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PREFACE

Over the past two decades, scientists and public health policy professionals have
developed a process to assess the extent of risk to human health and the environment at
thousands of government and privately-owned contaminated sites throughout the country. Of
particular interest, the U.S. Environmental Protection Agency's (USEPA's) Comprehensive
Environmental Response, Compensation, and Liability Act (CERCLA, or "Superfund")
program requires an assessment of risk as one component in the remedial decision-making
process.

As the knowledge base for human health risk assessment increases, the USEPA is placing
continued effort on performing Agency risk assessments using the best science possible.
USEPA is currently in the process of developing guidance for preparing and reviewing risk
assessments based on the use of probabilistic techniques. A probabilistic risk assessment
would be selected for a site as part of a tiered approach that progresses from a simpler (e.g., a
screening level risk analysis), to a more quantitative (e.g., deterministic), and finally a more
complex (e.g., probabilistic) risk assessment as the risk management situation requires.

As the risk assessor progresses through the risk assessment tiers, uncertainty associated
with the risk assessment would be reduced, but the same level of health protection maintained.
The deterministic risk assessment expresses human health risks as single numerical values, or
"single-point" estimates of risk, and provides little information about the level of uncertainty
and variability surrounding the risk estimate. The deterministic estimates also rely on
reasonable maximum exposure (RME) assumptions to estimate a high-end risk descriptor. A
high-end risk descriptor is defined as one which characterizes risk to an individual at the
upper end of the risk distribution (i.e., the RME is the highest exposure that is reasonably
expected to occur at a site).

Advancing to the probabilistic technique will allow for a quantitative analysis of
uncertainty and variability and present the risk manager with ranges of risk instead of the
high-end, single-point risk estimate. By showing the distribution of health risk, a more
realistic picture of the actual risk posed to potential receptors will be provided. The key
benefits of probabilistic risk assessments are that they are more informative and provide more
relevant information upon which the risk manager can base decisions and identify more
cost-effective solutions.

The purpose of this document is to provide an introductory handbook for the Air Force
remedial project manager (RPM) for identifying the appropriate use of probabilistic
techniques for a site, and the methods by which probabilistic risk assessments can be
performed. Example calculations showing results of both deterministic and probabilistic risk
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assessments are provided for illustration. This handbook emphasizes the Monte Carlo
probabilistic method and the exposure assessment step of the risk assessment process.

This introductory handbook assumes that the Air Force RPM is somewhat familiar with
the basics of the risk assessment and risk management decision processes as implemented in
hazardous site remediations. This includes the techniques and methodology as provided in the
USEPA's "Risk Assessment Guidance for Superfund" (RAGS).

Numerous background documents and technical publications, including supplemental
guidance to RAGS, are available from the USEPA and other state or research organizations.
In addition to references cited in the text of this handbook, references for further reading are
listed in Appendix A. For questions or further information on the use of probabilistic risk
assessments, the RPM can also contact the following Air Force resources:

AF Surgeon General: Health Risk Assessment Branch
Det 1, HSC/OEMH

2402 E Drive

Brooks AFB, Texas 78235-5114

DSN 240-2063; (210)536-2063

FAX (210)536-1130/2315

AF Civil Engineering: Risk Assessment Consultants
HQ AFCEE/ERC

Building 532

3207 North Road

Brooks AFB, Texas 78235

DSN 240-5244; (210)536-5244

FAX (210)536-5989
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ABP
ARAR
ASTM
C-term
CDF
CERCLA
COPC
CSM
CSF
Ccv
DNA
ECDF
EDA
"HEAST
HI
HQ
IQR
IRIS
IRP
L/day
LHS
mg/kg

MCL
NAS
NCP
NCRP
OSWER
PDF
PID

ACRONYMS AND ABBREVIATIONS

4-Aminobiphenyl

Applicable or relevant and appropriate requirement
American Society for Testing and Materials
Concentration term

Cumulative distribution function

Comprehensive Environmental Response, Compensation, and Liability Act
Chemical of potential concern

Conceptual site model

Cancer slope factor

Coefficient of variation

Deoxyribonucleic acid

Empirical cumulative distribution function
Exploratory data analysis

Health Effects Assessment Summary Tables
Hazard index

Hazard quotient

Interquartile range

Integrated Risk Information System

Installation Restoration Program

liters per day

Latin hypercube sampling

milligrams per kilogram

milligrams per liter

Median absolute deviation

Maximum contaminant level

National Academy of Sciences

National Oil and Hazardous Substances Pollution Contingency Plan
National Council on Radiation Protection and Measures
Office of Solid Waste and Emergency Response
Probability density function

Photoionization detector
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Q-Q plot
RAGS
RBCA
RCRA
RiD
RFP
RME
RMSE
ROD
RPM
SOW
SQL
SRS
UCL
USEPA

Quantile-quantile (normal probability) plot

Risk Assessment Guidance for Superfund

Risk-based corrective action

Resource Conservation and Recovery Act

Reference dose

Request for proposal
Reasonable maximum exposure
Root mean square error

Record of Decision

Remedial project manager
Scope of work

Sample quantitation limit
Simple random sampling
Upper confidence limit

U.S. Environmental Protection Agency
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SECTION 1
INTRODUCTION

11  BACKGROUND

Most environmental remedial programs, including U.S. Environmental Protection
Agency's (USEPA's) Comprehensive Environmental Response, Compensation, and Liability
Act (CERCLA, or "Superfund”) and Resource Conservation and Recovery Act (RCRA)
programs, have a statutory mandate to protect human health and the environment. Initial
considerations for determining the potential for adverse effects may include comparisons of
site-detected concentrations of contaminants in different environmental media (e.g.,
groundwater, surface water, soil) to applicable or relevant and appropriate requirements
(ARARs), such as maximum contaminant levels (MCLs) for chemicals detected in
groundwater. Comparisons to background levels, represented by samples taken from media
unaffected by waste management or industrial activities, may also be initially evaluated to
determine possible environmental impact from site-related contaminants.

In recent years, the development and use of refined risk-based remedial action levels has
gained substantial support among environmental regulators, responsible parties, and the
public. These refined remediation levels are based on an assessment of risk to human and
ecological receptors where, if it is determined that an unacceptable risk is present for a
particular receptor, remedial cleanup levels or other remedial options (e.g., institutional
controls such as capping or fencing) are developed to mitigate the risk. These levels may
consider criteria and factors relating to the potential for exposure, uncertainty in the risk
assessment, as well as technical feasibility of cleanup. At many sites, a combination of
strategies (e.g., background levels, ARARSs, risk-based levels, and institutional controls) may
be used to develop an acceptable remedial strategy.

The use of risk assessment as a tool in remedial decision-making has been a key
component of the Air Force's environmental Installation Restoration Program (IRP) since the
program's inception in 1984. Air Force risk assessments have generally followed the lead of
the Federal Superfund Program and have relied on that Program's guidance, protocols, and
policies.

As the science of human health risk assessment advances, and methodologies, policies,
and guidance evolve, the Air Force is committed to staying current with these developments,
and to remaining a leader in the application of new tools that can enhance the cost-effective
mitigation of risks associated with hazardous waste sites. This commitment includes an
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assurance that remedial project managers (RPMs) have at their disposal the full range of state-
of-the-art tools to support the decision-making process as it affects site restoration at Air
Force facilities. A tiered approach, starting with a risk-based screening comparison, and
advancing to a quantitative deterministic risk assessment, followed by a probabilistic risk
assessment, as necessary, is essential to managing Air Force resources. For certain sites, the
use of probabilistic techniques can provide relevant information to support more cost-effective
risk management decisions.

12 PURPOSE AND SCOPE

This introductory handbook has been developed to illustrate the importance and
usefulness of probabilistic approaches in estimating potential human health risks. The
probabilistic techniques are discussed for use as part of a higher stage of a tiered approach in
the evaluation of potential health risk associated with contaminants at a site. The probabilistic
analysis would follow the more simplistic, yet health-protective, screening and/or quantitative
deterministic risk assessment steps. This handbook has been developed for the Air Force
RPM to help identify the appropriate need for such an analysis. It is also intended for use by
the Bioenvironmental Engineer who provides risk assessment expertise in support of the Air
Force RPM.

This document, which focuses on human health risk assessment rather than ecological
risk assessment, reviews the most commonly used probabilistic methods. In particular, Monte
Carlo simulation techniques are presented. The key feature of probabilistic methodologies —
quantitatively assessing uncertainty and variability — is reviewed with emphasis on how such
analyses can affect and enhance the results of the risk assessment. In addition, the advantages,
disadvantages, and practical applications of using such statistical methods in risk-based
decision-making is discussed.

More specifically, the primary objectives of this handbook are to:

o Describe a tiered approach in the evaluation of potential human health risk associated
with contaminants at a site, and identify when and how probabilistic risk assessments
can be performed using this approach;

e Summarize the current state of the science, including a description of deterministic
and probabilistic risk assessment approaches, and how to decide which is the most
appropriate tool to use;

o Summarize sources of uncertainty and variability in estimating human health risks
and outline methods to quantify and distinguish between the two, with emphasis on
the exposure assessment step of the risk assessment process;

o Illustrate the types of information that can be generated to support more rational,
cost-effective risk management decisions, remedial designs, and remedial actions;




Air Force Technical Report on Methods to
Section 1 Quantify Uncertainty in Human Health
Introduction Risk Assessment (Draft Final)

o Show how these more advanced tools complement the tiered risk-based corrective
action (RBCA) methodologies; and

» Supplement forthcoming Air Force risk assessment guidance on state-of-the-art risk
assessment techniques.

In addition, the difference between risk assessment and risk management is reviewed.
Emphasis is placed on how risk managers (i.e., the Air Force RPMs) can use the results of
quantitative uncertainty and variability analysis in risk-based decision-making.

1.3 TIERED APPROACH

The tiered approach to risk assessment commonly uses two main levels for evaluating the
potential health risk associated with contaminants at a site, the first level (Tier 1) involving a
screening comparison of chemical-specific site concentrations to risk-based concentrations,
and the second level (Tier 2) involving a quantitative deterministic risk assessment. At the
present time, deterministic risk assessments are most commonly used at hazardous waste sites
to estimate potential health risks and establish cleanup standards. The deterministic method is
generally based on use of high-end point values as input factors (i.e., variables) in the risk
assessment calculations (e.g., exposure, intake, and toxicity factors used in the equations),
thereby providing reasonable maximum estimates of potential risk. The third level to the
tiered approach, a probabilistic analysis, takes into account the uncertainty and variability
associated with these input factors.

Specifically, probabilistic risk assessment methodologies use distributions as inputs into
the risk assessment equations, rather than just high-end point values as used in the determinis-
tic risk assessment. An appropriate statistical technique is then applied (e.g., Monte Carlo
simulation) and a distribution of risk (rather than a high-end point estimate) is calculated.
Using this approach, a quantitative analysis of uncertainty and variability is provided. (For
example, variations in the receptor population's actual exposure patterns are accounted for
quantitatively.)

By showing the distribution of health risk, results of the probabilistic risk assessment
provide a more realistic picture of the actual risk posed to potential receptor populations. The
key benefits of probabilistic risk assessments are that they are more informative and provide
more relevant information upon which the RPMs can base their risk management decisions.

1.3.1  Variability vs. Uncertainty

In addition to providing a single-point value risk estimate for a hypothetical, maximum-
exposed individual (deterministic risk assessment), estimates may need to be prepared to
better inform decision-makers about the realistic nature of the risk. As noted above, one way
to do this is to perform a quantitative analysis of the uncertainty and variability of the risk for
the population of exposed individuals. Throughout this handbook, such a quantitative
analysis will simply be referred to as a "quantitative uncertainty analysis" since uncertainty
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and variability are often both referred to as "uncertainty" (albeit different forms of uncertainty
as discussed below).

The term variability represents true heterogeneity in characteristics within a population.
Variability cannot be reduced by taking more samples. Uncertainty, on the other hand, means
a lack of knowledge about characteristics within a population and may be reduced with
additional study. For example, in residential exposure to contaminated drinking water,
USEPA's deterministic method has historically assumed that an individual resident drinks
2 liters of water per day (2 L/day), based on total water intake. However, water intake rates
vary from person to person, and taking more measurements is not going to change that fact.
In other words, the individuals in the population exhibit variability in their water intake rates
and this variability is not reducible through additional measurement.

It should be noted that when measuring a variable range, the measurements may not
always be sufficient. Two common reasons are (1) use of an inaccurate measuring device,
and (2) inconsistent use of a measuring device. Thus, the result could be a measured range of
water intake rates that is uncertain. Unlike variability, the uncertainty about the water intake
range can be reduced if a more accurate measuring tool is used or if consistent and correct
techniques are practiced. Thus, unlike variability, it is possible to reduce uncertainty by
taking more measurements.

It is important to understand that while probabilistic risk assessment allows for a
quantitative analysis of uncertainty and variability, this issue is not entirely ignored in the
current USEPA deterministic process. The deterministic paradigm has always provided for an
evaluation of the potential variabilities and uncertainties inherent in any estimate of health
risk.! These uncertainty evaluations are generally qualitative in nature.

Such qualitative evaluations of uncertainty and variability are important for all risk
assessments, including probabilistic. These evaluations, usually based on inherent uncertain-
ties associated with the risk assessment process and best professional judgment of the analyst,
may not have a tangible, quantifiable basis. Generally, these evaluations include qualifying
statements about potential sources of uncertainty and/or variability in the measured data or in
the assumptions used to estimate potential exposure and risk. For example, the risk assessor
might point out, without quantifying the statements, that potential human exposures could
deviate from those used in the risk assessment equations through differences in exposure
frequencies, contact rates, absorption efficiencies, exposure durations, body weight, and life
span, and how each of these factors has a degree of uncertainty associated with it which could
over- or underestimate risk.

1.3.2  Selecting a Risk Assessment Tier

The inclusion of a quantitative uncertainty analysis in the risk evaluation process
typically will increase the complexity of the assessment. In many cases, the degree to which
uncertainty and variability are quantitatively addressed will depend largely on the scope of the
assessment and the resources available.> As such, the RPM should view probabilistic risk
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assessment as one of a set of appropriate tools in which the relevance and usefulness will
depend on a number of factors. Most hazardous site risk assessments do not begin with the
complicated, resource-intensive probabilistic assessment. A number of more simple, yet
conservative screening and/or quantitative steps are relied upon initially to evaluate whether
an unacceptable risk potentially exists. The initial step (Tier 1) may include a screening risk
analysis involving comparisons of site contaminant concentrations to risk-based screening
levels of concermn (maximum detected concentrations and/or statistically representative
concentrations of the contaminants are compared to generic and/or site-specific screening
levels). The second step (Tier 2) may include a quantitative deterministic risk assessment.
Only at that point, if the situation warrants further analysis, would the RPM consider a more
complex evaluation using advanced techniques. This third step (Tier 3) may include a
probabilistic risk assessment.

Such a tiered approach is helpful in prioritizing and managing risk. Also to be considered
are the costs associated with the effort. Figure 1.1 illustrates the hypothetical relationship
between protectiveness, uncertainty, and cost for each of the risk assessment tiers. As the risk
assessor progresses through the risk assessment tiers, uncertainty associated with the risk
assessment is reduced, but the same level of health protection is maintained. As the
uncertainty is decreased, it is likely that the remediation costs required to maintain the same
level of health protection would be reduced.

An example of how the tiered approach can reduce the area of remediation by reducing
the uncertainty associated with the risk assessment is shown on Figure 1.2. A risk assessment
attempts to calculate the unknown true risk associated with a site. However, due to the
uncertainty inherent in the risk assessment, the estimated risk, to be protective of health, is
chosen to be at the highest end of the risk range. Using the tiered approach, the uncertainty
can be reduced and the unknown true risk can be more accurately represented by the estimated
risk. Uncertainty analysis can change the number of contaminants which may require
remediation, change the media to be remediated, refine the area to be remediated, help
determine the method of remediation, or otherwise affect the cost of the remediation.
(Reduction in the size of an area to be cleaned up to reach an acceptable risk level is provided
as an example in Figure 1.2.)

The total cost of a project should be viewed as the sum of the cost of the risk assessment
and the potential cost of the remediation. The RPM should choose a risk assessment tier
which will result in the lowest total project cost. Therefore, a forward-looking consideration
of the required remediation should be included in the determination of the risk assessment tier
to be performed. In some cases, the progression to a higher risk assessment tier (e.g., from a
Tier 2 deterministic risk assessment to a Tier 3 probabilistic risk assessment) may not be
justified, because the cost of the remediation effort will not be reduced to a level that would
justify the increased cost.




Air Force Technical Report on Methods to
Section 1 Quantify Uncertainty in Human Health
Introduction Risk Assessment (Draft Final)

THIS PAGE INTENTIONALLY LEFT BLANK

i-6



Relative Level of Protectiveness, Uncertainty, and Cost

High ~

Low—

I
=

N
N\

Figure 1.1
HYPOTHETICAL RELATIONSHIP BETWEEN PROTECTIVENESS,
UNCERTAINTY, AND COST BY RISK ASSESSMENT TIER

]
/|
Y
%
]
%
7
Y
%
/| % ”)
%
/
Y
/ 7/ ¢
/] /
2
L 4 /
Vi
& -
/ = =
Tier 1 Tier 2 Tier 3
Screening Deterministic Probabilistic
Risk Analysis Risk Assessment Risk Assessment

Health Protective Regulatory Risk Goal (e.g., 1 x 10* cancer risk level)
Level of Uncertainty
Cost of Risk Assessment/Uncertainty Analysis

Potential Cost of Remediation

1-7




Air Force Technical Report on Methods to
Section 1 Quantify Uncertainty in Human Health
Introduction Risk Assessment (Draft Final)

THIS PAGE INTENTIONALLY LEFT BLANK

1-8



Figure 1.2
EXAMPLE OF TIERED APPROACH FOR REDUCING AREA OF CLEANUP *
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The costs associated with a probabilistic risk assessment may include additional early
scoping and regulatory negotiation, collection of sufficient data, increased data manipulation
and discussion requirements, enhanced graphics, possibly longer review times, and refined
risk communication approaches. These costs and other planning requirements may be
appropriate if it will allow the RPM to justify a more limited, cost-effective remedy/solution.
For example, only in the probabilistic paradigm can sensitivity analysis be used to identify the
input variables that are most responsible for the shape and form of the risk distribution output.
Once the most sensitive variables are identified, the risk manager can decide whether the cost
of collecting additional data to reduce uncertainty in those variables outweighs the potential
extra remediation costs if such data are not collected. Under the deterministic paradigm, such
a potential cost saving alternative is not available.

As a rule of thumb, quantitative uncertainty analysis is generally most appropriate when:

o Screening-level assessments and deterministic risk assessments indicate a potentially
unacceptable problem;

o Remediation options under consideration may result in high costs; or

e It is necessary to establish the relative importance of site-related contaminants and
exposure pathways in the risk estimates.

Another "cost" of using the probabilistic tool is that it may be viewed by regulators and
the public as a method to delay action or confuse stakeholders since the results of the
assessment are generally more complicated to interpret and use as a decision-making tool. If
the probabilistic route is taken, RPMs will need to be especially aware of these issues and take
more time to educate stakeholders.* It is also worth restating that by deciding not to use the
probabilistic approach, decisions based on more simplified techniques could result in the
implementation of a remedial solution beyond the level required for adequate protection of
human health.

1.3.3 Emerging Perspectives

In recent years, USEPA has acknowledged the need to incorporate quantitative
uncertainty analysis into estimates of potential health risks.****!*!!Quantitative uncertainty
analysis is now being recognized by USEPA as a useful approach to improving the
decision-making process. The USEPA's Risk Assessment Forum recently approved a new
agency policy on conducting human health risk assessments that incorporates a quantitative
analysis of uncertainty and variability."’

The Risk Assessment Forum's endorsement of the use of Monte Carlo analysis should
prompt all USEPA Regions to reevaluate the applicability of probabilistic risk assessment
methods in remedial programs. Several USEPA Regional offices have also published
guidance on the use of methods to quantify uncertainty and variability.'>” These regional
policies allow for the preparation of a probabilistic assessment to be used in conjunction with
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a deterministic assessment; generally, however, the results of the deterministic assessment are
currently recommended for remedial decision-making.

1.4 DOCUMENT ORGANIZATION

This document is organized as follows. Section 1 provides an introduction to the
handbook, giving an overview of the objectives and a brief discussion on the use of a tiered
approach for estimating the potential risk or hazard associated with contaminants at a site.

Section 2 presents a brief review of basic risk assessment principles and current
regulatory perspectives for performing a probabilistic risk assessment. Understanding
regulatory perspectives is important when determining whether to pursue a quantitative
uncertainty analysis. As regulatory expectations for risk assessment change, Air Force RPMs
will need to decide when it may be appropriate to prepare risk information for planning
purposes that reflects uncertainty and variability.

Section 3 focuses on uncertainty and variability in estimating human health risks. This
section reviews the primary sources of uncertainty and variability that should be considered,
with particular emphasis on the exposure assessment step in the risk assessment process.
Section 3 also reviews some of the principal published sources of exposure information that
may be relevant when incorporating uncertainty and variability into human health risk
assessments.

Fundamental methods that RPMs, statisticians, and risk analysts may need in anticipation
of a quantitative uncertainty analysis are introduced in Section4. A familiarity with this
information will be valuable when writing requests for proposals (RFPs) and scopes of work
(SOWs) and when providing technical direction. Section 4 of this handbook also reviews
how probabilistic analysis is conducted, with emphasis on completing a Monte Carlo
evaluation as part of a human health risk assessment.

Section 5 presents a simple example of using probabilistic techniques to estimate risk.
The output of this evaluation is compared to that obtained from a deterministic approach in
which uncertainty and variability are not quantitatively considered. Recommendations on
how best to assemble this information for review by all types of stakeholders (e.g., regulators
and the public) are provided.

Section 6 concludes with a basic overview of how RPMs can incorporate probabilistic
risk estimates into the decision-making process. Recommendations on early scoping and
planning considerations, obtaining regulatory consensus, and facilitating effective communi-
cation of more detailed risk information are provided.

Several appendices are also provided in this handbook. Appendix A provides a list of
references for further reading; Appendix B provides a glossary of common risk assessment
terms; and Appendix C provides copies of four USEPA reference documents, including an
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example of Monte Carlo simulation to supplement the example given in Section 5 of the
handbook.
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SECTION 2
RISK ASSESSMENT APPROACHES

This section provides a basic overview of deterministic and probabilistic techniques in
estimating human health risk. Included in this discussion is a review of the principles upon
which most risk assessments are based, including the points at which different methodologies
diverge. Also included is a historical perspective of the evolution of the risk assessment
process.

2.1 OVERVIEW OF RISK ASSESSMENT

Based in part on recommendations made by the National Academy of Sciences (NAS) in
1983, scientists and public health policy professionals have developed a process to assess the
extent of risk to human health at hazardous sites including the Federal Superfund and other
remedial oriented programs (e.g., RCRA Corrective Action Program).? The risk assessment
process, as used by USEPA in these programs, is based on scientific information and public
health policy considerations, and is intended to promote the development of risk assessments
that are technically consistent and protective of human health. The USEPA has qualified the
risk assessment process by stating that it (1) is not exact and continues to evolve as more
information is gathered about the effects of various chemicals (man-made and/or naturally
occurring),” and (2) was developed to "produce protective, rather than best, estimates of
risk."3’4

The primary risk assessment methodology traditionally used and required by USEPA for
decision-making purposes is called deferministic or single-point evaluation of risk. Such risk
assessments are predicated on reasonable maximum exposure (RME), or "high-end" assump-
tions and criteria which are used as input factors in the risk calculations. USEPA has required
development of RME input values to facilitate standardized and conservative (high-end)
assessments for risk-based remedial decision-making. This methodology was clearly
described in 1989 with the advent of the Superfund risk assessment process and the
publication of USEPA's "Risk Assessment Guidance for Superfund" (RAGS).

Since then, however, two important USEPA risk assessment guidance documents have
placed additional emphasis on principles that promote, in addition to the RME single-point
estimates, other descriptors of risk (e.g., exposure and dose information, such as how many
cases of a particular effect might be probabilistically estimated in a population during a
specific time period, or what percentage of the population is above a certain exposure, dose, or
risk level).>* Another related principle adopted by the USEPA‘ (and based on NAS!
recommendations) requires that risk assessment be free of any subjective input-variable
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manipulation or bias aimed at ensuring one particular outcome or result versus another. These
three key principles are summarized below:

o Key scientific data and methods and their uncertainties should be identified in the risk
characterization, and a statement of confidence should be included that identifies all
major uncertainties along with comment on their influence on the assessment;

e Information on the range of exposures derived from exposure scenarios and on the use
of multiple risk descriptors should be presented; and

e Risk assessment information must be clearly presented separate from any non-
scientific risk management considerations.

Because single-point (deterministic) risk assessments focus on the high-end estimate at
the upper end of an exposure and dose distribution and not the range of possible outcomes,
they do not quantitatively address or incorporate exposure and dose descriptors into the risk
assessment process. Specifically, deterministic methods provide little information about
uncertainty and variability surrounding the estimated high-end risks.®> It has been common
practice to use such "high-end" risk values without the benefit of a more realistic picture of
the true nature of risk (i.e., risk as a range of possible outcomes). Even if the high-end
exposure scenario is chosen as the decision-making endpoint, it is advantageous to compare
the single-point value to other estimates of risk. The high-end of the distribution in the
deterministic risk assessment conceptually means above the 90th percentile of the population
distribution. The probabilistic analysis could be used to provide additional information on the
percentage of the population above a particular exposure, dose, or risk level.

Prohibiting subjectivity in the risk assessment and separating risk assessment information
from risk management information is often difficult. Risk assessors may use varying assump-
tions regarding analytical data, exposure scenarios, or toxicity-related information. Although
these assumptions are based on scientific literature and use best professional judgement,
differences in the selection of assumptions and input variables may result in very different
characterizations of risk. Risk managers, on the other hand, should take the information
provided by the risk assessment and subsequently ask "What is the best plan or course of
action for dealing with the risks?" In making such decisions, the risk manager will have to
factor in not only scientific, but economic, social, political, and other considerations.

It should be noted that, even though the goal is to separate risk assessment from risk
management, in the real world the two often overlap. For example, it is often the case that
risk estimates exceed USEPA’ acceptable risk levels (e.g., an estimated cancer risk greater
than 1x10™%). Evaluation of the same site by a different risk assessor using different
assumptions and input factors, however, might result in an estimate of risk that is within
acceptable bounds. This is especially true if the uncertainty and variability inherent in the
estimates are relatively high. Thus, a risk assessor can introduce a certain amount of risk
management into the process via the subjective selection of various risk assessment
assumptions and input factors.>* One solution to this problem is to provide risk managers
with more information such as a range of possible risk outcomes, along with information
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relating to the probability of each outcome occurring and the limitations of the estimates.
This lessens the opportunities for risk assessors to act as risk managers, whether on purpose or
not.

2.2 RISK ASSESSMENT BASICS

Given the three principles described above as a backdrop, this section provides a brief
summary of current USEPA risk assessment components, and discusses USEPA-required
deterministic and supplemental probabilistic risk assessment methodologies, highlighting
some advantages and disadvantages with respect to the evaluation of variability and
uncertainty. These comparisons are intended to show how risk assessment conclusions and
recommendations from the two approaches can be used by Air Force RPMs to the fullest
extent possible in the decision-making process. (It should be noted that risk assessment
should be treated as a tool, not as an end in itself as has often been the case in the past.
Limited resources should be focused on generating information that helps risk managers
choose the best possible course of action among the available options.)®

The term "risk assessment" is defined as the objective process by which scientific data are
analyzed to describe the form, dimension, and characteristics of risk (i.e., the likelihood of
harm to humans or the environment)."® It is primarily a scientific effort in which data from
toxicology, epidemiology, and exposure studies are used to estimate the nature and probability
of risk at a given site.

Risk assessment estimates the magnitude of the risk, but makes no judgment concerning
the applicability of that risk. In other words, risk assessments cannot determine whether
adverse health effects have actually occurred or will occur in the future. Risk assessments
also cannot identify particular individuals likely to suffer health problems because of contami-
nation at a site.> Risk assessment is most useful when those who rely on it to inform the risk
management process understand its nature and limitations and can successfully explain those
concepts to the risk manager.

Risk assessment and risk management are closely related but, as discussed above, are
theoretically discrete processes —one supposedly objective (risk assessment), and the other
more subjective (risk management). Specifically, risk management is the process by which
decisions are made using all available information (including, but not limited to, the results
and recommendations of the risk assessment).>*

Put another way, risk management is primarily a policy-making process in which govern-
ment officials and the public use the risk assessment as the foundation for making a value
judgment about whether the risks are acceptable and, if not, how to manage and reduce such
risks. Risk management takes the process from the realm of objective science into the realm
of subjective policy, cost-benefit analysis, and value judgment. USEPA has described risk
assessment as asking the question "How risky is this situation" while risk management
subsequently asks "What shall we do about it?"
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As shown on Figure 2.1, human health risk assessment is defined as consisting of four
subdisciplines or fields of analysis:"’

1) Data collection and evaluation to identify chemicals of potential concern (COPCs);
2) Toxicity assessment;
3) Exposure assessment; and

4) Risk characterization.

It should be noted that each of these four steps are performed in both deterministic and
probabilistic methodologies. Differences arise due to the form the data take (e.g., single
high-end point values versus distributions of values), the way the data are handled
statistically, and the way the outputs are evaluated. The components of these four steps of the
risk assessment process are described below.

Data collection and evaluation is the initial process of evaluating historic uses and
potential releases of chemicals at a site and collecting and analyzing samples of environmental
media (and in some instances, biological samples) to determine concentrations present in
media of concern. The collected data are then evaluated to identify chemicals that may be of
potential concern (i.e., the COPCs). A conservative risk-based screening method is often
initially applied to the data to develop the list of COPCs (i.e.,to reduce the number of
chemicals to a subset that is likely to be of most concern). Of all chemicals detected, the
COPCs are generally the only chemicals that are carried through the remaining steps of the
risk assessment.’

Toxicity assessment requires an identification of the adverse effects associated with
exposure to a specific chemical and the development of toxicity factors to describe the
relationship between the dose of chemical an organism receives and the expected response.
Such toxicity data and factors are based both on epidemiological studies of actual human
exposures and on experimental animal studies.> The adverse health effects identified are
classified as either a carcinogenic response or a noncarcinogenic response. Some chemicals
cause both type of effects.

Generally, toxicity factors are obtained from USEPA's Integrated Risk Information
System (IRIS) or Health Effects Assessment Summary Tables (HEAST). These references
are useful resources for point estimates of toxicity factors. However, these references do not
provide a complete list of chemicals, only a limited subset for which there are sufficient data
to calculate a toxicity factor. Therefore, there are a large number of compounds for which risk
is generally not evaluated, since there is not enough information to derive toxicity factors.
Additionally, there is considerable uncertainty associated with the toxicity factors based on
the study methodology, interspecies extrapolation (animal to human), and intraspecies
extrapolation (sensitive subpopulations). While uncertainty in toxicity factors is present,
point estimates are generally used because of their widespread acceptance among regulatory
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agencies. Toxicity assessment is constantly evolving, with toxicity factors for additional
compounds being derived, and existing toxicity factors being changed. To perform the risk
assessment, the RPM should verify that the appropriate toxicity factors are being used.

Exposure assessments are performed to estimate the type and magnitude of receptor
exposure to the chemicals detected at a site. The exposure assessment answers questions such
as: "Under what scenarios are people exposed, how often, by what pathways, and to what
concentrations?" Other relevant factors addressed in the exposure assessment include the
physical characteristics of the receptor populations, such as body weights and age structure,
and contaminant fate and transport. A conceptual site model (CSM), in the form of a table or
figure, is generally developed to show the results of the exposure assessment. The CSM may
include identification of the contamination sources, affected media, release mechanisms,
migration pathways, exposure routes, potential receptors, land-use assumptions, potential for
exposure, and whether or not an exposure pathway is potentially complete.

The USEPA considers exposure to sensitive subgroups of populations as applicable in the
risk assessment Superfund program and has been estimating individual risk corresponding to
the RME." RAGS?’ defines the RME as the highest exposure that is reasonably expected to
occur at a site and in practice is estimated by combining 90th and 95th percentile values for
some but not all exposure variables. Additionally, to promote consistency in the evaluation of
RME when site-specific data are missing, the USEPA has released supplemental guidance
describing standard default exposure factors for use in quantitative risk assessments.!®!! The
standard default values presented in these documents provide a description of the high-end
portion (the RME) of the exposure distribution. Using these standard exposure values
provides an estimate of exposures in the upper range of the distribution. Conceptually, this
would be above the 90th percentile of the population distribution, but not higher than an
individual who may potentially have the highest exposure.

Generally, the risk assessment considers currently exposed populations and populations
that may be present under reasonably anticipated future uses of the site. For example, an Air
Force base may currently have a worker population, but if closed and converted to residential
land use in the future, other exposures, such as childhood exposures, may become relevant.

The combination of data collection/evaluation and the exposure evaluation provides an
understanding of who is exposed to which hazardous chemicals and what doses those recep-
tors are estimated to receive (e.g., how often they are exposed, how the exposures occur, and
the chemical concentrations to which they are exposed). At this point in the risk assessment
process, no conclusions, either qualitative or quantitative, have yet been made regarding the
potential risk to the receptors.

Risk characterization, the last step of the risk assessment, combines the dose estimate
results from the exposure assessment with information developed in the toxicity assessment to
make quantitative statements about risk.> Typically, the end result of the risk characterization
(both deterministic and probabilistic) is a set of chemical-specific numerical risk estimates.
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In the deterministic paradigm, these quantitative estimates are presented as cumulative
cancer risk estimates for a receptor (e.g., cancer risk of 1x10'5) and cumulative hazard
quotients (termed a "hazard index" or HI). The values derived are generally compared to
"acceptable" levels of risk (a range of usually 1x10* to 1x10° for carcinogens, and an HI of
1.0 for noncarcinogens.) Because the deterministic values represent the RME individual, the
deterministic estimates of risk are generally high-end risk descriptors.

The probabilistic paradigm, on the other hand, can evaluate a population in a variety of
ways (rather than focusing on one highly exposed individual). For example, a population of
workers at an Air Force base might be considered together. The exposure descriptors
(e.g., inhalation rate, body weight, exposure duration) might be described by realistic ranges
rather than high-end point values. The output of the probabilistic analysis is a distribution of
risk for the entire worker population. This technique presents a clearer picture of the
uncertainty and variability in the risk estimates and how that impacts the potential risk posed
to facility workers.

In addition to making quantitative statements about the level of risk present, the risk
characterization also identifies the limitations of the information collected in preceding steps
and makes statements about uncertainty and variability in the risk estimates.'> In the case of
deterministic risk assessment, this takes the form of a qualitative discussion of uncertainty and
variability and how these factors may cause the risk estimate to be over- or underestimated.
In probabilistic methodologies, more quantitative evaluations of these two characteristics can
be made. A basic understanding of uncertainty and variability inherent in risk estimations can
help clarify assumptions and limitations. Consequently, Air Force RPMs may be able to
make more informed remedial decisions utilizing this information.

2.3 DETERMINISTIC RISK ASSESSMENTS

As noted above, deterministic methods are generally used to produce RME single-point
risk estimates. This method is currently recognized as the standard approach for quantifying
risks to human health. This approach is consistent with the National Oil and Hazardous
Substances Pollution Contingency Plan (NCP), which requires that RME scenarios be used
"in the remedial decision in evaluating what is necessary to achieve protection against risk to
human health."*"

2.3.1 Advantages

There are several advantages to using a deterministic risk assessment approach. The
deterministic approach:

o Uses relative straightforward calculations;

o Is the most widely-accepted and standard approach used by regulators and responsible
parties;
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» Provides an estimate of potential risk that may potentially occur to a small but
definable high-end segment of the receptor population;

 Is useful for determining that a site or an exposure scenario at a site is not of concern;

 Provides a level of consistency for comparability between risk assessments (e.g., to
prioritize response actions at Air Force facility sites based on potential relative risk);
and

e Iseasier to explain and understand (i.e., facilitates risk communication).

23.2 Disadvantages

There are also several disadvantages associated with the deterministic risk assessment
approach. Some disadvantages are that the approach:

 Often results in estimates of risk that are biased high relative to the mean values of the
uncertainties they represent;

e May portray a false degree of precision of the risk assessment process — "a single-
point value is the actual risk;"

e May place the risk assessor in an inappropriate risk management role (i.e., different
assumptions can result in different estimates of risk depending on interpretation and
use of appropriate input values);?

» Provides little or no information to decision-makers regarding the distribution of
possible risks, the magnitude of underlying uncertainties, or any quantitative
indication of the key sources of uncertainty; and

* May result in unreasonable cleanup goals beyond what is necessary to protect human
health, and which may not be technologically attainable or cost-effective, thereby
reducing the amount of funding available for other risk reducing opportunities.'*!

24  PROBABILISTIC RISK ASSESSMENTS

In order to assess the full range of risk possibilities, Air Force RPMs can utilize
probabilistic statistical analyses to develop a more realistic picture of risk posed to an exposed
population. The most frequently used and perhaps best understood of the tools used to
perform this statistical analysis is called Monte Carlo analysis and is generally run with the
aid of software developed for this purpose. Probabilistic statistical techniques allow risk
estimation to incorporate most of the potential exposure and dose scenarios rather than those
associated with upper-end, conservative assumptions only.**

As used in probabilistic risk analysis, Monte Carlo simulation is a statistical technique by
which a risk equation is solved numerous times (perhaps tens of thousands of iterations). The
inputs to the risk equation, rather than conservative point values, are some combination of
point values and distribution functions that more clearly define the variability and/or
uncertainty associated with the variable. Each calculated risk estimate has an associated

29
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likelihood of occurrence. The multiple results, when plotted graphically, represent a
cumulative frequency that is useful in understanding the probability of hypothetical outcomes.
This technique will be discussed more fully in Chapter 4.

In contrast to the deterministic analysis, probabilistic risk assessments use statistical
simulation techniques to generate probability distributions of risks. This provides not only
more information, but higher quality data to risk managers and the public than that provided
by standard point estimates. Probabilistic risk assessments provide an explicit, quantifiable
characterization of risk and uncertainty.'®

A probabilistic risk assessment is a valuable tool for quantifying uncertainty because:

o The risk equation is solved numerous times to generate a range of possible answers
(see Section 4);

 Each calculated risk value has an associated probability of occurrence; and

« The output of the analysis reflects the full distribution of the potential risk, not just
the high-end, single-point estimate.

24.1 Overview of Probabilistic Risk Assessments

The basic goal of a probabilistic risk assessment is to conduct the assessment of exposure
or risk in a "realistic manner" for a given assessment endpoint by accounting for all of the
available information and the lack of knowledge. The realism is introduced through the
language of probability — the probability of occurrence of an event in light of what is known
and not known. Quantitative characterization of uncertainty and variability are tools to
accomplish the goal.

Some general conditions where probabilistic methods are most appropriate for a site
include the following:

o When it is necessary or desirable to characterize uncertainty and variability in the
estimates of risk (i.e., whenever a more detailed, realistic risk estimate is needed);

e When results of more simplistic risk assessment methods (e.g., a tiered approach,
such as a risk-based screening comparison and a deterministic single-point risk
analysis) show that the potential risk from exposure at the site is above risk levels of

17
concern.

« When distributions of values are available or can be estimated for any type of variable
used to develop the risk estimate;'* and

e When the cost of regulatory or remedial action is high and the potential health risk
associated with exposure is expected to be marginal.

There are two primary types of probabilistic risk assessments. The first, and most
common, is based on the assumption that certain parameters used to evaluate exposure or risk
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can vary in a population, but are constant over time. In this type of analysis, the distribution
of risks in a population based on that variability is estimated. The second type of probabilistic
risk assessment is based on the assumption that certain parameters used to evaluate exposure
or risk vary in a population and over time. This type of analysis is more complex, resulting in
an estimate of the distribution of risks for a population based on a lifetime exposure
assessment for thousands of individuals. Both probabilistic methods are more detailed and
require more training and expertise than deterministic methods. This handbook addresses the
first, most common type of probabilistic risk assessment.

In addition to the discussions in this handbook, the following USEPA references should
be used for further direction on risk assessment, and perspective on the use of probabilistic
methods for assessing uncertainty and variability:

o The 1989 Superfund Risk Assessment Guidance,’

e The 1992 Guidance on Risk Characterization for Risk Managers and Risk Assessors,*
o The 1992 Exposure Assessment Guidelines,’ and

o The 1995 Policy for Risk Characterization.'®

2.4.2 Role of Probabilistic Risk Assessments

Probabilistic methods are very powerful and can be used for multiple applications, such
as human health exposure assessments and risk characterizations (the focus of this handbook),
ecological risk assessments, and pharmacokinetic models (the study and modeling of the
disposition of chemicals in the body). Thus, a quantitative approach to uncertainty analysis
can help decision-makers address many types of questions in a more robust way.

Probabilistic methods, such as Monte Carlo analysis, are viable statistical tools for
probabilistic risk assessment.'® There are also numerous other probabilistic techniques
available for the Air Force RPM to choose from, including (1) analytic techniques such as
variance propagation models, (2) response surface modeling, and (3) differential analysis. As
previously stated, this handbook focuses on the Monte Carlo technique because it is one of the
most commonly used and easily understood probabilistic methods.

24.3 Emerging Regulatory Notice of Probabilistic Approaches

The USEPA is placing continued effort in the process of developing guidance covering
the use of probabilistic techniques in Agency risk assessments.” The USEPA Risk Assess-
ment Forum was established to promote scientific consensus on risk assessment issues,
including recommendations to advance the development of guiding principles on how to
prepare and review an assessment based on use of probabilistic techniques, specifically Monte
Carlo analysis.*® USEPA Regions III and VIII have recently decided to accept Monte Carlo
simulations, submitted as uncertainty and variability analyses, as part of baseline human
health assessments.**' For example, the Region VIII guidance states that:
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"When compared with alternative approaches for assessing parameter uncertainty or
variability (e.g., analytical uncertainty propagation or classical statistical analysis),
the Monte Carlo technique has the advantages of very general applicability, no
inherent restrictions on input distributions or input-output relationship, and relatively
straight-forward computations. In its application to risk assessment, Monte Carlo
simulation not only generates results that can be expressed in a more easily
understood graphical format, but it also permits the degree of conservativeness to be
specified quantitatively (i.e.,the Reasonable Maximum Exposure (RME) can be
defined as the upper 90th or 95th percentile of output results). Furthermore, risk
results are more easily justified statistically, and the uncertainty underlying them can
be discussed quantitatively. In general, this approach can satisfactorily address the
goals of uncertainty analysis outlined in recent EPA guidance."

The stipulation in both regional guidances is that all risk assessments must still include
the single-point RME risk estimates prepared under current USEPA guidance (i.e., Monte
Carlo-based risk analyses cannot act as a substitute for the currently accepted deterministic
paradigm). In general, Monte Carlo simulations are only accepted as an optional addition to,
not substitute for, current risk assessment methods. Furthermore, simulations are not accepted
that are not approved beforehand or that do not adhere to guidelines.

The USEPA Risk Assessment Forum's recently published document on the guiding
principles for Monte Carlo Analysis, "Summary Report for the Workshop on Monte Carlo
Analysis," provides the conditions for an acceptable risk assessment that uses probabilistic
analysis techniques.”” The document presents USEPA's position that probabilistic techniques,
such as Monte Carlo analysis, can be viable statistical tools for analyzing uncertainty and
variability in risk assessments and establishes conditions that are to be satisfied by risk
assessments that use such techniques. Specifically, the conditions relate to good scientific
practices of clarity, consistency, transparency, reproducibility, and the use of sound
methods.'*?

2.5 WHEN TO USE A PROBABILISTIC RISK ASSESSMENT

Because Monte Carlo analysis can be a resource-intensive activity, the level of
sophistication should be appropriately tailored to the goals of the analysis. There are several
potential advantages to using a probabilistic risk assessment approach, depending on the
circumstances particular to a given site. Figure 2.2 illustrates the importance of weighing the
pros and cons when considering coupling probabilistic risk assessments with a deterministic
assessment. To systematically discern the most appropriate level of analysis, Air Force RPMs
should follow a decision tree such as the one presented in Figure 2.3. This decision tree is
intended to help RPMs implement a tiered approach. This figure also illustrates the additional
steps involved in using a probabilistic approach once the RPM determines that the standard
deterministic approach does not provide sufficient information.
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Figure 2.3
RISK ASSESSMENT DECISION TREE *

Perform risk assessment using
standard deterministic approach

Monte Carlo Unacceptable

Identify exposure routes and

: A cancer risk and/or ) L
simulation noncancer h azg{'?r’ chemicals that significantly
unnecessary Y contribute to cancer risk and/or

noncancer hazard

If necessary, use sensitivity
analysis to select those
input parameters that
contribute most to
uncertainty

Monte Carlo
simulation not
worthwhile

Appropriate PDFs? for the
selected input parameters?

Revise plan or
forego Monte
Carlo simulation

EPA approval of Monte Carlo
simulation work plan?

Perform Monte Carlo simulation of
risks/hazards using selected PDFs

Prepare analysis of
uncertainty/variability; include graphs,
tables, and PDF descriptions; compare
to deterministic estimates

! Figure modified from Use of MONTE CARLO Simulation in Risk Assessments, USEPA Region VI
Superfund Technical Guidance, September 1995.%"

“PDFA probability density function is a statistical tool used to determine the distribution of values for a random variable, each value having a specific
probability of occurrence. PDFs may be selected from available literature ("standard" data distributions that are not influenced by site-specific
conditions) or may be developed if published distributions are not applicable to the site. (Refer to Section 4 of this handbook.)
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For sites that do not fall clearly under CERCLA or RCRA jurisdiction (such as petroleum
release sites), Monte Carlo analysis may be incorporated into standard tiered approaches to
risk assessment that progress from simpler (i.e., screening level analysis) to more complex
analyses as the risk management situation requires.”® Tiered approaches such as the American
Society for Testing and Materials (ASTM's) risk-based corrective action models,” are gaining
wide acceptance by States, Federal agencies, and industry as cost-effective strategies for
environmental site management.

For example, a Tier 1 evaluation may simply require a comparison of maximum detected
site concentrations of contaminants for a particular environmental media (e.g., soil) to generic
(i.e., non-site specific) risk-based screening criteria. The outcome of this lower tier
comparison typically helps the Air Force RPM determine whether additional study is
required. Typically, the level of sophistication inherent in probabilistic risk assessments
reflects an advanced tier level, such as ASTM's Tier 3.2

The higher Tier 3 level evaluation may be beneficial after early decision "tiers" indicate
the necessity for further evaluation. The following documents should be referenced for more
information on tiered approaches:

e ASTM's Risk-Based Corrective Action Program,? and
o USEPA's Soil Screening Methodology.”?

Because the level of complexity increases as the risk evaluation progresses, the impacts
on budgets and levels of understanding by the regulators and public must be carefully
considered. Advantages derived from the application of good science does not necessarily
correlate with public or regulatory acceptance.

The decision of whether and when to introduce probabilistic methods is critical. If
complicated topics are introduced at the preliminary stages of the process, stakeholders have a
chance to develop scientific-based opinions about the cost/benefits associated with more
complex techniques. Introducing these techniques too late in the process may cause
regulators and the public to view the use of probabilistic methods as an attempt to delay or
misrepresent the results.
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SECTION 3
UNCERTAINTY AND VARIABILITY IN ESTIMATING RISK

This section discusses the differences between uncertainty and the different but related
concept of variability and provides a discussion of the basic sources of uncertainty and
variability in estimating risk. The section then briefly reviews how uncertainty and variability
are introduced into risk estimates through data evaluation, exposure assessment, toxicity
assessment, and risk characterization.

There are numerous exposure parameters which are combined mathematically to estimate
risk to an exposed population using either the deterministic or probabilistic paradigms. As
noted in the introduction, these parameters can vary from person to person due to environ-
mental, lifestyle, and genetic differences. As such, it is important to identify available data
distributions for specific exposure assessment parameters in order to perform a probabilistic
assessment. This section will discuss these sources of information.

In addition, it is often the case in the probabilistic paradigm that adequate data
distributions are not available. This section also addresses the elicitation of expert judgment
in the absence of established distributions or sufficient information to develop distributions
from scientific literature. Expert judgement can be used to fill in data gaps in order for the
probabilistic risk assessment to proceed.

3.1 UNCERTAINTY

Uncertainty, as used in this document, refers to lack of knowledge. At least in theory,
this lack of knowledge can be reduced through further data collection. In practice, the
additional cost, time constraints, or minimal impact of the uncertainty may make further data
collection impractical, unnecessary, or even impossible.

3.1.1  Sources of Uncertainty

During the risk assessment process, it is often desirable to assess the level of uncertainty
incorporated into a determination of risk. The first step in this process is to identify the
various sources of uncertainty.

Potential sources of uncertainty can be divided into two broad categories: uncertainties
associated with model form and uncertainties associated with assigning values to the
parameters of the model. Parameter uncertainty stems primarily from errors such as:
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o Imprecision of analytical devices or historical information used to quantify a specific
parameter;

e Sampling (random) error caused by making inferences from a limited database;
« Extrapolation and use of subjective information; and

e Systemic errors that can be interjected into the risk analysis process through flawed
data gathering processes.'

In contrast, model uncertainty stems from using a model or mathematical formula to
describe a physical process or to use measured data from one system as a surrogate for another
system.> A prime example of the latter case is the use of animal cancer potency data to
estimate human cancer potency potential. Parameter uncertainty and model uncertainty are
discussed in more detail below.

3.1.2 Parameter Uncertainty
3.1.21 Measurement Error

Many data sets representing populations, particularly site characterization data, reflect
both variability within the population and any additional uncertainty due to measurement
errors. Distinguishing measurement-induced uncertainty from population variability may be
important when making costly decisions based on conservative risk estimates.

Measurement error is due to the imprecision of the measurement device. The effects of
measurement error can be reduced by taking repeated measurements. Measurement error is
particularly common in the exposure assessment step of the risk assessment process,
especially with regard to establishing average concentrations for site-related chemicals. The
potential for repeated measurement (i.e., sampling and analysis) at this stage may be limited
by practical and cost considerations. Standard sampling procedures such as taking duplicate
or split samples can give some indication of the amount of measurement error likely in the
data analysis.

3.1.2.2 Random Error

Random error is another potentially important source of uncertainty. Random error can
play a significant role when attempting to establish a single-point value or a probability
density function (PDF) from a limited number of samples (see Section4 for a detailed
discussion of PDFs).

Random error arises when a sample is used to represent the true, but unknown,
distribution. For example, the sample average of a group of laboratory results can be used to
estimate the true population mean. A new sample, however, might provide a different
estimate. The difference between the estimates is known as random error and creates
uncertainty about the knowledge of the true mean. In general, the larger the sample size, the
lower the uncertainty due to random error (assuming there is no bias in the sampling method).
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However, in most situations the number of samples is limited and uncertainties due to random
error may play an important role in estimating risk.

Another area where random error can be significant is in the determination of cancer risk
based upon a limited number of observations. For example, animal bioassays used to develop
cancer potency factors are generally based on a relatively small number of test animals per
study group.!

The effect of random error on the input PDF of a parameter will vary greatly. For some
parameters, such as body weight, the data sets used are very large. The corresponding
estimate of the true PDF is good because the random error is small. PDFs based on a limited
data set, on the other hand, can be an unreliable estimate of the true PDF. Thus, in this type of
situation, it would be important to quantify the amount of uncertainty.

31.23 Systematic Error

Systematic errors, also known as non-random errors or bias, are another source of
uncertainty in risk assessment. Systematic errors arise through an inherent flaw in the data
collection process.! Depending on the direction of the bias, the mean value of the sample data
will be either consistently higher or lower than the true mean. Because the error is introduced
due to some flaw in the data collection process, increasing the number of samples or the
amount of information gathered generally will not reduce the uncertainty due to systematic
errors. Systematic error can only be corrected by changes in the data collection or analytical
methods.

Use of a surrogate measure to represent the parameter of interest can introduce systematic
error if the surrogate and the parameter do not behave similarly under the same conditions, or
if incorrect assumptions are made in order to infer the parameter of interest from the
surrogate. An example of this problem is the "healthy worker effect".! In the "healthy worker
effect," the extrapolation of risks determined for exposed workers to the general population
are performed. This is an example of the potential for systematic error that can be generated
when the population sampled is not representative of the population being modeled. A similar
example is the use of data gathered on the general population to represent a subpopulation that
differs in some significant way (e.g., a subpopulation more or less susceptible to a given
chemical).

3.1.3 Model Uncertainty

The structure of mathematical models employed to represent scenarios and phenomena of
interest is often an important source of uncertainty. Risk assessors generally use mathemati-
cal models to represent the interaction between parameters, and also to estimate the values of
parameters that cannot be measured directly.

Models are simplified, idealized representations of physical processes that may be too
complicated to express in any other way.'! Simplifications are often an important part of the
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assumptions upon which a model is based and insufficiently complex models may fail to
capture important relationships among input parameters.

Generally, models are selected on the basis of physical principles, for their ability to
describe or make sense of a limited set of observations, or for both of these reasons.! Often
there may be more than one model to explain or characterize a given phenomenon. If the
models are based on goodness-of-fit to some set of data, the differing models may fit the data
equally well. However, these models may provide different results when applied to other
situations. Thus, selection of a particular model can have a profound impact on the final risk
distribution.

An example is USEPA's use of the "linearized multistage model" to assess cancer risk.
This model extrapolates the risk from high doses used in animal bioassays to the risks from
low doses typical of environmental exposures. Several other models have been proposed that
fit the animal data equally well. Depending on the specific model used, the estimated risk at
low doses can vary by several orders of magnitude.

3.1.3.1 Surrogate Variables

Problems can arise when a model uses information for a variable that is not exactly the
same as the variable under study. For example, toxicity assessments of the dose-response
relationship using rodents as surrogates to represent humans is very common. The uncertainty
about the differences between humans and rodents (e.g., differences in how they metabolize
the same chemical) could give rise to the false presumption that toxicity in rats equals toxicity
in humans for a given chemical. As it turns out, this is the generally accepted presumption,
even though any given chemical could induce very different responses in different species.!

In theory, one can minimize the problems introduced by surrogate variables by increasing
the complexity of the equation that relates the modeled variable (risk) to the input variables.
For example, if the dose-response model could be made to account for all the differences
between rodents and humans, in terms of the toxic effects of chemical exposure, then the use
of rodents as surrogates would no longer introduce potential error into the calculation.
Unfortunately, the information often does not exist to allow this increased complexity of the
model. In fact, this is usually the reason the surrogate must be used in the first place.

3.1.3.2 Excluded Variables

In general, models cannot include all of the factors that influence the output of interest
(risk). There is an inherent trade-off between keeping a model manageably simple and yet
including as many variables as possible. Analysts therefore take the chance that by making
their models manageably simple, they will miss one or more important variables.

Assessment of the potential for error due to excluded variables can be difficult. If a
simplified model is being used because the information is not available to develop more
complex models, then quantitative estimates of model error may be impossible. If
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information exists for a more complex model, then the output for the simpler model can be
compared to the output from the more complex model.!

A variable also may be excluded merely because the variable is not thought to be
important. This type of error is difficult to identify. If the model is developed using observed
data, the importance of the excluded variable may not be apparent if none of the observed data
indicate that the model is incomplete. In other words, if the observed data set is in some way
limited, or not representative, it may give no indication that there is an additional variable that
should be included.!

Consider a human health risk assessment in which there may be hundreds of potential
input variables. Developing PDFs for each of these in a Monte Carlo-based risk assessment
would be difficult and unnecessary. To limit the number of variables, the analyst must decide
which factors to model probabilistically with input distribution. PDFs should be developed
only for those input factors that are both uncertain and influential to the output risk value. A
"sensitivity analysis" performed on the simulation results could be used to identify which
input factors meet these criteria and the relative importance of the variables to each other.
This presents a problem, however, since it requires defining the parameter in question as a
PDF and performing the simulation (i.e., it does not help in the initial selection of a variable
which should be modeled as a PDF at the start of the simulation). An approach to overcome
this problem is to use "bounding” estimates of the PDFs for all input parameters that might be
important and then perform the simulation and sensitivity analysis. PDFs for those input
parameters shown to be important could then be refined; for non-influential parameters, point
values could be used.

3.1.33 Extreme Events

Because models are simplified and combine representations of complicated processes, it
is often difficult to determine how applicable they are to extreme events (i.e., unusual or
aberrant conditions). In risk assessment, this is of particular concern if a distribution contains
a "tail" that includes a small but significant portion of the population that may not be well
characterized by the distribution. For practical purposes, ignoring possible extreme events is
equivalent to building a model but excluding one or more variables.!

3.1.3.4 Incorrect Model Form

If the model involves multiple predictor (i.e., input) variables, additional uncertainty may
be created through incorrectly modeling potential interactions among the variables. Failure to
account for interdependence, or correlation, among variables is an example of this type of
modeling problem. Correlation occurs when two or more variables vary in tandem; for
example, extremely high levels of one variable are only seen with extremely low levels of
another. In this situation, the variables are not statistically independent.

One potential means of addressing parameter correlation is through the use of correlated
data distributions for receptor-related distributions.> An example of this type of correlation
would prevent use of a large adult's body weight with a small adult's dermal surface area.
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3.14 Understanding Uncertainty

Understanding the sources of uncertainty in estimating risk is critical to guiding
additional, meaningful data collection or evaluation. Understanding the relative contribution
of each source of uncertainty on the final risk estimate is also important in deciding when
further data collection and analysis is not cost effective. If the source of uncertainty that
dominates the final risk estimate for any given site is reducible and may result in a significant
change in the decision, RPMs are encouraged to investigate means to reevaluate remedial
decisions with new data and/or new tools. Inclusion of new data does not necessarily mean
that the decision will radically change; however, such information can only foster more
well-informed decisions and priority setting.

3.2 VARIABILITY

As noted previously, uncertainty and variability are usually mixed together in an
environmental data set. Additional collection of data may reduce uncertainty. Variability, on
the other hand, represents the inherent, natural heterogeneity of the population. Although
further data collection may improve understanding of the variability in the population (and
therefore may improve the ability to accurately incorporate variation into the risk estimate), it
will not reduce the differences that exist in the population.

Any group of exposed or potentially exposed individuals will almost certainly display
variation in most parameters. For instance, they will have different body weights, will be
present at the exposure point for different periods of time, and will engage in different
activities that promote or inhibit their exposure potential.

As an example, even if every potentially exposed individual in a population was weighed,
giving complete information on the distribution of body weights, this would in no way change
the fact that individuals in the population had different body weights (or, in fact, that each
individual's body weight is subject to change over time). Similarly, if it was possible to
perfectly characterize the levels of soil contamination throughout a site, this would not change
the fact that "hot spots" have higher contaminant concentrations than less contaminated areas.

3.3 UNCERTAINTY AND VARIABILITY IN THE KEY STEPS OF RISK
ASSESSMENT

As discussed in Section 2, deterministic risk assessments generally only involve qualita-
tive estimates of uncertainty and variability. The inherent strength of probabilistic risk
assessment techniques is that they provide a means to quantitatively incorporate and assess
the impact of both uncertainty and variability on the final output (estimated risk to a human
receptor).
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3.3.1 Data Evaluation

As noted in Section 2, the data evaluation step in risk assessment involves examination
and compilation of all data gathered for the site. The primary objective of this step in the risk
assessment process is to develop a list of chemicals that will be quantitatively considered in
the risk analysis, specifically by estimating the chemical-specific exposure-point concentra-
tions. The primary source of variability in the data evaluation step arises from the temporal or
spatial variation in the levels of the chemical contaminants in environmental media.

Because contaminant concentrations factor heavily into determining an individual's
intake, it is imperative that the sampling data be representative of the environmental matrices
(e.g., soil, groundwater, surface water) for the exposure pathways of concern. Often times,
though, the analyst is forced to rely on data that have been generated for a completely
different purpose, namely to identify the nature and extent of contamination.

Nature and extent sampling schemes are often biased and emphasize the sampling of
expected areas of contamination (e.g., potential hot spots and potential release points). This
biased sampling strategy is not designed to provide an accurate representation of the average
contaminant levels at the site. This sampling methodology may tend to underestimate the
variability within a site, and overestimate site-related concentrations.

Often, a sampling scheme designed to meet a specific objective (e.g., nature and extent
determinations) will not necessarily meet the data needs of the risk assessor. As such, it is
imperative that the risk assessor be initially included in development of work and sampling
plans to characterize the site. Otherwise, the resulting data could have serious implications to
data quality objectives of the risk assessment results.

Once sufficient chemical data are identified, current USEPA guidance stipulates that a
single exposure-point concentration term (C-term) representative of the average site concen-
tration be estimated.* This point estimate is then to be used to develop both the average and
RME risk estimates. The USEPA Superfund Program has defined the C-term as the
95-percent upper confidence limit (UCL) of the arithmetic mean of the site characterization
data. The USEPA further recommends that the maximum detected site concentration be used
as the C-term in cases where sampling has been insufficient to calculate a 95-percent UCL or
where the calculated 95-percent UCL exceeds the maximum detected site concentration (often
the case when the sample size is small or when the proportion of nondetects is high and
numerical values associated with the nondetects are greater than the maximum detected
concentration). In either case, whether the C-term is the 95-percent UCL or the maximum
detected concentration, this results in the use of a single-point estimate representing chemical
contamination both spatially and temporally throughout the site.

Other authors who have completed a theoretical comparative analysis using a point
estimate and a PDF to represent site contamination characteristics suggest that the single-point
C-term may moderately overestimate the representative "average" site concentration of a
given contaminant.’ The impact of using a PDF to represent contaminant concentrations
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rather than a single-point parameter estimator will vary considerably depending on the actual
contaminant levels, the target environmental media, and the potentially complete exposure
pathways used to estimate risk.

During the data evaluation process, natural or anthropogenic variability should not be
confused with uncertainty. Specifically, contamination levels may vary either spatially or
temporally due to anthropogenic or natural influences. For example, areas characterized by
elevated contamination ("hot spots™) may be attributable to past site activities.

In contrast to variability, several significant sources of uncertainty also exist that can
complicate developing a point estimate or PDF which is representative of site contamination.
For example, as previously discussed, sampling bias due to poor or inaccurate sampling plans,
accidental contamination of samples during field sampling or laboratory analysis, and random
error introduced during the sampling process are sources of uncertainty.®

Much of the potential uncertainty in the data evaluation process can be minimized
through use of proper sampling techniques, well-designed sampling plans, and rigorous
analytical procedures that minimize positive-detect biases. Consequently, any proposed site
sampling and analysis plans that will be used to collect data for use in risk and uncertainty
analysis should clearly identify where uncertainty could be introduced into the end-use data
set.

33.2 Exposure Assessment

The exposure assessment step involves estimating the types and magnitudes of chemical
exposures to the potential receptors at a specific site. Potentially exposed populations and the
pathways by which the exposure might occur are usually scoped out in a conceptual site
model (CSM). The CSM is then used to select the mathematical models to describe the
exposures for the site. There are a wide range of potential input parameters associated with
this process which can loosely be grouped into two broad categories:

¢ Receptor parameters that describe the receptor and how the receptor interacts with the
environment; and

o Environmental parameters that describe the source of exposure and the environmental
media (site characterization data).

Receptor parameters are those which describe some physical characteristic of the
individual. Body weight, inhalation rate, rate at which a chemical is excreted from the body,
or other physical characteristics of how the receptor behaves, are examples of parameters that
will vary among the individuals of a population. Environmental parameters, on the other
hand, are those that describe some physical attribute of the environment that will introduce
variability into the amount of contaminant that the individual potentially receives.
Distribution of a contaminant throughout a site or throughout a soil-depth interval are
examples of environmental parameters.
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The "Exposure Factor Sourcebook"” and "Exposure Factor Handbook"® present numerous
distributions for many of the common parameters used in the exposure assessment process.
Both sources also discuss the research and data sets used to develop the distributions. RPMs
are encouraged to use this information to the greatest extent possible since it increases the
likelihood of regulatory acceptance of the approach. If more information is needed, there are
other distributions presented in the technical literature which RPMs can use to supplement or
question USEPA-recognized distributions. If a variable is identified for which a distribution
is required, but for which one cannot be found in the technical literature, solicitation of expert
judgment should be considered (see Section 3.4). USEPA's policy on Monte Carlo analysis
pledges that more distributions will be developed in the future.”®

Common input parameters for which distributions have been developed are listed below.
Examples of the distributions, recommended point estimates for calculation of the RME, and
summary statistics for several of these parameters are presented in Figure 3.1. It should be
noted that one would still need to determine the appropriate use of the parameter distributions
and understand how they may be modified for site-specific conditions. The input parameters
include:

e Adult Body Weight

e Child Body Weight

o Total Skin Surface Area

o Body-Part Specific Surface Area

o Inhalation Rates

¢ Exposure Duration — Adult Resident

o Exposure Duration — Child Resident

e Exposure Duration — Job Tenure

o Exposure Duration — Time/Activity Patterns

o Exposure Frequency — Showering

o  Water Ingestion Rates

e Soil Ingestion Rates — Adult

¢ Soil Ingestion Rates — Children

o Fruit/Vegetable Ingestion Rates

o Fish Consumption Rates

e Soil Adherence Factors

39




Figure 3.1 Example Distributions for Exposure Parameters
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Figure 3.1, cont.
Adult Body Weight Distribution - Both Sexes
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In addition to describing the inter-individual variability inherent in the population, it
should also be noted that many of the distributions for the above-listed parameters may
include uncertainty. For example, distributions may be based on models using small data sets
Therefore, the distributions have a high potential for random error to be important in
determining the distribution shape.

Several of the distributions are derived using mathematical models to relate the parameter
of interest to the parameter actually measured, and thus incorporate potential problems with
surrogacy. For example, information on current residency time was used to derive the
distribution for total adult residency time.” Also, some parameters are inherently difficult to
measure (e.g., soil adherence) and therefore measurement error may be important in
determining the distribution shape.

A hypothetical example of how the exposure input parameters are incorporated into the
risk assessment process, and comparison of point estimate-based risk estimates to
probabilistically-based risk estimates is presented in Section 5.

3.3.3 Toxicity Assessment

The toxicity assessment in human health risk assessment generally requires an identifica-
tion of whether the chemical causes an adverse effect and a dose-response evaluation.
Potential adverse health effects include carcinogenic or noncarcinogenic effects. Generally,
incorporating toxicity parameters described by a distribution into a probabilistic risk
assessment is not pursued because it introduces a high level of complexity into the assess-
ment. Rather, a point-value is selected for the toxicity value. It should be noted, however,
that the level of complexity does not justify the use of a point value. Uncertainties in the
toxicity values can be incorporated into the risk assessment without including the entire
toxicity assessment. Experts in the field can perform uncertainty analysis for the
dose-response and pharmacokinetic (also called toxicokinetic) models. The results can then
be incorporated into a probabilistic risk assessment as distributions of toxicity values.

One of the goals of the uncertainty analysis is to improve the state of knowledge about
key input parameters that contribute to the uncertainties in the risk estimates so that they can
be reduced. It is possible that explicit inclusion of uncertainty in toxicity estimates may
identify toxicity parameters as a key source of uncertainty (via sensitivity analysis) and justify
additional research towards reducing the uncertainty.

3.3.3.1 Dose-Response Models

The dose-response evaluation step involves quantitatively evaluating the toxicity
information for a specific compound and characterizing the relationship between the dose of
the contaminant administered or absorbed, and the incidence of adverse health effects in the
exposed population. From the dose-response information, toxicity values are derived and
used in the risk characterization step to estimate the likelihood of adverse effects occurring in
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potential receptors. Cancer slope factors (CSFs) are derived for carcinogenic effects, and
reference doses (RfDs) are derived for noncarcinogenic effects.

Although the dose-response step may represent an important source of uncertainty and
variability in the final risk estimate, CSFs and RfDs are conventionally calculated as point
estimates. The USEPA defines the CSF as a "plausible upper-bound estimate of the
probability of a response per unit intake of a chemical over a lifetime." The RfD is an
estimate of the daily exposure that is unlikely to cause appreciable risk of adverse noncarcino-
genic health effects during a lifetime.!

The use of a point estimate for the CSF or RfD does not reflect the expected variability in
how individuals will respond to a given dose of a toxicant. Toxicodynamic variation is the
different susceptibility of target tissues to toxic insult in different individuals. The variation
in response by different individuals can be based on a number of toxicokinetic factors.
Factors that would be expected to display inter-individual variation include: (1) rate at which
a compound is absorbed from the gastrointestinal track into the blood stream, (2) rate at which
compounds are detoxified, (3) rate at which non-toxic compounds are converted into toxic
intermediates, and (4) rate at which compounds are excreted from the body.

The study and modeling of these four factors are encompassed by the field of pharmaco-
kinetics. The specifics of a pharmacokinetic model will be dependent on the particular
chemical or class of chemical. Information on a particular chemical, when available, can be
found in the technical literature. An example is presented in the next section showing why
use of a point value for a toxicity factor can cause significant problems in the risk assessment
output.

3.3.3.2 Pharmacokinetic Models

The potential for variability among individuals has been concisely illustrated by a
pharmacokinetic model developed for metabolism of the carcinogen 4-aminobiphenyl
(ABP)." ABP was of interest because it has been recognized as causing cancer in both
humans and a number of animal species. Also, the pharmacokinetics of ABP has been studied
in animals.

The pharmacokinetic model developed for humans assumed lognormal distributions to
describe several steps in the absorption, distribution, metabolism, and excretion of ABP. The
model used one of the primary variability propagation techniques (i.e., Monte Carlo
simulations) to predict the amount of ABP that would bind to deoxyribonucleic acid (DNA) in
a particular theoretical individual. The results indicated a four-order-of-magnitude difference
among the highest and lowest individuals, and a two order-of-magnitude difference between
the 5th and 95th percentile of the population.”

The exact relationship between number of ABP molecules bound to DNA and the
increased risk of developing cancer is not known. However, given the probable involvement
of DNA lesions in the carcinogenicity of ABP, it is likely that large differences in
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DNA-binding of ABP among individuals corresponds to large inter-individual differences in
cancer susceptibility.

Adequate data are limited for most other chemicals to support analysis of this type. But
clearly, accounting for the impact of this type of inter-individual variability could dramati-
cally change the focus and conclusions of human health risk assessments.

3.3.4 Risk Characterization

The risk characterization process involves the combination of information from the data
evaluation, the exposure assessment and the toxicity assessment to develop risk estimates. In
general, for each exposure pathway for each receptor, compound-specific estimates of
carcinogenic and noncarcinogenic risk are developed. These compound-specific risks are then
summed to provide a pathway-specific total carcinogenic and noncarcinogenic risk for each
receptor. When appropriate, risks from different pathways are also summed to give a total
carcinogen and noncarcinogenic risk for each receptor.

In the probabilistic risk assessment paradigm, Monte Carlo techniques are used to
combine the exposure parameter distributions along with any single-point values selected
(e.g., toxicity factors). The result is a distribution of potential risks that reflects the
information and assumptions concerning the exposed population. See Sections 4 and 5 for
additional information.

The spread of this distribution will be determined, in part, by the amount of variation
found in the various parameters used in the risk calculation and, in part, by uncertainties in the
parameters. As noted previously, analysis can be performed to determine which input
variables have the greatest impact on the resulting risk distribution. Techniques have also
been developed to distinguish the amount of spread in the risk distribution that is due to
variation, and the amount that is due to uncertainty.

The potential for correlation among input variables to influence the risk estimates and
uncertainty analysis must also be considered. Two parameters that vary together are said to
be correlated. There are specific situations in which correlation could be important, and
would need to be accounted for in the risk assessment. The impact will be most pronounced
when there is strong correlation among several sensitive parameters. Sensitive parameters are
those that have the most influence on the risk distribution. Correlation also becomes more
important when one is concerned with extreme values (i.e., with the tails of a distribution).”
Section 4 discusses methods to explore correlation and how to incorporate correlation into the
risk estimation process.

34  ELICITATION OF EXPERT JUDGMENT

The model used to describe the pharmacokinetics of ABP carcinogens (discussed above)
incorporated parameter distributions for which there were limited data. This raises the issue
of what action is to be taken if a parameter for which there is not an established distribution,
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or sufficient information to develop a distribution, is identified as important to the risk
calculation. A related situation arises when the site-specific population is thought to vary in
some important aspect from the population upon which an established distribution is based.
In these and similar situations, it may be necessary to estimate uncertainty and variability in
one or more input parameters in the model.

An expert is someone who (1) has training and experience in the subject area resulting in
extensive knowledge of the field, (2) has access to relevant information, (3) has an ability to
process and effectively use the information, and (4) is recognized by his or her peers or those
conducting the study as qualified to provide judgments about assumptions, models, and model
parameters at the level of detail required."” In performing a probabilistic risk assessment, an
expert might be called upon to develop key parameters about which insufficient data are
available as subjective PDFs.

Generally, a distinction is made between informal and formal solicitation of expert
judgment. Informal solicitation may include self-assessment, casual solicitation from an
expert, brainstorming, and group discussions by staff or available experts.

If the above informal criteria do not apply (i.e., if the potential impact is large or the
results are likely to undergo intense scrutiny) the formal solicitation process should be
pursued. Formal solicitation methods have a predetermined structure for selecting and
training experts and for eliciting, processing, and documenting expert judgments and their
rationales. Some of the advantages of using a formal approach include:

» Improved quality of expert judgments,
e Reduced likelihood of critical mistakes,
¢ Improved accountability,

o Improved consistency of procedures,

e Enhanced communication, and

¢ Reduced chance of unexpected delay.”

Formal methods of eliciting expert judgments are more costly and time consuming than
informal methods.

A process for formal solicitation of expert judgment has been developed based on
methodology developed by the Nuclear Regulatory Committee to obtain expert opinion on
uncertainty of off-site risk for nuclear power plants. The process consists of ten steps
designed to elicit unbiased judgment from a panel of experts.

The process is accomplished through preparation of complete background information on
the issue in question, and presentation of this information to the experts. The experts, either
separately or in groups, will then analyze and discuss the issue, and render a judgment. If
separate judgments are elicited from each expert, the judgments should be consolidated. All
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judgments should be reviewed and the results should be communicated to risk management
decision-makers and other stakeholders. A more detailed discussion of this subject is made in
the NCRP Commentary No. 14 "A Guide for Uncertainty Analysis in Dose and Risk
Assessments Related to Environmental Contamination.""
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SECTION 4
PRINCIPAL METHODS OF PROBABILISTIC ANALYSIS

The purpose of this section is to provide Air Force RPMs with an introduction to the
statistics necessary to understand the development, selection, and use of probability
distributions in probabilistic human health risk assessments. The RPM should have a fairly
strong background concerning relevant statistical methods in order to understand the analysis
incorporated into a risk assessment and to be able to interpret the results.

This section presents several recommended statistical methods for characterizing
information, selecting and/or developing input distributions, and interpreting the results of a
probabilistic risk assessment. These include:

e Types of distributions commonly used to model parameters in human health risk
assessments;

¢ Methods to establish distributions from data;

 Graphical methods to assess how well data fit a theoretical distribution;
o Traditional "goodness-of-fit" tests;

¢ Summary statistics used to describe distributions;

» Issues related to developing distributions for site characterization; and

» Methods for assessing uncertainty and variability in PDFs and how this propagates
through the risk assessment.

41 PROBABILITY FUNCTIONS

A probability distribution is the set of outcomes of a random variable and their
corresponding probabilities. Two commonly used functions to mathematically describe the
probability distribution of a continuous random variable are the PDF and the cumulative
distribution function (CDF). The PDF describes the probabilities of occurrence of particular
outcomes. For example, a PDF could be used to describe the range of body weights in an
adult population and their relative likelihood of occurrence. The CDF gives the cumulative
probability of all outcomes at or below a specific value. For example, from a CDF, one could
determine the probability of cancer risk due to exposure to chemicals at a hazardous waste site
being less than a certain value, such as less than an acceptable cancer risk level of one in ten
thousand (1x107%).
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PDFs and CDFs are used to incorporate variability and uncertainty into the probabilistic
risk assessment. Either function is a valid way of mathematically specifying the statistical
distribution in probabilistic techniques. In Monte Carlo simulations, PDFs are used for
specific input variables that are combined with appropriate point estimates to produce an
output distribution for risk.

Monte Carlo simulations are very sensitive to the shape of the input distributions.
Therefore, to ensure as accurate an estimate of risk as possible, it is important to have input
PDFs that accurately represent an input variable. As discussed below, statistical methods are
used to summarize and characterize the data to allow determination of a distribution which
"best" represents that data. Statistical methods can also be used to determine how well data fit
a theoretical distribution.

Sensitivity analysis is used to measure how the uncertainty and inherent variability of the
PDFs used as input variables propagate through the risk equations to the risk output.
Depending on the specifics of the risk calculation, different input parameters will have
different levels of impact on the output parameter (risk). Determining which inputs "drive"
the output is critical in determining which parameters should be modeled as distributions and
how important it is to have an accurate distribution.

42 DISTRIBUTION CHARACTERIZATION

Distributions are a set of numbers collected from a well-defined universe of possible
measurements arising from a property or relationship under study. Understanding what a
distribution is and selecting appropriate input distributions is one of the most crucial aspects
of Monte Carlo simulation since it is very sensitive to the shape of the input distributions and
their interaction in the risk calculation. However, there is not universal agreement on one
approach for developing these distributions or even the types of theoretical distributions that
should be considered.

4.2.1 Distribution Types

Probability distributions can be assigned to data via graphical interpretation (the preferred
method) or formal statistical tests. Once sample data are categorized based on all available
information, inferences regarding variability inherent in the populations (e.g., body weights,
ingestion rates, etc.) can be approximated and input into the risk calculation.

There are a variety of theoretical distributions used to represent populations and data sets.
Use of these distributions is an appropriate way to represent the uncertainty and/or variability
in the population. The distributions most commonly seen in human health risk assessments
are the normal, lognormal, triangular, beta, uniform, and empirical distributions. Examples of
some of these distributions are described below.
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42.1.1 Normal Distribution

The normal distribution is frequently used to describe natural populations and phenomena
and is described by the well-known "bell-shaped" curve. An example is shown below. The
normal curve is a convenient PDF because many physical measurements (such as depth to
groundwater) as well as "additive processes" have distributions that are bell shaped. The
normal distribution is also applied in inferential statistics. For example, the normal
distribution can sometimes be used to describe the distribution of the mean of a population.’

The entire shape of a normal curve can be described by two summary statistics: the mean
and the variance (see Section 4.4.1).

Normal Distribution

Probabllity

<o ' ' ' 4
24.30 48.15 72.00 95.85 119.70

‘Adult Body Weight

4.2.1.2 Lognormal Distribution

The lognormal distribution is similar to the normal distribution, except that the log-
transformed values (i.e., logarithm of the values) are normally distributed. As shown in the
example below, the shape of the distribution of the untransformed values is skewed
(i.e., tapered) to the right. In general, "multiplicative" processes can follow a lognormal
distribution, (e.g., laboratory analytical error). The lognormal distribution is often also used
to represent natural phenomenon (e.g., concentrations of a contaminant in soil).

There are three ways to specify the statistical parameters of the lognormal distribution:
(1) the mean and the variance, (2) the mean and variance in the log scale, and (3) the
geometric mean and geometric variance. It is important to describe which set of these
parameters are being used when the data are reported. There are also a variety of methods
appropriate for estimating these parameters depending on different statistical conditions of the
data set. For example, under some circumstances, the sample average is a good estimate of
the true, but unknown population mean for a lognormal distribution. Evaluating the tail of the
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distribution is often important in environmental applications, such as when one is interested in
the characteristics of the high end of concentrations of a contaminant.

Lognormal Distribution

Probability

1.18 4.56 7.94 11.32 14.70

Background Metal Concentrations (theoretical)

4.2.13 Triangular Distribution

As its name suggests, the triangular distribution has a triangular shape. Often this
distribution is used to represent natural populations or phenomenon which are not well
characterized. The triangular distribution tends to overestimate the portion of the distribution
found in the tails, for a population which is actually normally distributed. Thus, it is often
used as a "conservative" estimator (although a beta distribution may be more appropriate in
some cases).

The triangular distribution can be fully described by its minimum, maximum, and most
likely values. The distribution is bounded by its maximum and minimum values.

Triangular Distribution
£
-
[]
k-]
[<]
S
-8
PaN
64.80 68.40 72.00 75.60 79.20

Adult Body Weight
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4.2.14 Empirical (Cumulative) Distribution

Monte Carlo methods allow relatively easy use of empirically derived distributions.
These distributions are often based on site-specific data which do not "fit" any of the standard
theoretical distributions. The shape of each distribution is different. Usually these distribu-
tions will be described by listing percentiles of the population for which a given percent of the
population is below a specified value.>?

4.3 DERIVING DISTRIBUTIONS

There are a number of ways to include a set of data, or a population parameter, as a
distribution in the risk assessment. Many parameters which describe natural populations,
body weight, or inhalation rate for example, have already been modeled, and distributions are
published in the technical literature or in a number of sources which have compiled this
information. If however, the distribution will be applied to site-specific data, such as
sampling results, or if site-specific conditions indicate that previously published distributions
are not applicable, it will be necessary to determine if the site-specific data follow one of the
theoretical distributions (e.g., a normal distribution), and if not, to develop a distribution
which accurately represents the data.

4.3.1 Standard Data Distributions

Several authors in the literature have called for "standard" data distributions for input
variables that are not significantly influenced by site-specific conditions. The goal is to use
existing knowledge to support probabilistic descriptions of exposure variables. This will
enable the development of standard distributions wherever possible and appropriate. Finley
has proposed several distributions that can be considered standard for most settings.’
Examples of standard distributions include residency time and body weight.

4.3.2  Deriving Distributions from Adequate Environmental Data

When standard data distributions are not applicable to an exposure scenario at a site,
classical statistical methods (e.g., measures of central tendency, skewness, and precision)
should be used to derive an appropriate input distribution from the environmental sampling
results. (Descriptions of classical statistical methods are described in Section4.5.) In
particular, a graphical analysis of environmental data should be performed to determine if the
data adequately fit a normal or lognormal distribution.

4.3.3 Deriving Distributions with Lack of Knowledge

Two approaches are recommended to deriving a statistical distribution for an input
variable when little information is known. The first method is referred to as an informal
approach to deriving defensible distributions based on a priori knowledge of the nature of the
stochastic (i.e., random) variable. The second method is a formal approach to eliciting expert
judgment. Both methods are based on the scientific method. A more detailed discussion of
the two approaches is presented in Section 3.4.
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Determining data distributions (such as uniform or triangular) on the basis of "not
knowing very much" or that it is a "conservative" approach is not recommended.’ These
arguments are not statistically justifiable and often reflect inadequate research into the given
input variable. The uniform and triangular distributions make assumptions that often go
overlooked in their applications. However, they are sometimes acceptable for "data poor"
situations. In general, selection of PDFs should follow a careful process of formulating a
more "realistic" distribution from the current state of knowledge coupled with a sensitivity
analysis (see Sensitivity Analysis Methods, Section 4.7). The beta distribution is recom-
mended for developing "customized" distributions because its shape is very flexible and can
assume a wide variety of forms by adjusting its statistical parameters.® The beta distribution
is also bounded by its maximum and minimum values.

44 GRAPHICAL ANALYSIS

Statistical tools can be used to assess how well a set of data is represented by a particular
distribution. It is recommended that graphical analyses be performed because the graphical
techniques are often superior to more traditional statistical techniques in assessing a
distribution for use in a probabilistic risk assessment. A "picture" of the data is simple to
prepare yet can be more informative than a series of statistical computations.

Graphical displays provide a means for determining the distribution of the data,
identifying outliers, and selecting appropriate statistical methods and tests. This process is
often referred to as exploratory data analysis (EDA).

Graphs also provide a more complete picture of the data and convey information far
beyond that of summary statistics (see Section 4.5.1 for a discussion of summary statistics).
They are an invaluable tool for understanding the statistical characteristics of the data and
presenting results.

Four types of graphs are presented in this discussion to describe the distribution of data:
histograms, boxplots, quantile-quantile (Q-Q) plots (e.g., normal probability plots), and
density estimation plots that describe the empirical PDFs. These graphs should be evaluated
together to determine if a data set adequately follows a theoretical distribution (e.g., the
normal distribution).

44.1 Boxplots

The boxplot is a very useful tool that gives a general overview of the data, regardless of
its distribution. Boxplots show the location, spread, skewness, tail length, and outlying data
points of the data in a compact form. It consists of a center line as representing the median
(i.e., 50th percentile) of the data splitting a rectangle defined lengthwise by the 25th and 75th
percentiles. The length of the box is the difference between the 25th and 75th percentiles and
is called the interquartile range (IQR). "Whiskers" are drawn extending outside the box to
show the tails of the distribution. Potential outliers are plotted as points beyond the whiskers.
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Because the median and IQR are resistant measures of the data, the boxplot is particularly
attractive for exploratory data analysis of environmental data.

Boxplots of Arsenic Data

Concentration (log scale)

Sampling Area

442 Q-QPlots

The Q-Q plot is one of the best means for assessing if the data are normally or
lognormally distributed. The Q-Q plot portrays the quantiles (percentiles divided by 100) of
the sample data against the quantiles of another data set or theoretical distribution
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