remove confounding from external dose. this analysis 

show&d • rate ratio 10r lung cancer of 1.04 (95% conndence Interval 0.20 to 3.57). Atthough the 

numbers are small, this stUdy may provide more evidence In worker populations that Int&mal 

radIation dose may facWale the effectiveness of external radiation dose In carCInogenesis. 

A case-control study of 787 lung canoer among workers employed In iour uranium 

-processing or fabrIcation operations (8) did not find any dosei'espol'\ge effect for Internal dose 

. to the lung. Extemal radIation exposure was available for 105 of the c&Se~ntrol paIrs 80 that 

-an analys19 of the Joint effect of in1erna! and external dose could be completed. The odds ,atlos 

Increased with level of external exposure In those who had more than 5 mGy Internal dose, 

atthOugh the odds ratios were not 8lgntficant. For categorIes of external radIation 01 <10 mSv, 
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t()-..49 mSv. and >50 mSv, the odda ratios were 0.64. 1.03, and 1.18. 

Results of studles on uranium miners are not directly comparable to the study of the 

Fernald population beceuse tho uranIum mIners ware exposed to radon progeny from the decay 

of radium whUe the Fernald workers were prJmarlly exposed to uranIum compounds. 

FIgures 1 and 2 display the mortality ratH with 95% confidence Interval, for ~ep8rat& 

dose oategorles In mGy (Agur. 1) and mSv (Figure 2) QS follows: below 5, 5 to leea than 20, 

20 to less than 80, 80 to less than 160, and 160 or greater. Some dose categories oollapstd 

because 01 email numbers In order to create the figures. Figure 1 shows the relationshIp 

between cumulative Internal dose and nonmalignant respIratory diseases while FIgure 2 shows 

cumulative external dose and lung canoer. Although there Is a sugges1lon of dose-response 

relationshIps In theae two graphs, which was also demonstrated In trend analyses and the ERR 

modeling, the wide conlldencE! Intervals Illustrate the extent of the uncertaInty Involved. 

The Fernald populaUon was also exposed to multiple chemical exposu(es, most notably 

nltrlc acid, Godlum hydroxlde. trJbutyl phosphate, trlchoroethylene. and kerosene. It Is known that 

the level of these chemIcal exposures would also Increase a8 the level of external or Internal 

radIation dose Increased. Therefore,lt Is p()$8ibl~ that some of the exoesa risk observed for lung 

cancer. and NMRD may actually be caused by th&S9 chemical exposures or caused by • 

potentiating role of the chemical exposures makIng the radlatlon exposures more effective. 

The sIgnificant don·response relattonshlp for non-malignant respIratory disease (NMRO) 

fn thl$ pOpulitlon was previously d89ct1bed (9) atthough the magnitude of the relationshIp W8$ 

not calculated per unit dose. The earner study used a semlquantlta1lve ranking scheme to place 

workers In different levels of potential for exposure to uranIum dust and found that the relatlvt 

rIsk of NMRO Inc.feued wIth IncreasIng cumulative uranIum dust exposure. 
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. The absolute values of the dose41sponse estimates for this population must be viewed 

cautiously because of the Inextricable nature 01 the d08es for Internal and external radlatJon. 

Table IX dl8plays the population average Inlemal dose for each extemal dose group and the 

population average external dose for each Internal dose group. As external dose Inaeates, so 

does Internal dose In a somewhat 81eady manner IndlcatLlO a dose-response observed for 

extemal radiation may be due to Inlernal dose. The measurement of internal dose Is less 

Itralghtforward than the measurement of extemal dose. For this population. " Is possible. a level 

of Inaccuracy is associated with the placement of workers Into Internal d09& categories . 

. The average external dose for each Internal dose category fluctuates and I. not near1y 

. as B1ralghtforward as the Internal dose for external·dose category comparison. This might 

Indicate whate~er dose response 19 observed for Intarnal radiation-dose categorIes Is not likely 

to be due to the level of the external dose whereas 8 d0ge response obselVed for external dose 

may be hIghly related to Inlernal dose. 

We conclude that there ls evidence of a radiation dose-response relationshIp In thIs 

population for both non-malignant respIratory disease and lung cancer. These findings were 

produced withOut controlling 10r other lung carcinogens that were nkely present In the work 

environment at this facility. Inclusion of other confounding exposures may have altered the 

ftndlngs presented her •. 

14 



ACKNOWLEDQEMENTS 

Thla report concern. work undertaken as part of the Health and MOC'tarlty Study ~ U.S. Oep&tment of 

Energy worke,. being conducted by the Oak Ridge Institute for Science and Education. Oak RIdge. 

TSMe$86e, unde, oontract no. OE-ACOSo760AOOO33 between the U.S. Department of Energy and the Oak 

Ridge Institute tor Science and Educ," IOn. Thl8 study was completed whh the oversight 0( the National 

Institute tot Oec:upatlonal Safety and Health. 

The authors acknowledge the vital statistics ofllces of the fndMduaJ States 8$ the source of d&ath record 

data and appreciate the offices' technlc8l $uPP<)I1 d thIs research. The authors are SOl91)' re$ponslble 

7for ,he data ana}yses fI.nd the InterpretatIon of the results. 

The submItted manuscript has been authored by a oontractor Of the U.S. Government under Contract No. 

DE·AC()5.760AOOO33. Accordingly. the U.S. Government retaln8 a nonexcluslve. royalty-free IIC8n&e to 

publlsh or reprOduce the PUbU900d form of this contribution, or allow others to do 80 for U.S. Govemment 

purposes. 

15 



REfERENCES 

1. O. J. Strom. A strategy for 898eUlng oocupat\onaJ radiation monitoring data from rnatYf facJlltJes 

for OM tn epidemiologic ~udie$, Ph.D. d18Hrtatlon. untvercfty ()f North caronna at Ohapel Hill, 

1983. 

2. O. J. Crawford-Brown, J. e. Watson. Jr., O. J. Strom, BOO W. G. Tank&raley, Pr<.eedur.a for 

~Ing occupational radiation monll.orlng data for use In epidemiologIc studies, Oak Ridge 

M$(lClaled Untlrerslt\es. OAAU 89/A-127, pp. 57, 70 (1969). 

3. U.S. D&panm&nt of Health, Education and Welfare RevIsed Edition Radiological Health HandbOok, 

p. 103, 1970. 

•• N. E, Br&Slow and N. E. Day, StatistIcal methods In cancer research: Volume 1I • The de91gn and 

analya1s of cohort stUdIes. Intematlonal Agency for Roaearch on C811¢er, Lyon, 1981. 

5. E. Carol$, E. S. OJlbert, L CQr~nte(, G. Howe, I. Kato. B. K Armstrong. V. Betal. G. Cowper. A 

Douglas, J. Fix. S. A Fry, J. Keldor. C. Lave. L. Salmon, P. G. Smith, a L VoelZ, and L D. WIggs, 

Effects of low doses and low dose rates 0{ extemal Ionlling radiatIon: Cancer mortality among 

nucl&ar Induatry woncers In ttltee countries. Rsdla1. Res. 142, 117-132 (1995). 

6. H. Checkoway. N. Pearce, D. J. Crawford-Brown and O. L. Cmgte, RadIation dose. and cause. 

8p&O/flc mortallty among wOl1<ers at a nuclear materials fabrfcatJon plant. Am. J. EplcJemiol. 127 • 

. Ss.84 (1988). 

7. L O. WIQg$, E. R. JoMson, C. A Cox-DeVore, and G. L Voelz, MortaIlIy through 1990 among 

Whae male wcx1t;ers at the Los Alamos National Laboratory: ConslOOMg exposures to plutonium 

and external Jontzlng radiation. Hes/'U) Phyf. a7(a), 551·688 (1994). 

8. E. A. Dupree. J. P. WalkIns, J. N. Ingle, P. W. Wallace. C. M. W66t. 6nd W. a. Tanker.ley, Uranium 

Oust Expo$lXe and Long Cancer Risk In Four UranIum Proce$Slng Opetatlons. EpJdemJolOfY. ':4 

(1G9S). 

8. J. wuaon. 8An epidemiologic InvestIgation of non-maffgnant respltatocy disease among woncera 

at 8 U18nUn milt'. Ph.D. dissertation. University Of North Catonna at Chapef Hill. 1983. 

16 



TABlEf 

SMA6 fIrough 1&at S\r .. lfltd br Pf.'/~ 

Ia1II1M Hourty 

1N-1·m fN· 2,flJI 

Cau .. of cltdl 0*"," SMA .". C,I. oo..MId twA .". C.1. 

NJ. OaIJ ... tool~ 2eO 0.11 to.t:2,O.ae, .,4 o..os ~.ee,1.(1) 

All 0l.I\0''' (1~2COI 83 0.88 to.n.1.23) 240 1.21 (1.01.1.31) 

AIIlnfeotiv. and p.rultl~ dl.' .... fOQl-13Qj 2 D.M (O.OU.~ 3 o.~ (O.O7,1.~ 

Canc.r of buooal owlty Mel pharynx (1~1.'l It 0.82 (O.OU.1ItS) 'I 1.16 (O.4U.~ 

Cano.r QIf dI~tttv. OI'QlN and p.rltOMum {1l'JO.l~ 2$ 1.26 {O.a3.1.&5) 61 1.1' (0.",1.533 

c.n~r of ttomaoh (115') e 2.el (1.22.5.14) 7 0." 10.31,1.88) 

Canc.r of larg. lnltttln. (153) • 1.2' (0.57 .~.3$) 18 \.06 (O.64,t.e6) 

Cano.!' of "01,,,,\ (154) 0 11.e5)* 7 1.50 (O.eo.3.10l 

C4Inotf of pano,. .. (157) 8 1.1' to·3e,U8) 13 1.2. (O.8e.2.I2J 

Cano.r of ,..~ ..,. ... m (,eo.l$3j 21 0.815 (O.41 , 1.00) $$ 1.26 (1 .02" .~ 

CaIlO6( of luno (1 ~ 11 0.CS2 (O..S7,o.t7) t5 128 (t.Cl.t.W) 

Bon •• aroo~ (170, 0 (0.2:8)' 0 (0.80)-

c.tIC>W of ~n (172·113) a un (O.2'I.2 .~ C..M fO.OO,1.~ 

c.r-r 0( PfoNt. (165) • 2.02 (O.tU .. &4} 1. 1..40 (0.80.202. 

c.nc.r of bl .. ISd., (188) C) (I.N)' • U$ fO·'13,U~ 

c.no.r 0( min and o/Ihlt MntrtI MNOUt eyttam (1111.112) 2 Cl.12 (O,oe..2.~ 10 u. .,.7',2..131 

~uk.mla and ..,~tc.mla (204-201) a 1.50 (O..5U.71) • t.01 fO·4fl,2.nJ 

~f Iym~ tlNUII ~.201) 2 0.11 1D.0I,2.S7) • U. fO·51.2.~ 

A1Ilrmpho~o oanoe1 ~ 10 '-21 (OM,2.,2:Q ~ 1.42 P·M.2.OI5i 

Benlg" neoP'e*me C21~ 0 (t.04)- 0..0 p.o1 ,2.231 

All dl ...... of cl~ fYN"' (3GO-45e) '00 0.82 (O.eo,O.~ * 0.86 (0.".0.,.. 

Chronic rh.ulNtlo hult ~ 4 US ~42,Ule) • 1Je fO·fi3,U3f 
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TABLE n 

Olatl1burlon d Internal Dot8 (rnOy) Category by lag and Payoode 

LAGoa LAG 10 LAG 16 

HosQt Salarjed Hourtt Salaried Hourtv SalarIed 

DOSe N ~ N " N " N " N "" N ~ 

0 00 (3.4) 6S (4.1) 188 (7.0) 112 (8.4) 2'11 (10.1) 148 (11.0) 

>0-6 2:34 (8.7) 339 (25.3) 237 (8.8) 320 (23.9) 225 (16.8) 304 (22.7) 

>5-10 22. (8.4) 173 (12.9) 220 (8.2) 161 (12.5) 207 (16.4) 160 (11.0) 

>10020 319 (11.9) 209 (16.8) 30S (11.4) 201 (15.0) 303 (11.3) 204 (15.2) 

>20-40 466 (17.4) 261 (19.S) 468 (11.4) 267 (19.2) 470 (17.6) 261 (19.S) 

>4O.aO 807 (30.2) 2S4 (19.0) 778 (29.1) 240 (17.0) 781 (28.4) 224 (16.7) 

>80-180 480 (17.9) 44 (3.3) 434 (16.2) 38 (2.8) 399 (14.9) 54 (2.6) 

>180-320 49 (1.8) 3 (0.2) 41 (1.5) 3 (0.2) 33 (1.2) 3 (0.2) 

>320 6 (0.2) 1 (0,,) 8 (02) 1 (0.1) 6 (0.2) 1 (0.1) 

'mean 40.9 mGy 

median 29.8 mCiy 

max 598.4 mOy 

Total 183.8 ~ 
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TABLE III 

DletrtbuUon of External Dott (mSv) Category by Lag and Pay~ 

\AG<t LAG 10 LA01S 

Hourt/ Sa\aned HoU!1v Satarlad Hourlv SAlMed 

DOSE N Yt N "- N " N " N " N " 
0 631 (23.6) 810 (60.0) 121 (26.9) 706 (52.8) 794 (29.?) 739 (55.2) 

>().S 678 (25.3) 497 (31.1) 663 (24.8) .70 (35.1) 861 (24.7) 0441 (33.4) 

>5-10 242 (9.0) 82 (G.l) 235 (8.8) 71 (5.8) 238 (8.9) 70 (6.2) 

>10-20 284 (10.6) 44 (3.3) . 2e7 (to.O) 48 (3.4) 250 (9.3) SO (3.7) 

>2().40 368 (13.4C) 32 (2.04) 347 (13.0) 29 (2.2) S38 (12.8) 23 (1.1) 

>40-e0 317 (11.8) 13 (1.0) 310 (11.6) 11 (0.8) 288 (10.8) 10 (0.7) 

>8()'160 142 (5.3) 1 (0.1) 119 (4.4) .. (0.1) 103 (3.8) 0 (0.0) 

>180-320 23 (O.S) 0 (0.0) 13 (0.5) 0 (0.0) ., (0.2) 0 (0.0) 

>320 0 (0.0) 0 (0.0) 0 (0.0) 0 (0.0) 0 (0.0) 0 (0.0) 

-mean 14.8 mSv 

median 2.0 mSv 

max m.omSv 

TOTAL. 68.9 $v 

20 



TABlE t{ 

TnN'Id T ..... SbdIIIdce for s.p.c/fte ~ '"" tr.t.m.i (')0.,.. 

~.,-,d~ ~J}~~~ ~ rrt<)( ~b 

Trend T.~· J>'WIw 0 :>0-6 $-.0 t040 2r:).CO ~ .. teo 1~ >320 

00.- LrqgoIId '0 y..,. 

M_U~ C).1. om 304flO.ee l!IOI'2I~ 21!122.43 27m.a:s 1218!.32 H!!(tt1.lIS CJS2.81 4,14.43 :tJO.7'O 

~ ... (tsq o.eo 0._ QIO.P4 (W,n 210m 'lJO.fl7 V'I. 1J2At ,,1A1 ~.f2 c.'Q.~ 

8tDm1llOh (18" Q.0i2 0 .• 1/1.904 t/ue 111.0& lIUM ~.II !{·UO 1/1.3e> OttO.IO CllQJlI2 

~(t1S3f 022 0.84 5/'2.01 V2.A1 1/1 .• ZO.tt 1/5..84 7/1:tf5 ~.JO 0.0.29 0J0.03 

A.cUn (154 1.S) 022 lJQJ!e CJ.'O~ 'N.38 1to,5Q 2/1.18 ~ CVt.l'I 0.0.12 cw.~ 

""""('&'1) 0.13 0 .• "2.00 0/1.83 2/1ZT 1/1.S10 713.34 VS.13 ~ 0.021 M).O:S 

lung ('~ 1«SJ 1."" O.tO eno.OS 11JiS,81 8(7' .• 121H.n 1i1'Zl.U W40JfT 17f2/J.72 3I1.!ZT 1M30 

,.......,(f. 1.11 0..2e "tOO 1/1.10 OII.eie 1/2..10 4'5.1. tGlSl.f13 ., .. ll8 01'0.. CWJ:15 

tlII-*W (1eet OOIS 0.81 1108> CWo'" CW.o4O <W.$4 1/'1.010 !I!.tt VU1 <W.t2 C/O.OS 

JOdney (1" 0.08 0.10 01'0.11 0/057 G'O.43 (W.s8 t~.IPf ~ . .w 010.77 010..(» !W.OI! 

lyv,JPt __ .. Mcff'Olliiclu~ ~ CZOU) 3.. OJ1'1 VUI1 1/1m 21\) •• .10.10 W'S.o:J coe CW.eo QIO.oe 0.0.<10 

21 



B i ~ ~ I g 8 8 

" S S g g g 

I I ; • g 2 ., .... 
g i g g i i 

Ii ~ ; ~ 2 • ~ ~ t ~ 

i g i i i 5 .. 
~ ~ ~ ; sa I{ ;t Q I c:. ~ ~ S ! S ... .... 

I 
Z • ~ • ; ~ ~ ; l . "': "': 

c; S i S 

t f 
~ 

I ~ Iii 18 r; " ~ II Ci g S s i 5 i s , s 
0 ~ 

~ ~ 0 

~ 
;:: ~ 1 1 

S 
~ 

1 ~ s S ~ s ~ 'i - r l 

~ ~ " • .. i ~ .... "8 i g i 
... 

1 ~ ! g a i " - I: 
~ I ~ 

til ~ b • ; 2 
~ I 

i 
0 

5 g g S - S l" • ... t ~ 
i ~ ! iii I a 8 • i t 0 0 0 0 d 

1 t t 

" ! ~ g ! ~ ! 
I .. 

! 
... 

J I .: 0 0 0 ~ 

J 1 " 

I I -. ( -~ i - • . I f i i I I 
~ ~ I 1 I I 1 
I j ;, I I ~ 

i I I j a t d 

I { 1 I f I I I ~ f I I i i I .... 
J I I .I 

f I 1 J jJ i ! J 



TABlE V 

T,,1O'ld r_ ......... ~ 8ptcIfte eu-. ~ EUmt.I 00_ 

~ ... 'Id ~ o-ct>Il by 00M"I' ~ In !'I'I&v ,~ b 

O ... alo-.tl Tret'Id TMIf StIIdIIIIoe P"'i,.w. 0 >().6 5-10 10.:20 20-40 4C)..tIO ""'80 >tlm 

00M0a Uoo." 10 Y-

N'~(f"'" O.M 0,4' 12'1111<4.07 ~ fIIJtZf.OI ~.112 3W1f1.14 lW3U3 12/f1.2Z HOM 

~·(1eat 0.., 0.34 3/2.e& 5I'2.3Q 010 .• MI.,. M.Dt 111.0t 0Al.3e CW.OS 

~(tS1) 0.81 O:sr !l'S.61 :U4.se 1.10.91 CW.!1i2 2ft .t» 2/1).7'5 tW.'S CW.OO 

Colon (fIlS) O.OS 0.80 ,,·US WI." 312.3<4 3/2.71 fJ2.71 312.25 1,0," CW.C04 

~(t~ O •• t 0..!7 3f1..2O 2/U& 2fO.ft1 010.83 Ot'1DS t~" OIO.!C !W.OS 

PIuwnM(lS7) 0."" Mt 3fe.17 ftt4J'! 2/1.34 VUO 211J11 !nAr o,o.4S cw.os 

""'"' it., , e3t 3..0. 0.08 41f3fUJ7 3l133.5a "'0.01 ""UIII '!t'14.47 '''':..61 114. 1~,<43 

"...tUII'j 0.3IS 0.57 7".1:4 2/&;$G N2.11 4/2_ "",.os &rl.A1 f/UR (l,lt)'<» 

8Wder(t88) O.W o.eo 2/1.7'0 2/'1110 1.10.12 1JOJ115 0(1.20 tI1.ce CW.3& C1O.22 

IOdMy,tat 0.02 0 .• .,1.71 2f13J 010,)$7 Qf().3e tJO-'O tJO •• CW.2S QO.Q2 

lYf'lllllc-* end ,...,."JuI'l'H>tlf ~ ~ 1.n 0.1. 6(4"4 1Jt.13 1.1OS ~.~ 0,,\).73 CWQ.8) CW.fS Q,O.oo 

Hocfgktne ~ ~1) 0.03 O.e6 SIL!J8 2f1:J1!S 1)JO,,(04 CW.A4 ()'D..!D 'lQ.ct (W.'5 QIO.O'I 
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TABLE V111 

C..,....,. RadI.ton Dose ~ tg Dose as ~ ReIaIiYe RIsI< 

Cause of DeaIh 
Lag ()'Mn) ERR- ~ Corf'det IC8 lrfeMlfb 

Intemal Dose Coer Qy) 

Lung Cancer 

10 2.1 «0,7.5) 

16 1.4 «0,6.4) 

Nonmaignlrll RaspinIIory Diseases 

10 13.8 (2.8. 45.8) 

15 1 •. 2 (2.2. " .2) 

~emaI Dose lDer ~} 

Lung Cancer 

10 8.0 (0.1,18.5) 

1S 10.7 (1 .8,23..7) 

~ reCaIMJ rtsk .,mar. adjuSted for age, bfrth cohott. and ptJf code. 
bUkR41hood based c::onfidenoe 1ntefvaI. 
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'" TABLE [X 

AvenJ1f1lI'raemal and Eldemal Doses by EJctemal and Interna Dose ~ 

By &1emIII DoN Group By fnfeme/ Dow ~ 

ExtemaI Dose Number ~ Internal Median Internal Internal Dose Numer Mean External Mecliln Eldemal 
Group (rnS'I) Wen.. DoN (mOy) OOM (m<ly) Group (mGy) WOf1(~ 00II8 (mSv) Ooea (mSv) 

0 1,443 1.46 0.7'6 0 32S 0.02 0 

>0-6b 1,130 2.84 2.20 >o-ob S46 0.09 0 

5-101» 306 4.43 ~.08 s..tob 3n 0.18 0 

10-20b 312 5.88 5.54 10-2d' S06 0.30 0 

2O-4Ob 378 6.98 6.46 2(}.4(/' 726 0.67 0.13 

4(HIOb 320 8.34 7.87 4O.oob 1,022 2.01 1.10 

~1eob 118 10.68 9.88 8O-100b 4&5 4.65 3.90 

>160 7 18.60 11.73 160-320b 40 5.25 3.20 

>320 7 6.64 1 . .w 
-AI doses lagged by 10 y .... 
tJupper boundaIy not Inctuded. 
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