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PREFACE vii

Preface

Exposure assessment has been integrated into attempts by governmental
agencies and other organizations to examine the contact of an individual or
population with contaminants released in environmental media. As part of its
attempts to understand better human exposures to hazardous substances, the
Agency for Toxic Substances and Disease Registry (ATSDR) sponsored this
study of advances in assessing exposure to airborne contaminants.

Numerous techniques have evolved concurrently to qualitatively and
quantitatively establish exposure profiles. In industrial hygiene practice,
assessments of worker exposure during a work shift have been conducted for
many years in attempts to comply with guidelines or standards. The techniques
industrial hygienists have used are now being refined and introduced with other
new advanced techniques to study the community environment, where
contaminant concentrations are usually much lower than those observed in the
workplace.

The Environmental Protection Agency (EPA) has provided a starting point
from which exposure assessors can consider the priorities among environmental
media or contaminants as it develops guidelines for conducting exposure
assessment for use in risk assessment. An important point made by EPA is the
need to develop exposure assessment strategies—a need identified by scientists
who are developing programs on human exposure.

As evidenced by the EPA guidelines and by engineers and scientists in the
field, awareness is increasing of basic principles that place exposure assessment
prominently within a continuum, starting with an emission from a contaminant
source to the occurrence of subcellular changes and an expression of a
biological effect within an exposed individual. The awareness provides an
opportunity to link exposure assessment with the practical application of risk
reduction and exposure-mitigation strategies.

In the context of the present report, the committee focussed on human
exposure to contaminants that can be inhaled and potentially cause an adverse
health or nuisance effect. The committee did not cover air contaminants

Copyright © National Academy of Sciences. All rights reserved.
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transferred to other media or other routes of entry into the body. The report
emphasizes that inhalation must be placed in the context of total exposure
assessment, which requires consideration of all pertinent environmental media
and all routes of entry into the body.

The committee addressed the specific points in the charge from ATSDR
and placed exposure assessment in the context of an evolving scientific
discipline within the scope of environmental health. The committee used its
judgment in choosing the amount of attention given in the report to specific
exposure assessment methods. It considered numerous techniques, which are in
different states of development and have different extents of application.

The committee also critically analyzed specific case studies of exposure
assessment. The studies are in different stages of completion or design, but each
point to areas of achievement or need for continued research. The committee
was not charged with providing, nor does it provide, a "how to" manual on
exposure assessment, or an encyclopedic accounting of all the important
contaminants and the best technique for assessing exposures to those specific
contaminants.

The committee's efforts were facilitated by an information-gathering
workshop hosted by the John B. Pierce Laboratory, Yale University, October
19-20, 1988. Individuals who also assisted our efforts were Fredrica Perera
(Columbia University), Paul Schulte (National Institute for Occupational Safety
and Health), and Bruce Stuart (Brookhaven National Laboratory) who
contributed to Chapter 4; Devra Davis (National Research Council) who
contributed to the lead case study; Demetrios Moschandreas (Illinois Institute of
Technology) and Lance Wallace (EPA), who contributed information for the
VOC case study; and Timothy Larson (Washington University), who
contributed to the acidic particulate matter case study; and Barry Ryan (Harvard
University), who provided details on NO, exposure. We are indebted to Karen
Hulebak (Environ Corp.), who was the original program director of this project,
for many insights and comments during the development of the report.

We wish to give special thanks to Raymond Wassel, project director, who
guided the report through the review process, provided valuable comments, and
diligently ensured that the document was complete. Others of the BEST staff
who contributed to the effort are James Reisa, director; Robert Smythe,
program director; Lee Paulson and Norman Grossblatt, editors; and Felita
Buckner and Sharon Smith, project secretaries.

Paul J. Lioy
Chairman
6 November 1990
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Executive Summary

INTRODUCTION

The Bush Administration and Congress are considering new approaches
intended to enhance the public health protection benefits of environmental
programs within available resources. One general approach being explored
would entail revising some federal strategies and priorities to place greater
emphasis upon reducing health risks instead of simply responding to statutory
requirements or reacting to public perceptions. Such an approach would need to
rely heavily upon the application of scientific knowledge in risk assessments.
The success of such an approach would therefore depend upon assessments of
human exposures to toxic substances, because the exposure component of a risk
assessment often entails greater uncertainty than the hazard component, and
because reducing human exposure is directly relevant to reducing health risk for
a given toxic substance.

Human exposure to air contaminants is one area in which a risk-reduction-
based approach could be beneficial. Traditionally, public concerns about air-
pollution have focused on highly visible emission sources such as industrial
smokestacks and automobiles. Likewise, regulatory strategies mandated by the
Clean Air Act have emphasized controlling outdoor sources of air pollution.
Since 1970, these strategies have substantially reduced outdoor concentrations
for five of the six pollutants for which National Ambient Air Quality Standards
have been designated. It is important for these strategies to continue, because
exposure to outdoor air pollutants continues to present significant public health
risks. For example, outdoor exposures to the sixth pollutant, ozone, still threaten
human health in many locations within the United States.

At the same time, air pollutants with major indoor sources are known to
cause adverse health effects and personal discomfort, as described in the 1981
National Research Council (NRC) report, /ndoor Pollutants. In part because the
Clean Air Act has been interpreted as applying only to outdoor air, little
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progress has been made during the past 20 years in reducing potentially harmful
human exposures to air pollutants in many indoor locations. But most people in
the United States spend far more time indoors than outdoors; thus risk reduction
strategies that address only outdoor air quality are only partially effective. Such
strategies need to be modified to better address the importance of indoor
exposures.

Benzene (a human carcinogen) provides an example in which the proper
application of exposure assessment methodology should be applied to identify
areas where more effective strategies are needed to achieve greater reduction of
risk. In response to its mandate in the Clean Air Act to control hazardous air
pollutants, the U.S. Environmental Protection Agency promulgated regulations
in August 1989 for industrial emissions of benzene to outdoor air. However,
other large sources of exposure to benzene are not covered by that rulemaking.
Exposures from smoking, consumer products in the home, and personal
activities such as driving or painting have been estimated to account for more
than 80% of nationwide exposure to benzene. Therefore, actual human
exposures to benzene at the most significant concentrations and durations are
likely to occur inside the home or while traveling within a motor vehicle (i.e.,
from sources not currently subject to Clean Air Act regulations). The issue of
benzene exposure assessment is addressed in Chapter 7, under Volatile Organic
Compounds.

The following report describes a conceptual framework and methods for
assessing and analyzing the totality of exposures of an individual to air
contaminants in the course of all activities over specified increments of time.
Accurate and realistic assessment of human exposures from all environmental
media can help to ensure that appropriate priorities are set to achieve optimal
reduction of human exposures to significant contaminants. Exposure assessment
research should be supported by government programs according to such
priorities, commensurate with the importance of human exposures to
environmental contaminants, whether outdoors or indoors.

THE CHARGE TO THE COMMITTEE

The Committee on Advances in Assessing Human Exposure to Airborne
Pollutants was established in 1987 by the NRC's Board on Environmental
Studies and Toxicology to review important new developments in exposure
assessment methods and instrumentation that have been produced in pollution-
related research, occupational medicine, and other disciplines during the past
10-15 years, especially as those developments apply to individual human
exposures to airborne toxicants. The committee included members with expertise
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in chemistry, mathematical modeling, engineering, physics, air-pollution,
exposure assessment, medicine, biology, social science, statistics, and
environmental policy. The committee's work was sponsored by the Agency for
Toxic Substances and Disease Registry of the U.S. Public Health Service,
whose mission is to prevent or mitigate adverse human health effects and
diminution in quality of life resulting from exposure to hazardous substances in
the environment.

The committee was charged to review new developments and developing
technologies in exposure assessment, identify technological gaps, and
recommend research and development priorities to fill those gaps. The
committee was also charged to consider the value of various methods for
estimating chemical exposures in risk assessment, risk management, pollution
control, and regulatory programs. As part of the information-gathering process,
the committee sponsored a 2-day symposium in October 1988, to obtain current
information on the uses of exposure analyses, measurement instrumentation,
analytical and survey techniques, biological markers, and study design.

THE COMMITTEE'S APPROACH TO ITS CHARGE

In response to its charge, the committee focused on human exposure to
airborne contaminants that can be inhaled or absorbed through the skin and
potentially can cause adverse health effects or discomfort for an individual. The
committee did not consider in detail exposure to airborne contaminants that
come in contact with humans only after the contaminants have transferred to
another environmental medium (e.g., deposition of airborne contaminants into
food or ingestion of contaminated soil or water). The committee acknowledges
that exposure to airborne contaminants is only part of total exposure, which
includes all exposures a person has to a specific contaminant; this includes all
environmental media (air, water, food, and soil) and all routes of entry
(inhalation, ingestion, and dermal absorption). Assessment of total exposure for
specified contaminants requires the application of quantitative techniques to all
pertinent environmental media and all routes. A single-medium exposure
analysis, such as for air only, is appropriate only when supported by convincing
evidence that a single-medium exposure predominates for the contaminants of
concern.

The committee defines an exposure to a contaminant as an event consisting
of contact at a boundary between a human and the environment at a specific
environmental contaminant concentration for a specified interval of time; the
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units to express exposure are concentration multiplied by time.! Exposure
assessment involves numerous techniques to identify the contaminant,
contaminant sources, environmental media of exposure, transport through each
medium, chemical and physical transformations, routes of entry to the body,
intensity and frequency of contact, and spatial and temporal concentration
patterns of the contaminant. An array of techniques can be employed, ranging
from basic techniques for estimating the number of people exposed, to
sophisticated methodology employing contaminant monitoring, modeling, and
biological markers.

An organizing construct was developed by the committee to facilitate its
evaluation of exposure assessment techniques. The construct specified that
techniques be evaluated for their usefulness in reducing the uncertainty about
exposures and in reducing the invasiveness of the measurement techniques,
while improving the efficiency of ways to obtain data on the concentration and
duration of contaminant contact with the individual or population. Exposure of
the individual was considered key, because the committee determined that
knowledge of such exposures is essential to make inferences about the general
population.

The committee recognized that good exposure assessment techniques do
not guarantee meaningful exposure data; techniques must be applied properly.
Therefore, exposure assessment techniques also were considered for their
appropriateness in obtaining data within a scientifically sound conceptual
framework for exposure assessment. The conceptual framework for exposure
assessment defined by the committee is illustrated in Chapter 7 with a series of
critical analyses of the ways in which exposure assessments could be and have
been applied to specific public health concerns. It was not within the
committee's charge to address in detail the proper application and further
development of techniques to assess exposure to specific contaminants.

RATIONALE FOR PERFORMING EXPOSURE ASSESSMENTS

Exposure assessment is an integral component of environmental
epidemiology, risk assessment, risk management, and disease diagnosis and
treatment. It is a multidisciplinary endeavor that frequently requires the
combined expertise

! Confusion often occurs with the use of the terms "exposure" and "dose." Dose is the
amount of contaminant that is absorbed or deposited in the body of an exposed
individual over a specified time. Therefore, dose is different from and occurs as a result
of an exposure.
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of engineers, environmental and industrial hygienists, toxicologists,
epidemiologists, chemists, physicians, mathematicians, and social scientists.
Exposure assessment methodology employs direct and indirect techniques,
including measurement of environmental variables (e.g., indoor-air exchange
rates); personal monitoring of contaminants in the breathing zone; and use of
biological markers, questionnaires, and computational modeling. Exposure
assessment is an equal partner with toxicology in defining human health risk
and identifying exposure-response relationships.

As relationships between particular agents and health effects have become
better understood, risk assessment methodology has evolved to estimate the
likelihood that exposure to a given pollutant will produce a given health effect.
As defined in the 1983 NRC report, Risk Assessment in the Federal
Government: Managing the Process, risk assessment has four components:
hazard identification, dose-response assessment, exposure assessment, and risk
characterization. Figure 1 illustrates the integral role that exposure assessment
plays in the risk assessment and risk management processes. Accurate exposure
data on contaminant concentrations at the point of contact between a human and
the environment are crucial to valid risk assessment.

Many advances in knowledge of exposure assessment have not been well
integrated into standard risk assessment practice. A common approach to
regulation of contaminants has been to focus attention on a specific single
environmental medium (e.g., air) and to deal with the problems of
contamination and human contact as a one-dimensional (single-medium)
problem. Although multimedia approaches to environmental problems have
received increasing attention in recent years (e.g., EPA's 1986 "Guidelines for
Estimating Exposures,” which specify identification of the principal
environmental pathways of exposure), risk management practices generally
remain dominated by single-medium and single-contaminant approaches.

FRAMEWORK FOR ASSESSING EXPOSURES TO AIR
CONTAMINANTS

Exposure assessments for airborne constituents must be considered within
a framework that recognizes the potential contributions from other
environmental media. Furthermore, to achieve effective risk assessment, risk
management, environmental epidemiology, and diagnosis and intervention in
environmental medicine, all media and routes of exposure should be assessed
for the relative magnitude of their contributions before an intensive assessment
of one medium is conducted. To maximize opportunities for risk management,
exposure assessments should include information on the specific sources

Copyright © National Academy of Sciences. All rights reserved.


http://www.nap.edu/catalog/1544.html

© (eg861 “DUN
woij paydepy :00In0S) JUSWIFeULW JSLI pUB JUSWSSISSE JSLI JO $$9001d a3 03 diysuoneas J1oy) pue ainsodxd uewny jo syuowdq | TINDIA

SjuswinEEIW
"l PUR BiANOd XS

10 e)now 10
swij ssuodess

yswRseREw [
Inecdry =~ uswny Buj10e)|¥
Poee|qupIEA ue BRAjRuy
‘

3 :
g #uU0|jON pul :
= suo|sjoep Aoueby '
rOl N
W _ m Aijue jo ssjnos
@] N —— DWW JORIVO0 UNEAY
- WO IREjinlONINYD _A 40} VIN0OUOD 0] WiPeN
m LAl
n
Q
o
c
[
>
©
<
&
c
8

ssssfssssssssssnssnnmrrrrgh e s e s st ccccdsnas e EE R T T T T T S e s S ss s s nnias

e L L L T T T L

1"0)00j0|@
uRwny O] |RRjuUR puw
L L] —i- S80p M0| 0} YOIy so)
ssvodesi-emoQ spoylew uoinodwi N3
suvojjdo AsoimnBes
> 10 ssouenbesuon
=4 1o vojjen|eaz
<
=
=
w sineodxe
m jow e yi
Z suojjde Asojwndes so__--o_."-ho-. 10 suQ|iFAIRNGO
m 10 (vewdojeasg PI®|) pPuR qu
m jusweBorumpy Ivewess ey jVswsReRNy yoiwesey
wnA LI LT sineodxa

"uonngule Joj UOISISA SAllejIoyINe 8y} se uoneolgnd siy} Jo uoisiaA juld ay) 8sn ases|d pauasul A|jejuspiooe usaq aaey Aew siolis olydelbodA) swos pue ‘pauiejal
aq jouued ‘Janamoy ‘Bumniewloy oyoads-BuiesadAy Jayjo pue ‘sojAls Buipeay ‘syeaiq pisom ‘syibua)| aul| {jeulblio ay) 0} anly aie syeaiq abed ‘sa|i BuimesadAy jeulblo
a8y} wolj Jou ‘yooq Jaded [eulbLo 8y} wouy pajeald safi X Wody pasodwoosals usaq sey yiom [eulblio 8y} Jo uonejussaidal [e)bip mau siyl @ 4dd SIY} Inoqy

Copyright © National Academy of Sciences. All rights reserved.


http://www.nap.edu/catalog/1544.html

not from the

original typesetting files. Page breaks are true to the original; line lengths, word breaks, heading styles, and other typesetting-specific formatting, however, cannot be

retained, and some typographic errors may have been accidentally inserted. Please use the print version of this publication as the authoritative version for attribution.

About this PDF file: This new digital representation of the original work has been recomposed from XML files created from the original paper book

tants: Advances and Opportunities

EXECUTIVE SUMMARY 7

of contaminants, locations of human contact with the contaminant, and
environmental factors affecting the exposures to ensure that effective and
appropriate mitigation measures can be formulated. Exposure data should be
collected over intervals consistent with the expected biological response time to
compounds; this requires knowledge of contaminant toxicity. Data on
individual exposures can be integrated by summing over time (time-integrated
exposure), over persons (population-integrated exposure), and over
contaminants (contaminant-integrated exposure).

Studies to assess exposures to environmental contaminants, whether they
are intended to improve environmental epidemiology, disease diagnosis and
intervention, risk assessment, or risk management, need to consider the three
principal methods of exposure assessment: personal monitoring, biological
marker measurements, and indirect methods (e.g., microenvironmental
concentration measurements coupled through models to time-activity data
obtained from questionnaires). These methods then can be incorporated into the
study design to the extent practical and necessary to meet the specific objectives
of the assessment. It is not always necessary to monitor contaminant
concentration in the breathing zone of each individual in a potentially exposed
population. For example, if important contaminant sources and exposure
locations were known from previous studies, only fixed-site monitoring data
and knowledge of the frequency and duration of exposure of individuals at the
contact location would be needed.

Exposure assessment has been practiced in several different disciplines,
and numerous definitions and methods of estimating exposure have been
developed, including those in the 1988 EPA publication, Proposed Guidelines
for Exposure-Related Measurements.> These guidelines define exposure by
units of mass. EPA's definition multiplies exposure (units of contaminant
concentration and time) by a contact rate (e.g., breathing in units of volume per
time). Time and volume units cancel in the equation, leaving mass. This is more
appropriate as a definition of "dose" than of exposure, within the context
described by the NRC Committee on Biologic Markers.

Because standard definitions are critical to developing coherence in the
field of exposure assessment, the committee recommends that the scientific and
regulatory communities, including those responsible for reviewing articles for
scientific journals, use consistently the definitions of exposure and exposure
assessment recommended in this report to ensure standardization across
disciplines.

2 The EPA guidelines are being modified to incorporate new and improved approaches
to understanding exposure.
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SAMPLING AND PHYSICAL-CHEMICAL MEASUREMENTS

Quality Control and Quality Assurance

Using advanced measurement techniques in exposure studies does not in
itself ensure better data. Quality assurance (QA) programs are critical
components of exposure studies; they must be established as part of initial study
designs, at which point it should be decided what precision and accuracy are
needed to test the study hypothesis. (Accuracy refers to the degree of agreement
of a measurement with an accepted reference or true value; precision is a
measure of the agreement among repeated individual measurements.)

QA activities, such as interlaboratory comparisons and measurement
system audits, are carried out to ensure that the collected data achieve
predetermined levels of precision and accuracy. The committee considers QA to
include quality control, which comprises operational activities carried out
before and during the measurement process to ensure that the accuracy and
precision of data are sufficient to meet the needs of a study. An effective QA
program is costly (approximately 15-25% of total study expenses) and should
be considered when establishing a project's budget.

A major deficiency in the field of exposure assessment is the general lack
of validation studies for most new samplers and analytical instruments. In this
regard, attention should be given to the availability of reliable chemical
standards (sample compounds of known composition and concentration) to use
as validation references for measurement techniques. This is especially true for
highly reactive compounds. These compounds often are of concern from a
health perspective, and stable, known quantities can be difficult to prepare.

Sampling Techniques and Strategy

Most advances in exposure assessment science have occurred in the
development of samplers and measurement techniques for fixed-site and
personal air monitor studies; the latter have focused on activities and sources
that contribute to individual and population exposures. However, new personal
air sampling techniques have been underused—especially to provide data to
support regulatory decision making.

The choice of a sampling strategy and a measurement method hinges on a
study's specific aims and hypotheses. Physical, chemical, and biological
characteristics of a pollutant dictate the method chosen to sample and measure
its airborne concentration. Because a contaminant can have very different health
effects in the vapor-phase versus the condensed phase, care must be
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exercised that the selected sampling procedure does not present a false picture
of a contaminant's physical state.

Airborne contaminants can be sampled actively or passively. Active
sampling uses a pump to pull airborne contaminants through a collection
device. Passive sampling relies on molecular diffusion to deliver airborne
contaminants to the collection medium. Passive monitors are well suited to
collect long-term integrated gas and vapor samples obtained over days or
weeks, and they can be extremely useful for personal or microenvironmental
studies. However, long-term sampling with passive monitors often places great
constraints on the sorbent, which must retain the analyte of interest without
promoting unintended reactions with other adsorbed analytes. Sorbent
improvements are needed to allow long-term sampling for a wide variety of
analytes.

Personal air-monitoring is the most direct approach for assessing human
exposure to airborne pollutants. However, portability usually is attained at the
expense of sensitivity (compared with fixed-site microenvironmental
monitoring instruments). Personal monitors (active or passive) need to be
developed for many potentially harmful airborne contaminants, including
certain metals, polycyclic aromatic hydrocarbons and other semivolatile organic
compounds, polar volatile organic compounds (e.g., vinyl chloride), and radon
progeny. In some cases, personal monitors already exist but need to be refined,
reduced in weight and size, or validated (e.g., airborne particles and certain
pesticides).

Certain pollutants produce effects only at concentrations greater than a
threshold value. Therefore, personal samplers of such pollutants are needed that
will continuously monitor only exposures to concentrations greater than a
designated threshold for community and occupational exposures.

Quiet and unobtrusive microenvironmental samplers are needed if fixed-
site sampling is to be used widely; such samplers should be developed for the
full spectrum of air contaminants.

New sorbents for polar volatile organic, highly volatile, and very reactive
compounds are needed. Collection with sorbent sampling systems often is
associated with a compromise in analytic sensitivity; this results from the large
volumes used in liquid desorption techniques. Procedures such as supercritical
fluid extraction that permit desorption with a minimum of dilution need to be
developed.

Instrumental Techniques

Many advances have been made in instrument design, operation, and
experimental deployment during the past 15 years. Liquid chromatography (LC)
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techniques are being used to analyze for compounds not amenable to gas
chromatography (GC). In particular, ion chromatography is being used
increasingly to analyze highly polar air contaminants. LC combined with mass
spectrometry also is being developed into a technique to complement GC
combined with mass spectrometry. The development of new types of detector
configurations (e.g., ion trap mass spectrometer) has made mass spectrometry a
valuable air analysis device. Simple advances have been made for other GC and
LC detectors.

Field applications of exposure assessment methods are restricted by
instrument limitations. Portable, reliable, and rugged instruments such as gas
chromatographs, gas chromatograph/mass spectrometers, ion trap mass
spectrometers, and electrochemical sensors are needed. Sampling methods,
instruments, and software to function with these instruments also are needed to
permit unattended sample collection and analyses in field settings for extended
periods. A sensitive, highly specific detector applicable to numerous
compounds is needed for LC. Continued improvements in LC combined with
mass spectrometry are beginning to fill this gap.

USE OF BIOLOGICAL MARKERS IN ASSESSING HUMAN
EXPOSURE TO AIRBORNE CONTAMINANTS

Biological markers in an exposed individual can provide information about
an original contaminant, a metabolite of a contaminant, or the product of an
interaction between a contaminant agent and some target molecule or cell. As
one progresses from markers of exposure to markers of health effect, variability
associated with the individual becomes an increasingly significant problem.

Biological markers have been studied as a part of research on exposure to
air pollutants for a limited number of compounds. Critical issues are associated
with marker specificity and sensitivity to an exposure contaminant. In some
cases, biological markers cannot be used without adjustments for exposures to
background concentrations of contaminants from the same or other media and
adjustment for seasonal or regional variation.

The use of biological markers in exposure assessment should normally be
done in conjunction with personal or microenvironmental exposure-
measurement techniques. Biological markers integrate all routes and sources of
exposure and can provide measures of the actual dose of a contaminant an
individual has received when appropriate metabolic data are available and when
the relationships between times of exposure and sample collection are adequately
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defined. However, the actual routes and sources of exposure cannot be detected
without information on environmental contaminant concentrations.

Analytical techniques with improved chemical specificity and sensitivity
for biologically significant markers are needed for exposure assessments;
especially needed are flexible assays that can analyze several markers
simultaneously or be readily adapted to analyze numerous markers sequentially.
For such techniques, validation studies are needed to link biological markers
conclusively to causative agents.

Pharmacokinetics is the quantitative description of the rates of absorption,
distribution, metabolism, and elimination of a contaminant taken into a
biological system. Better pharmacokinetic data are needed for an increasing
number of chemicals. These data are needed to further the development and
validation of sophisticated biological marker models and to further
understanding of how to model multiple metabolic pathways as a function of
exposure level.

SURVEY RESEARCH METHODS AND EXPOSURE
ASSESSMENT

Although there have been major advances in personal monitoring
equipment and in conducting sociological studies of time use, exposure-related
data on human activity patterns are in short supply. The techniques normally
employed are questionnaires and recall diaries to obtain information on location
and duration of human activities. Elementary principles of statistical survey
design, sample selection, and question format often are ignored in
questionnaires and surveys used by exposure analysts. Collaboration of social
scientists having expertise in survey statistics with exposure analysts can help to
develop more appropriate questionnaires, to limit the effects of biased
questions, and to validate survey instruments before their use in the field.

Far more attention needs to be given to the design of survey research in
exposure studies. Exposure analysts need to employ the expertise of specialists
in survey statistics and the measurement of human time-activity patterns
through the use of questionnaires. Improvements are needed in the reliability
(precision) and validity of survey results, especially with regard to estimates of
frequency or duration of exposure. The estimation of long-term exposures
presents challenges yet to be addressed by survey researchers.

In addition to resource intensive surveys of large populations, far more use
should be made of well-designed, but less-expensive, sequential or one-time
studies done at the community level. Such surveys could be especially
important for personal exposure monitoring studies. In addition, a series of small
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benchmark surveys of "normal" situations or environments are needed to help
establish baselines for other studies (e.g., studies of time-activity in "healthy"
buildings for comparison with similar studies in "sick" buildings).

MODELS USED IN ASSESSING HUMAN EXPOSURE TO
AIRBORNE CONTAMINANTS

Mathematical models use systems of equations to quantify and explain the
relationships between air-pollutant exposure and important variables, such as
emission rates from contaminant sources, as well as for estimating exposures in
situations where direct measurements are unavailable. These models are derived
from assumptions and approximations that permit complex physical-chemical-
behavioral problems to be represented by mathematical formulations.

Models considered by the committee were classified into two broad
categories: those that predict exposure (in units of concentration multiplied by
time) and those that predict concentration (in units of mass per volume).
Exposure models obviate extensive environmental-or personal-measurement
programs by providing estimates of population exposures that are based on
small numbers of representative measurements. Although concentration models
are not truly exposure models, the output of concentration models can be used
to estimate exposures when combined with information on human time-activity
patterns.

To improve the development and validation of models, measurements are
needed of the concentrations of airborne pollutants in workplaces, homes, and
other microenvironments. Simultaneous measurements of critical independent
variables, such as source emission rates and indoor-ventilation rates, are also
needed for models. Concentration gradients within defined microenvironments
also need to be accurately measured.

Validation studies are needed for many existing models. In particular,
immediate efforts are needed to validate the models used for decision making
by EPA, ATSDR, and others about public and occupational health and to tailor
the models to relate to the actual situations that can result in large population
exposures. Valid emission rate models are needed to provide better estimates
for multicomponent mixtures. Validated outdoor-dispersion models are needed
to predict concentrations in complex terrain and to provide accurate exposure
estimates for down- and up-gradient terrain conditions.

The same data set used to develop a model cannot be used to refine and
validate it; new, independent data are required. In addition, all assumptions used
in developing a model should be documented explicitly. Care should be
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taken by investigators in any field-monitoring program to integrate
measurements with modelers' information needs so that the requisite model
input data are obtained or the measurement results can be used to test, refine, or
validate appropriate models.

Little work has been done to model very short-term exposures (peak
exposures) and gradients for dispersion, deposition, and ventilation in indoor
environments. Measuring and modeling the temporal patterns of source strength
as a function of readily identifiable or measurable source characteristics is a
critical step in that process. In addition, more work is needed to model the
relationship of indoor-air quality to the composition of the outdoor air.

Concentration Models

New developments in outdoor-dispersion models have improved
prediction of the average and time-varying concentrations to which individuals
are exposed. Receptor models can be compared with dispersion models as a
means of checking the predictions of both models. They also can be used to
identify sources of exposure. In many cases, however, data describing the
source characteristics are not available on the time scale for which the model
predictions are needed. Such mismatches of the time scale of the measurements
with the time scale of the models impede model development, validation, and
application to new exposure scenarios.

Source emission models are available to predict mass-emission rates for a
variety of dynamic and steady-state emission problems. The available emission
models allow the estimation of downwind exposure for continuous and
catastrophic releases of pure compounds or binary mixtures. However, these
models have not been validated. Dense cloud dispersion models are available to
estimate downwind exposure for heavier-than-air vapor or aerosol releases; they
also have not been validated.

Exposure Models

Models for predicting exposures to populations have been developed but
have not been adequately validated. Limited validation studies of the EPA's
"Simulation of Human Air-Pollution Exposure Model," for example, show that
the average exposure values are well predicted but also show substantial
discrepancies in the tails of the distribution. Further development and validation
of these models are warranted. Exposure models used for regulatory decision
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making should be developed and validated for microenvironments where
significant exposures occur.

FUTURE DIRECTIONS FOR EXPOSURE ASSESSMENT

Air-exposure reduction strategies for a given contaminant should first
consider exposures due to all media. If other media are found to contribute
significantly to the total exposure even after air exposures are reduced, agencies
responsible for or experienced with the other media should be apprised of the
issue and be actively involved in the development of integrated exposure-
reduction strategies.

Unless the health effect of a contaminant is unique or the source of the
contaminant exposure is well characterized, it is difficult to relate an exposure
to a health effect for one of a group of contaminants present in specific
microenvironments. When a contaminant does not have a unique health effect,
it is necessary to identify those situations where populations can have
substantial exposures. Once the exposure is assessed, that information should be
used to perform studies to establish the magnitude of the health outcome from
exposure in those situations.

Attempts to assess human exposure to air contaminants have achieved
varying degrees of success. It is easy to find flaws with any exposure study
when we are only beginning to understand the ways in which human activity
affects exposures of individuals and populations. It is clear, however, that the
field of air contaminant exposure assessment has advanced significantly as a
result of indoor-air-pollution studies. Further progress will be achieved as
exposure study designs more completely address and rank potential
contributions from all environmental media to all relevant microenvironments.
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1

Principles of Exposure Assessment

INTRODUCTION

Since the early 1970s, when federal regulatory agencies first focused their
attention on the association of cancer and other chronic diseases associated with
human exposure to toxic agents, rapid advances in bioassay techniques and
other test methods have made it possible to discern relations between particular
agents and cancer and other health effects. Risk assessment is a method for
estimating the likelihood that a given pollutant will have a given health effect.
Risk assessment has four components: hazard identification, dose-response
assessment, exposure assessment, and risk characterization (NRC, 1983a).
Advances in hazard identification and dose-response assessment have been
successfully incorporated into risk assessment practice. Advances in analytic
instrumentation permit the detection of chemicals at lower and lower
concentrations and these make it possible to detect the presence of chemicals
that would have been missed earlier. Also, advances and improvements in
mathematical and statistical manipulation of data have been major contributors
to improvement in the practice of risk assessments. However, accurate data on
exposure, i.e., contaminant concentrations at the boundary between a human
and the environment and the duration of contact, are also crucial to valid risk
assessment, but advances in exposure assessment have not been fully integrated
into standard risk assessment practice.

Exposure assessment has seen important conceptual and practical
advances. Perhaps the most fundamental has been the recognition that
exposures to various contaminants can occur through contact of any tissue with
any environmental medium at any time, and in all sorts of venues. That might
seem obvious, but in major environmental regulations, exposures to
contaminants have been—and to a large degree still are—thought of in the
terms of 8-hour workplace exposures and 24-hour outdoor exposures of a
"standard" 70-kg man. Such definitions assume the presence of a contaminant in
a particular medium
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(or microenvironment) just as they assume the presence of the person and the
contact with that medium in that microenvironment. In fact, indoor
concentrations of some pollutants can be higher than outdoor concentrations,
most people spend far more time indoors than outdoors, and different
population groups (e.g., young children and older persons) have different
patterns of sensitivity and activity, which affect their likelihood of and
responses to exposure.

The national environmental-policy implications of those findings could be
enormous. For example, if indoor sources of airborne benzene were
acknowledged, and it were determined that the average person's major exposure
occurred indoors, rather than outdoors, the allocation of hundreds of millions of
dollars for control of industrial emissions of benzene might appear less than
optimal. The same could well be true of a number of other major elements (such
as NO, from stoves) of concern to national environmental policy associated
with substantial exposures.

The Committee on Advances in Assessing Human Exposure to Airborne
Pollutants was established by the National Research Council's Board on
Environmental Studies and Toxicology to review important new developments
in exposure assessment instrumentation and methods that have arisen in
pollution-related research, occupational medicine, and other disciplines over the
last 1015 years, especially as they apply to individual human exposures to
airborne toxic substances. The committee's work was sponsored by the Agency
for Toxic Substances and Disease Registry (ATSDR), whose mandate is to
prevent or mitigate adverse human health effects and diminution in quality of
life resulting from exposure to hazardous substances in the environment. In
response to its charge and to national needs for improved understanding about
exposures to environmental hazards, the committee has reviewed the new
developments and developing technologies in exposure assessment, identified
knowledge and technological gaps, and recommended research and
development to fill those gaps. In this report, the committee also presents a
conceptual framework for the science of exposure assessment and illustrates,
with a series of case studies, how exposure assessments can be (and have been)
properly and improperly applied and conducted. However, it was not within the
committee's charge to perform an exhaustive study on the proper application
and further development of techniques to assess exposure to any specific
contaminant.

This chapter introduces the basic principles and definitions of exposure
assessment. Chapter 2 presents the framework for conducting exposure
assessments, the quantitative relationship among source and receptor
characteristics, and the basic components of exposure assessment and how it
may be employed. Sampling and physical and chemical measurements are
discussed
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in Chapter 3, biological markers in Chapter 4, questionnaires and survey issues
in Chapter 5, and modeling techniques and instruments in Chapter 6. Chapter 7
contains a number of airborne-contaminant case studies that illustrate the
application and misapplication of exposure assessment. The summaries of
Chapters 1 and 2 contain general conclusions and recommendations. The
summaries of Chapters 3 through 6 contain conclusions and recommendations
relevant to the exposure assessment methods discussed in each chapter. Such
methods can be incorporated into a study design to the extent practical and
necessary to meet the specific objectives of the assessment. Conclusions
presented at the end of each case study in Chapter 7 focus on broad implications
for the discipline of exposure assessment, notable advances, and remaining
needs.

BACKGROUND

Environmental contaminants found in the community or occupational
settings long have been thought to be related to a wide range of adverse health
and nuisance effects in humans. In the course of daily activities, humans are
exposed to a variety of environmental contaminants through the air they
breathe, water and beverages they drink, food they eat, and materials that
contact their skin. These events occur in many settings—indoors (e.g.,
residential, industrial, occupational, and transportation) and outdoors. An
exposure to a contaminant is defined as an event that occurs when there is
contact at a boundary between a human and the environment with a
contaminant of a specific concentration for an interval of time. Thus, an
exposure has units of concentration and time. This definition is consistent with
definitions of exposure presented in other NRC reports and is discussed in
greater detail in Chapter 2.

Total human exposure accounts for all exposures a person has to a specific
contaminant, regardless of environmental medium (air, water, food, and soil) or
route of entry (inhalation, ingestion, and dermal absorption) (Lioy, 1990). For
media other than air, the time increment could be infinitesimal, such as that
incurred during the act of drinking a glass of water. It is a necessary concept to
carrying out risk assessments or health studies for a pollutant. Sometimes total
exposure is used incorrectly to refer to exposure to all pollutants in an
environment. Total exposure to more than one pollutant should be stated
explicitly as such.

Assessing the total exposure of an individual or population involves
numerous techniques to identify the contaminant, contaminant sources,
environmental media of exposure, transport through each medium, chemical
and physical
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transformations, routes of entry to the body, intensity and frequency of contact,
and spatial and temporal concentration patterns of the contaminant. An array of
techniques can be employed, ranging from estimates of the number of people
exposed and contaminant concentrations to sophisticated methodology
employing contaminant monitoring, modeling, and measurements of human
biological markers. The type of exposure assessment methodology used largely
determines the applicability of collected data to quantifying the relationship
between exposure and biological response. Whatever application or technique is
employed, the fundamental concern is human health and comfort. In response to
its charge, the committee focused on human exposure to airborne contaminants
that can be inhaled or absorbed through the skin and potentially cause adverse
health or nuisance effects for an individual. The committee did not, nor was
charged to, focus on exposure via other routes following deposition of airborne
contaminants into other media (e.g., deposition of airborne contaminants into
food or ingestion of contaminated soil or water).

Dose is the amount of a contaminant that is absorbed or deposited in the
body of an exposed organism for an increment of time. Dose is not considered
in detail in this report, except in discussions of biological markers.

The National Research Council's Committee on Biologic Markers has
portioned dose into two components: internal dose and biologically effective
dose (NRC, 1989). Internal dose is the amount of a contaminant that is absorbed
into the body over a given time. Biologically effective dose is the amount of
contaminant or its metabolites that has interacted with a target site over a given
period so as to alter a physiological function.

Exposure assessment is central in environmental epidemiology, disease
diagnosis and intervention, risk assessment, and risk management. In
environmental epidemiology studies, exposure assessment historically has
involved qualitative characterizations of whether contact was made with a
contaminant rather than determination of actual concentrations, duration of
human contact, and identification of all sources of the contaminant. Although a
qualitative approach can provide order-of-magnitude estimates, it is
unsatisfactory because it can result in misspecification! of exposure and can
fail to account adequately for confounding factors (e.g., temperature affecting
contaminant concentration). A qualitative approach can mask or overemphasize
an actual exposure-response relationship. In some cases, if the pollutant and
outcome are well defined, general indicator data can be used to describe
important

I Misspecification or misclassification of exposure occurs when a contaminant or the
place of contact with a contaminant is incorrectly identified.
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response-exposure relationships. Good examples of the use of this kind of data
are the studies by Bates and Sitzo (1987), Bates et al. (1990), and Ostro and
Rothschild (1989) of ozone and particulate irritants and acute respiratory
response.

Application of quantitative techniques to all pertinent media and to all
routes is desirable to account for the influence of confounding factors.
Quantitative methods also are important in defining subpopulations with the
greatest potential for contracting a disease or exhibiting an adverse health effect.

Exposure assessment can be important in disease diagnosis and treatment.
With careful evaluation of the factors that might have contributed to a specific
disease, exposure assessment could be employed to define the intervention
necessary to reduce and control contact with a contaminant and provide a basis
for further analysis of a larger population.

Risk assessment methods are widely used by federal, state, and local
agencies, as well as industry, to determine whether various chemical substances
in the environment might induce adverse health effects in humans. Exposure
assessment provides fundamental information for describing the distribution
(including the high and low extremes) of contaminant exposures within a
population, for estimating the doses received from different media, and for
determining routes of entry into the body. Use of appropriate exposure
assessment methodology in risk assessment reduces the error or uncertainty in
the calculated risk.

After risk assessment shows that a contaminant poses an adverse health
risk, regulatory agencies develop risk management plans. Such a plan involves
formulating cost-effective mitigation efforts to reduce the risk associated with
exposure to a contaminant and to monitor progress toward risk reduction.
Exposure assessment is an essential part of risk management effort because it
helps to determine the following:

*  Concentration distributions in time and space for different
environmental media.

» Populations or subgroups at high and low risk.

» Efficient, effective, and representative environmental monitoring

programs.
* Chemical and physical contributions of various sources to
concentrations.

¢ Factors that control contaminant release into environmental media,
routes of environmental transport, and routes of entry into humans.

» Effective mitigation measures.

» Compliance through mitigation measures to achieve health standards.
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Exposure assessment efforts traditionally have focused on one route of
entry through one environmental medium and microenvironment (EPA, 1988a).
A microenvironment is a three-dimensional space with a volume in which
contaminant concentration is spatially uniform during some specific interval
(Sexton and Ryan, 1988). A variety of microenvironments are encountered in
spaces in offices, homes, vehicles, stores, schools, athletic fields, parks,
backyards, and city streets. Efforts directed at studying only one micro-
environment often have used unsophisticated techniques, such as questionnaires
with little or no information on spatial and temporal distributions of
contaminant concentrations and the human contact with those contaminants.
These efforts have resulted in difficulties identifying significant exposures and
in developing effective mitigation measures for airborne compounds that have
multiple sources in one or more microenvironments (EPA, 1988a). More
effective methods were not used for many reasons, including technological
limitations in environmental monitoring methods, lack of adequate
concentration-predictor models, unavailability of adequate human biological
markers of exposure, limitations in available resources, inadequate
understanding of media and routes of entry, and narrow public health mandates
of individual regulatory agencies. As a result, agencies responsible for
regulating chemicals for indoor and outdoor environments (emissions, use, etc.)
have often not adequately integrated exposure assessment techniques and data
into their regulatory actions.

The Environmental Protection Agency (EPA) has developed exposure
assessment guidelines focusing on modeling (EPA, 1986a) and measurement
(EPA, 1988b) to provide more accurate exposure assessments to use with risk
assessments. The guidelines specify that an exposure assessment should include
an identification of the principal environmental pathway of exposure, including
indoor settings. These guidelines, however, do not adequately address the need
for indoor-air data on important sources of exposures for individual
contaminants. Advances in indoor-air exposure studies have demonstrated the
significant health effects from indoor emissions and exposures to contaminants
that had been regulated only as outdoor pollutants (e.g., NO,) (Spengler and
Sexton, 1983; Akland et al., 1985; Spengler et al., 1985; Leaderer et al, 1986;
Wallace, 1986). These demonstrations of high indoor-contaminant levels
showed the importance of accounting for incremental exposures’ from
microenvironments when making risk assessments for specific

2 Incremental exposures are separate events of contact between an individual and a
contaminant; they can be summed, and their units are pg-hr/m?.
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contaminants. For many outdoor contaminants, significant emission reductions
have been achieved during the past few decades (e.g., sulfur dioxide).

EPA's Science Advisory Board recognized the need to consider exposure-
reduction strategies in media and situations that yield cost-effective benefits
(e.g., indoor air) and recommended that EPA develop a 5-year program on
exposure assessment as one of its major new initiatives (EPA, 1988a).

Exposure Assessment in Environmental Epidemiology

During the past several decades, exposure assessment research has
progressed most evidently in environmental epidemiology. This progress can be
illustrated by tracing some of the major developmental steps in outdoor-air-
pollution epidemiology and the accompanying air-monitoring efforts
(Figure 1.1).

Early epidemiological methods for measuring the effects of outdoor-air-
pollution concentrated on the definition, measurement, and verification of
disease outcomes and physiological changes that were indicative of disease
development. Considerable efforts were made to improve the interpretation and
standardization of death certificates, to standardize reporting of pulmonary
symptoms and definitions of chronic lung disease (e.g., chronic bronchitis and
emphysema), and to standardize the measurement, interpretation, and reporting
of lung-function measurements. Concurrent efforts were made to develop and
apply statistical methods to outdoor-air epidemiologic data bases.

Early data on potential exposure to contaminated air were derived
primarily from questionnaires that identified an individual's residence and
indicated whether that individual had been exposed to a high level of air-
pollution. Categories of exposure to outdoor pollutants were assigned with little
information on confounders, such as smoking status or occupation, which led to
misclassified exposure categories. In addition, when data were available on the
spatial and temporal variations of the actual outdoor concentrations, they were
for a very limited number of air contaminants. The factors affecting the
accumulation of the measured outdoor concentrations (e.g., sources,
meteorology, and chemical transformations) were poorly characterized or
understood by the epidemiological investigators (Lippmann and Lioy, 1985). It
commonly was assumed that the one or two routinely monitored contaminants
or indicators (e.g., total suspended particles or sulfur dioxide) at fixed sites
either were related to the health outcomes under study or were proxies for
contaminants that posed a potential health threat. In time, ambient monitoring
was expanded to cover a wider range of chemicals to better define the spatial
and temporal variability, as well as to gather better information on the factors
influencing
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ambient levels. In addition, models that examined community source-
receptor relationships were developed and improved to better identify sources
and evaluate mitigation strategies.

These efforts, however, still were directed toward determining outdoor
concentrations and ignored the presence of many air contaminants in homes and
other indoor locations (NRC, 1985). Further problems with identification of
contaminant exposures remain since exposures continue to be considered as
occurring from one media with one route of entry. Within the past 10 years, air
contaminant exposures have been recognized as taking place through many
media and with different routes of entry. These multiple exposures need to be
assessed by personal monitoring, biological monitoring, indirect measurement
modeling, or combinations of monitoring methods. Recent advances in personal
and passive monitoring instrumentation are examples of steps taken in this
direction (Palmes et al., 1976; Geisling et al., 1982; Lewis et al., 1985; Mulik
and Williams, 1986; Hammond and Leaderer, 1987). Methods for air sampling
and analysis have developed in parallel to air-pollution epidemiological
methodology (ACGIH, 1988a; Lioy and Lioy, 1983). When measures of
internal dose or biological markers are available, attempts are being made to
incorporate them into exposure assessment research designs (NRC, 1988).

Increasingly, air-pollution exposure monitoring has been included as an
integral part of environmental epidemiology. These data have indicated the
potential importance of indoor sources of contaminants. For example, exposure
and emissions studies published during the past 10 years successfully have
tested the hypothesis that there are major indoor sources of NO, (e.g., gas home
appliances) and that concentrations and exposures in homes with these sources
frequently yield higher NO, concentrations than outdoor levels (Leaderer et al.,
1986; Southern California Gas Co., 1986). These studies have also shown that
indoor NO, concentrations in homes without these sources are about half the
outdoor concentrations, personal exposures to NO, are strongly associated with
indoor levels (because people spend more time indoors than outdoors), and
personal exposure is only weakly associated directly with outdoor
concentrations even for residences with no sources (Ott, 1988). The advances in
understanding exposure to NO, are due in part to the development of
inexpensive passive personal or microenvironmental monitors. As a result,
measurement of personal exposures to NO, with particular emphasis on indoor
air is now used in the evaluation of health effects associated with NO , and in
developing and specifying effective mitigation measures.
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Exposure Assessment in Occupational Epidemiology and
Risk Management

Exposure assessment techniques have also evolved in the fields of
occupational epidemiology® and occupational risk management. In early
occupational epidemiology studies, exposure was determined principally by
questionnaires and implied contact with the contaminants of interest. This
produced exposure data that were based on job category, which made it difficult
to compare studies of identical occupational contaminants. In addition, general
categorization of exposure by job title tended to yield erroneous assignments of
exposure categories, because each person's time-activity profile would be
different. Daily movements of workers and variability in exposures could not be
adequately identified, which made any exposure-response relationship difficult
to define. Occupational epidemiology studies now use strategies that obtain
more quantitative information on exposure. An industrial hygienist can
determine what to measure, how to measure, where to measure, whose exposure
to measure, frequency of measurement, existence of possible confounding
contaminants, and factors affecting contaminant exposures. As a result of more
sophisticated exposure measurements, misclassification of subjects by exposure
category is reduced, exposure-response relationships are more likely to be
detected, and effective mitigation measures can be instituted. Occupational
epidemiology studies and occupational risk management efforts are also
beginning to incorporate measures of dose and biological markers (Lauwerys,
1983; ACGIH, 1988b).

Conceptual Framework for Human Exposure Assessment

Efforts to assess and reduce total human exposure to environmental
contaminants and relate exposure to acute and chronic health effects or nuisance
effects* must be guided by a theoretical framework or methodology. A general
framework is shown in Figure 1.2 and is described in greater detail in

3 For the terms "occupational epidemiology”" and "environmental epidemiology" as
used in this report, the committee considers "environmental" to include occupational
settings with regard to exposure assessment.

4 Nuisance effect is a subjectively unpleasant effect (e.g., headache) that occurs as a
consequence of exposure to a contaminant; it may be associated with some physiological
response, but it is not permanent.
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Lioy (1990). Information on the doses that can cause effects associated
with contaminant exposure is vital to the design of an exposure assessment
protocol (Calabrese, 1987). It is difficult to identify a single effect associated
with a single contaminant; it is even more difficult to determine a dose-response
relationship. A health outcome often results from a complex situation that can
include many factors such as health status, age, race, diet, personal habits, and
occupation, as well as a variety of environmental contaminants emitted from
several different sources. Generally, associations are explored among exposures
to specific contaminants, general categories of contaminants or sources, and
adverse biological responses, or health or nuisance effects. Confounding
variables must be controlled or accounted for simultaneously. Although this
report emphasizes the direct inhalation route, it must be recognized that the
approaches described are developed within the framework of total exposure,
which accounts for all exposures a person has to a specific contaminant,
regardless of environmental medium (air, water, food, and soil). This report
focuses on exposure to airborne contaminants; however, exposure is a necessary
event for there to be any health or nuisance effects from contact with
contaminants in the other environmental media (see Figure 1.2).

Exposure assessments for airborne constituents must be considered in the
framework of potential contributions from other media and adding the
incremental exposures from other media when necessary. Furthermore, to
achieve effective risk assessment, risk management, environmental
epidemiology, and diagnosis and intervention, all media and routes of exposure
must be assessed for the relative magnitude of their contributions before an
assessment of one medium is conducted.

Specification of a person's or a population's exposure to an environmental
contaminant or categories of contaminants should take into account a time scale
related to the biological response studied unless the exposure assessment is
intended to provide data on the range of biological responses. Specification of
biological response requires on contaminant toxicity and quantitative
assessment of the exposures associated with the effects. Understanding of the
etiology of an effect is central to the application of exposure assessment
methodology.

The impact caused by exposure to environmental contaminants ideally
should be evaluated in terms of the dose of the contaminant or its metabolites,
which the committee defines as follows: Dose is the amount of a contaminant
that is absorbed or deposited in the body of an exposed organism for an
increment of time—usually from a single medium. Total dose is the sum of
doses received by a person from a contaminant in a given interval resulting
from interaction with all media that contain the contaminant. Units of dose and
total dose (mass) are often converted to units of mass per volume of
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physiological fluid or mass per mass of tissue, e.g., blood-lead levels in pg/DL.

Potential dose is the exposure multiplied by a contact rate (e.g., rates of
inhalation, ingestion, or absorption through the skin) and assumes total
absorption of the contaminant. Internal dose refers to the amount of the
environmental contaminant absorbed in body tissue (Davis and Gusman, 1982)
or interaction with an organ's membrane surface (e.g., asbestos deposited on the
lung surface). Biological markers are being used increasingly as indicators of
the internal effective dose of contaminants or metabolites (e.g., blood-lead
levels, cotinine in urine or blood, and DNA adducts). The biologically effective
dose is the amount of the deposited or absorbed contaminant that reaches the
cells or target site where an adverse effect occurs (Davis and Gusman, 1982) or
where that contaminant interacts with a membrane surface. Few indicators of
biologically effective dose of environmental contaminants are well
characterized. These definitions of internal dose and biologically effective dose
are consistent with those given in recent NRC reports: Biologic Markers in
Pulmonary Toxicology and Biologic Markers in Reproductive Toxicology.

Physico-pharmacokinetic models are used to describe or calculate a
relationship  between exposure and target-tissue concentrations of
environmental contaminants. Such models can be simple with one compartment
(Rappaport, 1985), or complex, with multiple compartments (Kjellstrom and
Nordberg, 1978). Pharmacodynamic models describe the dynamic processes
that relate the target tissue concentrations and tissue effects to the ultimate
health effects. These models typically present a mathematical relationship
between biologically effective dose and a health outcome. For risk assessment,
the models are based upon toxicological data; contaminant exposures from
different media; and the biologically effective dose, internal dose, or a health
outcome.

Data on biologically effective dose are useful for exposure assessment
when a contaminant has only one significant route, and the metabolic pathway
is well understood. For example, carboxyhemoglobin levels are a good measure
of the dose received from CO exposures and are directly related to exposure,
because inhalation of CO in air is the most significant cause of elevated levels
of carboxyhemoglobins. However, the levels can be influenced by methylene
chloride, whose metabolism will release CO that can bind to the hemoglobin.

Biologically effective dose is not practical in assessing the overall effect of
exposure to an environmental contaminant because of limitations of knowledge;
for example, uptake, distribution, metabolism, and site and modes of action of
contaminants in humans are neither well understood nor easily measured.
Moreover, information on biologically effective dose cannot be used directly to
assess sources, environmental conditions, or location of human
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receptors, which affect the accumulation of contaminants in the environment;
the uptake of contaminants, including physical characteristics of the
contaminants; and the physiological characteristics and activity levels of
exposed persons.

The exposure assessment methodology employed must consider a wide
range of aspects, including:

» Contaminant and potential biological response.

» Specification and selection of the target population.

* Available technology for personal environmental and biological
marker sample collection and analysis.

 Spatial and temporal variability of concentration distribution patterns.

+ Selection of the sampling period in appropriate relationship to the time
scale of biological effect.

* Frequency and intensity of exposure.

* Precision and

» Costs and available resources.

Types of Studies

The development of exposure assessment methodologies has involved
numerous professions and organizations. Such groups have employed different
approaches although the general goals might have been similar, for example, to
understand individual or population exposures to various contaminants within
specific environments. Data from previous assessments on the magnitude of
physical, chemical, and biological impacts and the routes of transport and entry
into the body have aided in the identification of mitigation methods.
Unfortunately, some data did not accurately address public health priorities,
because the environments studied did not include those in which the most
significant exposures would occur (EPA, 1988a). For example, exposure
investigations conducted for various volatile organic compounds have shown
that emissions in outdoor-air environments might not accurately reflect the
major sources of exposure, because significant exposures occur in indoor
environments, especially for certain contaminants, such as benzene and
tetrachloroethylene (Wallace, 1987).

An accurate assessment of exposure used to test initial hypotheses can be
employed with health data to establish relationships between exposure and
health response. The type of exposure assessment and the acceptable level of
uncertainty in the data vary according to whether the assessment is designed to
generate or test hypotheses about exposure, test instruments, make risk
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assessment decisions, or make regulatory enforcement decisions. At some point,
however, exposure assessments must focus on the interrelationship of human
activity patterns within segments of the general population and single or
multiple contaminants suspected of contributing to acute or chronic effects.

Exposure assessments vary significantly, depending on the interests and
training of the individuals or organizations conducting the studies. Some of the
more common applications of exposure assessment include the following
studies; the order of these studies does not imply rank.

Community Studies

Community studies involve segments of the general population and
quantification of single-medium or total exposure to individual contaminants or
complex mixtures. If the significant microenvironments or personal activities
are identified, the significant biological effects can be determined or estimated
through risk assessment (Johnson and Paul, 1981, 1983; Wallace, 1986; Lioy et
al., 1988; Wallace et al., 1988). These studies can also include the results of
clinical case studies to focus on the biological effects of specific contaminants
(Pfaffenberger, 1987).

Epidemiological Studies

Direct or indirect population exposure data are used in conjunction with
measures of adverse health outcomes to try to establish cause-and-effect
relationships. These studies quantify human health impacts based on the
assumption that the nature and extent of exposure can be adjusted for
confounding factors and quantified for individual compounds or compound
mixtures (MacMahon and Pugh, 1970; NRC, 1985). Epidemiological studies
are conducted by industry, National Institute for Occupational Safety and
Health (NIOSH), EPA, Occupational Safety and Health Administration
(OSHA), ATSDR, state agencies, National Institutes of Health, and universities
to identify causative agents when occupational or environmental health effects
are suspected. The hypotheses tested in these studies are that contaminants are
responsible for the health effects, and monitoring of the workplace or
community can identify contaminants and sources or define exposure-effect
relationships.

Copyright © National Academy of Sciences. All rights reserved.


http://www.nap.edu/catalog/1544.html

About this PDF file: This new digital representation of the original work has been recomposed from XML files created from the original paper book, not from the
original typesetting files. Page breaks are true to the original; line lengths, word breaks, heading styles, and other typesetting-specific formatting, however, cannot be

retained, and some typographic errors may have been accidentally inserted. Please use the print version of this publication as the authoritative version for attribution.

tants: Advances and Opportunities

PRINCIPLES OF EXPOSURE ASSESSMENT 32

Industrial Hygiene Studies

Microenvironmental-, biological-, and personal monitoring studies are
made in the workplace to quantify occupational exposure. The results are
compared with health criteria developed by government agencies (e.g., OSHA)
and organizations (e.g., American Conference of Governmental Industrial
Hygienists), based on the assumption that knowing the actual exposures will
allow prediction or quantification of biological effects, and subsequent
reduction of exposure by personal protection or process control will lower such
effects (Patty, 1978). Industrial hygiene studies are conducted by industrial
firms to check for compliance with EPA and OSHA regulations and to define
mitigation methods for actual or potential exposures. Those studies that employ
personal sampling assume that the exposures can be traced to the sources and
that those sources can be controlled.

Clinical Case Studies

Medical personnel identify health outcomes that are potentially related to
environmental or occupational contaminants. Exposure assessments assist in
quantifying the exposure-response relationship or focusing on diagnosis,
treatment, or intervention. Clinical case studies are conducted by state agencies,
industry, NIOSH, and OSHA to identify causative agents when occupational or
environmental health effects are identified or suspected.

Engineering Studies

Models that estimate the intensity of exposure from chemicals emitted by
various sources at outdoor downwind receptors may be used in conjunction
with fixed-site monitors. Their use is based upon the assumptions that the
exposure estimates of a plume impact represent actual exposures, and the results
can be used to predict biological impacts using health criteria developed by
other studies (Schroy, 1981; Fenstermacher and Ottinetti, 1987; Lipton and
Lynch, 1987). EPA conducts engineering studies under the Clean Air Act, the
Federal Insecticide, Fungicide and Rodenticide Act, and the Toxic Substances
Control Act (TSCA). OSHA, NIOSH, the Nuclear Regulatory Commission,
state agencies, and industry groups also conduct engineering studies. EPA
(under TSCA) uses such studies to define exposure levels in the workplace and
ambient environment for the premanufacture notice process before permitting
introduction of a new chemical into commerce. It is assumed
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that potential exposures can be defined by using exposure models for
populations that will work with or use the chemical.

OSHA uses engineering studies for evaluating workplace-exposure criteria
and effectiveness of engineering controls. The studies of workplace-emissions
controls evaluate the emission rates defined for classes of equipment and apply
results to all equipment in that class.

The Nuclear Regulatory Commission uses engineering studies to define
the most appropriate design alternatives for new or modified nuclear power
plants. The assumption for these studies is that providing the rigorous controls
to prevent atmospheric emissions will protect the population around the plant.

An example of state agencies' use of engineering studies is for state
implementation plans for permitting emission sources.

Industries use engineering studies to determine the most appropriate design
alternatives for production and transportation facilities. The general assumption
for these studies is that reduction in emissions results in reduction in exposure.

Industries also use engineering studies to help identify causative agents
when occupational or environmental health effects are identified, as well as to
check for compliance with EPA and OSHA regulations and to define mitigation
methods for actual or potential exposures.

Animal Studies

Animals exposed to contaminants in actual environments can be used as
exposure sentinels. The animals are assumed to represent acceptable models for
humans. Also, experimentally defined exposure-response relationships are
assumed to identify biological effects similar to those that will occur in humans
(Calabrese, 1987).

Pharmacokinetic and Pharmacodynamic Studies

These studies link actual human-exposure measurements (personal or
microenvironmental) to measurements of biological markers of internal or
effective dose and biological response. The modeling could include whole-
animal responses, based on the physiology of the species, and the toxicological
data from molecular biological studies. For predicting human response to a
contaminant the assumption is made that molecular biological processes studied
on a cellular level can be translated to human responses by using models
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that have been validated on a variety of other animals (Andersen et al., 1987;
Smith, 1987; Saltzman, 1988a).

Behavioral Studies

The quantification of changes in human behavior is an indirect approach to
measure the effects of physically, chemically, and biologically active
contaminants. This is based on the assumption that biological stress results in
behavioral change (e.g., as from inhalation of mercury vapor) that can be
compared with the intensity of directly or indirectly determined exposure.

One or more of the above types of studies require measurements or
estimation of exposure, because humans are constantly exposed to a broad
range of synthetic and naturally occurring contaminants. Unfortunately, it is
usually difficult to distinguish the effect of one or more contaminants from the
ambient environmental mixture of contaminants. In addition, for long-term, low-
level exposure, the evidence usually is inconsistent or inconclusive as to which
contaminants shorten or end human life. Naturally occurring toxic contaminants
often provide defense against predators of the animal or plant that produce
them. Such agents are almost always biologically active in humans (Ames et al.,
1987). Therefore, when designing exposure assessments, the intensity of
exposure from contact with natural and anthropogenic contaminants must be
defined qualitatively or quantitatively to help identify the important
epidemiological and clinical applications.

The nature of exposure might vary with a specific health effect and might
require special exposure-measurement methods for each assessment. For
instance, when a health effect is sudden death or obvious illness, gross or short-
term exposure measurements that highlight recent or instantaneous changes in
exposures might be adequate to identify the cause-and-effect relationships.
More subtle long-term measurements of exposures are required when the
outcome is a subtle change in the human biological or behavioral system.
Development of disease and death due to low-level, long-term exposure is very
difficult to relate to specific contaminants using morbidity and mortality studies
because of multiple intervening exposures. Identification of the specific
contaminant causing the exposure-response relationship of concern is essential.

Inferences might be made more clearly in prospective studies because
complicating factors can be measured or held constant. An example of a
prospective study is an engineering study designed to forecast workplace
exposures for proposed production units. Obtaining accurate previous exposure
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and health histories or testing any hypothesis is difficult for retrospective studies.

SUMMARY

Exposure assessment is an integral and essential component of
environmental epidemiology, risk assessment, risk management, and diagnostic
and intervention efforts. It is a multidisciplinary endeavor that usually requires
the combined expertise of engineers, environmental and industrial hygienists,
toxicologists, epidemiologists, chemists, physicians, mathematicians, and social
scientists. Exposure assessment methodology employs various direct and
indirect techniques, including environmental measurements, personal
monitoring, biological markers, questionnaires, and modeling.

Exposure assessments for airborne constituents must be considered in the
framework of potential contributions from other media and adding the
incremental exposures from other media when necessary. Furthermore, to
achieve effective risk assessment, risk management, environmental
epidemiology, and diagnosis and intervention, all media and routes of exposure
must be assessed for the relative magnitude of their contributions before an
assessment of one medium is conducted.

To maximize opportunities for risk management, exposure assessments
should obtain information on the sources and environmental factors affecting
the exposures to ensure that effective and appropriate mitigation measures can
be formulated.

The plan developed to gather data for an exposure assessment should take
into account the time scale related to the biological response being studied.

Exposure assessment is an equal partner with toxicology in defining
human health risk and identifying exposure-response relationships and should
be funded by government programs according to priorities commensurate with
the importance of exposures to environmental contaminants.

Because the features of exposure assessments range from the
straightforward to the complex, it is necessary to provide and maintain avenues
for professional-society interaction, training, continuing education, publication,
and education. Only in this way can the current state of research and
applications discussed above continue to grow and address societal and
technical concerns.
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2

Framework for Assessing Exposures to Air
Contaminants

INTRODUCTION

This chapter presents the mathematical relationships of the components of
human exposure to airborne contaminants. It also presents an overview of the
methods and their applications for assessing exposure. Each of the methods
presented in this overview is discussed in detail in the following chapters in the
context of the techniques currently available and the critical needs to advance
exposure assessment.

Human exposure to air contaminants is associated with a wide variety of
health and nuisance effects. Acute biological effects encompass outcomes, such
as aggravation of existing disease (e.g., increase in frequency and severity of
asthmatic attacks), acute respiratory infections (e.g., increase in the respiratory
illness rates in children), transient deficits in lung function, and allergenic
reactions. Chronic health outcomes include long-term decrements in lung
growth, chronic obstructive lung disease (e.g., bronchitis), cancer, neuro-
behavioral alterations, and heart disease. The most common effects encountered
by large segments of the population, however, are nuisance effects. These often
are acute and include noxious odors; eye, nose, and throat irritation; and
coughing, which is a symptomatic respiratory response.

Air contaminants found in various industrial, occupational, residential,
outdoor, and public access and transportation environments consist of a broad
and complex spectrum of chemicals in gaseous and particle-associated forms, as
well as particles of biological origin. Ideally, the air contaminants implicated in
producing an adverse health or nuisance effect would be identified and an
exposure assessment protocol would be designed. Frequently, the identification
of the causes of an effect is confounded by air quality factors other than
traditional air contaminants, including temperature, humidity, noise, and
lighting. In practice, however, exposures to a class of contaminants,
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source category, or a proxy contaminant often must be addressed when a
specific contaminant cannot be identified or easily measured.

The air contaminant concentrations present in any environment are usually
the result of several interrelated factors. In the indoor nonindustrial
environment, these factors include the following:

» Number and location of sources, type of sources, and generation rate of
the contaminants.

* Source use characteristics.

 Building or vehicle characteristics.

* Infiltration and ventilation rates.

* Air mixing.

* Removal rates by surfaces, chemical transformation, or radioactive
decay.

» Existence and effectiveness of air contaminant removal systems.

» Penetration of outdoor contaminants.

* Meteorological conditions.

* Activities of humans and their pets.

In the outdoor environment, these factors include variables such as those
below:

* Meteorological conditions.

* Atmospheric transport of contaminants.

» Atmospheric chemical reactions and physical removal processes.
» Source types.

» Source emission rates and emission density.

» Location and activities of the individual.

Air concentrations in the industrial environment are controlled by the same
factors with the addition of material handling, local process exhaust
systems,worker habits, and the use and effectiveness of personal protective
equipment.

Development of accurate models to predict air contaminant levels requires
information on the above factors. Questionnaires or environmental
measurements used in assessing exposures should gather information on these
factors as well. Such information also will aid in establishing effective risk
management mitigation measures to eliminate or reduce air contaminant
exposures.
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MATHEMATICAL RELATIONSHIPS

The mathematical relationship for air contaminant exposure for a person
can be represented by the following equation:

AE=C-At, (Eq. 2.1)

where AE is the exposure of a person to the air contaminant concentration
(C) during a specific time period (Af). The units of exposure are concentration
multiplied by time (e.g., (ug/m?) - hr).

This can be defined in the integral form as

EF = f‘lc(ﬂdt, (Eq. 2.2)
i

where C(?) represents the functional relationship of concentration with
time for an interval ¢, through #,. This time interval can be instantaneous as well
as representing longer contact periods.

An operational form of the above equation that delineates the exposures of
an individual for different microenvironments in which that individual spends
time is given by

AEj = CGik(AD) - Aty (Eq. 2.3)

where AE;, = the exposure of person k to a given pollutant during time
interval Az as a result of that person's activities in microenvironment j; Cj(A?) =
the average concentration to which person £ is exposed during the time interval
At while in microenvironment j; and Ay = the time spent by person k in
microenvironment j.

For acute health effects, # must have a short enough interval to ensure the
average reflects the peak concentration that can cause an effect.

This equation can be written to include exposures of multiple contaminants
to various persons in diverse microenvironments:
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I
Eye = TGyt o2

i=]

where the k™ person is exposed to a concentration Cj; of the it chemical
contaminant in the /" microenvironment. The concentration, Cj;, is considered to
be constant for that location during the interval A¢jy. The integrated exposure,
ET, then can be calculated for many different situations. For the exposure of the
k™ person to the i" contaminant, the time-integrated exposure for the £ person
is the sum of the individual exposures to the i" contaminant over all of the
possible microenvironments:

J
T
E, = JZ]: C, AL, (Eq. 2.5)

Alternatively, population exposure can be calculated for a group of persons
in contact with the i contaminant in a single microenvironment, such as for a
person at a workstation:

K
E; = > Cyty (Eq. 2.6
=l

A time-integrated population exposure to a single contaminant, as shown
below, also could be defined for a population of persons for a series of
microenvironments:

J K
El =Y. Y Cat, (Eq.2.7)

=] k=l

Total airborne exposure to all contaminants can be defined by summing this
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equation for all contaminants, i = 1 to I. Thus, a quantitative exposure
assessment requires accounting of the time spent by each person in the presence
of each different concentration of every different contaminant of biological
significance.

Because a human must be in an air environment at all times, some
researchers use the concept of "time-weighted average exposure." The equation
below is the same as that for integrated exposure, except that (A?);;y refers to
the proportion of 7' (time-weighted average associated with exposure) that a
person k spends in microenvironment j, with the i contaminant:

J
T, = Y (Af),, (Eq.2.8)

j=1

In the summation over exposures, A was not explicitly written, because
the person k "brings" the time to the microenvironment. The microenvironment
and the time interval are defined by the person being studied; an exposure
occurs in a microenvironment only if person k is in that microenvironment at a
specific time.

Exposure to a contaminant is defined as contact at a boundary between a
human and the environment at a specific contaminant concentration for a
specific interval of time; it is measured in units of concentration(s) multiplied
by time (or time interval). Exposure has, however, often been defined and used
differently. For example, exposure is defined in the 1988 EPA Proposed
Guidelines for Exposure Measurements (EPA, 1988b) as concentration
multiplied by contact rate multiplied by time.! In this mathematical relationship,
volume and time cancel out leaving only the mass term, which is more
appropriately considered potential dose, assuming 100% bioavailability and
absorption, as defined in Chapter 1. Defining exposure as mass will lead to
misinterpretations of exposure by those who conduct exposure assessments,
because understanding of concentrations and actual time periods of exposure is
critical for analysis and mitigation of adverse exposures. The field of exposure
assessment should use standard definitions and practices. The scientific and
regulatory communities, including those responsible for reviewing articles for
scientific

! The 1988 EPA Proposed Guidelines for Exposure Measurement are being modified
to incorporate new and improved approaches to understanding exposure.
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journals, should use consistently the definitions recommended in this document.

MEASUREMENT AND ESTIMATION TECHNIQUES
EMPLOYED IN EXPOSURE ASSESSMENT

Exposure to individual air contaminants, categories of air contaminants, or
sources of air contaminants can be assessed by using personal monitoring of the
concentration in the breathing zone of individuals (that can be directly inhaled)
and in some cases by biological markers of exposure or by coupling models
with measurement of air contaminant concentrations in microenvironments.
Biological markers and personal monitoring are called direct measures of
exposure while microenvironment monitoring is known as an indirect measure.
A schematic of approaches for determining exposure is shown in Fig. 2.1.

Direct Measures of Exposure

Personal Monitoring

Personal monitoring provides direct measurements of the concentrations of
air contaminants in the breathing zone of an individual. Samplers worn by
subjects directly record the concentration or collect time-integrated samples of
specific contaminants with which individuals come into contact for specific
intervals. For specific compounds, samplers can be used for several hours to
several days, thus including all time-concentration patterns during a specific
period.

Samplers can be active or passive. Active samplers use small pumps either
to draw air through a collection medium (e.g., filter or vapor trap) and collect
the air contaminants or to draw air through a direct-reading detector. Passive
gas samplers use diffusion or permeation to concentrate gases on a collection
medium. They usually must be carried for several days to obtain contaminant
masses greater than the detectable limit of the analysis method employed. The
samples then are returned to a laboratory for analysis.

Personal monitoring can be a useful measure of an individual's exposure to
an air contaminant or class of contaminants and has been used extensively by
industrial hygienists in occupational settings. When combined with biological
markers, personal exposure data can link air concentrations with internal dose.
For example, air CO concentrations can be linked with blood
carboxyhemoglobin levels, and air nicotine concentrations can be linked with
blood, urinary, or salivary levels of continine.
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Personal monitoring also provides a measure of the exposure across the
various microenvironments where individuals spend their time. It usually does
not supply information on the physical environment in which exposures occur
or on the factors (e.g., emission rates) controlling concentrations in those
environments. Hence, if effective mitigation measures are to be developed and
instituted, measures of personal exposure need to be supplemented with
measurements of the factors in the physical environment (e.g., temperature,
humidity, and ventilation) that control the exposure, and information on human
activity from questionnaires. In large field studies, it is difficult to obtain
sufficient numbers of subjects willing to carry the samplers; furthermore,
distribution and retrieval of samplers is manpower intensive, time consuming,
and expensive. Therefore, personal sampling has practical limitations in its
usefulness for assessing duration, intensity of exposures, and variability of
periodic exposures. One important application is the development of protocols
for long-term sampling of individuals, which ultimately would assist in
demonstrating environmental improvements and reductions in exposures by
regulatory agencies.

Several recent technological developments have made personal monitoring
more widely useful. Passive samplers (e.g., badges) for air contaminants such as
volatile organics (Lewis et al., 1985), formaldehyde (Geisling et al., 1982),
nicotine (Hammond and Leaderer, 1987), nitrogen dioxide (Palmes et al.,
1976), and other gases have been developed. These monitors provide the
sensitivity and specificity necessary to conduct personal air-monitoring
exposure assessments at reasonable cost. Recent advances also have been made
in active personal monitors; for example, miniature denuder monitors for
assessing personal exposures to acid particles and gases have recently become
available (Koutrakis et al., 1989). Advances in the use of electrochemical
sensors for active personal monitoring have recently been reported for NO,
(Penrose et al., in press), CO (Penrose et al., 1990a) and ozone (Penrose et al.,
1990b).

Biological Markers

Biological markers refer to cellular, biochemical, or molecular measures
that are obtained from biological media such as human tissues, cells, or fluids
and are indicative of exposure to environmental chemicals. A biological marker
of exposure is an exogenous substance or its metabolite or the product of an
interaction between an environmental contaminant [xenobiotic agent] and some
target molecule or cell that is measured in a compartment within and organism
(NRC, 1989). They are measures of dose when appropriate metabolic
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data are available and the relationships between times of exposure and sample
collection are adequately defined. This information can be used as a surrogate
for exposure by using pharmacokinetic or pharmacodynamic models. Biological
markers include: (a) unchanged exogenous agents (e.g., heavy metals, organic
vapors, nicotine, asbestos fibers, and PCBs); (b) metabolized exogenous agents
(e.g., phenol and cotinine); (c) endogenously produced molecules (e.g., alpha-1-
antitrypsin and porphyrin ratio); (d) molecular changes (e.g., DNA adducts and
hydroxyproline); (e) cellular or tissue changes (e.g., cell histology and sperm
mobility); and (f) measurements of pulmonary response to an agent. Biological
markers can be used as indicators of exposure (e.g., PCBs, cotinine, DNA
adducts, and carboxyhemoglobin), disease susceptibility (e.g., alpha-1-
antitrypsin), or disease state (e.g., cell histology and red blood cell counts).
Some biological markers can indicate the integrated intake into the body of an
air contaminant across all microenvironments and sources. They also can aid in
elucidating relationships among exposure, dose, and health or nuisance effects.
However, biological markers by themselves do not provide information on the
microenvironment in which the exposures take place and hence on the factors
that control exposure such as contaminant emission rates and fate. Without
information on the microenvironment or the person's activities, effective
mitigation measures cannot be developed and instituted. Use of biological
markers alone as a measure of exposure is usually insufficient for air-pollution
epidemiology, intervention, risk assessment, or risk management.

Biological markers of exposure have been used to study some
environmental contaminants, such as urinary cotinine for tobacco smoke (Wald
et al., 1984); carboxyhemoglobin levels in blood for exposure to CO (Radford
and Drizd, 1982); and lead levels in blood, teeth, and hair for inhalation and
ingestion of lead (Harlan et al, 1985); and benzoapyrene-DNA adducts (Perera
et al., 1988). Biological markers can be used to measure a specific contaminant,
or they may be proxies for a number of contaminants.

The usefulness of a biological marker in a specific study depends on many
factors: potential applications, type of testing (e.g., animal testing and human
clinical testing), properties of the marker (e.g., specificity, sensitivity, metabolic
characteristics, and invasiveness of sample collection), laboratory protocols
(e.g., collection, handling, and cost), and experimental design issues (e.g.,
sample size and confounding variables).

Use of biological markers as measures of exposure is often limited for the
following reasons:

 Difficulty in obtaining physiological samples from subjects.
» Poorly understood relationships among biological marker concentrations
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and air concentration of a contaminant, specific sources of
contaminants, duration of contact, and the adverse effect under study
(e.g., relation between urinary cotinine concentrations and exposure to
respirable suspended particulate matter or vapor-phase organics from
environmental tobacco smoke (ETS)).

* Cost and available resources.

* Person-to-person variability.

Indirect Measures of Exposure

Indirect methods of assessing an individual's or population's exposure to
air contaminants combine microenvironmental monitoring or modeling with
questionnaires or with other information on human activities. Indirect methods
supply information on contaminant concentrations in microenvironments and
the physical and chemical processes that control those concentrations. Models
that predict spatial and temporal concentration distributions of air contaminants
in various microenvironments are an important component of an overall human
exposure model. These models take three general forms: physical/chemical,
empirical/statistical, and hybrid. Indirect methods generally provide exposure
information at a lower cost than direct approaches. However, indirect
approaches do not link air concentrations with internal contaminant dose or
metabolites. In addition, the models generally used in exposure assessment have
large uncertainties associated with their estimates, and few have been validated.
Questionnaires in exposure assessment have been used extensively in the past
and will continue to be relied upon heavily in the future.

Microenvironmental Measurements

Microenvironmental measurements involve monitoring air contaminant
concentrations in the locations where exposures take place. Often, the physical
and chemical factors that control air contaminant concentrations in those
microenvironments are measured, although this is not always necessary to
determine exposure. Monitoring studies can use long-term sampling at one
location or spot or grab samples in several locations. A wide range of active and
passive samplers with excellent specificity and sensitivity is available to assess
the spatial distribution of the contaminants and the frequency distribution of
peak and average concentrations. Monitoring physical and chemical processes
(e.g., meteorological conditions, concentrations of precursor contaminants
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in outdoor air, ventilation and deposition rates in indoor air, and hood
ventilation rates in industrial settings) that control the spatial and temporal
contaminant concentration distribution is critical to develop exposure models
for contaminants.

As with any type of continuous or integrated environmental monitoring for
individual contaminants, a sampling protocol must be carefully designed within
the framework of the use of the data gathered and resources available. Care
must be taken to specify what samples should be taken, where they should be
taken, how many should be taken, and with what frequency.

Questionnaires

Different types or classes of questionnaires are used as indirect measures
of exposure:

* Those that provide information on the physical properties of an
environment.

» Those that provide a simple categorization of potential exposure.

» Those that obtain information on the activity patterns of individuals.

The first category provides information on the existence of sources, source
use, and other characteristics of each microenvironment in a community or
occupational setting. When combined with the results of fixed-site air
monitoring of the environment, this information permits a model to be
developed to estimate air contaminant levels in similar environments. This type
of questionnaires used extensively in characterizing sources, source use, and
building factors in studies of residential air quality and of buildings with
occupancy complaints (sometimes referred to as "sick building syndrome").
Efforts are under way to standardize a questionnaire for residential indoor air
quality studies (Lebowitz et al., 1989a). Recently a similar effort has been made
for investigations of buildings with occupancy complaints. The development of
such questionnaires and their use in field studies might make possible
intercomparison of data acquired from different studies.

Categorization of exposure has been used extensively in epidemiological
studies of environmental air contaminants for many years. For example, several
epidemiological studies of environmental tobacco smoke and cancer determined
exposure only by asking the subjects or household members whether they ever
were exposed to environmental tobacco smoke. In occupational epidemiology,
exposure categories often are determined by a worker's job classification.
Categorical estimates of exposure are crude; however, if
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carefully designed, questionnaires can be an inexpensive way to obtain general
information on exposure categories for large populations.

The third category of questionnaire—activity patterns—is designed to take
into account that an individual spends varying amounts of time conducting
specific activities at various locations in the course of a day. To accurately
model or estimate total exposures, microenvironments and time spent in them
must be identified as a function of air contaminant concentrations. A recent
review of adult time-activity pattern studies (Ott, 1988) found that people spend
65-70% of their time inside homes and more than 90% of their time indoors
(home, transit, and work combined). Demographic and personal (e.g., smoking
history) variables can affect time-activity patterns. These studies clearly
highlight the need to consider concentrations in the indoor environment when
assessing exposures. Of course, for some air contaminants, such as ozone,
knowledge of time spent outdoors is essential to assessing exposure.
Recognition of the importance of assessing the indoor environment has resulted
in studies that focus on the spatial and temporal aspects of people's activities
and the concentrations of contaminants present in specific environments. These
efforts are essential in the modeling of total exposure to air contaminants, but
present significant challenges in study design.

Models

In many situations, it is either impossible or impractical to measure
directly the exposures of individuals or populations (e.g., predicting exposure
for prospective industrial processes or sources or retrospectively estimating
exposures in an epidemiological study). In such cases, models are used to
estimate exposures. Models present a conceptual framework or a mathematical
formulation of individual or population exposures based upon scientific
principles. Exposure models generally include synthesized microenvironmental
concentrations (measured or modeled) and estimates of the time spent in
various microenvironments. However, the term "model" also can be used to
refer to the conceptual framework that provides the basis for formulating a
mathematical model or for planning exposure measurements.

When sufficient measurements cannot be made, microenvironmental
concentrations are estimated using concentration models. These models are
based upon the physics and chemistry of the environment. Concentration
models have been developed for emissions from sources, atmospheric
dispersion, ventilation, infiltration, transport, deposition, and atmospheric
chemistry. Stochastic models describe the transport of contaminants by
examining the
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motion of large numbers of small parcels of air moving due to advection and
diffusion (Sexton and Ryan, 1988).

Statistical/empirical models attempt to relate either the measured exposure
or the concentration to variables associated with emissions, transformation, and
accumulation in specific microenvironments. The results are used for
hypothesis generation. Statistical/empirical models often use questionnaire
responses as independent variables, e.g., source use or house volume to predict
concentration or to identify the major factors controlling concentration or
exposure.

The time spent in a microenvironment with a concentration is another
important input to an exposure model. Time spent by individuals in various
environments is typically obtained through observation, diaries, or activity logs.
Time-activity patterns measured for a statistical sample of a population can be
used to generate distributions of time-activity patterns for larger populations.
These distributions are then combined in an exposure model with
concentrations to yield population-exposure estimates. Population-exposure
models are a recent advance in exposure modeling and there has been very
limited work on their validation.

The principal advantage of models is their ability to estimate
concentrations in different microenvironments or exposures of individuals or
populations with little direct information, which may be difficult to obtain. The
processes of formulating, testing, and refining models contribute to the
fundamental understanding of exposure; such understanding is critical for
designing exposure assessment studies. Models provide a conceptual and
scientific framework for considering factors that control exposure and afford a
means for designing and testing cost-effective mitigation measures. Model
outputs are, however, only as good as the degree to which factors are identified
and specified and depend on the quality of the input data. The assumptions
employed in any model need to be clearly specified, and their applicability to a
given exposure assessment needs to be considered. Furthermore, it is essential
to test and validate models before they are used in exposure and risk
assessments to better characterize the uncertainty in the model output.

Mitigation Measures

The choice of mitigation measures to be applied and the success of those
measures in reducing or eliminating exposures to reduce health or nuisance
effects are dependent on the sensitivity and accuracy of the model employed.
As many of the relevant factors are accurately incorporated into an exposure
model, the risk management effort should become more efficient and cost
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effective. The choice of measures to be employed can range from source
removal (the most effective) to source substitution, source emission reductions,
altered ventilation, air filtration, and human-behavior modification. Air quality
standards directed at controlling concentrations of a contaminant in different air
environments, e.g., ambient air standards, also are employed, but are of no
value unless followed by effective control strategies. Formulation and
institution of a successful mitigation strategy depend strongly on the accuracy
of the exposure model employed.

INTEGRATION OF EXPOSURE-ASSESSMENT TECHNIQUES

Studies to assess exposures to environmental contaminants, whether to
complement environmental epidemiology, disease diagnosis and intervention,
risk assessment, or risk management, must consider the three principal methods
of exposure assessment: personal monitoring, biological markers, and indirect
estimates. These studies should incorporate into their study design several
methods (as many as practical) to accurately define exposure and estimate dose.
Such studies need to determine the physical and chemical factors in the
environment responsible for environmental concentrations, the multimedia
routes of exposure and the number of microenvironments in which exposures
take place so that cost-effective mitigation measures to reduce exposure can be
identified and evaluated. Toward the development of consistent exposure
assessment practices, the wuse of personal monitoring as well as
microenvironmental monitoring should be considered in long-term studies that
examine or determine changes in population exposures to airborne contaminants.

Exposure assessment studies need to explore the use of nested designs
(Leaderer et al., 1986, 1990a). A nested exposure assessment strategy refers to
obtaining an easily measured indicator of exposure (e.g., questionnaire) for all
or a large segment of the study population, while simultaneously obtaining ever-
increasing detail on the exposure measures for ever-decreasing numbers by
using personal monitoring, monitoring of microenvironments, biological
markers, etc. The former will provide data with a higher degree of uncertainty,
while progressive application of the latter should incrementally reduce the
uncertainty in the analysis of exposure. These different types of studies can be
conducted simultaneously or in separate investigations for specific
contaminants or classes of contaminants. The detailed measures of exposure can
then be used to model the exposure of the entire population. Easily obtained
measures of exposure can be incorporated or developed to validate the models.
Such exposure assessment designs typically use all three methods
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to a varying degree, based upon the applicability and practicality of available
exposure assessment techniques. These efforts will require a fundamental
change in simple approaches that have been used to assess exposure to airborne
contaminants and will improve the quality of assessments by providing
information on the extent and major sources of uncertainty in exposure
assessments as part of the portrayal of exposure assessment results.

SUMMARY

Exposure to a contaminant occurs when there is contact at a boundary
between a human and the environment with a contaminant of a specific
concentration for an interval of time; the units of exposure are concentration
multiplied by time. The occurrence of the concentration of a pollutant, a person
s exposure, and a dose to target organs and tissues are different points in a
continuum between emission of a contaminant and any resultant health effects.

Integrated air exposure is calculated from individual exposures by
summing over time (time-integrated exposure), over persons (population-
integrated exposure), or over airborne contaminants (contaminant-integrated
exposure).

The field of exposure assessment should use standard definitions and
practices. The scientific and regulatory communities, including those
responsible for reviewing articles for scientific journals, should use consistently
the definitions recommended in this document.

Toward the development of consistent exposure assessment practices, the
use of personal monitoring as well as microenvironmental monitoring should be
considered in long-term studies that examine or determine changes in
population exposures to airborne contaminants.
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3

Sampling and Physical-Chemical
Measurements

INTRODUCTION

This chapter considers sampling and physical-chemical measurement
methods available for assessing human exposures to airborne pollutants and
emphasizes recent advances. These advances could be used to improve
exposure assessment methods.

In assessing human exposures to airborne pollutants, numerous factors
besides the contaminant must be measured especially if the assessment is based
on fixed-site sampling or modeling. Accurate estimates in these instances
depend not just on concentration measurements from fixed-site monitors in
various locations, but also on knowledge of numerous factors that influence the
environments where the exposures occur (see Chapter 2). Outdoors, these
factors include temperature, humidity, precipitation, barometric pressure, wind
speed and direction, turbulence, and mixing height. Insolation, as well as light
scattering and absorbance, might also be important. Some of these factors also
must be measured to model indoor environments. However, other factors are
unique to indoor environments such as: ventilation rates, pressure differentials
across building shells and between building compartments, removal efficiencies
of building filters, and contaminant deposition rates on indoor surfaces.
Furthermore, modeling frequently requires measurements of source strengths.
Outdoors, source-strength measurements include emission rates from a major
point source (e.g., power plants). Indoors, source emission rates could include
volatile organic compound (VOC) emission rates derived from chamber studies
of building materials, consumer products, and home furnishings (Tichenor,
1987). These areas are too broad to be discussed comprehensively in this
chapter, whose focus is the measurement of airborne contaminants.
Nonetheless, measurement methods that produce information about
environmental factors or emission rates should be accounted for in the
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development of useful indirect methods to identify and control the factors most
significant to human exposure.

As outlined in Chapter 1, the choice of sampling and physical and
chemical measurement methods to be used in an exposure assessment is driven
by a study's specific aims. The analytical procedures should be chosen with
attention to the specific needs of the study. The "why," "what," "when," and
"where" all influence the selection of the "how" discussed in this chapter. It is
important for the analyst to ask, "What are we ultimately trying to accomplish?"

Sampling frequency and duration are important elements of a sampling
strategy. Certain analytical procedures provide real-time or instantaneous
measurements of contaminant concentrations (e.g., long-path-length Fourier
transform infrared spectrophotometers), while others provide an average value
for the interval during which sampling occurs (e.g., collection of VOCs on the
sorbent Tenax). Real-time measurements can be made consecutively to yield a
continuous record of a contaminant concentration, or they can be made
intermittently to yield a series of concentration "snapshots." Integrated
measurements can be made consecutively or intermittently, or they can be
overlapped, if more than one set of sampling apparatus is available.

If monitoring is done for compliance purposes, the sampling frequency and
duration likely are specified by regulation. However, rigid specification usually
is not necessary for most types of exposure assessment monitoring. If peak
concentrations are important in assessing a potential health effect, then a
sampling procedure should be integrated over a time scale no longer than that at
which contaminant concentrations fluctuate. Furthermore, the sampling should
be frequent enough to measure major fluctuations. Real-time continuous
monitoring for a contaminant that causes a chronic health effect would be
unnecessary, because the total contact is of concern. The time scale of the
relevant biological effect for a contaminant must be considered in choosing the
time scale of the sampling and measurement process (Lioy and Daisey, 1987).

Emissions of various airborne contaminants can be time-dependent. For
example, at a manufacturing site, time of day and day of week can influence
emission rates and, consequently, the airborne concentrations of various
species. Diurnal, weekly, and seasonal variations in emission rates can affect
outdoor airborne concentrations. Such factors must also be considered when
planning sampling frequency and duration.

Spatial considerations are important in fixed-site monitoring. As stated in
the National Research Council (NRC) report, Complex Mixtures (NRC, 1988),
"The primary consideration should be the relevance of the sample site to
potential human exposure." Selection of a sampling site can be purposive or
probabilistic. Purposive sampling normally is conducted to answer questions
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about a specific location (e.g., sampling near known emission sources, such as a
power plant or a waste dump). Probability sampling seeks to provide an overall
picture of an area. The choice of sampling sites should be influenced strongly
by the nature of the potential human exposure. Table 3.1 is a summary of
designs that can be applied to the selection of sampling sites. It also includes a
brief evaluation of when the different strategies are most useful. (For a further
discussion of sampling sites, see NRC, 1988).

QUALITY ASSURANCE

Using advanced techniques in exposure studies does not ensure the
acquisition of better qualitative data, but allows the potential of obtaining better
data. Whether that potential is realized depends on the quality assurance (QA)
program that is designed into the study.

The terms precision and accuracy often are used in quantitative studies.
Precision is a measure of the agreement among individual measurements made
of the same property of the sample. Accuracy refers to the degree of agreement
of a measurement (or an average of measurements of the same property) with
an accepted reference or true value. QA and its complementary concept, quality
control (QC), have many definitions. QA often is used to also include QC, and
this report uses this convention. For environmental measurements, QC
comprises operational activities that are carried out before and during the
measurement process that are intended to ensure that data are of sufficient
quality—data whose precision and accuracy are known and are sufficient to
meet the needs of a study. Examples of QC are calibration procedures,
maintenance of constant line voltage and temperature, use of blank and spiked
samples, and use of traceable standard reference materials. QA also includes
activities carried out to ensure that the collected data achieve the precision and
accuracy required, such as interlaboratory comparisons, measurement system
audits, and statistical procedures to highlight bad data or extreme values. These
activities should be carried out by persons not involved in routine data-
gathering operations. EPA has developed a comprehensive QA handbook that
gives principles and recommended procedures for achieving quality data in air-
pollution measurement systems (EPA, 1976a,b).

ERRORS

In designing a QA program to meet the needs of a specific exposure study,
it is useful to consider the four activities involved in any environmental
measurement that can cause errors in the data obtained:
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5
= TABLE 3.1 Spatial Considerations: Summary of Sampling Designs and When They
S Are Most Useful
3 Sampling Design Condition for Most Useful Application
Haphazard sampling Only valid when target population is homogeneous in
space and time; hence, not generally recommended
Purposive sampling Target population well defined and homogeneous, so
sample-selection bias is not a problem; or specific
environmental samples selected for unique value and
interest, rather than for making inferences to wider
population
Probability sampling
Simple random sampling Homogeneous population

Stratified random sampling ~ Homogeneous population within strata (subregions);
might consider strata as domains of study

Systematic sampling Frequently most useful; trends over time and space
must be quantified
Multistage sampling Target population large and homogeneous; simple

random sampling used to select contiguous groups of
population units

Cluster sampling Economical when population units cluster (e.g.,
schools of fish); ideally, cluster means are similar in
value, but concentrations within clusters should vary
widely

Double sampling Must be strong linear relation between variable of
interest and less-expensive or more-easily measured
variable

Source: NRC, 1988
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» Selection of representative sampling sites.
* Collection of the environmental sample.

» Sample analyses.

+ Data-handling.

Site-Selection Errors

The representativeness of the sampling site refers to selection for
appropriate spatial and temporal definition. For example, a study to determine
compliance with an ambient air quality standard for a given pollutant would
require air samplers to be placed at community sites that represent typical
outdoor air and to have the same measurement time as the standard. On the
other hand, a study to determine total air exposure of a population to the same
pollutant could require a sampling strategy that involves personal samplers or
microenvironmental measurements combined with activity diaries. In many
studies, site-to-site variability is the largest component of the total measurement
error. EPA (1988b) guidelines for exposure studies provide general information
on proper sitting of outdoor-air-monitoring stations.

Collection Errors

The study of most air contaminants requires that the air sample be moved
from the microenvironment into a collection device or analytical instrument.
Errors can result from physical and chemical changes in the sample during and
after sample collection. Air-collection procedures usually concentrate molecules
that normally are diffuse and isolated, thus enhancing the possibility of
concentrated molecules interacting with each other or with the collection
medium or sampler components. These interactions can render some collected
molecules immeasurable by the chosen analytical procedure. Errors can also
occur during handling, shipping, and storage of the samples.

Pumps can be significant sources of artifacts in collected samples. For
example, particle artifacts may arise because of mechanical wear or oil-droplet
emissions. Gas phase artifacts may arise as a result of emissions from hot pump
oil or other pump lubricants. Also, the magnitude of the pump flow rate is an
important consideration in microenvironmental sampling. The flow rate can be
set so high that the sampling system decreases the contaminant concentration in
the microenvironment being measured, and, near the end of the sampling
period, the contaminant concentration in the microenvironment could be
lowered artificially.
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Another common source of error when sampling with a pump is a poorly
defined flow rate. It is extremely important to calibrate and periodically check
flow rates in any device that uses flow rate to quantify the volume of air sampled.

Sample collection artifacts can arise from components other than the
pump. These include tubing, improper sealants, and incompatible plastics.
Collection artifacts can also be a problem: (a) during sample collection set up
(potential sources include idling motor vehicles, smoking, and the use of insect
repellents); (b) when using a sorbent, if the collection efficiency is poor
(sorbent breakthrough); and (c) during vapor- and particle-phase sampling when
the collection procedure itself may alter the distribution between the phases.

Errors also can occur with samplers when study subjects do not wear or
carry a personal sampler when they are expected to. Sometimes subjects are
embarrassed by the noise or size of the samplers; subjects might change their
activity patterns when wearing samplers to avoid embarrassing situations. A
subject might wear the sampling device, but forget to turn it on. Other
unintentional errors include accidentally sitting on the sampling line for a pump,
effectively stopping the flow to the sampler. Although passive samplers might
seem to alleviate many of these problems, an outer garment over the device
seriously reduces sampling capability. Therefore, the design of personal
samplers should include provisions to minimize their misuse and to ensure that
they have been used properly.

Analytical Errors

Analytical errors are associated with the identification and quantitation of
the chemical of interest in the sample collected. Qualitative errors can be
minimized by increasing the selectivity of the analytical method that is used and
by confirming compound identity by a second technique. This selectivity should
minimize potential interferences, that is, the ability of chemicals other than the
one of interest to interfere with the measurement process so as to give results
either higher or lower than the true value.

The metrics used to describe analytical quantitation errors are precision
and accuracy. Methods that have good precision and accuracy can be used.
However, methods that have poor accuracy but good precision often can be
useful in studies that require understanding only of the relative differences
among properties of environmental samples (Watson et al., 1983). Critical
operational procedures that can lead to analytical quantitative errors are poorly
conducted calibration procedures and use of inadequate reference materials
when carrying out calibrations. Even if these procedures are carried out carefully,
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some errors are inherent in the analytical method—every method has a limit for
precision and accuracy. Another factor that can lead to quantitative errors is the
"ruggedness" of the method: its sensitivity to variations in the factors that affect
the measurement (such as temperature, relative humidity, and line voltage).
Furthermore, many measurement methods cited in the literature give reasonable
precision and accuracy when used by highly trained research staff, but lose their
precision and accuracy when used by less well-trained personnel who might not
maintain stable operating procedures. The routine use of field blanks and field
spikes can reduce the occurrence and magnitude of analytical errors.

Data-Handling Errors

Data-handling errors are among the errors that can occur during data
manipulation. These errors include mistakes in reading instrumentation, in
transposing data from one system to another (e.g., data-entry errors), and in
calculating results in appropriate units. The EPA QA handbook (EPA, 1976a,b)
gives guidelines for minimizing these errors. Many of these errors have been
reduced through the extensive use of microprocessors that often collect and, in
some cases, even analyze the data (Barnett, 1988; de Monchy et al., 1988), thus
reducing human error in transcribing data and bias in data evaluation. Periodic
human inspection of all steps of data collection, reduction, and reporting is
essential as one further QC measure (Taylor, 1987). Inspection ensures that the
automation of the data-analysis process does not obscure significant
information not considered when the initial microprocessor programs were
established. This is particularly true when programs are set to accept or reject
data automatically.

One common error in data reporting is the error of omission—an omission
of precision and accuracy information when reporting data. The literature is
replete with misinterpretation and over interpretation of data thought to be more
certain than they really were. Experimental data always should be accompanied
by precision and accuracy information. Precision and accuracy are integral
parts of the measurement.

Designing a measurement strategy for a field study seems straightforward,
but designing one that minimizes the errors almost always is difficult. Further,
designing a good QA program for environmental field measurements might be
more difficult than one designed for laboratory experiments. More people of
varying skills usually are involved in environmental field studies than in
laboratory studies: different members of a staff will design the study, collect the
samples, analyze the samples, report the data, statistically analyze the
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data, and interpret the data. Without an organized QA program, such sharing of
responsibility for data quality can result in information of poor quality, or
perhaps worse, data of unknown quality. Furthermore, environmental field
measurements cannot be replicated, i.e., a measurement made today cannot be
repeated tomorrow.

Obviously, QA is a critical part of exposure studies, and a QA program
must be established as part of the initial study design. The plan should fit the
specific aims of the study. The QA program also must be considered when
establishing the budget, because an effective QA program costs about 15-25%
of the measurement budget. From a practical point of view, this translates into
significantly less data—but data of a higher quality—than if QA were
neglected. Those designing the study must take this reality into account when
determining the statistical power of the study. Painful though it is to reduce the
amount of exposure data, obtaining less data that are all good is much better
than obtaining more data that are bad or unverifiable.

AIRBORNE ANALYTES

The nature of a given airborne pollutant—its physical, chemical, and in
some cases, biological characteristics—determines the procedures appropriate
to its sampling and measurement.

A contaminant can exist in a vapor-phase or particle-associated condensed
phase, or it can be partitioned between these phases. The partitioning can result
from the adsorption of a vapor-phase compound onto the surfaces of airborne
particles, in which case the contaminant distribution is a function of the
compound's liquid-phase (or subcooled liquid-phase if the compound is a solid
at ambient temperature) vapor pressure and also the surface area of airborne
particles per unit volume of air (Pankow, 1987; Bidleman, 1988; Junge, 1977,
Ligocki and Pankow, 1989). p,p'-Dichlorodiphenyltrichloroethane is an
example of an ambient contaminant commonly partitioned in this manner.
Partitioning also can be due to dissolution of a vapor-phase compound in a
liquid associated with airborne particles. An example is the dissolution of sulfur
dioxide (SO,) in water associated with hygroscopic particles. Organic vapors
also can dissolve in liquids associated with airborne particles. Still another
partitioning process involves attached and unattached radon daughters. Because
a pollutant's dose to the lung can be very different in the vapor-phase from that
of the condensed phase, care must be taken that a sampling procedure does not
alter the distribution between phases and present a false picture of the
pollutant's physical state (Van Vaeck et al., 1984; Bidleman, 1988; Coutant et
al., 1988; Ligocki and Pankow, 1989).
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If a pollutant is present in the condensed state, its distribution as a function
of particle size is important information for assessing human exposure.
Airborne particles range in size from a few nanometers to hundreds of
micrometers (Finlayson-Pitts and Pitts, 1986). Particles frequently are classified
as "fine" (<2.5 um diam.) and "coarse" (>2.5 um diam.). Fine particles are
sometimes subclassified as nuclei mode (0.005-1 pm diam.) and accumulation
mode (0.1-2.5 pm diam.). Fine and coarse particles tend to have different
sources and, consequently, different chemical compositions. They also have
different transport characteristics, such as settling velocities and diffusion
coefficients, which lead to different atmospheric lifetimes. For these reasons,
collection of size-fractionated particles (at least a fine and a coarse fraction) is
useful when sampling with the intention of future chemical analyses. The
American Conference of Governmental Industrial Hygienists has established
cut sizes appropriate for fractionation in relation to inhalation hazard (Phalen et
al., 1986).

In addition to size, other physical properties of airborne particles, such as
morphology and water content, can strongly influence their effects on living
organisms and should be considered in any sampling methodology. Particle
shape and surface texture are important morphological features and are
characteristic of the nature of the particle; research is in progress to represent
this information as a few characteristic numbers (Hopke et al., 1988). Such
research is concerned with the use of optical and electron microscopes as the
major tools for determining these features with a primary focus on electron
microscopes.

Chemical species are not always distributed uniformly throughout a
particle. For some species, the surface concentration is significantly larger than
the bulk concentration. Examples include semivolatile organic compounds that
have been adsorbed on particle surfaces and trace metals with low boiling
points, such as lead, zinc, and cadmium, that are surface enriched by high-
temperature processes. In such cases, bulk analyses would yield much lower
concentrations than those actually in contact with environmental surfaces.
Hence, surface analyses using techniques that provide elemental or chemical
information such as SAM (scanning auger microprobe), SIMS (secondary ion
mass spectrometry), XPS (x-ray photoelectron spectroscopy), total reflectance
IR (infrared), LAMMA (laser microprobe mass analysis), and FTIR (Fourier
transform IR) are integral to a thorough evaluation of the health effects of
certain pollutants.

The water content of airborne particles can affect partitioning of an
inorganic gas between the vapor and condensed phases. The water content
depends on the relative humidity (RH) of the air that contains the suspended
particles, water-soluble salts associated with the particles, and different RHs
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at which various salts deliquesce. When measuring the water content of
particles, it is important to remember that this value can depend strongly on RH.
It is also important to ensure that the measurement procedure does not alter the
water content. However, in some situations, protocols might require that the
measurement be made at a specified RH.

In considering the chemical nature of the analyte, some type of general
classification scheme is useful in choosing sampling and analysis procedures.
Such schemes can be as detailed as the outlines for inorganic and organic
textbooks, or they can be fairly general. At the very least, the contaminant
should be classified as organic or inorganic. If the contaminant is organic,
subclassification into polar and nonpolar and as volatile, semivolatile, or non-
volatile is useful. If it is inorganic, subclassification by periodic group,
solubility, acidity, hardness, and radioactivity might be helpful.

For biological analytes, an obvious distinction is that between viable and
nonviable contaminants. The former include bacteria, viruses, spores, molds,
and fungi. The latter include allergenic materials, such as arthropod fragments
and insect excrement. Sampling for viable biological pollutants is complex,
costly, and time consuming. A protocol for such sampling recently was
developed by Morey and coworkers (1987).

CRITERIA FOR METHOD SELECTION

This section evaluates the requirements under which a method must
operate, including sampling and analysis. The conditions for an ideal analysis
are summarized in Table 3.2. However, optimal conditions for an analysis
might require compromises.

Sensitivity

A method with adequate sensitivity is one in which an analyte can be
detected at or below the level at which an adverse human-health problem is
anticipated or observed. Ideally, a detection limit of at least an order of
magnitude below the health-effect level is desirable. It also is desirable to have
a broad linear range of 0.1X-10X the level of interest (i.e., a linear range of two
orders of magnitude from the detection limit). Reproducibility of +2% for
replicate analyses and stability of £5% during an 8-hour period also are desirable.

Achieving high sensitivity during a continuous analysis is a very difficult
task. Therefore, one of the first compromises made in achieving high sensitivity
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TABLE 3.2 Analytical Method Selection

Factor Ideal Condition

Sensitivity Detects analytes at levels below those causing adverse health
effects; sensitivity 0.1X level of interest; range 0.1X-10X
level of interest; precision and accuracy + 5%; easy and
accurate calibration

not from the
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Selectivity No response to similar compounds that might be present
simultaneously with the analyte of interest
Rapidity Short sampling and analysis times compared with biological

response time or with significant changes in contaminant
concentration; response time 90% in less than 30 sec; RS232
or equivalent output

Comprehensiveness  Sensitive to all contaminants that could result in adverse
health effects

Portability Sampling and analysis device is rugged and can be worn
without modifying the normal behavior of individual; low-
power consumption; battery operated; stabilization time less
than 15 min; temperature range -20° to 40°C; humidity range
0-100%

Cost Cost of sampling and analysis is not prohibitive; inexpensive,
readily available components; few consumables; low
maintenance
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is to obtain a sample integrated over time, which reduces the temporal
resolution in following the course of an exposure. This can have serious
implications when short-term, high level exposures have adverse health effects
and could go unnoticed in an integrated exposure. Another area of compromise
is to sacrifice selectivity to obtain sensitivity. An example of this occurs in the
analysis of polychlorinated biphenyls (PCBs). Great selectivity can be achieved
in analyzing the 209 different congeners using high-resolution gas
chromatographic (GC) techniques; the individual concentrations of the
congeners can be summed to obtain a total PCB content. However, a technique
with better sensitivity would be to chlorinate all PCBs to decachlorobiphenyl
and analyze for the single compound. This improved sensitivity occurs at the
expense of a detailed knowledge of which PCB congeners were present.
Congener-specific information may be very important in an exposure
assessment perspective (McFarland and Clarke, 1989).

Sensitivity also can be improved by using a type of fixed-base monitoring
sampler compared with a portable device that could be worn on the body. Fixed-
base samplers often use more sophisticated detection methods (and are usually
more expensive and bulky) than portable samplers and thereby improve the
overall sensitivity of the analyses.

Selectivity

A method that is selective (or specific) is one in which the response
observed for a desired analyte is due only to that analyte and is not from an
interfering analyte or artifact produced during sampling or analysis. When
making an analytical determination, the quantitative results obtained must be
for the correct analyte and only that analyte. If other compounds interfere in the
analysis, then it is important to understand their contribution to the results so
that the data can be properly interpreted or so that other, more selective methods
can be sought.

High selectivity can be achieved using various high-resolution GC
techniques coupled with appropriate selective detectors. However,
chromatographic separations can be time consuming and require each analysis
to be discrete. For example, in a continuous analysis for total aromatic
compounds, the compounds can be fed directly into a photoionization detector
(PID) without any chromatographic separation. Although the analysis is rapid,
little information is gained about the chemical nature of the detected
compounds. Separating the aromatic compounds on a high-resolution capillary
column before PID detection reduces the rapid nature of the analysis, but
greatly enhances the selectivity. Another means to increase selectivity of the
analysis
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is to use more sophisticated instrumentation, especially in the final detection of
analytes. As an example, analyses can be carried out using GC in combination
with mass spectrometry (MS) as the detection device. However, MS is
significantly more expensive than PID and, due to its size, reduces the
portability of the analytical system.

Rapidity

A method is considered rapid if either the sampling or the analysis can be
carried out on a time frame that is short compared with any adverse health
response observed in an exposed individual. In this definition of rapid, real-time
analyses are not necessarily carried out; the concentration of the analyte to
which the individual is exposed could be determined in a short time frame. For
example, several discrete samples could be taken on adsorbent media and
subsequently analyzed. Understanding of the pharmacokinetics of the analyte in
question is important in determining the sampling time. It is unnecessary to
sample frequently if an analyte's half-life in the body is long. However, if an
analyte is excreted or metabolized rapidly, it might be necessary to analyze
within a very short time (Rappaport, 1988).

Sensitivity often is abandoned to achieve rapid analysis. If sufficient
sensitivity is available (i.e., 10% of the level of interest), then shorter sampling
times can be used to achieve the necessary temporal resolution. This approach
must be tempered with the knowledge that subsequent analyses are expensive,
and the cost of the total analyses might be prohibitive. Selectivity also might be
foregone to achieve rapid analyses. As with the earlier PCB example, if little
discrimination is required in the analysis of aromatic compounds using PID,
then the selectivity provided by the chromatography column could be
eliminated and the analyses carried out rapidly to give the total concentration of
aromatic compounds.

Comprehensiveness

A comprehensive method often is desired for analyzing all analytes that
might be responsible for an adverse health effect, particularly when a
synergistic effect between analytes might exist. Comprehensive analysis can be
particularly important when trying to determine the ultimate source of a
toxicant. It often is useful to track which compounds change concentrations in
unison and use this information to identify their primary sources.

One way of attaining comprehensiveness is to have multiple methods
running
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simultaneously. The difficulty with this approach is that it can become very
expensive and time consuming. In many cases, a method can handle several
analytes if they are similar in chemical nature; thus, the necessary
comprehensiveness can be achieved with a single method.

Portability

Personal sampling or analysis devices must be sufficiently small, light, and
quiet to be worn by individuals without causing them to modify their normal
behavior. In many cases, samples are collected and then analyzed later. In
situations that require real-time continuous (rapid) analysis, the analysis device
might need to be worn by the individual. The power consumption of the device
must be low to minimize the weight of the batteries and their need for
recharging. The unit should also be rugged, because it might need to endure
extreme conditions of heat, humidity, and shock.

In addition to personal sampling, there is a continuing need for portable
methods for air analysis that could be deployed in a variety of field settings
(e.g., portable gas chromatographs and mass spectrometers). Portability might
be difficult when determining many analytes, especially when multiple methods
are required. In these instances, a fixed-based monitor would be needed to
accomplish the desired analyses.

Using a passive sampler rather than an active one sometimes precludes
continuous monitoring; however, the simplicity and low cost of passive
monitors make them ideal for portability. Table 3.3 presents the status of
personal monitor development for selected contaminants.

Cost

The cost of sampling and analyzing an analyte in a statistically sound
manner should not be prohibitive. An excellent analytical technique might be
available, but if the cost per analysis is too high, it could result in too few
samples being taken to give a proper measure of exposure.

Automation can reduce the costs; sharing capital equipment eliminates the
need for costly equipment duplication. Many times the increased demand for a
particular type of analysis encourages laboratories to devise simpler, cheaper
ways of carrying out the analyses.

One way to control sampling and analysis costs is to conduct a few
preliminary comprehensive analyses to survey actual conditions and then
analyze a subset of compounds. Another method is to take fewer samples,
which means
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that fewer analyses must be performed. Conducting fewer analyses is a
compromise when continuous analyses are prohibitively expensive; such a
compromise requires that the sampling resolution be established at the outset of
the exposure study. If portability is a factor, it can be expensive, and a less
costly alternative is to use a fixed-based system.

METHODOLOGY

The Measurement Process

The measurement of an airborne contaminant can be visualized as a three-
step process. First, the pollutant is sampled; then it is separated from other
species also collected in the sample; finally, it is detected. In actual practice,
these steps frequently overlap (Figure 3.1). In this figure the individual rings for
sampling, separation, and detection show areas of overlap, as well as areas
where no overlap occurs. Different measurement processes have different
combinations of overlap, ranging from none to complete. An example of a
measurement procedure with no overlap is the following approach to the
determination of the airborne concentration of benzoapyrene (BaP). First,
respirable particles that might contain BaP are collected on a filter. Second, BaP
is extracted from the particles and then separated from other compounds in the
extract by thin-layer chromatography. Finally, BaP is detected using
fluorometric techniques. Such measurement procedures (i.e., no overlap among
the three steps in Figure 3.1) are usually labor-intensive. In many analytical
procedures, two of the rings overlap; the overlap most frequently encountered is
between separation and detection. For example, in GC with flame-ionization
detection, one instrument combines the separation step (GC) with the detection
step (flame-ionization detection). Less commonly, an analytical procedure
involves overlap between sampling and separation. An example of such an
overlap is a diffusion denuder, in which, as the vapor-phase pollutant is sampled
it is also separated from the condensed-phase pollutant. Overlap between
sampling and detection also occurs, as in a photometric ozone meter. Finally, in
some analytical methods all three rings overlap (e.g., MS-MS).

The following sections discuss sampling, separation, and detection as
isolated steps. However, there are necessarily areas of overlap in each section,
just as there are areas of overlap in Figure 3.1.
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Sampling Separation

*

Detection

FIGURE 3.1 Steps in the measurement process. Different processes have
overlap ranging from none to complete.

Sampling

Airborne contaminants are sampled actively or passively. Active sampling
uses a pump to pull airborne contaminants through a collection device. Passive
sampling—sometimes referred to as diffusive sampling—relies on diffusion to
deliver airborne contaminants to the collection medium.
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Passive Sampling

The major advantage of passive sampling is that it does not require
elaborate equipment. No pumps need to be maintained or calibrated; the
sampling site does not need to be close to a power source; and pump noise, a
frequent complaint of active samplers, is not a factor. Because pumps and
accessories are not required, passive sampling is less costly and easier to
implement than active samplers. Extensive passive sampling programs have
been conducted by mail (Sexton et al., 1986)—sample collection devices can be
sent and returned in this fashion. Passive samplers are favored for personal
monitoring; they are lighter, smaller, and less likely to interfere in daily
activities than are active samplers. Consequently, participants are more likely to
cooperate in passive sampling programs. Furthermore, since the sampling
device can be worn in the breathing zone, pollutants whose spatial and temporal
concentrations vary extensively can be integrated appropriately.

The major disadvantage associated with passive sampling is the long
period required to collect sufficient material for analysis. Indeed, these long
integration times mean that passive sampling is not suitable for pollutants
whose health effects depend on peak exposures or pollutants that have
immediate, acute health effects (e.g., hydrogen cyanide). Passive sampling also
tends to be less accurate than active sampling. In addition, artifacts might arise
from chemical transformations on the surface of the sorbent, a concern that
increases as the length of the sampling period increases.

The first widely used passive sampler was an NO, monitor developed by
Palmes (Palmes et al., 1976). Passive samplers have since been used for
formaldehyde (Geisling et al., 1982), water vapor (Girman et al., 1986),
nicotine (Hammond and Leaderer, 1987), and nonpolar volatile organic
compounds (VOCs) (3M, 1982; Seifert and Abraham, 1983; Shields and
Weschler, 1987). A fixed-site passive sampler for ozone has recently been
described (Monn and Hangartner, 1990) and an ozone passive sampler suitable
for personal monitoring has also been reported (Koutrakis et al., 1990). A
passive monitor for CO is under development at the Lawrence Berkeley
Laboratory. However, few passive sampling devices are available for polar
VOC:s (e.g., acrylonitrile and selected amines), highly volatile compounds, and
extremely reactive compounds.

The nature of the sorbent varies with the nature of the analyte. Ideally, a
linear concentration gradient exists from the open end of the sampler (ambient
concentration) to the sorbent surface (zero). An effective passive sampler
requires an efficient sorbent that will keep the sampled pollutant concentration
near zero at the sorbent's surface. It must also be possible to desorb the pollutant
or a derivative quantitatively for subsequent analyses.
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The potential exists to develop passive samplers specific to numerous
gaseous airborne pollutants. Many sorbents have not been tried or fully
evaluated in passive devices; some materials recently introduced for GC and
liquid chromatography might have application in passive sampling.
Furthermore, promising new sorbents are being synthesized and developed.
Some of these have been engineered at the molecular level and have binding
sites or cavities specific to a given compound or class of compounds. To sample
for extremely reactive compounds, the sorbent can be deliberately designed to
react quickly and efficiently with an analyte to yield a stable, nonvolatile
product that can be extracted and quantified.

An interesting approach for selected analytes is to interface passive
samplers with active devices. Passive sampling can be combined with sensors to
make portable instruments and obtain a real-time readout of concentration. Such
devices are available for CO, combustible gases, and other pollutants (Stetter
and Rutt, 1980; Stetter et al., 1984; Penrose et al., in press).

Active Sampling

Although passive sampling is well suited to vapor-phase pollutants, active
sampling can be used for this as well as condensed-phase contaminants. For
vapor-phase pollutants, a known volume of air commonly is pumped through an
efficient absorbent (Pagnotto, 1983). Absorbents frequently used for organic
compounds include Tenax, XAD-2, activated charcoal, Ambersorb XE-340,
polyurethane foam, or a combination of these absorbents in series. When using
solid absorbents in active sampling, it is important to know the collection
efficiencies of the sorbent for the analytes in question (Senum, 1981; Pagnotto,
1983; Bidleman, 1985). A large body of literature exists on the retention and
efficiency of numerous sorbents (e.g., Gallant et al., 1978; Figge et al., 1987;
Maier and Fieber, 1988; Pankow, 1988). When a sorbent has not been
previously characterized, "backup" sections should be utilized as a measure of
analyte breakthrough.

An approach sometimes used with gas phase acids or bases is to pump air
through a filter impregnated with an appropriate base or acid that will scavenge
the airborne acid or base. Impingers with various absorbing solutions are
commonly used for volatile pollutants. More recently, canister samplers have
been designed in which an air sample is drawn into an initially evacuated
stainless-steel canister. The internal walls have an inert chrome-nickel oxide
surface to decrease wall reactions. Commercial versions of these samplers can
collect as much as 8 L of air for subsequent analyses.

In each of these active approaches, some method is required to remove
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airborne particles from the air stream before the volatile compounds are
collected. The most common method is to place a filter upstream of the
absorbent, treated filter, impinger, or evacuated canister. However, potential
artifacts are associated with this approach. Semivolatile compounds adsorbed
on collected particles can evaporate from the surface of the filter and these
compounds are sampled downstream by the collection device. An error in the
opposite direction results when vapor-phase compounds adsorb or react with
particles on the filter or the filter matrix itself (Van Vaeck et al., 1984; Coutant
et al, 1988; Ligocki and Pankow, 1989). In either case, the resulting
measurements do not reflect accurately the partitioning of certain semivolatile
compounds between vapor and condensed phases (see previous section on
airborne analytes). This is potentially important information, because the phase
of a pollutant can affect its chemistry, deposition site in the respiratory system,
and toxicology.

Use of a diffusion denuder eliminates this problem (Ali et al., 1989). Air is
pulled through a cylindrical tube whose walls are coated with an absorbent
specific for the pollutant of interest. The interval dimensions of the tube and air
velocity are such that only the vapor-phase pollutant diffuses to the walls;
particles pass through to the other end (where they can be collected on a filter, if
desired). Diffusion denuders can be configured using different absorbents and
geometries and are potentially applicable to a wide variety of compounds. They
could be very useful to evaluate the partitioning of a compound between vapor
and condensed phases (Coutant et al., 1988; Lane et al., 1988). Many
improvements have been made in diffusion denuders; annular denuders collect
reactive atmospheric gases 15-20 times more efficiently than tubular denuders
(Possanzini et al., 1983; Ali et al., 1989). However, these devices are too bulky
for personal sampling. The annular denuder/filter-pack system to collect acidic
gases and aerosols described by Koutrakis et al. (1988) is a promising
monitoring device, but is more than 2 feet long.

Even with diffusion denuders, the analyst must be wary of artifacts.
Species absorbed on the treated walls of the denuder can be oxidized or reduced
(less common) by other reactive gas phase pollutants. For example, in
laboratory studies, ozone has been demonstrated to oxidize nitrite ions on an
alkaline denuder surface to nitrate ions (Febo et al., 1986). In some active
sampling methods, the airborne pollutant is not collected, but passes through a
flow cell, where some physical property of the pollutant is monitored. From this
measurement, a concentration is derived. Different examples of this approach
include ozone meters and optical particle counters. The former compares the
absorption (at 254 nm) of ambient air and ambient air from which ozone has
been removed selectively. The latter uses light scattering to monitor the number
concentration versus diameter of airborne particles. In either case, ambient
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air is pumped through a flow cell where the measurement is made. Most real-
time continuous analyzers sample in this way.

Optical particle counters measure particle-size distributions based on light-
scattering diameters. Measurements based instead on aerodynamic particle size
can be made with a laser velocimetry technique. A commercial instrument is
available that uses a split laser beam to monitor the velocity of particles leaving
an accelerating nozzle. The device can monitor particles 0.5-15 pm in diameter
for numerous size ranges. It provides not only data on number concentration
versus aerodynamic diameter, but also on mass concentration and surface area
concentration versus aecrodynamic diameter. The sampling rate is 5.0 L/min. For
health studies, aerodynamic sizing is preferable to sizing based on light
scattering, since respiratory deposition relates more directly to the former.

Another instrument that provides data on the mass concentration of
airborne particles is the piezobalance. The particles are sampled by electrostatic
precipitation onto the surface of a piezoelectric device. The change in resonant
frequency of the piezoelectric quartz crystal is used to monitor the mass gain.
Electrostatic sampling is efficient for particles 0.01-10 um in diameter.
Commercial units sample at 1.0 L/min and can measure mass concentrations 10—
10,000 pg/m? in real-time.

A similar instrument is the tapered element oscillating microbalance
(TEOM). A variety of collection stages can be fitted to the narrow end of the
oscillating tapered element. As mass is added to a particular collection stage,
the frequency of oscillation decreases in relation to the amount of deposited
mass. This instrument provides a particle sample that can be analyzed by other
techniques. The TEOM can be used for personal monitoring and is more
versatile than the piezobalance (Patashnick and Rupprecht, 1986), but it also is
more expensive.

Particles can be counted in flow cells, but a collection procedure is
required if subsequent chemical analysis is intended. The simplest approach is
to pump air through a filter. High-volume (hi-vol) samplers do this at very high
flow rates—typically 1.5 m3/min. However, the size of airborne particles is an
important factor in estimating potential human exposures, which argues for
including size-fractionation as part of any procedure that samples airborne
particles. Furthermore, chemical composition and biological activities are
related to particle size (Phalen et al., 1986); these size ranges are based on the
inhalation of particles by humans. The "inspirable mass fraction" comprises all
particles that enter via the nose or mouth. The "thoracic mass fraction" is all
particles that penetrate past the larynx. The "respirable mass fraction" is all
particles that penetrate past the terminal bronchioles. Standard curves (the
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percent penetrating to collector versus aerodynamic diameter) have been
defined for each of these size fractions (Phalen et al., 1986).

To sample particles smaller than a certain diameter, size-selective inlets of
various design can be placed upstream of the collecting filter. Size fractionation
can also be achieved with dichotomous samplers. Such samplers size-
fractionate airborne particles into fine and coarse modes. The fractionation is
based on the particles' aerodynamic sizes; particles are separated by virtual
impaction and are collected on filters downstream from the separation device.
Dichotomous samplers normally are fitted with a 10 or 15 pm diameter size-
selective inlet, which places an upper limit on the size of the particles sampled
in the coarse mode. Dichotomous units sample at a relatively low rate
(typically, 16.7 L/min) and, consequently, long sampling periods (1 day to 1
week) are required to collect sufficient material for chemical analyses.

Sampling of airborne particles in more than two size ranges usually is
conducted with a cascade impactor. This device is simply a set of impactors,
operating in series, arranged in order of decreasing cutoff size. An impactor
plate collects the particles in each size range and the final impactor is followed
by a filter. The separation is again based on aerodynamic particle size.
Commercial devices are available with as many as eight stages. If there are too
many stages, the collection curves between successive stages overlap; such
overlap already occurs with an eight-stage impactor. Furthermore, more stages
mean more sampling time required to collect sufficient material in each size
range for gravimetric and chemical analysis and more samples to analyze. An
additional problem encountered with cascade impactors is that of "particle
bounce"—particles fail to stick to their appropriate impactor plate and become
re-entrained with smaller particles. Particle bounce can be reduced by greasing
impactor plates, but this is only reasonable when examining inorganic
constituents of a sample. A virtual impactor (such as the dichotomous unit)
avoids this problem, because it has no impactor plates.

There is a potential for sampling bias when collecting particles with a mass
median aerodynamic diameter larger than 3 pm. The combination of a small
sampling inlet running at a high flow rate will result in undersampling large
particles because of the inertia of these particles at the inlet (Breslin and Stein,
1975; Selden, 1975; Agarawal and Liu, 1980).

Sampling programs designed to assess human exposure to airborne
pollutants frequently include indoor sampling. When active sampling is
conducted indoors, care must be taken that the pumping rate is not so great
(relative to the space being sampled) as to alter the indoor environment. In
small rooms, this limitation precludes the use of hi-vol samplers or certain
cascade impactors. To collect useful amounts of airborne particles with devices
that sample at lower rates, lengthy sampling intervals are required. Because the
volume
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of air cannot be increased without perturbing the sampled environment, the only
way the sampling interval can be decreased in such studies is to improve the
sensitivity of the subsequent particulate analyses. Recently, the indoor-air
sampling impactor (IASI) was developed by Marple et al. (1987), which can
operate at 10 or 4 L/min and has a sharp cut size at ds,' = 10 pm and ds; = 2.5
pum, respectively. Personal monitors that have a 2.5-um ds, cut size have been
used in industrial hygiene (ACGIH, 1988a). Recently, personal impactors with
a 10-pm dso have been used in community-based field studies (Lioy, 1988).

Separation

Chromatography

Chromatography is a separation process often used to isolate airborne
contaminants from other compounds that might interfere in detection of
specified contaminants. Chromatography involves the simple partitioning of
analytes between mobile and stationary phases. Using this approach, tens to
hundreds of compounds are readily separated. Stationary phases can vary
widely, including silicones, silica, alumina, florisil, various polymers, silica in
which various materials have been bonded to the surface, and most recently,
commercially available liquid crystals. An important feature of the stationary
phase is that it must not be miscible with the mobile phase, and must not
dissolve or volatilize in the mobile phase.

Mobile phases also vary widely, ranging from gases to liquids, and include
gases, which, when held above their critical pressure and temperature, behave
as supercritical fluids. In most cases, chromatographic techniques derive their
names from the nature of the mobile phase, e.g., gas chromatography (GC),
liquid chromatography (LC), and supercritical fluid chromatography. However,
thin-layer chromatography (TLC) derives its name from the manner in which
the stationary phase is configured.

In TLC, the actual chromatographic process most often involves placing a
sample on the head of a column packed with the stationary phase. The mobile
phase then transports the components of the sample through the column, with
the components separated based on the amount of time they spend in (adsorbed
to or partitioned into) the stationary phase.

! dso= diameter at which 50% of the particles penetrate to the collection medium.
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Chromatographic techniques are often highly selective. However, this
separation process takes time, which gives chromatographic techniques the
disadvantage of being noncontinuous. The following discussion describes
various chromatographic techniques and their application to analyzing airborne
contaminants. It includes a discussion of each technique's advantages and
disadvantages, recent developments in the field, and new applications of the
technique.

Gas Chromatography

GC involves the separation of compounds based on their volatility and
interaction with the stationary phase (Jennings, 1987). The mobile phase is a
gas, and the stationary phase can be quite variable, ranging from molecular
sieves to synthetic organic polymers and liquid crystals. Because the separation
process involves compounds in the gas phase, GC is ideal for the analysis of
many airborne contaminants. The National Institute for Occupational Safety and
Health (NIOSH) describes more than 500 methods to analyze gases and vapors.
Of these methods, 51% are by GC (Saltzman, 1988b).

Advantages. The most significant advantage of GC in the analysis of
airborne contaminants is that it combines the inherently high resolving power
(high selectivity—the ability to separate individual components) of the
chromatographic column with easy interfacing to a variety of detection devices.
The application of capillary columns, with internal diameters of 0.25—1 mm, has
become increasingly popular during the past decade. Preparing these columns
from fused silica has given them the inertness of glass columns with the
flexibility of metal columns, making them particularly easy to use. Advances in
capillary-coating techniques have permitted thick film columns to be developed,
which are ideal to separate highly volatile air contaminants (Jennings, 1987).
This provides a tremendous amount of selectivity in isolating an analyte of
interest, even in complex matrices. However, the chromatographic column only
separates compounds; it does not provide for their detection. Fortunately, GC is
readily interfaced to a variety of detectors that provide either nonspecific
(universal) detection of compounds eluting from the column or their highly
specific and often highly sensitive detection.

GC instruments can be made transportable and, in many respects, even
portable. They are rugged enough to be transported in vehicles and taken to a
site for field analysis. Many GC-detector system combinations are inexpensive
and readily obtained. GC-detector combinations are also very flexible—they
can be configured to analyze for a very wide range of compounds. If sufficient
sample is available and does not need to be analyzed immediately,
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then a GC-detector system can be set up to analyze low-molecular-weight
compounds and then reconfigured with a column suited for higher-molecular-
weight compounds and, in this manner, achieve a more comprehensive analysis.
If a high degree of specificity is needed, then the analysis of a specific analyte
can be carried out using one type of chromatographic column, followed by
reanalysis on a second column of a different character than the first, and the
results from the two columns can be compared. This type of confirmation is
carried out to reduce the possibility that multiple compounds might coelute on a
specific column, resulting in misleading results (Overton et al., 1988).

GC is readily automated, which allows for unattended operation. This
distinct advantage greatly facilitates the analysis of large numbers of samples
and helps keep the cost per analysis low. Liquid auto injectors for GC are
available and are extremely useful in analyzing solutions such as those derived
from the solvent desorption of air-sampling devices (e.g., carbon disulfide
desorption of charcoal tubes). Automated thermal desorption devices are also
available for the analysis of air sampling tubes (e.g., Tenax sorbent trapping
devices) (Kester and Zaffiro, 1987). In addition, the recent popularity of
"passivated" air sampling canisters (e.g., SUMMA-treated canisters) has led to
techniques to sample automatically from several gas containers (Blacha et al.,
1988). Furthermore, the combination of GC with mass spectrometry has made
this a very popular tool for both the qualitative and quantitative analysis of a
wide range of airborne contaminants.

Disadvantages. The separation process that gives GC high specificity
requires time. During this time, no other analyses can be conducted, which
eliminates the continuous nature of any analysis. Many attempts have been
made to work around this problem. These attempts include high-speed analyses
in which thin-film capillary columns can separate 30-40 compounds in
approximately 1 min (Hewlett-Packard, 1987). Another approach is to proceed
with the analysis until the analyte of interest elutes; the column is then
backflushed to eliminate any late-eluting compounds from interfering in
subsequent analyses. If confirmational analyses involve a second column or
different detector, then sufficient sample must be available, and it must be
stable until the second analysis can be carried out, taking even more time. Some
of these problems can be minimized by having two columns installed in the
same chromatograph and splitting the sample between the two columns. In a
similar fashion, multiple detectors can be used simultaneously by splitting the
eluant from the column between multiple detectors (Earp and Cox, 1984). In all
these instances, the selectivity can be increased, but the time needed to do the
analyses prevents the technique from being continuous.

New developments in GC also might help to resolve some of the limitations.
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Multiplexing the analysis of samples has been used to decrease analysis
time without greatly modifying the method (Phillips, 1980). In this method,a
second sample is injected onto the chromatograph before all the compounds
have eluted from the first injection. Computer software tracks which peaks
belong to which injection. Multiplexing can be an excellent technique for
decreasing the analysis time without extensively modifying the method or
purchasing additional hardware.

Another disadvantage of GC is that it is not necessarily comprehensive.
Certain highly reactive compounds are difficult or impossible to put through a
chromatography column. These compounds either decompose at the
temperatures required to be chromotographed or react with the stationary phase
or the column material. In other instances, a compound decomposes on the
column to form another, giving misleading results. An example of such a
process is the on-column decomposition of N-nitrosodiphenyl amine to form
diphenyl amine. In many instances, the chromatograph is operated in a
temperature-programmed mode to increase the range of compounds that can be
analyzed. This serves as an alternative to first analyzing for low-molecular-
weight compounds and then reconfiguring for higher-molecular-weight
compounds. This programming requires time for the analysis and for the
chromatograph to recover to the initial starting point before beginning any
subsequent analyses. Temperature programming also requires elaborate
electronics to control the column temperature reproducibly. This increases
instrument cost and, in some cases, increases its size and weight, making it less
portable, although portable gas chromatographs now are available that are
capable of limited temperature programming.

As chromatographs become smaller and smaller, a "gas chromatograph on
a microchip" could be fashioned (Angell et al., 1980; Overton et al., 1988).
Such a device might be so inexpensive that analysis time could be cut in half by
doubling the number of chromatographs: the sample would be sent to one GC
and, while the compounds are eluting from it, the next sample would be sent to
the second chromatograph. In this manner, any reasonable time resolution
desired could be obtained. Such small chromatographs also would be more
readily temperature programmed due to their small mass. They could thus be
used to analyze a broad range of compounds while maintaining relatively short
analysis times.

Another technique that is gaining widespread use is multicolumn GC
(Ligon and May, 1984). In this technique, the compounds first are separated on
a primary column, and then fractions are cut from that column onto secondary
columns. A nice application of this technique in air analysis involves the use of
the primary column to separate water (the major component) from low-
molecular-weight oxygenated hydrocarbons (Lin et al., 1988). These
hydrocarbons
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then can be routed to a second analytical column without the deleterious effects
of water, and the detector can be run at a high sensitivity, because the major
constituent has been eliminated. Multicolumn GC has also been used recently to
separate all of the PCB congeners in commercial mixtures(Schmalz et al.,
1989). The multicolumn chromatography can further be used to increase the
comprehensiveness of analysis without seriously increasing the analysis time.
The primary column routes highly volatile compounds to a secondary column
ideally suited to separate these types of compounds and then routes the low-
volatility compounds to a second column designed for their analysis. The
analysis for these two classes of compounds goes on simultaneously, which
shortens the analysis time. The hardware for multicolumn chromatography is
expensive and method development can be difficult, but the versatility of the
technique should see its wider application in future air analysis programs.

Liquid Chromatography

LC involves the separation of compounds when the mobile phase is a
liquid (Snyder and Kirkland, 1979). In many applications of LC the back
pressure developed by the column requires the use of sophisticated pumping
systems and has been named either high pressure or high-performance liquid
chromatography (HPLC). The mobile phases used with LC columns can vary
quite widely depending on the nature of the analytes and the stationary phase.
Typical mobile phases include hexane, methylene chloride, mixtures of water
with acetonitrile or methanol, and various buffer solutions. The stationary
phases are also quite diverse; they include silica, alumina, and florisil bonded
phases in which an organic molecule has been attached to a silica surface, and a
wide variety of ion-exchange resins. Use of ion-exchange columns has resulted
in an LC class known as ion chromatography (IC), which uses a special type of
ion-IC suppressor column to permit sensitive detection of the separated ionic
species using electrolytic conductance techniques (Small et al., 1975). IC is
used routinely to identify and quantify the major anions and cations associated
with airborne particles, including sulfate, nitrate, chloride, ammonium, sodium,
potassium, magnesium, and calcium.

For all types of LC, the analytes of interest are dissolved in the mobile
phase and then pass through a column packed with the stationary phase. The
compounds elute from the column in the order determined by the extent of their
interaction with the stationary and mobile phases. Again, as with GC, LC, only
separates compounds, it does not detect them. However, several
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detectors can be interfaced to LC to provide for the sensitive and selective
detection of eluted compounds.

LC is not used as widely as GC to separate and analyze airborne
contaminants. LC is used to analyze such contaminants when the compounds
are so thermally labile, highly reactive, highly polar, or nonvolatile that GC
analysis is difficult or impossible. Inorganic acid gases (e.g., HF, HCI, H;PO,,
HNO;, HBr, and H,SO,) are examples of these types of compounds. These
gases can be collected from ambient air using water impingers or silica tubes,
subsequently eluted with water, and the ionic species (e.g., F- and Cl-) are then
analyzed by IC (Eller, 1984a). A similar approach can be used to analyze
organic acids (Rosenberg et al., 1988). LC also can be applied to the analysis of
airborne contaminants that are difficult to trap or concentrate because of their
reactive nature. An example of this class of compounds is the various aldehydes
that can be collected in a solution of 2,4-dinitrophenylhydrazine (DNPH).
DNPH reacts with the aldehydes, forming a hydrazone derivative that can be
extracted and separated from interferences using LC. A particularly useful
feature of the DNPH derivatization is that it forms a compound with a strong
chromophore, which makes it amenable to sensitive ultraviolet (UV) adsorption
detection (Riggin, 1984).

Thin layer chromatogrophy (TLC) has direct ties to LC and often is used
as a prescreening tool for in situ scanning of the TLC plate to determine the best
mobile and stationary phases to use for a particular LC separation. TLC's main
application to the analysis of airborne contaminants is for the analysis of
semivolatile compounds present on airborne particles that are small enough to
be taken into the lung. A typical application would be for the separation of
polycyclic aromatic hydrocarbons (PAHs) extracted from particulate matter,
with the PAHs detected spectrofluorimetrically (Lioy et al., 1988).

Advantages. A major advantage of LC techniques is that the separation
processes are done at lower temperatures than GC, allowing analysis of
compounds that might be destroyed during GC analysis. For example, N-
nitrosodiphenylamine can be separated from interfering compounds on an LC
column whereas, as stated before, this compound breaks down to
diphenylamine during GC analysis. LC also is useful to separate organic
compounds that are too polar or not sufficiently volatile for routine GC
procedures. This applies to certain organic species associated with airborne
particles. Thus, LC can be combined with GC techniques to give
comprehensive analyses. Furthermore, since the columns and mobile phases
used with LC can be tailored to particular analytes, the comprehensiveness of
LC techniques is enhanced. LC techniques are readily automated, which allows
for unattended operation if many samples must be analyzed. The use of high-
resolution columns also gives LC a high degree of selectivity. Recently,
portable LC instruments have
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been demonstrated (Berg and Buckley, 1987; Otagawa et al., 1986), which may
lead to applications in field-monitoring.

A variety of LC detection techniques can be used to provide sensitive
detection  of eluants, including spectrophotometric, fluorometric,
electrochemical, and refractivity detectors. In most instances, the original air
contaminant is detected directly after separation. An example is the
fluorescence detection of PAHs extracted from particulate matter (Wise et al.,
1986). In other cases, air contaminants such as aldehydes can be reacted with a
reagent, such as dinitrophenyhydrazine (DNPH) before LC analysis to enhance
their detection by UV.

Another advantage of LC is that the column eluants are in a liquid
medium; they can be manipulated chemically (oxidized, reduced, or
derivatized) to enhance their detection. For example, nitrated PAHs from
airborne, inhalable particles are reduced to amino-PAHs using a post-column,
and the amino-PAHs are then detected using fluorescense techniques
(Greenberg et al., 1986; Tejada et al., 1986). This process is done continuously;
no analysis time is lost, and the procedure can be automated. A slightly
different twist to post-column derivatization and detection has been used to
analyze aldehydes (Takeuchi et al., 1988). In this technique, nicotinamide
adenine dinucleotide (NAD) was included as part of the mobile phase. When an
aldehyde eluted from the column, a post-column reactor of immobilized 3-alpha-
hydroxysteriod dehydrogenase reacted with the NAD in the presence of the
aldehyde to form NADH, the reduced form of NAD. The NADH was then
detected by fluorometry. This technique further illustrates the versatility of
detecting eluants from an LC column.

Disadvantages. LC equipment tends to be more costly than GC and
typically less portable. LC shares the GC disadvantage of the time required for
high selectivity, which prevents the analysis from being continuous. Mass-
transfer limitations prevent LC from attaining the high-speed analyses
achievable with GC. Other techniques, such as multiplexing (multiple
separations and detections occurring simultaneously), might be tried with LC to
attempt to decrease the time between analyses.

LC is used only if an analysis cannot be done by GC. Although several
detectors are available for LC, the wide array of detectors available for GC
make it the choice for analysis. Many GC detectors are difficult or impossible to
use with LC. LC needs a universal detector comparable to the GC
flameionization detector. Techniques are available to interface LC to mass
spectrometry, and their development and application will complement, but not
replace, GC as the primary chromatographic tool for the analysis of airborne
contaminants.
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Supercritical Fluid Chromatography

Future developments in the chromatographic analysis of airborne
contaminants will occur in the area of supercritical fluid chromatography
(SFC). SFC uses supercritical fluids—best thought of as very dense gases with
unique solvating properties—as the chromatographic mobile phase. The
chromatographic principles of SFC are very similar to those for GC and LC,
and SFC can be considered as a bridge between GC and LC (Chester and Innis,
1985; Chester, 1986; White and Houck, 1986).

The primary factor that affects the solvating or elution power is the density
of the gas used as the mobile phase, which can be readily adjusted by varying
the press