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Abstract

The development of two new probabilistic accident consequence codes, MACCS and COSYMA, was completed in
1990. These codes estimate the risks presented by nuclear installations based on postulated frequencies and magni-
tudes of potential accidents. In 1991, the US Nuclear Regulatory Commission (NRC) and the European Commission
(EC) began a joint uncertainty analysis of the two codes. The ultimate objective was to develop credible and trace-
able uncertainty distributions for the input variables of the codes.

The study was formulated jointly and was limited to the current code models and to physical quantities that could be
measured in experiments. An elicitation procedure was devised from previous US and EC studies with refinements
based on recent experience. Elicitation questions were developed, tested, and clarified. Internationally recognized
experts were selected using a common set of criteria. Probability training exercises were conducted to establish
ground rules and set the initial and boundary conditions. Experts developed their distributions independently.

After the first feasibility study on atmospheric dispersion and deposition parameters, further expert judgment exer-
cises were carried out. This report is on the early health effects part of the study. The goal again was to develop a
library of uncertainty distributions for the selected consequence parameters. Nine experts were selected for the early
health effects panel. Their results were processed with an equal-weighting aggregation method, and the aggregated
distributions will be processed into the code input variables for the early health effects models in COSYMA and
MACCS.

Further expert judgment studies are being undertaken to examine the uncertainty in other aspects of probabilistic
accident consequence codes. Finally, the uncertainties will be propagated through the codes and the uncertainties in
the code predictions will be quantified.
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Preface

This volume is the first of a two-volume document that summarizes the results of one phase of a joint project con-
ducted by the US Nuclear Regulatory Commission and the European Commission to assess uncertainties in the
MACCS and COSYMA probabilistic accident consequence codes. These codes were developed primarily for esti-
mating the risks presented by radionuclide releases from hypothetical nuclear power plant accidents, based on postu-
lated frequencies and magnitudes of potential accidents. A panel of nine experts was formed to compile credible and
traceable uncertainty distributions for early health effects variables that affect calculations of offsite consequences.
The expert judgment elicitation procedure and its outcomes are described in this volume and its appendix. Other
panels were formed to consider uncertainty in other aspects of the codes. Their results are described in companion
reports.

Volume 1 contains background information and a complete description of the joint consequence uncertainty study.
Volume 2 contains appendices that include (1) a summary of the MACCS and COSYMA consequence codes, (2) the
elicitation questionnaires and case structures for both panels, (3) their rationales and results, (4) short biographies of
the experts, and (5) the aggregated results of their responses.
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Executive Summary

Introduction

The US Nuclear Regulatory Commission (NRC) and
the European Commission (EC) have co-sponsored an
uncertainty analysis of their respective probabilistic
consequence codes, MACCS and COSYMA. Al-
though uncertainty analyses have been performed for
the predecessors of MACCS and COSYMA, the distri-
butions for the input variables were largely developed
by the code developers rather than by the experts in-
volved in the numerous phenomenological areas of a
consequence analysis. In addition, both organizations
were aware of the importance of using uncertainty
analysis in making decisions on prioritizing activities
and research; they were also interested in initiating a
comprehensive assessment of the uncertainty in the
consequence calculations used for risk assessments and
regulatory purposes. Therefore, the ultimate objective
of the NRC/EC joint effort is to systematically develop
credible and traceable uncertainty distributions for the
respective code input variables using a formal expert
judgment elicitation process.

The specific goal of this study is to develop a library of
uncertainty distributions by using a formal expert
judgment elicitation process on the input variables of
the risk coefficents used in MACCS and COSYMA.
This report focuses on the methods used in the study on
carly health effects and its results.

Approach

To ensure the quality of the elicited information, a
formal expert judgment elicitation procedure, built on
the process developed for and wused in the
NUREG-1150 study, was followed. Refinements were
based on the experience and knowledge gained from
several formal expert judgment elicitation exercises
performed in the US and EC since the NUREG-1150
study. These include the pilot study on atmospheric
dispersion and deposition published by Delft Univer-
sity of Technology for the EC, the joint NRC/EC study
on atmospheric dispersion and deposition published as
NUREG/CR-6244-EUR 15855, and performance as-
sessments for waste repositories in the US.

Expert judgment techniques are used only for the most
important code input variables in terms of contribution
to the uncertainty in code predictions. Less resource-
intensive methods will be used to develop uncertainty

distributions for the remainder of the code input vari-
ables. Each organization will then propagate and
quantify the uncertainty in the predictions produced by
their respective codes.

This approach was jointly formulated and based on two
important ground rules: (1) the current code models
would not be changed because both the NRC and EC
were interested in the uncertainties in the predictions
produced by MACCS and COSYMA, respectively, and
(2) the experts would be asked only to assess physical
quantities that hypothetically could be measured in
experiments. The reasons for these ground rules are
that: (1) the codes have already been developed and
applied in US and EC risk assessments, and (2) elicit-
ing physical quantities avoids ambiguity in variable
definitions; more important, the physical quantities
elicited are not tied to any particular model and thus
have a much wider potential application. The actual
study involved several phases: preparation stage, ex-
pert training meetings, preparation of the assessments
and written rationale, expert elicitation sessions, and
processing the elicited results. Each phase is summa-
rized below.

Preparation Stage

Elicitation variables were defined based on the results
of past and contemporary probabilistic consequence
code sensitivity/uncertainty studies. These results were
used to screen for the important code input variables in
the context of their contribution to the uncertainties in
the code predictions. Elicitation questions, hereafter
referred to as case structure, were developed in accor-
dance with the -sophistication of the respective code
models so that sufficient information would be elicited
from the experts to allow valid interpolation and ex-
trapolation of the resulting uncertainty distributions.
The proposed case structure was then tested with sev-
eral internal phenomenological experts and refined.

Two external expert selection committees were estab-
lished: one in the US and one in the EC, respectively.
(The selection committees included members external
and internal to the project.) The committees were
charged with selecting experts based on a common set
of criteria, which included reputation in the relevant
fields, number and quality of publications, familiarity
with the uncertainty concepts, diversity in background,
balance of viewpoints, interest in this project, and
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availability to undertake the task in the time scale pre-
scribed. As a result of this process, the experts listed in
the table were selected to participate in the formal
elicitation of early (deterministic) health effects issues.
Brief biographies are provided in Volume 2. A brief
description of the objective of the joint program was
sent to the selected experts before the training meeting
to familiarize them with the project.

Early health effects experts

Expert Country

Johan Broerse* Netherlands
Marvin Goldman uUs

Jolyon Hendry UK

John Hopewell UK

Natalja Nadejina

Robert Scott UsS
Elizabeth Travis Us

Niel Wald Us

Robert Young us

*Joint effort with A.F. Hermans and H.B. Kal.

Expert Training Meetings

A training meeting was held for both European and
American experts to provide background on the project
and its objectives, the MACCS and COSYMA codes,
and the treatment of the elicited information. The
training meeting was held in Annapolis, Maryland, and
was attended by the early health effects expert panel,
the late health effects panel, and the internal dosimetry
panel. A probability training session was conducted to
familiarize the experts with the concept of uncertainty
and the potential pitfalls in preparing subjective as-
sessments; practice exercises followed. Material for
the training exercise was drawn directly from the early
health effects field. The training meetings were used to
ensure that the experts developed their respective un-
certainty distributions based on common ground rules
and initial and boundary conditions. (It was considered
critical that the experts all answer the same questions.)
The full proposed case structure was presented to them
for discussion and, when necessary, was modified in
accordance with their feedback to ensure that all given
problem conditions were clear, reasonable, and agree-
able to them. In both meetings, a method to extract
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quantitative information on knowledge dependencies
between the elicitation variables was developed.

Preparation of the Assessments and Writ-
ten Rationale

The experts were instructed to use any information
sources available, such as analytical models and ex-
perimental databases, to assist them in developing their
distributions between the first and second expert
meetings. For each of the elicitation variables in the
case structure, three percentile values (5th, 50th, and
95th) from the cumulative distribution functions were
requested from each of the experts. A written rationale
was also required from each expert so that the bases of
the assessments could be traced.

Expert Elicitation Sessions

The experts were elicited individually, after a common
session during which they presented the approach they
had taken in answering the questions posed, but did not
reveal their probability assessments in order to avoid
biasing the other experts. The common session was
held jointly with European and American experts in
attendance using video conferencing capabilities (the
American experts were located in Albuquerque, NM,
and the European experts were located in Brussels,
Belgium). The issue of anonymity was discussed and
the experts agreed to preserve anonymity. The remain-
der of the meeting consisted of individual expert elici-
tation sessions. In both European and American elici-
tation sessions, an attempt was made to use the method
developed to extract quantitative information on
knowledge dependencies.

Processing the Elicited Results

Because multiple assessments were elicited without
requiring consensus, the elicited assessments were ag-
gregated for each variable. Although many different
methods for aggregating expert judgments can be
found in the literature, investigating alternative
weighting schemes was not the objective of this joint
effort. A decision was therefore made to assign all
experts equal weight, that is, all experts on each panel
would be treated as being equally credible. One of the
primary reasons the equal-weighting aggregation
method was chosen was to ensure the inclusion of dif-
ferent modeling perspectives in the aggregated uncer-
tainty distributions. However, additional information
was elicited from the experts that would allow per-
formance-based weighting schemes to be applied to the




elicited results. These results will be reported sepa-
rately. The following aggregation scheme was used to
combine unique distributions from individual experts
for all weighting schemes:

1. A continuous distribution was constructed from
the information that each expert gave.
2.  This continuous distribution was then averaged

with the continuous distributions provided by the
other experts. This was done by averaging the
different probabilities given by the experts for
each unique value of the elicitation variable (in
this way, extreme values of the variable are not
averaged away, but are assigned appropriate ag-
gregate probabilities).

Additional processing may be required in order to use
the elicited distributions in an uncertainty study. This
processing is documented elsewhere.

Results and Conclusions

Input from a group of highly qualified experts was used
to develop uncertainty distributions. These distribu-
tions concern physically measurable quantities, condi-
tional on the case structures provided to the experts.
The experts were not directed to use any particular
modeling approach but were free to use whatever
models, tools, and perspectives they considered appro-
priate for the problem. The elicited distributions were
developed from a variety of information sources and
the aggregated distributions therefore include varia-
tions resulting from different modeling approaches and
perspectives. The distributions for the elicitation and
code input variables are available on computer media
and can be obtained from the project staff.

The experts were also asked to provide quantitative
data on dependencies among the elicited variables. The
results show areas where high dependency or no de-
pendency was identified.

This exercise provided valuable information. Thus, the
goal of creating a library of uncertainty distributions
for early health effects that will have many applications
outside of this project has been fulfilled. In this project,
teams supported by the NRC and EC were able to work
together successfully to create a unified process for
developing uncertainty distributions for consequence
code input variables. Staff with diverse experience and
expertise from different organizations provided a crea-
tive and synergistic interplay of ideas—something that
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would not have been possible if they had worked in
isolation. Similarly, potential deficiencies in processes
and methodologies were identified and addressed in
this study. The final product, therefore, is more credi-
ble than an independent study produced by either or-
ganization would be.

Finally, in this exercise, formal expert judgment elici-
tation has proven to be a valuable vehicle for synthesiz-
ing the best available information from a highly quali-
fied group. With a thoughtfully designed elicitation
approach that addresses selection of parameters for
elicitation, development of case structure, probability
training, communication between the experts and proj-
ect staff, and documentation of the results and ration-
ale, expert judgment elicitation can play an important
role when it is followed by an appropriate application
of the elicited information. Indeed, it possibly becomes
the only alternative for assembling the information
required to make a decision at a particular time when it
is impractical to perform experiments or when the
available experimental results do not lead to an unam-
biguous and noncontroversial conclusion.
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1. Background of Joint Program

1.1 Introduction

The development of two new probabilistic accident
consequence codes—MACCS' by the US and
COSYMA? by the European Commission (EC)—was
completed in 1990, and both codes have been distrib-
uted to a large number of potential users. These codes
have been developed primarily, but not solely, to en-
able estimates to be made of the risks presented by
nuclear installations, based on the postulated frequen-
cies and magnitudes of potential accidents. This is the
definition of risk referred to throughout this report.
These risk estimates provide one of a number of inputs
into judgments on risk acceptability and areas where
further reductions in risk might be achieved at reason-
able cost. They also enable comparisons with quantita-
tive safety objectives. Knowledge of the uncertainty
associated with these risk estimates has an important
role in the effective prioritization and allocation of risk
and the appropriate use of the results of risk assess-
ments in regulatory activities.

This document describes an ongoing project designed
to assess the uncertainty in the MACCS and COSYMA
calculations for offsite consequences of radionuclide
releases in hypothetical nuclear power plant accidents.
The first exercise performed uncertainty assessments
for atmospheric dispersion and deposition modeling in
the accident consequence analysis (ACA) codes.® The
part of the project reported in this document was de-
signed to elicit from experts uncertainty distributions
for important parameters in the early health effects
calculations of the codes. Other reports describe the
elicitation of uncertainty distributions on variables in
other code areas. The elicited distributions will be used
in consequence uncertainty analyses using the MACCS
and COSYMA consequence codes.

Fairly comprehensive assessments of the uncertainties
in the estimates of the consequences of postulated ac-
cidental releases of radioactive material have already
been made, both in the US and by the European
Commission, using predecessors of the MACCS and
COSYMA codes (ie, CRAC-2,' MARC’ and
UFOMOD6). Fundamental to these assessments were
estimates of uncertainty (or more explicitly, probability
distributions of values) for each of the more important
model parameters. In each case these estimates were
largely done by those who developed the accident con-
sequence codes, as opposed to experts in the different
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scientific disciplines featured within an accident conse-
quence code (e.g., atmospheric sciences, radioecology,
metabolism, dosimetry, radiobiology, and economics).
In addition, the underlying uncertainties in the sub-
models that constitute the consequence codes were
addressed only to a limited extent.

The formal use of expert judgment has the potential to
circumvent this problem. Although the use of expert
judgment is common in resolving complex problems, it
is most often used informally and has rarely been made
explicit. The use of a formal expert judgment process
has the benefits of an improved expression of uncer-
tainty, greater clarity and consistency of judgments,
and an analysis that is more open to scrutiny. Formal-
ized expert elicitation methods have been used for
other applications as well. For a short overview, see
Harper et al.

In terms of probabilistic nuclear accident analyses,
formal expert elicitation methods were used exten-
sively in assessing core damage frequency and radi-
onuclide transport from the melt to the environment in
the NUREG-1150" study of the risks of reactor opera-
tion. The use of these methods was not without criti-
cism or difficulties, but a special review committee®
judged them to be preferable to the current alternative
(i.e., risk analysts making informal judgments).

Formal expert judgment has found increasing use in
recent years within the EC. A pilot study’ in which the
techniques were applied to the atmospheric dispersion
and deposition module of the COSYMA code acted as
a forerunner of the first phase of the current joint proj-
ect.?

1.2 Establishment of Joint Euro-

pean Commission/Nuclear
Regulatory Commission Un-
certainty Study

In 1991, both the European Commission and the US
Nuclear Regulatory Commission (NRC) were consider-
ing initiating independent studies to obtain better
quantification and more valid estimates of the uncer-
tainties associated with the predictions of accident con-
sequence codes. The data acquired in such a study were
expected to significantly expand the knowledge and
understanding of the strengths and weaknesses of cur-
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rent models, providing a basis and a direction for future
research. In both cases the formal elicitation of expert
Jjudgment was intended to play an important role. Both
organizations recognized that (given the similar pur-
pose, scope, and content of both studies) several advan-
tages could be gained from their integration. The pri-
mary advantages listed below were identified as
reasons for conducting a joint consequence uncertainty
study:

1. To combine the knowledge and experience of the
EC and US in the areas of uncertainty analysis,
expert elicitation, and consequence analysis, and
to establish an internationally recognized prob-
ability elicitation protocol based on the NUREG-
1150 probability elicitation methodology.

2. To gain access to a greater pool of experts. The
experts in the areas relevant to consequence cal-
culations are located in both Europe and the
United States. A joint project presents an oppor-
tunity to identify and utilize a larger pool of
world-class experts than would be available to a
project conducted solely by the US or EC.

3. To capture the potentially greater technical and
political acceptability of a joint project. Because
of the different technical approaches of the two
teams, there is the opportunity to consider alter-
native approaches together and to develop a final
product that would be better than either team
could produce in isolation.

4. To share project costs. Expert elicitation projects
require significant resources because of the staff
and outside experts required.

1.3  Objectives

The broad objectives of the NRC and EC in undertak-
ing the joint consequence code uncertainty study are:

1. To formulate a generic, state-of-the-art method-
ology for estimating uncertainty that is capable of
finding broad acceptance;

2. To apply the methodology to estimates of uncer-
tainties associated with the predictions of prob-
abilistic accident consequence codes (COSYMA
and MACCS) designed for assessing the conse-
quences of commercial nuclear power plant acci-
dents;
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3.  To obtain better quantification and more valid
estimates of the uncertainties associated with
probabilistic accident consequence codes, thus
enabling more informed and better judgments to
be made in the areas of risk comparison and ac-
ceptability, and therefore to help set priorities for
future research.

Within these broad objectives, small differences in
emphasis exist between the two organizations about the
subsequent use of these results. The EC emphasizes the
methodological development and its generic applica-
tion, whereas the NRC is also interested in the potential
use of the methods and results as contributions to the
regulatory process. This work would complement the
NRC-sponsored NUREG-1150 study in which the de-
tailed analysis of uncertainty in risk estimates was con-
fined to uncertainties in the probability, magnitude, and
composition of potential accidental releases.

The ultimate goal of the NRC/EC joint effort is to sys-
tematically develop credible and traceable uncertainty
distributions for the respective code input variables
using a formal expert judgment elicitation process.
Each organization will then propagate and quantify the
uncertainty in the predictions produced by their re-
spective codes.

14 Project Development

The primary phenomenological areas included in a
consequence calculation, which were identified as ap-
propriate for consideration by a joint study, are listed
in Table 1.1. The areas have been slightly modified
since the first phase of the study. The calculations for
countermeasures were considered to be specific for the
European countries and the US, and will not be sub-
jected to a joint expert elicitation.

Atmospheric dispersion and deposition parameters
were the focus of the first phase of the study. The re-
sults are published in a multivolume main report® and
an additional report.'® The overall objective of the first
phase was to determine the efficacy and feasibility of
the joint effort before spending resources on the addi-
tional phenomenological areas (health effects, food
chain pathways, dosimetry, etc.).

This report provides the results of the expert judgment
exercise on the early health effects parameters. The
exercise had as its goal developing a library of uncer-




Table 1.1 Phenomenological areas for the
NRC/EC study

Atmospheric dispersion of radionuclides
Deposition of radionuclides

Behavior of deposited material and calculation of
related doses

Food chain (soil/plant processes and animal
processes)

Internal dosimetry
Early deterministic health effects

Late somatic health effects

tainty distributions for early health effects that could be
used in many different consequence uncertainty studies
employing the MACCS and COSYMA consequence
codes.

The information in this report also has potential uses
outside the reactor safety community (e.g., nonreactor
nuclear facilities, radiosotope power and irradiation
sources, and other radiation sources).

The state-of-the-art approach was jointly formulated
and was based on two important ground rules:

1.  The current code models would not be changed
because both the NRC and the EC were inter-
ested in the uncertainties in the predictions pro-
duced by MACCS and COSYMA and in the
codes used to provide the associated databases.

2.  The experts would be asked to assess only physi-
cal quantities that hypothetically could be meas-
ured in experiments.

Because MACCS and COSYMA were not to be modi-
fied, it was necessary to elicit distributions either over
consequence code input variables or over variables
from which distributions for code input variables could
be developed. In addition, the uncertainty distributions
developed were constrained by the flexibility of the
fixed models in the consequence codes. If any of the
uncertainty distributions contain values prohibited by
the fixed models, either the uncertainty distribution
needs to be truncated (thereby neglecting part of the
uncertainty range provided by the experts) or the fixed
models need to be reevaluated.

Eliciting physical quantities avoids possible ambiguity
in definition of variables. In addition, elicited variables

that are physical parameters have the advantage of not
being tied to any particular analytical model and thus
have a much wider application.

1.5 Brief Chronology of Joint Ef-
fort

July 1991 First meeting between the EC and the
NRC held in the US. Possibility of a
joint consequence uncertainty project

discussed.

October
1991

Second meeting between the NRC
and the EC held in Europe. Further
programmatic and technical details
discussed.

January 1992 OQutlined specifications of the project
submitted to NRC and EC manage-
ment.

April 1992 Agreement between EC and NRC
management to proceed with the im-
plementation planning stage of the
joint effort.

May 1992 General planning meeting in Brussels.
Possibility of proceeding with one
panel to demonstrate the efficacy and
feasibility of the joint effort before
continuing with the remainder of the
study discussed.

September
1992

Decision to proceed with one panel
on atmospheric dispersion and
deposition parameters.

November
1992

Kickoff meeting for atmospheric dis-
persion and deposition expert panels.

December
1993

Draft report on the results of the at-
mospheric dispersion and deposition
expert panels published for review by
NRC and EC.

January 1994 Kickoff meeting in the UK to proceed
with three more panels in the EU: two
food chain panels and one panel on
deposited material and the calculation
of related doses.
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April 1994  Joint EC/NRC planning meeting held
in Brussels for the panels on the food
chain and deposited material/related

doses.

September Decision by NRC management to join
1994 the panels on the food chain and de-
posited material/related doses.

December Dry run meetings held in Europe for
1994 experts to review the case structure
documents.

January 1995 Publication of Vol. 1 of dispersion
and deposition uncertainty assess-
ment.

Training meeting for the European
experts on the food chain and depos-
ited material/related doses.

February/
March 1995

Elicitation meetings for the European
experts on the food chain and depos-
ited material/related doses.

April 1995 Training meeting for the US experts
on the food chain and deposited ma-
terial/related doses.

July 1995 Elicitation meeting for the US experts
on the food chain and deposited ma-
terial/related doses.

Joint training meeting for US and EC
experts on early health effects, late
health effects, and internal dosimetry
parameters

February Elicitation meeting for late health
1996 effects and internal dosimetry experts

(common session included UK and

US experts using video conferencing)
March 1996 Elicitation meeting for early health
effects experts (common session in-
cluded UK and US experts using
video conferencing)

1.6 Structure of Document

Section 2 contains a discussion of the technical issues
that were considered before the actual elicitation proc-
ess. It provides a short characterization of consequence
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uncertainty studies, briefly describes why uncertainty
information is necessary for decision making, briefly
describes the MACCS and COSYMA models, de-
scribes the process used to select the variables that
were assessed, explains why formal expert elicitation
methods were chosen, and delineates the scope of the
project.

Section 3 summarizes the methods used to acquire the
distributions for the elicitation variables and to process
the distributions into a form usable by MACCS and
COSYMA. The results are summarized in Section 4,
and conclusions are presented in Section 5.

Volume 2 of this report contains the technical appendi-
ces. Appendix A contains a summary of MACCS and
COSYMA consequence codes. The case structures are
contained in Appendix B. The rationale provided by
the experts and a summary of results are provided in
Appendix C. Appendix D has short biographies of the
experts and Appendix E contains their aggregated re-
sults.
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2. Technical Issues Considered Relevant

2.1 Introduction

Uncertainty analysis with respect to potential public
risks from nuclear power installations was introduced
into a broad decision-making context with the Reactor
Safety Study (WASH-1400)." Although the technique
has undergone considerable development since this
study, the essentials have remained unchanged. The
intent of uncertainty analysis is to estimate the uncer-
tainty in the output of quantitative decision support
modeling in order to provide the decision maker with a
measure of the robustness or accuracy of the conclu-
sions based on the model. To accomplish this, a joint
distribution is placed on the input variables of models
and propagated through the model to yield distributions
on the model's output.

Uncertainty analysis is performed when uncertainties in
model predictions have the potential to significantly
affect the decision-making process and when
"stakeholders" have differing interests and perceptions
of the risks and benefits of possible decisions. There is
no formula dictating how the results of quantitative
models should be used to support such decision mak-
ing; hence, there can be no formula for the use of un-
certainty analysis either. Rather, uncertainty analysis
provides a tool that stakeholders can use to express
both negative and positive opinions. In this sense, it
can contribute to a rational discussion of proposed
courses of action. As a collateral benefit, it provides a
perspective for assessing the quality of the quantitative
decision-support modeling and can help direct re-
sources for reducing uncertainties in the future.

Uncertainty analyses using expert elicitation techniques
have been done primarily for Level 1 (core damage
frequency assessment) and Level 2 (assessment of ra-
dionuclide transport from the melt to the environment)
portions of reactor risk assessments. For the Level 3
(consequence analysis) portion of the risk assessments,
uncertainty and sensitivity analyses have primarily
consisted of parametric sensitivity studies in which the
uncertainty distributions of the code input variables are
estimated by code developers and not by experts in the
different scientific fields of interest.

This section briefly summarizes the types of uncertain-
ties and describes the need for uncertainty analyses in
decision making. It also sketches the methods and is-

sues that arise in carrying out an uncertainty analysis
for accident consequence models.

2.2 Types of Uncertainty

The NRC Probabilistic Risk Analysis (PRA) Working
Group® has defined two types of uncertainty that may
be present in any calculation. These are (1) stochastic
uncertainty caused by the natural variability in a pa-
rameter and (2) state-of-knowledge uncertainty, which
results from a lack of complete information about phe-
nomena. The latter may be further divided into (1) pa-
rameter value uncertainty, which results from a lack of
knowledge about the correct inputs to analytical mod-
els; (2) model uncertainty, which is a result of the fact
that perfect models cannot be constructed; and (3)
completeness uncertainty, which refers to the uncer-
tainty as to whether all the significant phenomena and
relationships have been considered.

An example of stochastic uncertainty is the natural
variability in the dimensions of animals or plants. Pa-
rameter value uncertainty arises because we rarely
know with certainty the correct values of the code input
variables. Moreover, this lack of knowledge may also
contribute to modeling uncertainty. Mathematical
models of physical processes generally have many un-
derlying assumptions and are not valid for all cases.
Alternative conceptual and mathematical models are
proposed by different analysts. Completeness uncer-
tainty is similar to modeling uncertainty, but occurs in
the stage of adequate identification of the physical
phenomena.

A common method of uncertainty analysis is based on
the propagation of a distribution over an input variable,
rather than a point value. In the past, distributions over
code input variables have typically been estimated by
code developers, with informal guidance from phe-
nomenological experts in the appropriate field. The
resulting distribution over the model output provides
insight regarding the impact of uncertainty in input
variables on model predictions.

2.3  Use of Uncertainty Analyses
for Decision Making

Section 2.3 of Volume 1 in the main report on atmos-
pheric dispersion and deposition® briefly describes the
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history of consequence uncertainty analyses. The US
and European developments are also sketched and
summarized as lessons learned from past uncertainty
analyses.

The use of uncertainty analyses in decision-making
processes is required when some or all of the following
conditions occur:

Decision making is supported by quantitative
model(s);

The modeling is associated with potentially large
uncertainties;

The consequences predicted by models are asso-
ciated with benefits and costs in a nonlinear way
(such as threshold effects);

The choice between alternative courses of action
might change as different plausible scenarios are
fed into the quantitative models;

The scenarios of concern are low-probability,
high-consequence events.

In the context of most current regulatory decision
making, the full problem is not dealt with. The regula-
tory authority is typically charged with regulating the
risks from one type of activity. The choice between
alternatives is made at a different level, where the
trade-off of benefits against costs of different stake-
holders is factored in. It is, nonetheless, incumbent
upon the regulatory authority to provide such informa-
tion as is deemed necessary for responsible decision
making. Nuclear regulatory agencies have pioneered
the use of uncertainty analysis and continue to set the
standards in this field.

Accident consequence codes compute many quantities
of interest to the decision maker, including time-
varying radiation levels over a large spatial grid, num-
bers of acute and chronic fatalities, number of persons
evacuated, amount of land lost to use, and economic
and environmental damage. In the point value mode of
calculation, the consequence codes compute distribu-
tions over the quantities that result from uncertainty in
meteorological conditions at the time of the accident.
In performing a full-scope uncertainty analysis, distri-
butions over code variables other than those related to
weather are generated for each quantity.

The question of how best to compress the information

into a form that can be used by decision makers re-
quires considerable attention. In some applications of
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the information, it may be important for the decision
maker to distinguish statistical uncertainty resulting
from variation in meteorological conditions or other
sources from state-of-knowledge uncertainty in code
variables. Stochastic uncertainty is here to stay,
whereas state-of-knowledge uncertainty may change as
knowledge grows; distinguishing between stochastic
and state-of-knowledge uncertainty could be helpful in
setting research priorities. In allocating future research
resources, it is important to know the contribution of
each variable’s uncertainty to the overall risk uncer-
tainty, and to identify those variables for which uncer-
tainty can be significantly reduced by future research
efforts.

2.4 Brief Description of Early
Health Effects Models Used
with MACCS and COSYMA

The early health effect risk models implemented in
COSYMA and MACCS have sigmoid dependencies of
individual risk R on dose D to the target organ in an
exposed individual. These models have the following
form

R =1 - exp(—H)

where the hazard H is expressed by a two-parameter
Weibull function:

D v
H = 1n(2) (—) for D 2 T
Dso
0

H = for D < T

Here D is the biologically effective dose delivered to
the target organ, and Dsg is the dose that would induce
the effect (impaired functioning of the target organ or
fatality if the combined impairments are too large) in
half the exposed population. When D is equal to Ds,
the risk R is one half. The quantity v is a shape pa-
rameter. Increasing v has the effect of increasing the
slope of a plot of R versus D. Note that the risk below
the threshold dose T is set to zero.

Ds; depends on the rate at which the dose D is deliv-
ered. Doses delivered at lower rates are less likely to
cause early health effects than like doses delivered at
higher rates. When a dose is delivered over long peri-
ods of time at rates that are not constant, the normal-
ized dose D/Ds; to be used for estimating R is calcu-




lated in MACCS and COSYMA by summing over suc-
cessive time periods using the equation

_De
2 (Dso),

t

D
Dsp

Here D, is the dose received in the #th time period, and
the (Ds5), is the dose that would induce the health effect
in half the exposed population. (Dsp), is calculated
using the expression

D,

- = D Do
(Davg )t

+
D,/ Ay,

(Dsy) = D= +

where D.. is the D5, value at very large dose rates, D, is
a parameter required to estimate Dsy at lower dose
rates, and A, is the duration of the #'th time interval.

COSYMA applies the preceding equations to account
for dose rate effects for all exposure pathways. When
calculating early health effects caused by external ex-
posures (cloudshine and short-term groundshine expo-
sures), MACCS uses only one term in the preceding
equation and the D5y value used with that term is cho-
sen to be appropriate for intense exposures delivered
over a 24-hr period. When inhalation doses contribute
to the risk of early health effects, MACCS uses several
(two or more) terms in the preceding equations.

The cumulative risk of early fatality is calculated as if
each cause were an independent event. For example, in
MACCS, doses to three organs (red marrow, lungs, and
gastrointestinal tract) can cause early fatalities. Letting
Rem, Ry, and Rg; denote risks of early fatality calcu-
lated for the respective organs, the composite risk is

R

= 1 - (1_ RRM)(I' RLU)(I- RGI)
Noting that 1-Ran = €Xp(—Horgan), the composite risk
of early fatality is then

where H = HpprtHyp+Hg. That is, the composite haz-
ard H is the sum of the hazards by organ. A fourth
organ, skin, is included in COSYMA estimates of early
fatality risks.

Finally, it should be noted that the Dsy values can de-
pend on the level of medical treatment received.
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Usually three levels of treatment are distinguished:
minimal, supportive, and intensive. With MACCS, all
of the population is assumed to receive the same level
of treatment.

2.5 Selection of Variables for
Presentation to Formal Expert
Elicitation Panels

Because the resources required to develop distributions
for elicitation variables using a formal elicitation proc-
ess are relatively large, it is critical to select those vari-
ables for elicitation that are most important to conse-
quence uncertainty. Exclusion of some variables from
the list of those to be formally elicited does not mean
that they are to be excluded from the analysis. The
uncertainty in these variables will be evaluated by less
resource-intensive methods (e.g., literature searches
and consequence analyst judgment). Thus the prioriti-
zation procedure, while important in terms of ensuring
effective utilization of resources, is not critical in terms
of excluding the contributions of potentially important
variables.

The variables to be elicited were chosen systematically
using the method outlined below.

1.  Sensitivity studies using MACCS in the US and
UFOMOD in the EC were performed. Lists of
code input variables that were shown to be im-
portant to the different consequence measures
were generated independently by the US and EC.
Lists of important code input variables were gen-
erated for both prompt and latent consequences.
As an example, the US list is summarized in Ta-
ble 2.1. Sensitivity studies from the US relied on
traditional regression techniques and additional
parametric importance assessment techniques de-
veloped at Los Alamos National Laboratories
specifically for this program to prioritize code
input variables.’

2. A team of US and EC consequence experts de-

veloped a joint list of important code input vari-

ables from a review of the lists generated from
the sensitivity studies performed in the US and

the EC. This list is presented in Table 2.2.

It was not considered feasible to jointly assess
code input variables that are highly specific to
conditions in the EC or in the US. For this rea-
son, any variables related to policy or economics
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Table 2.1.” Code input variables for prompt and latent consequences

Important code
input variable

Proposed expert
panel

Important for early Factors that should

or chronic conse-
quence measures

be considered in
elicitation design

Comment

Power law parame-
ters that define the
standard deviation of
the plume in the
cross-wind direction

Power law parame-
ters that define the
standard deviation of
the plume in the ver-
tical (z) direction

Dry deposition ve-
locity

Linear term in wash-
out model
(exponential term
should be assessed
also)

Critical wind speed
scale factor (plume
rise occurs only if
wind speed is less
than critical wind
speed—if speed is
greater, plume is
caught in wake)

Lethal dose (variable
for bone marrow)

Groundshine
shielding factor for
nonevacuees

Dispersion

Dispersion

Deposition

Deposition

Plume rise

Health effects

Behavior of depos-
ited material and
calculation of related
doses

Dominant for early
consequences; im-

portant for chronic
consequences

Important (not
dominant) for both
early and chronic
consequences

Dominant for both
early and chronic
consequences

Important (not
dominant) for

chronic conse-
quences

Important (not
dominant) for early
consequences;
dominant for safety
goal fatality risk
(dose at boundary)

Important (not
dominant) for early
consequences

Important (not
dominant) for both
early and chronic
consequences

X, Y, Z coordinates
Wind speed
Stability

Surface roughness
(in conjunction with
deposition velocity)

Discrete rain inten-
sity (in conjunction
with wet deposition
velocity)

Same as above

Surface roughness
for meadow, city,
and forest aerosol
particle size

Rain intensity, aero-
sol particle size

Plume energy
Wind speed
Stability class

Building scale length
Ambient temperature

Specify period of

exposure and period

of manifestation

Experts must pro-
vide values for
population in differ-
ent types of shelters

Contribute more to
high values of early
fatalities in stable
weather (when stan-
dard deviation of
plume is small)

Contribute more to
high values of
chronic cancers in
unstable weather
(more dilution, less
interdirection, wider
spread, more can-
cers)
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Table 2.1. Code input variables for prompt and latent consequences (continued)

Important code Proposed expert Important for early Factors that should Comment
input variable panel or chronic conse- be considered in
quence measures elicitation design
Inhalation protection  Behavior of depos- Important (not
factor for nonevacu-  ited material and dominant) for early
ees calculation of related  consequences
doses

Dose/dose reduction  Late health effects Important (not

factors (for 7 organs) dominant) for

chronic conse-

quences
Transfer factor food  Food chain Important (not The ingestion path-
to beef—cesium (for dominant) for way models are dif-
cesium) chronic conse- ferent in MACCS

quences and COSYMA.
Transfer factor to Food chain Did not show up as Consistency between |
milk for I, Cs, Sr important in sensi- MACCS and

tivity calculation, but COSYMA could be

the interdiction cri- a problem

teria may have

masked the effect of

this variable

Table 2.2. Combined list of code input variables shown to be important

Phenomenological area Code input variable requiring
Dispersion Plume spread parameters
Dispersion Dry deposition velocity

Wet deposition parameters
Behavior of deposited material Decontamination
and calculation of related doses Resuspension parameters
Weathering parameters
Shielding factors

Penetration factors

Plume rise Amount of plume rise
Critical wind speed for liftoff

Internal dosimetry Breathing rate

Dose conversion factors
Early health effects Lethal dose thresholds
Late health effects Dose rate effectiveness factors

Risk coefficients (cancer)

Food chain All food chain parameters

2-5 NUREG/CR-6545




were eliminated from consideration by the joint
study (evacuation policy, food interdiction crite-
ria, and costs of countermeasures are all exam-
ples of these variables). For the purposes of the
uncertainty calculations, these variables will be
assessed independently by the EC and NRC us-
ing the methods developed in the joint project.

If there were any analytical or experimental alter-
natives to obtaining defensible distributions for
any of the code input variables, the variable in
question was dropped from the list of assessed
elicitation variables using expert judgment tech-
niques. The selected variables represent only pa-
rameters for which insufficient experimental data
are available for developing uncertainty distribu-
tions. Some of the reasons for lack of sufficient
experimental evidence could be unacceptable
costs and lack of technology.

From the final list of code input variables, elici-
tation variables that were experimentally observ-
able were selected or developed. The experimen-
tally observable constraint was inserted for two
reasons (a) to avoid ambiguity when presenting

the definition of the elicitation variables (if the

experts assess poorly defined variables, the po-
tential for incompatible assessments is high) and
(b) to ensure that the elicited distributions are
applicable beyond the context of the present
study.

In many cases, the experimentally observable con-
straint results in elicitation variables that are the output
of specific submodels rather than the code input vari-
able in the submodels. The distributions obtained by
eliciting only on experimentally observable parameters
have the potential of containing uncertainty due to the
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fundamental limitations in model physics, data uncer-
tainties, and random or stochastic uncertainties in ob-
servational data. Additional criteria used in the selec-
tion of elicitation variables and a summary of the
elicitation variables chosen for the early health effects
panel are provided in Section 3.2.

2.6 Formal Expert Judgment
Methods

The health effects panels used the same formal expert
judgment method as the food chain atmospheric dis-
persion and deposition panels. The reasons are further
specified in Section 2.8 of the main report on atmos-
pheric dispersion and deposition.*

2.7 Scope of the Early Health
Effects Panel

Assessment of the risks of radiation-induced early
health effects depends upon a number of factors, such
as the different doses delivered to various organs, the
effects of dose rate, the linear energy transfer (LET) of
the radiation giving rise to the dose, the degree of
medical treatment received, and the age and health of
the exposed individuals. The expert panel on early
health effects characterizes the degree of uncertainty in
estimates of radiation-induced health effects, taking
into account the correlations introduced by the vari-
ables listed above.

In their first meeting, the members of the early health
effects panel generated a list of factors that contribute
to uncertainty (Table 2.3) and agreed on the column in
which each potential contributor belonged for the pur-
pose of his or her elicitations.




Table 2.3. Factors contributing to uncertainty

Initial condition does not contrib-
ute to uncertainty

In case structure contributes to
uncertainty

Out of scope and not to be
considered in uncertainty

Doses and dose rates as functions of
time

Population distribution

Minimal versus supportive medical
treatement

Uncertainties in dose reconstruction
(e.g., for A-bomb survivors)

Underreporting in database

Sparse database

Some data are for injured persons
Average population with varying
health states of members of popula-
tion

Efficacy of medical treatment

Extrapolating from animal data

Limited data on synergistic effects

Sample-to-sample variabilities of
population subgroups

Impact of intensive treatment

Psychological and psychosomatic
effects

Death due to concomitant illness
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3. Summary of Expert Elicitation Methods for the Health Effects Panel

3.1 Introduction

This section summarizes the joint methodology used to
develop uncertainty distributions for the consequence
calculations in this project, and the use of this meth-
odology in developing the distributions for early health
effects code input variables. The joint methodology is
shown graphically in Figure 3.1. It is a combination of
methods from previous US and EC studies as well as
methods developed specifically for this project. Table
3.1 summarizes some of the major contributions to the
joint methodology from previous US and EC studies.

3.2 Definition of Elicitation Vari-
ables and Case Structures

Elicitation variables are the variables presented to the
experts for assessment. They were asked to provide
distributions over variables within a set of initial and
boundary conditions. Each set of conditions for a
question was termed a “case.” The ensemble of all
cases for the elicitation variable was termed the “case
structure.” The primary consideration in developing
elicitation variables, cases, and case structures was the
importance of designing elicitation questions that were
not dependent on specific analytical models.

3.2.1 Definition of Elicitation Variables

It was the responsibility of the probability elicitation
team to develop elicitation variables that were physi-
cally measurable parameters (rather than eliciting on a
fitted exponent having no interpretation in terms of the
physics of the problem). This constraint was imposed
so that there would be no ambiguity when the elicita-
tion variables were defined. If the experts assess poorly
defined variables, the potential for incompatible as-

sessments is high. Also, assessments on physically
measurable parameters are not inherently dependent on
any given theoretical model and therefore may be de-
veloped from a combination of relevant information
sources.

Code input variables are not always physically measur-
able parameters. In the case of early health effects, the
important parameters are those used to determine the
shapes of the curves defining the risks of particular
health effects as a function of doses to sensitive organs.
In MACCS and COSYMA these are the Weibull shape
parameter v and the parameters used to estimate the
Weibull Ds, value as a function of dose rate. For ex-
ample, the Ds, for effects attributable to dose D; deliv-
ered to the ith organ over time interval At is often
modeled as

where D.. is the Ds, value at very high dose rates and
D, is a model parameter used to account for the de-
crease in Dy, with dose rate. Because model parame-
ters like v, D., and D, are not physically measurable, it
is necessary to elicit distributions on physically meas-
urable parameters from which distributions on v, D.,
and D, can be derived. This was done by eliciting dis-
tributions on physically measurable doses that would
give rise to specified health effects in 10, 50, or 90% of
a large population.

Further, COSYMA and MACCS use the equivalent
dose (Sv) for quantifying the magnitude of the expo-
sure. However, the experts preferred to use the ab-
sorbed dose (Gy) for quantifying the exposure. There-
fore, in each case the radiation type has been described.
The transformation from absorbed dose to equivalent
dose was not part of the elicitation.

Table 3.1 Contributions to the joint methodology from US and EC studies

Contributions from previous US studies

Contributions from previous EC studies

Philosophy of choosing high-quality experts and paying
them

Formal elicitation protocol developed for NUREG-
1150

Probabilistic training and help in encoding probabilities
during elicitation session for experts

Ready-made processing methodology and software for
postprocessing

Concept of elicitation on variables that can be con-
ceived as being experimentally observable

Techniques for assessing performance of experts in
encoding probabilities
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Define goals and philosophies
for uncertainty assessment

!

Prioritize code Input variable

!

Develop expert Select code Input Select probabillistic
selection criteria varlable for analysis elicitation specialists

(also call normative speclalists)
Y { ‘

Form expert Define Develo,
p case
gelection pane! :':‘:m:: structures

‘ l__T_I

Select experts on the Dry run elicitation variables
basis of criteria and case structures

¥ y

Modify elicitation Provide elicitation variables
variables and case structures and case structures to
probabiliistic elicltation
t specilalists

Provide preliminary elicitation
variables and case structures
to experts prior to meeting

........... & [

Train experts [n probability
distribution development

Y

Present elicitation variables
and case structures to experts

Y

Finallize elicitation
variables and case structures

1st expert meeting

Experts prepare response to
assessment and rationale

----------.l_ ..........

Experts compare rationale

2nd expert meeting {

Expert elicitation sessions

---------j .......... R

Process elicitation varlables
into form usable in
uncertainty study

¥

Document

Y

Provide to consequence
analysts for uncertainty study

v

Figure 3.1 Sequence of methods used to develop the uncertainty distributions. Due to programmatic con-
straints, the EC and the US experts held separate first expert meetings; however, some project staff attended
both European and American meetings. The EC and US communicated through a teleconference in a joint
second meeting. The EC held individual expert elicitations at sites convenient for the experts.
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3.2.2 Development of Case Structure

It would be impossible for the experts to provide in-
formation over the complete variable space needed to
perform a comprehensive consequence uncertainty
study. It was therefore necessary to design a case
structure that would cover the variable space so that the
project could interpolate and extrapolate to all areas
necessary to perform consequence uncertainty studies.

For the early health effects questions, the case structure
consisted of many variation of exposure conditions:
organ(s) exposed, and dose rate associated with the
exposure. The case structure underwent twelve itera-
tions before it was presented to the experts and four
more iterations to address comments and suggestions
received from the experts prior to the formal elicita-
tions. The result of the final iteration contains nine
main questions, each with several exposure scenarios.

The questions and associated exposure scenarios are
summarized in Table 3.2. Note that Questions 1, 2, 3,
and 5 deal with exposures via single pathways to all
organs simultaneously (whole body) or to individual
organs. These exposure scenarios were deliberately
contrived to elicit information concerning the suscep-
tibility of the key organs and to permit the postprocess-
ing of uncertainties in organ-specific parameters of the
early health effect risk models. Each of these questions
is asked for different dose rates in order to assess the
importance of dose rate to organ susceptibility.

Questions 6 and 7 deal with more realistic exposure
scenarios. Question 6 simulates whole-body and lung
exposures that might be associated with an accidental
release by postulating a realistic ratio between the dose
rate during the first hour, which corresponds to plume
passage, and that during the balance of the first day. In
Question 7 the exposure is to multiple organs via mul-
tiple pathways over three exposure periods. The rela-
tive dose rates for this question were based on esti-
mates obtained from COSYMA code calculations.
This question was included to permit code predictions
of health effect incidences for realistic exposure scenar-
ios to be compared with the health effect risks elicited
from the experts for the same exposure scenarios.

For each exposure scenario, experts were asked to
provide three percentile values, Sth, 50th, and 95th,
from the cumulative distribution functions for threshold
dose, Dy, Dsg, and Dgy. In some cases, as indicated in
Table 3.1, the information was elicited for both mini-
mal and supportive levels of medical treatment or for
more than one population age group. The project staff
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believed that sufficient information would be obtained
from these questions to allow valid interpolation and
extrapolation for coverage of the variable space.

3.3 Expertise Required for the
Elicitation Process

The design for the probability elicitation sessions in
this study was taken from the methodology developed
for the NUREG-1150 study. This design includes an
elicitation team composed of the phenomenological
expert whose judgments are sought, a normative spe-
cialist who manages the session, and a substantive as-
sistant from the project staff who aids communication
between the expert and the specialist and helps answer
questions about the assumptions and conditions of the
study.

The normative specialist is an expert in probability
elicitation whose role is to ensure that each expert's
knowledge is properly encoded into probability distri-
butions. To accomplish this, the specialist must be alert
to the potential for biases in forming judgments. The
specialist also tests the consistency of judgments by
asking questions from various points of view and
checking agreement among the various answers. An-
other role is ensuring that each expert expresses ra-
tionales for the judgments and is able to substantiate
any assumptions that are made. Along with the phe-
nomenological expert, the normative specialist ensures
that the distributions are properly recorded and anno-
tated to curtail ambiguity in their meanings.

The substantive assistant brings knowledge of project
assumptions and conditions to the study. The role of
this participant is to promote a common understanding
of the issues and to clarify and articulate how the data
will be interpreted in the modeling activities. This team
member also has responsibility for assisting the expert
with documentation of rationales.

3.3.1 Selection of Phenomenological Ex-
perts

The project staff sought to engage the best experts
available in the field of early health effects. Experience
in the NUREG-1150 study and elsewhere has shown
that the selection of experts can be subjected to much
scrutiny. Thus, it was necessary to construct a defensi-
ble selection procedure. The procedure for this study
involved the following:
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Table 3.2 Early health effects case structure

Radiation
source

Organ(s) Health effect

exposed

Dose rate or exposure
period

Subcase structure

External
gamma

Internal
beta

Internal
beta

Internal
alpha

External
beta

External
gamma

External
gamma

Internal beta

Mixed

Whole
body

Fatality
Lung Fatality

Lung Morbidity

Fatality

Fatality

Fatality

Fatality

Fatality

Fatality

All but
lungs

100 Gy/hr, 10 Gy/hr
1 Gythr, 0.2 Gy/hr

100 Gy/hr, 10 Gy/hr
1 Gy/hr, 0.2 Gy/hr

100 Gy/hr, 10 Gy/hr
1 Gyfhr, 0.2 Gy/hr
Elicited
constant DR

100 Gy/hr, 10 Gy/hr
1 Gythr, 0.2 Gy/hr

1 hour : 1 day
10:1 Dose rate

1 hour : 1 day
100:1 Dose rate

1 day: 1 week
14:1 Dose rate

1 hour : 1 day : 1 week

Dsiin = 21 DRed marrow

Zero lung dose, otherwise
same as 7al

1 hour : 1 day : 1 week
DLung = 10 Dged marrow

Zero lung dose, otherwise
same as 7bl

Minimal versus supportive
treatment

By age group

By age group

By age group

Three bare skin fractions

Minimal versus supportive
treatment

Minimal versus supportive
treatment

By age group

Minimal versus supportive
treatment, 4 bare skin frac-
tions

Minimal versus supportive
treatment, 4 bare skin frac-
tions

Minimal versus supportive
treatment, 4 bare skin frac-
tions

Minimal versus supportive
treatment, 4 bare skin frac-
tions
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1. A large list of experts was compiled from the
literature and by requesting nominations from
organizations familiar with the area;

2. The experts were contacted and curriculum
vitae were requested;

3.  Two selection committees that included mem-
bers both external and internal to the project,
one in the US and one within the EC, were es-
tablished and charged with expert selection
based on a common set of criteria. These in-
cluded:

Reputation in the relevant fields,

Number and quality of publications,
Familiarity with the uncertainty concepts,
Diversity in background,

Balance of viewpoints,

Interest in this study,

Availability to undertake the task in the time
prescribed.

The result was a panel of internationally recognized
scientists (see Table 3.3). Brief biographies are pro-

vided in Volume 2.

Table 3.3 Early health effects experts

Expert Country

Johan Broerse* Netherlands
Marvin Goldman Us

Jolyon Hendry UK

John Hopewell UK

Natalja Nadejina Russia

Robert Scott us

Elizabeth Travis Us

Niel Wald us

Robert Young UsS

*Joint effort with A .F. Hermans and H.B. Kal.

3.3.2 Selection of Normative Specialists

Normative specialists are responsible for managing
the elicitation sessions. These specialists come from
various fields such as psychology, decision analysis,
statistics, or risk and safety analysis. The characteris-
tic that distinguishes them is familiarity with the
methods and literature for probability elicitation, and
experience in applying these methods. Normative
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specialists must be able to manage the elicitation ses-
sions by providing assistance in developing and ex-
pressing quantitative judgments.

Four normative specialists were used in this study.
Three of them (Dr. Goossens, Dr. Hora, and Ir.
Kraan) were part of the project staff. They were
supplemented by an additional specialist, Dr. Detlof
von Winterfeldt, who was a participant in the
NUREG-1150 study and is internationally known in
the field of decision analysis. He has served as a con-
sultant on many projects involving expert judgment
elicitation. Dr. Goossens, Dr. Hora, and Ir. Kraan
have experience in probability elicitation. Dr.
Goossens has managed a number of studies involving
expert judgment for the safety institute at Delft Uni-
versity of Technology (TU) and Dr. Hora was a pri-
mary developer of the NUREG-1150 expert elicita-
tion technique. Mr. Kraan of TU Delft is also
experienced in the processing of expert judgments.

34 Expert Elicitation

The expert elicitation process consisted of the follow-
ing activities:

I.  Dry run elicitation. A dry run elicitation was
conducted with experts employed by the Love-
lace Inhalation Toxicology Research Institute
(ITRI) of Albuquerque, NM to test the ques-
tions to be used in the actual expert elicitation
meetings and to evaluate the case structures.

2.  First expert meetings. The purpose of these
meetings was to train the experts in providing
their judgments in terms of probability distri-
butions and to present the technical problems to
be assessed.

3.  Expert prepares assessment. The expert pre-
pared his or her assessment of the problems
posed in the first meeting. The expert also pre-
pared to provide the staff with the rationale be-
hind his or her distributions in written form be-
fore leaving the second meeting. No
requirements on the form of the written ration-
ale were imposed.

4. Second expert meeting. The second expert
meeting was conducted approximately 6 weeks
after the first expert meeting and was held to
elicit the percentile values from the cumulative
distributions of the elicitation variables. The
experts presented their qualitative assessments
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without quantification in a video conference
between the US and Europe.

3.4.1 Dry Run Meeting to Finalize Case
Structure

A dry run meeting was conducted in November 1995
with F. Hahn and R. Scott, both of whom were with
ITRI. The meeting began with training in probability
elicitation, which focused on the meaning of subjec-
tive probabilities, the structure of formal expert
judgment processes, biases in probability formation,
and practice in expressing judgments as probabilities.
The draft case structure document and elicitation
questionnaires were handed out before the dry run
meeting. The dry run experts were not asked to pre-
pare quantitative responses to the questions, but were
requested to judge the merits of the questions, to de-
tect possible ambiguities in the questionnaires, and to
indicate the relevance of the questions in general. The
case structures and questionnaires to be presented to
the experts in the first meeting were finalized accord-
ing to the lessons learned in the dry run.

3.4.2 First Expert Meeting

Before the first meeting, a brief description of the
process and the elicitation questions were provided to
the experts. Reading this description was the only
preparation necessary for this meeting. The experts
were introduced to the purposes of the study, includ-
ing how their judgments were to be used. They were
given the case structures, a clear definition of the
variables to be assessed, and a description of how the
information they provided would eventually be used
by the project staff. The experts were also introduced
to background material on consequence codes and the
science of probability elicitation. This required the
distribution of materials explaining the consequence
area, the relation of the questions posed to the pa-
rameters in the model, and the specific initial condi-
tions and assumptions to be used in answering the
elicitation questions.

Training was conducted to introduce the experts to
psychological biases in judgment formation and to
give them feedback on their performance in assessing
probability distributions. In the NUREG-1150 study,
feedback was provided to the experts by measuring
their performance on the development of probabilistic
distributions for training variables. In that study, the
training variables were nontechnical, almanac-type
questions for which the answers were known. In the
current study, performance was measured by querying
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the experts about variables whose true values are un-
certain for the experts but known to project staff from
unpublished data. These training variables were cho-
sen to resemble the variables of interest as closely as
possible. The training meeting was held in Annapo-
lis, Maryland in December 1995 and both US and EC
experts participated.

3.4.3 Preparation of the Distributions

Following the first meeting, the experts typically
spent 1 to 2 weeks preparing responses to the elicita-
tion questions and at the same time prepared a state-
ment describing their information sources and pre-
senting the rationale for their distributions. The
experts were encouraged by project staff to use what-
ever modeling techniques or experimental results they
felt appropriate to assess the problems. The only
constraints placed on the experts by the project were
that: (1) the initial conditions had to be defined at the
same level of detail as the code input (i.e., uncertainty
due to lack of detail in the initial conditions had to be
included in the uncertainty distributions provided)
and (2) the rationale behind the distributions had to
be thoroughly documented.

3.44 Second Expert Meeting: Elicita-
tion

The elicitation meeting was held in March 1996. A
normative specialist and a substantive assistant were
present at all elicitation sessions. On the first day of
the elicitation meeting, the experts presented the
technical approach and rationale behind their assess-
ments in a common session. This was a videoconfer-
ence session in which the US experts were in Albu-
querque, New Mexico, and the EC experts were in
Brussels. No distributions were provided in these
sessions to avoid biasing the other experts. The elici-
tation of each expert took place privately with a nor-
mative specialist and a substantive assistant. Follow-
ing the common sessions, the experts were allowed to
change their elicitation results at any point. The in-
terviews allowed for significant interaction between
the assessment team and the expert in the encoding of
probabilities.

3.5 Mathematical Processing of
Elicited Distributions

At the end of the elicitation sessions, the project staff
had from each expert the 5th, S0th, and 95th percen-
tile values from the cumulative distribution of each




elicited variable for each exposure scenario in the
case structure. It was the responsibility of the project
staff to aggregate the individual expert distributions
(5th, 50th, and 95th percentile values) for each elici-
tation variable into a single cumulative distribution
for each exposure scenario in the case structure.

Further mathematical processing is required to obtain
organ-specific distributions of the Weibull shape
factor v and the dose rate parameter D, for red mar-
row, lungs, gastrointestinal tract, and skin. The fol-
lowing section discusses the aggregation process
applied to the elicited percentiles. It was decided to
publish the results of the mathematical processing in
separate reports.

3.5.1 Aggregation of Elicited Distribu-
tions

The processing tool for combining expert assessments
was the computer code EXCALIBR.! Tnputs for
EXCALIBR were percentile assessments from ex-
perts for elicitation variables. A cumulative distribu-
tion function (CDF) was associated with the assess-
ments of each expert for each query variable in such a
way that (1) the cumulative probabilities agreed with
the expert's percentile assessments, and (2) the cumu-
lative probabilities were minimally informative with
respect to the background measure, given the per-
centile constraints. The background measures were
either uniform or log uniform, depending on the
magnitude of the range factor for the variable as elic-
ited from the experts. The term “range factor” is used
to express the ratio between the 95th and 5th percen-
tiles of the distribution, and is used as measure of
uncertainty.) For each variable, non-negative weights
summing to one were assigned to the CDFs devel-
oped for the individual expert assessments, and the
aggregation was accomplished by taking the weighted
sums of the cumulative probabilities for each variable
obtained through an equal-weighting aggregation
scheme. EXCALIBR provides the 5th, 50th, and
95th percentiles from the combined CDF for each
variable.

In an equal-weighting aggregation scheme, an equal
weight is assigned to each expert. If N experts have
assessed a given set of variables, the weights for each
density are 1/N; hence for variable i in this set, the
decision maker's CDF is given by:

N
Foyims =(1/N) Y F,
j=t

where F; is the cumulative probability associated
with expert j's assessment for variable i.

Investigating the different weighting schemes was not
the objective of this joint effort. A decision was there-
fore made within the program to assign all experts
equal weight (i.e., all experts on each panel were
treated as being equally credible). One of the primary
reasons the equal-weighting aggregation method was
chosen was to ensure the inclusion of different model-
ing perspectives in the aggregated uncertainty distri-
butions. However, additional information was elicited
to allow the application of performance-based
weighting schemes to the distributions. The implica-
tions of different weighting schemes are discussed
elsewhere.”

3.5.2 Combining Dependencies

It has long been known that significant errors in un-
certainty analysis can be caused by ignoring depend-
encies between uncertainties.’ The best source of
information about dependencies is considered to be
the experts themselves. The most thorough approach
would be to elicit the experts’ joint distributions di-
rectly. The practical drawbacks to this approach have
forced analysts to look for other dependency elicita-
tion strategies. Because the experts were already
convened to respond to the formal elicitation ques-
tions, the project took advantage of their availability
to test a new methodology in which dependency in-
formation was elicited. The methodology and results
obtained from this activity will be reported in a sepa-
rate publication.
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4. Results and Analysis

4.1 Introduction

This section contains the experts’ responses to the
elicitation meetings and includes the elicited data, the
aggregated elicited distributions, and the distributions
to be used in uncertainty analyses for the early health
effects models.

4.2 Summary of Elicitation
Meetings

Three different meetings were conducted and this
section summarizes the outcome of those meetings.

4.2.1 Dry Run Elicitation Meeting

The robustness of the basic expert elicitation meth-
odology developed for this project was validated by a
dry run exercise. Some important issues were raised
and evaluated as a result: (1) there was a need to
clarify the underlying conditions for some questions;
and (2) strong references to particular models in the
case structure that might bias the thinking of the ex-
pert needed to be removed.

4.2,2 Summary of First Expert Meetings
(Training Meetings)

The experts decided to keep the elicitation results and
the written rationales anonymous. The names of the
experts are published in Table 3.2 and the assess-
ments are published in Volume 2, where they are
identified by letter only. No link is made between the
experts' names and the assessments provided.

4.2.3 Summary of Second Expert
Meeting

The experts were elicited individually, following a
common session during which they presented the
approach they had taken to developing their distribu-
tions. The experts did not reveal their probability
assessments in order to avoid biasing the other ex-
perts. The issue of anonymity was discussed and it
was agreed to preserve anonymity. The remainder of
the meeting consisted of individual expert elicitation
sessions. Once again, the initial common session was
videotaped, and the individual sessions were audio-
taped.
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4.3 Summary of Individual Expert
Assessments

Representative results are summarized and discussed
in this section. Figures are included at the end of the
chapter so as not to interrupt the flow of the text.

The complete set of expert rationales and the elicited
distributions are published in Volume 2 of this report.
In this chapter, Figures 4.1 through 4.18 plot some of
the elicited results along with the results of the equal-
weighted aggregation of the elicited distributions.
This section discusses the individual assessments.
Section 4.4 reviews the results of the equal aggrega-
tion of the distributions.

Most of the written rationales cited published data on
early health effects. These include the Nagasaki and
Chernobyl data. In general, where human data were
available, they provided the basis for the experts’
50% values. Where human data were deemed insuf-
ficient, extrapolations from animal data were often
cited as the primary basis of the 50% estimates.
Some of the experts relied heavily on published sta-
tistical and/or mechanistic models, and one expert
relied on an available biokinetic model. In virtually
all cases, judgment based on experience was used to
establish 5% and 95% values. A notable exception is
that one expert assigned distributions to the underly-
ing parameters of a Weibull model and relied on
Monte Carlo sampling to assist in establishing the 5%
and 95% values of elicited quantities.

Figure 4.1 shows the elicited percentiles of LDs, for
whole-body exposure to gamma radiation at dose
rates of 100, 10, 1, and 0.2 Gy/hr (question la) as-
suming minimal medical treatment, which involves
basic first aid. Note the tendency for the uncertainty
to increase with decreasing dose rate due to the
scarcity of human data at lower dose rates. Also note
the wide variations in ranges assigned by the experts.
These two trends are also evident for the other elic-
ited quantities. Figures 4.2, 4.3, and 4.4 show the
elicited percentiles of the threshold dose, LDy, and .
LDy, for whole-body exposure assuming minimal
medical treatment. When compared with Figure 4.1,
Figures 4.2 through 4.4 illustrate the wider uncertain-
ties associated with the threshold, LDy, and LDgp
doses compared with the uncertainties in LDs,. This
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tendency also occurred in the responses to other
questions.

Figure 4.5 shows the elicited quantiles of LDs, for
whole-body exposure assuming supportive (as op-
posed to minimal) medical treatment. Supportive
medical treatment as defined for this study includes
decontamination of skin and clothing, hospitalization
with routine isolation procedures (not including lami-
nar airflow), wound dressing, electrolyte replacement,
administration of blood products (especially fresh
platelets), treatment with broad-spectrum antibiotics,
antifungals and antivirals, and parenteral feeding.
Some of the experts assumed that growth factors
would be used in supportive treatment. Figure 4.5a
shows the results obtained from these experts. Figure
4.5b shows the results obtained from the experts that
did not assume the use of growth factors. The median
LDs, values with growth factors are clearly greater
than those without growth factors. Several individual
experts expressed support for the use of growth factors,
and no expert opposed their use. The tendency for
LDsy to increase given supportive versus minimal
medical treatment is evident by comparison with Fig-
ure 4.1, The uncertainties assuming supportive
treatment are, however, generally greater than those
for minimal treatment.

Figures 4.6 and 4.7 show the elicited LDs, values for
deaths due to gastrointestinal syndrome as a result of
whole-body exposures with minimal and supportive
treatment, respectively. It was the consensus of the
experts that such deaths would precede deaths due to
the hemopoietic effect, which dominates the LDsg
values presented in Figure 4.1. Again, some of the
experts assumed that growth factors would be used in
supportive treatment. Figure 4.7a shows the results
with growth factors whereas Figure 4.7b shows the
results without growth factors. An advantage of growth
factors is indicated in comparing the equal-weight re-
sults; however, this comparison is between mutually
exclusive subsets of the experts. Note that unlike the
results presented for the hemopoietic effect in Figures
4.1 through 4.5, there is considerably less overlap
among the experts regarding LDs, due to the gastroin-
testinal syndrome alone. This is also reflected in the
written rationales provided by the experts.

Figure 4.8 shows the elicited LDs, values for deaths
due to beta lung dose assuming minimal medical
treatment. The results shown are for the entire popu-
lation. Of the four experts who provided a decom-
position by age, only one indicated a significant de
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pendence on age (indicating that LD values would be
roughly 75% lower for people over 40). Note that the
agreement among the experts in Figure 4.8 is quite
good except for Expert 7, who provided the following
rationale for relatively optimistic values: “Because of
the repair potential for lung injury, chronic exposures
may accumulate a considerable total dose if adminis-
tered at modest rates. For low LET radiations such as
in long-lived mixed fission products, large doses can
be absorbed before functional impairment occurs.”
Figure 4.9 provides LDsq results for morbidity due to
beta lung dose. Respiratory-functional morbidity was
defined as having combinations of any three of the
following radiation-induced effects in the lung: (1) a
reduced volume, (2) an increased stiffness, (3) a non-
uniform gas distribution, or (4) a reduced alveolar-
capillary gas exchange efficiency. Again the agree-
ment is remarkable except for the one expert. Figure
4.10 shows the elicited 1.Ds, values for alpha lung
exposures. Little human data are available regarding
such exposures, and the uncertainties are quite broad.

Figure 4.11 shows the elicited values for the threshold
24-hr beta skin dose that would lead to acute ulcera-
tion for various fractions of exposed skin. As indi-
cated, the threshold is thought by most of the experts
to be insensitive to the fraction of skin exposed.
There is, however, disagreement as to the threshold
value. Figure 4.12 presents the elicited values of the
beta skin dose that would result in acute ulceration to
10, 50, and 90% of the exposed skin area. Figures
4.13 and 4.14 show the elicited values of the fraction
that would be expected to die given acute ulceration
to 50 and 90% of exposed skin, respectively. Three
subcases are shown corresponding to three levels of
clothing (20, 40, and 60% of skin exposed). As
shown, only two experts responded, so the composite
uncertainties are generally very wide. Only for 50%
ulceration in 20% of the skin is the fraction of deaths
expected less than 0.1 for both experts.

Figure 4.15a examines the effect of decreasing dose
rate during a 24-hr whole-body gamma exposure.
Two scenarios were elicited; both assume a high dose
rate followed by a lower dose rate. In the first case, a
10:1 decrease in dose rate is assumed. In the second
case, a 100:1 decrease in dose rate is assumed. The
results are generally consistent with those shown in
Figures 4.1 and 4.5. Figure 4.15b illustrates by age
group effects with minimal medical treatment for two-
step 7-day beta lung dose (14:1 relative dose rates).

Figures 4.16 and 4.17 present LDs, bone marrow
doses for the case of a 24-hr composite exposure in




which lung dose was assumed to be twice the red
marrow dose and various skin fractions received a
beta dose roughly 20 times the red marrow dose.
Figure 4.16 presents results for minimal medical
treatment, and Figure 4.17 presents results for sup-
portive medical treatment. (Figure 4.17a shows the
results with growth factors whereas Figure 4.17b shows
the results without growth factors.) Clearly the impact
of skin dose is to decrease the LDs, value, although
there is considerable uncertainty regarding the extent
of the reduction.

4.4 Summary of Aggregated Re-
sults

The 5, 50, and 95% values for the equal-weighted
aggregated distributions are presented along with the
individual assessments in Figures 4.1 through 4.17.
The 50th percentiles from the aggregated distribu-
tions are consistent with the individual assessments.
As expected, the 5 and 95% ranges of the aggregated
distributions tend to be wider than the corresponding
uncertainty bands of the individual elicited distribu-
tions. The aggregated distributions clearly show the
wider uncertainties associated with threshold, LD,
and LDgg values; the wider uncertainties associated
with effects induced at low dose rates; and the wide
uncertainties associated with effects attributable to
lung and skin doses.

It should be emphasized that in some cases the com-
posite distributions are based on input from only two
or three experts whose individual uncertainty bands
do not overlap. This is not a desirable outcome,
merely the best outcome that could be obtained from

the selected panel of experts. Such disagreements
may reflect two or more legitimate but conflicting
theories. They may also reflect the need for a particu-
lar kind of expertise that was not anticipated in the
original selection process. For example, the two to
three experts who responded to questions involving
beta skin doses often provided nonoverlapping distri-
butions. Although they disagreed on levels of dam-
age associated with beta skin burns, they agreed that
the expertise of burn specialists would be required in
order to resolve their differing opinions. In such
situations, one should carefully consult the individual
expert’s written rationales before applying the com-
posite distributions.

4.5 Comparison of Results from
Current Study with Code-
Calculated Results

Table 4.1 compares the elicited high-dose rate LDsg
values obtained by the present study with the LDs, val-
ues typically used in MACCS and COSYMA, which
are taken from NUREG/CR-4214, Rev. 2. As can be
seen, the LDs;y values at high dose rates approach the
D_ values from NUREG/CR-4214, Rev. 2.

For the hematopoietic and pulmonary syndromes, the
50% values of the equal weight distributions are within
10% of the corresponding central estimates from
NUREG/CR-4214 Rev. 2. For the gastrointestinal
syndrome, the corresponding difference is 30 or 50%,
depending on the reference point. In all cases the un-
certainty bands overlap; however, the equal-weight
bands tend to be more conservative in that they include
lower LDs values.

Table 4.1 Equal-weight aggregate of elicited percentiles of LDs, at 100 Gy/hr versus NUREG/CR-4214, Rev.
2 values assuming minimal medical treatment

Equal-weight aggregate of
elicited percentiles of LDsp D_ (Gy) from
(Gy) at 100 Gy/hr® NUREG/CR-4214 Rev.2
5% 50% 95% Lower Central Upper
Hematopoietic syndrome 2.0 3.3 5.5 2.5 3.0 3.5
Pulmonary syndrome 6.7 9.3 11.7 8 10 12
Gastrointestinal syndrome 5.7 9.6 17.2 10 15 20

* For hypothetical average EU/US population of all ages and sexes.
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Figure 4.7a. LDs, for gastrointestinal syndrome, supportive medical treatment, with growth factors.
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Figure 4.11. Threshold for acute ulceration from 24-hour beta skin dose.
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5. Summary and Conclusions

5.1 Project Accomplishments

In this project, teams supported by the NRC and EC
were able to work together successfully on a process
for developing and implementing uncertainty distribu-
tions on consequence code input variables. Staff on
both teams with diverse experience and expertise were
responsible for a creative and synergistic interplay of
ideas that would not have been possible in isolation.
Potential deficiencies in processes and methodologies
that might not have received sufficient attention in in-
dependent studies were identified and addressed. The
final product of this study was, therefore, enhanced by
this cooperation.

Distributions on early health effects parameters were
successfully elicited from distinguished experts. Ag-
gregated distributions, developed by combining the
individual elicited distributions, are now available.
The aggregated distributions represent state-of-the-art
knowledge in a form suitable for use in performing
consequence uncertainty analyses. The individual and
composite distributions are available on computer me-
dia and can be obtained from the project staff.

3.2 Uncertainty Included in Dis-
tributions

The distributions elicited from the experts concern
conceptually measurable quantities, conditional on the
case structures provided to the experts. The radiologi-
cal exposure pathways considered in the case structure
are ones that would arise in postulated accidents at
nuclear facilities. In order for the experts to quantify
parameters such as LDs; for specific early health ef-
fects, some scenarios had to emphasize the potential for
exposure by one pathway to the exclusion of others.

The experts were not directed to use any particular
modeling approach but were allowed to use whatever
data, models, tools, and perspectives they considered
appropriate for the problem. The elicited distributions
were developed by the experts from a variety of infor-
mation sources. The aggregated elicited distributions,
therefore, include variations that result from different
modeling approaches and perspectives.

Mathematical processing of the aggregated elicited
data was not necessary for the distributions of thresh-
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old, LDy, LDsg, and LDgg doses. Since the early health
effects models are implemented differently in
COSYMA and MACCS, other early health effects pa-
rameters such as Weibull shape parameters, will be
processed separately for COSYMA and MACCS ap-
plications.

5.3 Application of Distributions

The results of this project will allow the uncertainties
in early health effect parameters to be treated in a man-
ner consistent with the NUREG-1150 methodology.
The risk integration step in the NUREG-1150 meth-
odology (the step in which the uncertainty in all mod-
ules of the analyses was assessed) relied on Latin hy-
percube sampling (LHS) techniques. Distributions of
threshold, LD, LDsg, and LDy doses are available in
a form compatible with LHS and other sampling tech-
niques. The distributions obtained will, in principle,
allow the uncertainty analyst to perform consequence
uncertainty studies on any early health effects model.
However, different processing techniques may be re-
quired to modify the elicited distributions into distri-
butions that are compatible with different models. The
distributions obtained here will be utilized in both
COSYMA and MACCS uncertainty studies. In many
cases, a different approach will be needed for MACCS
than for COSYMA.

The methods of this project were also consistent with
the NUREG-1150 philosophy because all modeling
perspectives are included, and a consensus among the
experts was not required. Although this project fo-
cused on the development of distributions for MACCS
and COSYMA input variables, the elicited information
is not specific to a model. The development of distri-
butions over physically measurable parameters means
that the distributions may have applications beyond the
scope of the current project. The distributions also
provide insights regarding areas where current early
health effects models are deficient, and they can be a
useful guide for directing future research.

5.4 Conclusions

The goal of creating a library of uncertainty distribu-
tions for early health effects parameters was fulfilled.
Furthermore, in this exercise, formal expert judgment
elicitation has proven to be a valuable vehicle for syn-
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thesizing the best available information by a highly
qualified group.

With a thoughtfully designed elicitation approach that
addresses such issues as selection of elicitation vari-
ables, development of case structures, probability
training, communication between the experts and proj

NUREG-/CR-6545

ect staff, and documentation of the results and ration-
ale—followed by an appropriate application of the
elicited information—expert judgment elicitation can
play an important role. Indeed, it may be the best
method available for assembling the required informa-
tion when existing data are ambiguous, controversial,
inconclusive, or only partially relevant.
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