NUREG/CR=1433
SAND80-0981
Unlimited Release

EXAMINATION OF THE USE OF POTASSIUM IODIDE (KI) AS AN
EMERGENCY PROTECTIVE MEASURE FOR NUCLEAR REACTOR ACCIDENTS

David C. Aldrich
Sandia National Laboratories
Albuyuerque, lNew Mexico 87185

Roger M. Blond
UsS. Nuclear Regulatory Commission
Washington, DC 20555

Date Published: March 1980

Sandia National Laboratories
Albugueryue, New Mexico 87185
operated by
Sandia Corporation
for the
U.5. Department of Energy

Prepared for
Office of Nuclear Regulatory Research
Probabilistic Analysis Staff
U.S. Nuclear Regulatory Commission
Washington, D.C. 20555
Under Memorandum of Understanding DOE 40-550-75
NRC FIN No. Al042

8193301 T

34



ABSTRACT

Following the recent accident at Three Mile Island, there
has been a resurgence of interest in the use of thyroid block-
ing as an emergency protective measure for reactor accidents.
An analysis has been performed to provide guidance to policy-
makers concerning the effectiveness of potassium i1odide (KI)
as a blocking agent in realistic accident situations, the dis-
tance to which (or area within which) it should be distributed,
and its relative effectiveness compared to other available
protective measures.

The analysis was performed using the Reactor Safety Study
(WASIH-1400) consequence model. Four categories of accidents
were addressed: gap activity release accident (GAP), GAP
without containment isolation, ccre melt with a melt-through
release (Melt-Through), and core melt with an atmospheric
release (Atmospheric). Thyroid dose calculations show that
the GAP category does not pose a significant health hazard
to the public at any distance from the reactor. For the GAP
without containment isolation and Melt-Through categories,
doses 1n excess of recommended protective action guidance
levels (PAGs) (5-25 rem) are confined to areas within approx-
imately 10 and 15 miles of the reactor, respectively. For
the Atmospheric category, however, thyroid doses are likely
to exceed PAGs out to 100's of miles.

A cost-benefit analysis for the use of KI was also per-
formed. Cost-benefit ratios ($/t yroid nodule prevented) are
given assuming that no other protective measures are taken.
Uncertainties due to health effects parameters, accident prob-
abilities and costs are assessed. The effects on predicted
ratios of other potential proi2ctive measures, such as evacu-
ation and sheltering, are addressed. The 1mpact on children
(critical population) is also evaluated. The estimated cost-
benefit ratios are higyh, and it appears that the distribution
of KI is only marginally cost-effective, at best.

Finally, using statistics provided in NCRP Report No. 55,
a simple risk-benefit anaiysis showed the risk of adverse re~-
action posed by KI at the recommended action levels and dosages
to be small compared to its potential benefits. Ilowever, several
recent reports suggest that adverse reaction rates for some
segments of the population may be higher than those estimated
by the NCRP.
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PROLOGUE

During the first few critical days of the accident at Three
Mile Island, many spontaneous decisions were made concerning
offsite emergency protective measures. The sense of the moment
dictated action. Plans were conceived and implemented with
little or no time available to determine the potential benefits
and costs associated with alternatives. Specific plans were
developed to evacuate the population within 20 miles of the re-
actor; the Governor ordered a five mile precautionary evacuation
of pregnant women and small children; and Potassium-lodide medi=-
cation (KI) was manufactured and shipped to the area for possible
distribution.

To provide an adequate planning basis for potential future
accidents, it 1s necessary to determine how frequently they would
occur; to estimate their anticipated impacts on the surrounding
population; and to evaluate the potential benefits of alternative
protective measures. Several studies have focused on these impor-
tant questions.1'2'3 It is also important to estimate the costs
assoclated with various protective measure strategies. With this
information (i.e., probability of accident occurrence; impact on
public: benefit of various protective measures; and associated
costs), a rational basis would be available to make planning
decisions.

It is the intent of this report to focus on one emergency

protective measure (Potassium Iodide) and present information

13
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needed to make a decision concerning a program for its use.
There are many uncertainties associated with the information,
methods, and techniques which are used in this analysis. As
our knowledge and experience expands, the results‘and conclu=-
sions of this type of study should be reevaluated and, if

necessary, changes should be made to the emergency planning

strategy.



l. Introduction

Potential accidents at nuclear reactors, however unlikely,
co.ld result in substantial offsite radiation exposures, and
pose a serious threat to the health and safety of the surround-
ing public. If an accident were sufficiently severe, the re-
sulting radiclogical consequences could include immediate deaths
and injuries, delayed cancer deaths, thyroid nodules, and long-
term contamination of land and property.1 Any immediate effects,
even for the worst accidents, would probably be confined to areas
relatively close to the reactor (a few tens of miles)l'2 and could
be significantly reduced by implementing immediate protective mea-
sures. However, cancer deaths and thyroid nodules could occur
over much larger distances (1l00's of miles) and would therefore
be less affected by immediate protective measures taken near the
site.

The risk to the thyroid of exposed individuals posed by

potential accidents is especially great for several reasons:

- Radioactive isotopes of iodine are produced in abundance
by the fission process.

- Iodine and iodine compounds are normally quite volatile.
Therefore, a sizeable fraction of core radioiodine inven=-
tories could be available for release to the atmosphere.

- Inhaled or ingested radioiodines are quickly absorbed into
the bloodstream and concentrate preferentially in the
thyroid.

- Iodines are eliminated from the thyroid with a

relatively long biological half-life.

IS
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As a result, the radiation dose to the thyroid is likely to far
exceed the dose to the rest of the body, and thyroid damage is
likely to affect wore individuals than any other accident=induced
health effect.1'3 Taken in large enough guantities, potassium
iodide (K1) acts to block the absorption of radioiodines by the
thyroid, reducing the thyroid dose. For this reason, KI has
peen discussed for many years as a potential protective measure
for use in the event of a serious reactor accident."

The availability of KI would provide a supplemental strategy
to be considered along with other possible protective measures.
However, KI should not be considered a panacea for reactor ac~zi-
dents. Although its effective use could significantly reduce the
number of thyroid nodules resulting from an accident, it would
have no impact on long-term land contamination or immediate health
effects, and only a soderate impact on delayed cancer deaths.
use of KI is also not the only protective action that will reduce
thyroid dose, nor is it without its difficulties and problems:

- The drug is not completely risk free; adverse reactions

are possible.
- Making KI available would involve a cost to society:;

dollars that perhaps could be used to reduce risk more

effectively elsewhere.

# Potassium iodate, a drug similar to KI, has been distributed
for use within a few miles of reactors in Great Britain. A
recent analysis by Beyea and von Hippel® recommends planning

for the use of KI over much laryer distances 1in the U.S., on the
srder of 100 or more miles from all reactors.



- There are serious storage and distribution logistical
problems associated with ensuring that the public would
receive the drug in sufficient time to be effective.

- It must be assured that any KI distribution strategy
implementea would not reduce the effectiveness of other
protective actions taken, e.g., if people are required
to receive KI at a distrioution center, they may be
"caught" by the cloud while outdoors, and receive a
higner dose than if they had stayed at home.

A t.mely decision on the potassium iodide issue is required
of responsible policymakers. This report summarizes a study
peiformed to provide them with technical guidance on that issue.
It is intended (1) to provide insight concerning the effective-
ness of KI in potential accident situations, (2) to help determine
the merits of KI as an emergency protective option, (3) to estab-
lish the population and the distance to which (or area within
which) 1t should be distributed, and (4) to determine under what
conditions it should be implemented. Simple cost-benefit and
risk-benefit analyses have vbeen performed as part of this study.
The effects of other protective measures, such as evacuation and
sheltering, are assessed as well, Specific alternative strategies
for stockpiling and distributing KI have not been addressed,
although that would be essential to reduce costs and assure
effectiveness before making KI available.

The analysis reported nere was performed using the Reactor
Safety Study (RSS) consequence model,l CRAC, for a range of poten-

tial reactor accidents. Four categories of accident releases are
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examined; from fuel pin gap activity release accidents to com-
plete core meltdowns with containment failure directly to the
atmosphere. It is important to note that there is a great deal
of uncertainty in our knowledge of these releases and their
probabilities, as well as dose-health effect relationships for
the thyroid. In some cases, these uncertainties hinder our
ability to provide definitive guicance. However, they are

addressed to the extent possible in our analysis.

2. KI as a Protective Measure

Inhaled or ingested iodine is rapidly and almost completely
absorbed into the bloodstream. Almost one third of the iodine
concentrates in the thyroid where it has a biological half-life
of approximately 120 days. The absorption of radioiodines by the
thyroid is greatly reduced if body fluids are saturated with
stable iodine prior to exposure.4 The blocking effectiveness of
staple iodine 1is shown in Figure 1 as a function of the time of
administration. After a short-term exposure, the majority of
radioliodine uptake by the thyroid occurs within 10-12 hours,
and the initial administration of a blocking agent is therefore
of little value veyond that time. Essentially complete curtail-
ment (90% or greater) of radioiodine uptake by the thyroid
requires that stable 1odine be administered shortly before or
immediately after the initiation of exposure. A block of 50
percent or more is attainable only during the first few hours

after exposure.




Figure 1. Percent of Thyroid Blocking Afforded by
100 mg of Stable Iodine as a Function of
Time (in hours) of Administration Before
or After a 1 yci Slug Intake of I-131.

Ref: Radioactive Iodine in the Problem of Radiation
Safety (USSR) (1972), USAEC Translation Series,
AEC-tr-7536. Available from NTIS, US Depart-
ment of Commerce, Springfield, VA 22151.
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Several chemical compounds of stable iodine are suitable
as pblocking agents, including potassium iodide (KI) and potas~-
sium iodate.* The Food and Drug Administration (FDA) has
recommended and approved oral administration of potassium iodide
(KI) in dosages of 130 mg (tablet or liquid form) as a blocking
agent."6 Continued administration of this daily dose appears
to maintain an essentially complete block. A minimum of three
to seven days administration would prolably be required, and
use of the drug is not expected to exceed 10 days.6

There is presently no definitive guidance concerning when,
or under what conditions, KI should be used as a blocking agent.
The NCRP recommends that it be considered for use if the pro-
Jected thyroid dose** to an individual in the general public
exceeds 10 rem.? Protective Action Guides (PAGs) promulgated
by the EPA for projected thyroid dose range from 5 to 25 rem.’
Protective action is recommended at the lower level for
sensitive populations (pregnant women, children), or if there
are no local censtraints to providing protection at that level.
Protective actions would oe warranted in all cases if the pro-

jected dose exceeds the higher value. However, only evacuation

*Radiological emergency plans in Great Britain include thyroid-
blocking using 100 mg tablets of potassium iodate, since in the
British experience, the shelf-life of the iodate is appreciably
longer than that of iodide tablets. The iodate form could be
employed in the U.S. only by compliance with FDA requirements
that include gathering tne pertinent clinical data for the
iodate.

**The projected thyroid dose is the estimated dose that would be
received within a few days following the release if no protec-
tive actions are taken.



and controlled area access were discussed in the EPA document,7
and the use of KI was not specifically cited as an appropriate
protective measure.

There is considerable experience with the use of KI as a
therapeutic drug.4 It has been used for a number of years in
high doses, and on a long~term basis, for the treatment of vari-
ous pulmonary disorders. The reported incidence of adverse
reactions to the drug is low, and the risk posed by the short-
term use of the relatively low doses that would be involved with
response to an accident is judged to be minimal. The NCRP4
estimates the adverse reaction rate to be between 1 x 10~ and
1 x 107® per dose, and concludes that the administration of KI
would not result in significant immediate side effects, even if
given to large segmenrts of the population.*

Because the prompt administration of KI in the event of an

accident is critical to its effectiveness as a protective mea-

sure, some method of rapid distribution to the public is required.

There is little current definitive planning for such methods.
Stockpiling supplies of KI in "distribution centers" such as
schools, police stations, or firehouses has been recommended.?
An alternative would ve to provide each household with a suffi-
cient supply feor all members of the household. The feasibility

and effectiveness of these and other alternative strategies, as

well as their likely implementation costs, should be investigated.

*Note that warning would be given cautioning against the use of
KI by individuals who are sensitive to iodine.
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3. Accident Releases Considered

Release magnitudes for potential accidents of offsite
significance range from relatively small releases of gap
activity to the large releases predicted for full core-melt
accidents in which the containment fails directly to the atmos-
phere.* The rssl grouped this spectrum of reactor accidents
into nine release categories for pressurized water reactors (PWR)
with large dry containments and five for boiling water reactors
(BWR) with Mark I containment. These categories are presented
in Table 1 along with their estimated probabilities of occurrence,
release magnitudes, and other parameters that characterize the
release. It should be noted that, because of the lack of complete
understanding of the physical processes associated with core-
melting and the resulting release of radiocactive material to the
environment, there is a large degree of uncertainty and overlap
in these groupings. There is also a significant uncertainty
associated with their estimated probabilities,8 a point which

will be discussed later in this report.

¥A large light water power reactor typically contains about 10
billion curies of radioactive material. The spectrum of potep-
tial accidents addressed in this study would release from 10~
(1000 curies) to about one half (5 billion curies) of this radio-
active material directly to the atmosphere.
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Table 1. Summary of Release Categories Representing Hypothetical Nuclear
Reactor Accidents (from Ref. 1)*
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*The time of release is the time interval between the initiation of the accident and the
release of radioactive material from the containment structure to the atmosphere. The
duration of release is the period of time during which radiosctive material is emitted
to the atmosphere. The warning time for evacuation is the i :ojected time interval between
awareness of impending core melt and the release of radioactive material from the contain-
ment building. For those accidents in which core-melting does not occur, there is no
projected warning time. Finally, the height of release and the energy content of the
released plume influence the height to which the plume rises and, thus, the exposure to

persons near the site.
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For the purpose of this study, the PWR accident release

spectrum has been grouped into 4 categories:*

RSS Release

Categories
l. Gap Activity Release Accident (GAP) PWR9
2. Gap Activity Release Accident without
Containment Isolation (GAP w/o Isolation) PWRSB
3. Core Melt with Melt-Through Release
(Core Melt Melt-Through) PWR6=-7
4. Core Melt with Atmospheric Release PWR1=-5

(Core Melt Atmospheric)

PWR9 represents a gap activity release accident in which only

the activity initially contained within the gap between the

fuel pellet and cladding would be released into the containment.
All engineered safeguards are assumed to function properly.

PWRSB is the same as PWR9, except that the containment fails to
lsolate properly on demand. Again, all other engineered safe-
guards, including containment sprays, are assumed to function
properly. PWR categories 1 through 7 are accidents in which core
melt is assumed to occur. PWR 6 and 7 are dominated by accident
sequences involving containment failure by containment base mat
melt-through. PWR1-5, on the other hand, consist of acciients

in which containment failure is assumed to occur directly to the
atmosphere as a result of either inadequate isolation of contain-

ment openings or penetrations, a reactor vessel steam explosion,

*These 4 categories are comprised of the RSS release categories
from which they are defined, each weighted by its respective
probability as calculated in the RSS.
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hydrogen burning, or overpressure. To reduce the required time
and cost of computation, BWR accidents have not been considered
specifically in this analysis. However, the information and
conclusions presented for large dry containment PWRs should be
roughly applicaple to other PWR designs and for BWRs as well,
given a similar type of accident and mode of containment

failure.*

4. Thyroid Dose and Health Effects Calculations

Dose to the thyroid is estimated as the sum of 1) external
dose from the passing cloud (cloud exposure), 2) external dose
from contaminated ground (yround exposure), 3) internal dose
during the first 30 days from all inhaled radionuclides except
I-131, and 4) internal dose during the first 30 days from inhaled
I-131. Thyroid dose from ingestion via the grass~-cow-milk-man
pathway and chronic exposure has not been included in this

analysis because those pathways would not require an immediate

emergency response in the event of an accident.

¥BWRS represents the BWR gap activity release accident. BWRl-4
are accidents that involve core-melt. For the specific BWR
design investigated in the RSS, the probability of containment
failure by containment vessel melt-through is essentially zero,
i.e., the containment is assumed to always fail directly to the
atmosphere. BWR4 is dominated by accident sequences involving
containmeat isolatica failure in either the drywell or wetwell,
whereas BWR1-3 are dominated by accidents in which the contain-
ment fails from either a steam explosion in the reactor vessel
or containment, or from overpressure resulting in release through
the reactor building or directly to the atmosphere. Other con-
tainment designs (e.g., PWR ice condenser, BWR Mark II or BWR
Mark III) would have somewhat Cifferent probabilities for the
various containment failure modes.
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The dose received by a child's thyroid is likely to be
different than that received by an adult for several reasons,
including differences in thyroid mass, breathing rate, frac-
tional iodine uptake, and metabolic rate. The RSS assumed aye
dose factors® of 1.0 for children of ages 0-l1 years, 1.9 for
ages l-10 years, and 1.6 for ages 10-20 years. Somewhat higher
factors (up to 5) have been assumed in other studies,3¢?

There is considerable uncertainty concerning the effects
of radiation exposure on the thyroid.l"'9 Thyroid nodules are
the effect of primary concern and would typically be observed
from 10 to 40 years after exposure.1 A nodule is an abnormal
Jrowth that could be either benign or malignant (cancerous).
Nodules that are thought to be possibly malignant would most
likely be surgically removed.

Most thyroid cancers are well differentiated, slow growing,
and relatively amenaple to therapy. Their associated mortality
rate is therefore much lower *han that for most other forms of
cancer. The Rsst conservatively assumed a 10 percent mortality
rate tor malignant thyroid nodules.

Based on the results of animal experiments and clinical
data for humans, the RSS! assumed that internal irradiation of
the thyroid by I-131 would be only 1/10th as effective as exter-

nal x-rays in producing both benign and malignant nodules.**

*Ratio of child to adult inhalation dose.

**On a purely radiological basis, it is thought that the more
uniform distribution of dose within the thyroid from external
irradiation might increase the efficiency of inducing
clinical hypothyroidism.

)



This factor of 0.1 for I-131 dose was disputed by the American
Physical Society (APS) study group on reactor safety,9 which
assumed a range of factors from 0.3 to 1.0, Because this issue
remains unresolved, calculations have been performed in this
analysis both with and without a 0.1 factor for I-131 dose
effectiveness.

Sufficiently high radiation doses* would result in
ablation of the thyroid with no subsequent risk of either
benign or malignant nodules. ! However, because of the high
doses required, thyroid ablation is unlikely to occur except
for persons very near the reactor following the most severe
accidents. Ablation would probably require surgical removal
of the thyroid, and the affected individual would need to take
substitute hormone pills on a daily basis. Thyroid damage,
including both nodules and ablation, has been addressed in
this analysis.

The RSS calculation of the expected number of thyroid
nodules per million person-rem** is reproduced in Table 2.

The assumed total incidence rate is 334 thyroid nodules per 108
person-rem, of which 60 percent are benign and 40 percent are
malignant. Although nct specifically computed, a dose-effects

coefficient for a child's thyroid can te derived fr~m the RSS

¥The RSS assumed that doses in excess of 5000 rem (50,000 rem
from I-131) would result in thyroid ablation. A value of 3000
rem has been assumed in this analysis.

**Number of cases per million population per rem

27



Table 2. R3S Calculation of Expected Cases per Million Person-Rem of Benign and Cancerous
Thyroid Nodules (from Ref. 1).

Life Latent Years Age Benign Nodules Cancers

Age Group Fraction of Expectancy Period at Dose Risk Expected Risk

(years) Population (years) (ycars) Risk Factor® CoefficentP Cases® Coefficient® Cases®
0 - 0.99 0.014 71.3 10 30 1.0 8 3.4 4.3 1.8
1-10 0.146 69.4 10 30 1.9 8 66.6 4.3 35.8
11 - 20 0.196 60.6 10 30 1.6 8 793 4.3 40.5
21 - 30 0.164 1.3 10 30 1 4 19.7 4.3 2l.1
31 - 40 0.118 42.0 10 30 1 4 14.2 4.3 15.2
41 - 50 0.109 32.6 10 22.6 1 R 9.9 4.3 10.6
51 - 66 0.104 24.5 10 14.5 1 4 6.0 4.3 6.5
61 - 70 0.080 17.1 10 71 1 4 2.3 4.3 2.4
71 - 80 0.044 11,1 10 I | 1 4 0.1 4.3 0.2
80+ 0.020 6.5 10 0 1 B _0 4.3 0
TOTAL 200 134

3Ratio of child to adult inhalation dose. See Tables VI-8-5 and 9-8 in reference 1.
bNuzber of cases per million population per rem per year.

CExpected cases per million person-rem.
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data to be approximately a factor of 2 higher.* Beyea
the RS5S values as lower bounds, and upper bounds of 650 thyroid
nodules per 10® person-rem for adults, and 6500 thyroid nodules
per 10® person-rem for children.

Unless otherwise stated, the calculations performed in this
study assume the RSS risk coefficient of 334 thyroid nodules per
10 person-rem. This corresponds to an assumed risk, or prob-
ability, of a thyroid nodule for an individual of 3.34 x 10'4/rem,
i.e., 100 rem to an individual implies a probability of contract-
ing thyroid nodules of 3.34 x 102, For this assumed coefficient,

a dose to an individual of 3000 rem gives a thyroid nodule prob-

ability of approximately 1.0. Therefore, the following is assumed:

Thyroid Dose

3000 rem p(thyroid nodule) = (3,34 x 10'4/rem)(dose in rem)

* 3000 rem p(thyroid nodule) = 0
p(ablated thyroid) = 1,0

The effect of uncertainty in the thyroid dose-effect relation-
ship is assessed by repeating some calculations using the upper

bound values proposed by Beyea3 and the APS.9

Thyroid Dose Calculations

A series of calculations was performed using CRAC,l'10 to

determine 1) the magnitude of the threat to the thyroid of

¥For age group 1-10: (years at risk) (age dose factor) (risk
coeffigient) = 30 x 1.9 x (8 + 4.3) = 707 thyroid nodules
per 10” person-rem (see Table 2).
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exposed individuals, 2) the distance to which that threat is
likely to be of concern, and 3) tne relative contributions of
different exposure pathways and radioisotopes to the thyroid
dose, for each of the four accident categories definea in the
previous section. All calculations were performed for a 3200
MWt PwaR using one year of meteorological data taken from a
single reactor site.* From the year's data, 91 different
weather sequences were selected by stratified samplingl and
used to generate probability distributions of thyroid dose
versus distance. Breathing rate and snielding parameters
appropriate for a person locateu outdoorstr2:12 are assumed:
breathing rate = 2.66 x 10~4 m3/s, shielding factors = 1.0
(cloud exposure) and 0.7 (ground exposure).

For each accident ~ategory, Table 3 presents the mean
thyrolia uose that would be received by an exposed adult located
outdoors at selected distances from the reactor. The corres-
ponding dose to a child's thyroid would pe approximately a factor
of 2 higher. Table 4 presents the associated probability of
thyroid damage for tne same individuals. The values shown equal
the doses in Taoble 3 multiplied by the RSS risk coefficient of

3.34 x 1074 per person-rem to the thyroid.

*Site-to-site variations in meteorological histories have been
shown to have little effect on the prediction of long-term
public health effects. Therefore, the use of meteorological
data from a single site is considered sufficient for this study.
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Table 3. Mean? Thyroid Dose® (rem) versus Distance for Exposed Adult Located Outdoors®
The mean thyroid dose for a child would be approximately i factor of 2 hiqher.d

Accident Category

Distance (miles) GAP GAP w/o Isolation Core Melt Melt-Through Core Melt Atmospheric
1 5.7 x 1072 55 25 1.3 x 104
5 4.0 x 1073 3.9 1.7 5.8 x 103
10 L1 x 1073 1.1 5.2 x 1071 3.2 x 103
25 1.7 x 1074 1.7 x 1071 7.6 x 1072 1.1 x 103
50 4.2 x 1072 4.2 x 1072 2.0 x 1072 3.8 x 102
100 1.1 x 1072 1.1 x 3972 5.9 x 1073 1.0 x 102
150 3.8 x 1078 3.8 x 1073 2.0 x 1073 36
200 1.9 x 1076 1.9 x 1073 1.0 x 1073 16

39] weather sequences were used to calculate a probability distribution of dose at each distance. The mean
doses presented are the mean of those distributions

Pralculated doses include: dose fram inhaled radionuclides from cloud passage, plus external dose due to
the passing cloud plus 1 ejposure to grecund contamination.

CBreathing rate = 2.66 x *7"* m’/s. Shielding factors = 1.0 (cloud exposure) and 0.7 (ground exposure).

dpss! assumed age dose © or of 1.9 for children aged 1-10 (see Section 3).
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fable 4,

Distance (miles)

10
25
50
100
150
200

3o 0.1 effectiveness factor for I-131 dose is assumed.
by assumed risk coefficient of 334
b‘lhytoid damage includes thyroid nodules (both benign and cancerous) and ablated thyroids.

Csee Section 3.

onditional Probability? of Thyroid Namage” versus Distance for Exposed Adult

Located Outdoors.

£

L9 %
1.3 x
3.7 x
5.7 x
1.4 x
3.7 x
1.3 x
6.3 x

10°5
10~5
10”7
10~8
1078
1072
102
10-10

Accident Category

thyroid nodules per 10

GAP w/o0 Isolation Core Melt Melt-Through
1.8 x 1072 8.4 x 1073
1.3 x 1073 5.7 x 104
3.7 x 1074 1.7 x 1074
5.7 x 1072 2.5 x 1073
1.4 x 1072 6.7 x 1076
3.7 x 1076 2.0 x 1076
1.3 x 1076 6.7 x 10~7
6.3 x 1077 3.3 x 1077

Probabilities # 2 conditional on the accident occurring.
Probabilities would be approximately a factor of 2 higher for a child.®

Core Melt Atmospheric

0.69
0.79
0.7d
0.49
1.3 x 107}
3.3 x 1072
1.2 x 1072
5.3 x 1073

Values presented equal doses in Table 3 multiplied
person-rem to the thyroid.

dprobabilities are less than 1.0 because for some accidents and weather conditions, the energy of
In these cases, the plume would
travel over the heads of individuals near the reactor, and resulting thyroid doses would be low.

release is sufficiently high to result in significiant plume rise.



The probability of thyroid damage to an individual follow-
ing a ga» activity release accident (GAP) is extremely low,
ranging from less than 2 x 1073 (1 in 50,000) 1 m’le downwind
of the site to less than 4 x 102 (1 in 250,000,000) at 100
miles. Probabilities are somewhat higner for the GAP w/o
Isclation and Core Melt Melt-Through accidents. Thyroid damage
probabilities for the Core Melt Atmospheric accidents are much
higher, and such accidents could pose significant health hazarvds
to persons at distances of more than 100 miles from the site.*
These results agree with those of previous studies, 23

Fractioral components of the mean thyroil dose are pro-
vided in Table 5 for selected distance intervals: 0-25 miles,
25-100 miles, and distances ygreater than 100 miles. Within
these intervals, the relative contributions to thyroid dose
will not differ significantly. The dose is divided into com-
ponents for the inhalation of radioiodines, inhalation of non-
radioiodines, cloud exposure and ground exposure. Radioiodine
inhalation is further divided into components for I-131 and
other iodines. It is evident from Table 5 that the thyroid
dose is dominat>d by the inhalation of radioiodines for each

of the four accident categories. Inhalation of I-131 alone

*Caucion must be used in interpreting the large distances indi-
cated. The RS5S consequence model assumes an invariant wind
direction following the relecase of radioactive material. How-
ever, because of the time required by the cloud to travel large
distances, it is like'y that the wind direction will, in fact,
shift and that the predicted dose levels would not be observed
at the reported radial distance. Rather, the distance applies
more closely to the distance along the trajectory of the
released cloud.

33
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Table 5. Fracticnal Components of Mean Thyroid Dose for Exposed Individual Located Outdoors

Distance Interval Inhaled Radioiodines? Inhaled Cloud Ground
(miles) 1-131 Other Iodines Non-radioiodines? Exposure® Exposure®©
7. GAP
0-25 0.67 0.25 0.02 0.03 0.03
25-100 0.70 0.22 0.02 0.04 0.02
>100 0.77 0.16 0.03 0.02 0.02

B. GAP w/o Isolation

0-25 0.68 0.25 0.02 0.02 0.03
25-100 0.71 0.23 0.02 0.02 0.02
>160 0.78 0.16 0.02 C.02 0.02

C. Core Melt Melt-Through

0-25 0.65 0.16 0.10 0.06 0.03
25~-100 0.63 0.15 0.10 0.09 0.03
>100 0.63 0.09 0.09 0.16 0.03

D. Core Melt Atmospheric

0-25 0.67 0.21 0.07 0.01 0.04
25~100 0.72 0.20 0.05 0.01 0.02
100 0.77 0.16 0.05 0 0.02

Apreathing rate = 2.66 x 1074 m3/s.
bShielding factor for exposure to cloud = 1.0.
€1-day exposure to ground contanination. Shielding factor = 0.7.



accounts for 60-80 percent of the total dose, and other iodines
contribute another 10-25 percent. Inhalation of non-radio-
iodines, cloud exposure and ground exposure are all small
contributors to total thyroid dose.

The probabilities of exceeding thyroid doses of 0.0l and
0.1 rem versus distance from the reactor are shown in Figure
2, conditional on the occurrence of a gap activity release
accident (GAP). The probabilities are calculated for an exposed
aault located outdoors. The selected dose levels, 0.1 and 0.0l
rem, are far lower than any recommended action levels, and are
still confined to areas very close to the reactor. Therefore,
it is evident that the CAP accident does not pose a significant
hazard to the public.

Figures 3 and 4 show the probability of exceeding thyroid
doses of 1, 5, 10 and 25 rem versus distance for the GAP w/0
Isolation and Core Melt Melt-Through accidents. The 5, 10
and 25 rem dose levels were chosen because they represent the
range of action levels that have been recommended for the
initiation of emergency protective measures. The 1 rea level
was added as a lower bound for doses of interest. It is evident
from these results that, for all practical purposes, projected
thyroid doses of concern are confined to areas within a few 10's
of miles of the reactor for these types of accidents, and in
most cases to areas considerably closer. For the GAP w/o
Isolation accidents, doses in excess of 5 rem are confined to

about 10 miles; those in excess of 25 rem to about 5 miles. The
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same dose levels are confined to approximately 15 and 7 miles,
respectively, for the Core Melt Melt-Through category.

The conditional probabilities of exceeding thyroid doses cf
1, 10 and 25 rem for the Core Melt Atmospheric category are shown
in Figure 5. The thyroid dose levels of concern are likely to be
exceeded at very large distances from the reactor (and correspon-
dingly over very large areas) if this type of accident were to

occur.

5. Other Protective Measures

It was shown in the previous section that, for eacr of the
four accident categories addressed, the thyroid dose is dominated
by the inhalation of radioiodines. Therefore, in order to be
effective in roducing the thyroid dose and resulting health im-
pacts, a protective measure must reduce the inhalation dose. KI
does this by blocking the absorption of inhaled radioiodines by
the thyroid. However, other protective measures, including both
evacuation and sheltering, can also act to redu.e inhalation dose.

Evacuation, which is the expeditious movement of the
population, is considered to be the primary protective measure
in wmost radiological emergency planning within the United
States.13,14,15,16 Evacuation could potentially be 100 percent

effective in reducing all dose if accomplished before arrival

of the radioactive cloud. On the other nand, it could he in-
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effective in reducing inhalation doses if not initiated until
after the cloud has passed.?*

Sheltering might also provide some reduction in thyroid
dose and could potentially be implemented at much larger dis-
tances than evacuation. Sheltering is the delibera*e action by
the public to take advantage of the protection against radiation
exposure afforded by remaining indoors, away from doors and win-
dows, during and after the passage of the cloud of radioactive
material. The shielding inherent in normally inhabited structures
offers some degree of protection against external penetrating
radiation from airborne and surface-deposited radionuclides.
Furthermore, the exclusion of a significant amount of airborne
radioactive material from the interior of a structure, either
by natural effects or by certain ventilation strategies, can re-
duce the amount of inhaled radionuclides as well.l? A recent

study18

suggests that a factor of 2 reduction in inhalation dose
can be assumed for sheltered individuals. That factor has been
assumed 1n the following cost-benefit analysis.

Finally, other potential measures such as breathing through

either respirators or common household items, e.g9., handkerchiefs

and towels,lg'zo may provide additional protection against dose

¥Even in situations where the radioactive cloud has passed, eva-
cuation could be valuable to reduce exposure to Jground contamina-
tion. However, since thyroid dose is dominated by radioiodine
inhalation, it would not be reduced significantly in this case.

It is also possible that evacuating persons could receive increased

inhalation doses if, for example, they remained in the cloud for a
longer period cf{ time or moved toward, rather than away from, the
reactor while in the plume.
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from inhalation of radionuclides. However, further research is
required to determine their effectiveness in realistic accident

situations, and they have not been addressed in this analysis.

6. Cost-Benefit Analysis

The decision to use potassium iodide (KI) as a protective
measure should be based, at least in part, on its cost-effective-
ness relative to other available protective or safety measures.
To analyze the costs and potential benefits of KI, the following
information is needed:

- Costs;

- Potential impact of accidents;

- Potential reduction in accident impacts; and

- Accident probabilities.
The cost of implementing a KI program would include: the purchase
price of the KI in tablet or liquid form (both original and per-
iodic replacement costs); costs for stockpiling, distributing and
monitoring the status of the drug; and administrative expenses
associated with the program. The potential impact of the accident
1s measured here by the mean number of thyroid nodules that would
occur within selected distance intervals. The reduction in acci-
dent impact is measured as the difference between the number of
thyroid nodules predicted if no protective actions are taken
(normal activity) and the number predicted if various protective
actions are implemented. Accident probabilities are expected
occurrence rates per year of reactor operation. By combining the

costs with the accident probabilities and the estimated reduction



in effects, a cost-benefit ratio is generated. The cost-benefit
ratio for KI is interpreted as the expected number of dollars
required to prevent a single thyroid nodule.

The cost-benefit ratio has been evaluated for the GAP w/0
Isolation, Core Mclt Melt-Through, and Core Melt Atmospheric
accident categories over selected distance intervals out to 200
miles from the reactor. Because few, if any, thyroid nodules

are likely for the gap activity release accident (GAP), that

category has not been addressed. Calculations were performed

for a 3200 MWt PWR using CRAC in the same manner as described

in Section 4. Several additional assumptions were made to
facilitate the analysis and to allow the presentation of results
in a concise and easily interpretable manner. All calculations
assume that KI is 99 percent effective in reducing the dose to
the thyroid from inhaled radioiodines. This is obviously a
limiting case since it assumes that all affected individuals
take the drug before or immediately after the cloud passes.

A uniform population density of 100 persons per square mile was
also assumed.* Results for real, or site-specific, population
distributions can be estimated by scaling the 100 persons/mile2
results within each distance interval. Finally, calculations
were performed both with and without the 0.1 dose effectiveness

factor for I-131 discussed in Section 4.

*Because costs are alsc assumed to be proportional to popu-
lation density, this assumption does not impact the cost-
benefit ratios calculated.

43




Costs
The stockpiling, distribution, monitoring, and administrative
costs of a KI program would depend on the specific strategy of
implementation and are difficult to estimate. Therefore only
the original purchase and replacement costs of the drug are
addressed in this analysis. The following assumptions are made:
1) Cost of KI per individual (14 tablets in a bottle) =
$0.50.*
2) KI is replaced every five years (i.e., 5 year shelf
life).**
3) KI is available for all persons within a given distance
interval.
4) No redundancy of KI locations (i.e., no extra tablets

are available).,***

The cost per year to provide KI for all persons within an interval
is therefore equal to the nuaber of persons in the interval x

$0.50/person x 1/5 years.

~ *This value is consistent with the price range ($0.41 to 0.75,
depending on quantity) quoted by a U.S. drug firm that manu-
factures KI.

**KI tablets and solution currently approved by the U.S. Food
and Drug Administration (FDA) for marketing bear 2-year expira-
tions. However, improved product stability should be possible.
Therefore, a 5-year shelf-life is assumed here.

***Considering the importance of prompt distribution and administra-
tion of KI, some redundancy of storage locations would be desir-
able. However, the extra cost from this redundancy has not been

included here.



For the uniform population density of 100 persons/mile2
assuwed in this analysis, the number of persons located within

selected distance intervals are as follows:

Distance Interval Ho. Persons in Cumulative No.

(miles) ___Interval Persons
0=5 7,900 7,900
5=10 23,600 31,400
10-25 165,000 196,000
25=50 589,000 785,000
50-100 2,360,000 3,140,000

100-~150 3,930,000 7,070,000

150~200 5,500,000 12,€00,000

Using this information, the estimated annual cost for a KI program

within each interval is given below.

Distance Interval (miles) Cost($/year)

0=5 790

5=10 2,400
10-25 16,000
25-50 59,000
50-100 240,000
100-150 390,000
150-200 550,000

At the assumed cost of $0.10 per person per year, the annual cost
to implement a FI program for the entire U.S. would be about

$20 million.*

*Other distribution strategies, such as regional storage, could
substantially reduce this cost. However, because of longer
implementation times, the effectivenss of these strategies
may also be reduced.
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Potential Impact of the Accidents

The mean number of thyroid nodules* that would occur within
selected distance intervals for tne three acciuent categories
addressed are given in Tables 6a, 6b and 6c. Results are pre-
sented separately for four protective measure combinations:

1) normal activity, i.e., no protective actions taken,**

2) normal activity plus 99 percert effective KI, 3) sheltering***,
and 4) sheltering plus 99 percent effective KI. Although results
are not specifically presented for evacuation, they would range
from zero within all distance intervals to approximately those

values shown for normal activity (see Section 5).

Pctential Reduction in Thyroid Nodules

The potential reductions in the mean number of thyroid

nodules that would result by the use of KI are presented in

Table 7. The values provided were determined from those given

in Tables 6a, 6b and 6c. As an example, for the GAP w/0 Isola-
tion accident, the mean number of nodules in the 0-5 mile interval

is 1.77 for normal activity and 0.09 for normal activity plus

*For the Core Melt Atmospheric accident category, thyroid
doses can be sufficiently high to result in aolated thyroids
as well as nodules. Mean numbers of ablated thyroids in
each distance intervai are given in parentheses in Table 6c.

**Shielding factors = 0.75 (cloud exposure) and 0.33 (ground
exposure). l-day exposure to around contamination (see
reference 1).

***Shielding factors and ground exposure time are the same as
for normal activity. 50 percent reduction in inhalation dose.
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Table 6a. GAP w/0 Isolation. Conditional Mean Number of Thyroid Nodules Within Selected
Distance Intervals. A uniform population degsity of 100 persons/mile“ is assumed.
Risk coefficient = 334 thyroid nodules per 10° person-rem to thyroid.

Without 0.1 dose effectiveness factor for I-131

Distance Interval Normal Activity Sheltering
(miles) Normal Activityd 99% KI Shelter ing® 99% KI
0-5 N 0.09 0.90 0.06
5-10 0.35 0.02 0.18 0.01
10-25 0.43 0.03 0.22 0.n2
25-50 0.32 0.02 0.16 0.01
50-100 0.36 0.02 0.18 0.01
100~-150 0.17 0.01 0.09 0.01
150-200 0.11 0.01 0.06 0
with 0.1 dose effectiveness factor for I-131
0-5 0.66 0.07 0.35 0.05
5-10 0.13 0.02 0.07 0.01
10-25 0.16 0.02 0.08 0.62
2550 0.11 0.02 0.06 0.01
50~-100 0.12 0.02 0.06 0.01
100-150 0.05 0.01 0.03 0.01
150-200 0.03 0.01 0.02 0

#Shielding factors = 0.75 (cloud exposure) and 0.33 (ground exposure). l-day exposure to ground
contamination.
ielding factors and ground exposure same as for normal activity. Inhalation reduction factor = 0.5.



Table 6b. Core Melt Melt-Through. Conditional Mean Number of Thyroid Nodules Within Selected
Distance Intervals. A uniform population dengity of 100 persons/mile“ is scsumed.
Risk coefficient = 334 thyroid nodules ocer 10 person-rem to thyroid.

without 0.1 dose effectiveness factor for I-131

Distance Interval Normal Activity Sheltering
(miles) Normal Activity? _99% KI Sheltering® 99% KI
0-5 2.34 0.36 1.22 0.23
5-10 0.53 0.09 0.28 0.06
10-25 0.66 0.12 0.36 0.09
25-50 0.52 0.10 0.28 0.07
50-100 0.56 0.11 0.30 0.08
100-150 0.30 0.07 0.17 0.05
150-200 0.21 0.05 0.12 0.04

With 0.1 dose effectiveness factor for I-131

0-5 0.91 0.34 0.50 0.22

5-10 0.21 0.09 0.12 0.06
10-25 0.27 0.12 0.16 0.09
25-50 0.21 0.10 0.13 0.07
50-100 0.23 0.11 0.14 0.08
100-150 0.12 0.07 0.08 0.05
150-200 0.08 0.05 0.06 0.04

3shielding factors = 0.75 (cloud exposurz) and 0.33 (ground exposure). 1-day exposure to ground
contamination.

ielding factors and ground exposure same as for normal activity. Inhalation reduction factor = 0.5.



Table 6c. Core Melt Atmospheric. Condicional Mean Number of Thyroid Nodules (Albated Thyroids)
Within Selected Distance Intervals. A uniform population density of 100 petsons/mile2
is assumed. Risk coefficient = 334 thyroid nodules per 10° person-rem to thyroid.

Without 0.1 dose effectiveness factor for I-131

Distance Interval Normal Activity Sheltering
(miles) Normal Activity? 99% KI sheltering® 99% KI
0-5 81 (137) 49 (0) 76 (92) 31 (0)
5-10 192 (292) 81 (0) 210 (146) 48 (0)
10-25 1110 (610) 181 (0) 918 (102) 109 (0)
25-50 2110 (210) 193 (0) 1190 (30) 115 (0)
50-100 2970 (20) 234 (0) 1520 (0) 14C (0)
100-150 1580 (0) 119 (0) 802 (0) 70 (0)
150-200 992 (0) 76 (0) 503 (0) 45 (0)
With 0.1 dose effectiveness factor for I-131
0-5 73 (73) 46 (0) 76 (25) 29 (0)
5-10 231 (63) 75 (0) 158 (8) 46 (0)
10-25 735 (31) 168 ', 403 (3) 102 (0)
25-50 836 (22) 177 (0) 448 (0) 107 (0)
50~100 995 (0) 214 (0) 520 (9) 129 (0)
100-150 473 (0) 108 (0) 247 (0) 64 (0)
150-200 280 (0) 68 (1) 147 (0) 41 (0)

3shialding factors = 0.75 (cloud exposars) and 0.33 (around exnosura). I-day axposura to ground
contamination.
bS‘u‘iieldinq factors and ground exposure sane as for normal activity., Inhalation reduction factor = 0.5.



Table 7. Potential Reduction in Mean Number of Thyroid Nodules (Ablated Thyroids) by
Use of KI. 99% effective KI is assumed. Numbers are determined from Table €.

Without 0.1 dose effectiveness factor With 0.1 dose effectiveness factor
for 1-131 for I1-131
Distance Interval
(miles) Normal Activity Sheltering Normal Activity Sheltering

GAP w/o Isolation

0-5 1.68 0.84 0.59 0.30
5-10 0.33 0.17 0.11 0.06
10-25 0.40 0.20 0.14 0.06
25~-50 0.30 0.15 0.09 0.05
50-100 0.34 0.17 0.10 n.05
100~-150 0.16 0.08 0.04 0.02
150-200 0.10 0.06 0.02 0.02
Core Melt Melt-Through
0-5 1.98 0.99 0.57 0.28
5-10 0.44 0.22 0.12 0.06
10-25 0.54 0.27 0.15 0.07
25~-50 0.42 0.21 0.11 0.06
50-100 0.45 0.22 0.12 0.06
100-150 0.23 0.12 0.05 0.03
150-200 0.16 0.08 0.03 0.02
Core Melt Atmospheric
0-5 32 (137) 45 (92) 27 (73) 47 (25)
5-10 111 (292) 162 (146) 156 (63) 112 (8)
10-25 929 (610) 809 (102) 567 (31) 301 (3)
25~-50 1920 (210) 1080 (30) 659 (22) 341 (0)
50-100 2740 (20) 1380 (0) 781 (0) 391 (0)
100-150 1460 (0) 732 (0) 365 (0) 183 (0)

150-200 916 (0) 458 (0) 212 (0) 106 (0)




99 percent effective KI (Table 6a). The difference between these

two numbers (l1.68) is the reduction afforded by using KI.

Accident Probabilities

The probability of occurrence estimated by the RSS! for the
accident categories addressed in this analysis can be obtained

from the data in Table 1.

Estimated Probability

RSS Categories (per reactor-year)
GAP PWR9 4 x 1074
GAP w/o Isolation PWRS 4 x 1073
Core Melt Melt-Through PWR6-7 4.6 x 1073
Core Melt Atmospheric PWR1=-5 1.4 x 1073

The RSS probabilities were used with the results in Table
7 to determine the potential reduction in the mean number of
thyroid nodules per year of reactor operation by implementing a
RKI strategy. Those values, which are shown in Table 8, include
contributions frowm all 3 of the accident categories considered.*
Note that the contribution from the Core Melt Atmospheric category

dominates (95-100%).

¥The expected reduction per reactor year = 2; (potential
reduction)i (accident probability)i, where i is the acci-
dent category.
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Table 8. Potential Reduction? per Year of Reuctor Operation in Mean Number of Thyroid
Nodules® by Use of KI. 99% effective KI is assumed. RSS probabilities are assumed.

Without 0.1 dose effectiveness factor with 0.1 dose effectiveness factor
for 1-131 for I-131
Distance Interval

(miles) Normal Activity Sheltering Normal Activity Sheltering
0-5 2.5 x 1073 2.0 x 1073 1.4 x 1673 1.0 ¥ 107

5-10 5.7 x 1073 4.3 x 1073 3.1 x 1073 1.7 x 10
10-25 2.2 x 1072 1.3 x 1072 8.4 x 1073 4.3 x 107
25-50 3.0 x 1072 1.6 x 1072 9.5 x 1073 4.8 x 10”
50-100 3.9 x 1072 1.9 x 1072 1.1 x 1072 5.5 x 10™
100-150 2.0 x 10™2 1.0 x 1072 5.1 x 1073 2.6 x 107
150-200 1.3 x 1072 6.4 x 1073 3.0 x 1073 1.5 x 10™

Areductions calculated from values in Table 7.

Expected reduction = z (potential reduction); (accident probability);, where i is the accident category.
per reactor-year i

PIncludes ablated thyroids.



The uncertainties in the probabilities used above are large.
Error bounds of factors of 1/5 and 5 on the values above were
estimated in the RSS. In 1978, the risk assessment review group
(Lewis Committee),8 chartered by NRC to review the Reactor Safety
Study, concluded "We are unable to determine whether the absolute
probabilities of accident sequences in WASH-1400 are high or luw,
but we believe that the error bounds on those estimates are,
in general, greatly understated." Operating experience data for
light water reactors (LWR) can also be used to estimate an upper
bound for the probability of core melt.21 Through the end of 1979,
there had been approximately 450 years of LWR experience in the
U.S., without a core melt event,*22 Assuming a x2 distribution
for such potential events, it can be shown that the probability
of core melt is less than 1.5 x 10~3 with 50 percent confidence,
and less than 6.7 x 10~3 with 95 percent confidence.**2l  These
upper bound prohabilities are approximately factors of 25 and
100 times the RSS values above (4.6 x 10™2 + 1.4 x 10™3 = 6.0

x 1072,

Cost-Benefit Ratio

Combining the estimated costs and the results in Table 8,

estimated cost-benefit ratios for the use of KI are presented

¥Althoujh the accident at Three Mile Island involved serious core
damage, it was not a core melt event.

*'wOrldwx?e LWR experience through 1979 was closer to 1000 reactor=-
years.“ Jsing this value rather than 450 years results in
probability estimates of 7 x 107* with 50 percent confidence,
and 3 x 1073 with 95 percent confidence.
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in Table 9 in terms of $ per nodule prevented, i.e., the expected
number of dollars required to prevent a single thyroid nodule.
The estimated ratios range from 3.2 x 105 $/nodule prevented

(for the 0-5 mile interval, normal activity, and no 0.1 dose
effectiveness factor for I-131) to 3.7 x 108 $/nodule prevented
(£t - the 150-200 mile interval, sheltering and 0.1 I-131 dose

effectiveness factor).

Sensitivities

Table 10 summarizes a cost-benefit analysis performed speci-
fically for the use of KI by children. The risk ccefficient
assumed, 668 per 10© person-rem,* is a factor of 2 higher than
that assumed in Table 9. Other assumptions include: no 0.1
dose effectiveness factor for I-131, RSS accident probabilities,
normal activity, and a uniform population density of 100 persons/
mile?, Only the Core Melt Atmospheric accident category was
addressed. However, as shown earlier, this has a negligible
effect on the predicted results. The cost-benefit ratios in
Tables 9 and 10 are not significantly different for the intervals
close to the reactor. This is because the doses within those
intervals are sufficiently high to result in thyroid nodules
for essentially all exposed individuals, regardless of the

coefficient assumed. At larger distances, the cost-benefit

ratio in Table 10 is a {actor of 2 lower, as expected.

*rhis is also very close to She risk coefficient assumed by Beyea
for adults (see Section 4).
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Table 9. Estimated Cost-Benefit Ratios for Use of KI ($ per nodule pre-
vented?) 99% effective KI is assumed. RSS probabilities are

a=sumed.

Without 0.1 dose effectiveness factor With 0.1 dose effectiveness factor
for I-131 for I-131
Distance Interval

(miles) Normal Activity Sheltering Normal Activity Sheltering
0-5 3.2 x 10°P 4.0 x 10° 5.6 x 109 7.9 x 10°
5-10 4.2 x 10°€ 5.6 x 10° 7.7 x 10° 1.4 x 106
10-25 7.3 x 10% 1.2 x 10 1.9 x 10 3.7 x 106
25-50 2.0 x 10%€ 3.7 x 106 6.2 x 106 1.2 x 107
50-100 6.2 x 106f 1.3 x 107 2.2 x 107 4.4 x 107
100-150 2.0 x 107F 3.9 x 107 7.6 x 107 1.5 x 108
150-200 4.2 x 107 8.6 x 107 1.8 x 108 3.7 x 108

arncludes both nodules and ablated thyroids. Aporoximately 4% of the thyroid nodules wi.l be fatal.
bApptoximately 80% of the reduced thyroid damage cases are ablated thyroids, 19% are nodules and

1% are thyroid cancer fatalities (from Table 7).
Capproximately 70% are ablated thyroids, 29% are nodules and 1% are thryoid cancer fatalities.
Approximately 40% & > ablated thyroids, 58% are nodules and 2% are thyroid cancer tatalities.
©approximately 10% are ablated thyroids, 86% are nodules and 4% are thyroid cancer fatalities.
Approximately 96% are nodules and 4% are thyroid cancer fatalities.
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Table 10. Cost-Benefit A2a1y51s for Use of XI by Children. Assumptions: risk cozfficient = 668 thyroid
nodules per 10° person-rem to thyroid,? no 0.1 dose effectiveness factor for I-131, Core Melt
Atmospheric accident category only, RSS accident probabilities.,

Thyroid NodulesP

(mean)©

Distance Normal
Interval Normal Activity Cnst-Benefit Ratio
(miles) Activity 99% KI Potential Reduction® Reduction (nodules/yr)€ ($/nodule prevented)

0-5 270 91 179 2.5 x 1073 3.2 x 10°

5-10 625 157 468 6.5 x 1073 3.7 x 10°

10-25 2510 361 2150 3.0 x 10™2 5.3 x 103

25-50 4190 386 3800 5.3 x 1072 1.1 x 106
50-110 5930 467 5460 7.6 x 1072 3.2 x 106
100-150 3170 238 2930 4.1 x 1072 9.5 x 106
150-200 1980 151 1830 2.6 x 1072 2.1 x 107

3Includes age dose factors and risk coefficients from RSS (see Section 3).
bIncludes both nodules and ablated thyroids.
CAssumes a uniform population density of 100 persons/mile .



Finally, Table 11 summarizes an identical analysis werformed
for cnildren using the APS upper bound risk coefficient of 6500
thyroid nodules per 108 person-rem to the thyroid. In this case,
the estimated cost-benefit ratios range from 4.9 x 103 $/nocdule
prevented within 0-5 miles to 2.2 x 10% $/nodule prevented within
150-200 miles. wote that tne ratio for the 0-5 mile interval
is actually higher than in Tables 9 and 10.*

The cost-penefit ratios given in eacn of tne preceding
tables were calculated for selected distance intervals fronr
single reactor. However, if tnere were two reactors at a =
cular site, the probability of an accident at tioat site woul
be twice as high and tne cost-penefit ratio for each distanc
interval would be a factor of 2 lower. Similarly, in man- areas
of the U.S., several reactors at different sites may contrio.te
to an individual's risk of thyroid damage. The extent to which
tnis would reduce the cost-benefit ratio for KI aepends on a
number of factors, including the specific location with respect
to neighboring plants, wina airection freguencies, reactor pgower
levels, etc. For example, there are approximately 13 reactors**

currently operating witnin 200 miles of New York City. Using

*For this assumed risk coefficient, the thyroid dose is still
nigh enough to cause significant numoers of tuyroid nocdales,
even with 99% effective KI.

**Reactors (power level - 200 MWe) within 25-50 mile interval:
Indian Point 2 and 3; 50~100 miles: Oyster (reek, Hadadam Neck,
Millstone 1 and 2; 100-150 miles: Salsm, Vermont Yankee, Peach
Bottom 2 and 3; 150-2u0 miles: <Tnree #ile Island 1 and 2,

POOR ORIGINAL



Table 11. Cost-Benefit Analysis for Use of KI by Children. Assumption~: APS2 upper-bound risk

coefficient for children of 6500 thyroid nodules per 10° person-rem to thyroid,b no 0.1
dose effectiveness factor for I-131, Core Melt Atmospheric accident category only, RSS
accident probabilities.

Thyroid Nogulesc
(mean)
Distance Normal
Interval Mormal Activity 4 Cost-Benefit Ratio
(miles) Activity 99% KI Potential Reduction Reduction (nodules/yr)d ($/nodule prevented)
0-5 374 262 112 1.6 x 1073 4.9 x 10°
5-10 1020 586 434 6.1 x 1073 3.9 x 10°
10-25 5590 2430 3160 4.4 x 1072 3.6 x 10
25-50 12,600 3500 9100 1.3 x 1071 4.5 x 10°
50-100 31,600 4530 27,100 3.8 x 1071 6.3 x 109
100-150 28,400 2320 26,160 3.7 x 1071 1.1 x 106
150-200 19,300 1470 17,800 2.5 x 1071 2.2 x 108

3american Physical Society [8].
bIncludes age dose factor of 5.0.

d

€Includes both nodules and ablated thyroids.
Assumes a uniform population density of 100 persons/miie“.
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the data provided in Table 9 above, and ignoring wind direction
frequencies and differences in reactor power level and design,
the cost-benefit ratio specific to New York City can be estimated
to be approximately a factor of 4 lower than if only the nearest
reactor (Indian Point 1 or 2) was considered alone.* Similarly,
for the city of Chicago (which has more than 10 operating plants
within 200 miles), the cost-benefit ratio is approximately five

times lower than the ratio if only a single reactor was considered.

7. Risk-Benefit Analysis

As discussed in Section 2, the risk posed by the use of
K1 as an emergency protective measure for reactor accidents
was judged by the NCRP to be minimal. Nevertheless, a brief
analysis 1s presented here to determine under what conditions,
if any, the risk posed by the drug might outweigh its potential
benefits.

Assuming a risk of adverse reaction of 10~° per 130 mg
tablet of KI (see Section 2) and that a total of 10 tablets
would be administered to each person following an accident, the
risk posed to that person by the drug equals 1075, To estimate

the thyroid dose for which the potential benefit (reduced risk

*From Table 9, for normal activity and no 0.1 I-131 dose
effectiveness factor, NY% cost-benefit ratic for a single Indian
Point reactor = 2.0 x 10° $/thyroid nodule. Including all 13
reactors:

1 _ Rt 4 4 3
cost-benefit ratio 2.0x100 “6.2x10°9 L 2.UxIU7+ §.2x107

and cost-benefit ratio = 5,2 x 102 $/thyroid nodule.
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of nodule occurrence' and risk of XI are equivalent, the follow-
ing additional assumptions are made: risk coefficient for
individual = 3.34 x lO"/rem, no 0.1 dose effectiveness factor
for I-131, and 99 percent effective* use of KI reduces total
thyroid dose by 90 percent.** Then 1072 = 0.9 x (3.34 x 104 /rem)
x (equivalent dose), and the equivalent dose = 3 x 10™¢ rem.

What 1f other assumptions are mide? Higher risk coefficients,
such as those for children (see Section 3), would result in lower
predicted equivalent doses. The administration of KI to everyone
within 300° of a site, rather than only to exposed persons, would
increase the equivalent dose. For example, if the radioactive
plume was 15° wide, the equivalent douse would be a factor of 24
(i.e., 360/15) higher*** (= 0.8 rem). Assuming only 50 percent
effective KI (rather than 99%), as well as 360° administration,
the equivalent dose would become 2 rem. Finally, if a 0.1 dose
effectiveness factor for I-131 is also assumed, the equivalent

dose is increased to approximately 5 rem,****

¥99 percent reduction in dose from inhaled radioiodines.

**Actual percentaye reduction depends con the composition of the
release. For the accident cateqgories addressed in this study,
roughly 90 percent of the thyroid dose is due to inhaled
radioindines (see Table 5).

***24 times as many individuals would now take the drug. The
adverse reaction risk would therefore be 24 times higher.

****1-131 contributes approximately 75 percent of the dose from
inhaled iodines (see Table 5). With a 0.1 dose effectiveness
fFactor, the effective dose from inhaled iodines is reduced
by a factor of (0.75)(C.1) + (0.25) = 0.33. The potential
benefit of 50 percent effective KI = 0.9 (0.33)(0.5)(3534 X
107%) (equivalent dose). Setting this equal to 24 (10~ )+ the
2quivalent dose = 5 rem.
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The range of equivalent doses calculated above for various
assumptions are all below the level recommended by the NCRP
for use of KI (10 rem, see Section 2). Therefore, at the recom-
mended level, the risk posed by the drug does appear to be small
compared to its potential benefits.* However, several recent
reports suggest that the risk associated with the drug may be
significantly higher than 10~® per dose for certain segments of
the population.23'24 Tf this is confirmed, the risk-benefit

conclusion for KI would have to be reassessed.

8. Summary, Conclusions and Recommendations

This study was undertaken to provide guidance to policy-
makers concerning the use of potassium iodide (KI) as an emergency
protective measure for reactor acr .dents. Although the effective
use of KI could significantly reduce the number of thyroid nodules
resulting from a serious accident, it would have no, or only
minor, impact on other accident consequences; including immediate
deaths or injuries, delayed cancer deaths, and long-term land
contamination. Therefore, the availability of KI would provide
only a supplemental strategy to be considered along with other
possible protective measures.

The study was performed using the Reactor Safety Study (WASH-
1400) conseguence model, CRAC. Four categories of accidents were

addressed: gap activity release accidents (GAP), GAP without

*If the adverse reaction risk was 10~/ rather than 106 per
dose (see Section 2), the risk posed by XI would be minimal
compared to its potential benefits,
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containment isolation (GAP w/o Isolation), core melt with a
melt-through release (Core Melt Melt-Thrcugh) and core melt

with an atmospheric release (Core Melt Atmospheric). A series

of thyroid dose calculations showed that the GAP category does
not pose a significant health hazard to the public at any dis-
tance from t.e reactor. For the GAP w/o Isolation and Core Melt
Melt-Throuyh categories, doses in excess of recommended protec-
tive action jidance levels (PAGS)(5-25 rem) are confined to areas
within approimately 10 and 15 miles of the reactor, respectively.
For the Core Melt Atmospheric category, however, thyroid doses
are likely to exceed PAGs out to 100's of miles.

A cost-benefit analysis for the use of KI was also performed,
the results of which are summarized in Table 12. Cost-benefit
ratios ($ per thyroid nodule prevented) are presented for selected
distance intervals, assuming that no other protective measures are
taken. The effect of evacuation and sheltering on the predicted
ratios is shown in Table 9 and is discussed in Section 5. Evacua-
tion has the potential to be 100% effective in reducing all dose
if accomplished before arrival of the radioactive cloud. Shelter-
ing was assumed 1in this analysis to provide a factor of 2 reduction
in thyroid dose. Therefore, in both cases, the thyroid dose reduc-
tion afforded by the supplemental use of KI would be reduced, and
the KI cost-benefit ratios presented in Table 12 would be corres-
pondingly increased.

The uncertainties in the estimated cost-benefit ratios are
very larye. Key assumptions made in deriving the ratios are

noted in Table 12. The KI was conservatively assumed to be 99%



£9

Table 12. Summary Table for KI Cost-Benefit Analyslsa'b (from Table 9)

Normal Activity

Distance Interval Cost-Benefit Ratio

(miles) - ($/thyroid nodule prevented
0-5 3 x 10°
5-10 4 x 10°
10-25 7 x 10°
25-50 2 x 106
50-100 6 x 106

100-150 2 x 107

150-200 4 x 107

3Key Assumptions

99% effective KI (i.e., all persons take drug before cloud passes).
No other protective measures are taken.

WASH-1400 accident probabilities.

Estimated cost of KI program = $0.10 pPer person per year. Assumed
cost includes only the purchase price of KI, i.e., no costs for
distribution, monitoring and administrative expenses,

5. Only 1 reactor (3200 MWt PWR) within 200 miles.

6. WASH-1400 dose-effects coefficients (no 0.1 effectiveness factor
for I-131 dose).

W
* o o o

bUncettainties are large and scale approximately linearly with assumed

KI effectiveness, accident probabilities, cost, multiple reactors, and
dose-effects coefficients.



effective (i.e., all persons take the drug before the cloud
passes). Realistic effectiveness values could be significantly
smaller. ASH-1400 accident probabilities were assumed. Pcob-
ability uncertainties have been estimated to be at least an order
of magnitudc (see Section 6). Estimated costs for a KI proyram
were conservatively based on only the purchase price of the drug
and did not include costs for distribution, monitoring, and
administrative expenses. The ratios presented in Table 12 are
appropriate if there is only a single reactor within 200 miles.
Many actual sites would be influenced by several reactors, and
cost-benefit ratios could be reduced by factors of 2 to 5 (see
Cection 6). Uncertainties in dose and health effects parameters
are also large and could result in either higher or lower cost-
benefit ratios. .

To some extent, the large uncertainties in the above assump-
tions hinder our ability to provide definitive guidance. Never-
theless, for the assumptions made, the calculated cost-benefit
ratios are high; and even including uncertainties, KI appears to
be only marginally cost-effective, at best,*

Finally, using statistics provided by the NCRP4, a simple
risk-benefit analysis showed the risk of adverse reaction posed
by KI at the recommended action levels and dosages to be small

compared to its potential benefits. ilowever, several recent

¥Although th: total cost associated with a case cf thyroid nodules
was not specifically addressed, an approximate upperbound of
$17,000 can be inferred from the information presented in refer-
ence 25 assuming 1) average hospital care costs of $2,000,
2) that hospital costs are 60% of all direct costs, and 3) that
lndirect costs (economic losses due to mortality and morbidity)
are 4 times higher than direct costs.



reports suggest that there is a significantly higher risk
associated with use of the drug amony certain segments of the
population.23'24 If this is confirmed, the risk-benefit conclu-
sion for KI would have to be reassessed.

Based on the above analysis, the following additional

recommendations and comments are made:

+ The risk of thyroid nodules was shown to be dominatsd
by the large releases associated with core melt
accidents in which the containment fails directly to
the atwosphere. Therefore, if design modifications,
such as filtered containment venting systems, are
implewented to reduce the likelinhood of those releases,
the potential benefit of KI could be substantially
reduced.

« Before any KI program is implemented, specific alterna-
tive strategies for stockpiling and distributing the
drug should be examined to reduce costs and assure
eiLfectiveness.

« The use of common household items (e.g., handkerchiefs
and towels) as respiratory filters wmay provide signi-
ficant additional protection against dose due to inhaled
radionuclides and should be concidered further in the
development of protective strategies.

« If a KI proygram is implemented, responsibple government
agencies should give priority to establishing guidance
(PAGs) concerning when, or under what conditions, the

drug should be used.
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Finally, whether or not a public KI program is imple-
mented, it might be wise to have sufficient quantities
of the drug available at or near reactor sites for use
by 1) site personnel, 2) offsite emergency response
personnel, and 3) controlled populations in offsite
institutions (e.g., hospitals, prisons) where immediate

evacuation would be difficult or infeasible.
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