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Abstract.  During the past 15 years, doses have been reconstructed to members of the public who were exposed to radiation
released from Cold War Era government facilities that supported the development and testing of nuclear weapons.  A major
component of these exposures resulted from releases of 131I to the atmosphere.  This paper addresses the public health
implications of the combined exposures from the production of radioactive lanthanum at Oak Ridge which released 131I, and
131I deposited in the regions around Oak Ridge resulting from atmospheric weapons testing at the Nevada Test Site.  Full
application of uncertainty analysis is used to quantify estimates of thyroid dose, the excess lifetime risk of thyroid neoplasms,
the risk of non-neoplastic disease at high exposures, and the probability that past exposure could be responsible for present
thyroid disease.  The results show that fallout 131I is a substantial contributing factor to the total exposure and excess risk of
thyroid cancer for those exposed as children residing downwind of local government installations.  For many persons exposed
in childhood, the upper confidence limit of the estimate of PC may exceed 50%, regardless of the location where milk was
produced.

1. INTRODUCTION

During the past 15 years, major efforts were undertaken in the U.S. to reconstruct exposures and doses to
members of the public from the past operation of Cold War Era governmental facilities that supported the
development and testing of nuclear weapons.  At many of these facilities a major component of exposure
resulted from releases of 131I to the atmosphere.  Public exposures to 131I occurred during the 1940s
through the early 1960s from the operation of fuel reprocessing and chemical separation activities at Oak
Ridge, TN, Savannah River, GA, the Idaho National Engineering Laboratory, ID, and Hanford, WA.  At
about the same time, 131I was deposited throughout the Northern Hemisphere in fallout from atmospheric
weapons testing at the Nevada Test Site (NTS), 1952 through 1957 [1], the Marshall Islands, 1952
through 1958, and the former Soviet Union from 1958 through 1962 [2].

In the U.S., dose reconstructions to assess public health risk, quantitative uncertainty analysis has been
mandated to formally bound the limits of credibility in all estimated values [3].  Quantitative uncertainty
analysis was first applied to the air-pasture-cow-milk exposure pathway for 131I to estimate thyroid dose
[4,5].  Recently, uncertainty analysis has been extended to estimates of the excess lifetime risk of thyroid
cancer and other neoplasms, as well as to the probability that disease was caused by past exposure [6].  As
the result of legislation in the U.S., eligibility for compensation for potential radiation induced cancers
will be based on uncertainty analysis of the probability of causation (PC).  If there is as much as a 1%
chance that PC exceeds 50%, a former radiation worker with a diagnosed cancer would be compensated
for their claim and be given medical care for life [7].

2. METHODS

The reconstruction of historic exposures and doses from releases of 131I from the mid-1940s to the early
1960s requires extensive use of mathematical models because of the general absence of measurements.
In dose reconstructions for both fallout 131I and for releases of 131I from local facilities, probability
distributions are assigned to represent the state of knowledge for all uncertain variables.  Monte Carlo
calculations are used to propagate uncertainties through equations to produce probability distributions for
exposure, dose, and health risk.  From these probability distributions central estimates and a 95%
subjective confidence interval are obtained.  (The term subjective  is used to emphasize the important
role of investigator judgment in the specification of probability distributions for model inputs [8]) For
dose reconstructions at Oak Ridge, Tennessee, the source term for emissions of 131I from radioactive
lanthanum operations was the inventory of 131I in the dissolver.  Probability distributions were assigned to
the dissolver inventory and to the efficiency of the caustic scrubber and other retention devices that would
have prevented 131I from escaping to the atmosphere.  Probability distributions were also assigned to the
amount of iodine that escaped during off-normal releases For the dose reconstruction for local fallout



from the Nevada Test Site, the source term was the deposition of 131I in fallout obtained from
interpolation of gross beta analysis of particulate fallout on a national network of gummed film stations
[1].

The reconstructed, time integrated concentrations of 131I in different sources of milk (commercial cow,
backyard cow, and goats milk) were estimated using separate models (one for Oak Ridge releases, one for
Nevada Test Site fallout).  Time-integrated concentrations of 131I in milk were added then propagated
from milk to the human diet, to the thyroid gland, and to estimates of excess lifetime risk of thyroid
cancer.

For those with a diagnosed thyroid neoplasm, an estimate of the probability that the disease was caused
by exposure was made using the equation PC = (RR — 1)/RR *100, where PC = probability of causation,
and RR = relative risk.  Monte Carlo calculations were performed using 1,000 iterations with a mid-point
Latin hypercube sampling [9].

3. RESULTS AND DISCUSSION

The importance of the Nevada Test Site Fallout throughout the U.S. is illustrated in Figures 1 and 2.
Figure 1 shows that 830 counties in the U.S. received average doses per capita greater than 4 cGy (1 cGy
= 1 rad).  Figure 2 focuses on a birth cohort of January 1, 1952 with an average diet, but higher than
average milk consumption. In this case, there are 2,148 counties in the U.S. that would have had
individuals with average doses exceeding 10 cGy and 236 counties where the doses would exceed 30
cGy.  The national average for children under the age of 1 at time of exposure to Nevada Test Site fallout
range from 5 to 20 cGy.  For doses in excess of 20 cGy, the risk of autoimmune thyroiditis may be
increased for some individuals [10].

Table 1 presents thyroid doses from exposure to NTS fallout, the excess lifetime risk of thyroid cancer or
other neoplasms, and the probability of causation that a diagnosed cancer was caused by exposure for
representative individuals from selected locations in the continental U.S. who were born on January 1,
1952, who consumed an average diet composed of average amounts of fresh milk from commercial
sources.  The large overlap between the upper and lower confidence limits in dose from one location to
the next indicates that for NTS fallout, place of residence was not a major determinant in estimating
exposure, dose, and risk.  The major factors that determine the risk of thyroid cancer are age at time of
exposure, 131I concentration in milk, dietary source of milk, amount of milk consumed, and gender.  The
risk of developing thyroid cancer is highest for those who were exposed as children.

Table 2 presents the combined exposure to 131I released from the Oak Ridge facilities and Nevada Test
Site fallout for an individual born in 1952 (consuming two 8-ounce glasses of milk produced from a local
commercial dairy).  The uncertainty in the reconstructed thyroid dose encompasses a range slightly
greater than a factor of 10.  The excess lifetime risk of thyroid cancer ranges from a few chances in
10,000, to slightly more than 1 chance in 100, depending on the location where the milk was produced.
For individuals with a diagnosed neoplasm of the thyroid gland, the estimate of PC ranges from a few
percent (meaning that the chances are very remote that exposure caused disease) to upper bounds that
exceed 50%.  In all but a few locations (which are located close in to the Oak Ridge Reservation), Nevada
Test Site fallout was the predominant source of exposure.

With the exception of those who consumed goats  milk, the excess lifetime risk of thyroid cancer per
individual is low.  However, many individuals exposed as children in the 1950s, who consumed fresh
milk from cows or goats and who have a diagnosed thyroid neoplasm, would qualify for medical care and
compensation if the same rules for eligibility (PC99 >50%) adopted for radiation workers were to be
extended to members of the public.



Figure 1.  Average per capita thyroid doses from 131I in NTS fallout per county from Nevada Test Site fallout
from exposure to 131I [1].

Figure 2.  Per capita thyroid dose from 131I in NTS fallout per county for persons born on January 1, 1952 with
an average diet but higher than average milk consumption [1].



Table 1. Thyroid doses and probabilities of causation for representative individuals from selected locations in the continental United States who
were exposed to 131I from NTS fallout, who were born on January 1, 1952, and who consumed an average diet composed of average amounts of fresh
milk from commercial sources.

Alameda, CA Denver, CO St. Louis, MO Washington, D.C. Albany, NY
(95% C.I.) (95% C.I.) (95% C.I.) (95% C.I.) (95% C.I.)

Percentiles 2.5 50 97.5 2.5 50 97.5 2.5 50 97.5 2.5 50 97.5 2.5 50 97.5

Dose (cGy) a

Main NTS Test Series

Tumbler-Snapper
(4/52 — 6/52)

0.11 0.83 6.2 0.94 4.8 24 0.44 4.8 52 0.27 1.6 9.6 0.36 3.9 43

Upshot-Knothole
(3/53 — 6/53)

0.01 0.11 1.0 0.24 1.3 7.2 0.17 1.7 17 0.20 0.92 4.3 0.08 1.8 38

Teapot
(2/55 — 5/55)

0.01 0.13 3.1 0.26 1.3 6.6 0.12 0.84 5.8 0.12 0.56 2.6 0.12 0.97 7.8

Plumbbob
(5/57 — 10/57)

0.002 0.02 0.26 0.49 2.1 8.9 0.34 2.5 19 0.04 0.67 11 0.08 1.1 16

Total Dose (cGy)b 0.13 1.1 11 1.9 9.5 47 1.1 9.8 94 0.63 3.8 27 0.64 7.8 104

Excess Lifetime Riskc

Females 0.15 3.7 85 2.0 30 460 1.3 33 740 0.63 12 240 0.83 26 740

Males 0.049 1.3 35 0.73 12 180 0.46 12 300 0.23 4.6 87 0.29 10 300

Probability of
Causation (%)d

1 8 51 8 39 83 8 43 87 3 22 67 7 41 90

a Thyroid doses were estimated using the NCI individual dose calculator (http://rex.nci.nih.gov/INTRFCE_GIFS/WHTNEW_INTR_DOC.htm)
b The total doses reported in this table are different from doses seen in Table 1.  The doses in Table 1 are produced assuming that the total dose is a log-normal distribution, while the

doses in this table were summed with a Monte Carlo simulation (1,000 iterations using midpoint LHS) to total across individual test series.
c Excess Lifetime Risk expressed as chances in 10,000.
d Probabilities of Causation were estimated using the Interactive RadioEpidemiological Program (IREP) which is an update to the 1985 Radioepidemiological Tables [11] and are

applicable only to those with a diagnosed thyroid cancer or non-cancerous thyroid neoplasm.

http://rex.nci.nih.gov/INTRFCE_GIFS/WHTNEW_INTR_DOC.htm


Table 2. The thyroid dose, risk and probability of causation from combined exposure to I-131 in releases from the X-10 facility near Oak Ridge, TN
(1944 to 1956) and I-131 in Nevada Test Site fallout (1952 to 1957).

(a) Residents of the cities of Oak Ridge and Knoxville, Tennessee, obtained mostly commercial milk from regional dairies.
(b) An increased risk of autoimmune thyroiditis may be induced by doses exceeding 20 cGy [10].
(c) Values are in excess of baseline; the baseline risk of thyroid cancer incidence is 2.3 _ 10-3 for males and 6.0 _ 10-3 for females in the USA [12]; mortality of thyroid cancer is 10
to 20 times lower than incidence.
(d) Applicable only for those with a diagnosed thyroid cancer or non-cancer neopla

Exposure scenario:  A female born on January 1, 1952, consuming 2 eight-oz. glasses of milk produced from a local commercial dairy.

Location
Thyroid dose (cGy)

(95% uncertainty range)

Excess lifetime risk
of thyroid cancer

(95% uncertainty range)

Probability of causation
for a diagnosed neoplasm
(95% uncertainty range)

Relative importance to
total dose and risk

Bradbury, TN 2.9 to 41(b) 4.9 × 10-4 to 1.8 × 10-2(c) 11 to 81%(d) NTS (34%)
X-10 (66%)

Solway, TN 1.6 to 25 2.7 × 10-4 to 1.1 × 10-2 7.2 to 71%
NTS (39%)
X-10 (61%)

Farragut, TN 1.4 to 19 2.1 × 10-4 to 8.1 × 10-3 5.8 to 64%
NTS (51%)
X-10 (49%)

Oak Ridge, TN(a) 1.1 to 17 1.8 × 10-4 to 6.4 × 10-3 4.8 to 60%
NTS (75%)
X-10 (25%)

Knoxville, TN(a) 1.0 to 13 1.5 × 10-4 to 4.9 × 10-3 3.9 to 55%
NTS (70%)
X-10 (30%)

Maryville, TN 1.0 to 15 1.3 × 10-4 to 5.7 × 10-3 3.6 to 57%
NTS (85%)
X-10 (15%)

Sweetwater, TN 1.0 to 16 1.6 × 10-4 to 5.9 × 10-3 3.9 to 60%
NTS (83%)
X-10 (17%)

Wartburg, TN 0.7 to 16 1.1 × 10-4 to 6.2 × 10-3 3.2 to 59%
NTS (92%)
X-10 (8%)
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