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'CRAGLE, D.L., WATKINS, J.P., INGLE, J.N., ROBERTSON-DEMERS, K, TANKERSLEY, W.Q., and
WEST, C.M. Mortallty Among a Cohort of White Male Workers at a Uranlum Processing Piant:
Fernald Feed Materlals Production Center, 1851-1989. Radiat. Res.

This study followed a cohort of 4,014 white males hired at the Feed Materials Production
Center (FMPC) In Fernald, Ohlo, between 1951 and 1881. Vital status through the end
of 1989 ascertained 1,064 deaths. SMRs stratified by paycode showed a heatthy worker
effect in salaried, but not hourly employees when comparad with mortality rates of U.S.
white males. Significant Increases were noted for salaried workers for deaths from
stomach canoer [SMR=2.61, 80% confidence Interval (C.l) (1.22,5.14)] and for hourly
workers for all cancers [SMR=1.21, (1.07,1.37)), lung cancer [SMR=1.26, (1.02,1.54)),
and motor vehicle accidents [SMR=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 test statistics for 16
selected cancer and three noncancer causes of death revealed a borderline significant
trend for lung cancer (p=.08) with external dose. Trend tests for nonmalignant
respiratory diseases were significant for chronic respiratory diseases (p=.01) with Imernal
dose. Dose-response analyses for lung cancer with external dose revealed an excess
relative risk per Sv of 8.0 [80% C.l.: (0.1, 18.5)) with a 10 year lag and 10.7 (1.8, 23.7)
whh a 15 year lag. Modsls of lung cancer with Internal dose revealed no significant
relationships. Dose-response analyses for nonmalignant respiratory diseases and Internal
dose resulted in an excsss 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.



INTRODUCTION

From 18561 to 1889 the Ferneld Feed Materials Production Center (FMPC) processed
uranium ore concantrates, uranlum of low-grade enrichment, and thorlum into fabricated metal
products and reactor core target elements for use by the nation’s defense programs. Because
of the work processes involved, the potentlal for Internal radiatlon dose from inhalation of
uranium dust was higher than the potential for penetrating dose recelved from external emitiing
SOUICOS.

The objectives of this study were 1o determine whather thers was (1) excess mortallty in
the cohort compared to tha Unlted States ganeral population, and (2) evidence that workers with
higher doses of sither internal or external pensirating radiation had elevated rates of certaln
diseases. Only white males were included In this study because they were the majority of the
worker population and worked In aroas with the greatest potentlal for radistion exposure,

METHODS

The population was enumerated from original work history records obtalned from the
facliity for the years 1851 through 1989. The data elements evallable from these records
inciuded: blrth date, race, gender, pay status, date of first employment, ieave of absence dates,
{ermination date, job title, department and plant.

Vital status was determined through searches ;:onductod by the Soclal Securlty
Administration, Pension Benefits, Inc., and the Natlonal Death Index. Death certificates were
sought for all Individuais where there was an Indication of death from any of these sources. All
cerlificates wers coded according to the sighth revision of the Interpational Classificalion of

s { the Stateg (ICDA). The underlying cause of death was used
for all external analyses comparing the population 1o national statistics. Non-underlying cancer

causes were used for all internal cancer-specific, dose-response analyses comparing exposed



cohort members 10 unexposed,

Assignmant of External Doses

The deep dose equivalents providad by the facility were used for external radlation dose
estimates. Weekly external radiation montoring begen at FMPC In 1852 for employses having
the highest exposure potentlal. Employess having & lasser exposure potential were monitored
biwaekly. By the mid-1850s all workers were monitored monthly until the 1889 shutdown of the
facllity's operaflons. No nsutron monitoring was performed as the potential for neutron exposure
was not present, Flim badges were used until 1983 when the site switched o thermoluminescent
dosimeters {TLDs). Avallable exposure records were malniained as an annual cumulative dose
equivalent which was rounded to the nearest mSv during the perlod of film badge uss. The
cumulatlve TLD measuremants were recorded to the nesrest 0.01 mSv with the exception of
measurements that were less than 0.05 mSyv, which were set 10 zero.

Monltoring results were not avallable for 1% of the working ysears for the cohort, For
these missing years, the dose was prorated and assigned based on the doss equivalent for the
year immediately preceding or following the missing dose provided similar activities continued.
#f there was no avallable [nformation to assign & dose from nearby years, an appropriate medlan
dose was assigned from a comparable population matched to the employes work history (0.5%).
The median dose was used rather than the mean to avold the blasing effect of any unusually
high results.

Once the medlan and nearby dose equivaionts were assigned, there were an additional
41 (0.1%) person-years without exposure data. These person-years were Individually assigned
dose equivalents by a health physiclst, considering year of employment, plant, and job title

information.



Assignment of intemal Doses

internal exposure monttoring for radiation first bepan with a urinalysls program In 1952
Workers were monltored on a nonroutine basis as & control measure and by 1858 udnalysls
became & primary means of intarnal exposure monltoring. This program required quarterly urine
sample collaction for all process area workers and semi-annual collection for the remaining
workers. Beginning in 1968, the Y-12 (Oak Ridge, TN) moblle /n Vivo Radiation Monitoring
Laboratory visited the FMPC slte twice a year to perform whole body counts (WBC). Worker
WBC montitoring frequency was determined by job potential for exposure and previous rasuits,

Much of the lung exposure was due {o relatively Insolubls uranlum compounds, Howaver,
1o {imit the sffect on doses from possible exposurss to more soluble forms of uranjum a
technique was used which was earller developed by Sirom (1) to sliminate abarrantly-high results
from both In vivo and urinalyses flles.

The amounts of uranlum (in unlits of mg) in the lung was caiculated from in vivo lung
count measurements. Urinalyses resulis were also used 1o estimate amount of uranium in the
jung by & method devsloped by Strom (1) and later reported by Crawford-Brown (2). Since all
Internal data wers converted to the same unlt, the lung burdens estimated from the /n vivo and
urinalysis data were combined to determine the best Inlegrated burden-day estimate for each
employee-year of exposure (3). For years in which & worker had no Internal monitoring results
(6%), doses were estimated using nearby measurements. These reference measurements werse
taken from similar worker activities within a two year period {4%) sutrounding the worker's ysar
of missing results. ¥ there was no available Information to estimate a nearby dose (2%), an
appropriate median dose was assigned from the population avallable that best matched the
employee work history. The fung dose to uranium was calkculated In units of Internal radlation

dose (mGy) per mg-day of internal exposure by converting these welght measurements Into



activity units and assuming a stralght line relationship.

Statistical Analyses
Standardized Mortality Ratio (SMR) analyses compared the overall and cause-specific
mortality of the hourly and the salarled employses to U.S. white male population rates. Dose-
response analyses Investigated the relationship between radlation doses and mortallty using an
internal comparison group. Time-dependent cumulative internal (mGy) and external (mSv)
radiation doses were stratified Into groups using these Intervals: 0, -5, -10, -20, 40, -80, -160,
-320, 320+. For external doses the final Interval was 160+ mSv since no person-years were
assigned to the 320+ Interval. For each cell, the mean cumulative dose of all its person-years
was used as the dose value in analyses.
‘The first phase of the dose-response analysis conslsted of tests for trend as a screening
procedure for a dose-response relationship between selected causes of death and cumulative
Internal or external doses lagged ten years and also lagged two years for leukemla, Although
Internal doses were computed based on dose 1o the lung, these doses would be proportionately
scaled for other organ sites. For the purpose of screening In trend tests, they are sufficient for
ordering levels of exposure Iin the population. As detalled in Breslow and Day (4), Polsson trend
statistics were calculated stratifying on 15 five-year age groups, eight five-year calendar periods,
and two paycode groupings (hourly and salarled) for distributions of person-years at risk. The
final phase of the analysls delermined dose-response estimates for lung cancer and
nonmalignant resplratory diseases. An excess relative risk model was employed utlizing Poisson
regression technlques for modsling death rates as a function of dose and covarlate values to
obtain maximum likelihood estimates of the parameters. Precision of the estimates was Indlcated
by likellhood based 80% confidence Intervals, Cumulative doses were accumulated with 10-year
and 15-year lags and Intervals corresponded to those listed above In the description of the trend

Ik



tests. Dose-response estimates were adjusted by including these covarlates in the modsls: age
(natural log of age/52.6), birth cohort {1:pre-1820, 2:1820-30, 3:1830+), and paycode (1:hourly,
2:monthly). Dose-response relationships were Investigated separately for Internal dose and
extornal dose by modeling doss as continuous with the mean cumulative dose in each cell being
used as the doss valus In the analysis. Ths resulting parameter estimates were scaled to
represent the change In the excess relative risk for each Sv {for external doss) or Gy (for internal
dose) Increase In dose or, equivalently, the parcent change for each 10 mSv or 10 mQy increase

n dose.

RESULTS

The cohort conslisted of 4,014 white males who entered follow-up betwesen 19851 and 1981
and contributed a total of 121,038 person-ysars of follow-up through 1883, Of the total, 1,338
{33.4%) were salarled or white coliar workers and 2,676 {66.6%) were hourly or blue collar
workers, By the end of 1989 & total of 1,064 deaths (26.5% of the cohort) were Identifled, and
1,053 death certificates (88.0% of the deaths) were obtained,

The average age at hire was 30,7 years with & median of 26.0 years. Over 85% of the
cohort was first hired before 1860 allowlng 30 or more years of follow-up. This Is reflacted In the
average length of follow-up of 30.2 years and a madian of 33.6 years. For iength of employment
the minimum was three months and the maximum 37.1 years with a mean and median of 8.6
years and 5.5 ysars,

The SMA mnalysis results are listed In Table | for both saladed and hourdy employess.
There were no deaths from bone sarcoma and only one death from chronic nephritis In the
population, The salaried employses exhibited the healthy worker effect with significantly

decreased SMRs for all causes, and more particularly, all diseases of the clrculatory system.



Other significant deficts In montality for salaried employees occutred for lung cancer, diseases
of the resplratory sysiem, diseases of the genltourinary system, and afl exiernal causes of death.
Only the SMR for stomach cancer was significantly elevated.

Hourly employees had a significant deficit for all dissases of the circulatory system and
diseasss of the genltourinary system. The all causes SMR did not show a healthy worker effect
and this group showed significantly elevated mortality for all cancer deaths. A significant excess
of lung cancer deaths was observed In this hourly worker population.

Dose distributions for the cohont by different lag perlods and by hourly or salaried work
status are shown In Tables Il and lll. The {otal population dose for Internal radlation and external
radlatlon were 163.6 Gy and 88.9 Sv. Internal doses tended to bs higher than external doses,
as evidenced In the means (40.9 mQy versus 14.8 mSv) and medlans {29.9 mQy versus 2.0 mSy).

Table IV lists trend test statistics for specific cancers by Internal dose, Non-Hodgkins
lymphoma Is of borderling significance but Is based on only three cases, Lymphosarcoma and
reticulum-coll sarcoma Is also of bordedine significance; howaver, the nine cases are all
dlstributed among the lower dose groups bslow 20 mGy for a ten year lag and below B0 mGy
for a two year lag,

Table V displays the resulis of the trend tests for cancers with external dose. With the
exception of a borderiine significant trend for lung cancer, none of the cancer causes exhibited
a significant trend with Increasing external radlation dose. Comparison of the observed to
expected ratios by dose group for lung cancer shows that the Increased risk occurs beginning
in the 40-80 mSv dose group and continuss Into the highsr dose groups.

. Trend test results for nonmalignant resplratory disoase deaths, along with the acute and
chronlc subgroups with internal and external doses are shown in Table VI. The acute subgroup

Includes dissases such as Influenza and pneumonia, whereas chronic bronchitis, emphysema,



asthma, chronic interstitlal pneumonia, and chronlc obstructive pulmonary disease comprises the
‘second subgroup. The trend test for all resplratory diseases together shows a borderiine
signlificant trend with Internal dose. When subdivided, the trend for acule conditions Is not
significant. However, the trend for chronlic conditions with Internal dose s significant with a p-
value of 0.01. Analyses using external doses did not reveal any significant relationship with
nonmalignant respiratory diseases slther as a whole or subgrouped by acute and chronie.
Table Viil displays the results of the excess relatlve risk modeling analyses for lag periods
of 10 and 15 years. Presented are estimates per Gy of Internal radlation dose along with
likellhood based 90% confidence Intervals for lung cancer and nonmalignant resplratory diseases.
Confirming the resulls of the trend tests, there was no stalistically-significant relationship between
cumulative Internal dose and lung cancer. For nonmalignant resplratory diseases both the 10-
and 15-year lag models are stalistically significant and the estimates of excess relative risk are
qulte simllar. Because the distribution of deaths for the chronic lung diseases subgroup did not
include any deaths In the four lowest dose groups, estimates could not be calculated. Also
presented are estimates per Sv of external radiation dose for lung cancer. Both the 10-and 15-
year lag models showed a significant relationship with the 15-year lag revealing a higher risk.
DISCUSSION
Examination of the results of standardized mortality ratlo (SMR) analyses for this
population of workers occupationally exposed to uranlum dust revealed, In salaried workers, a
deficlt of deaths from all causes combined. This healthy worker effect was not evident in the
hourly workers and was an unusual finding for an occupational epldemiologlc study focused on
a cohort where hiring first occurred in the 18508 and later. The SMR for deaths from diseases
of the circulatory system was significantly decreased for both the salarled and hourly employees

reflecting evidence of the healthy worker effect for cardiovascular diseases. The significant
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Increase In deaths among hourly workers from cancers Is the result of generalized Increases in
‘deaths In most cancer categorles rather than a large Increase in a single category. The
Increases In cancer deaths among hourly employees included 14 of the 17 categaries examined
wilh the exceptions of cancer of the stomach, bone sarcoma, and cancer of the skin.

it Is important to note that this population of radliaticn exposed workers exhiblted neither
excess leukemla nor & dose-response !élauonshlp between leukemla (exciuding two observed
CLLs) and elther Internal or external radiation dose. The total population dose for external
radlation was 58.9 Sv with the average cumulative dose to @ worker of 14.7 mSy, thus limlting
the abllity to detect such a dose-response relationship with external radiation.

‘Examination of the excess of stomach cancer deaths In the salarled employees reveals
the majority of these deaths occurred In Individuals who held administrative poslitions, and had
very low potential for exposure to elther Internal or external radiation, or chemicals. Increases
In stomach cancer have besn observed In other populations whers the primary exposure was
‘toInternal radlation; however, in the FMPC population there was no evidence of a dose-response
relationship with elther Internal or external radlation.

‘An excess of lung cancer was observed In the hourly worker population when compared
with the Unhed States standard population. Lung cancer Is not generally recognized as a
consequence of external radlation exposure, whereas it might be expected as a consequence
of chronic exposure to uranlum dust. Published results from combined worker studies (5) did
not demonstrate a trend for external dose with lung cancer, but rather revealed a negative trend.
However, for the Fernald cohort the trend test for lung cancer with external dose was of
borderfine signlificance, and the dose-response estimale for lung cancer was aiso revealed as
statistically significant. The major ditierence between the populations In the comblned worker

population study and the present study Is the additional possibliity of exposure to internal
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radlation In the Fernald cohort. A study by Checkoway (6) Investigated a populatlon of workera
‘who had similar types of exposures as the pressnt population. The Checkoway study found a
relationshlp between external dose and lung cancer In workers 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 for the Internal dose which has been removed here for the purpose of comparison).
Examination of the Fernald population dose distribution with a 10-year lag reveals that 84% of
the hourly workers and 67.7% of the salaried workers have more than 5 mGy of Internal dose.
'In & recent analysls of mortallty among white male workers at the Los Alamos National
Laboratory (7) a subgroup of workers who were monllored for plutonium exposuie was
examined. Because only 303 of the workers In this monitored group actually had doses from
plutonium, it was possible to compare death rates In the plutonlum-exposed monli{ored workers
with those In the plutonlum-unexposed monitored workers. The rate ratio for lung cancer
‘comparing exposed to unexposed workers was 1.78 (85% confidencs Interval 0.7910 3.89, based
on eight cases). The next analysls excluded workers who had a cumulative external radlation
dose of 10 mSv or more In order to remove confounding from external dose. This analysis
showed a rate ratio for luhmgi cancer of 1.04 (95% confidence interval 0.20 to 3.57). Although the
numbers are small, this study may provide more evidence In worker populations that internal
radlation dose may facllitate the effectiveness of external radiation dose In carcinogenesis.
‘A case-control study of 787 lung cancer among workers employed In four uranlum
processing or fabrication operations (8) did not find any dosetesponse effect for Internal dose
o the lung. Extemal radlation exposure was avallable for 105 of the case-cantrol palrs so that
‘an analysls of the joint effect of internal and external dose could be completed. The odds ratios

Increased with leve! of external exposure In those who had more than 5 mGy internal dose,

although the odds ratios were not signlficant. For catsgories of external radlation of <10 mSv,
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10-48 mSv, and >50 mSy, the odds ratios were 0,64, 1.03, and 1.18.

Results of studles on uranlum miners are not directly comparable to the study of the
Fernald population because the uranlum minars ware exposed 1o radon progeny from the decay
of radium while the Fernald workers were primarlly exposed 10 uranium compounds.

Figures 1 and 2 display the mortallty rales with 85% confidence Intervals for ceparate
dose categories In mGy (Figure 1) and mSv (Figure 2) as follows: below 5, 5 {0 less than 20,
20 to less than 80, 80 to less than 160, and 160 or greater. Some doss categories collapsed
because of small numbers In order 1o create the figures. Figure 1 shows the relationship
betwaen cumulative Internal dose and nonmalignant respiratory diseases whlle Figure 2 shows
cumulative external dose and lung cancer. Although there Is a suggestion of dose-response
relationships in these two graphs, which was also demonstrated In trend analyses and the ERR
modaling, the wide confldence Intervals lilustrate the exten! of the uncertainty involved.

The Fernald population was &lso exposed to multiple chemical exposures, most nolably
nitric acid, sodium hydroxids, tributyl phosphate, trichoroethylene, and kerosene, R 1s known that
the lovel of these chemical exposures would also Increase as the levs! of external or internal
radlation dose Increased. Therslors, It Is possible that some of the excess risk observed for lung
cancer and NMRD may aclually be caused by these chemical exposures or caused by a

potentiating role of the chemical exposures meking tha radlation exposures more effective.

The significant dose-response relationship for non-malignant respiratory disease (NMRD)
in this population was previously described (8) although the magnliude of the relationship was
not calculated per unit dose. The earller study used a semiquantitative ranking scheme to place
workers in different levels of potential for exposure 1o uranium dust and found that the relative

risk of NMRD increased with increasing cumulative uranium dust exposure.
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The absolute values of the dose-response estimates for this population must be viewed
‘cautlously because of the Inextricable nature of the doses for Internal and external radiation.
‘Teble (X displays the population average Interna! dose for each external dose group and the
population average external dosa for each Internal dose group. As external dose Increases, so
does Internal dose In a somewhat steady manner Indicatixg a dose-response observed for
external radlation may be due to Internal dose, The measurement of internal dose Is less
stralghtforward than the measurement of external dose. For this population, It Is possible, a leve!
of Inaccuracy I8 assoclated with the placement of workers Into Internal dose categorles.

The average external dose for each internal dose category fluctuates and is not nearly
as straightforward as the Internal dose for external-dose category comparison. This might
Indicate whatever dose response Is obsarved for Internal radlation-dose categories Is not likely
to be due 1o the leve! of the external dose whereas a dose response observed for external dose
may be highly related to Internal dose.

We conclude that there Is evidence of a radiation dose-response relationship in this
population for both non-malignant respliratory disease and lung cancer. Thess findings were
produced without controlling for other lung carcinogens that were llkely present in the work
‘environment at this facllity. Inclusion of other confounding exposures may have aftered the

findings presented here.
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TABLE 1

SMRs through 1688 Stratlfied by Payocode

Balardied Hourly
N 1398 N = 2875
Cause of death Observed  BMRA 05% Cl.  Observed  SMR % Cl

Al oauses (001-908) 280 Je g {0.82,0.80) 814 085 (0.83,1.09)
Al sancers {140-209) 83 090 P12y 249 121 (.07437
All infective and parasftic diserses (003-136% 2 0.58 {0.08,2.0 3 035 £.07,1.62)
Cancer of buooal oavity and pharynx {140-148) 2 0.82 {©.08.2.85) 7 118 {0.46,2.88)
Cancer of digestive organs and pettioneum (150-156} 26 1.26 {0.83.1.85) 81 118 091,153
Cancer of storach (151) ] 201 {1.228.14) 7 001 {0.37,1.88

Cancer of large inestine (183} ® 124 {0.57.2.36) 19 1.06 {0.64,1.88)

Canoet of revtum (154) 0 125" 7 130 (0.803.10

Cancer of pancreas {157) 8 118 038278 13 124 (068212
Canoer of rasplatory system (180-163) 21 0.88 0.41,1.00) o 128 (10158

Cancer of lung (1684 18 o8 P08 2] 128 (102189
Bone sarcoma {170) o Pt 0 Poe*

Cancer of okin (172178 3 180 P28 1 024 0.00,1.53
Canosr of prostete {185) ] 20 ©O82.8.84 18 140 Psozel
Cancer of bladder {188) 0 0.06)* 7 1% PRy
Cancer of braln and other oentral nervous eystam (191-182) 2 o2 {£.08.2.80) 10 154 P28y
Levkemla and alevkemia {204-207) 8 1.59 031,3.71) [} 107 046219
Other lymphatic tiseus (202.203,208) 2 071 Eosasy (] 118 51289
All lymphopoletio sancer @00-209) 10 2 058229 8 142 po2oy
Banign neoplssme {210-239) 0 {100 1 040 01,229
All dissases of clrouladory aysiem (390-458) 100 g pLooTy 80 088 0.79098

Chronic theumatic heant M 4 185 PRI L) 1% pe2ey
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TABLE |

{oontinyad)
Belerted Hourly
e A8 2 1.398) e [N =268
Cause desth Obsarved  8SMR % CL  Observed o6% CL
All vasoular leslone of CNS (430-438) 12 074 {£.381.90) 36 0.80 0.82,1.22
All seaplratnry dlesasss (460-519) 0. 5,0.80) 44 0.80,
All disasses  digesthy 820-57T7) 7 10.56,1.55) B2 o078 B, .07
Clethoals ®7 0. 219 048, 22
Dissssss  the geniovdnary system (580) fxX.20) o8 (008,088
Chronlo aspbritie (582) {0.08) {0.01.2 %2
Bymploma, sanildy ii-defined conditions (780-799) 10.00.1.30) forv 0y
All death {800-508) 2 fo.88 82
All accldents (801 £29) 10.26.0.65 .95, &%
Motor vehicle aociderte (810:827) 0.26,1.21) 5 2.

SExpacted



TABLE 1
Distribution of intermal Dose (mQy) Category by Lag and Paycode

LAG 0* LAG 10 LAG 18

~Houdy = Salaed — _Houdy _Soladed __Houdy _ Salarled

DOSE N % N % N % N % N % N %

0 90 (34) 65 (41) 188 (7.0) 112 (84) 271 (10.1) 148 (11.0)
>05 234 (8.7) 339 (253) 237 (8.8) 320 (299) 225 (168) 304 (227)
>510 224 (B4) 173 (129) 220 (8.2) 167 (125) 207 (164) 160 (11.9)
>1020 319 (11.9) 209 (166) 305 (11.4) 201 (150) 303 (11.3) 204 (152)
52040 466 (17.4) 261 (19.5) 468 (17.4) 267 (19.2) 470 (17.6) 261 (19.5)
>4080 807 (30.2) 254 (10.0) Y78 (20.1) 240 (17.8) 761 (28.4) 224 (16.7)
>80-160 480 (17.9) 44 (3.3) 434 (162) 38 (28) 399 (149) 34 (26
>160320 48 (1.8) 3 (0.2) 4 (15 3 (02 ¥™ (1) 3 (07

>320 6 (02 1 (0.%) 8 2 1 (0.9) 6 02 1 (1)

‘mean 4.119 mGy
median  20.8 mQy
max 588.4 mQy
Total 163.6 Oy
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TABLE It

Distribution of External Dose {(mSv) Category by Lag and Paycode

LAG 0°

LAG 10

LAQ 15

—Houdy _ Salarled  _Houty _Salarled

Houty = _Salgried

DOSE N % N % N % N % N % N %
0 631 (23.6) 670 (50.0) 721 (269) 706 (S2.6) 794 (20.7) 739 (55.2)
>085 678 (25.3) 497 (37.1) 663 (24.8) 470 (35.1) 861 (24.7) 447 (33.4)
>510 242 (00) B2 (61) 235 (88) 77 (58 238 {89) 70 (6.2
>10-20 284 (106) 44 (33) - 267 (100) 48 (3.4) 250 (83 50 (3.7)
>2040 358 (134) 32 (24) 347 (130) 20 (22) 838 (128) 23 (1.7)
>4080 317 (11.8) 13 (1.0 310 (11.6) 11 (0.8) 288 (108 10 (0.7)
>80160 142 (53 1 (01) 119 449 1 (0.Y) 103 (38 0 (00

>180320 23 (0.8 O (0.0) 13 (05 O (0.0 6 (02 0 (0.0)
>320 0 (00) O (0.0 0 00 © (0.0 0 00 0 (0.0)

‘mean 14.8 mSv

median 20 mSv

max 277.0 mSv

TOTAL 58.9 bv
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TABLE v

Trond Teet Statiatics for Specific Curnvascs with irtemal Ooeos

Obasrved and Expecied Deathe by Doss Cetegory in midy (obs/sxpl®

Trend Toet Siiutle® pveiuve O >08 510 1020 2040 4360 80180 160X0 >3
Oosee Lagoed 10 Years

AX cancers {140-200 a1 0BT 3430085 /820 2602243 27/3.88 TR VISMILOG L5281 4483 200
Esophague {1590} 050 0.48 004 o r2 2052 2087 MW 27281 11141 an.iz oo
Bwmiech (181) a0z 088 194 1148 2108 1184 NI G40 4B 0010 OO
Cokon (155 022 088  SR01 2241 NP 23T TAM TAM SR 0029 000
Rectum (154 1.53 022 s G035 038 050 M8 325 G 6RI2 0B
Pancrees (187) or 009 1200 G183 527 1180 7333 2833 S22 0021 000
{ung (162, 163 1.7 0.19 1006 11881 T  (YILTS W24 4W08T 12 ST 200
Prostute (165) 147 028 00 1N ISR 1270 4518 10863 8458 00N 0ODS
Blacder (168} o08 081 2030 0038 QDA QD64 1140 A1t N6 OR1Z BHos
Kdney (18%) 0.08 080 o047 0RST QDA 0DSE  1A9 414 OG0T77 QOO0 o
Lyrnphoenreore and reoukm-onl setoms (200) 238 007 18T 18T 2088 4070 OGNS 0200 QUM G008 0000
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TABLE V

Trnesd Toot Statiatios tor Bpecific Cancers with Exiscne) Dosse

Obwerved and Expocted Desths by Dose Catsgory I mSv (oba/oxg)®

Cuntse of Dwwits Trond Tost Statletic®  pyaius 0 8 510 1020 2040 4060 BO180 w10
Dosss Lagged 10 Yeare

All cancer (140-208) [X. ] o4t I21N14.07 SW/98 94 02T ZI0BQ WYITT4 I3 1212 R8s
Esophagus (180} oss 034 V286 5230 O0SE 08  ONOt 10t ODM 00O
Stomach (151) 0.81 037 Wm8t 2458 109 GO 2100 2075 0015 0D
Colon (189) 0.08 080 HRI8  SMES  32M M2TY 1271 N225 1083 GO0
Pechan (1584 0.81 A7 W22 2188 2067 OGDBS  ONOS 1088  OUN 00CS
Pancrees (157 043 051 VEST  GMTE N34 140 2MBT  AIAT  0D4S  ORLS
Lung {182, 163) 308 008 412697 2973358 GN001  AN108 15447 1BNI51 7468 1043
Prostate (1055 0.53 08T YN8 /IS SR17T 4RSS 4303 8247 AR OGRS
Bladder (188) 0.07 080 2170 218 1072 PSS ON20 2108 0038 GO
Kdney (189) 0.02 0.89 It 2730 G037 A3 1030 1049 0023 00
Lymphoearcoma end meeulum-cefl sersma (00) 1.78 Q18 G444 2218 1055 DM Q073 ORE  OD1S 0000
Hodgidns disesss (201) 0.03 8 3238 24 OO4T G044 OO 1OR  ODIS 000!
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TABLE Wil

Cumutative Radiation Dose Modeling Dose as Excess Relative Risk

Cause of Death
Lag (years) ERR * 90% Confidence irtervai®
imemal Dose
Lung Cancer
10 21 (<0, 7.5)
18 1.4 (<0, 6.4)
Nonmafgnant Respiratory Diseases
10 13.8 (2.8, 45.8)
15 14.2 (22, 44.2
Exemal Dose (per Sv)
Lwng Cancer
10 80 (0.1,18.5)
15 10.7 (1.8,237)

*Excess relative risk estimate adjusted for age, birth cohort, and pay code.
®Liketihood based confidence interval,



- TABLE X
Average Internal and External Doses by Extemal and Intemal Dose Groups®

By External Dose Group By Internal Dose Group
Extemai Dose  Number Meen imtemal Median Intemal | Intemal Dose  Number Mean Extemal  Median External
Group (MSv)  Workers Dose (mGy)  Dose (mGy) | Group (mGy) Workers Dose (mSV)  Dose (mSV)
o 1,443 148 0.76 0 325 0.02 0
>0-5° 1,130 284 220 >05° 546 0.09 0
5-10° 306 443 408 5-10° arr 0.18 0
10-20° 312 5.88 5.54 1020 506 0.30 0
20-40° 3re 6.98 6.46 20-40° 726 0.67 0.13
40-80° 320 834 7.87 40-80° 1,022 201 1.10
80-160° 118 10.58 0.88 80-160° 485 465 3.90
>160 ? 18.60 1.73 160-320° 40 5.25 3.20
>320 7 6.64 1.40

*All doses tagged by 10 years.
Spper boundary not included.
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