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Abstract Any lowering of annual radiation limits for occupational expos-
ure should be based on industry experience with lifetime doses and not on
a 'worst case' career exposure of 47 years. Two decades of experience show
a lifetime accumulation of less than 1.5 rem for workers with measurable
exposure. This is 5 percent of the normal lifetime exposure of Americans
to natural and medical radiation. Any epidemiology of the U.S. nuclear
power workforce's two decade long exposure would have to focus on excess
leukemia. Application of the Hiroshima and Nagasaki cancer mortality shows
that too few leukemias would be expressed to permit a feasible epidemiol-
ogy. Ionizing radiation appears to be a mild carcinogen as compared to
physical and chemical agents presented in the occupational environment.

A realistic factor in determining any change in occupational exposure
limits for ionizing radiation should take into account the past performance
of the licensee and potential health effects applicable to the workplace.'
Specifically, the lifetime exposure data for workers at nuclear power plants
and naval shipyards should be considered.

The nuclear industry and the U.S. Navy have detailed data on the annual
exposure of workers with a combined collective exposure approaching 1 mil-
lion worker-rem. The lifetime dose for naval personnel and shipyard workers
averages 1.1 rem (J.J. Mangeno et al. 1990). Shipyard workers have an annual
dose of 0.28 rem per work-year and a mean exposure time of 4.4 years. The
data apply to workers with measurable dose.

Records of the U.S. Nuclear Regulatory Commission [NRC] are specific to
annual exposures (NRC 1990). A total of 2 million work-years have been accum-
ulated for the 1969 through 1990 time period. The corresponding collective
exposure for all monitored workers is 700,000 worker-rem or 0.35 rem per
work-year. For workers with measurable dose the average is 0.6 rem per work-
year. Taking an average exposure duration of 2.5 years, the lifetime dose
for nuclear power personnel is 0.9 rem and 1.5 rem per worker ever-monitored
or ever measurably exposed, respectively. There are wide variations from
plant to plant ranging from a low of 0.12 rem per work-year at Davis Besse
(Ohio) to 1.2 rem per work-year at Quad-Cities (Illinois). The above data
indicate that the 1969-1990 time period involved the measurable exposure of
460,000 workers.

Given the above dose estimates for workers, dominantly male and exposed
at age of about 30 years, the Hiroshima and Nagasaki cancer mortality data
may be applied to estimate the risk to the workforce.

At Hiroshima and Nagasaki a population of 75,991 persons received a
collective dose of 1.23 million person-rem (Shimizu et al. 1989). Those
exposed averaged a dose of 30 rem per person or twenty times higher than
th?.t for U.S. nuclear workers. Thus there is a great extrapolation involved
in applying the Japanese survivor cancer data to the U.S. workforce. Further-
more, the A-bombs delivered a flash of neutron-gamma radiation as compared
to the protracted gamma dose which dominates the U.S. worker exposure. Dose
rate effectiveness factors [DREF] of from 2 to 10 have been proposed and
it will be assumed that a DREF of 2.5 applies to converting Japanese to
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U.S. worker risk (Pierce and Vaeth 1990). BEIR V is based on Japanese data
but makes no allowance fjr a DREF (Committee on the Biological Effects of
Ionizing Radiations 1990}. TABLE 403 in BEIR V specifies an excess of 50
leukemic and 700 nonleukemic deaths per 100,000 persons exposed to a single
dose of 10 rem at age 30. In other words, 1 leukemia death [LD] = 20,000
person-rem and 1 cancer death [CD] =1,430 person-rem. The leukemic risk has
a built-in dose rate correction but the nonleukemic cancer does not. Using a
DREF = 2.5 for nonleukemic malignancies yields 1 CD =3,600 person-rem.

Application of these risk factors to the collective exposure of 700,000
worker-rem projects a lifetime excess of 35 LDs and 200 CDs. The risk factors
are based on a study of 5,474 cancer deaths among 28,737 deaths observed
among the Japanese survivors as of 1985. Because the follow-time in 1985
was 28.8 years the LDs observed may be regarded as their lifetime expression.
Fig. 5-5 in BEIR V shows excess cancer deaths for 25 year old males as con-
forming to a slightly tilted plateau from 2 to 26 years following exposure.
This means that there would be only a small fraction of the 35 LDs estimated
above that would be expressed in a 1990 epidemiology of nuclear workers.

Although some nuclear units have been operating for two decades the major-
ity came on line on a time scale corresponding to a mean follow-time of 7
years as of 1990. For all workers exposed the person years [PY] at risk add
up to 3.2 million. Taking a mortality rate of 6 LDs per 100,000 non-exposed
persons, this yields a baseline of about 200 LDs expected in a 1990 epidemi-
ology. Normal variation would be ± 16 LDs. Total deaths for such a health
survey would be 27,000. Less than 10 excess LDs would be projected and this
number would not be detectable against a background of 200 normal LDs.

Leukemia mortality for male Japanese survivors [ Table 5B and App.2,
Shimizu et al. 1990] was distributed according to age at time of bombing
[ATB] as shown in TABLE II:

Age ATB

Excess LDs

0-9

13

TABLE
10-19

5

II
20-29

3

30-39

8

40+

14
All

43

The young and the old are more radiosensitive than those exposed in their
occupational careers. At Hiroshima and Nagasaki the age 20 to 40 ATB popula-
tion was depleted due to battlefront requirements. As of 1985 there were 80
excess leukemia deaths among 202 observed leukemia fatalities in the two
Japanese cities. An excess of 252 nonleukemic cancer deaths was identified
among 5,474 CDs. This 3 to 1 ratio of nonleukemic CDs to LDs will increase
since leukemia due to radiation is essentially insignificant after 1985 and
nonleukemic cancers continue to increase. Table 4-3 in BEIR V postulates a
ratio of 6 CD/1 LD for males and a 9:1 ratio for females in the general popu-
lation. However, for exposure at age 25 the LD/CD ratio is 25:1 for males
and 40:1 for females.

TABLE III summarizes the 1950-1985 epidemiology of Japanese survivors.
Note that 95 percent of the collective exposure is carried by a fourth of the
population. The collective dose is not quite twice that of the 1970-1990
U.S. nuclear workforce. The latter exposed 13 times more people than those
receiving measurable dose at Hiroshima and Nagasaki. The Japanese exposure
was 20 times that of the individual nuclear worker's lifetime dose.
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Rem Interval

Population
Person-rem
CDs
Excess CDs 1985

11 1950-2030

s

58
66
4

10

,000
,000
,120

8
44

TABLE
10-50

11.,500
281,000

866
61
184

III
50-

3
250

100

,500
,000
273
56
158

>

3
631

100

,000
,000
215
135
414

Total

76,000
1.2xlO6

5,474
260
800

The 800 total figure in the last column is approximated by using an LD/CD
ratio adjusted for male and female population. Some 540 excess cancer deaths
remain to be expressed in RERF epidemiologies.

TABLE IV illustrates the time sequence for expression of natural and
excess cancer deaths among Japanese survivors from 1950 to 1985:

Time Interval 1950-55

Natural CDs 124
Excess CDs 17

Excess CD/800
Cumulative Percent 2

TABLE
56-65

348
30

6

IV
66-75

419
77

15

76-85

463
128

31

1950-

1,354
252

Data in TABLE IV are taken from Table 2 (Pierce 1990) for survivors having
more than 10 rem exposure. Twenty yoars after the A-bombings only 6 percent
of the ultimate 800 excess CDs were observed. This statistic effectively
rules out a meanigful epidemiology of the U.S. nuclear workforce, especially
since the follow-time Y begins in 1945 with exposure of the 76,000 Japanese.
A 1990 epidemiology of the U.S. nuclear workers would detect only 1 percent
of the ultimate excess CDs.

The data presented in TABLE IV embrace all age groups so that extrapol-
ation of the ultimate CDs from the 1950-85 time period is not warranted. One
has to examine the cancer mortality of Japanese survivors as a function of
age at time of exposure [ATB] and time since exposure. TABLE V displays the
data from Table B-l (Preston and Pierce 1988) for male survivors:

AGE GROUP ATB
0-19 Years

TABLE V
FOLLOW-TIME (Years)

5-14 15-24 25-34 35+ Total (F)

Observed CDs
Excess CDs

20-34 Years
Observed CDs
Excess CDs

35+ Years

3
.3

17
1

24
1.7

88
3.0

93
6.4

120
3.0

131
9.5

104
4.0

251
18

329
11

288
31

673
62

Observed CDs 546 675 581 314 2116 2007
Excess CDs 12 17 15 7 51 89

All Age Groups
Observed CDs 566 787 794 549 2696 3038
Excess CDs 13 22 24 21 80 182
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TABLE

0-19

4227
1344

9
188
7
18
23

VI
20-39

5524
2283
41
692
26
15
19

40+

10683
9630
90

1816
67
47
59

All Ages

30434
13257

44
2696
100
80
100

[A]
[E]
[C]
[D]
[E]
[F]
[G]

The column (F) is shown for female survivors illustrating the sex difference
where the populations at risk are comparable. The severe depletion of males
in the 20 to 34 ATB group is apparent. If one adjusts for the depletion then
there would be about 110 total male excess CDs. A significant sex factor is
indicated. Note that the data base for males in the 20 to 35 age group is
only 11 excess cancer deaths.

TABLE VI presents data for three ATB age groups (males) as follows:

ATB AGE INTERVAL

1950 Population :
Deaths 1950-85
Percent [B]/[A]
Cancer Deaths-1985
" " Percent of 2696
Excess Cancer Deaths
" " Percent of 80

Note that only 9 percent of the total deaths were recorded for the 0-19
ATB group but it accounts for 23 percent of the excess cancer mortality as
of 1985. The 90 percent deaths among those over 40 ATB indicates that this
age group will make little contribution to future excess cancer. Given the
above statistics the 0-19 ATB population will dominate future expression
of radiation deaths.

Since the leukemias attributed to radiation are fully expressed as of
1985 it is possible to make a projection of future excess nonleukemic can-
cers using the BEIR V ratio of nonleukemic to leukemic malignancies. Data
are derived from Table B-II of Pearson and Pierce (1988)for males.

TABLE VII

MALE LEUKEMIA DEATHS
Abt Aits Observed Expected Excess Percent

0-19 35 15 20 49
20-34 18 13 5 12
35+ 52 36 16 40

All 105 64 41 100

Note that half of the male leukemia deaths occur in the youngest age group.

TABLE VIII shows the conversion of the excess LDs to excess cancer deaths
for the three ATB age groups:

TABLE VIII

EXCESS DEATHS (MALE)

0-19ATB 20-34 35+ A l l

16 41
4

64 334
13 254
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20
10
200
182

5
14
70
59



Only 10 percent of the 35+ ATB males are s t i l l aive and they w i l l express
5 percent of the excess deaths after 1985. The ATB age group under 20 has
nine-tenths of i ts 1950 population intact and i t w i l l express 72 percent of
the 1985+ cancer mortal i ty attr ibuted to radiat ion. Many in the oldest age
group do not l ive long enough to die of radiation-induced cancer. Table 17
in Shimizu et a l . (1988) defines the following latencies:

TABLE IX

Cancer Type Minimum Latency

Stomach 15-19 Years
Lung & Breast 20-24
Ovary 25-29
Colon, Urinary 30-34
Multiple Myeloma 30-34

The 182 excess CDs yet to be reported for the under-20 ATB age group
should begin showing up in Hiroshima and Nagasaki as the survivors enter
the cancer-prone years. Latencies of 50+ years would then be involved so
that BEIR V r isk would be ver i f iab le . I f the BEIR V r isk models are correct
they are subject to test in the 1985-1994 epidemiology.

The Hiroshima-Nagasaki epidemiology forms the basis for BEIR V since
the PYR [person-years at r isk times average radiation dose] is 35 m i l l i on .
The follow time [Y] is 28.8 years. Data for U.S. occupational exposures
are as fol low:

TABLE X

WORKFORCE WORKERS WORKER-REM FOLLOW-TIME PYR

2E~Janc? r?' °R N L 36>0°° 114,000 20 Yrs 2,300,000
Rocky Flats '

Naval Shipyards 150,000 183,431 17 3,100,000
The combined PYR for the above instal lat ions is only 15 percent that

of the Japanese survivors as of 1985. A radioepidemiology of the DOE sites
found a total of 26 leukemia deaths as against 25 expected. There were no
malignant sol id tumor deaths observed to be in excess. (Gilbert et al.1989).
An epidemiology of shipyard workers is expected to be published soon.

The Sel laf ie ld f a c i l i t y of Br i t i sh Nuclear Fuels exposed 10,157 workers
to an average l i fet ime dose of 12.4 rem. A follow time of 22 years results
in a PYR of 2,800,000. (P.G. Smith and A.J. Douglas 1986). An epidemiology
of the workforce observed 10 LDs versus 12.2 leukemia deaths expected. This
was not s t a t i s t i ca l l y s igni f icant . The col lect ive exposure of BNF workers
would project 7 LDs which added to 12.2 expected yields 19.2 LDs. The
relat ive r isk of 10/19.2 is of greater significance and implies that the
leukemia r isk is overstated by the Japanese f indings.

Dose-specific data for the BNF workers are given in TABLE XI. I t is
to be noted that while the numbers are small for the dose in terva ls , the
observed leukemias are consistent with those expected when radiation con-
t r ibut ion to the LDs is included. The BNF data are signi f icant because of
the re la t ive ly small population exposed, the long follow time and the rather
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high l i f e time dose per worker.

TARI F XT
LEUKEMIA DEATHS

REM INTERVAL WORKERS WORKER-REM BEIR V EXPECTED* OBSERVED
0-5
5-20

20-50
50+

5200
2850
1550
533

9000
28000
55000
37000

0
1
2
1

.5

.4

.8

.9

6
4
4
3

.5

.6

.5

.1

4
3
1
2

All 10133 129000 6.6 18 8 10
This column includes the excess leukemia deaths predicted using a BEIR V

risk of 1 LD =20,000 person-rem.

TABLE XI is consistent with opting for a risk of 1 LD =50,000 worker-rem.
An indication that such a risk is actually the case comes from a study of
cancer incidence among Chinese medical diagnostic workers exposed to x-rays
from 1950 to 1985 ( Wang J et al. 1990 ). A population of 27,011 technicians
exhibited the following incidence of leukemia [ICD 204-207] as a function of
exposure duration:

LEUKEMIAS
Observed
Expected
RR

1
1

5

2
.3
.5

5-9

7
1.8
4.0

TABLE
DURATION OF

10-14

15
2.3
6.4

XII
EMPLOYMENT
15-19 >20 Yr

6
2.9
2.1

4
5.8
0.7

TOTAL
34
14
2.4

Males accounted for 80 percent of the technicians and the average follow time
was 11 years. Duration of exposure for males was 5 years. No physical dosi-
metry was available but the authors estimate that wholebody exposure might
be "several hundred rad." A conservative estimate of 50 rads per worker
leads to a bone marrow collective dose twice that experienced at Hiroshima
and Nagasaki. One might expect 100 excess leukemias or five times more than
that observed as an excess among Chinese workers. It is to be noted that the
time trend in TABLE XII shows a peaking of relative risk before 10 years
in rough agreement with the Japanese data.

This review of risk data provides essential information for assessing the
occupation risk for U.S. nuclear workers. Emphasis has to be placed on life-
time risk because this is the true determinant of radiation risk in the work-
place. ICRP approaches the risk issue by postulating an annual limit of 5
rem protracted from age 18 to 65. It fails to reckon with industry perform-
ance.

FIG. 1 illustrates the historic pattern of occupational exposure in the
United States for nuclear power workers (1977-89). The number of operating
reactor units is indicated on the horizontal axis. The annual collective
exposure in person-rem for all units is shown as curve [A], There has been a
steady decrease in worker exposure from 1980 despite a 50 percent increase
in operating units and an even greater increase in megawatt-hours generated.
Moreover, there were additional exposure-hours required to fulfil NRC post-
TMI plant modifications.

Curve [B] shows the number of workers with measurable dose. The increase
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in the workforce is reflected in the downward trend [Curve C] of annual
exposure per worker with measurable dose. If we assume a mean exposure time
of 2.5 years then in 1980 the lifetime exposure averaged 1.5 rem. In the
late 1980's the mean lifetime dose dropped below 1 rem.

A 1 rem lifetime occupational dose represents less than 4 percent of
the 26 rem that the average American accumulates in a lifetime of exposure
to natural and medical radiation. The annual collective exposure of 250
million citizens is 90 million person-rem. The U.S. nuclear workforce is
exposed to only 0.04 percent of the total American exposure.

\
\,ANNUAL REM PER EXPOSED WORKER FIG.l

REM/YEAR
AVERAGE

.6

100,000

. 8 0 , 0 0 0

[C]

NUMBER OF EXPOSED WORKERS

\
\

ANNUAL COLLECTIVE DOSE

60,000

-20,000

65 UNITS 70 75 80

1980

85

1985

90 100
l

.1

0

Some regulators are apparently hypnotized by the almost linear decrease
in the annual exposure [C] in FIG. 1 so that they urge a continuation of dose
reduction. While some 'rem-fat1 can be squeezed out of exposures at some
plants this would be accomplished at most units at a considerable cost in
dollars and also in exposure. One way to keep Curve [C] on its decline is
to flood the plant with more workers. But this brings less skilled workers
to the job place. In turn, this means longer stay-times for workers and an
increase in collective exposure. In effect, pushing Curve [C] down can push
Curve [B] up. That is counterproductive. There is also the drawback that
less skilled workers may result in lower quality in safety-related mainten-
ance and modification.

If annual limits restrict exposure to 2 rem per year then this can impact
both collective e.xposura and nuclear safety. To avoid getting 'burned' for
exceeding NRC limits, utilities would set lower administrative limits, say,
1.5 rem per year. TABLE XIII shows the dose distribution of nuclear workers
in 1989. About 5,000 workers would exceed 1.5 rem and their dose above 1.5
rem would have to be transferred by hiring new workers with zero dose, by
hiring contractor workers with less than 0.5 rem acquired at other sites
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REM

.1

.5
1
2
3
4

TABLE X
INTERVAL

- .5
- 1
- 2
- 3
- 4
- 5

5 +

III
WORKERS

84
14
8
1

,549
,451
,845
,290
121
11
0

.1 - 5 109,267

that year or by increasing exposure of workers with less than 1.5 rem for
that year. The most impacted workers will be contractors who normally account
for two-thirds of the collective dose. Hundreds of these outage workers will
be denied further exposure after they cannot offer a 1 rem additional lee-
way on site. Contractors will then be in short supply of outage workers and
companies will 'sell' rem, driving up the price of these workers. Utilities
will be forced to use less skilled workers with consequences already noted.

Isolation of radiation risk as a dominant occupational hazard overlooks
the other dangers of the workplace. Each year industrial and commercial acci-
dents cause 7,000 worker fatalities and this does not include the risk of
driving to and from the worksite. The death toll caused by occupational expos-
ure to physical and chemical agents harmful to health in the workforce is
not known with any accuracy. A recent report (S.B. Markowitz et al.) on occu-
pational disease in New York State indicated that about 6,000 deaths are
caused each year by work-related illnesses. This corresponds to about 1 per-
cent risk of death among workers in the most hazardous industries. The pre-
sent annual exposure of nuclear workers corresponds to about 5 cancer deaths
per year or a fatality rate of 0.005 percent or 200 times lower than the
New York state rate. Thus, based on performance standards the U.S. nuclear
industry provides a very safe workplace. Ionizing radiation has to be viewed
as a mild potential carcinogen.
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