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The International Programe on Chemical Safety (IPCS),
established in 1980, is a joint venture of the United Nations
Envi ronnment Progranme (UNEP), the International Labour Organization
(1LO, and the Wrld Health Organization (WHO). The overall
obj ectives of the IPCS are to establish the scientific basis for
assessnment of the risk to human health and the environnent from
exposure to chemicals, through international peer review processes, as
a prerequisite for the pronotion of chenical safety, and to provide
techni cal assistance in strengthening national capacities for the
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sound nmanagenent of chemicals.
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sound managenent of chemcals in relation to human health and the
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NOTE TO READERS OF THE CRI TERI A MONOGRAPHS

Every effort has been made to present information in the criteria
nonogr aphs as accurately as possible w thout unduly del aying their
publication. |In the interest of all users of the Environnental Health
Criteria nonographs, readers are requested to comunicate any errors
that may have occurred to the Director of the International Programme
on Chemical Safety, Wrld Health Organization, Geneva, Switzerland, in
order that they may be included in corrigenda.

A detailed data profile and a legal file can be obtained fromthe
International Register of Potentially Toxic Chenicals, Case postale
356, 1219 Chéatel ai ne, CGeneva, Switzerland (tel ephone no.

+ 41 22 - 9799111, fax no. + 41 22 - 7973460, E-nmil irptc@nep.ch).

This publication was made possi bl e by grant nunber
5 U01 ES02617-15 fromthe National Institute of Environmental Health
Sci ences, National Institutes of Health, USA, and by financial support
fromthe European Conmm ssi on.

Environmental Health Criteria
PREAMBLE
oj ectives

In 1973 the WHO Envi ronnental Health Criteria Programe was
initiated with the follow ng objectives:

(1) to assess information on the relationship between exposure to
envi ronnental pollutants and human health, and to provide
gui delines for setting exposure linmts;

(ii) to identify new or potential pollutants;

(iii) to identify gaps in know edge concerning the health effects of
pol | ut ants;
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(iv) to pronmote the harnonization of toxicological and
epi dem ol ogi cal nmethods in order to have internationally
conpar abl e results.

The first Environmental Health Criteria (EHC) nonograph, on
mercury, was published in 1976 and since that time an ever-increasing
nunber of assessments of chem cals and of physical effects have been
produced. In addition, nmany EHC nonographs have been devoted to
eval uati ng toxicol ogi cal methodol ogy, e.g., for genetic, neurotoxic,
terat ogeni ¢ and nephrotoxic effects. QOher publications have been
concerned with epideniol ogi cal guidelines, evaluation of short-term
tests for carcinogens, biomarkers, effects on the elderly and so
forth.

Since its inauguration the EHC Programe has w dened its scope,
and the inportance of environmental effects, in addition to health
ef fects, has been increasingly enphasized in the total evaluation of
chem cal s.

The original inpetus for the Progranme canme from Wrld Health
Assenbly resol utions and the recommendati ons of the 1972 UN Conference
on the Human Environnent. Subsequently the work becane an integra
part of the International Programme on Chenical Safety (IPCS), a
cooperative progranmre of UNEP, ILO and WHO. In this nmanner, with the
strong support of the new partners, the inportance of occupationa
heal th and environnental effects was fully recognized. The EHC
nonogr aphs have becone widely established, used and recogni zed
t hr oughout the world.

The reconmendations of the 1992 UN Conference on Environnent and
Devel opnent and the subsequent establishnment of the Intergovernmental
Forum on Chemical Safety with the priorities for action in the six
programme areas of Chapter 19, Agenda 21, all lend further weight to
the need for EHC assessnents of the risks of chem cals.

Scope

The criteria nmonographs are intended to provide critical reviews
on the effect on human health and the environment of chem cals and of
conbi nati ons of chem cals and physi cal and biol ogi cal agents. As
such, they include and review studies that are of direct rel evance for
t he eval uati on. However, they do not describe every study carried
out. Worldwi de data are used and are quoted from origi nal studies,
not from abstracts or reviews. Both published and unpublished reports
are considered and it is incunbent on the authors to assess all the
articles cited in the references. Preference is always given to
publ i shed data. Unpublished data are only used when rel evant
publ i shed data are absent or when they are pivotal to the risk
assessment. A detailed policy statenment is available that describes
t he procedures used for unpublished proprietary data so that this
i nformati on can be used in the evaluation without conpronising its
confidential nature (WHO (1990) Revised Quidelines for the Preparation
of Environmental Health Criteria Mnographs. PCS/ 90.69, Geneva, Wrld
Heal t h Organi zati on).

In the evaluation of human health risks, sound human data,
whenever avail able, are preferred to aninmal data. Animal and in
vitro studies provide support and are used mainly to supply evidence
m ssing fromhunman studies. It is mandatory that research on human
subj ects is conducted in full accord with ethical principles,
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i ncluding the provisions of the Hel sinki Declaration

The EHC nmonographs are intended to assist national and
international authorities in making risk assessnents and subsequent
ri sk managenent decisions. They represent a thorough eval uati on of
risks and are not, in any sense, recommendations for regulation or
standard setting. These latter are the exclusive purview of nationa
and regi onal governments.

Cont ent
The I ayout of EHC nonographs for chenicals is outlined bel ow

* Summary -- a review of the salient facts and the risk eval uation of
t he chem ca

* ldentity -- physical and chenical properties, analytical methods
* Sources of exposure

* Environmental transport, distribution and transfornation

* Environnental |evels and hunan exposure

* Kinetics and nmetabolismin [ aboratory aninmals and humans

* Effects on |aboratory manmals and in vitro test systens

* Effects on humans

* FEffects on other organisnms in the |aboratory and field

* Evaluation of human health risks and effects on the environnent

* Conclusions and recommendati ons for protection of human health and
t he envi ronment

* Further research

* Previous evaluations by international bodies, e.g., |ARC, JECFA,
JMPR

Sel ecti on of chenicals

Since the inception of the EHC Programe, the |PCS has organi zed
neetings of scientists to establish lists of priority chenicals for
subsequent eval uation. Such neetings have been held in: Ispra, Italy,
1980; Oxford, United Kingdom 1984; Berlin, Germany, 1987; and North
Carolina, USA, 1995. The sel ection of chem cals has been based on the
following criteria: the existence of scientific evidence that the
substance presents a hazard to human health and/ or the environnent;

t he possi bl e use, persistence, accunul ation or degradation of the
subst ance shows that there nmay be significant hunan or environnenta
exposure; the size and nature of populations at risk (both human and
ot her species) and risks for environnment; international concern, i.e.
the substance is of major interest to several countries; adequate data
on the hazards are avail abl e.

If an EHC nonograph is proposed for a chemical not on the
priority list, the IPCS Secretariat consults with the Cooperating
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Organi zations and all the Participating Institutions before enbarking
on the preparation of the nonograph

Pr ocedur es

The order of procedures that result in the publication of an EHC
nonograph is shown in the flow chart. A designated staff menber of
| PCS, responsible for the scientific quality of the docunment, serves
as Responsible Oficer (RO. The IPCS Editor is responsible for
| ayout and | anguage. The first draft, prepared by consultants or
nore usually, staff froman IPCS Participating Institution, is based
initially on data provided fromthe International Register of
Potentially Toxic Chem cals, and reference data bases such as Mdline
and Toxl! i ne.

The draft docunent, when received by the RO, nmay require an
initial review by a small panel of experts to determine its scientific
quality and objectivity. Once the RO finds the docunent acceptable as
a first draft, it is distributed, inits unedited form to well over
150 EHC contact points throughout the world who are asked to comment
on its conpl eteness and accuracy and, where necessary, provide

additional material. The contact points, usually designated by
governments, may be Participating Institutions, |IPCS Focal Points, or

i ndi vi dual scientists known for their particular expertise. Cenerally
some four nmonths are allowed before the coments are considered by the
RO and author(s). A second draft incorporating conments received and
approved by the Director, IPCS, is then distributed to Task G oup
menbers, who carry out the peer review, at |east six weeks before
their neeting.

The Task Group menbers serve as individual scientists, not as
representatives of any organi zati on, government or industry. Their
function is to evaluate the accuracy, significance and rel evance of
the information in the docunent and to assess the health and
envi ronnental risks from exposure to the chemcal. A summary and
recomendati ons for further research and i nproved safety aspects are
al so required. The conposition of the Task Goup is dictated by the
range of expertise required for the subject of the neeting and by the
need for a bal anced geographi cal distribution

The three cooperating organi zations of the |IPCS recognize the
i nportant role played by nongovernnental organizations.
Representatives fromrel evant national and international associations
may be invited to join the Task Group as observers. Wile observers
may provide a val uable contribution to the process, they can only
speak at the invitation of the Chairperson. Cbservers do not
participate in the final evaluation of the chemical; this is the sole
responsi bility of the Task Group nmenbers. Wen the Task G oup
considers it to be appropriate, it nay neet in canera.

Al'l individuals who as authors, consultants or advisers
participate in the preparation of the EHC nonograph rnust, in addition
to serving in their personal capacity as scientists, informthe RO if
at any tine a conflict of interest, whether actual or potential, could
be perceived in their work. They are required to sign a conflict of
interest statenent. Such a procedure ensures the transparency and
probity of the process.

VWhen the Task Group has conpleted its review and the RO is
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satisfied as to the scientific correctness and conpl et eness of the
docunent, it then goes for |anguage editing, reference checking, and
preparation of canmera-ready copy. After approval by the Director,

| PCS, the nmonograph is subnmitted to the WHO Office of Publications for
printing. At this tinme a copy of the final draft is sent to the

Chai rperson and Rapporteur of the Task Group to check for any errors.

It is accepted that the following criteria should initiate the
updati ng of an EHC nonograph: new data are avail abl e that woul d
substantially change the evaluation; there is public concern for
health or environmental effects of the agent because of greater
exposure; an appreciable tine period has el apsed since the |ast
eval uati on.

All Participating Institutions are inforned, through the EHC
progress report, of the authors and institutions proposed for the
drafting of the documents. A conmprehensive file of all conments
received on drafts of each EHC nonograph is naintained and is
avail abl e on request. The Chairpersons of Task G oups are briefed
bef ore each meeting on their role and responsibility in ensuring that
these rules are foll owed.
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FOREWORD

The International Programe on Chenical Safety (IPCS), |aunched
in 1980, is a joint collaborative progranme of the International Labor
Organi zation (ILO), the United Nations Environment Progranme (UNEP)
and the Wrld Health Organi zation (WHO); WHO is the Adninistrating
Organi zation of the Programre. The two main roles of the IPCS are to
establish the scientific health and environmental risk assessnent
basis for safe use of chemicals (normative function) and to
strengt hen national capabilities for chenical safety (technica

cooperation). In the field of nethodol ogy, the work of the |IPCS ains
at pronoting the devel oprment, inprovenent, validation, harnonization
and use of generally acceptable, scientifically sound nethodol ogi es
for the evaluation of risks to human health and the environnment from
exposure to chem cals. The work enconpasses the devel opnent of
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Envi ronnental Health Criteria nmonographs on general principles of
various areas of risk assessment covering various aspects related to
ri sk assessnment such as, in this publication, on exposure assessnent.

The WHO and the World Meteorol ogi cal Organi zation coordinate the
assessment of climate, urban air and water pollution, and health
status of popul ations. These neasures provide the indicator of trends
and status.

Until 1995, the basic source for internationally conparabl e urban
air pollution data was the d obal Environnment Mnitoring System
(GEMS/ Air) of UNEP and WHO. Started in 1974, shortly after the
St ockhol m Envi ronnent Conference, GEMS had built up a systemthat
col | ected conparable anbient air pollution data in about 50 cities of
35 countries, varied in geography and i ncome (UNEP/ WHO, 1988, 1992).
Typically, sulfur dioxide and total suspended particul ates (TSP) had
been monitored in three stations of each city, one each in industrial
comercial, and residential zones. Later, GEMS also collected
monitoring data for carbon nonoxi de, nitrogen dioxide, and | ead, and
made emni ssions estimates for all five pollutants. The results were
publ i shed periodically by GEM5, and al so often appeared in other
periodic international data sets, such as those of the Wrld Bank
(World Bank, 1992), the Wrld Resources Institute (Wrld Resources
Institute, 1992), the United Nations (UN ESCAP, 1990) and UNEP itself
(UNEP, 1991).

More recently, WHO created with the Air Managenent |nformation
System (AM S) the successor of GEMS/Air. Like GEMS/Air, AMS provides
air quality data for major and negacities. Data on sul fur dioxide,
ni trogen di oxi de, carbon nmonoxi de, ozone, bl ack snoke, suspended
particulate matter, PM, |ead and others are available. AMS al so

i ncludes information on air quality nanagenent (WHO, 1997).

Much of what is known about contaminants in food, soils, water
and air has becone avail able through WHO and UNEP publications. For
nore than 20 years WHO UNEP has been pronoting an appreciation for
i mproved assessnents of human exposures through training sessions,

wor kshops, denonstration projects, and published nethodol ogi es and
reports. Through a series of WHO sponsored studies in every popul at ed
continent, the principles of human exposure assessment have been
illustrated for indoor and outdoor air pollutants, food contamination
and water. In 1984, after sone background reports (e.g., UNEP/ VWO,
1982), WHO and UNEP conducted the Hunman Exposure Assessnment Location
(HEAL) Project, which facilitates research and informati on sharing
among 10-15 institutions worl dwi de concerned with exposure assessnent
for a limted nunmber of pollutants (Ozolins, 1989). Unfortunately,

al t hough providing inportant functions, the HEAL project has not had
the mandate or anythi ng approaching the resources required to actually
make conparable international estinates of popul ati on exposures. HEAL
projects, for the nbpst part, have investigated exposures to
conventional inorganic air pollutants such as carbon nonoxi de,

ni trogen di oxi de and general undifferentiated particle nmass where

i nhal ation is the prinmary route of exposures. However, the HEAL
programe does of fer exanples of |ead, cadnmi um and pestici de studies
which illustrate multiple exposure pathways and denonstrate the
necessity of extensive analytical training and quality programes. An
anal ytical quality control progranme which involved all participating
| aboratories enabled reliable international conparisons of exposure
despite differences in nmethodol ogi es applied by the different
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| aboratori es.

Preceding this criteria docunent the UNEP, FAO and WHO have been
actively advancing the concepts and net hodol ogi es for hunman exposures.
CEMS/ Air, CGEMS/ Water and GEMS/ Food are establishing the unifornmity
anmong data collected worldwi de to establish national and internationa
status and trends. These efforts, together with others, such as the
Codex Committee on Pesticide Residues, the several Joint FAOQ WHO
Consul tations on food consunption, pesticide residues, veterinary
drugs, additives and chenical contam nants, have been devel oping the
basi s of quantitative assessnent of human exposures and risk. Table 38
(pg. 279) provides a listing of pertinent publications related to
assessnent of air, water and food contani nation

Scope

This current criteria document on human exposure assessnent
presents in one publication the concepts, rationale, and statistica
and procedural nethodol ogi es for human exposure assessnment. The
under pi nni ngs of exposure assessment are the basic environnental and
bi ol ogi cal measurenents found in the nore faniliar specialties of air
and water pollution and food and soil sciences. Therefore, throughout
this docunent readers are referred to other publications for technica
details on instrunmental and | aboratory nethods. This criteria docunent
is intended for the comunity of scientific investigators inquiring
about the human health consequences of contami nants in our
environnent. As such, this text will be of interest to physica
scientists, engineers and epidemologists. It is intended also for
t hose professions involved in devising, evaluating and inplenenting
policy with respect to nanaging the quality of environnental health,
inclusive of air, water, food and soil. By necessity environnment is

defined broadly to include place, nedia, and activities where we
humans encount er contam nants.

O primary concern in this docunent are those environnental
contanmi nants that exist in various nedia as a consequence of direct or
i ndirect human intention. W have included sone biol ogical agents that
are "natural" but, through actions of irritation and allergy, can
contribute to or cause norbidity and nortality as a result of
i nadequat e buil di ng design and nai ntenance. W recogni ze that viral
bacterial and other biological agents in air, food, soil and water
contribute significantly to the burden of disease worl dw de. However,
in the context of environmental exposure assessnent the focus is on
chemical contam nants and a few specific allergens that night
contribute directly to disease or, in conbination with biopathogens,
alter susceptibility and expression of disease.

To say that exposure assessnent of environnental contami nants is
excl usive of any population or locationis, in principle, a
contradiction. There are practical considerations, however, for
identifying the industrial workplace as a separate donmin
Admini stratively, many nations handl e occupational health and safety
concerns separately fromthe environnment. The managenent of workpl ace
hazards t hrough well-established industrial hygiene practices of
source control, ventilation and worker protection are wi dely
recogni zed. This separation of workpl ace exposures fromthe genera
envi ronnental exposure focus in this docunent is not hard and fast.
Cccupationally acquired contam nants can expose fam |y nmenbers not
working in the specific industry. Industrial control strategies that
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i ncrease ventilation can adversely affect the nei ghbouring comunity.
In many societies, comrercial and residential use of property are

i ntegrated. Family operated business al ong congested streets neans

t hat contami nants generated in outdoors, indoors and workpl aces are

i nterm ngl ed. Even where commerci al and residential property are

di stinct, chemical and biol ogical contam nants can | ead to non-worker
exposures.

I nformati on on human exposures has a well-recogni zed role as a
corollary to epidemology. But it is nore than this, because
under st andi ng human exposures to environnmental contaninants is
fundanmental to public policy. The adequacy of environnental mitigation
strategies is predicated on inproving or safeguarding human and
ecol ogi cal health. The public nandate for and acceptance of controls
on emssions is first based on sensory awareness of pollution
Irritated airways, foul-snelling exhaust, obscuring plunes, oil slicks
on water, dirty and foul -tasting water, and medical waste and debris
on beaches are readily interpreted as transgressions agai nst us and
threaten commonly shared natural resources. As we enter the
twenty-first century, we recognize that we, humans have had profound
but often subtle inpacts on the chemistry of the bi osphere and
lithosphere. Metals, organic conpounds, particulate natter, and
phot ochem cal | y produced gases are widely di spersed, recognizing no
geographic or political boundaries. d obal narkets, urbanization, and
i ncreased nobility have environnental contam nation as a consequence.

Assessing the quantities and distribution of potentially harnfu
cont am nant exposures to human populations is a critical conponent of
ri sk managenent. As |ong as di sease prevention and health pronotion
are the principal tenets of public health, then assessing the |levels
of contam nant exposures in environnental and biol ogical sanples will
be necessary.

Thi s book presents the nethodol ogi es for surveyi ng exposures,
anal ysing data and integrating findings with the ongoing national and
gl obal debate defining natural linits to hunman behaviour. It serves
the cross-disciplinary needs of environmental nanagers, risk assessors
and epi dem ol ogists to | earn somet hi ng about the design, conduct,
interpretation and val ue of human exposure studies of multinedia
envi ronnental contam nants. For investigators considering exposure
studi es, this book guides themto contenporary information on
neasur enent of anal ysis nethods and strategies.

In Chapter 1 of the docunment the basic terns and concepts used in
exposure assessnent are defined. Simlar understanding of terns used
conmonl y anong heal th assessors working in the different fields of
air, water, soil and food sciences is a critical starting point in
defining the energi ng specialist area of exposure assessnent.
Application of exposure research and routine assessnents to the
i nformati on needs of risk nmanagers, policy-makers and epi dem ol ogi sts
is established in Chapter 2. Discussion of these information needs is
devel oped in Chapter 3, which presents the objectives for various
study desi gns.

Chapter 4 covers basic statistical concepts used in exposure
assessment. The intent is to informthe reader of how statistica
analysis is vital to all conponents of an exposure assessnent. By
exanpl es and references the reader is directed to nore substanti al
texts on study design, data analysis, nodelling and quality control
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Chapter 5 is devoted to a conponent of exposure assessnent
related to the collection and interpretation of human activity
patterns. Information on how, where and when peopl e contact
potentially contaminant nmedia is useful for data interpretation
establishing risk scenarios and identifying activities, |ocations and
popul ations at differential risk. The enphasis here is primarily
related to air pollution exposure studies. In the conduct of tota
mul ti nedi a exposure investigations or nodelling anal ogous information
is needed for the ingestion of water and food, as well as for derma
cont act .

Chapter 6 extends the concepts of the preceding chapters in
di scussi ng nodel s for human exposure assessnent. The data requirenents
for various pathways and vari ous nodelling approaches are presented.

Chapter 7 separates the conceptual first half of the text from
the pragmatic guidelines offered in the rest of the document. The
chapter contains a discussion of air nmonitoring, water nonitoring and
food sanmpling. These particular fields are rather well devel oped

individually, if not well integrated into multinedia studies. The
reader is referred to many other resources that can guide the

i nvestigator to details on instrunents, sanpling nethods and

| aboratory anal ysi s.

In Chapter 8, proportionally nore enphasis is placed on soil and
settled dust sanpling. Again, the |aboratory nethods for netals,
organi cs and various chemi cal compounds are readily available in the
publ i shed literature. This chapter, then, focuses on relatively new
sampling techniques to quantify in a standardized way the contan nant
levels in soil and settled dust.

In Chapter 9, on microbiological agents, assessnent techni ques
for commonly encountered all ergens, mycotoxins, fungal and pollen
spores, mcrobiological bacteria and endotoxins are presented. These
agents have been included because of their inputed contribution to
respiratory disease and potential interactions with chenica
pol lutants. There is growi ng recognition that exposure to these agents
in schools, homes, hospitals and office buildings constitutes a
specific risk to atopic, asthmatic and conproni sed individual s.

The use of bionarkers for exposure assessnents is presented in
Chapter 10. Biological sanples derived from human tissue or fluids
have been used as markers of both effects as well as exposure (dose)
to a variety of occupational and environnental contam nants. The
chapter describes the applications of biomarkers in exposure studies.

The quality assurance (QA) activities that should be considered
i n conducting and eval uati ng exposure studi es are addressed in Chapter
11. Contributors to this docunent intended to inpart their experiences
to inprove future exposure study. It is enphasized that QA aspects
nust be considered in all conponents of exposure studies, to enhance
conparability and interpretation

Chapter 12 presents brief synopses of exposure studies.
Sel ections illustrate a variety of study designs with different
obj ectives and target pollutants and popul ations. Relatively nore
enphasi s has been given to particles and passive exposure to cigarette
snmoke. The evidence is that cigarette consunption has increased al nost
wor | dwi de, suggesting that greater attention be given to
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characterizing and reduci ng exposures to non-snokers, in particular,

i nfants and young chil dren. Epidem ol ogi cal studies conducted over the

| ast 15 years indicate that anbient particulate matter is adversely
af fecting hunman health at levels well below nany of the established
standards. Exposure assessnent along with toxicology and epi deni ol ogy

will be needed to answer many of the renaining unresol ved i ssues about

anbi ent and i ndoor suspended particles.

Q her studies summari zed show how exposure assessnent is
supportive of epidem ology and ri sk managenent. The reader should

recogni ze that Chapter 12 is not conprehensive but is intended to help

educate the research conmunity and ot hers about the application, use
and limtations of exposure assessnment nethodol ogi es.

1. DEFI NI NG EXPOSURE
1.1 Introduction

Peopl e are exposed to a variety of potentially harnful agents in
the air they breathe, the liquids they drink, the food they eat, the
surfaces they touch and the products they use. An inportant aspect of
public health protection is the prevention or reduction of exposures
to environnental agents that contribute, either directly or

indirectly, to increased rates of premature death, disease, disconfort

or disability. It is usually not possible, however, to neasure the

ef fecti veness of nmitigation strategies directly in terns of prevented
di sease, reduced prenature death, or avoi ded dysfunction. |nstead,
neasurenent or estination of actual human exposure, coupled with
appropriate assunptions about associated health effects or safety

l[imts (e.g., acceptable daily intake, tolerable daily intake), is the
standard nethod used for deternining whether intervention is necessary
to protect and pronote public health, which forms of intervention will

be nost effective in nmeeting public health goals, and whet her past
intervention efforts have been successful (Ot & Roberts, 1998).

The purpose of this chapter is to define the concept of exposure,

and the direct and indirect nethod of exposure assessment. A brief
di scussi on of exposure in the environmental health paradigmand its
relationship to dose is presented

1.2 Defining exposure

Exposure is defined as contact over tine and space between a
person and one or nore biological, chenm cal or physical agents (US
NRC, 1991a). Exposure assessnent is to identify and define the
exposures that occur, or are anticipated to occur, in human
popul ations (IPCS, 1993). This can be a conpl ex endeavour requiring
anal ysis of nmany different aspects of the contact between people and
hazar dous substances (see Table 1). Although exposure is a
wel | - establi shed concept famliar to all environmental health
scientists, its nmeaning often varies depending on the context of the
di scussion. It is inmportant however, that exposure and related terns
be defined precisely. In the follow ng sections, we describe and
define inmportant exposure-related terns used in this docunent. The
definitions are consistent with the US EPA's Exposure Assessnent
CGui del i nes and rel ated WHO publications (WHO, 1987, 1996a; US EPA,
1992a; IPCS, 1994). It is inportant to recogni ze, however, that
term nol ogy and definitions vary anong organi zati ons and nati ons.
Thus, the reader is advised to concentrate on the concepts, rather
than the specific terms, as they represent the crux of exposure
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assessment .

Table 1. Different aspects of the contact between people and pollution
that are potentially inportant in exposure analysis
(Sexton et al., 1995b)

Agent (s) bi ol ogi cal, chem cal, physical, single
agent, nmultiple agents, ni xtures

Sour ce(s) ant hr opogeni ¢/ non- ant hr opogeni ¢, area/ point,
stati onary/ nobil e, indoor/outdoor

Transport/carrier medium air, water, soil, dust, food, product/item

Exposur e pat hways(s) eating contani nated food
br eat hi ng cont anmi nat ed wor kpl ace air
touching residential surface

Exposure concentration ng/ kg (food), ng/litre (water), upg/md (air),
pg/ cn? cont am nated surface), % by weight,
fibres/nm (air)

Exposure route(s) i nhal ati on, dermal contact, ingestion
mul tiple routes

Exposure duration seconds, minutes, hours, days, weeks,
nont hs, years, lifetinme

Exposure frequency continuous, intermttent, cyclic, random
rare

Exposure setting(s) occupati onal / non- occupat i onal
residential/non-residential, indoors/outdoors

Exposed popul ation general popul ati on, popul ati on subgroups

i ndi vi dual s

Ceographi ¢ scope sitel/ source specific, local, regional
nati onal, international, globa
Time frane past, present, future, trends

1.2.1 Exposure and exposure concentration

Exposure, as defined earlier, is the contact of a biol ogical
chenical, or physical agent with the outer part of the human body,
such as the skin, mouth or nostrils. Al though there are many instances
where contact occurs with an undiluted chemical (e.g., use of
degreasi ng chem cals for cleaning hands), contact nore often occurs
with a carrier nmedium (air, water, food, dust or soil) that contains
di lute amounts of the agent. "Exposure concentration" (e.g., ng/litre,
ng/ kg, ug/ n¥) is defined as the concentration of an environnental
agent in the carrier nmediumat the point of contact with the body.

1.2.2 Exposure estimation by integration and averagi ng

A mnimal description of exposure for a particular route nust
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i ncl ude exposure concentration and the duration of contact. If the
exposure concentration is integrated over the duration of contact
(Table 2), the area under the resulting curve is the nmagnitude of the
exposure in units of concentration multiplied by tine (e.g.

my/ litreEday, ng/kgEday, pg/nmBEh). This is the nethod of choice to
describe and estimate short-term doses, where integration times are of
the order of mnutes, hours or days.

Over periods of nonths, years or decades, exposures to nost
environnental agents occur intermttently rather than continuously.
Yet long-termhealth effects, such as cancer, are custonarily
eval uat ed based on an average dose over the period of interest
(typically years), rather than as a series of internittent exposures.
Consequently, long-term doses are usually estinmted by summ ng doses
across discrete exposure epi sodes and then cal cul ating an average dose
for the period of interest (e.g., year, lifetinme). Although the
i ntegration approach can also be used to estinmate | ong-term exposures
or doses, its application to tinme periods |onger than about a week is
usual ly difficult and inconvenient.

1.2.3 Exposure neasurenents and nodel s

Direct neasurenents are the only way to establish unequivocally
whet her and to what extent individuals are exposed to specific
envi ronnental agents. But it is neither affordable nor technically
feasible to nmeasure exposures for everyone in all popul ations of
interest. Mddels, which are mathemati cal abstracti ons of physica
reality, may obviate the need for such extensive nonitoring progranmes
by providing estimtes of popul ati on exposures (and doses) that are
based on a snmaller nunmber of representative neasurenents (Fig. 1). The
chall enge is to devel op appropriate and robust nodels that allow for
extrapolation fromrelatively few nmeasurenents to estimates of
exposures and doses for a much | arger population (US NRC, 1991b).

For relatively small groups, neasurenents or estinates can be
made for some or all of the individuals separately, and then conbined
as necessary to estinate the exposure (or dose) distribution. For
| arger groups, exposure nodels and statistics can sonetimes be used to
derive an estimate of the distribution of popul ati on exposures,
dependi ng on the quantity and quality of existing data. Monte Carlo
and other statistical techniques are increasingly being used to
generate and anal yse exposure distributions for |large groups (US EPA,
1992a).

1.2.4 Exposure in the context of an environnental health paradi gm
The presence of hazardous substances in our environnment does not
necessarily inply a risk to human health or to the ecosystem Exposure

is an integral and necessary conponent in a sequence of events having
potential health consequences. An expanded and nore detailed version
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Table 2. Mathematical expressions for some important exposure-related and
do=ze-related events

Expozure

= [od

Potertial dose for intake processes

f
Doptea = a’LI C{HVIR (1) de

Applied doze

D = J' C (1) IR (t)dt

potantial

Internal doze

LF
Di.ntemal - Dapp]j.ed .[:1 f(t)df

E, magnitudle of exposure, to 19, expasure duration; o, availakility factar;, Ct,
expozure concerntration a2 a function of time; IR, ingestion or inhalstion rate; 10,
nonlinear absorption function (Sexton et al,, 1995a)
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of the environnental health paradi gmalso showing the role of exposure

is depicted in Fig. 2. The role of exposure assessnment in the risk
assessment framework applied by EU and US EPA is shown in Fig. 3.

The rel ease of an agent into the environnent, its ensuing

transport, transfornmation and fate in various environnental nedia, and
its ultimate contact with people are critical events in understanding

how and why exposures occur. Definitions for key events in the

continuum are sumuari zed bel ow. They were conpiled fromthree sources:

Ot (1990); US EPA (1992a); Sexton et al. (1995a).

* Sources. The point or area of origin for an environnental agent

is known as a source. Agents are released into the environment from

a wide variety of sources, which are often categorized as
primary sources including point sources (e.g., incinerator)

versus area sources (e.g., urban runoff), stationary sources (e.g.,

refinery) versus nobile sources (e.g., autonobile) and

ant hr opogeni ¢ sources (e.g., landfill) versus non-anthropogenic
sources (e.g., natural vegetation) and secondary sources

i ncl udi ng condensati on of vapours into particles and chemi cal
reacti ons of precursors produci ng new pollutants.

* Exposure pat hway. An exposure pathway is the physical course

taken by an agent as it noves froma source to a point of contact

with a person. The substance present in the nedia is quantified as

its concentration.
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Fig. 1. The relationship among data collection, predictive models, and
exposure and dose estimates (Sexton et al., 1995b)

Enviranment

Mliedia concentratons:
Faources

Routes: Dhuzt, zail
Inhalaton Food
Ingestion Expaosure pathways waker
Dizrmal conkact 4, Air
Expasure concentrations Consumer praducts

Intake

Fotrential dose
Human

Applicd dasze
Uptake ————
Internal doze

Dizlivered dase

Biologically effective
[target] dose

Eiological effects

Adyerse
LIrecrs

Increasing mechanistic linkage to health effects

Fig. 2. The domain of exposure assessment in relation to
an environmental health paradigm {adapted from IPCS,
19493; Sexton et al., 1995%a)
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*

Hazard identification -\I' RISK ASSESSHMENT
[Dizes the agenk cause
the adwverse effect?)
Dase-respaonse assessmnet Rizk characterizakion
["hat iz the relationship ["What iz the estimated
betwesn dose and incidencs incidence of the adverse b | RISK hAMAGEMENT
in human=¥) effect in 2 given population®)

Exposure assessment

['what expasure are currently
wxpericnced or anticipated
under different conditions¥)

Fig. 3. Elements of risk assessment (modified from US HRC, 1983)

Exposure concentration. As discussed in 1.2.1, exposure is the
concentration of an agent in a carrier nmediumat the point of
contact with the outer boundary of the human body. The
concentration is the anbunt (nmass) of a substance or contam nant
that is present in a nmediumsuch as air, water, food or soi
expressed per volune or nmass. Assessnents are often not at exposure
or exposure concentration, since that information alone is not very
useful unless it is converted to dose or risk. Assessnents
therefore usually estinate how nmuch of an agent is expected to
enter the body. This transfer of an environnental agent fromthe
exterior to the interior of the body can occur by either or both of
two basic processes: intake and uptake.

Exposure route. Exposure route denotes the different ways the
substance nay enter the body. The route may be dernal, ingestion or
i nhal ati on.

Intake. Intake is associated with ingestion and inhal ation routes
of exposure. The agent, which is likely to be part of a carrier
medi um (air, water, soil, dust, food), enters the body by bulk
transport, usually through the nose or nouth. The anpunt of the
agent that crosses the boundary per unit tine can be referred to as
the "intake rate", which is the product of the exposure
concentration tinmes the rate of either ingestion or inhalation. For
i nhal ation, intake nmay be cal culated for any tine period. For
i ngestion, intake is usually expressed as the amount of food or
wat er consuned tinmes the pollutant concentration in that nedium
during a certain tinme period.

Upt ake. Uptake is associated with the dermal route of exposure,
as well as with ingestion and inhalation after intake has occurred.
The agent, as with intake, is likely to be part of a carrier nedium
(e.g., water, soil, consunmer product), but enters the body by
crossing an absorption barrier, such as the skin, respiratory tract
or gastrointestinal tract. The rates of bulk transport across the
absorption barriers are generally not the same for the agent and
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the carrier medium The amount of the agent that crosses the
barrier per unit tine can be referred to as the wuptake rate. This
rate is a function of the exposure concentration, as well as of the
pernmeability and surface area of the exposed barrier. The uptake
rate is also called a flux.

Dose. Once the agent enters the body by either intake or uptake,
it is described as a dose. Several different types of dose are

rel evant to exposure estimation. All these different dose neasures
are approxi mations of the target or biological effective dose.

- Potential (adm nistered) dose. Potential or adm nistered dose
is the anobunt of the agent that is actually ingested, inhaled or
applied to the skin. The concept of potential dose is
straightforward for inhalation and ingestion, where it is
anal ogous to the dose administered in a dose-response
experiment. For the dernmal route, however, it is inportant to

keep in mnd that potential (or adninistered) dose refers to the
amount of the agent, whether in pure formor as part of a
carrier medium that is applied to the surface of the skin. In
cases where the agent is in diluted formas part of a carrier
medi um not all of the potential dose will actually be touching
t he skin.

- Applied dose. Applied dose is the amount of the agent directly
in contact with the body's absorption barriers, such as the
skin, respiratory tract and gastrointestinal tract, and
therefore available for absorption. Information is rarely
avai l abl e on applied dose, so it is calculated frompotentia
dose based on factors such as bioavailability (Fig. 2).

- I nternal (absorbed) dose. The anmpunt of the agent absorbed,
and therefore available to undergo netabolism transport,
storage or elimnation, is referred to as the internal or

absorbed dose (Fig. 2). Bioavailability has been used to
descri be absorbed dose.

- Del i vered dose. The delivered dose is the portion of the
i nternal (absorbed) dose that reaches a tissue of interest.

- Biologically effective (target) dose. The biologically
ef fective dose is the portion of the delivered dose that reaches
the site or sites of toxic action

The link, if any, between biologically effective (target) dose

and subsequent di sease or illness depends on the relationship between
dose and response (e.g., shape of the dose-response curve), underlying
phar macodynam ¢ mechani sns (e.g., conpensation, damage, repair), and

i mportant susceptibility factors (e.g., health status, nutrition
stress, genetic predisposition).

*

Bi ol ogi cal effect. A neasurable response to dose in a nolecul e,
cell or tissue is termed a biological effect. The significance of a
bi ol ogi cal effect, whether it is an indicator or a precursor for
subsequent adverse health effects, may not be known.

Adverse effect. A biological effect that causes change in
nmor phol ogy, physiol ogy, growth, devel opment or |ife span which
results in inpairment of functional capacity to conpensate for
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additional stress or increase in susceptibility to the harnfu
effects of other environmental influences (IPCS, 1994).

1.3 Elenents of exposure assessnent

Assessi ng human exposure to an environmental agent involves the
qualitative description and the quantitative estimation of the agent's
contact with (exposure) and entry into (dose) the body. Al though no
two exposure assessnments are exactly the sanme, all have several common
el enents: the nunber of people exposed at specific concentrations for
the tine period of interest; the resulting dose; and the contribution

of inportant sources, pathways and behavi oural factors to exposure or
dose. A list of the types of estimates that m ght conprise a

conmpr ehensi ve exposure assessnment could include the follow ng (as
described in part by Brown (1987) and Sexton et al. (1995a)):

* Exposure

- routes, pathways and frequencies

- duration of interest (short-term long-term intermttent or
peak exposures)

- distribution (e.g., nean, variance, 90th percentile) --
popul ati on, inportant subpopul ations (e.g., nore exposed, nore
suscepti bl e)

- individuals -- average, upper tail of distribution, nost exposed
i n popul ati on.

* Dose
- link with exposures
- distribution (e.g., nean, variance, 90th percentile) --
popul ation inportant subpopul ations (e.g., higher doses, nore
suscepti bl e)
- individuals -- average, upper tail of distribution, highest dose
i n popul ation.

* Causes
- relative contribution of inportant sources
- relative contribution of inmportant environnental nedia
- contribution of inportant exposure pathways
- relative contribution of inmportant routes of exposure.

* Variability

- wthin individuals (e.g., changes in exposure fromday to day
for the sane person)

- between individuals (e.g., differences in exposure on the same
day for two different people)

-  between groups (e.g., different socio-econonic classes or
residential |ocations)

- over time (e.g., changes in exposure from one season to another)

- across space (e.g., changes in exposure/dose from one regi on of
acity, country to another).

* Uncertainty
- lack of data (e.g., statistical error in measurenents, nodel
parameters, etc.; misidentification of hazards and causa
pat hways)
- lack of understanding (e.g., mstakes in functional form of
nodel s, m suses of proxy data from anal ogous contexts).

Al t hough conprehensi ve exposure assessnments coul d be consi dered
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the ideal, they are very costly; decisions therefore need to be nmade

on the nost inportant elenents for inclusion. For any study, the
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purpose nust first be defined. Possible purposes include environnmenta

epi dem ol ogy, risk assessnment, risk managenent or status and trend

anal ysis (see Chapter 2). The data el ements and measuring approaches

that are needed for this purpose are then determ ned. Table 3
sunmari zes the basic information that is required for each study.

shoul d be nentioned that different elenments of the exposure assessnent

framework m ght be selected to neet different study requirenents.

Table 3. Basic informati on needed for exposure assessnents in
di fferent contexts

Information required

Ri sk assessnent Poi nt estimates or distributions of
exposure and dose
Duration of exposure and dose

Ri sk managenent Pol | utant source contributing to
(conduct ed once hazard exposure and dose
is identified) Personal activities contributing

to exposure and dose
Ef fecti veness of intervention neasures

Status and trend Change of exposure and dose of
popul ati ons over tine

Epi deni ol ogy I ndi vi dual and popul ati on exposures and
doses, exposure dose categories

1.4 Approaches to quantitative exposure assessnent

Quantitative estinmation of exposure is often the central feature
of assessnment activities. The quantitative estinmation of exposure can

be approached in two general ways: direct assessnent, including

poi nt - of - contact measurenents and bi ol ogi cal indicators of exposure;

and indirect assessnent, including environnental nonitoring,

nodel | i ng, questionnaires (US NRC, 1991b) (see Chapter 3.5). These two

generic approaches to quantitative estimation of exposure are

i ndependent and conpl enmentary. Each relies on different kinds of data
and has different strengths and weaknesses. It is potentially useful

therefore, to enploy multiple approaches as a way of checking the

robust ness of results. Among other factors, the choice of which method

to use will depend on the purpose of the assessnent and the
avai l ability of suitable nethods, neasurenents and nodels.

Di rect approaches for air, water and food include personal air

noni tors, neasurements of water at the point of use and neasurenent of

t he food being consunmed. |ndirect approaches include

m croenvironmental air nonitoring and neasurenents of the water supply

and food supply (contents of a typical food basket, for instance).

Exposure nodel s are constructed to assess or predict persona

http://www.inchem.org/documents/ehc/ehc/ehc214.htm

6/1/2007



HUMAN EXPOSURE ASSESSMENT Page 30 of 284

exposures or popul ati on exposure distributions fromindirect
nmeasur enments and ot her relevant information.

Measures of contam nants in biological material (biomarkers)
afford a direct neasure of exposure nodified by and integrated over
some time in the past which depends on physiol ogical factors that
control netabolismand excretion. Such neasures give no direct
i nformati on about the exposure pathways. Exanples of the type of
bi omar kers measured in human material that can be used for
reconstructing internal dose and their rel evance to exposure
assessment are di scussed in Chapter 10.

1.5 Linking exposure events and dose events

The schematic framework in Fig. 2 shows how the
i nterrel ati onshi ps anong significant exposure- and dose-rel ated events
in the paradi gmcan be conceived.

It is inmportant to keep in nmind that, although events along the
continuum are correlated, the relative position of a particul ar
i ndividual within a distribution my change dramatically from one
event to the next as the agent or its netabolite/derivative noves
t hrough the vari ous stages from exposure concentration to biologically
ef fective dose.

To make realistic estimates for a specific event (e.g., an
internal dose), it is necessary to have at |east one of two types of
i nformation: neasurenents of the event itself (e.g., internal dose),
or neasurenments of an earlier (e.g., potential dose) or later (e.g.
delivered dose) event in the continuum It is also necessary to
understand the critical intervening nechani sms and processes (e.g.
phar macoki netics) that govern the rel ationship between the event
neasured and the event of interest (e.g., internal dose). Unless such
data are on hand, extrapolating fromone event to another, noving
ei ther from exposure to dose (downwards in Fig. 2) or fromdose to
exposure (upwards in Fig. 2) is problenatic.

Sui tabl e data and adequate understanding are seldom if ever
avai l abl e to describe and estinmate all of the significant events for
the groups and individuals of interest. Generally speaking,
neasur enent of exposure concentration and delivered dose (body

burden) is in many cases relatively straightforward, whereas

neasur enent of potential (adm nistered) dose and internal (absorbed)
dose is usually possible only with substantially greater effort.
Measur enent of biologically effective (target) dose may al so be
possi ble in sone cases, although it is usually inpossible to neasure
t he applied dose.

This situation presents us with a conundrum W would like to
have realistic estimtes of exposure concentrations of an agent for
all inportant pathways, and the resulting biologically effective dose.
Typically, however, if relevant data are available at all, they are

related to exposure concentrations for one pathway or route of
exposure. In the few cases where data on dose are al so avail abl e,
these data usually reflect delivered dose (body burden) rather than
bi ol ogically effective dose. Even if suitable neasurements of both
exposure concentration and delivered or target dose are on hand, the
absence of pharmacokinetic understanding to relate these nmeasurenents
to each other, as well as to other significant events along the
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continuum seriously inpairs efforts to establish the Iink between
exposure and dose.

We are thus left with a situation in which we can neasure
speci fic events on either side of the body's absorption boundaries,
but we can relate themto each other only by using a series of
unsubstanti ated assunptions. Yet it is this relationship between
exposure and dose that is critical to, for exanple, establishing cause
and effect relationships between exposure and di seases.

1.6 Sunmary

Exposure requires the occurrence of the presence of an
envi ronnental toxicant at a particular point in space and tine; and
the presence of a person or persons at the sanme location and tinme. In
addi tion, the anpunt which conmes in contact with the outer boundary of
t he human body is required.

As the intrinsic value of exposure-related i nfornmati on has becone
recogni zed, "exposure anal ysis" has emerged as an inportant field of
scientific investigation, conplenenting such traditional public health
di sci plines as epideniol ogy and toxicology, and is an essentia
conponent in informed environnental health decision-nmaking (Gol dnan et
al., 1992; Sexton et al., 1992, 1994; \Wagener et al., 1995).

2. USES OF HUVAN EXPOSURE | NFORMATI ON
2.1 Introduction

Exposure assessnents coll ect data on the route nagnitude,
duration, frequency and distributions of exposures to hazardous agents
for individuals and popul ati ons. Human exposure data have been used
for the evaluation and protection of environmental health in four
interrel ated disciplines: epidemology, risk assessnent, risk
management, and status and trends anal ysis. The fundanental goal of
exposure assessnent studies is to reduce the uncertainty of the
exposure estimates that are used within each discipline to nake public
pol i cy decisions or reach research concl usi ons.

Epi dem ol ogy is the exanination of the I[ink between hunman

exposures and health outconmes (Sexton et al., 1992). Risk

assessment is the estinmation of the likelihood, nagnitude and
uncertainty of population health risks associated with exposures. In
contrast, risk managenent is the determnation of the source and

| evel of health risks and which health risks are acceptabl e and what
to do about them Status and trends anal ysis conprises the eval uation
of historical patterns, current status and possible future changes in
human exposures.

The purpose of this chapter is to describe the disciplines from
envi ronnent al epi deni ol ogy through risk assessnent. It also describes
how hunman exposure assessment data are used in each of these
di sci plines

2.2 Human exposure information in environmental epidemn ol ogy
Epi demi ol ogy is the study of the determ nants and distribution of
health status (or health-related events) in human popul ati ons.

Envi ronnent al epi dem ol ogy searches for statistical associations
bet ween envi ronnental exposures and adverse health effects (presuned)
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to be caused by such exposures. It is a scientific tool that can
sonetines detect environnentally induced health effects in

popul ations, and it may offer opportunities to |ink actual exposures
wi th adverse health outcones (US NRC, 1991c, 1994; Matanoski et al.
1992; Beagl ehole et al., 1993).

Exposure assessnent nethods can be used for identifying and
defining the | ow or high exposure groups. They can al so be used for
devi sing nore accurate exposure data from nmeasured environnental
contam nant | evel s and personal questionnaire or tine-activity diary
data, or estimating popul ati on exposure differences between days of
hi gh and | ow pol [ ution, or between high and | ow pollution in
conmuni ti es using neasured environnental and popul ati on behavi oura
data (see also Chapters 3 and 5).

In particular, to establish long-termhealth effects of "Il ow
dose" environmental exposures, epideniological nmethods are the
predomi nant, if not only, tools at hand for health-effect assessnent.
However, the excess risk of npbst environnentally related health
effects is small, with relative risks and odds ratios usually being
| ess than 2 across the observed range of exposure experienced by
popul ati ons. Furthernore, there are usually no "non-exposed"
conpari son groups, and the factors contributing to the devel opnment of
di seases are nunerous. As a consequence, environmental epidem ol ogy
faces consi derabl e net hodol ogi cal chal | enges. Adequate exposure
assessment is one key issue, as well as the need for studi es conducted
wi th | arge popul ati ons.

2.3 Human exposure information in risk assessment

Ri sk assessnment is a fornalized process for estimating the
magni t ude, |ikelihood and uncertainty of environnmentally induced
health effects in popul ations. Exposure assessnent (e.g., exposure
concentrations and rel ated dose for specific pathways) and effects
assessment (i.e., hazard identification, dose-response eval uation) are
integral parts of the risk assessment process. The goal is to use the
best avail able information and know edge to estinmate health risks for
t he subj ect popul ation, inportant subgroups within the popul ation
(e.g., children, pregnant wonen and the elderly), and individuals in
the mddle and at the "high end" of the exposure distribution (US NRC
1983; Grahamet al., 1992; Sexton et al., 1992).

Envi ronnental health policy decisions should be based on
established |inks anong em ssion sources, human exposures and adverse
health effects. The chain of events depicted in Fig. 4 is an
"environmental health paradigm': a sinplified representation of the
key steps between enission of toxic agents into the environnent and
the final outcone as potential disease or dysfunction in humans. This
sequential series of events serves as a useful franework for
under st andi ng and eval uati ng environnental health risks (Sexton, 1992;
Sexton et al., 1992, 1993). It is directly related to the risk
assessnent process.

* Exposure assessnent in the risk assessnment framework focuses on
the initial portion of the environnental health paradigm from
sources, to environnental concentrations, to exposure, to dose. The
maj or goal of exposure assessnent is to develop a qualitative and
gquantitative description of the environnental agent's contact with
(exposure) and entry into (dose) the human body. Enphasis is placed
on estimating the magnitude, duration and frequency of exposures,
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as well as estimating the nunber of people exposed to various
concentrations of the agent in question (US NRC, 1983, 1991a;
Cal | ahan & Bryan, 1994).

hechanistic basis for the

] Environmental Rizk asseszment
sequence of events in the heath paradigm frarmemark
environmental health paradigm
_ Exposure ]
dszessment
Emission that environmental
. SOuncers] eXpOSUres OCCUr OF 3re
Pallutart transport, expected to occur for
Ly [transformiation and ——e- * [ |human populations and
Biological, fate processes | - what iz the resulting Rizh
chemical, physical Elwlrc-nme.ntal doze to the target tizue? Characterization
and sociological W Foncentrations What is the
determinant=s of gpe | J200rAphiE: 3N . + ectimated
the critical events lifestyle attributes — human health
leading from - Human Dose-response 1
release of t-:-;lcic — exXposune aszessment :i:cfi;oa;ld
agents into the
eﬁvimnment to |—fa={Phammacokinetics" |m——— + Wihat is the exposure?
resufting diseasze relationship between
or injury in people —_— Intemal dose | {do=e to the target
! y tissue and adwerse
\ b + ] effects in humans?
Phamacodynamics
Adverse I
effact(s]) Hazard
— identification
I= the
* Phammacokinetics -- what the body does to the agent. environmerntal
b Phamacadynamics -- what the agent does ta the bady. agent capable of

causing an adwerse
effect in humans™

Fig. 4. An environmental health paradigm and its relationship to the risk assessment
framework (Sexton et al., 1995c)

* Ef fects assessnment examines the latter portion of the events
conti nuum from dose to adverse health effects (Fig. 4). The goals
are to determine the intrinsic hazards associated with the agent
(hazard identification) and to quantify the relationship between
dose to the target tissue and rel ated harnful outcones
(dose-response/ ef fect assessnent). The overl ap between exposure
assessment and effects assessnment reflects the inportance of the
exposure-dose relationship to both activities (Sexton et al.

1992).

* Ri sk characterization is the | ast phase of the risk assessnent
process. The results of the actual exposure assessment and the
ef fects assessnents are conbined to estimate the hunman health risks
fromthe exposures.

Systeni ¢ (non-cancer) toxicants are usually assunmed to have
t hreshol ds bel ow which no effects occur. For these toxicants, safety
assessnments are perforned with establishnent of tolerable intakes
(I'PCS, 1993) or reference concentrations/doses (USEPA). Fromthese,
gui delines are derived and standards designed to protect public
heal th. Ambi ent concentration standards, and workpl ace persona
exposure limts, are often established at or below threshold | evels
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determ ned as part of the risk assessment process. Although these

standards are set with safety margi ns, exposures that exceed these
reference | evels rai se concerns about potentially elevated health

risks for the exposed population (Fig. 5a).

Quantitative risk assessment for carcinogens is a well
established, albeit controversial, procedure. As part of the
gui del i nes devel oped by the WHO, it is conmon practice to extrapol ate
fromhigh to | ow dose by assunming a linear, non-threshold nodel for
carcinogenicity. Under this assunption, cancer risk for individuals
can be estimated directly fromthe exposure or dose distribution, and
t he nunber of excess cancer cases (i.e., the increase above background
rates) in the exposed popul ati on can usually be estimted by
mul ti plying the average dose by both the total nunber of people
exposed and the dose-response slope factor (Fig. 5b). Al though
i ndividual risk is assuned to increase with increasing exposure and
dose all along the distribution, exposures of concern are typically
defined to be those above sonme mininmal level of risk (e.g., WHO
considers this to be a 1 in 105 or 106 excess lifetinme risk of
devel opi ng cancer). Unit cancer risk nunbers are given in inverse
concentration units for food, water and air as (ppm -1, (ppb)-1 or
mg-lm3). Expressed in inverse dose units (ng kg lday-1), the cancer
slope risk factor is multiplied by ingestion or inhalation rates and
adj usted for body weight. Individual cancer risk is calculated by
assuming a lifetine of exposure at a given |l evel of contam nation
When exposure data are available, it is then possible to approxinate
the cancer risk of the typical or average person in the popul ation or
one who might be at naximumrisk due to a greater |evel of exposure.
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Fig. 5. Human exposure distributions for {(A) a hypothetical systemic
{non-cancer) toxicant and {B) a hypothetical carcinogen (Sexton et al., 1993}

In regul atory applications of risk assessments, exposure
estimates are often constructed using existing data or single point
neasurenents to estimate the risk of a facility, hazardous waste site
or chem cal waste site, or even the use of a chem cal product. This
approach can result in large errors in the exposure assessment and
hence the risk assessnent. Exposure assessnent studies are used to
obtain a nore accurate deternination of the exposure associated with a
heal th i npact outcone of concern. Popul ation-based risk assessnents
benefit fromthe use of popul ati on-based nmeasurenents derived from
surveys or nodels (see Chapter 3) to estimate the distribution of
health effect outconmes in the total exposed popul ati on over a
specified time period.
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2.3.1 Risk allocation for popul ati on subgroups or activities

Exposure studies may al so be conducted to provide nore realistic
and | ocation-specific information for use in hunman health risk
assessments. Measurenent data on pollutant concentrations and exposure
factors, such as contact rates, can be used instead of relying on
assumed "default" values for an "averaged" or representative
i ndi vidual. An exanpl e of an exposure study designed to collect data
for the purpose of allocating risk to |locations, sources and
activities is the Wndsor Air Quality Study conducted in Wndsor,
Ontari o, Canada (Bell et al., 1994).

The Wndsor Air Quality Study was designed to investigate the
W ndsor airshed characteristics with respect to airborne toxic
compounds and to deternine personal inhalation exposures to these
conpounds. Data were then used as inputs for a multinmedi a assessnent
of risk due to total pollutant exposure. The air quality study
exam ned just one aspect, the inhalation route. It was designed to
separately attribute risk to several airborne contani nants by indoor
and outdoor |ocations. Statistical analysis and inference were used to
i mpute source contributions to population risk (i.e., the waste
i ncinerator across the river in Detroit, Mchigan, USA) for selected
vol atil e organi ¢ conpounds (VOCs), carbonyls and trace netals (see
Tabl e 4) based on microenvironmental and personal neasurenments and
time activity patterns. In general, air quality was determnmined to be
relatively poor in recreation halls, new office buildings, cars and
garages when conpared to outdoor air quality standards and criteria.
Al t hough hi gh contam nant concentrations were detected in various
m croenvi ronments, popul ati on exposures (defined as the product of
concentration and tine) were relatively | ow because the study subjects
did not spend any appreciable time in those nicroenvironnents. This
point is illustrated in Fig. 6. For all of the VOCs, the highest
concentrations were neasured during the comuting periods, wth
conpar abl e concentrati ons bei ng neasured i ndoors at the office and
hone and the | owest outdoors (Table 3). Wen tine in each
nm croenvironment is considered, exposure in the home accounted for
over 70% of the total exposure profile for that individual

Table 4. Target analytes in the Wndsor air quality study

Vol atil e organi c conpounds

Propane, chl oronet hane, 2-nethyl propane, chloroethene, 1, 3-butadi ene, butane,

2- et hyl but ane, pentane, isoprene, 1,1-dichloroethene, dichloronethane, allyl ch
hexane trichl oromet hane, 1, 2-dichl oroethane, 1,1, 1-trichloroethane, benzene,
tetrachl oronet hane, xyl enes, styrene, o-xylene, 1,1,2,2-tetrachl oroethane, nonan
1,3,5-trinmethyl benzene, 1,2, 4-trinethyl benzene, 1, 4-dichlorobenzene; decane,

1, 2-di chl orobenzene, undecane, 1,2,4-trichlorobenzene, dodecane, tridecane

Car bonyl s

For mal dehyde, acet al dehyde, acrol ei n, acetone, propi anal dehyde, crotonal dehyde,

et hyl ketone, benzal dehyde, isoval eral dehyde, 2-pentanone, val eral dehyde, o-to
m t ol ual dehyde, p-tolual dehyde, nethyl isobutyl ketone, hexanal, 2,5-dimethylb

Trace netals

Beryllium chrom um nanganese, nickel, arsenic, selenium cadmum |ead
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Results of the study enphasize the inportance of exposure
assessnments for policy decisions. For this comunity, changes in
l'ifestyle, consumer product formulations, cleaning of indoor air and
i ncreased ventilation would probably have nore inmpact on reducing
health risks from exposures to VOCs than reliance on
gover nrent - mandat ed abat enent strategi es for anbi ent sources.

2.3.2 Popul ation at higher or highest risk

Ri sk assessment may be used to identify and eval uate those
popul ati ons, subpopul ations and individuals at potentially greater
risk so that, if warranted, appropriate nmitigation actions can be
i mpl enmented. Individuals and groups are deened to be at potentially
hi gher risk because they are exposed to high concentrations of
hazardous pollutants (Sexton et al., 1993). Individuals and groups can
al so be at increased risk because they are nore susceptible to the
adverse effects of a given exposure. Anong the potential causes of
enhanced susceptibility are inherent genetic variability, age, gender,
pre-existing di sease (e.g., diabetes, asthma), inadequate diet,
environnental or lifestyle factors (e.g., snoking), stress and
i nadequat e access to health care. As far as possible, it is inportant
to identify these susceptible individuals and groups so that we can
understand their exposures and take account of this information in
assessi ng and managi ng ri sks. Exposure and risk information for
suscepti bl e populations is critical since health standards and
regul ati ons are often devel oped with the intent of protecting these
i ndi vi dual s.

Exposur e studies provide valuable information for the risk
assessment by quantifying the distribution of exposures in a
popul ati on and identifying those subpopul ations or individuals who
have the hi ghest exposures. Information is al so gathered on
characteristics of the popul ations and factors that could contribute
to el evated exposures. |In these studies, neasures of central tendency,
such as the nmedi an and average, along with expressions of variability,
such as the standard deviation, are commonly used to describe the
distribution of exposures for a population (Fig. 7). Oten, the
relative position of an individual or group in the exposure
distribution is of primary interest to the exposure assessor. Anmong
the nost frequently used descriptors for individual and subgroup
exposures are values near the mddle of the distribution, values above
the 90th percentile and values at the extrene upper end, such as for
t he nost exposed person in the popul ati on. Exposure studies that are
targeted on susceptible populations are used with the sane type of
inputs in risk assessnent for these groups.

2.4 Human exposure information in risk managenent

Ri sk nmanagenment decisions carried out by policy-makers are of
four basic types: priority setting, selection of the nopst
cost-effective nmethod to prevent or reduce unacceptable risks, setting
and eval uating conpliance with standards or guidelines, and the
eval uation of the success of risk mitigation efforts. Exposure
information is crucial to these decisions. In addition to data on
exposures and related health effects, decision-nakers al so nust
account for the economc, engineering, |legal, social and politica
aspects of the problem (Burke et al., 1992; Sexton et al., 1992).
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Conceptual ly, as shown in Fig. 8, estimating and prioritizing

health risks are seemngly straightforward. Risk is a conbination of

ef fects estinates, where "highest" priorities can be thought of as
those that entail both "high" toxicity for the agent of interest
(adverse effects are likely to occur in humans at relatively | ow
exposures or doses), and "high" exposures for the popul ation,
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subpopul ati on or individuals of interest (exposures or doses are above
a heal t h-based standard). Conversely, "lowest" priority risks involve
"l ow' toxicity and "l ow' exposures. "Medium priority risks are those

for which either toxicity or exposure is "low' while the other is
"hi gh" (Sexton, 1993). The Wndsor Air Quality Study, for exanple,
showed that incinerator em ssions contributed little to total human

exposure for VOCs. Despite the fact that the pollutants were of high

toxicity, incinerator em ssions were considered to be of relatively

lowrisk to the population. In contrast, studies show that second-hand

snoke has both high toxicity and hi gh human exposures, and shoul d
therefore be identified as a high priority risk.

Cammuting
4%

In Office
Outdoors 17%
7%
In Home
229%
AlRBORME
COMCENTRATIONS
In Office
18%
Coammuting InﬂH;me
8% :
Outdoors
2%
EXPOSURE
PROFILES

Fig. 6. Airborne concentrations and exposures to VOCs by
location’activity. Exposure is the product of the average
airborne concentrations measured in an environment and
the average time a person spends in that environment
(Bell et al., 1994}
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central tendency
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High end

Number of
pedple
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Fig. 7. Common descriptors for human exposures to
environmental agents (Sexton et al., 1993)

Approaches to
Basic elements in sk Hurnan exposure estimation
estimation and priontization exposure . Fri:-::luqtil:-n vaolumes
= BEmiszionfuse levels
l = Enwironmental concentrations

* Human contact

* Intemal dose
Human health

effects ¢

Rizk-bazed priorities
Approaches to Human exposures estimates
effects estimation [population and individual)
» Structure-activity High Low
relationships
+ i vitm data - Heatth High | Highest hiedium
= Ppimal toxicology effects pricmty priorty
= Human clinical studies estimates
* Epidemiclagy (oeicity) hedium Louest
priomty pricrty

Fig. 8. Basic elements in the estimation and prioritization of
environmental health risks (Sexton, 1993)

Risk mtigation proceeds fromfirst determ ning that an exposure
is a hazard (risk assessnent) to identifying and quantifying the route
and the environmental pathways for a contam nant. Wiere a contam nant
has multiple sources or routes of exposure, relative contributions to
i ndi vi dual and popul ation risk nust be determnined. Exposure
assessments are crucial for developing this information, and may rely
on both neasurenents and nodelling. Once this information is obtained,
then effort can be directed toward the nost effective nmitigation
strat egi es.

In fact, intervention studies are inplicitly or explicitly
predi cated on the sequence of risk assessnent and mtigation
Intervention at the source, transm ssion or receptor (receiving
person) is intended to reduce the effect or risk of an effect.
Prohi biting snmoking in public buildings or sections of restaurants is
designed to separate sources fromreceptors. Specific ventilation
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requi rements for operating theatres or isolation roons of infectious
patients are designed to dilute potential contani nants and pat hogens.
On a larger scale, substitution of cleaner fuels (e.g., refornulated
or unl eaded gasoline, cleaner coal, lowsulfur oil, natural gas)

radi ati on of food or ozonation of drinking-water are exanples of risk
mtigation interventions based on the assunption that contam nant
reducti ons experienced in the environmental nedia will result in a
correspondi ng reduction in actual exposures and hence risk. It is
essential, then, to understand the efficacy of nmitigation strategies
with respect to their effect on human exposures.

The conbi ned use of total exposure assessnment for air,
receptor-source nodel ling and econom c principles can assi st
environnental policy and regulation in developing risk mtigation
strategi es. The hybridi zati on of these well-devel oped nodels can be
used to assist in the identification of priority sources to target
regul atory programes, and in the devel opnment of cost-effective
strategies for air pollution control to bring about the greatest and
earliest reduction in pollutant exposures.

Epi demi ol ogi cal information about the health effects of
relatively low levels of air pollutants now rai ses controversia
policy issues for risk nanagenent. On the one hand, the econonic
consequences of these health effects may be substantial; on the other
hand, for some pollutants, control measures nay becone very expensive.
For pollutants such as VOCs, for exanple, exposure nonitoring rather
than anbient air nonitoring may |lead to nore rapid and cost-effective
ri sk reduction policies.

Devel oped countries have experinented with regulatory reforns
that include em ssion trading. Basically, the concept calls for
eni ssion reduction at one source to be credited to the emission |levels
at anot her source. These tradi ng schenmes are based on the assunption
that equal mass em ssion reduction of a pollutant would result in
equal health or ecol ogical benefits. Thinking in terms of tota
exposure assessnent reorients the relative inportance of sources and

their inpacts on different popul ations. Accordingly, control options
for reduci ng exposures can be broadened (Smth, 1995).

2.5 Human exposure information in status and trend anal ysis

Eval uating the current status of exposures and doses in the
context of historical trends is an inportant tool for both risk
assessment and risk managenment. In nmany cases it requires collecting
exposure data over a relatively long period of time (e.g., 5-20
years). This can only be done through an exposure assessnment study and
of ten when the contaninant has a |long residence tinme in the
environnent or biological tissue. If concentrations of a contani nant
exhibit high variability in environnental media, the study may require
relatively | arge sanple sizes, the use of probability sanples and/or
extensive followup to observe trends. Data on status and trends can
be inval uable for identifying new or energi ng problenms, recognizing
the relative inportance of em ssion sources and exposure pat hways,
assessing the effectiveness of pollution controls, distinguishing
opportunities for epidem ol ogical research and predicting future
changes in exposures and effects (CGoldnan et al., 1992; Sexton et al.
1992).

Exposure studies may be conducted to docunent the status and
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trends of human exposure (e.g., Kemper, 1993; Noren, 1993). A good
exanpl e of a study designed for this purpose is the Gernman

Envi ronnmental Survey (GerES). The nationw de representative survey was
conducted for the first tinme in 1985-1986, on behal f of the Federa
Mnistry for the Environnent, Nature Conservation and Reactor Safety.
In 1990-1991 the survey was repeated in West Germany (the FRG before
reunification) and in 1991-1992 it was extended to East Gernany
(former GDR) (Krause et al., 1992; Schulz et al., 1995).

The purpose of the survey was to establish a representative
dat abase on the body burden of the general popul ation. Biol ogica
noni toring was used to characterize exposure to pollutants
(predominantly heavy nmetals). In addition, the occurrence of a nunber
of pollutants in the donmestic area likely to contribute to total
exposure (house dust and drinking-water) was studied. The design of
the study is summarized as foll ows:

* Popul ati on sanpl es. Cross-sectional sanples using a stratified
two- step random sanpling procedure according to the size of the
conmuni ty, gender and age. The final set included 2731 West GCermans
in 1985-1986 and 4287 adults from East and West Germany in
1990- 1992 (aged 25-79 years). |In addition about 700 children (aged
6-14 years) living in the sane househol ds were included in
1990- 1992.

* Hurman bi onmonitoring. Analysis of blood (lead, cadnmi um copper
mercury), spot urine (arsenic, cadmum copper, chromium nercury)
and scal p hair (alum nium barium cadm um chrom um copper
magnesi um phosphorus, |ead, strontium and zinc).

* Questionnaires. Questions about social factors, snoking habits,
potential sources of exposure in the donestic, working, and genera
environnent, and nutritional behaviour

* Donestic environment. Concentration of trace elements in dust
deposit indoors, in vacuum cl eaner bags (pentachl orophenol [PCP],
I i ndane and pyrethroids) and in household tap water; determi nation
of VOCs in homes of a subsanple of 479 participants (passive
sanpling) in 1985-1986.

* Personal sanpling. Deternination of VOCs by personal sanpling
using a subsanple of 113 people in 1991

* Dietary intake. A 24-h duplicate study in 1990-1992 with a
subsanpl e of 318 peopl e.

Characteristics of the frequency distributions (percentiles) and
ot her statistical paraneters of the concentration of elenents and
pollutants in the different nedia were cal cul ated. As an exanple, the
concentrations of elements and conpounds in blood and urine of the
German adult popul ation anal ysed in 1990-1992 are shown in Table 5.
The 1990- 1991 and 1991-1992 surveys showed differences between East
and West Germany. The nercury concentrations in blood and urine as
well as the cadm um chroni um and copper concentrations in urine were
significantly higher ( p < 0.001) in East Gernany than in West
Germany. The blood |lead | evel was identical in both study popul ati ons
(georetric nmean 45 ug/litre).

The conparison of the results for the biological, personal and
nm croenvi ronment al exposure neasurements taken in East Germany in
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1985-1986 and in 1990-1992 permits an anal ysis of trends over tine.
The success of abatenment neasures could be shown in a nunmber of cases:
the reduction of |ead concentrations in petrol and of industria

cadm um emi ssions resulted in decreased | ead and cadmi um
concentrations in the blood of the general population. The ban on PCP
led to a decrease of PCP in house dust. The results of the GerES have
provi ded a useful set of reference data to characterize and to assess
exposures of the general popul ation. They have al so been useful for a
nunber of risk assessnents, for exanple the role of copper in
drinking-water and liver cirrhosis in early childhood, and presence of
mercury in amal gamfillings.

2.6 Sunmmary

The specifics of any particul ar exposure analysis hinge on its
i ntended use or uses. For exanmple, the pertinent aspects of exposure
to be considered, the nature of the information required and the
necessary quantity and quality of the data will depend on whether the
exposure assessnment is being conducted in the context of an

epi dem ol ogi cal investigation (Matanoski et al., 1992), risk
assessment (Grahamet al., 1992), risk managenment (Burke et al., 1992)
or status and trend analysis (CGoldman et al., 1992) (see al so Chapter
1, Table 1).

Table 5. Elements and conmpounds in blood and urine of the German popul ati on
(Krause et al., 1992)

Q N <QL 10 50 90 95
Bl ood
Lead (ug/litre) 15 3966 61 24.0 45. 3 86. 8 105
Cadmium (pg/litre) 0.1 3965 231 0.1 0.3 1.9 2.6
Copper (mg/litre) 0.1 3968 0 0.8 0.9 1.2 1.3
Mercury (ug/litre) 0.2 3958 632 <0.2 0.6 1.6 2.1
Urine
Arsenic (pg/litre) 0.6 4001 210 1.8 7.1 19.8 29.9
Arsenic (ug/ g creatinine) 4001 1.4 4.9 15.3 24.1
Cadmium (pg/litre) 0.1 4002 150 0.1 0.3 0.9 1.3
Cadmi um (ug/ g creatinine) 4002 0.1 0.2 0.7 0.9
Chromum (pg/litre) 0.2 4002 1716  0.15 0.2 0.4 0.6
Chrom um (pug/ g creatinine) 4002 0.0 0.1 0.3 0.5
Copper (ug/litre) 1.1 4002 20 4.5 9.7 18. 7 22.9
Copper (ug/ g creatinine) 4002 3.5 6.7 13.1 17.7
Mercury (ug/litre) 0.2 4002 785 <0.2 0.5 2.6 3.9
Mercury (Hg/ g creatinine) 4002 0.1 0.4 1.6 2.
Ni cotine (pg/litre) 5 3750 1566 <5 9.3 1438 2431
Ni cotine (pg/g creatinine) 3748 1.3 7.0 1003 1636
Cotinine (ug/litre) 5 3800 1813 <5 5.6 2037 2681
Cotinine (ug/ g creatinine) 3798 1.3 4.9 1396 1940
Creatinine (ng/100 m) 0 4002 0.7 1.5 2.5 2.9

Annotations: Q. = quantification limt, N = sanple size, n < Q = nunber of valu
MAX = maxi mum val ue, AM = arithnmetic nmean, GM = geonetric nmean

Source: UBA, WaBoLu, Environnental Survey 1990-1992, Federal Republic of Gernmany
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Knowl edge of hunman exposures to environnental contamnants is an
i mportant component of environnental epideniology, risk assessnent,
ri sk managenment and status and trends anal ysis. Exposure infornmation
provides the critical |ink between sources of contam nants, their
presence in the environnent and potential hunan health effects. This
information, if used in the context of environnental nmanagenent
predi cated on human risk reduction, will facilitate selection and
anal ysis of strategies other than the traditional "command and
control " approach. Mst of the environnental managenent structures
around the world rely directly on the neasured contami nants in various
media to judge quality, infer risk and interpret conpliance. Even in
t hese cases, exposure information can evaluate the effectiveness of
protecting segments of popul ation nore susceptible or at higher risk.

It is this direct connection that nakes exposure neasures
i nval uabl e for evaluation of environnental health inpacts on a | ocal
regi onal and gl obal scale.

3. STRATEG ES AND DESI GN FOR EXPOSURE STUDI ES
3.1 Introduction

Accurate estimtes of human exposure to environnental
contami nants are necessary for a realistic appraisal of the risks
t hese pol lutants pose and for the design and inpl enentation of
strategies to control and limt those risks. Three aspects of exposure
are inmportant for determ ning related health consequences:

* Magni t ude: What is the pollutant concentration?
* Duration: How | ong does the exposure |ast?
* Frequency: How often do exposures occur?

The design of an exposure study specifies the procedures that will be
used to answer these three questions.

In this chapter, strategies and designs for exposure studies are
di scussed with enphasis on their relative advantages and
di sadvant ages. The brief discussion of study design presented in
Chapter 1 is expanded upon here in ternms of fundanental types of
generi c study designs and approaches to assessing human exposure to
chemicals in the environment. Statistical considerations for study
design are presented in Chapter 4. The reader is referred to
subsequent chapters for details on inplenenting exposure study designs
t hrough nodel ling (Chapter 6), nonitoring of environnental nedia
(Chapters 7, 8 and 9) and nonitoring of biological tissue (Chapter
10).

3.2 Study design

A good study design is the nost inportant el ement of any exposure
study. A flow chart that includes critical elements is shown in Fig.
9. First the purpose of the study is defined: epidem ology, risk
assessment, risk managenent or anal yses of status and trends (see al so
Chapter 2). Wthin this context, specific study objectives are
formul ated. Often studies have several objectives, which rmust be
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prioritized to ensure that the primary objective is fulfilled. Study
paraneters nust be selected that are consistent with the objective. A
study design is fornulated which |inks objectives to neasurenent
paranmeters in a cost-effective nanner. Two critical and often

overl ooked el enents of the study design are devel opnent of a
statistical analysis plan and quality assurance (QA) objectives. For
general popul ation studies, nethods for neasurenent and anal ysis of
contam nants in collected environnental or biological sanples nust be
sufficiently sensitive to determ ne their concentration at typica
ambient levels. For nultinedia studies, nethod detection linmts nust
be consi stent across nedia. The study design is not conplete until a
pil ot study has been conducted to evaluate sanple and field study
procedures.

Determine purpose of study

<L

Define study param eters
= Population
= Pollutants
= Measurement parameters
= Time frame
= Season
= Statistical measures

JL

Design study
* Link ohjectives to measurement parameters
» Define sample and sample size
» Define data collection methods
» Develop statistical analysis plan
» Develop QA objectives (accuracy, precision, MDLs)
» Estimate study cost
» Reconcile study costs with resources

L

Conduct pilot study

Fig. 9. Critical elements of an human exposure assessment study

3.3 Sanpling and generalization

Deci si ons on popul ation sanpling strategies involve consideration
both of the populations that are avail able and of the types of
nmeasurenents needed. O prime consideration are the people, place and
time (i.e., individuals, locations, sanpling period or conditions)
from whi ch exposure sanples are to be collected. Also, it is inportant
to determine if the estimates to be derived fromthe proposed sanpl e
could be generalized to a wider popul ation of interest. For exanple,
consi der an exposure assessnent study from a sanpl e popul ation of a
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small town in southwestern Australia. The many potential popul ations
of interest which this sanple night generalize include: all people
living in that town; people living in a small southwestern Australia
town; people living in southwestern Australia; people living in
Australia; people living in any small town; people in general. In this
case, the sanple population is not likely to provide a representative
sanple of the latter two popul ati ons.

The appropriateness of the generalization is determ ned by
considering if the sanple is randonly selected in such a way as to be
representative of the larger population of interest (Witnore, 1988).
This randomi zation is in terms of the distribution of the collected
data. For continuous outcones, the percentages of key attributes, such
as denographic factors, should be simlar between the sanple and the
popul ati on. However, when this is not possible, owing to linmted
fundi ng for exanmple, a descriptive study (described bel ow) can provide
credi bl e data, although the extent to which these can be generalized
is limted.

3.4 Types of study design

Once the population is defined, then the attention shifts to
sanpling strategies; in particular, conprehensive sanples, probability
sampl es, and other types of sanples. A conprehensive sanple includes
all menbers of the selected population. In a probability sanple each
nmenber has a known |ikelihood of being selected. Sinple random

sanpling is a special case where each nmenber of the popul ati on has
an equal probability of being selected. OQther types of study groups
are selected on the basis of other characteristics, such as
avai l ability or convenience.

3.4.1 Conprehensive sanpl es

Conpl ete popul ati ons can be used to collect a full picture of the
process being studied, especially when the total population is
relatively small such as fanmilies in a neighbourhood. In these cases,
an exhaustive collection of nmeasurenents is taken fromevery potenti al
subj ect, and the conpleted data describe the situation exactly. There
is no sanple variability except through the nethods and procedures
used for measurenment and nmonitoring. The nmain reasons for studies of
this nature are either a small popul ation size, a need for a conplete
eval uation of the problem high potential risk, high variability anong
units or legal requirements. The advantages of this type of study are

that a conpl ete description of the exposure is given, and there is no
need for generalization because all potential subjects are covered.

The di sadvantage of this approach, if the population is large, lies in
the expense: all individuals in all locations nust be nonitored at al
times.

3.4.2 Probability sanpl es

Surveys consi st of a random sanpling of subjects fromthe
popul ation of interest. This approach ains to renove sel ection bias
and is useful for generalizing results beyond the study sanple. It is
i mportant to distinguish that "randoni does not translate to
"haphazard". A truly random sanple is independent of human judgenent.
Every unit in the total popul ation has a known above-zero likelihood
of being included in the sanple. Effective study design all ows
researchers to draw statistically valid inferences about the genera
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popul ation that the sanple is designed to represent (Kish, 1965). For
t hese studies, one needs to (Sexton & Ryan, 1988):

* choose a population for investigation

* choose an appropriate unit for sanpling and analysis (e.g., person
househol d, nei ghbourhood, city, etc.)

* stratify as appropriate

* choose a sanpling strategy (e.g., sinple random sanpli ng,
mul ti stage sanpling).

The results of a probability survey can be used to make genera
statements about the popul ati on under investigation. The advantages
i ncl ude having results that represent the population, taking into
account the possible error due to sanpling. The di sadvantages of this
schene lie in the conplicated sanple selection, difficulty in
mai nt ai ni ng conpliance from partici pants and the potentially conpl ex
statistical analysis. In addition, randonized surveys of insufficient
sanmpl e size may mss rare hazardous events or small populations with
hi gh exposure or risk.

Sanpling strategies for survey studies include random zation
met hods for choosing subjects to enroll in the study. Sinple random
sampling is a schenme in which all sanmpling units of the sane size have
equal probability of being selected. It can be difficult to inplenent
but relatively easy to generalize. Sinple random sanpling presents
| ogi stic and fiscal constraints when considered for exposure surveys
that are large in geographic scope. For exanple, a national survey of
5000 personal exposures to respirable particulate matter that utilizes
si npl e random sanpling may result in individuals selected from 1000
cities and towns. The travel and site preparation costs of such a
design nmay not be feasible in nany situations.

A variety of alternatives to sinple random sanpling exist that
may be used to provide practical and efficient sanples of |arge
popul ations (Callahan et al., 1995). Stratified sanpling may be used
to obtain nore precise survey results if exposures are nore
honbgeneous within strata than between them Possible strata include
urban, suburban and rural popul ati ons, or occupationally exposed and
non- occupati onal |y exposed indi vi dual s.

Oversanmpling of target popul ations or contam nants al so may
yi el d substantial increases in the precision of results. Because the
i ndividual s anticipated to have the hi ghest exposures to a particul ar
pol lutant nmay be rare in the popul ation bei ng studi ed, oversanpling
can be considered to obtain nore precise estimtes of exposure. Before
commtting substantial resources to oversanpling, special care nust be
taken to ensure that assunptions or data used to support a rationale
for selecting the oversanpl ed popul ation are accurate; otherw se
erroneous oversanpling nmay decrease the precision of the study results
(Call ahan et al., 1995).

Mul ti stage sanpling designs utilize clusters of sanpling units
thereby linmting sanpling |locations to manageabl e areas. Dependi ng on
the scope of the study, the stages of probability sanpling necessary
may i ncl ude:

* selection of primary sanpling unit (e.g., a city)
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* selection of sanple area segnents (e.g., blocks within the city)

* selection of sanple housing units within sanple segnents (e.g.
resi dences within the bl ocks)

* selection of sanple individuals wthin sanple housing units

* selection of sanple tine points within the nonitoring period
(Call ahan et al., 1995).

The optimal degree of clustering depends on the variability of the
survey vari abl es between and within the clusters and the costs of
fieldwork relative to sanple collection and anal ysis costs. Although
details of this approach are beyond the scope of this chapter, it
shoul d be recogni zed that cluster sanpling introduces correlation
anong the sanmple individuals that affects the validity of the survey
estimates. Thus, tradeoffs between increased sanple size achieved
through clustering and loss of validity nmust be considered carefully.
Details of multistage and cluster sanpling may be found in Hansen et
al . (1953), Kish (1965), Cochran (1977), Kalton (1983), Koll ander
(1993) and Callahan et al. (1995).

One concern with survey studies is maintaining participation of
subj ects who did not initially volunteer. Another issue, which is nore
conceptual, is subject selection for the nore conpl ex sanpling
strategies. In particular, stratification factors need to be carefully
chosen so that potential confounders can be deternined and the

adj ustments can be made fromthe resultant effects. |nportant

consi derations for the design of popul ati on-based (e.g., national or
regi onal ) exposure surveys, including response rates and confounders,
are di scussed by Whitnore (1988) and Cal |l ahan et al. (1995).

3.4.3 Oher sanple types

Non- probability sanple studies ("anecdotal studies") may consist
of selecting a sanple based on the self-reporting of conditions, such
as conplaint cases for "sick building” syndrone. Data collected in
this manner are potentially subject to biased reporting. It is
difficult to generalize results unless causal relationships are very
strong or unless there is little reason to believe that a confounder
or an unneasured significant factor is relevant. In general, such
studi es are used for description or exploration of a given situation.
In particular, they can be used to evaluate the variability of
out comes and expl ore unknown situations for further explanatory study.
When choosi ng subjects, it is useful to focus on variability in the
expected outcone and al so on the |ikelihood of conpleting the study.
It is also helpful to focus on a sinple, preferably dichotonous,

hypot hesi s. Extensive validation will be necessary before accepting or
rejecting the hypothesis since the generalization of the results is
uncertain.

The advant ages of targeted anecdotal studies are the inexpensive
and quick ways in which they aid in the design of future studies. For
exanpl e, when exploring protocols, determning stratification
vari abl es, potential biases and confounders, and identifying the units
of analysis, the use of cooperative volunteers can sinplify field
operations. The uncertainty of the results of these studies is due to
potential biases fromthe non-random and possibly non-representative
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sample (i.e., responder bias). Since the population in such
non- probability sanple studies is often made up of volunteers, there
is usually sone factor present which distinguishes themfromthose who
do not choose to participate. This factor could influence the results;
in particular, those who participate may tend to consi der thensel ves
strongly affected or not affected by the pollutant being studied and
may alter their responses or behaviours as a result. This phenonenon
is a special case of responder bias, often termed self-selection
bias. Al so, a poorly designed study can fail to control for tenpora
and spatial variability, as well as neteorological, site and source
bias. This bias is a result of a single, "random day", or grab
sanmpl ing and single-1ocation sanpling, which decreases the potentia
for generalization.

Controll ed experinments are useful to examne a few factors and to
study their influence on the resulting exposure. The use of
randomni zation and control ensures that the effects are real and not
the result of confounding causes, incorrectly neasured variables or
m ssi ng vari abl es. Exanpl es include chanber studi es and ot her
situations where the investigator has control over nobst of the
envi ronnent al factors.

3.5 Exposure assessnent approaches

As di scussed in Chapter 1, strategies for assessing environmenta
exposure can be categorized as one of two general approaches; direct
or indirect. Direct approaches include personal exposure nonitoring
and bi ol ogi cal nmarkers of exposure. |Indirect approaches include
envi ronnental sanpling, conbined with exposure factor information
nodel | i ng and questi onnaires.

3.5.1 Direct approaches to exposure assessnent

Direct neasures of exposure include sanples collected at the
i nterface between an exposure medi um and the human body, e.g., at the
breathing zone in the case of air pollutant exposure, or sanples of
bi ol ogi cal tissue in which concentrations of target pollutants can be
quantitated. Measurenents in food or drinking-water (duplicate
portions) which are ingested could also be viewed as a direct way of
assessi ng exposure through these nedia. Thus, direct approaches to
exposure assessnent include personal exposure nonitoring and
bi ol ogi cal markers of exposure. Personal nonitoring nethods are
di scussed bel ow, and the subject of bionmarkers of exposure is
presented in detail in Chapter 10.

Personal nonitoring of exposure to environmental contami nants
refers to collection of sanples at the interface between the exposure
nmedi um and the human receptor (e.g., the breathing zone). Persona
nmoni t ori ng approaches are summari zed in Table 6. Personal nonitors
make it possible to neasure exposures for an identified subset of the
general popul ation. Mreover, if study participants maintain records
of their activities, then | ocations where hi ghest exposure
concentrations occur as well as the nature of em ssion sources can
often be inferred. Personal nonitoring can be done for all potential
exposure nedia (e.g., air, water, soil, food) and pollutants of
interest. Although avail able, personal nonitoring methods nay not be
enployed in a particular investigation due to study design, tinme or
expense considerations. The principal limtation on the use of
personal nonitoring for exposure assessnment is the availability of
sampl e collection nmethods that are sensitive, easy to operate, able to
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provide sufficient tinme resolution, free frominterferences and
cost-effective. Consideration should be given to the |ikelihood that
t he i nconveni ence of conplying with personal nonitoring protocols nmay
alter the normal behaviour of the study participants. For exanple,
participants tend to wear personal air nonitors on days that they do
not go to work. In duplicate portion studies, participants nay not
provi de equal portions of expensive or well-liked foods, leading to
underestimati on of intake. Approaches to personal nonitoring of

i nhal ation, dietary and dermal exposures are discussed bel ow

Table 6. Summary of personal nonitoring approaches

Exposure route Medi a Envi ronnental sanpl e Bi ol ogi cal sanpl e
I nhal ati on air personal nonitor breath
urine
I ngestion wat er tap water bl ood
I ngestion f ood duplicate portion f aeces

breast mlk

Der mal soi | / dust dermal patch ot hers

3.5.1.1 Personal nonitoring of inhalation exposures

Personal nonitoring of human exposure to air pollutants requires
that study participants transport their sanple collection device with
themat all tines during the assessnent period. Exanples include a
di ffusion tube used for passive sanmpling of gases, such as VOCs, or a
filter with a battery-operated punp for active sanpling of aerosols
and their components (ACGE H, 1995).

Personal air nonitors can be grouped into two general categories:

i ntegrated sanplers that collect the pollutant over a specified tine
period and then are returned to the | aboratory for analysis, and

continuous sanplers that use a self-contained anal ytical systemto
neasure and record the pollutant concentration on the spot.
Instrunents in both categories can be either active or passive.

Active nonitors use a punp and a power source to nove air past a
col l ector or sensor. Passive nonitors depend on diffusion to bring
the pollutants into contact with the collector or sensor. Additiona
i nformati on may be found in Chapter 7 and ACA H (1995).

As Wallace & Ot (1982) pointed out, the direct neasurenent of
exposures using personal nonitors raises several nethodol ogica
i ssues. Personal nonitoring studies are conpl ex, expensive, tine
consum ng and | abour intensive. Oher challenges include selection and
recrui tnment of representative subjects; distribution, maintenance and
retrieval of many nonitors; |aboratory analysis of nmany air sanples
returned fromnonitors in the field or calibration and validation of
many real -tine nonitors; and the transcription and statistica
anal ysis of data on pollutant concentrations and tine-activity
patterns.

3.5.1.2 Personal monitoring of dietary exposures
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Exposures to contaninants in food may be directly neasured by
collecting nmeals as prepared for consunption by nenmbers of the study
popul ati on; such sanples are often terned duplicate portion sanples.
Duplicate portion study designs provide food sanples as actually
consuned, rather than sanples of unprepared, individual food itens
that are typical of surveillance approaches to characterizing dietary
exposures (US NRC, 1993). This distinction is inportant because the
nmet hod by which food is prepared for consunption (e.g., washed, washed
and cooked, or commercially processed) can influence contani nant
resi dues. In addition, some pollutants can be generated during
cooki ng, for exanple, benzo [a]pyrene (Waldman et al., 1991a) and
het erocyclic am nes (Skog et al., 1998). Thus, residue |evels neasured
in duplicate portion sanples are likely to nore accurately reflect
personal dietary ingestion exposures than raw agricultural comodities
and ot her foods collected at the producer, processor or distributor
| evel . Depending on the objectives of the study, water nay al so be
i ncluded as part of the duplicate portion sanple.

Duplicate portion study designs use either collection of
i ndi vi dual servings or neals or conposite sanples. In studies of this
type, participants are often nonitored over one or nore days, and the
duplicate portion sanples are collected daily over the nonitoring
period. The forner affords a detail ed exam nation of contam nant
levels in specific commodities or foods conprised of severa
commodi ti es; however, the analytical chem stry costs associated with
this degree of tenporal resolution nmay be prohibitive. Conposite
sanpl es provide an integrated neasure of dietary exposure and provide
an efficient nmeans for characterizing total dietary exposures. Both
coll ection schenes require a high Ievel of effort from study
participants, and the conplex food matrices nay present anal ytica
chemi stry chal | enges.

Duplicate portion studies require a high degree of participation
by the study respondents, because they are prinmarily responsible for
preparation and storage of an additional serving of every food or neal
consunmed over the nonitoring period. This burden makes it difficult to
coll ect representative sanples of all foods consuned by the
respondent, especially when food is relatively expensive or scarce or
i s consuned outside the hone. Respondent burden al so nmakes it
difficult to conduct studies of chronic dietary exposures using the
duplicate portion approach. Additional information on assessnment of
di etary exposure, including both direct and indirect approaches, nay
be found in Chapter 7.4 as well as WHO (1985a, 1995c); EC (1997a).

3.5.1.3 Personal nonitoring of dernmal absorption exposures

Personal nonitoring of dernal exposure is used for those
situations where a pollutant cones in contact with the skin and intake
occurs via absorption through the skin. Dermal patches and skin w pe
sanpl es are used to eval uate exposures for residues adhering to the
surface of the skin (US EPA 1992b; Fenske, 1993; CGeno et al., 1996

Shealy et al., 1997). These net hods have typically been used for

i ndustrial hygi ene assessments where very hi gh exposures are expected.
Dermal patches and skin w pe sanpl es have been used to characterize
transfer of pesticide residues fromsoil and grass to skin as well as
spot concentrations of residues on skin (Fenske et al., 1991). Dernal
absorption can al so occur during bathing, showering or swimring. In
this case, the contaminant is in the water and exposure occurs when
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the water contacts the skin. Dernmal exposure in this situation is
defined as the concentration of the contaminant in the water and the
durati on of contact.

3.5.2 Indirect approaches to exposure assessnent

I ndi rect measures of exposure include estinates derived from
environnental nonitoring (i.e., measurenents made in |ocations
frequented by the study participants), nodels and questionnaires.

3.5.2.1 Environmental nonitoring

I ndirect estimtes of exposure may be nade by conbi ni ng
nmeasurenents of pollutant concentrations at fixed sites with
information on rates of contact with these nedia recorded in data | ogs
and diaries or tine-activity surveys. Exanples include air pollutant
concentrations in specific areas conbined with tinme budget records
(see Chapter 5), food contami nant data conbined with infornmation on
dietary patterns (see Chapter 7.4 for details), and poll utant
concentrations on skin conbined with data on frequency and duration of
hand-t o- mout h contact. Although collection of environmental
time-activity and questionnaire data needed for this exposure
assessnment approach is sinpler than for personal nonitoring, it is
still invasive and | aborious, and may |l ead to sel ection bias.

M croenvironmental nmonitoring is a special case of environmenta
nonitoring in which the [ocation where neasurenents are nade is
consi dered to be honbgeneous with respect to concentrations of the
target pollutants over the averaging tine of interest. The concept of
a mcroenvironment has been widely applied in air pollution exposure
assessments. Exanples of potentially inportant micro-environnments used
for air pollution exposure assessnent are listed in Table 7. The
general formof the equation used to cal culate tine-weighted
i ntegrated exposure frommcro environnental nonitoring data is

1
E= > Clats
(3.1)

where E is the tinme-weighted integrated exposure (e.g., ng/md),

Cis the concentration (e.g., ng/nd), t is the unit time (e.g.
mnute), T is the total elapsed tine (e.g., mnutes). The subscripts
i, j and k denote the nedium the pathway and the mnicroenvironnent
respectively (Duan, 1982). The npbst inportant assunptions inherent in

t his nodel are:

* The concentration G in mcroenvironnent | is assunmed to be
constant during the tine that person i is there.

* The concentration G wthin mcroenvironnent j and the tine
that person i spends there are assuned to be i ndependent events.

*  The number of mcroenvironnents necessary to characterize persona
exposure adequately is assunmed to be snall.

The concept of a tine-weighted integrated exposure is illustrated

in Fig. 10. Aunit width is indicated on the | axis for each of five
m croenvi ronnents: indoors at home, indoors at work, indoors in other
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| ocations, in transit, and outdoors. The concentration of respirable
particles (RSP) is displayed on the y axis, and the fraction of tine
that person i spends in each nicroenvironnent over the 24-h period
is plotted on the t axis. Even though the RSP concentration was | ow
i nside the hone, it contributed significantly to the tine-weighted
exposure because this person spent 18 out of 24 h there. Conversely,
the RSP concentration outdoors nmade only a ninor contribution because
this person was outdoors | ess than half an hour during the 24-h

peri od.

I ndirect monitoring of ingestion exposures via hand-to-nouth
contact may be obtained by collection of dermal w pe sanples. However
as indicated above, the use of this method has been linmted to date. A
drawback of the dermal w pe approach is that the integration tinme nmay
be highly variabl e among subjects owing to variations in frequency of
hand and body-washi ng, naking interpretation of the results difficult
(Fenske, 1993). Information on rates of contact between the
contam nated skin and nouth is also required to conplete the exposure
assessment. A discussion of these types of data may be found in
Chapter 5.

G ven the diversity of microenvironnents that people nove through
each day (see Table 7), application of the indirect approach to
exposure assessnment is not straightforward. Its utility depends on
identification of and sanpling in the mcroenvironments with the
greatest potential to influence human exposure. The costs and
practical difficulties of nonitoring in all, or even nost, of the
| ocati ons where people are likely to spend their tinme limts the scope
of indirect neasurenents.

Table 7. Potentially inportant mnicroenvironments for air pollution exposure

M croenvi ronment s Coment s
Qut door s
Ur ban nmetropolitan areas where air pollution levels are high as

stati onary sources

Subur ban smal | - to mediumsized cities where air pollution levels
areas, although transport of urban pollution can affect

Rur al agricultural conmunities and small towns with few major a
Air pollution levels tend to be Iow, although transport o
local air quality under certain conditions

| ndoor s- occupati ona
I ndustri al manuf acturi ng and production processes, such as those in
plants, and snelters

Non-i ndustri al primarily service industries where workers are not involv
processes, such as insurance conpanies, |law offices, and

| ndoor s- Non- occupati ona
Resi denti al single-fam |y houses, apartnents, nobile hones, condom n

Comer ci al restaurants, retail stores, banks, supernarkets
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Public post offices, courthouses, sports arenas, convention hal
I nstitutional school s, hospitals, conval escent hones

| ndoor s-Transportation

Private aut onobi |l es, private aeropl anes

Public buses, subways, trains, conmercial aeroplanes

RZP
COMCENTRATION
[ha'm3]

S0 MICROENYIRONMENT S

Indaars
ak wark

Indaars |
1 at home Outdoars

Microenvironment RSP Time '3_,:' X t,}- Microenvironment
type concertration  fraction ® ( J‘m3j contribution 1o
(Cj wohn®) () i (2)°

Indoors &t home 15 0ys 11.25 47

Indloors &t work a0 015 75 iy

Indoors, other 25 004 1.00 4

In transit g0 n.04 360 15
Cutdoors 40 ooz 0.s0 3

= ek = 3
EJ- =z CJ,xtH = 15 ygm

" Fraction of 24 h spent in each environment

b Percentage that esch microenvironment cortributes to the 24 b, time-weighted,
integrated exposure [EJ- 1.

Fig. 10. Examples of the relative contributions from specific microenvironments
to an individual's time-weighted, integrated exposure to RSP. From: Secton &

Ryan (1988)

3.5.2.2 Mddels as an indirect approach to assessing exposure

The m croenvi ronnental exposure equation describes a node
conmmonl y used for assessment of air pollutant exposure. Mbore
general ly, nodels are useful tools for quantifying the relationship
bet ween pol | utant exposure and inportant explanatory variables, as
wel | as for expandi ng existing exposure information to estination of
exposures of new popul ati ons and subgroups, and future exposure
scenarios. Validated exposure nodels reduce the need for expensive
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nmeasur enment progranmes. The challenge is to devel op exposure dat abases
and nodel s that all ow maxi mum extrapol ati on from m ni mum measur enent s
or costs. Such nodels need to reflect the structures of the physica
environnents and human activities of interest in exposure assessnent.

In addition to the essentially physical (deterministic) exposure
nodel s, physical -stochastic (probabilistic) and statistical
(regression) nodels are used. The forner type is particularly usefu
for popul ati on exposure distribution assessnents, the latter requires
| ess supporting informati on but cannot be used for extrapolation
out si de of the study popul ati on. Exposure nodels are discussed in
detail in Chapter 6.

3.5.2.3 Questionnaires as an indirect approach to assessing exposure

Questionnaires typically provide qualitative, often
retrospective, information. They may be used to categorize respondents
into two or nore groups with respect to potential exposure (e.g.
exposed or unexposed, high exposure or |ow exposure) and are comonly
used for this purpose in epidemological studies. As noted earlier,
guestionnaires may also be used to aid in interpretation of persona
and environmental nonitoring results. A priori know edge of the
determ nants of the exposure of interest is required to devel op
effective questionnaires relevant to exposure assessnment (e.g., high
f or mal dehyde exposure for workers in a certain industry, or high
carbon nonoxi de and | ead exposure for traffic policenmen, bus drivers
and road toll collectors). Mst often the information necessary to
devel op questionnaires is obtained from previous studies that utilized
envi ronnental neasurenents, nodels or biological nonitoring to nmeasure
exposure. In many cases, basic soci o-denographic questionnaire data
may provide extremely valuable information as they might be strong
surrogates of exposure. It has |ong been known that rates of disease
differ in social strata. In addition, it is readily apparent in nany
countries that the physical characteristics of one's residentia
environnent are linked to incone |evel. For |ead exposure, differences
i n exposure anmong groups defined by incone and social status have been
denonstrated. Phoon et al. (1990) have shown that diet and job
category were the nost inmportant predictors of blood | ead | evel s anpng
men in Singapore. In the USA, elevated blood | ead | evel s have been
linked to children who live in older, inner-city housing, particularly
properties in poor repair (MWR, 1997). Honmes in these areas are nore
likely to have been painted with | eaded paints (pre-1950) and have
hi gher concentrations of lead in soil owing to deposition of em ssions
froml| eaded gasoline prior to the 1970s. Haan et al. (1987) found an

i ncreased risk of death anong people living in a poverty area in the
USA as conpared to an adj acent non-poverty area, even after adjusting
for differences in snoking, race, baseline health status, access to
nmedi cal care, enploynment status, marital status, depression, sleep
patterns and body nass index. These results suggest that sociophysica
aspects of the environnent, such as increased exposure to contamni nants
from poorer housing, may be inportant contributors to the association
bet ween soci o-economi ¢ status and excess death rates.

3.6 Summary
A good study design is the npost inportant el enment of any exposure
assessment. It includes the purpose and objectives of the

i nvestigation as well as relevant nethods for sanpling, measurenents,
statistical analyses, and quality assurance. Methods for
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characterizing the magni tude, duration and time patterns of human
contact with environmental contami nants may follow a direct approach
or an indirect approach. Direct approaches to exposure assessnent

i ncl ude point-of-contact nmeasurenents and neasures of biol ogica

mar kers of exposure. Indirect approaches include environmnental

nmoni toring, nmodelling and questionnaires. These approaches may be

enpl oyed in various types of exposure studies that are typified by the
manner in which the study popul ation is sel ected; for exanple,
conmprehensi ve studies that include all nenbers of the study
popul ati on, descriptive studies consisting of a non-probability
sampl e, or surveys based on a randomy sel ected, representative sanple
of individuals.

4. STATI STI CAL METHODS | N EXPOSURE ASSESSMENT
4.1 |Introduction

Statistics is a necessary and critical tool in exposure
assessment studies. Statistics can be enployed at each stage of the
exposure assessnent study. At the planning stage, statistics aids in
sel ection of study design and deternination of the ambunt and form of
data to collect. After the data are collected, statistical description
of the results hel ps understandi ng of the basic characteristics of
exposure and its deternminants. Statistics is also essential during
final analysis of the data for hypothesis testing, characterizing
exposure through various routes and nedia, and exploring rel ationships
bet ween i deal neasurenents (e.g., exact lung uptake) and feasible
neasurenents (e.g., anbient, indoor, or personal neasures).
Furthernore, statistical inference allows one to generalize the
observations derived froma sanple to a wi der popul ation from which
the sanple was drawn. Finally, as noted in Chapter 11, statistics play
an inportant role in quality assurance (QA) programes.

Sel ected applications of descriptive and inferential statistics
i n exposure assessnent studies are discussed in the foll ow ng
sections. This chapter is not a substitute for a course in statistica
net hods, but is intended to provide a brief review and usefu
references. Wdely available statistical software for persona
conmputers can be used to perform data processing and necessary
cal cul ati ons. One exanpl e of such packages is the statistica
programme Epi | nfo devel oped for and distributed by WHO (Dean et al.
1995).

Throughout the chapter, data collected as part of a | ead exposure
study performed in Malta and Mexico (WHO, 1985b) (Table 8) wll be
used to illustrate sone key statistical concepts and net hods. The
purpose of this study was to investigate the relative inportance of
| ead exposure via different routes of exposure. Blood |ead
concentrations were considered to be an indicator of |ead uptake from
al | exposure routes, whereas faeces | ead concentrations were
considered to represent exposure via ingestion. In the course of this
study, blood | ead and faeces | ead nmeasurenents were obtained from 36
and 19 individuals in Malta and Mexico, respectively.

4.2 Descriptive statistics
Descriptive statistics sumarize data in a sinple manner to
di scern key points about the collected information. W typically

assume that the collected data are a sanple froma | arger popul ation
of possible neasurenments and that the sanple is representative of the
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popul ati on. The sanpl e consists of the individual observations from
the study population, with multiple variables or covariates recorded
for each observation. Univariate nethods exam ne the distribution of
a single variable; nultivariate nethods describe relationshi ps anong
two or nore variables. That is, if we consider a single observation
and know the val ue of one variable, nultivariate nethods indicate what

Table 8. Blood | ead (PbB) and faeces | ead (PbF) data from sanpl e
popul ations in Malta and Mexico. Source: WHO, 1985b

Mal t a Mexi co

Nurber

PbB PbF PbF PbB

(Hg/litre) (Hg/ 9) (Hg/litre) (Hg/ 9)
1 171 2.9 239 6.3
2 270 30.5 263 4.2
3 198 5.6 198 5.7
4 122 3.8 163 5.3
5 96 16.6 217 4.3
6 385 35.5 188 4.7
7 359 49. 6 190 3.3
8 267 6.8 248 5.2
9 261 8.1 225 4.5
10 301 25.6 152 3.4
11 202 7.7 177 5.9
12 222 32.3 157 3.8
13 339 10.9 297 5.3
14 156 5.7 144 3.6
15 262 18.7 257 9.8
16 290 16.5 131 4.8
17 158 4.9 187 51
18 343 37.8 168 3.2
19 228 9.1 112 2.8
20 256 14. 1
21 270 9.9
22 245 4.9
23 337 14. 3
24 362 19.2
25 155 4.9
26 194 9
27 206 6.7
28 276 12. 4
29 222 11.2
30 214 21.3
31 248 7.8
32 283 17.8
33 215 10.9
34 279 14.9
35 229 8.6
36 127 17.3
Table 8. (continued)

Mal t a Mexi co

Nunber
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PbB PbF PbF PbB
(ug/litre)  (ug/ Q) (ug/litre)  (ug/9)
Medi an 246.5 11.1 188 4.7
Mean 243 14. 8 195. 4 4.8
St andard devi ation 70.9 10.8 49.5 1.6
St andard error 11.8 1.8 11. 4 0.4
M ni mum 96 2.9 112 2.8
Maxi mum 385 49, 6 297 9.8
Range 289 46. 7 185 7

we can infer about the other variables. Both nunerical and graphica
techni ques may be used to characterize the sanple and any rel evant
subsets, and to obtain prelinmnary results fromthe study.

4.2.1 Nunerical summaries

Nuneri cal approaches include cal cul ating descriptive statistics
that describe the distribution of a variable (e.g., blood Iead
concentrations) in terns of central tendency and di spersion as well as
descriptions of associations between pairs of variables. OQher
nunerical descriptive measures can be used to describe points in the
distribution (e.g., percentiles). Each of these descriptive statistics
i s described bel ow and where appropriate the formulas used to
calcul ate themare provided in Table 9.

Standard neasures of central tendency include the sanple

nedi an (i.e., midpoint observation) and sanple nean (i.e.,
average). Referring to the |lower half of Table 8, note that the nedian
bl ood | ead concentration for the Maltese study popul ati on was 246.5
pg/litre, internedi ate between the eighteenth and ni neteenth
observations. Thus, 50% of the individuals in this sanple had a bl ood
level less than 246.5 pg/litre and 50% had a greater bl ood | ead
concentration. The sanple nmean blood | ead concentration in the Mltese
popul ation was 243 ug/litre conpared to 195.4 ug/litre in Mexico,

i ndicating that blood lead | evels were higher in the Mltese
popul ati on. Methods for assigning confidence |levels to statenents such
as this are described in Section 4.4. The sanple nmean is nore precise
for estimating the average of the distribution, but it is sensitive to
nmeasurenent inprecision, errors and extrene val ues. Although the
sanple nmedian is less precise for estimating the average, it is nore
robust with respect to errors in the data. Therefore, when outliers or
extreme val ues are present, or when possible errors and contam nation
in the observed data are suspected, the nmedian is likely to be a
better descriptor of central tendency than the nean
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Table 8. Formulas for selected descriptive statistics

Sample mean
r
E _ Z_IIE (Ecjustion 4.1
M
Sample variance
N
2 _ 1 T Ecjuation 4.2
> ) Eaton 42

i=l
Sample standard devistion

5= '1.5'2 [Equation 4.3

Sample range

range = MaximUm - minimum [Equation 4.47

Correlstion coefficient

D T
\/I:Z::l (xi h ;)2] le (}P!- - .;)2

[Euation 4.57

St andard neasures of dispersion include the sanple variance, the
sanpl e standard deviation and the sanple range (fornmulas in Table 9).
These neasures describe the spread of the observations. Exanination of
Table 8 reveals that blood | ead concentrations are nore variable in
the Maltese sanpl e popul ation (standard deviation = 70.9 pg/litre,
range = 289 pg/litre) than that in Mexico (standard deviation = 49.5
mg/litre, range = 185 ug/litre). Measures of dispersion are useful for
characterizing the degree of variability of a given nmeasure anong the
menbers of a study population. As we will see later in this chapter
di spersion is also a key conponent of sone study design issues.

The concept of sanple percentile is an inportant aspect of
exposure assessnment. A sanple percentile for a variable in a data set
is the value of the data such that at least p %are at or belowthis
value, and (1 - p)%are at or above this value. A percentile is
determ ned by first ordering the sanple (i.e., rank fromlowest to

hi ghest) and then identifying the observation that corresponds with
the desired fraction of the data set. In the case of blood |ead
concentrations neasured in the Maltese sanple popul ation, 283 pg/litre
is the 75th percentile since it is the 27th of 36th rank-ordered
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values in the data set. Graphical representation of percentiles is
di scussed in the next section

Mul tivariate sunmary statistics all ow one to eval uate
rel ati onshi ps between or anong different variables. Mst of these
examne correlation (the strength of the Iinear relationship) between
vari abl es, where the direction and magni tude of the relationship, or
association, is described by the correlation coefficient (p). The
correlation coefficient ranges from-1 to +1, where negative val ues
i ndicate an inverse relationship between two variables, positive
val ues indicate a direct relationship, and val ues near zero, whether
negative or positive, indicate a weak relationship. In the exanple
case, the correlation between blood | ead and faeces lead in the
Mal t ese study population is 0.57, indicating these biomarkers of |ead
exposure have a nobderate to strong positive association

4.2.2 G aphical sunmmaries

G aphi cal sumraries of data provide illustrative information
about the distribution of the observed val ues and associ ati ons between
vari abl es. Graphical presentations of data can suggest the shape of
the distribution and aid in exploring hypothesized rel ati onshi ps
between factors included in the study. In many situations and for nany
exposure anal ysts, graphical sumraries of data convey information nore
readi |y than nunerical summaries. Fundanental graphical presentation
nmet hods are descri bed here. A description of advanced vi suali zation
net hods may be found in Ceveland (1993) and Tufte (1983, 1997).

4.2.2.1 Histograns

H stograns are bar charts used to illustrate the relative
frequency of values or ranges of values within an exposure netric.
observations are assigned to ranges of the data, and the height of the
bar represents the frequency of observations in that range. It is
i mportant to note that the choice of ranges can be arbitrary,
resulting in many possible different pictures of the results. A
hi stogram of the Maltese blood | ead data is shown in Fig. 11. Here,
the data were grouped into bins with interval ranges of 25 pg/litre.
Bl ood | ead concentrati ons between 200-225 pg/litre and 275-300
pg/litre were observed the nost often. Histograns can be used to
illustrate absolute or relative frequency.

4.2.2.2 Cunul ative frequency di agrans

Cumul ative frequency or probability diagranms can be used to
graphi cally express percentiles of a distribution. A cumulative
probability chart for the Maltese blood lead data is shown in Fig. 12.
The val ue associated with a given percentile, or vice versa, can
easily be determ ned fromsuch a figure.
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Fig. 11. Histogram displaying Maltese blood lead data (WHO, 1985b)
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Fig. 12. Cumulative probability chart of Maltese data (WHO, 1935b)

4.2.2.3 Box plots

A box pl ot

nean,
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however, all
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| ead neasurenments fromthe Maltese and Mexi can sanpl e popul ations. The
bottom and top horizontal |ines of each box denote the interquartile
range (i.e., the 25th and 75th percentiles) and the solid horizonta
line across the centre indicates the sanple nedian. The dotted line
across the box indicates the nmean of the distribution. The whi skers on
the boxes in Fig. 12 extend to the 10th and 90th percentiles of the

di stributions, and the open circles denote all observations beyond

t hose percentiles. As illustrated here, box plots are a convenient

nmet hod for displaying information on the central tendency, dispersion
symretry and tails of an exposure measure.
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Fig. 13. Box plots displaying distribution of blood levels
in Malta and Mexico (WHO, 1985b)

4.2.2.4 Quantile-quantile plots

Quantile-quantile plots can be used to conpare the distribution
of a variable with a different sanple or a known distribution
Exposure nmeasures are conmonly conpared to the normal or | ognornal
di stribution (see section 4.3) for purposes of eval uating whether the
normal ity assunptions inherent in nunerous statistical inference
nmet hods are nmet. Wiile a discussion of probability distributions and
statistical inference nethods is reserved for later in the chapter, a
gquantile-quantile plot is shown in Fig. 14. Here, the Maltese bl ood
| ead data are plotted agai nst the standard nornal distribution (see
section 4.3). This special formof quantile-quantile plot is known as
a normal probability chart. Data that form an approxi mately straight
line on such a chart are approximately normally distributed. Data that
do not forma straight Iine follow a non-normal probability
di stribution.

4.2.2.5 Scatter plots
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Scatter plots display the relationship between two exposure
vari abl es measured fromthe same unit of observation (e.g., a person
or location). Scatter plots are useful for graphically illustrating
associ ations that are sumari zed nunerically by correlation
coefficients. Possible results include noticeable linear or non-Ilinear
trends, the absence of trend (a big "cloud") or a general trend with
sone observations as outliers. CQutliers are observations that do not
follow the trends of the rest of the data and can strongly affect
estimates of associations by masking real effects. Qutliers can be the
result of neasurenment error, human error or a correct but abnormal
observation. Regardless, all potential outliers should be checked for
accuracy and corrected or renmoved if this is justifiable. Fig. 15
contains a scatter plot of blood | ead and faeces | ead neasurenents
made concurrently on the Maltese sanple population. Note that the plot
i ndicates a positive association between the two neasurenents, but
that the relationship is not 1 : 1, i.e., a unit change in blood | ead
| evel s is not acconpani ed by a constant change in bl ood faeces
concentrations. This observation is consistent with the correlation
coefficient between these nmeasures of 0.57 that was noted in the
previ ous section.

4.3 Probability distributions

Most exposure measurenents can be consi dered random vari abl es
that is, the different val ues obtained for a neasurenent of a given
type are a function of a set of causative variables that may or may
not be known to the analyst (Ot, 1995). Statistics allows for
anal ysis of random variables by incorporation of variation through
probability. This addition of variation allows for the generalization
of results to populations |larger or different than the sanple under
consi derati on.

Blood lead (xgiitre))

a0

-2.45 -2 1.5 -1 -0.5 0 0.3 1 1.3 2 23

Standard normal deviste (z-zcare)

Fig. 14. Quantile-quantile plot. Maltese blood data plotted
against the normal probability distribution (WHO, 19385b)
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Fig. 15. Scatter plot of blood lead and faeces lead data from
Malta (WHO, 1985b)

Conti nuous probability distributions are described by their
probability density function (PDF), which provides the probability of
an outcone taking values in a small interval, and by their cumul ative
di stribution function (CDF), which describes the probability of an
out come being less than a particular value. The PDF and CDF are
directly anal ogous to the concepts of a histogramand cumnul ative
probability distribution discussed in Section 4. 2.

Probability nmodels are used to nake statenents such as, "The
probability that the daily nmaxi num ozone concentration will be greater
than 120 ng/litre today is 0.08." Such estinmates can be based upon
enpirical evidence (i.e., by looking at the nunber of observed
concentrations greater than 120 ng/litre in conparison with the total
nunber of observed concentrations) or by choosing a distribution and
paraneters that describe the observed data. An exanple of the latter
woul d be to nodel the distribution of blood | ead levels in Mltese
subjects as nornmally distributed with a nean of 243 ug/litre and
standard deviation of 70.9 pg/litre and to use the properties of the
distribution to estinmate the probability. The anmount of confidence in
the accuracy of the estimates is related to the anount of data
avai | abl e and the sanpling scheme used to collect the data, as well as
the degree to which the mathematical distribution fits the observed
dat a.

Two standard distributions comonly used in exposure assessnent
for nodelling continuous outconmes are the nornal and the
| ognormal distributions. The binomial and Poisson distributions
are often used in exposure studies as well. Many other probability
di stributions are avail abl e which have nore flexibility (Johnson &
Kotz, 1970a,b), but these four are frequently used and thus warrant
attention here.

4.3.1 Nornmml distribution
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The normal distribution, also known as the Gaussian

distribution, is one of the nobst inportant statistica

distributions. It is characterized by a symetric, bell-shaped
frequency distribution and is cormmonly used as a basis for anal ysis of
envi ronnental exposure data. Usually, a randomvariable (X) that
follows a normal distribution with mean p and variance rho? is

denoted by X ~ N(u, rho2). The probability density function of the
normal distribution with parameters p and rho2 is given in Table 10.

Since the cunul ative distribution function cannot be integrated
in aclosed form the best we can do is to nunerically conpute the
integral. The values p = 0 and rho = 1 specify the standard norma

di stribution. The values of the CDF for the standard nor nal
di stribution have been tabul ated and are avail abl e from nost
statistical textbooks and conputer packages. The capital letter Zis

usual |y reserved to denote a standard nornal random variable, i.e.

Z ~ N(0,1). The normal distribution ranges frompositive infinity to
negative infinity and is symmetric. Equation 4.7 can be used to
transform any nornmal randomvariable X to a standard nornmal random
vari abl e (Table 10). Standardi zed nornmal random vari abl es are usefu
for conputing the probability of an event occurring, e.g., the
i kelihood that soneone in Malta has a blood | ead concentration
greater than 384 pg/litre. Assumi ng the Maltese blood | ead data
presented earlier are representative of the general popul ation and the
bl ood | ead concentrati ons are approximately normally distributed, the
standard normal distribution can be used to calculate the desired
probability.

4.3.2 Lognormal distribution

Many exposure neasurenents are strictly positive and right skewed
(i.e., asymmetric). Exanples include the size distribution of
suspended particulate matter, personal exposures to various air
pol l utants and human tine-activity patterns. The | ognorna
di stribution is one possible nodel for describing data with these
characteristics. The natural log (In) transformof a |ognornally
di stributed random vari able has the properties of a nornally
di stributed random variable. In other words, the distribution defined
by the nean (y,,,) and standard deviation (rho;,,) of the

I n-transformed val ues is bell-shaped and symetric and can be
st andardi zed according to the procedure outlined in the previous
section. Exponentiation of py,, and rho,,, gives values terned the

geonetric nmean (GV) and geonetric standard deviati on (GSD)
respectively. The GM and GSD can al so be used to define a lognormally
di stributed exposure mneasure.

A histogram of the blood faeces data fromthe Maltese sanple
popul ation is presented in Fig. 16a. The data depart fromnornmality as
they are clearly right skewed. The histogramin Fig. 16b shows that
the In-transformed val ues are approxinmately symetric and indicates
that the data approximate a | ognormal distribution rather than a
normal distribution. In this data set, y,, = 2.5 and rho,,, = 0.7
with corresponding GM = e2:5 = 11.8 pug/litre and GSD = €07 = 2. 0. The
degree to which the [ognormal distribution accurately describes the
data can be evaluated by plotting the raw data on | oghorna
probability paper. This procedure is identical to that described in
relation in to Fig. 13, except that the y axis is expressed on a
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logarithm c scale. The Maltese faecal |ead data are plotted on

| ognormal probability paper in Fig. 17. The nearly straight line
formed by the faecal |ead nmeasurenments displayed on a |l ogarithnic
scale versus Z indicates that the data are approxinmately |ognornally
di stri but ed.

4.3.3 Binomal distribution
In some situation, the analyst nmay be interested in

characterizing the frequency of a binary exposure outcone (e.g.,
yes/ no; true/false). The binom al distribution is useful for nodelling

Table 10. Density functions far selected probahility distributions and related formulas

Mormal distribution

1 lx—p
_— -
ora P

Flx ey =

o 4 Eguation (4 5]

Transfarmation to the standard normal random variable

E:‘jf_—-'u

Eqjuation (4.7
pu o 4.7

Bionomial probability distribution

i= [ ]Fkﬂ -pr Equation (4.3)
&
with mean
E(Y) = np Equiation (4.9)

and variance

Uar(fcj = ,}gpﬂ - p) Equation (4100

Poizzon probakility distribution
gA

#l

A

Equation (4.11)

[FI GURE 16a; V214EH21. BVP

OFI GURE 16b; V214EH22. BMVP
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Fig. 17. Faecal lead data from the Maltese sample population plotted on
lognormal probability paper (WHO, 1935b)

bi nary responses. The possi bl e responses can be generally |abelled as
success or failure. O'ten we are not interested in a single outconeg,
but rather in the nunber of successes (k) and failures (n - k) for
a specific nunber (n) of repeated independent trials for the

out come. The probability of exactly k successes in n independent
trials, given a probability of success (p) in a single trial, is
given by the binonial probability distribution ( P,) in Table 10.

For exanpl e, assune daily exceedances of an ozone air quality
standard are independent events in a study of 1-year and 3-year tine
periods. Let k be a random variable describing the total nunber of
exceedances encountered in a 1-year period ( n = 365 days). Further
assune from historical data that the expected nunber of exceedance
days each year is 1, thus p = 1/365 = 0.00274. The cal cul at ed
probabilities of k days of exceedance per year are shown in Table
12. Examination of the resulting probabilities in this exanple reveals
a right-skewed distribution with the greatest probability occurring
between k = 0 and k = 4 days.

4.3.4 Poisson distribution

Sone exposure-rel ated neasurenents are expressed as a rate of
di screte events, i.e., the nunmber of tines an event occurs per unit
time, such as the frequency (tines per week) that a person consunmes an
ocean fish containing a methylnercury concentration greater than
5.0 ppm The Poisson distribution is used for describing potentially
unlimted counts or events that take place during a fixed period of
time (i.e., arate), where the individual events are independent of

one and other. The Greek letter lanbda is typically used to denote the
average or expected nunber of counts per unit tine. In a Poisson

di stribution, the paraneter |anbda al so descri bes the variance of the
random vari able. We can think about this intuitively by noting that as
t he expected number of counts or events increases (i.e., the rate of
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events increases), the amount of variability should increase as well.
For exanple, if we expect a count of 1 then it is not too difficult to
i magi ne observing 0 or 2. Likewise, if we expect a count of 20 000
then it is not difficult to imagine 20 100 or 19 900 as reasonabl e
observations. However, the variance is definitely larger in the second
case. The formula used to conpute the probability of a specific nunber
of counts being observed over a fixed time interval is listed in Eq.
4.11 of Table 10.

For exanple, the Poisson distribution can be used in an exposure
nodel to characterize the frequency with which a person cones in
contact with a contam nant; say, the nunber of tinmes per day a person
encounters benzo [a] pyrene associated with environnental tobacco
snmoke. Assume that based on existing data, the expected nunber of
encounters is anticipated to be 2 per day. Using Egq. 4.11, with | anbda
= 2, there is a 9% chance that an individual will have 4 (i.e.,

n =4) encounters with benzo [a] pyrene on a given day. Subject to
limtations associated with the i ndependence assunption noted above,
the Poi sson distribution can be a useful exposure nodelling tool

4.4 Paranetric inferential statistics

Inferential statistics is the process of using the observed data
and assunptions about the distribution and variation of the data to
draw concl usi ons. The two conpl ementary conponents of inference are

paraneter estimation (either point or interval estimation) and

hypot hesis testing. Only frequentist, or classical, inference wll

be di scussed here. However, Bayesian statistical inference, as well as
deci sion theory, can be valuable for incorporating other aspects such
as prior belief and loss into a statistical analysis, and they are
wort h consideration. Further information on Bayesian statistics nmay be
found in Carlin & Louis (1996).

4.4.1 Estimation

Exposur e nmeasurenment data can be used to estinmate the paraneters
of a nmodel (e.g., a probability distribution), especially those that
descri be the nmean and variance of the variable. The two types of
common reported estimates are point estimates and interva

esti mat es.

Point estimation for quantities is commonly perfornmed using
maxi mum | i kel i hood, ordinary | east squares or weighted | east squares
met hods. All estinates are chosen because they optinize (i.e., find
t he maxi mum or m ni num of ) some objective function such as the
I'i kel'i hood function or squared error function. One exanple is the
sanpl e mean for the popul ati on nean when the data are nornal, using
maxi mum | i kel i hood, or for any data, using |east squares.

Two different fornms of interval estimation are used to
characterize variability in point estinmates. The first is based on
error propagation and is the result of sinulating data to see what
distribution of results might be expected under the nodel; the second
is the usual statistical notion of confidence intervals. This approach
focuses nmore on the variability of a nodelled outcone due to
variability of the input, and is useful in designing studies and
determ ning which factors will have the greatest effect on the
variability of the exposures. These procedures are described nore
fully in Chapter 6.
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The second formof interval estimate, the statistical (1-alpha)%
confidence interval, gives a range of estimates, for a paraneter,
which is generated in a nmanner such that it contains the true
par anmeter val ue (1-al pha)% of the tine. For a nornally distributed
random vari abl e, a one-sided confidence interval for the estinmate of
the mean is derived fromthe standard error and Z; , ., While

Zy.aiphas2 1S used for a two-sided confidence interval. The standard

error (rhox) is an expression of uncertainty about the mean and is

cal cul ated as the standard deviation divided by the square root of the
nunmber of observations (n) (Table 9). Continuing with the exanple
fromthe Maltese study, the standard error of the blood | ead sanple
data is 11.8 pg/litre (Table 8). For alpha = 0.05, the two-sided 95%
confidence interval about the estimated nean is computed as 243
Hg/litre £ 23.1 pg/litre, where the latter is equal to Z; (4 ppy2) X

rhox or 1.96 x 11.8 (Table 11). Details of this procedure and
rel ated considerations nay be found in nost introductory statistics
t ext books, for exanple Kl einbaumet al. (1988).

4.4.2 Measurenent error and reliability

The term neasurenent error refers to the accuracy and precision
of a given sample collection and anal ysis net hodol ogy. Accuracy
describes the degree to which a nmeasurenment is free of bias. Bias is
systematic deviation in a nmeasurenment fromthe true value of the
process being nmeasured. Precision refers to the reproducibility of a
particul ar nmeasurenent system Measurenent reliability is a closely
rel ated concept in that a neasurement with a high degree of accuracy
and precision can be considered to be nore reliable than one with a
| ow degree of accuracy and precision. Additional information on
nmeasurenment error and reliability is contained in Chapter 11, where
the topic is discussed in the context of QA in exposure studies
Met hods for assessing the accuracy of an exposure nmeasure are al so
di scussed in Chapter 11. Here, an approach for quantitatively
estimating the precision of an exposure neasurenent systemis
pr esent ed.

Statistical analysis of environmental sanples collected
simul taneously in space and tine can be used to estimate the precision
of a measurenent nethod. Such sanples are often referred to as
duplicates and are often collected in pairs. The difference in the
neasur enent paranmeter (e.g., concentration) between a duplicate pair

Table 11. Standard normal cumul ative probabilities

z p(Z < z) z p(Z < z)
-4. 265 0. 00001 0 0.50
-3.891 0. 00005 0.126 0.55
-3.719 0. 0001 0. 253 0. 60
-3.291 0. 0005
-3.090 0. 001 0. 385 0. 65
-2.576 0. 005 0.524 0.70
-2.326 0.01 0.674 0.75
0. 842 0. 80
-2.054 0.02 1. 036 0. 85
-1.960 0. 025
-1.881 0. 03 1.282 0. 90
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5
9

is indicative of the precision of the collection and anal ysis
net hodol ogy. Descriptive statistics generated froma set of
di fferences between duplicate sanples can be used to characterize the
average degree of precision as well

Consi der a hypot heti cal

measur enents were nmade.

st udy of

as variability in precision.

respirable particulate matter
(RSP) in outdoor air where 20 duplicate pairs of 24-h average

Assune the average 24-h average concentration

anong the 40 neasurenents was 50 pg/ n®. Further assune that the

di stribution of differences between the 20 pairs of duplicate sanples
was normally distributed with a mean and standard deviation of 5 and 1
a single measurenment can be

ug/ n®, respectively. On average,
expected to be within 5 pg/ n® of the actual

Tabl e 12.

wi t h expected nunber of exceedances of 1.0

Number of
exceedances
k

t hen,

concentration.

Probability distribution for the nunmber of exceedances,

1- Year
Probability

Pk {k}

0. 36737
0. 36838
0. 18419
0. 06123
0. 01522
0. 00302

0. 000498

peri od

Cunul ati ve
probability
Fk{ k}

0. 36737

0. 73576

0. 91995
0.98118

0. 99640

0. 99942

0. 999920
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using the
3- Year peri
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0. 04958 0.
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7 0. 000070 0. 9999904 0. 02152 0
8 0. 0000086 0. 9999989 0. 00804 0
9 0. 0000009 0. 9999999 0. 00267 0
10 0. 00000009 0. 9999999 0. 00080 0
11 0. 000000008 0. 9999999 0. 00022 0
12 0. 000000001 0. 9999999 0. 00005 0

concepts presented in Chapter 4.4.1, a single neasurenent can be
expected to be within approxi mately 3-7 pg/ n? of the true
concentration 95% of the tine, i.e., within 2 standard devi ati ons of
the average difference.

For a probability distribution, the coefficient of variation is
defined as the ratio of the standard deviation to the point estinmate
of the nean. In this way, the coefficient of variation error describes
the degree of dispersion of a data set relative to a neasure of its
central tendency. The coefficient of variation provides a quantitative
estimate of the relative degree of variability anong the observations

in a data set. Using data fromthe hypothetical exanple described
above, the coefficient of variation anong the pairs of duplicate
samples is 0.2. Thus, on average, a single neasurenent can be expected
to be within 20% of the actual concentration

4.4.3 Hypothesis testing and two-sanpl e probl ens

Exposure assessnents are often performed to determ ne whether the
| evel of exposure to a pollutant is different between two or nore
groups of people or locations or periods of tinme. Additiona
attributes typically considered to be deterninants of exposure include
any number of denographic factors (e.g., age, gender, ethnicity) and
behavi our patterns. This section describes the statistical procedure
used to address this type of study objective.

Statistical hypothesis testing is a procedure where a choice is
made between two hypot heses that are not weighed equally; the null and
the alternative. The null hypothesis typically reflects what can be
stated with confidence about a particul ar phenonenon on the basis of
existing information. In practice, concluding that the null hypothesis
is false indicates that the data provide strong evidence for a
departure from conventi onal wi sdom or practice. Thus, hypothesis tests
are generally constructed such that the conclusion will lie with the
nul | unl ess the evidence strongly suggests ot herwi se.

Two types of errors can arise from hypothesis testing:

* concluding that the alternative hypothesis is true when it is in
fact false (false negative)

* concluding that the null hypothesis is true when in fact it is
false (fal se positive).

The first type of error is known as a type | error and the second
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one is a type Il error. The probability of a type | error is denoted
by al pha and the probability of a type Il error by B. Only alpha is
considered in the construction of the hypothesis test. However, as
described later, both type | and type Il errors are considered in
sanpl e size determ nations.

The general procedure for commopn tests that try to determine if
sone factor has an effect on the exposure outconme is as follows: a
test statistic is constructed whose value is known if the nul
hypothesis is true. For exanmple, if the null hypothesis is that the
popul ation nmean is 1 (H,: p=1), then under the null hypothesis, x =

0, where x is the sanple nean. Next, adjustnents are made so that

the distribution of this test statistic is known. For exanple, with

s denoting the sanple standard deviation and n the sanple size,

the test statistic T defined by Eq. 4.12 in Table 13, where T has

a distribution which follows a t-distribution with n-1 degrees of
freedom Now, using the known distribution of the test statistic, we
construct ranges of values for which we reject (rejection region) and

fail to reject (acceptance region) the null hypothesis. The rejection

region is any area which has probability al pha, usually chosen to
correspond to likelihoods between 0.025 and 0. 05.

Table 13. Formulas used for hypaothesis testing

T -statistic

T:

. —
H [Equation 4120

-

Twwa-sample E-statistic

x-xa— My (Equiation 4.13)

NCYIRICH N

f:

A | arge nunber of problens in exposure assessnment involve the
conpari son of two groups, for exanple, control and treatnent; old
nmet hod and new net hod; or normal and abnormal. If we focus on the
| ocati on problem where the neans or the medi ans are conpared, then
dependi ng on the assunptions we make with regard to the data,
different tests can be performed. Assunptions typically made include

* The data consist of a random sanple frompopulation 1 ( X ;,
i =1, ..., n), and a random sanple frompopulation 2 ( X,; =
1, ..., ny

* The two sanples are independent of each other
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* (Cbserved variables are on a continuous scal e.
*  ©Measurenment scale is at |east ordinal

* Population 1 ( X;) has approximately the same distribution as
X5.

If we assune that the data follows a nornal distribution and that
the data are independent, with the first group distributed N(W,
rho?;) and the second group distributed N(p, rho2,) so that the

vari ances are possibly different, a test can be constructed to see if
the difference (Delta) between the neans for the groups is equal to a
hypot hesi zed value (Deltay), typically set to zero. This scenario

would result in a two-sanple t-test, and the test statistic is
presented in Eq. 4.13 in Table 13, where t is conpared with a

t-distribution with df = mn( n;-1, n,-1) degrees of freedom
and s;2 is conputed as described in section 4.2.1. The possible
alternatives are that Delta > Delta, Delta < Deltay or the
general alternative that Delta not equal Delta, If we are |ooking

for differences, we reject the null hypothesis that the groups are the
same for the respective alternative if t > Ty jpna t < -

Tat atpha, OF | t1 > Ty aiphas2: Where alpha is the prespecified type
error for the decision to be made.

Referring once again to the blood | ead exanpl e presented earlier,
the followi ng null hypothesis nmay be tested: nean bl ood | ead
concentrations in the Maltese sanple population are equal to those in
t he Mexi can sanpl e popul ation. The corresponding alternative
hypot hesi s is: nean bl ood | ead concentrations are not equal in the two
sampl e popul ations. As indicated in Fig. 13, the point estimates of
the respective sanple neans are different. Conpletion of the
two-sanple t-test will allow for determnation of whether the
difference is statistically significant with 1-al pha% confi dence.
Using Eq. 4.13, the t-statistic is computed to be 3.30. Setting
alpha = 0.05, the critical t-value is 1.96. Thus, the Ml tese and
Mexi can sanpl e nmean bl ood concentrations are significantly different
at the 0.05 |evel.

4.4.4 Statistical nodels

Statistical nodels nake explicit the potential sources of
variability to be neasured. The response, exposure, is dependent upon
a conbi nati on of neasured factors and background variation from
unnmeasured i nfluences. For exanple, in exam ning pesticide exposures,
one m ght consider methods and amounts of applications, climte
conditions and duration of potential exposure. Unneasured factors
m ght include exact know edge of individual behaviours and |ocations,
whi ch may cause different |evels of exposure between two individuals
who are equal with respect to other exposure characteristics. One nust
consi der as nmany of the potential relationships between the responses
as possible, as well as how the possible factors will affect each
ot her, before finalizing a study design

Since no sinple nodel will perfectly describe all rel ationships,
the goal is to construct a parsinonious nodel that describes the major
factors of the process resulting in exposure. For exanple, in studying
t he exposure of children to | ead, the presence of lead in paint, in
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house dust or in water could be inportant factors, whereas gender and

age mght have an indirect effect on exposure by influencing the

| ocation and patterns of play. However, both types of data will be

i mportant in deternining response, even though one is only an indirect
cause. The average outcone described above could be the annual average
exposure to | ead or perhaps the maxi num daily exposure, dependi ng upon
whet her a cunmul ative or a threshold effect is the focus.

As noted in Chapter 3, by considering the statistical nodel
before finalizing the study design one can hel p ensure that nost
i nfluential factors would be accounted for, and nore inportantly, that
the true effects of factors can be estimated fromthe study data. It
is possible to design a study where sone influential factors were not
accounted for. Suppose there is interest in the effects of |ocation
and time of day on outdoor ultraviolet radiation exposures. |If
nmeasures are only taken at one site at one tinme of day, and then at
another site at a different tine of day, then the effects of |ocation
and time of day are not distinguishable fromthe collected data.

The nean, or average, outcone is the nbpst common summary used for
nodel | i ng and testing of situations of different conditions, but other
paraneters, such as the variance, the percentiles or the nedian, can
be used for estimation and testing. Common nodels and statistica
anal yses, such as the nultiple linear regression nodel, the t-test
and anal ysis of variance (ANOVA) use the nean for nodelling and
testing. The nodels can be as sinple as taking the sanple, dividing it
into groups and conparing the means in the different groups. The
nodel s can al so be as conplex as trying to construct a physical nodel
for the neans with the addition of ternms which incorporate randomess
due to unneasured factors or other sources of variation

4.4.4.1 Analysis of variance and |inear regression

ANOVA is a technique for assessing how several nom nal
i ndependent variables affect a continuous dependent variable, and is
usual Iy concerned with conparisons involving several group neans.
Regr essi on and ANOVA nodel s are closely related and can be anal ysed
within the sane framework. The major difference is that for ANOVA, all
t he i ndependent variables are treated as bei ng nom nal; whereas for
regressi on analysis, any mxture of neasurenent scal es (nom nal
ordinal, or interval) is allowable for the independent vari abl es.
Exanpl es of ANOVA used in exposure assessnent can be found in Liu et
al . (1994a), who used ANOVA nodels to exanine the effects of wind
speed, ozone concentrations, hunman subject and interaction between
wi nd speed and concentration on the perfornmance of an ozone passive
per sonal sanpler.

Estimati on for both ANOVA and |inear regression nodels consists
of obtaining point estimates for the paraneters that describe the nean
exposure under a certain set of conditions. Part of the estimation
procedure is to determ ne how well the nodel fits. The first
di agnostic is to exanine the residual error (residual). A residual is
sinply the difference between the exposure estinmated by the nodel and
the actual exposure. By exam ning the residuals, one can deternine for
what ranges of actual exposures or conditions the nodel does not fit
wel |, and use this to decide how to adjust the nodel.

The sinpl est design (and correspondi ng nodel) occurs when

nmeasurenents are taken while varying only one possible factor over a
finite, k, nunber of I|evels. Consider PM, ; exposure; let the factor
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be the time of day when the |levels are neasured. For sinplicity,
divide tine into three categories -- norning, afternoon, or evening --
so k = 3. If there is no known or hypothesized functional formfor
the relationship, the resulting abstract nodel for exposure, Y,
during a particular tine period, i, should be the sumof the nean
(average) during the time period i, denoted by ganmy; and an

error, epsilon, which will represent the natural variation of the
measurenment. It is common to assume that the variation of the outcone
is the same anong all levels of the factor; this assunption is known
as honoscedasticity.

This nodel is referred to as the one-way ANOVA. The resulting
nodel for the observed data, with Y;; denoting the jth PM g

nmeasurenent collected during the ith time period with i ranging
from1l to 3, is Y;; = gammy + epsilon;; where ganmm; represents
t he average outcone due to the ith factor level (in this exanple

i ranges from1 to 3), and epsilonij (the error term represents

i ndependent random variati on. One conmon assunption is that the error
terms follow a normal distribution with variance rho2. The paraneters
whi ch need to be estinmated in this nodel fromthe data are the neans

of the subsanples, gamms;, and the variance of the outcome, rho?2.

This type of nodel, which conpares the nmeans of distinct groups, is
the basis for ANOVA.

Increasing the | evel of conplexity leads to nultiway or
mul ti factor ANOVA as well as the rmultiple |inear regressi on nodel
which is a nore specific nodel for the effects of independent
vari abl es on the dependent variable. Let Y denote the exposure |eve
for a particular person or location; this is the dependent vari able.
Let X ..., X, denote n independent variables (known as

covariates) which potentially influence the exposure level Y. If the
assunption of the existence of a linear relationship between the

i ndependent and dependent variables is reasonable, then a nodel for
the outcone, Y, based on the covariates X, can be witten as

F=8+8X+.-+8X +=

where the information not conveyed by the covariates results in the
error (epsilon), which is assumed to be nornally distributed. theta,

denotes the average exposure when all the X values are zero, and
theta; denotes the change in exposure for a unit change in the ith

vari abl e. An exanple would be 24-h personal exposures to nitrogen
dioxide. In this case, the factors may be distinct tines and | ocations
(or mcroenvironments) where nitrogen di oxi de exposure may occur; for
exanpl e, outdoors, indoors while hone cooking on a gas range, and in
an aut onobil e.

A regression nodel is used to evaluate the relationship of one or
more independent variables X;, X,, ..., X/ to a single
conti nuous dependent variable Y. It is often used in exposure
assessnment to characterize the relationship between the dependent and
i ndependent variables (continuous and discrete) by determining the
extent, direction and strength of the association. For exanple, in the
particle total exposure assessnent methodol ogy (PTEAM study, indoor
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PM, ; concentration (Y) was regressed agai nst outdoor air
concentrations ( X;), snoking rates ( X,), cooking durations

( X3), air exchange rates ( X,) and house volunmes ( Xg) to
determne the major factors affecting indoor PM, ; concentrations
(Ozkaynak et al., 1996).

Further informati on on ANOVA and |inear regression may be found
in Gt (1995), Kleinbaumet al. (1988) and nobst introductory
statistics textbooks.

4.4.4.2 Logistic regression

An approach which is different fromthe |inear or additive
rel ati onshi p described above is to consider a categorical outcone for
exposures, e.g., exposure measurenents grouped into ordinal |evels
such as | ow, nmedium and high. Wen the response is binary, that is, if
an exposure is either present or absent (i.e., a threshold effect),
then a linear relationship is not appropriate. In this case, we mnust
use an alternative nodel, for exanple:

logit P(Y =1) = alpha + B; X + B, X, + ... + B X

where the logit function is logit (x) =1In ( x/(1- x)), the
function P(Y = 1) denotes the probability that the response variable
Y will take on the value 1 (denoting "success"), and the role of
epsilon fromthe previous nodel is taken by nodelling the paraneter
representing the probability that Y = 1, as opposed to Y itself.
This nodel is known as logistic regression. In this nodel, alpha
denotes the baseline odds for exposure given that the associated
factors, X ..., X, , are zero, and B, denotes the change in the

| 0og-odds that the response is Y =1 given a 1-unit increase in
X;. This approach can be adjusted to allow for the anal ysis of

ot her types of categorical outcomes (MCullagh & Nelder, 1990). One
conmon paranet er which describes logistic regression results is the
odds ratio. For a particular set of covariates, X the odds of
the event occurring (Y =1), is exp(B X,. To conpare the odds
ratio for two situations, conpute the first set of odds and take its
rati o over the second odds. Usually, the situations will be identical
except that the covariate of interest will be zero for one of the
sets. For exanple, if the nodel for the linear conbination of
covariates is 1.3 +2.5 X, then the odds ratio for Y = 1, conparing
X =1versus X =0, is e(1.3+2.5/el.3, A sinilar conputation can be
done when X is a continuous random variable, for two different
values of X In exposure assessnent, a |logistic regressi on nodel

could be used to evaluate the inportance of denographic or tenpora
factors on the likelihood that an individual will engage in an
activity such as applying pesticides.

4.4.5 Sanple size determ nation

Hypot hesis testing attenpts to deternine if the data reject or
fail to reject a particular (null) hypothesis. The test is based upon
statistical considerations, and hence just reports how likely or
unlikely the null hypothesis is. If there is minimal information, it
will be difficult to statistically reject the null hypothesis; hence,
sampl e size calculations are done in order to ensure that there is
sufficient information fromwhich to nake a decision. The decision is
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bet ween two unequal |y wei ghted hypotheses; the first is the nul
hypot hesis, H,, which is the safe hypothesis, and the second is H,

the alternative or sceptical hypothesis, which requires sufficiently

| arge evidence to believe in. The specifications of the test, based
upon sceptical scientific belief or conmon usage, are the type | error
and the type Il error (defined in section 4.4.3). Introductory

i nformati on on sanple size determination is presented here; the reader
is referred to Lemeshow et al. (1990) for details.

To determ ne the mni mum sanpl e size required to observe the
desired outcome, one needs to determ ne the smallest effect that is
scientifically worth detecting (i.e., based on nmeasurenment linit or
scientific principles), and use that to collect a sanple w th enough
information to detect such a difference. The effect is the m ninum
significant difference in exposure between two groups. The smaller the
effect, the nore information is required to distinguish it. This
effect is related to the type | error of a hypothesis test. There are
two conponents, the type Il error and the sanple size, which are
unspeci fied. When the type Il error is specified, the resulting sanple
size can be determ ned. Once the sanple size is determ ned, the power
(1-type Il error) of a study can be conmputed. The smaller the
di fference to be detected, the larger the sanple size needed for fixed
type | and type Il error probabilities.

The foll owi ng describes the fornula for a two-group conparison

To conpare the means of two groups with equal sanple size, let Delta
represent a scientifically significant difference that we would |ike
to detect, if it exists. Suppose that the first group can be nodell ed
by Y, = y,+epsilon;, where y, is the mean and epsilon; ~

N(O,rho2) is the error term and the second group can be nodel |l ed
by Y,=pu, + epsilon, with the error termepsilon, ~ NO,

rho2). The only difference between the two groups is the nean
response. The groups will be considered statistically different only
if |py,-py] > Delta. The m ni mum nunber of observations in each

group is given by Eq. 4.14 in Table 14 where Zgama is defined as
the value satisfying P(Z > z) = gamm, where Z follows the

di stribution of a standard normal random vari able, alpha is the type
error, and B is the type Il error. This fornmula can al so be used to
approxi nate the sanple size needed for a difference of proportions

(e.g., for dose-response nodels conparing two groups), by letting

Delta represent the difference in proportions (instead of a difference
in neans).

Table 14, Formula used for sample size determination

Twwo-zample comparizon

]
N 2@t 7 ) o (Equation 4.14)

&
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4.5 Non-paranetric inferential statistics

Each of the statistical analysis methods described previously
assunes that the data can be adequately described by a probability
di stribution with known paraneters, and that distribution can be
transformed, if necessary, to neet the assunptions of the statistica
nmodel (e.g., normally distributed, independence, etc.). Many
exposure-rel ated data sets do not fit this description, however. One
reason for this is that the data may not be normally distributed or
cannot be transformed so that they are approxinately normal. A nore
conmon reason is that although the underlying distribution of the
popul ation from which the sanple is drawn nmay be reasonably assuned to
be approxi mately normal or |ognormal, there are too few sanples to
all ow the nature of the underlying distribution to becone apparent. In
exposure studi es sanple sizes are often snall (e.g., 10 or |ess)
because of logistic difficulties in collecting sanples and the expense
of collecting and anal ysing the sanples. In this case, the point
estimtes of the standard deviation and standard error are considered
to be highly unstable. Consequently, confidence intervals generated
using the estinmati on nmethods described above are considered to be
unreliable. Non-paranetric statistical analysis methods can be used to
anal yse data with these characteristics.

Non- paranetric statistical nmethods rely on rank statistics, i.e.
the order of observations in a data set. @ antz (1987) provides a
conci se introduction to non-paranetric statistical nethods with regard
to health statistics. The sign test and Mann-Witney rank sumtest are
two non-paranetric nethods for evaluating the equival ence of the
medi an fromtwo sanpl e popul ati ons. These met hods are anal ogous to the
two-sanple t-test described in Section 4.4.3. The Kruskal -Vl lis
test is anal ogous to the k-sanple ANOVA net hod described in Section
4.4.4 and is used to test whether the nedians of nore than two sanple
popul ati ons are equal. For further information on this topic, the
reader is referred to Mosteller & Rourke (1973), a classic text on
non- paranetric nethods, and also to G lbert (1987) and Ot (1995) for
a discussion of statistics based on rank order in an environnental
cont ext .

4.6 Oher topics

Many new devel opments in statistical theory can be applied to the
anal ysis of exposure assessnment data. These include the topics of
nmeasurenent error, missing data, spatial statistics, non-Ilinear
nodel s, m xed effects, generalized m xed effects nodels, sinulation
nodels (e.g., Monte Carlo analysis), as well as others. Mbdern
conputing nmet hods such as re-sanpling and the bootstrap have nade
possi bl e estinmation, evaluation, and testing of conplex nodels. In
addition, other inferential philosophies, such as Bayesi an and
deci si on-theoretic approaches, can be useful. Recomended references
for further reading on these and rel ated subjects are Sachs (1986),
WHO (1986), G lbert (1987), dantz (1987), Kleinbaumet al. (1988) and
Ot (1995).

4.7 Sunmmary
Statistical nmethods are a critical tool in applied and

research-oriented exposure assessnment studies. It is recommended that
a statistician be involved in all aspects of an exposure
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i nvestigation, especially during the design and data anal ysis stages.
Sanpl e size determination is an inportant use of statistics during the
pl anni ng of an exposure assessment study. Nunerical and graphica
descriptive statistics can be used to sumari ze exposure data and
performprelimnary anal yses of rel ationshi ps between and anong
exposure variables. In many cases, exposure data are approxi mately
normal Iy or lognornally distributed and can thus be readily

i ncorporated into standard paranetric statistical inference nethods
such as estinmation and hypothesis testing. In addition, other
paranetric statistical nodels such as ANOVA, |inear regression and

| ogi stic regression can be used to quantify associations anong
exposure neasures. |In situations where the nunber of observations is
smal |l or the data cannot be transforned to an approxi mately norna
distribution, non-paranetric methods such as the sign, Mann-Witney
and Kruskal -Wallis tests can be used to test hypotheses.

5. HUVAN Tl ME- USE PATTERNS AND EXPOSURE ASSESSMENT
5.1 Introduction

Met hods for the collection and application of time-use data in
exposure studies are critically reviewed in this chapter. Al nethods
have their linmtations. Wth appropriate quality assurance, however,
information on tine use and activity patterns coll ected by
guestionnaire, diary, interview observation or technical neans can be
very valuable for interpreting and nodelling exposures. Although the
nmet hodol ogi es of tinme-activity data collection are universal, they
need to be applied and their vocabul aries selected keeping in nmind the
popul ati on and culture of concern and objectives of the study.
Accurately and reliably documenting the tine-activity patterns of the
general and target popul ati ons are inportant conponents of
under standi ng and nitigating human exposure (see Table 15).

People's activity patterns, eating and drinking habits, and
lifestyle characteristics nust be superinposed over concentrations in
environnental nedia before it is possible to derive realistic
esti mates of actual hunman exposure. Too often in the past, pollutant
concentrations in a particular nmedi um have been assuned to represent
exposure, only for it to be found later that they did not provide an
accurate picture owing to nodifying factors such as the time people
spend indoors rather than outdoors, food preparation and cooking, and
use of bottled water instead of tap water. Experience has shown that
exclusive reliance on central nonitoring sites (e.g., urban air
pollution nmonitoring sites, sanples fromdrinking-water reservoirs)
and bul k sanpling procedures (e.g., spot checks for pesticides in
food) for determ ning human exposures may be insufficient in nmany
cases.

In an exposure context, data about human time use and activity
patterns (often referred to as tine-activity data) have four rel ated
pur poses.

1. Knowl edge of the activities perforned while a study partici pant
carried a personal nonitor can aid in identifying the determ nants of
exposure, i.e., "Wat did this person do that Ied her/himto have such
a high exposure?" and "To what extent can exposure be expl ained the
amount of tine spent in specific activities or |ocations?" For

i nstance, several studies in which activity pattern data were
collected in conjunction with nonitoring data have shown that

i ndi cators such as conmuter status, work status, cooking fuel type

http://www.inchem.org/documents/ehc/ehc/ehc214.htm 6/1/2007



HUMAN EXPOSURE ASSESSMENT

season, residenti al

| ocation and day of week are inportant
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differentiating exposure to carbon nonoxi de and nitrogen di oxi de

(Akl and et al.
et al., 1994a).

vehi cl e exhausts,

were associated with statistically significant

personal exposure |evels of several
Tabl e 15.

Locati on Pol | ut ant

G ncinnati, No pol | ut ant

Ohi o, USA

California, No pol | ut ant

USA

California, No pol | ut ant

USA

Kanawha No pol | ut ant

Val | ey, West

Virginia, USA

Tabl e 15. (continued)

Locati on Pol | ut ant

New Yor k,
New Jer sey;
Pennsyl vani a,
Or egon;
Washi ngt on;
California,
USA

No pol | ut ant

1985; Ryan et al.
I nvesti gati ons of VOC exposure have found that people
who reported engaging in auto-related activities (e.qg.
punpi ng gasoline and visiting a service station)

i ncreases in breath and
aromatic and ali phatic conpounds;

1990; Schwab et al.

Parti ci pant characteristics

487 peopl e under age 70;
representative; includes
children; oversanple

ast hmatics; data on age,
gender, race, incone,

work status, health status

1780 peopl e over age 11
representative of

Engl i sh- speaki ng househol ds;
stratified by region; data
on denographi cs and
soci o- econoni ¢ status

1200 chil dren under age

12; representative of

Engl i sh- speaki ng househol ds;
stratified by region; data
on denogr aphi ¢ and

soci 0- econom ¢ status

90 children aged 9-11;

[ ongi t udi nal (4 weeks);
stratified by gender
respiratory health; data on
denogr aphi c, soci o-econoni ¢
status and health vari abl es

Partici pant characteristics

1000 children aged 5-12
stratified by state,
weekday/ weekend and season
dat a on denogr aphi c,
soci o- econom ¢ status and
comunity type
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1990; Bergl und

exposure to

Features of time-activity studies ained at exposure assessnent

Survey characteri st

March and August 19
diary; mnute resol
3-day sanple; tinme
year; day of week;
of day

Cct ober 1987-July 1
recall and question
time of year; day o
tinme of day

April 1989-March 19
recall and question
tinme of year; day o
time of day

July and Sept enber

diaries; 30-nmn res
except travel (15 nm
tinme of year; day o

tinme of day

Survey characteri st

M d-1990 to mid-199
24-h recall of chi
activities by adult
caregiver; 30-minr
questionnaire; tinme
year; day of week;
of day

6/1/2007



Ber kel ey,
California,
USA

At hens;
Basel ;

G enobl e;
Hel si nki
M | ano;
Pr aha

Washi ngt on,
USA

Tabl e 15.

Locati on

Denver,
Col or ado,
USA

El i zabet h/
Bayonne,
New Jer sey,
USA

Port age,
W sconsi n

St eubenvi l | e,
Chio

Topeka,

Kansas,
USA
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Ozone
PMys, CO,
VCC, NG,
CO

(conti nued)

Pol | ut ant
CO

VCCs

NO,, RSP
NO,, RSP
NO,, RSP

168 col | ege freshnen (aged
17-21) raised in California;
conveni ence sanpl e;

| ong-term ozone exposure

450 adults (aged 25-55)
personal air sanpling;
approxi mately 1200 adults
with time-activity diary;
random popul ati on sanpl e;
derogr aphi ¢ and

soci 0- econom ¢ status

700 adults aged 18-65;
representative; oversanple
| ong commut es and gas

ranges; excluded snokers;
data on age, gender, work
st at us

Partici pant characteristics

452 adults aged 18-65;
representative; oversanple
gas ranges and | ong commut es;
excl uded snokers; data on
age, gender, work status

355 people; representative;
over sanpl ed hi gh-exposure
occupations; data on age,
gender, race, socio-econom cC
status, and proximty to
VOC sour ces

120 children; selected from
| arger (600) cohort;
stratified by cooking fuel
data on gender, age
parental education

150 wi nter, 250 sunmer;

sel ected from cohort of 600
children; stratified by
cooki ng fuel; data on gender,
age, parental education

300 wi nter, 300 sunmer;

sel ected from cohort of
600 children; stratified by
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Test-retest reliabi
study to recall Iif
residential history

Mostly 1997; 48-h pe

i ndoor, outdoor and
nmoni toring; time-ac
diary (Fig. 19); sp
t asks

1982-1983 (winter);
and questi onnaire;
resol ution; 1-day s
time of year; day o
and day

Survey characteri st

1982-1983 (winter);
questionnaire; ninu
resol ution; 2-day s
time of year; day o
tinme of day

Fall 1981; followu
in sunmer 1982; fol
49 in early 1983; 2
recall diary; activ
guestionnaire

1987; retrospective

and prospective dia
10-15-min resolutio

of year; day of wee
of day
1987; retrospective

and prospective dia
10-15-min resolutio
of year; day of wee
time of day.

1988; retrospective

and prospective
guesti onnai res; 10-
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Tabl e 15. (continued)
Locat i on Pol | ut ant
California, VQOCs
USA

Bost on, NG,
Massachusetts,

USA

Los Angel es NG,
and Orange

Counti es;

Al buquer que, NG,
New Mexi co

USA

reporting a snoker present

i ndoor concentrations and persona

visiting dry cl eaners,
use, exposure to solvent,

sever al

or sub-popul ations.

2. Time-activity data all ow nodel ling of hunan exposure to

monitors are not yet available or are

or for which exposure is a function of nultiple
exposure can be simulated frominformation on the time
spent doing various activities and/or

pol lutants for which persona

very expensive,
pat hways. Tot al

1985, 1986, 1988).

cooki ng fuel
age, parental

data on gender,
education

Parti ci pant characteristics

188 peopl e; representative;
over sanpl ed hi gh- exposure
occupation; data on age,
gender, race, socio-econonic
status and proximty to VOC
sour ces

325 (winter), 298 (summer)
ages 8 and above;
representative; stratified
by range type; no persona
dat a

620 peopl e ages 8 and above

sampl ed two 24-h periods; 65
sanmpl ed ei ght cycl es;
representative; data on age,
gender, work status

1000+ infants; stratified

by range type; data on
child's health and parents
soci o- econoni ¢ and

denogr aphi c characteristics

pai nt,

exposure for

in specific |ocations,
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time of
tine o

resol uti on;
day of week

Survey characteri st

February-March 1984
foll owup: 52 in Ma
1984 and 51 in Feb
March 1987; 24-h re
diary; activity
guestionnaire

1986; diary and
guesti onnaire;
15-30-min resolutio
sample; time of yea
of week; tinme of da

May 1987-May 1988;
guestionnaire; 15-n
resol ution; two-day
time of year; day o
tinme of day

January 1988- Decenb

every 2 nonths for
first 18 nonths of
60 nmin; tine of yea
day of week; tine o

in the home was associated with increased
exposures of aromatic conpounds;

self-reports of proximty to snokers,
degr easi ng compounds,
and enployment status in certain occupations (e.g.
pl astics plants) were associated with increased persona
VOCs (Wl lace et al.
may be an inportant conponent of total

pestici de

and odorous chenical s,
chem cal or
exposure to

Cccupati ona
sone i ndividual s

exposur e

coupl ed

wi th knowl edge about the likely range of pollutant concentrations in

each situation.
(Johnson et al.,
et al.,
nonoxi de,

For exanpl e,
1990),

ozone,

the nodels SHAPE (Ot et al.
SI MSYS (Sexton & Ryan
1992) are currently being used to estimte exposure to carbon
particul at es,

1988),

1988),
and REHEX (Hall

NEM

sul fur dioxide and nitrogen dioxide.
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Techni ques are al so being devel oped to allow prediction of dermal and
i ngesti on exposures based on assunptions about human activity patterns
(e.g., Fenske, 1993). The useful ness of all of these nodels is
dependent upon the accurate characterization of pollutant-rel evant
time-activity patterns.

3. From an epi deni ol ogi cal perspective, activity patterns can be
used to assess the relationship between exposure and health status
(e.g., Arnstrong, 1985). For instance, "Do those who engage in
potentially high-exposure activities experience nore frequent or
severe illnesses?" or "Do sensitive individuals avoid potentially
hi gh-exposure activities or limt themto certain times of day or

| ocations?" In epidemology, tine-activity data may serve four

pur poses:

* They may be a surrogate of the exposure of interest. For exanple,
peopl e may be asked about the hours they spend indoors wth snokers
to assess health effects of environnmental tobacco snoke
(Leuenberger et al., 1994).

* They may be used to inprove another inperfect nmeasure of exposure.
For exanple, estimtes of |ong-term exposure to ozone may be
derived fromfixed site nonitor data, weighted, however, for
duration of tinme spent in outdoor activities (Kinzli et al.
1997a, b) .

* They may be used as a surrogate for a cofactor which m ght confound
t he associ ati on between health and sone other exposure. For
exanple, the effect of anbient air pollution on lung function may
be thought to be confounded by environnental tobacco snpbke exposure
(ETS). Time spent with snokers could thus be used to control this
potential confoundi ng.

* The association of an exposure with sonme heal th outcone m ght not
be the same in subgroups of different time-activity patterns
(nodified effect). In this case, tinme-activity data will allow the
i nvestigator to address such interactions.

4, Anot her purpose of tine-activity data is to describe patterns of
popul ati on behavi our. The proportion of time spent by the popul ation
in various mcroenvironnents or frequency of use of various facilities
(e.g., swinmng pools) nay provide an indication for the contribution
of each of the microenvironments or activities on total population
exposure. In such studies, the enphasis is on characteristics of
groups, and not on individual data. Therefore the precision of the
estimates may be inproved by the increased sanple size although the
survey tools may renmain relatively sinple and i nexpensi ve.

An under standi ng of the frequency and duration of the activities
in which the target popul ati on engages can be used to set priorities
for public health strategi es designed to reduce exposure by liniting
contact with contam nated nedi a. Conprehensive exposure factor data
for the US population may be found in AIHC (1994) and US EPA (1996a).
Al t hough this information is focused on the USA it may serve as a
useful nodel to follow in other countries.

5.2 Methods

5.2.1 Activity pattern concepts
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Activity pattern data that may be useful in assessing exposure
can be divided into three categories:

* the distribution of time anong activities, referred to in this
docunent as time allocation paraneters

* the factors that influence the degree of nmedia contamination in the
activities or locations of interest, referred to in this docunent
as mcroenvironnmental paraneters

* the intensity of contact while engaging in each activity.
5.2.1.1 Tinme allocation paraneters

Time allocation paraneters include the amount of time spent in a
given activity, the tine of day, week and year of contact, and the
expected frequency with which the person or popul ati on engages in the
activity. The relevant spatial resolution for describing tine-use
patterns, thus grouping activities for exposure assessnment, depends
upon the characteristics of the pollutant, the nedia, the |Iocation and
t he em ssion source(s).

The concept of mcroenvironnent has been used to define an area
across which the concentration of an air pollutant is assuned to be
honbgeneous (Duan, 1982). The nost basic division of microenvironnents
i s whether a person is indoors or outdoors, although nore refinenent
is necessary for many exposure assessnments. Tine spent indoors is
especially inportant with regard to pollutants which depend on i ndoor
sources. Ot her typical mcroenvironnents of interest in studying air
pol lution are home, work or school, and nodes of transportation

Dependi ng on the characteristics of the nedia and the pollutant,
a description of the actual activity may also be required to
under st and exposure. General activity categories such as "socializing"
and "recreation" are less inportant than knowi ng whether the
participant is involved in specific activities that |ead to contact
with environmental nmedia in addition to or other than air. For
i nstance, swinmng |leads to water contact, and farmi ng and gardening
lead to soil contact.

5.2.1.2 Mcroenvironnment paraneters

The distinction between people's activities and the poll utant
concentration in a mcroenvironment is not always clear. The use of
househol d appliances and consumer products that enit environmenta
contam nants and/or influence pollutant fate and transport affect
m croenvi ronnental concentrations. Thus, information on the
m croenvi ronmental paraneters, i.e., the factors affecting the
concentration in a given location, have al so been included under the
rubric of time-activity data. |nportant mnicroenvironnental paraneters
for air pollution exposure assessnent include building structure and
househol d characteristics (e.g., the type of heating and cooki ng fue
used, the presence of parking garages and air conditioning units),
informati on on proximty to specific sources (e.g., heavy traffic,
ci garette snoki ng, cooking, solvent, pesticides), timnmng of em ssions
for each source, indoor/outdoor air exchange rates and mneteorol ogica
and topographic factors.

5.2.1.3 Intensity of contact
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In addition to time allocation measures and m croenvironnment a
paraneters, information on the intensity of contact is needed to
assess exposure. Here the focus is on nicro-level activities that
affect the rate of contact with the contani nated nmedia while the
person is in a certain mcroenvironment (e.g., outdoors at hone) and
performng a specific activity (e.g., cleaning). The potential for
dermal contact depends upon the surface area of exposed skin, thus
clothing type and fabric consistency as well as the size of the
person, whether the individual is sitting, crawing, kneeling or using
their hands on the contam nated surface, or otherw se handling the
contam nant. In addition, exposure for the given event depends upon
the duration and frequency of each contact between the exposed skin
and the contanminated nedia; e.g., 50 1-nmin contacts between the
person's hand and the floor while cleaning. As described in Chapter 7
dietary factors, including the type of foods that are consunmed and the

amount consuned per tine period of interest, are the nost obvious.
Concern al so has been rai sed about the potential for contam nation of
foods fromcontact with surfaces during storage, preparation and
consunption (Berry, 1992, Freenan et al., 1997). Hand-nouth and

obj ect-nouth contact, although difficult to measure, may be one of the
nost inmportant routes of exposure to contam nants such as pesticides
and | ead that reside in house dust, especially in children (Charney et
al., 1980; Rabinowitz & Bellinger, 1988; Davies et al., 1990). For

pol lutants for which inhalation is the primary route of exposure, the
intensity of contact is influenced by one's level of exertion (often
referred to as "activity level"). Breathing rate or heart rate is
needed to predict dose (the ampunt of contami nant that enters the
body), thereby producing a nore accurate estimte of the resulting
heal th effects.

Fi nal |y, depending on the purpose of the exposure assessnent, the
required tenporal resolution of the tine-activity data may vary
substantially. Wiereas short-termtine-activity patterns may be
i mportant for acute exposures, long-term average time-activity
patterns may be nore relevant in other circunstances. If long-term
exposure is of major interest, e.g., over years or lifetinme,
residential history is an inportant infornmation to assign respective
anbient nmonitor data for the entire period of interest (Kinzli et al.
1996) .

5.2.2 Surrogates of tine-activity patterns

For many exposures surrogates of tinme-activity patterns may be
devel oped on the basis of generalizations about the activities of
people at a particular time, who live in a specific geographic
| ocation or who share a specific set of living conditions. Usually the
nost inportant time-activity surrogate is age group. Sonme activities
that are useful for predicting exposure to air pollutants, such as
di stance and tining of travel or duration of work and its |ocations,
al so show systematic differences in their frequency and duration by
denogr aphi ¢ characteristics. For instance, Schwab et al. (1990)
docurents how tinme in the kitchen, which influences exposure to
combusti on products, is greater anpng wormen in the USA than anong nen
even after adjusting for whether the woman works outside the hone;

i kewi se, nen spend nore time in transit, regardl ess of their age or
enpl oyment status. It is likely that the frequency of contact with a
wi de variety of toxins differs across groups defined by gender and
age, owing to traditional divisions of |abour in nmany cultures.
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Simlarly, information about an individual's health condition may
be inportant in characterizing their tine-activity pattern. For
instance, the limted data available on asthnmatics suggests they may
spend nore time indoors than the general population (Goldstein et al.
1986, 1988; Lichtenstein et al., 1989; Schwab et al., 1991). As
asthmatics are particularly sensitive to air pollutants, this activity
i nfornmation is inportant.

Soci oeconom ¢ status may i nfluence tine-activity patterns rel ated
to, for instance, tine spent travelling to work or outdoors.
Currently, however, the gap existing in time-activity databases with
respect to the activity patterns of sensitive (e.g., elderly) and
potentially high-risk (e.g., |ow socioeconom c status) subgroups, is a
limtation for extension of exposure nodels to these groups. Further
study is needed to deternmine the extent to which income, education and
occupation are reliable surrogates for exposure-related factors (e.qg.,
housi ng unit size and condition).

5.2.3 Data collection nmethods

Soci ol ogi sts pioneered studies of activity patterns (Szal ai
1972; Chapin, 1974; Robinson, 1977). These "tine budget"
i nvestigations, which have been conducted in several nations,
enphasi ze the purpose of activities (cooking, eating, TV watching).
Ot (1989) summarizes such studies in relation to their usefulness to
exposure assessnent; a basic drawback for exposure assessnent
applications is the lack of information on location, particularly
di stingui shing whether the participant was indoors or outdoors. In the
1960s and 1970s, a series of time-activity studi es was conducted by
geographers interested in the influence of the econonic and physica
structure of cities on travel patterns, e.g., journey to work (Hanson
& Hanson, 1981), access to facilities (Fox, 1983) or shopping
behavi our (Douglas, 1973). As such, the enphasis was on collecting
i nformati on on the geographic location of trip origins and
destinations as well as timng and node use. Finally, the US
Depart ment of Transportation, in conjunction with the Census Bureau
has been collecting information on the travel activities (durations
and node use) of a representative national sanple approximtely every
7 years since 1969 (US Federal Hi ghway Adm nistration, 1986, 1992).

A variety of nethods are available for collecting data about
tinme-activity patterns, including interviewer-adninistered recal
qguestionnaires, self-admnistered real-tinme diaries, direct
observation and video recording. The diary techniques used in the
soci al sciences for eliciting tine-activity data have been applied to
studi es of total hunman exposure to air pollutants (see nethodol ogi ca
revi ews by Robinson (1988), Ot (1989), Quackenboss & Lebowitz
(1989)). Specifically, participants are asked to conplete a diary or
gquestionnaire regarding their activities during the designated period
(usually 12-48 h). The survey instrunents used in these exposure
studi es, however, depart from any single type used previously. Rather
than focusing on activity purposes or transportation exclusively, the
i nstruments used in exposure studies probe for changes in |ocation or
activity that mght lead to changes in the |evel of pollution to which
t he person came into contact.

Time all ocation neasures for assessing exposure to air pollutants
frequently have been coll ected using self-conpleted real-tine diaries.
Because this approach requests that participants record all activities
over one or nore 12-h or 24-h periods, it has the potential to provide
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t he nost conprehensive information on tine allocation, sequencing, and

frequency. Real -tinme diaries are particularly useful when it is

i mportant to know the tinme of day during which each activity was
performed (e.g., the anmpunt and | ocation of exercise in the norning
versus the afternoon when ozone levels tend to be higher).

Two diary formats are comon for collecting tine-activity data:
the open-ended style requires participants to describe their exact
activity (see, for exanple, the instrunments described in Akland et al
(1985), Johnson (1989), and Jenkins et al. (1992)), whereas the
cl ose-ended format (Fig. 18) involves sinply checking the appropriate
m croenvironment for the given tinme of day (see, for exanple, the
i nstruments used in EXPOLIS (Fig. 18) (Jantunen et al., 1998) or those
descri bed by Schwab et al. (1990) and Sanet et al. (1992). Severa
researchers are devel oping electronic nonitors to supplement diaries
by detecting whether a participant is indoors or outdoors, a key
paraneter for assessing exposure to air pollutants (e.g., Hinton
1990; Moschandreas & Relwani, 1991; Waldnman et al., 1991b).

. | LOCATION ACTIVITIER
Ericflu INTRANZFER MOT INTRAMEFER |zook -| SMOKING
2 g

Deseriboe =elf [ =
. MG |self | same
Time | A ckiviey

E R TR PR R APt A Bl
OO0OoOo|0o0O0O|00O0O0|j0oooOo|joooo

RN KRN,

oDooOojoooOo|joooOojoooOo|jooon

Iufnfndntinfinfintint

FEEEHETEE: 4

Fig. 18. The time-microenvironment-activity diary (TMAD)
marks each in 15 min of the day the appropriate
microenvironment-activity categoryies. Multiple entries
are accepted for each 15 min
(EXPOLIS Study; Jantunen et al., 1998)

I nterviewer-adm ni stered questionnaires that ask participants to
recall frequency and duration of time spent in specific activities
during either the previous or typical day, nonth, year or age-period
(i.e., usual activity patterns) al so have been used to collect tinme
al | ocati on nmeasures, microenvironnental paranmeters and exposure
surrogates. Juster et al. (1985a) points out that data collected in
this fashion are nost accurate when the survey focuses on activities
that are done frequently or on a routine basis (e.g., the daily
conmute to work). Questionnaires that take the formof checklists are
al so particularly useful when the researcher is only interested in
certain well-defined activities. Questions to recall activity patterns
over a long period may refer to defined age groups and/or to each
residential location lived in (see Fig. 19). In environmental exposure
studies, information on the proximty of the study participant to
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| ocal contam nant sources is typically collected via questionnaires
that ask whether or not the participant engaged in a certain activity.
For instance, studies of VOC exposure have asked about use of
househol d cl eaners, visits to petrol stations and storage of gasoline
products indoors (Wallace et al., 1987a,b). Questionnaires are al so
used to solicit informati on on housing unit characteristics (e.g.
type of cooking equi pment or house volune) that influence
concentrations indoors (Lebowitz et al., 1989). Surveys nay request
information on a variety of paraneters that affect the concentration
of conbustion products to which an individual is exposed during
travel, including traffic speed, tine of day, node of transportation
age of vehicle, trip tinmng and roadway used.

Researchers have experinmented with a variety of methods for
collecting information on the intensity of contact. As described in
Chapter 7, a nunber of approaches are used for quantifying food
consunption rates. An inexpensive technique that has been used to |ink
breathing and activity patterns is to have participants record the
| evel of activity (e.g., high, medium |ow associated with each
activity entry in the diary. This nmethod has been used in severa
popul ati on-based studi es (Johnson, 1989; Lichtenstein et al., 1989;
Schwab et al., 1990; Wley et al., 1991). O hers have used
guestionnaires that request infornation about specific high-exertion
activities such as exercising and worki ng outdoors (CGoldstein et al.
1986; Lebowitz et al., 1989). Categorical exertion-level data is not
useful for calibrating activity pattern data, however, w thout an
i ncreased understanding of (1) the range of reported activities
associ ated with each exertion level and (2) the range of breathing
rates associated with each exertion | evel. A conpendi um on energy
expenditure, which closely relates to ventilation rate, has been
published for a variety of physical activities (Ainsworth et al.

1993). These data nay be used to categorize activity data dependi ng on
| evel s of exertion (Kinzli et al., 1997a,b). Data are beconi ng
avai l abl e through the application of electronic nmethods of tracking
exertion levels; heart-rate and breathing-rate nonitors have been used
in the field studies by Rai zenne & Spengler (1989), Shanoo et al

(1991) and Terbl anche et al. (1991).
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The Activity Table Approach, ATAB
To be completed for outdoor activities st the 'last residence’ only:

Potivit hanth of the wear that ywou | Awerage | Awerage Hi, of Wihere activity performed in
v ear e ¥ times | amourt |[Yearsdone relationship to residence
perform this actiwity | : -
per of time |1 12 it.":"" <imiles > 3miles A soool
rith per Othiz | of home  from home
o i residence [1 = uzually, 2 = sometimes
done sesson (nearest F= ntv;r. y-li- = d;n't rt:m-:r-l"ulb-:r]
hiay- Ot & months] [ircle chaice in sach column]
1. _—— 1-2-3-4 [1-2-3-4|1-2-3-4
h in
I, [
o 1-2-g-d4[1-2-3-4[1-2-3-4
3.
_ 1—2-3-d[1-2-3-4 1_2_3_
h _min 1-1-3-4
4. _— —2-3-41-2-3-
pri—— 1-2-3-4-2-3-H1-2-3-4
8. - = 1-2-3-4[l-2-3-4|1-2-2-4
min
. —_—— —-2-3- —r-d-d{1-z-3-
el 1-2-3-4 N-2-3-41-2-3-4
T. -
e 1-2-3-4[1-2-3-4[1-2-3-4
B - l—z-3-4ll—2-2-4|1_2_3_4
h  min
Fig. 19. Example of a retrospective long-term time-activity questionnaire
(Kiinzli et al., 1997b)
St andar di zed nmet hods are not available for collecting information
on hand-rnouth contact. Several researchers (Charney et al., 1980;
Brunekreef et al., 1983; Bellinger et al., 1986) have adnini stered

guestionnaires to parents of toddler-age participants in order to
qualitatively characterize the frequency with which children suck
their fingers (i.e., usually, sometimes, never). Direct observation
may be better suited to capturing mcro-level activities, but such
approaches have rarely been used in large-scale field studies owing to
t he expense of following nore than a few participants and because of
concerns that the observation process will lead to bias or alterations
in typical patterns. Video techni ques have now nade it possible to
record participant activities with less interference. Davies et al
(1990), for instance, used video nmethods to obtain data on the numnber
of times 2 year olds put their hands and objects in their nouth while
in standardi zed play situations. Zartarian et al. (1995) used

vi deot ape data to collect mcro-level data on four young farm children
at play inside their hones to quantify dermal and ingestion exposure
to pesticides. As Zartarian et al. point out, however, researcher
presence may still have influenced the participants' behaviour
(bservation of children's hand-nouth contact al so has been perfornmed
in clinical settings (e.g., Madden et al., 1980). Al of these

nmet hods, however, share the limtation that they cannot quantify the
full variability in factors that influence hand-nmouth contact. |ndeed,
capturing this variability my not even be possible, as is discussed
in a subsequent section of this chapter. In the absence of information
on hand-rnouth contact, several researchers have neasured m nera

levels in children's faeces to estimate typical soil ingestion rates
(Binder et al., 1986; Calabrese et al., 1989, 1990). Such estimated

i ngestion rates can then be used to npdel exposure in areas wth
nmeasured soil contam nation |evels.

For dernmal exposure, questionnaires are nost appropriate for

col l ecting categorical -type infornmation, such as whether a person
perfornmed a certain activity during a designated activity. The US
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Envi ronmental Protection Agency 1992 report entitled Dernal

Exposure: Applications and Principles, reviews the literature
regardi ng nethods for estinating soil and water contact (US EPA,
1992b). Hawl ey (1985) has used data from previ ous studies and

prof essi onal judgenment to devel op assunptions for use in estimating
out door soil contact time, but these estimtes do not account for

i ndoor exposure such as soil tracked into the house or for exposure to
contam nants that reside primarily in indoor dust (e.g., pesticides)
(US EPA, 1992b). The US EPA report cites Tarshis (1981) and Janes &
Knui man (1987) as sources of data on the frequency with which people
shower and bathe. Few data are available on sw nmng (US EPA, 1992b)
whi ch coul d be inportant because of elevated chl oroform concentrations
found within air just above the pool -water surface, or other
contam nants which can be swall owed or dermally absorbed from | akes or
river waters.

Li nking activities with neasurenents of dernal exposure,
researchers are testing i nnovative approaches to assessing skin
contact with contam nated surfaces. For instance, Fenske et al
(1986a, b) applied non-toxic fluorescent tracers to lawns in lieu of
i nsecticides; after participants engaged in a standard set of play
activities, video imging was used to ascertain the amunt of tracer
on the exposed skin. The degree of soil adherence to skin is a closely
rel ated i ssue and has been exani ned by several researchers (Driver et
al., 1989; Finley et al., 1994a; Kissel et al., 1996).

5.3 Potential |limtations

Time-activity data can enhance an understandi ng of sources and
behavi ours inmportant in assessing exposures. |nferences can be drawn
from simul ati ons, case studies or even studies using |arge randoni zed
desi gns. However, all users of tine-activity data should be aware of
its limtations for assessing human exposure to environnental
cont am nants.

The feasibility of collecting tine-activity data is often limted
by the burden which such studies inpose on participating individuals.
The data collection requires constant, or regular, attention to the
fact that the subjects are participating in the study, that they have
to remenber about all activities and to fill in the diaries. This is
often inconveni ent and takes respondent's time. Collection of the data
by an observer, which often is a nmethod of choice in studies involving
children, may be of limted feasibility owing to the restricted access
of the observer to the subject under study and because typica
activities may possibly be nodified by the fact of being under
observati on.

5.3.1 Activity representativeness

One of the uses of time-activity data is to all ow
characterization of the distribution of exposure for a given
geogr aphi ¢, denpgraphi ¢ or soci oecononi c segnent of the popul ation
However, the study protocol may call for certain types of days or
i ndi viduals to be excluded (e.g., travel that takes the participant
away fromthe home for nore than the 24-h or 48-h sanpling period may
lead to disqualification). Although standard techni ques such as
wei ghting and i mputation can be used to treat non-response, these
nmet hods assume that refusal to participate is randomand there is
i nformati on about the non-respondents (Kalton & Kasprzyk, 1986). In
the case of tine-activity studies, however, once contacted, people may
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partici pate or not because of the variables that the study is designed
to predict. As shown in the European nulti-city study EXPOLIS, the
subjects in Basel ready to participate had lower traffic density
around their hones than non-participants (Qgl esby, 1998). The
potential for msrepresenting the exposure distribution mnust,

t herefore, be considered because there is no nethod for quantifying
the direction and/or extent of the bias with respect to high-exposure
behavi ours.

The representativeness of the activity data collected nay al so be
i nfl uenced by the increased burden inposed upon participants by
exposure assessnent studi es. Epideniol ogists and social scientists
have found that participation rates and conpliance with instructions
may decline with increasing study periods, |onger questionnaires, nore
conpl i cated questions and nore conpl ex tasks. Whitnore (1988)
specul ated that the higher than average refusal rates experienced in
air pollution exposure studies are related to the burden associ at ed
with carrying nonitors and conpleting activity diaries. This has been
shown in the European multi-city EXPCOLIS study in G enoble where
partici pants had different time activity patterns in days with
personal exposure nonitors comnpared to days when only time-activity
data was col |l ected (Boudet et al., 1997).

5.3.2 Validity and reliability

Survey researchers in a nunber of fields have rai sed questions
about the validity of data collected via self-adm nistered surveys:
i.e., is the instrunent neasuring what is intended (Laporte et al.
1985). Data validity is of particular inportance when trying to link
measured exposure with a given day's activity diary. The error
i ntroduced by an inaccurate diary affects both efforts to explain the
contribution of certain activities to personal exposure and efforts to
estimate the distribution of personal exposure fromtine-weighted
m croenvi ronment al neasurenents. The rel ati onshi p between the degree
of error in the diary and the degree of error in the predictive node
depends upon the concentration in the nicroenvironment and the tota
time spent there. Neglecting to report even short-duration activities
in high-concentration mcroenvironments will have nore effect than
underestimating a simlar amount of tine in a | owconcentration
m croenvironment in which a large portion of the day is spent.

Scientists who use activity pattern data have raised a variety of
concerns about the effects of inadvertent and/or deliberate errors in
reporting. For instance, activity diary data may be conprom sed by
partici pants' mi sunderstanding of the definitions of various |ocations
(m croenvironments). Discussions with participants have reveal ed the
potential for confusion about: How far is "far fromhone?" Is a
"parking garage" inside or outside? Is "walking" a |light- or
medi um exertion activity? (Schwab et al., 1991, 1992).

To a certain extent, the quality of the data can be controlled
during data collection. Detailed instructions can inprove parti ci pant
conpliance. Field and | aboratory pretesting of the survey instrunent
and instructions, inmportant conponents of the survey design process,
can yield inmprovenents in protocol and clearer definitions of survey
term nol ogy such as distinctions between nicroenvironnental categories
(Bercini, 1992). Extensive training of participants in keeping the
diary can be expensive, but detailed reference sheets and one-on-one
sessions can greatly inprove data quality. One of the nore
ti me-consumi ng but necessary steps is reviewing the returned diaries
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for tenporal completeness and clarity of responses. ldeally, this
shoul d be done in the presence of the participant, and within 24 h of

conpl etion of the nmonitoring period. Another quality assurance step
i nvolves the use of a uniformsystemto code informati on on individua
activities into mcroenvironnental categories.

The validity and reliability of the diary data may be increased
by the use of study forns that are sinple and easy to understand. The
| anguage of the questions and instructions nmust be sinple and the
met hod of selection of answers, or of filling in data, obvious to
m nim ze coding errors. The nunmber of itens on the questionnaire
shoul d be kept to a necessary minimum Only the infornmation for which
there is clear use in analysis and data interpretation and which
serves directly the study objectives should be included in the diary
form

Verifying the validity of tinme-activity data is extrenely
difficult, if not inpossible, because an absol ute standard does not
exi st. Several researchers have sought to assess the reliability of
self-reported data through test-retest procedures and by conparing
di fferent methods of collecting the sane type of information (Laporte
et al., 1985). The University of California at Berkel ey ozone study
required coll ege students to recall tine spent in physical activities
out doors, over years. The information was used as a surrogate to
i nprove | ong-term ozone exposure assignnment in an epi deni ol ogi ca
study (Kunzli et al., 1997b). The test-retest study reveal ed rather
hi gh correlations for tinme spent in heavy ( r = 0.81) or nbderate
(r =0.61) activity (Kinzli et al., 1997b). This level of
concordance is simlar to that observed in dietary intake validation
studi es where food-frequency questionnaires and diet records
correlated in the order of r = 0.6 for the intake of a variety of
nutrients (RRnmet al., 1992). Robinson (1985) found that a variety of
nmet hods for collecting time-activity data, including 24-h recal
surveys, sane-day diaries, records of the activities during 40
random y sel ected nonents throughout the day (signalled using a
beeper), and recall of the activities during a randomy chosen hour
yi el ded essentially simlar sanple distributions of tinme the sanple
spent in a variety of activities. Quackenboss et al. (1986) also found
consi stency between diaries and the responses to sel f-adm nistered
recal |l questionnaires. Juster (1985b) found reasonably strong
agreenment in the reports of spouses regardi ng whether their partner
was present at any given tinme throughout the day. O her conparisons of
nmet hods show t hat when asked about the usual tine spent in selected
activities, respondents tend to over-report tine in unschedul ed
activities (relative to that recorded on their diaries), but reports
are consistent for habitual activities such as conmuting to work
(Robi nson, 1985). Wal dman et al. (1991b) showed sinmilar results when
conmparing activities recorded in electronic diaries with next-day
recal | ; concordance between the met hods was hi ghest for routine,
| ong-duration activities. Additional research, however, is necessary
to determ ne the extent and direction of bias for the activities and
the tinme franes of nobst concern in an exposure context (e.g., the
frequency with which a person uses househol d cl eani ng products rather
than the total tinme spent cleaning).

5.3.3 Inter- and intra-person variability

To be of use in exposure assessnent, tine-activity data nust
descri be the aspects of human behavi our that influence the variability
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in pollutant concentrations contacted. There is both between- and
wi t hi n-individual variability in people's activities, which has
inmplications for the use of time-activity data in exposure assessnent.

At one end of the spectrum are aspects of hunan activity patterns
that tend to be highly regular. For instance, many people tend to
follow daily routines with respect to how long they sleep and the tine
they depart for work. In addition, because basic routines are fairly
uni form across individuals, diary data from several studies has shown
that the distribution of tine reported in the m croenvironnents that
conprise the mgjority of the day (i.e., inside at home and inside at
wor k/ school ) exhibit relatively little variation fromyear to year
within a given study population or fromplace to place within the USA
(Robi nson, 1985; Schwab et al., 1990).

The only large tinme-activity study done in conjunction with a
conti nuous nonitoring device was the Denver/Wshi ngton, DC study of CO
exposures (Akland et al., 1985); this study yielded tine-weighted
concentrations in specified mcroenvironments. Anal yses of these
results suggest that variations in activities or |locational attributes
(e.g., variations in source strength) that are finer than those
captured by these sinple nicroenvironnments explain nuch of the
variability in exposure. Although less variability in the
concentrations of sone other air pollutants may be expected, these
results confirmthe concerns raised above regarding the ability to
predict variations in exposure fromthe tinme all ocation neasures
typically collected in diary-type studies.

At the other end of the spectrumw th respect to consistency in
activity patterns are aspects of human behavi our that influence the
intensity of contact with contaninated nedia. By their nature, these
activities are highly variable both across individuals and across tine
for a given person. First, physical and denographic characteristics
i nfluence the frequency and duration of activities. For instance, in
the case of dermml exposure it may be hypothesized that contam nation
fromlying on a surface (e.g., a lawm to which a weedkiller has
recently been applied) will be greater for a heavy person than a
lighter person. Sinilarly, a child s standing and sitting height, in
addition to crawing activities, nean that its breathing zone is nuch
closer to the floor than that of an adult, raising the possibility of
dust inhalation. Children also choose play locations that typica
noni toring studies mght ignore, such as stairwells and corners.

5.4 Summary

Informati on on people's activity patterns can be used to identify
t he deternmi nants of neasured exposures, predict unneasured or
unneasur abl e exposures, assess rel ationshi ps between exposure and
health status, and identify high risk exposure situations that nmay be

amenabl e to public health actions. Some of the main activity patterns
i nportant for assessing exposures by various nedia that were discussed
in this chapter are sumrari zed in Table 16.

The rel ative cost of field sanpling and | aboratory analysis for
envi ronnent al and bi ol ogi cal nmeasurenments highlights the potentia
val ue of tine-activity data. Assessnments of long-termactivity
patterns (e.g., lifetime) my only be feasible using tine-activity
guestionnaires. Various nethods are used to collect information about
human activities, including diaries and questionnaires, mechanica
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devi ces, and observation. Methods have only recently begun to be

devel oped for assessing the role of tine-activity patterns on dietary
and non-di etary ingestion and dernal exposure pathways. Concerns about
the ability of data collection nmethods to ensure activity
representativeness and data validity and about the inplications of
inter- and intra-person variability in behaviour place linits on the
application of tine-activity data for human exposure assessnent.
However, with appropriate quality assurance progranmes, infornmation on
time use and activity patterns can be very valuable for interpreting
and nodel | i ng exposures.

Table 16. Type of information obtained fromtine-activity data
rel evant to specific exposure pathways

Personal air
time and | ocation spent outdoors
type of indoor |ocation
use of sources
In the presence of sources:
ventilation and filtration of indoor |ocation

Wt er
guantity of water consumed direct and indirectly
accidental ingestion fromsw mmng (pools, rivers,
etc.)
dermal contact, tinme in showering/bathing
hand/ body washi ng frequency

Food
amount and type of food products consuned
preparation nmethods including cleaning
preparation location (e.g., street vendors)
storage practices

Soi

amount of contact tine and type of soi

(e.g., farm garden/possi bl e pesticide
application)

skin surface contact

frequency and duration of washing since contact

6. HUMAN EXPOSURE AND DOSE MODELLI NG
6.1 Introduction

An exposure nodel is a logical or enpirical construct which
all ows estimation of individual or popul ati on exposure paraneters from
avail abl e i nput data. Such data may be measured or collected for this
pur pose, or obtained from other sources. Technol ogical, |ogistic and
financial constraints can nmake it difficult to nonitor the exposure of
humans to the various environmental agents. It is, therefore, prudent
in many situations to use nbdels to assess contani nant exposures.
Model s provi de an analytic structure for conbining data of different
types collected fromdisparate studies in a nmanner that nay make nore
conpl ete use of the existing information on a particul ar contani nant
than is possible fromdirect study nethods (EC, 1997b). Exposure
nodel s, if supported by adequate observations, can be used to estimate
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group exposures (e.g., a population nean) or individual exposures
(e.g., the distribution of exposures anong nenbers of a popul ation).
Model results also can be used to eval uate exposures at various points
of popul ation distributions which cannot be neasured directly because
of limtations of nethods or resources (e.g., the upper 5% of
exposures for a population). This chapter introduces the principa
aspects of exposure nodelling, including those for single and nultiple
environnental nedia. In addition, the concepts of variability,
uncertainty and nodel validation are discussed.

6.2 General types of exposure nodel

Exposure nodel s can be divided into three broad categori es;
statistical, determnistic and practical or conbinations of
statistical and determ nistic nodels (Fig. 20). Statistical (often
regression) nmodels are in their sinplest formnumerical best fits
bet ween col | ect ed exposure neasurenents and potentially rel ated
factors (e.g., denographics). In statistical nobdels, the magnitude and
direction of association between the variables are inferred fromthe
observations thensel ves. Such nodel s cannot be considered reliable for
predi cti ng exposures outside the original study popul ati on and
environnental setting without first validating themfor that specific
purpose. Deterministic (or physical) nodels are based on a | ogica
expression of the physical environnment and hunan behaviour in it. Such
nodel s need to be validated by actual exposure data, and can in
principle be used for exposure prediction of new popul ati ons and
settings. Although determnistic nodels can be useful for estimating
nmean popul ati on exposure, input data to estinate the distribution of
exposure within a population are often not available. Probabilistic
exposure nodels (section 6.6.3) are nornmally based on deterninistic
nodel s, but because they incorporate the neasured or estinated
di stributions of the input variables, they produce nore realistic
popul ati on exposure distributions than determ nistic nodels. Practica
nodel s can conbine features fromthese different types, e.g., a
statistical nodel may include parts of a |ogical construct. Severa
i mportant types of statistical npdels are discussed in Chapter 4, and
determ nistic and practical nodels are discussed here.
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Measured/modelled input data Input questionnaire data
arohient air conce ntration data Greneral community and population statistics
|7—} tnic o reAronrme ntal coneentration data rnicroe rvirorrae ntal questonnaire data
— personal behavionr data
personal exposurs data ﬁ — personal time activity data
I I 1
. I
| 1
1 ® 1
anyother data : ® :
Liiliy ' 1l
v Yv wv v
Statiztical models Deterministic models Prohahilistic models

based on raaltivariable statistical based on logical constructs of the baged on deterministic model
association between the input and | | physical exviro ranent and hursan [ combined with probability

ontpmt variables be hasriony distributions of the mput
vatiahles

Intrapolation estirnates of Intrapolation and extrapolation Intrapolation and extrapolation of

personal exposires estirnates of personal exposires population exposure distributions

data inpmt fo model
—————— data for raodel validationfcalibration

Fig. 20. Broad categories of exposure models

Using a determnistic nmodel for a given contam nant, exposure
concentration is estimated as a concentrati on averaged over a given
period of time (see Eq. 3.1, p. 46).

For the inhalation and dernal exposure routes, concentrations in
the different m croenvironments occupi ed by a person are integrated
over tine. The integrated tine period is usually 24 h, 1 year or a
lifetime of 70 years, although any tinme period may be used. The
concept of mcroenvironnent is often unnecessary for the ingestion
route. In this case, the concentration of contamnants in the food
consuned and the anmount of food and beverages consuned during a given
period of time are sufficient to detern ne exposure.

6.3 Environnental media and exposure nedia

In exposure anal ysis, we use human exposure assessnents to
transl ate contam nant levels in environnental nedia into quantitative
estimates of the amount of contam nant that cones in contact with the
human- envi ronnent boundaries, that is, the lungs, the gastrointestina
tract and the skin surface of individuals within a specified
popul ati on. Environnental nedia of principal relevance to human
exposure include air, ground-surface soil, root-zone soil, plants,
groundwat er and surface water in the contaninated | andscape. As
described in Chapter 2, exposure pathways define a |ink between an
envi ronnent al nmedi um and an exposure medi um | nportant exposure nedia
i ncl ude outdoor air, indoor air, food (comercial and honegrown),
exterior soil, interior soil or household dust, and drinking and
cooki ng wat er. Exposure then occurs by contact with contaminants in
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t hese exposure media via inhal ation, ingestion and dermal uptake. Fig.
21 illustrates the types of exposure pathways we use to carry out a
nmul tiple-media, nmultiple-route, nultiple-pathway exposure assessnent.

Exposure assessnents often rely inplicitly on the assunption that
exposure can be linked by sinple parameters to anbi ent concentrations
in air, water and soil. However, total exposure assessnents that
include tine-activity patterns and mcroenvironnental data reveal that
an exposure assessnent is nost valuable when it provides a
conmprehensi ve vi ew of exposure routes and pat hways and identifies
maj or sources of uncertainty. Listed in Table 17 are potenti al
i nteractions anong environnental nedia, exposure nedia and exposure
pat hways that are addressed in this chapter

An assessnent of intake requires that we deternine how nmuch
crosses these boundaries. Thus, we see the need to address nmany types
of "multiples" in the quantification of human exposure, such as
nmultiple nmedia (air, water, soil); multiple exposure pathways (or
scenarios); nultiple routes (inhalation, ingestion, dermal); nmultiple
chemicals; multiple popul ati on subgroups; and nultiple health
end-points. The matter is further conplicated by the fact that
pol I utants may have both systemc and route specific health effects.
For the conpounds that have mainly systenic effects the total exposure
-- sumof all routes -- is nost relevant; for other agents such as
pneunococci aerosols in the lung, dermal vs. ingestion absorption of

a-: 1

Fig. 21. Multiple-media, multiple-route, multiple-pathway exposure/dose assessment
(adapted from Eisenberg & McKone, 1998)

Table 17. Interactions anong environnental media, exposure nedia and exposu

Exposure routes Medi a

Air Soi
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(gases and particles) (ground-surface soil,
root-zone soil)

I nhal ati on gases and particles in soil vapours that mgrate
outdoor air i ndoor air
gases and particles soil particles transferred
transferred from outdoor air i ndoor air

to indoor air

I ngestion fruits, vegetables, and grains soi
contam nated by transfer of
at nospheric chemcals to plant fruits, vegetables, and gr
ti ssues contam nated by transfer f
nmeat, milk, and eggs meat, milk, and eggs conta
contam nated by transfer of by transfer fromsoil to p
contam nants fromair to plants to aninals

to animal s

neat, milk and eggs contani nat ed neat, mlk, and eggs conta

t hrough i nhal ati on by ani mal s t hrough soil ingestion by
mother's m |k mother's mil k
Dermal cont act (not incl uded) soi

solvents which are rapidly netabolized in the liver, or fine
particulate matter in the anbient air, the route of exposure is
crucial, and total exposure as a sum of all exposure routes nay be
meani ngl ess. Multiple medi a exposure nodel s are discussed in section
6. 5.

6.4 Singl e-nedi um nodel s

Most of the transport nodels that have been devel oped for
descri bi ng the behaviour of contaninants in the environnment have dealt
with specific environnental media, such as indoor and outdoor air,
surface water and sedi nents, groundwater and soils. These
si ngl e- medi um nodel s operate at various |evels of spatial and tenpora
detail, depending on the particular conditions being assessed. The
foll owi ng di scussion will highlight some of the nmore commonly used
net hods for characterizing contam nant transport in environnental
nedi a. Additional information on transport nodelling for use in
exposure assessnments can be found in Masters (1991).

6.4.1 CQutdoor and indoor air

Substances in outdoor air are transported from sources to
receptors by atnospheric advection and dispersion. In general
pol | utant concentrations in outdoor air are directly proportional to
em ssion strength and inversely proportional to dispersion. The
physical relationship, e.g., lateral and vertical distance, between
sources and receptors is also an inmportant factor. Meteorol ogica
par anet ers have an overwhel mi ng i nfluence on the dispersion of
contam nants in the | ower atnosphere. Anmong them w nd paraneters
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(direction, velocity, and turbul ence) and thermal properties
(stability) are the npst inportant. A nunber of nodels are avail able
for estimation of anbient concentrations of pollutants. Mst of them
are founded on the Gaussian air dispersion nodel, an introduction to
which may be found in WIlson & Spengler (1996). Two of the sem na
works in this field are Pasquill (1961) and G fford & Hanna (1973).

Anot her area of air quality nodels focuses on determining the
sources of pollutants in outdoor air. As discussed in Chapter 2,
i nformati on on sources of exposure is inportant for eval uating
alternative strategies for managi ng ri sk. These npdels are conmonly
used for apportioning concentrations of airborne particulate nmatter
anmong its various sources (e.g., coal-fired power plants,
gasol i ne- power ed vehicles and di esel -powered vehicles). In such source
apportionnent nodels, profiles of elenent concentrations in
particulate matter emitted fromdifferent sources are conmbined with
sophi sticated statistical methods (e.g., principal conponent or factor
analysis) to estinate the relative abundance of particles fromeach
source type. Gover et al. (1991) and Daisey et al. (1986) provide a
good introduction to source apportionment nodels for particul ate
matter, while Edgerton & Shah (1991) describe a source apportionnent
nodel for VCCs.

Several approaches have been used to estinate expected indoor air
pol I uti on concentrations (for reviews see Cooke, 1991; WHO 1997b).
These include determ nistic nodels based on a pollutant nass bal ance
around a particular indoor air volune; a variety of enpirica
approaches based on statistical evaluation of test data and (usually)
a | east squares regression analysis; or a conbination of both
approaches, empirically fitting the parameters of a deternministic
nodel with values statistically derived from experinmental measurenents
(see Chapter 4). Al three approaches have advantages and weaknesses.
The deterninistic nodel provides nore generality in its application
but the results lack accuracy and precision. Determnistic nodels
i ncl ude single- and nultiple-conpartnent nodels. The enpirical nodels,
when applied within the range of nmeasured conditions for which they
were fitted, provide nore accurate information. An exanple of an
enpirical nodel for indoor concentrations of respirable particulate
matter may be found in Chapter 12. Often the conpartnment of the indoor
air mass bal ance nodels that is nmost difficult to represent is the
rol e of indoor surfaces as sources or sinks for contami nants. This is
an inportant field of inquiry with respect to inhalation exposures to
ozone and VOCs (Reiss et al., 1995).

6.4.2 Potable water

Exposure to contamnants in water may occur via the ingestion
dermal absorption and inhalation routes. Ingestion of water primarily
occurs via two pathways: direct ingestion via drinking or cooking and
intrinsic water intake (i.e., the water intrinsic in foods prior to
preparation). It is inportant to consider both routes. Drinking-water
i ngestion rates have al so been shown to vary according to cultura
di fferences and can be an inportant source of uncertainty about
cheni cal exposure when extrapolating results of epiden ol ogi ca
studies fromone culture to another (e.g., Miushak & Crocetti, 1995).
Lognormal distributions of drinking-water ingestion rates for
i ndi vidual s conprising various age groups in the USA (Table 18) are
available in the literature (Roseberry & Burmaster, 1992). Additiona
i nformati on on drinking and cooki ng water as exposure nedia may be
found in Chapter 7.
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Der mal absorption of contaminants in residential water sources
may occur during bathing and other forns of washing or cleaning. There
are three principal nechani sns by which nol ecul es can transverse the
skin and enter the body: passive transfer or diffusion, facilitated
di ffusion and active transport. Passive diffusion is the nechani sm
nost commonly expressed in dermal exposure nodels. The rate of passive
diffusion is a function of the concentration gradient of the
contami nant on the surface of the skin and in the tissue imedi ately
bel ow the skin and the ease with which a nol ecule of the contam nant
can nove through the lipophilic interior of the skin menbrane. Ease of
passage is a function of the partition coefficient of the contam nant
(e.g., the octanol-water partition coefficient, K,,), molecular

size, the degree of ionization and the porosity of the skin. Porosity

of the skin to VOCs present in drinking-water treated with chlorine

has been shown to be tenperature dependent (Gordon et al., 1998).

Tabl e 18. Lognornal distributions of water intake by age group in
the USA. Source: Roseberry & Burnaster (1992)

Age group Geonetric nmean (m/day) Ceonetric standard deviation

Drinki ng and cooki ng water intake

< 1 year 267 1.85
2-11 620 1.65
12-20 786 1.72
21- 65 1122 1.63
> 65 1198 1.62
Total water intake (direct + intrinsic)

< 1 year 1074 1.34
2-11 1316 1.40
12-20 1790 1.41
21- 65 1926 1.49
> 65 1965 1.50

I nhal ati on exposures to VOCs transferred fromwater to air could
be as great as, or even greater than, exposures fromingestion
I nhal ati on pat hways include contami nants transferred to the air from
showers, baths, toilets, dishwashers, washi ng machi nes and cooki ng.
Several nodel s have been proposed to explain the nass-transfer
process; in particular, a tine-dependent, three-conpartnent nodel for
resi dential exposure (MKone et al., 1987). The three conpartments
used in such a nodel are the shower/bath stall, the bathroom and the
remai ni ng residential volune. Factors that affect the projected
exposure are chem cal nass-transfer rates fromwater to air,
conmpartnent vol unes, air-exchange rates and human occupancy factors.

6.4.3 Surface waters

The transport of contaminants in surface waters is determ ned by
two factors: the rate of physical transport in the water system and
the chemical reactivity. Physical transport processes are dependent to
a large extent on the type of water body under consideration (e.qg.
oceans, seas, estuaries, lakes, rivers or wetlands). Schnoor (1981)
and Schnoor & MacAvoy (1981) have summari zed inportant issues related
to surface water transport. At |ow concentrations, contaninants in
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natural waters exist in both dissolved and sorbed phases. In rapidly
novi ng wat er systems, advection controls mass transport and di ssol ved
subst ances nove at essentially the sane velocity as the bulk of the
water in the water system Contaninants that are sorbed to colloida
mat eri al s and fine suspended solids can also be entrained in the
current, but they may undergo additional transport processes that
increase their effective residence time in surface waters. Such
processes include sedimentation, deposition, scour and resuspension
Thus, determning the transport of contam nants in surface waters
requires that we follow both water novenent and sedi ment novenent.

A water balance is the first step in assessing surface water
transport. A water balance is established by equating gains and | osses
in a water systemwi th storage. Water can be stored within estuaries,
| akes, rivers and wetlands by change in elevation or stage. Water
gai ns include inflows (both runoff and streaminput) and direct
preci pitation. Water | osses include outflows and evaporation

6.4.4 G oundwat er

In groundwat er, the dilution of contaninants occurs nuch nore
slowy than it does in surface water. After precipitation, water
infiltrates the ground surface where it travels vertically down
through the unsaturated zone until it contacts the water table, and
then fl ows approximately horizontally. This horizontal nmovenent is
driven by the hydraulic gradient, which is the difference in hydraulic
head at two points divided by the distance (along the flow path)
between the points. Bear & Verruijt (1987) and Freeze & Cherry (1979)
have conpil ed extensive reviews on the theory and nodel | i ng of
groundwat er fl ow and on transport of contam nants in groundwater. The
novenent of contami nants in groundwater is described by two principa
mechani sns: gross fluid novenent (advective flow), and dispersion
Di spersi on depends on both fluid m xing and nol ecul ar diffusion. The
transport of many chem cal species in groundwater is often slowed or
"retarded" relative to the flow of the bulk fluid by sorption of the
contam nant material to soil particles or rock. As is pointed out by
Bear & Verruijt (1987), nany groundwater nodels are available for
assessing the transport of contam nants in the subsurface environnent,
rangi ng from si npl e one-di nensi onal hand cal cul ations to | arge
t hr ee- di mensi onal conmput er programres. The choi ce of an appropriate
nodel for any situation depends to a large extent on the infornation
avai |l abl e, the type of infornmation needed to carry out an exposure
assessment and the tol erance of the analyst for |arge, conplex
conput er progranmes.

6.4.5 Soi

Soil, the thin outer zone of the earth's crust that supports
rooted plants, is the product of clinate and |iving organi sns acting
on rock. Atrue soil is a mixture of air, water, mneral and organic

conponents (Horne, 1978). The relative nmix of these conponents
determnes to a large extent how a chenical will be transported and/or

transformed within the soil. The novenent of water and contami nants in
soil is typically vertical as conmpared to horizontal transport in the
groundwater (i.e., saturated) zone. A chenical contaminant in soil is

partiti oned between soil water, soil solids, and soil air. For

exanple, the rate of volatilization of an organic conpound fromthe
soil solids or fromsoil water depends on the partitioning of the
compound into the soil air and on the porosity and perneability of the
soil.

http://www.inchem.org/documents/ehc/ehc/ehc214.htm 6/1/2007



HUMAN EXPOSURE ASSESSMENT Page 101 of 284

Model s devel oped for assessing the behaviour of contanminants in
soi|l can be categorized in terns of the transport/transfornation
processes being nodelled. Partition nodels such as the fugacity nodel s
of Mackay (1979) and Mackay & Paterson (1981, 1982) describe the
di stribution of a contam nant anmong the liquid, solid and water phases
of soils. Jury et al. (1983) have devel oped an anal ytical screening
nodel that can be used to calculate the extent to which contam nants
buried in soil evaporate to the atnosphere. The multi pl e-nedi a nodel
CEOTOX (McKone & Layton, 1986) has been used to determ ne the
i nventory of chemnical el enments and organic conmpounds in soil |ayers
foll owi ng various contam nation events. This nodel addresses
vol atilization to atnosphere, runoff to surface water, and |leaching to
groundwater and first-order chem cal transformation processes.

6.5 Miltiple-nedia nodelling

Human beings cone directly into contact with certain nedia via
certain routes and are exposed to the chenicals therein as depicted in
Table 19. Efforts to assess human exposure fromnultiple nmedia date
back to the 1950s when the need to assess hunman exposure to gl oba
fallout led rapidly to a framework that included transport both
t hrough and anmong air, soil, surface, water, vegetation and food
chai ns (Whicker & Kirchner, 1987). Efforts to apply such a franework
to non-radi oactive organic and inorganic toxic chem cals have been
nore recent and have not as yet achieved such a high |evel of
sophi stication. In response to the need for multiple-nedia nodels in
exposure assessnent, a nunber of transport and transfornati on nodel s
have recently appeared. In an early book on multiple-nedia transport,
Thi bodeaux (1996) proposed the term "chenodynani cs" to describe a set
of integrated nmethods for assessing the cross-nedia transfers of
organi ¢ chemicals. The first widely used multiple-nedia conpartnent
nodel s for organic chenmicals were the fugacity nodels proposed by
Mackay (1979, 1991) and Mackay & Paterson (1981, 1982). Cohen and his
co-workers introduced the concept of the nmultiple-nedia conpartnent
nodel and nore recently the spatial nultiple-nmedia conpartnment nodel
which allows for non-uniformty in sone conpartnents (Cohen & Ryan
1985, Cohen et al., 1990). Another multiple-nedia screeni ng nodel,
cal l ed GEOTOX (McKone & Layton, 1986; MKone et al., 1987), was one of
the earliest to explicitly address hunan exposure.

The precedi ng nodels deal with inter-nedia transfer of
contam nants on a relatively large scale, but other nodels are scal ed
to the residence and exposures that may occur therein. Exposure to
chemical s in consumer products such as cl eaning agents and paint are
the focus of a nobdel called CONSEXPO (van Veen, 1996).

Al multiple-nedia exposure nmodel s have at least two features in
comon, regardl ess of the objective for which they were designed.
First, novenent of contam nants fromone mediumto another is
characterized. Second, the rate and/or frequency of hunman contact with
environnental nmedia is nodelled. The former may be referred to as

inter-media transfer factors and the latter as exposure factors.

Table 19. Potential human exposure media and routes

Envi ronnental medi um Exposure routes
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Air dermal contact inhal ation
Tap wat er dermal contact ingestion
Food and bever ages i ngestion

Sur face soil dermal contact ingestion
Sur face water dernmal contact ingestion

6.5.1 Inter-nedia transfer factors

Transfer of contam nants between nedia is comonly nodel |l ed as
partitioning of a chemical between two or nore nmedia. Thus,
mul ti pl e- pathway nodel s require the neasurenent or estimation of
partition coefficients of contam nants between several pairs of
environnental nedia. There are two general classes of partitioning
coefficients. The first class relies on basic physicochenica
properties of the conpounds of interest such as aqueous solubility,
vapour pressure and dipole nmonent; they describe partitioning due to
di ffusive processes. Coefficients in the second cl ass describe
partitioning resulting fromwhat may be consi dered advective
processes, but also inplicitly include diffusive partitioning.

6.5.1.1 Diffusive partition coefficients

The class of diffusive partition coefficients includes those
bet ween soil and water in soil (e.g., groundwater), air and plants,
soil and plants, aninmal intake and food, surface water and fish
not her's uptake and breast milk, residential water and indoor air,
soi | -gas and indoor air, hunman skin and soil, and human skin and
water. In many cases, partition coefficients devel oped from
| aborat ory-scal e experinents are the basis for nodelling partitioning
of a conpound between environmental media (Lyman et al., 1990). For
exanpl e, the octanol-water partition coefficient is often used as a
proxy for partitioning non-polar organic compounds (e.g.
organochl ori ne substances) between water and fish lipids. In this
case, n-octanol is considered a good nodel for fish |ipids.
Simlarly, the organic carbon-water partition coefficient is used to
characterize partitioning of non-polar substances between organic
matter in soil and water. Finally, Henry's constant describes
partitioning of volatile and non-vol atile conpounds between air and
water. Connell et al. (1997) provide a conprehensive introduction to
the use of this type of partition coefficient in environnental science
and exposure assessnent.

6.5.1.2 Advective partition coefficients

The second class of partitioning coefficients jointly describe
bul k transfer of conpounds from one nediumto another and diffusive
partitioning. They are often used to nodel active uptake of
contam nants by animals, principally livestock and gane such as fish
or fow. Factors of this type are used to nodel transfer of
sem -vol atil e conpounds (SVOCs) such as dioxins fromair to soil, soi
to beef and soil to cows mlk (e.g., Nessel et al., 1991; Fries,
1995). Bioaccurul ati on of |ipophilic conmpounds and sone forns of heavy
metals (e.g., methylmercury) in fish fromingestion of contam nated
prey and diffusive uptake through respiration is also nodelled using
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partition coefficients such as these (e.g., Maclntosh et al., 1994).
6.5.2 Exposure factors

In constructing exposure nodels one needs to define the
characteristics of individuals in various age and sex categories and
the characteristics of the mcroenvironments in which they live or
fromwhi ch they obtain water and food. The types of data needed to
carry out the exposure assessment include exposure duration and
averaging tinme, tine-activity patterns of individuals, food
consunpti on patterns, household paraneters, human factors such as body
wei ght, surface area, soil ingestion and breast nmilk intake, and
paranmeters associated with food crops and food- produci ng ani nal s.

Tinme-activity patterns provide information on how i ndividual s
distribute their time anbng a number of potential exposure nedia.
Tine-activity pattern data describe such things as the average nunber
of hours spent indoors at hone and in what roons and the nature of
activity. Tinme-activity data also includes information on tine spent
out doors at home or spent in mcroenvironnents, such as bathroons
(i ncludi ng shower and bathing tinme). Exposure tinmes are activity data
that involve the nunmber of days per year and hours per day spent in
contact with soil during recreation and hone gardening and i n contact
with surface water during swi nmng or other water recreation.
Househol d factors relate to drinking-water supply and use,
roomventilation rates, and soil and dust concentrations w thin homes.

Soil ingestion rates and soil contact on skin are al so needed. Methods
for measuring tinme-activity patterns and rel ated considerations are
di scussed in detail in Chapter 5.

I nput data of these types may be neasured in the popul ati on under
i nvestigation, i.e., site specific, or my be drawn from standard
ref erences such as AIHC (1994), Finley et al. (1994b) and US EPA
(1996a). Site-specific data are preferred, in case the popul ati on of
i nterest may exhibit unique characteristics expected to influence
exposure. If site-specific data are not avail able, val ues observed in
ot her popul ati ons or estinates may be applied. Sone nodel applications
may rely solely on estinmated inputs. For exanple, screening nodels are
often used to assess exposure and health risks associated with new
products such as pesticides designed for agricultural and residential
use. In this case, nodel inputs nmay be deternined in a manner such

that the nodel result is unlikely to underestinmate the true |evel of
exposure experienced by the population of interest. Mpdels such as
these are often referred to as "worst-case" nodels. An exposure
nodel | i ng systemrecently devel oped by the European Union contains a
suite of screening nodels (EC, 1996).

6.5.3 Miltiple-nedial/nultiple-pathway nodel s

Mul tiple-media or so-called "total" exposure nodel s provide
net hods for integrating nultiple exposure pathways frommltiple
environnental nedia into a nodel systemthat relates concentrations of
toxic chemicals to potential total hunan dose at toxic substances
rel ease sites. This type of simulation matrix is used to generate the
hypot heti cal hi stogram shown in Fig. 22. The scenarios used to devel op
this particular histogramare for a representative VOC incorporated in
the top several netres of soil. Here we can see that, based on a
mul ti pl e-nedi a and nul ti pl e- pat hway assessnment, we get indications of
where it is nost valuable to focus our resources to nore fully
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characterize distributions of population exposure. In this way, we
characterize total potential dose using conprehensive, sinple and
possi bly stochastic nodels to focus efforts on those exposure

pat hways, nedia and scenarios that require nore realistic assessnent
of the distribution of dose within the population. This matrix all ows
us to make bot h pat hway-t o- pat hway and nedi um specific conparisons of
total potential doses frommultiple environnmental nedia.

6.6 Probabilistic exposure nodels

Variability and wuncertainty are two inportant and rel ated
concepts in exposure nodelling, but it is inportant to distinguish
between them Variability arises fromtrue heterogeneity across
peopl e, places or time; uncertainty represents a | ack of know edge
about factors affecting exposure (or risk). Thus, variability can
af fect the precision of nodel estimates and the degree to which they
can be generalized, whereas uncertainty can lead to inaccurate or
bi ased estimates (Hof fman & Hamonds, 1994). It should be noted that
variability and uncertainty can conpl enent or confound one anot her
They may al so have fundanental ly different manifestations. For
exanpl e, uncertainty may force decision-nmakers to judge how
practicable it is that exposures have been over- or underestimted for
every nmenber of the exposed popul ation, whereas variability forces
themto cope with the certainty that different individuals are subject
to exposures both above and bel ow any of the exposure |evels chosen as
reference points (US NRC, 1994).

Failing to distinguish between variability and uncertainty nakes
it difficult to accurately characterize the popul ation distribution of
exposure and to make informed decisions about priorities for future
research objectives. Exposure nodels can allow for consideration of
both variability and uncertainty.
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Fig. 22. Expo=ure matrix for dioxin (TCDD)

6.6.1 Variability

Di verse sources of environnental contam nants |ead to various
contam nated nmedia (e.g., soil, dust, water, air, food), which in turn
result in a multitude of routes and pat hways of human exposure. For a
gi ven contam nant, the nagnitude and relative contribution of each
exposure route and pathway may vary anong geographi c regi ons and over
time. In addition, differences in activities anong individuals lead to
di sparate rates of contact with contam nated nedia. |n aggregate,
these factors result in varying |levels of personal exposure to a
particul ar contam nant anong the nmenbers of a population, i.e., a

di stribution of exposures.

Exposure nodel inputs expressed as distributions can be used to
nodel inter-individual variability of exposures. Exanpl es of
probabilistic human exposure nodels that explicitly consider
variability of exposure anong individuals nay be found in Finley et
al. (1994a) and Maclntosh et al. (1995, 1996). Variable paraneters are
those that are stochastic with respect to the reference unit of the
assessment question (|1 AEA, 1989) and are described by probability
distributions that reflect their intrinsic randomess. Exposure
concentrations nay vary between individuals owing to the influence of
personal activities (e.g., cigarette snoking contributions to indoor
respirable particulate levels). Such differences represent true
variability of factors that affect exposure anong individuals and can
deternmine the relative position of an individual or type of individua
within the distribution of exposures for the popul ation

6.6.2 Uncertainty
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Several publications have stressed the inmportance of
di stingui shing anmong different types of uncertainty (IAEA, 1989; US
EPA, 1992c). Explicit consideration of uncertainty in exposure and
ri sk assessnments is inportant for understanding the range and
i kelihood of potential outcomes and the relative influence of
di fferent assunptions, decisions, know edge gaps and stochastic
variability in inputs on these outcones (Bogen & Spear, 1987; Iman &
Hel ton, 1988; | AEA, 1989; Mrgan & Henrion, 1990; US EPA, 1992c). This
under st andi ng can hel p the anal yst advise the deci sion-naker on an
appropriate course of renedial action, decide whether it is worthwhile
to collect additional information regarding nodel paraneters, choose
the appropriate nodel to use and eval uate which of these actions could
be nost effective in reducing uncertainty about the outcones (I AEA,
1989; Morgan & Henrion, 1990).

Three types of uncertainty are conmonly considered: scenario

uncertainty, arising froma lack of know edge required to fully
specify the problem nobdel uncertainty, arising froma |ack of

know edge required to formul ate the appropriate conceptual or
conput ati onal nodels; and paraneter uncertainty, arising froma |ack
of know edge about the true value or distribution of a nodel paraneter
(US EPA, 1992c). In practice, scenario and nodel uncertainty are
conmonl y considered to be negligible relative to paraneter

uncertainty, although in many cases they may be the | argest sources of
true uncertainty.

Uncertain paraneters are those for which the true value is not
known or cannot be neasured. For exanple, the true annual nean
concentration of respirable particles in Mexico Gty during 1996 is
uncertain because it can only be estimated from existing data which do
not cover every day of the year nor every location of the city.

Anot her exanple, is the nean and variance of soil ingestion by
children aged 6-10 years in Taipei. Presunably, a single distribution
can be used to describe this behaviour; however, its paranmeters can
only be estimated.

The uncertainty about various paraneters of an assessnent can be
formally incorporated into exposure nmodels to estinate uncertainty
about the prediction end-point, identify the conponents that influence
prediction uncertainty and prioritize future research needs (Bogen &
Spear, 1987; | AEA, 1989). Uncertainty about the true popul ation
distributions is characterized by propagating the estinated
uncertainty about nodel inputs through to the distributions of the
predi cti on end- points.

6.6.3 Inplenenting probabilistic exposure nodels

Al t hough probabilistic exposure nodels are conputationally nore
chall enging to inplenent than determnistic (i.e., point estimate)
nodel s, the advantages of being able consider popul ati on distributions
and sources and nmagnitude of uncertainty are often worth the
additional effort. Several tools are avail able for propagating input
paraneter variability and uncertainty through to the assessnent
end-poi nt. Classical error propagation techni ques may be conveni ent
for nodels with relatively few inputs and small coefficients of
variation (Bevington, 1969; Seiler, 1987). For nore conpl ex nodels,
comput er - based simul ation techniques are likely to be the nethod of
choi ce.
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Probabilistic exposure nbdels may be run in one or two
di mensi ons. One-di nensional nodels estimate either variability anmong
exposures to individuals or uncertainty about a single exposure
netric; for exanple, the nean 8-h average carbon nonoxi de exposure for
individuals in a specific area. Two-dinensional sinulation nodels
may be used to estimate both popul ation distributions (i.e.
inter-individual variability) and uncertainty about the popul ation
di stribution. The | AEA (1989) has suggested a Monte Carlo sinmulation
approach for conducting two-di nensional simulations. In the first
phase, a single realization is obtained fromthe distribution of each
uncertain paranmeter. In the second phase, repeated realizations are
obtai ned fromthe variable paraneters. The entire process of a single
sanpling fromthe uncertain paraneters, foll owed by repeated sanpling
fromthe variable paraneters, is referred to as a sinulation. A
singl e nodel run consists of generating k simulations each conposed
of i iterations, which produces a fanily of Kk predicted
di stributions of popul ation exposures. Prediction uncertainty is

represented by the distribution of individual estimtes for a specific
percentile or summary statistic anong the fanily of popul ation
distributions. In this way, the type of plot shown in Fig. 23 contains
probabilistic information on estimtes of both inter-individua
variability in the prediction end-point, and uncertainty about any
specific percentile of the population distribution

6.7 A generalized dose nodel

The magni tude of exposure (dose) is the anount of agent avail abl e
at human exchange boundaries (skin, lungs, gastrointestinal tract)
wher e absorption takes place over a specified period of tine.
Dependi ng upon boundary assunptions, a nunber of dose questions may be
derived. The average daily dose (ADD) is one of the nost useful
approaches, and is applied for exposure to non-carcinogeni ¢ conpounds
(for carcinogens, |lifetime average daily dose, LADD, is often
enpl oyed). The ADD is cal cul ated by averaging the potential dose
( qmt) over body wei ght and the appropriate averagi ng exposure tine:

ADD = total potential dose/body weight x averaging tine,

where the potential dose is a product of contani nant concentration
(© in the exposure nedium contacting the body, intake rate (IR
and exposure duration (ED):

total potential dose = Cx IR x ED

The intake rate refers the rates of inhalation, ingestion or derma
contact dependi ng on the route of exposure.

The concentrations in air, water and soil used for an exposure
assessment are those measured or estimated to be available in these
environnental media at the nearest receptor point to the source (e.g.
soi|l or groundwater at a hazardous waste site). Wien an environnental
concentration is assuned constant over a long tine period, the
popul ati on-averaged potential dose (for ingestion or inhalation
pat hways) or absorbed dose (for dermal contact) is expressed as an
average daily dose (ADD) in ng kg1 day 1
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app-| G || L] BPxED

o | | Bw AT

C

where [ G/ GJ] is the intermedia-transfer factor, which expresses
the ratio of contami nant concentration in the exposure medium i

(i.e., personal air, tap water, mlk, soil, etc.) to the concentration
in an environnental nedium k (anbient air gases or particles,
surface soil, root-zone soil, surface water and groundwater);
[ U / BW is the intake or uptake factor per unit body wei ght
associ ated with the exposure nmedium i. For exposure through the
It realizaton i realizations g EOF i
; from wariable T
Fram uncertain o
component of — compaonent of | —fime E
all parameters all relevant 5 Uncertainty about exposure
parameters o fior a qiven Fractile
Exposure -
— ; COFzZ o=
2nd realization ;reallzatlpl;ls ﬁ E N =3
from uncertain fom vanable o ol e 3=
cOmpaonent of —t- component of | —jie E +E o B B 3%
all parameters all relevant ) 3 TE
parameters o O =
Exposure T E
Exposure T
— ;  COF K
rrg‘rrneljll':zaetrllg?n i realizations |
f iabl o
component of | | component of| —M 3
all parameters all relevant E
parameters o
Exposure

Fig. 23. Schematic of procedure for two-dimensional simulations
(from Macintosh et al., 1995) (COF, cumulative distribution function)

inhal ation or ingestion pathway [ IU / BW is the intake rate per

unit body wei ght of the exposure nmedi um such as nd(air) kg1 day-?,
litres(milk) kgl day-1, or kg(soil) kgl day-l. For exposure

through the dermal pathway, [ IU / BW is replaced by UF, the

upt ake factor per unit body weight as a fraction of the initial
concentration in the applied mediumw th nonminal units [litres(water)
kgl day-! or kg(soil) kgl day-1]; EF is the exposure frequency

for the exposed population in days per year; ED is the exposure
duration for the exposed population in years; AT is the averaging
tinme for the exposed population in days; and G is the contani nant
concentration in environmental medium k.

The potential dose factor, PDF( k-> i), is defined as the

rati o of dose to concentration, as expressed in the foll ow ng
equati on:
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i
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POF(—1) =

The ADD is used to nake route and route-to-route comnpari sons and
all ows one to consider the relative significance of several exposure
routes. Wth the ADD, we conpare inhalation, ingestion or derna
exposures to the same nedi um such as tap water and conpare exposures
t hrough indirect pathways (e.g., food-chain transfers) to those from
direct pathways (e.g., inhalation or ingestion). As an exanple, the
ADD for the ingestion route for chloroformfor a 70-kg individua
ingesting 2 litres/day of tap water containing 1 pg/litre chloroform
365 days/year for alifetine is 2 pg/day divided by 70 kg or 0.029
ug/ kg-1 day-1. This ADD can be used as the basis for deternmining the
relative significance of dermal, inhalation, and other ingestion
exposures attributable to tap water

6.8 Physiol ogically based pharmacoki neti c nodel s

Human exposure to contami nants results in dose to the critica
organs. A mass bal ance on the contam nants that enter the body
accounts for the distribution in the various organs, transfornmation
i nto by-products, and excretion via specific mechani snms. The three
nmaj or exposure routes by which contaninants enter the human body are
i nhal ati on, dernmal absorption and ingestion. The vehicle that noves
contam nants between organs is blood. Transformations include the
nmet abol i sm of specific contam nants in specific organs. Mechani sms of
excretion include exhal ed air, sweat, urine and faeces.

The above processes that occur in the hunan body can be nodell ed
by using physiologically based pharmacoki netic (PBPK) principles
(Masters, 1991). These principles can be applied at differing | evels
of complexity. Sinple nodels assune steady states and total absorption

and estinmate dose to critical organs in a gross manner. They can be
sol ved by using linear al gebraic relationships. Conplex nodels include
ti me dependency, assume the human body to consist of nultiple
honbgeneous boxes, each representing an organ or a portion thereof,
and determine the distribution of contaminants in the different boxes
as a function of time. The relationships usually end up as non-linear
ordinary differential equations that are solved by using nunerica

i ntegration techni ques. Exanples of PBPK nodels may be found in Cox
(1996) for inhalation of benzene, Bookout et al. (1997) for dernal
absorption of chem cals and Rao & G nsberg (1997) for nultiple-route
exposure to nethyl tert-butyl ether. A wide array of PBPK npdels
have been devel oped for other chem cals and chem cal classes and nay
be found in the relevant literature.

What ever the conplexity of the npdel representing the hunman body,
the difficulty is interpreting the dose results to characterize risk
Usual |y, these hunman nodels are extrapolated to parallel animal nodels
for which toxicol ogical data are avail abl e.

6.9 Validation and generalization
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The nodel I i ng approaches descri bed above are nat hematica
abstractions of physical reality that nmay or may not provi de adequate
estimates of exposure. The preferred way to be sure that a nodel is
capabl e of providing useful and accurate infornmation is by validation
i.e., comparing nodel predictions with nmeasurenents independent of
t hese used to devel op the nodel. Models can be validated in terns of
predi ction accuracy and precision by conparing predicted values to
those neasured in the field. Al though neasurenents are preferable as
the "gold standard" in validation of nodels, conparison of results
fromdifferent assessnment nethods or nodelling approaches can al so be
used to evaluate validity, or at |east agreenent. This may be the only
option when measurenents are not feasible; for exanple, in
retrospective assessnent of exposure. Mddel validation is a necessary
precondition for the generalization of nodel results to a different or
| arger population (Ot et al., 1988).

In the statistical nodelling approach, data collection is an
i ntegral part of nmodel construction. If the data are known to be from
a statistically representative sanple of the population, then there is
no need for further validation. However, validation is necessary if
the results are to be extrapol ated beyond the range for which the
exi sting database provides a statistical description. The physical and
physi cal - stochastic nodel | i ng approaches nust be validated with actua
data from separately conducted field studies. Care nmust be taken that
the data used to validate a nodel are not biased with respect to
cruci al nodel parameters. The validation step is useful only to the
degree that the sanple population is representative of the group to
which results will be extrapol at ed.

Fi nal ly, when nodel ling environnental -response-health processes,
and when validating such nodels, it is inportant to realize that in
principle perfect nodelling is possible only for closed systens, and

the systens described in this report are very open-ended. The
practical inmplication of this fact is that even the best npdels need
to be validated for each new popul ati on and environnmental setting
bef ore application.

6.10 Sunmmary

An exposure nodel is a logical or enpirical construct which
all ows estimation of individual or popul ati on exposure paraneters from
avai | abl e i nput data. Exposure nodels, if supported by adequate
observations, can be used to estimte group exposures (e.g., a
popul ati on mean) or individual exposures (e.g., the distribution of
exposures anmong nenbers of a popul ation). Mdels nmay be used to
estimate exposure via single or multiple media. The latter is
particularly useful for conparing the nmagnitude of exposures likely to
occur fromdifferent nmedia and thus for priority-setting. Exposure
nodel s may be statistical or deterministic in nature or a conbination
of both. Probabilistic nmethods may be applied to all three types as a
neans to estinate popul ation distributions of exposure, i.e.
variability of exposure anong individuals. In addition, probabilistic
nmet hods may be used to characterize uncertainty in nodel input
parameters and propagate that uncertainty through to the prediction
end-poi nt. Eval uation of the accuracy of nodel results is critica
before relying on nodel output for decision-naking.

7. MEASURI NG HUMAN EXPOSURES TO CHEM CALS IN AIR, WATER AND FOCD
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7.1 Introduction

Thi s chapter describes sanpling nethods used in environnental
exposure assessnent to anal yse chemical concentrations in air, water
and food. The information presented provides a general description of
avai |l abl e sanpling methods and gui dance for their selection. It is not
i ntended to be conprehensive and the reader should refer to the
research literature for specific details.

Assessnent of human exposures to contam nants in environnmenta
medi a requires establishing neasurenent strategies and sel ecting
appropriate sanpling instrunents and anal ytical nethods. Taken
toget her, these three el enents define a nonitoring progranme.

Moni tori ng net hods can be used to determ ne the magnitude, duration
and frequency of exposure to an environnental contan nant. Magnitude
of exposure is defined as the concentration of a specific pollutant
averaged over a predetermined time interval, such as 1 h, 24 h or a
lifetinme. Different neasurenent nethods have specific characteristics
that determine the locations in which they are feasible for use. In
the case of air, the method's sensitivity to pollutants determ nes the
averaging tines over which it will provide reliable responses.
Therefore, a clear understanding of the concentration range
anticipated, averaging tine of interest, and expected frequency of
exposure events is needed to identify appropriate field and | aboratory
nmet hods. I n the absence of any prior information, pilot studies may be
performed to obtain the informati on needed to finalize the design of
the nonitoring programe.

Sel ection of instruments will depend on the target popul ation
(e.g., children or adults) and study objectives. In sone situations,
understanding the distribution or the average popul ati on exposure to a
contanmi nant may be sufficient. In fact, nmost environmental nonitoring
of contaminants in outdoor air, water at the point of distribution and
"mar ket basket” surveys inplicitly assunes that indicators of
popul ati on exposure are nore relevant than information at the
i ndi vidual |evel. Studies assessing individual exposures using such
surrogate nmeasures should sel ect sanpling instrunents and anal ysi s
net hods based on sensitivity, selectivity, response rate, portability,
durability and cost, anobng other factors. Table 20 sunmari zes these
concept s.

7.2 Ar nonitoring

Air sanpling nethodol ogi es should conformto the exposure
assessment approach selected, either direct or indirect, as described
in Chapter 3.

Direct nonitoring nethods for exposure neasurenents include the
use of personal air nmonitors and/or analysis of human tissue and/or

bi ol ogi cal fluids. Aspects of bionpnitoring are described in
Chapter 10. Indirect air nonitoring nethods can include

Table 20. Selection factors for instrunents and net hods

Fact or Comment

Sensitivity The magni tude and duration of contani nant exposure define th
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Selectivity

Response rate

Portability
Durability
Cost

m croenvi r onnent al
time-activity | ogs.

gui de, one order of magnitude bel ow and above the concentrat
Reproduci bility (precision) as neasured by percentage relati
is usually inversely proportional to integration time or anp

Response to a specific conpound or analyte without interfere
instruments may be appropriate if exposure situation (e.g.
Specific or selective response may require nore expensive eq
anal ytical procedures

There are two aspects of response rate: (i) tinme required fo
step change in concentration; (ii) tinme required between san
appropriate instrument response rate depends, in part, on th
and the health effect of interest. Acute effects may require
exposures over intervals of mnutes. If health effects from
or the netabolic half-life is long, then rapid response is n

Instrunments and sanpling procedures should not nodify behavi
size, weight, noise, power, and safety considerations. Porta
usually involves a tradeoff with sensitivity and response ra
cont i nuous)

Instruments used for air sanpling are subjected to a broad r
and humidity are potentially interferents and are not easily
i nstrument s/ met hods nmust be fully eval uated

I nstrument cost and anal ytical expenses will influence study
of f sanple cost for accuracy, precision, and response rate.
subj ect and/or the nunber of subjects, or relaxing resolutio
use of | ess expensive nethods

sanpling in conbination with questionnaires and
Ambient air nmonitors can also be used to estimte

exposures when conbined with information such as buil ding

characteristics,

patterns.

i ndoor/ outdoor contami nant ratios and tinme-activity

The direct approach depends largely on the availability of

sensitive, small,

Personal air

well. In addition,
flows are used for

qui et, Iightweight and portable personal nonitors.
noni tors can be used for mcroenvironmental nonitoring as
m croenvironnmental nonitors with larger sanpling

i ndoor/ out door sanpling. Anbient nonitors are

general |y high-volunme sanplers and are not suitable for indoor use.

Suitable air

detection limts,
of course, cost.

and anal ysi s.

moni tors rmust also fulfil several requirenents, such as
interferences, time resolution, easy operation and

There are several good references on air nonitoring

The reader is referred to Air Sanpling Instrunments

for Eval uation of Atnospheric Contanination (ACAH, 1995).

Addi ti onal genera

Lodge (1988).

publications include US EPA (1994, 1996b), and
is inportant, however, to refer to the published

scientific literature for the nost appropriate and recent air

nmoni t ori ng net hods.

The foll owi ng sections describe nethods available for air
sanmpl ing of gases and vapours, airborne particulate matter, SVOCs and

reactive gases.
conti nuous nonitors.

The nmet hods are classified into active and passive or

A detailed list of sanpling nmethods, air

pol lutants for which they are used, sources and other pertinent
information is presented in Table 21-24. An indicator of their
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suitability for personal, indoor or anbient nonitoring is also
i ncl uded.

7.2.1 Gases and vapours
7.2.1.1 Passive sanplers

Conmer ci al passive sanplers are available for a variety of air
pol lutants, including inorganic gases such as carbon nonoxi de,
ni trogen di oxide, sul fur dioxide and ozone, and VOCs (e.g., benzene,
tol uene, xylene, etc.). Passive air sanplers are probably the nost
conveni ent tool for conducting |arge-scal e personal exposure
assessments because they are snall, inexpensive and easy to use.
However, sanpling rates are of the order of 10-50 ml/m n and absorbi ng
capacity is limted. Passive sanplers operate on the principle of
nmol ecul ar diffusion. The rate of diffusion is related to the diffusion
coefficient of the conpound, the cross-sectional area of the absorbing
surface and the length of diffusion path. Specific infornmation on the
cal cul ation of sanpling rates can be obtained fromthe nmanufacturers.
The coll ection mechanismrelies either on physico-chenical absorption
or adsorption or chenical reactions. The sanplers for inorganic gases
rely on reaction of the contam nant with a chenical coating on the
collection surface. The sanplers for VOCs typically rely on absorption
by a liquid or adsorption by a solid collection nmedium Selection and
use of passive sanplers should take into consideration potentia

sources of error such as wind effects, tenperature, hunidity and
i nterfering gases.

In practical applications, personal monitoring is performed by
nounting the passive sanpler on a participant's collar to estinate air
pol | uti on concentrations in the breathing zone. After collection, the
adsorbent is renoved fromthe sanpler and extracted with the
recommended sol vent. The extract is then anal ysed by a suitable nethod
(e.g., spectrophotonetry, gas chromatography with specific or
unspeci fic detectors, HPLC, etc.). As with any nonitoring procedure,
nmeasures shoul d be taken to eval uate sanpl e preservation and
integrity. These procedures should be described as part of the quality
assurance (QA) protocol and the standard operation procedures (SOPs)
(see Chapter 11).

7.2.1.2 Active sanplers

There are many comercially available |iquid-nmedia sanplers for
reactive and sol ubl e gases, such as |iquid-containing bottles, and
sol i d-sorbent tubes for insoluble and non-reactive gases and vapours,
such as activated charcoal, silica gel, porous polyners or other
materials. Pollutants are transported with the carrier gas (air), and
are captured by collecting nmedia. The nost frequently applied
mechani sns in the collection of air pollutants in these nedia are
chem cal reactions (e.g., acid-base and colour-formng), and
absorption/adsorption of the pollutant nol ecul es on collecting nedia.
Solid sorbent collection efficiency depends on contacting surface
area, air flowrate, tenperature, hum dity and presence of interfering
conpounds.

The sanpling rate, breakthrough volune and nethod limt of
detection are inportant paraneters which need to be considered for an
accurate exposure assessnent by active sanplers. The identification
and quantification of collected air pollutants are usually perfornmed
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chromat ogr aphy wi th specific or

Page 114 of 284

such as spectrophotonetry, gas

non-speci fic detectors, HPLC, etc.

Al t hough not yet used extensively, small, evacuated canister sanplers

have been devel oped for

per sona

These have the advantage of not using sorbents.

done by gas chromat ography foll ow ng therna

7.2.1.3 Direct-reading instrunents

The concentration of gases and vapours (e.g.

noni toring (Pleil
Analysis is typically
desorpti on.

& Lindstrom 1995).

car bon nonoxi de,

sul fur dioxide) in an individual's breathing zone can al so be
determined with the use of portable direct-reading instruments.
Commercially avail able direct-reading instrunents have data | oggi ng
capabilities to store neasurenents at a rate of 1 s-1. Depending on

the frequency of neasurenents,

2 weeks continuously.

these instruments can operate up to
Instrument software allows for direct

cal cul ati on of concentrations with different averaging times and
statistical analysis of the data.

Table 21. Air sanpling nethods for

Car bon npnoxi de

Cont i nuous
El ectrochem cal

Phot onet er s

Passi ve
Di f fusi on detectors

Active

Table 21. (continued)

Manuf act ur er

Energeti c Sciences

I nt erscan

Bachar ah

Beckman | nstrunents

Lab Safety Supply Co.
Quantum Group Inc.

3M Cor por ati on

W son Safety Products

MBA

Sensi dyne

http://www.inchem.org/documents/ehc/ehc/ehc214.htm

i norganic

gases

Comment s

0-50, 0-100 ppm portable and
LOD ~ 2 ppm

Various ranges; LOD ~ 1 ppm
Based on the neasurenent of Hg
froma pellet oxidized by CO
0-20 dl: 1 ppm Sanple flowate
litre/mn

Based on dual -i sotope fl uoresc
LOD = 0.1 ppm

Changes colour; LOD ~ 50 ppm f

Si npl e col our change detector

I ndi cat es presence of CO by co
change

Dosi net er badge. Col our change
proportional to CO concentrati

Air is punped through activate
tubes that change col our when
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Car bon npnoxi de

Cont i nuous
I nfrared

El ectrochem cal

Ni t rogen oxi des
Cont i nuous

El ectrochem cal

Cheni | um nescence

Colorimetric

Table 21. (continued)

Car bon npnoxi de

Passi ve
Di f fusion
t ubes/ badges

Active
El ectrochem ca

Ozone
Cont i nuous

Cheni | um nescence

Manuf act ur er

GasTech

Rosenpunt Anal ytica

SKC West

Devco Engi neering

Trasducer Research
I nterscan

Beckman | nstrunents

Col unbia Scientific

Rosempunt Anal ytica

Phillips Electronics
I nstrunments

Manuf act ur er

Env Sci ences and
Physi ol ogy

MDA Sci entific

RS Landauer Jr. & Co

MDA Scientific

Beckman | nstrunents
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Comment s

300- 5000 ppm
Measures CO CQO,, NO and hydro
Sanpling frequency: 8 s to 30

Based on conductivity in water
i oni zati on of gas

LOD > 2 ppb
Various ranges; LOD > 20 ppm

Range: 0.1-1 ppm Operates con
for 7 days. Analyses NO NGO,

on the excitation of nolecul es

Uses the chem | uni nescence rea
with NO Sanpling rate: 1.2 |

Desi gned to nonitor continuous
Set for a variety of chemcals

on the electrolyte. Measures ¢
based on a specific chenical r

Comment s

LOD ~ 500 ppb for a 1-h exposu

Pal nes sanpler is an acrylic t
stainless steel grids coated w
tri et hanol am ne pl aced at the

Pen- shaped badge for the colle
N,O on a nol ecul ar sieve. Anal®

IR

2-3 ppm measurenent on a 15-n

Operates continuously for 7 da
the reaction of ozone with eth
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Philips Electronics
I nstrunents

Col unbia Scientific

W Vis phot onet er Dasi bi Envi ronnment al

Table 21. (continued)

Car bon nonoxi de Manuf act ur er
Mast Devel oprent

Passi ve

Di ffusion nonitors Qgawa

LOD: Level of Detection

Table 22. Air sanpling nmethods for organic vapours

Manuf act ur er

Cont i nuous

Phot o-i oni zati on det ector Thermo Envi r onnent

Fl ame ionization detectors Col unbi a Scientifi
Foxbor o

Thermal ionization Phot ovac I nternati

det ect or

I nfrared photoneters Foxbor o
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produce light Range: 0-0.0025
DL: 0.01 ppm

Qperates continuously for 7 da
on the reaction of ozone wth
to produce |ight

Based on the reaction of ozone
et hyl ene. Ranges: 0-0.1, 0-0.2
0-1.0 ppm

Concentration is determ ned by
the absorption level of W wit
of air

Comment s

Portable. Sanpling rate 2 litr
nmeasur enent cycle 20 s

Uses 2 nultitube diffusion bar
with collection on glass fibre
coated with nitrite

Comment

al Instrunents Based o
det ecto
c vari ety

Measur e
equi val
20 M/

Mai nl y

equi pre
i oni zat
fl ow at

onal Sem qua

Mran p
toits
det ect
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Samplin
Infrared Industries 2 nodel
Portabl e gas Phot ovac I nternati onal Port ab
chr omat ogr aphs Benzene
to ppb
H Nu Systens Por t abl
differe
PID, EC
Tabl e 22. (conti nued)
Manuf act ur er Coment
M crosensor Systens Port ab
chr omat
concent
anal yse
Passi ve
Char coal badges 3M Singl e
Sanpl i n
SKC of wind
M ni nurn
G lian Instrument 0.2 ppn
Per ki n El ner Require
Pro- Tek
3M Two cha
br eakt h
SKC anount .
the nunm
G lian Instrunent 35-70 ¢
sanpl e:
Per ki n El ner
Desor pt
Pro- Tek the anmo
Require
Tabl e 22. (conti nued)
Manuf act ur er Commrent
Acti ve
Char coal tubes Per ki n El ner The nps
is acti
Nat i onal Draeger 2 sizes
100/ 50
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SKC
For mal dehyde
Passi ve GVWD Systens LOD > 0
I nt erscan Vari ous
Air Quality Research LOD ~ 0
DuPont 1.6-54
3M LOD ~ 0
Require
SKC
Ai r Scan Environnental Technol ogi es Based o
nucl eat
pr oport
Envi ronnental Sci ence and Physi ol ogy LOD ~ 5
Environetrics Products Based o
with a
Tabl e 22. (conti nued)
Manuf act ur er Commrent
Gases and Vapours
Active
Solid adsorbents Bar neby Cheney Large n
col | ect
Col unbia Scientific Instruments condi t
The cho
Dr aeger desi gne
efficie
Fi scher Scientific sel ecti
Appr oxi
Per ki n El mer are ava
treated
3M col | ect
SKC Most tu
section
Supel co used to
West vaco Require
Pol yur et hane f oam Supel co Col | ect
Passi ve
Di ffusion nonitors 3M In gene
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Tabl e 22. (conti nued)

Table 23. Air sanpling nethods for

Cont i nuous
Li ght-scattering
phot onet ers

G lian I nstrunment
SKC

Supel co

Manuf act ur er

Manuf act ur er

PPM

Air Techni que

Virtis

Hund

Negretti
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acti vat
scr een.

Some nD
used to

Each co
di f f usi

Comment

Require

Desor pt
with th
the cha
and typ

particul ate matter/aerosols

Comment s

LDL ~ 10 um n?® Handhel d

Portable. Sanple rate 2
Suction: vacuum punp. P
col | ected downstream of

Near - f orward sanpli ng,
litre/mn. Suction: vac
Particles can be collec
of the filter

Measures respirable aer
concentration by IR sca
detection. Average of 8

Measures fine dust (0.2
concentration by IR sca
detection. Average of 8

Det ects respirabl e dust
Sanple rate 2 litre/mn
Aver ages neasurenent ov

M niram dust nonitor. P
i nst ant aneous or 8 h av

Port abl e dust nonitor,

0. 01-20/0.1-200 ng/ nd. |
be collected on a filte
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Tabl e 23. (continued)

Manuf act ur er

Casel | a

TSI

Bel fort Instrunents

| nst ant aneous M E
Condensati on nucl eus Met One
counters
Optical particle counters Cinmet Instrunments
Hi ac/ Royco

Tabl e 23. (continued)

Manuf act ur er

Met One
Particle Measuring

Syst ens

Fal ey I nternational
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Comment s

Handhel d, Range 0.01-20
size >0.1 uym Particles
on a filter

I ntegrating nephel onete
30-s periods. Has diffe
dependi ng on the aeroso

Laser photoneter for pa
pm di amet er. Measures a
concentration in ng/n?

I ntegrating nephel onete
10 litre/nmin

0.01-10 ng/n® or 0. 1-10I

2 nmodels. Sanple flowa
litre/mn. Utrafine pa
i n al cohol vapour conde

6 nodels. Flowate 0.3
Si ze range: 0.3-20 um
channel s. Light source:
| aser

6 nodels. Flowate 0.01
Range: 0.3-10 um 6 siz
Li ght source: white lig

Comment s

3 nmodels. Flowate 0. 1-
Range: 0.1-1 yum 6 size
Li ght source: white lig

Flowmwate 0.1-1.0 litre/
0.05-5 pym 4-16 size ch
Illum nation source: |a

4 nodels. Flowate 0.01

Range 0.3-5 uym 2-5 siz
Li ght source: white lig
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Pi ezobal ance

Bet a gauge
Active (Total)
Open cassette

IOMinlet

Active (size selective)
PM,, i npactors

Tabl e 23. (continued)

PM, 5 inpactors

TSI

TSI

Weddi ng & Assoc

SKC

SKC

BG

Manuf act ur er

VBP

TSI

Air Di agnostics

Graseby Andersen

SKC

URG
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Flowate: 0.1-1.0 litre
0.05-5 ym 4-16 size ch

Less reliable for conce
<10 pg/ . Difficult to

The particulate collect
continuously measured b
gamma-r adi ati on

Air is pulled through a
si ze sel ection device

Sanpl es i nhal abl e dust
filter cassettes. Sanpl
Cut point 100 pum

Sanpling rate 28.3 litre
Suction: punp aerosol s

Conmment s

Sanmpling rate 4 or 10 |
Suction: punp

10-2.5 pmvirtual inpac
Sampling rate 1130 litr

Sanpling rate 1 litre/n
Suction: punp

Sampling rate 2 litre/n
Suction: punp

Sampling rate 4 litre/n
Suction: punp
envi ronnent al

Virtual dichotonous. Cu
and 2.5 pym sanpling ra

Hi gh-vol une sanpler. Sa
1100 litre/mn

Per sonal inpactor. Sing
personal punp. Sanpling
litre/mn

Sanmpling rate 4 litre/m
collected in filters an
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Tabl e 23. (continued)

Manuf act ur er

SKC

Cascade inpactors BG

Graseby Andersen

Tabl e 23. (continued)

Manuf act ur er

Hauke KG

i n- Tox Products
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pol yur et hane f oam

Sampling rate 4 or 10 |
Suction: punp

Conmment s

Personal inpactor. Sing
Suction: personal punp.
Sampling rate 2, 4 or 1

7 stages. Sanpling rate
Cut points: 32, 16, 8,

13 stages; sanpling rat
Cut points: 13-0.08 pm

9 stages; sanpling rate
Cut points: 18, 11, 4.4
0.53, 0.32, 0.16 pum

8 stages; sanpling rate
Cut points 10-0.4 um

7 stages; sanpling rate
Cut points 6, 4.6, 3.3,

6 stages; sanpling rate
Cut points 0.5-20 pm

5 stages; sanpling rate
Cut points 7.2, 3, 1.5,

4, 6 or 8 stages; flow
Cut points 20-0.6 with
pmwith 6, and 20-3.5 w

Radi al slot inpactor. 6
an optional cyclone

Comment s

Sampling rate 30 litre/
Cut points below 0.1 pun
4 nodel s of 7 stages ea

Cut points 3.1-0.33 um
4.5-0.32 ym @1 litre/n
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Virtual inpactors BG

G aseby Andersen

Cycl ones M ne Safety Appliances

Sensi dyne

Tabl e 23. (continued)

Manuf act ur er

SKC

Elutriators Casel | a

LOD: Level of detection

Table 24. Air sanpling nethods for reactive gases

Manuf act ur er

Hydr ogen sul fide/ sul fur di oxi de/amoni a/ chl ori de
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2 litre/mn; 5-0.0.5 unm

8 stages, Sanpling rate
Cut points: 10, 5.62, 3
0.56, 0.316, 0.178, 0.1

3 virtual stages, flow
Cut points 1.2, 4 and 1

The di chotonmous sanpl er
particles in 2 sizes: 1
Sampling rate 17.6 litr

Sanpling rate 30 litre/
Cut points below 0.1 unm

Hi gh-vol ume operates at
Cut point 2.5 um

Measures respirable par
di ameter of 3.5 pym @2

Measures respirable par
air @240 litre/mn

Comment s

Measures respirable par
air @9 litre/nmn

Measures respirable par
1.7 litre/mn

Measures respirable par
point of 3.5 ym @1.9 |

Hori zontal elutriator t
with a cut point of 3.5
of 50 litre/mn

Hori zontal elutriator t
with a cut point of 3.5
2.5 litre/nmn

Comment s
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Cont i nuous
El ect rochem ca

Colorimetric

Pot entionetric

W and visible
[ight photoneters

W and visible
i ght photoneters

Tabl e 24. (continued)

Passi ve
Sol i d adsorbents

Devco Engi neering
CEA Instrunments
Sensi dyne

Tel edyne

Bachar ah

Phillips Electronics
I nstruments

CEA Instrunments

AlM
Calibrated I nstrunents
Ei tel Manufacturing

Barri nger Research

Beckman | nstrunments

Manuf act ur er

Rosemount Anal yti ca

Col unbia Scientific

Bar neby Cheney

Col unbia Scientific
I nstrunents

Dr aeger

Fi scher Scientific

Per ki n El mer
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Al'l based on conductivity c
wat er due to ionization of

Based on the reaction of th
the reagent to produce a co
product

Each compound has a specifi
for its detection

Conductivity of the reagent
proportion to the concentra
gas being sanpled and is ne
by an el ectrode

Based on the correl ati on w
absorption spectra of SQ, i

Sensitivity 2 ppm

Based on the fluorescence o
under WV |ight

Comment s

For SO, uses a non-dispersi®
"transfl ectance" anal ysis

Uses a conti nuous UV source
intensity to detect SQ,

Large nunber of chenmicals a
efficiently coll ected under
vari ety of conditions

Choi ce of adsorbent is des
maxi m ze collection efficie
retaining | ow selectivity
Approxi mately 50 sorbent ty
avai | abl e; sonme are chem ca
to facilitate their coll ect
properties

Most tubes contain a primar
section and a backup bed th
used to indicate breakthrou

6/1/2007



HUMAN EXPOSURE ASSESSMENT Page 125 of 284

3M Require | aboratory anal ysis
SKC
Supel co
West vaco

Tabl e 24. (continued)
Manuf act ur er Comment s

Active

Annul ar denuders URG D fferent nodels can be use

only gases or gases and par
Especially used for acid ae

H,SO,, HNG;, (NH,),SO,, NH,HS

7.2.2 Aerosols

At present, active sanpling is the only feasible way to perform
exposure assessnents on particulates directly. Active particle
sanpl ers operate by drawi ng aerosols into a sensor or on to a
collection surface (e.g., a filter) by neans of a punp (H nds, 1982;
Lehti maki & W1l eke 1993). Large stationary sanplers that operate with
a standard flow rate of approximately 1000 litre/nin are avail abl e
comercially and are useful for collecting |arge sanple volunmes. Snall
stationary sanplers that operate with flowrates in the range of 1-10
litre/mn are also commercially avail able. Both sizes are available in
configurations that allow for sanpling of total suspended particul ate
matter (i.e., not size separated) or specific size fractions (e.qg.
PM, 5 or PM,). Personal aerosol sanplers that allow collection of

total inhalable particulate matter of specific size fractions are al so
avail abl e.

The cycl one and, particularly, the inpactor are the two nost
conmonl y used size presel ectors. Cyclones can coll ect suspended
particulate matter of various sizes depending on the geonetry of the
cyclone and the flowrate. It operates on the principle of centrifuga
forces that drive particles in the direction of the outer wall of the
cyclone (Hi nds, 1982). Particles with aerodynam c dianeter greater
than the cut-point of the cyclone inpact upon the wall and/or the
bottom of the cyclone. Particles with aerodynanic dianeter |ess than
the cut-point remain in the air streamand are collected on a filter
downst r eam

I mpactors rely on inertial forces to separate particles based on
aerodynam c dianeter. Air is accelerated through a nozzle or jet and
then forced to nmake a 90° turn around an inpaction plate before
passing through a filter and exiting the sanpler. Depending on their
size, particles suspended in the air stream pass through the
accel eration nozzle and then either remain entrained in the flow or
collide and are retained on the inpaction plate. The cut-point of an
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i mpactor is determined by the flowrate, jet size and shape (e.g., the
di stance between the jet and the inpaction surface) (Pastuska, 1988;
Lehtindki & WIleke, 1993). The air flow rate nust be calibrated
careful | y because correct size selection depends largely on precise
flow rates.

Filters are made either fromfibre mats of glass, cellul ose or
quartz or from synthetic nenbranes (e.g., Teflon). The sel ection of
appropriate filters depends on the punp, filter static pressure,
collection efficiency, extraction and anal ytical requirenents, and the
potential for sanmpling artefacts. Filter nass is determ ned by
wei ghing the filter under controlled tenperature and humidity
conditions before and after use following a conditioning period of at
| east 24 h at those sanme conditions. The collected mass can be
extracted and anal ysed for chenical conposition. The extraction and
anal ysis procedures used depend on the anal ytes of interest. A recent
summary of nethods for extraction and anal ysis of conponents of
particulate matter nmay be found in Koutrakis & Sioutas (1996).

7.2.3 Semvolatile conpounds

For airborne contaminants that are present in both the particle
and the vapour phase at typical environnental conditions, it is
necessary to use a conbi nati on of sanpling nethods. The npbst common
approach consists of an aerosol sampling inlet (with or without size
preselector) followed by a sorbent cartridge or tube. Exanples of such
contam nants include airborne PAHs, pesticides, polychlorinated
bi phenyl s (PCBs), dioxins and furans. Semnmivolatile sanpling systens
are comercially available for personal air nonitoring. Extraction and
anal ysis of these sanples are done separately for the particle and
vapour phase and then the results are conbined to provide a tota
concentration. An introduction to sanpling and anal ysis nethods for
VOCs in air may be found in Binkova et al. (1995), Wallace & Hites
(1996), Wallace et al. (1996) and Sinobnich & Hites (1997).

7.2.4 Reactive gas nonitoring

Certain gases present in air may react with chenicals present in
particles. For exanple, sulfuric acid particles collected on filters
can be neutralized by the amonia gas present in the sanple or air
stream The preferred sanpling approach to avoid this is to use a
denuder to renpve the reactive gas before it reaches the downstream
filter. In the case of sulfuric acid nonitoring, a citric-acid-coated
denuder is used to renove the ammni a gas. Small denuder systens are
conmercially avail able for personal nonitors. Denuder technol ogies are
described in Lodge (1988) and Koutrakis & Sioutas (1996).

7.3 Water

The sanpling and anal ysis of drinking-water characterizes the
extent to which this carrier mediumrepresents a source of specific
chem cal exposure. Contam nated drinking-water supplies contribute to
the human intake of numerous chem cal contam nants, including heavy
nmetals, fertilizers, pesticides, aronmatic hydrocarbons and
or ganohal ogens, anobng others. In sone cases, drinking-water rmay be the
primary source of human exposure. Chenical pollutants in water may
originate fromone or nore of a nyriad of sources, as sunmarized in
Tabl e 25. In the selection of measurenent and sanpling nmethods, it is
important to consider raw water sources, water treatnent processes,
and distribution and service systens, all of which can either reduce
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or increase the contami nant concentrations in drinking-water.

Sanpl es collected at the end of the distribution systemprovide a
better neasure of potential exposure to individuals than sanples
collected at the source prior to any renoval or treatnent that m ght
t ake place. Nunerous texts detail sanpling and anal ytical techniques
specific to drinking-water, and these nethods can be used to devel op
conpr ehensi ve exposure assessment protocols (UNEP/VWHO, 1986; WHO
1992, 1993).

Tabl e 25. Origins of chenicals comonly occurring in drinking-water (H ckman

Subst ances affecting the source (raw water)
"Naturally occurring" Leached from geol ogi cal formati
Derived fromsoil and sedinents

Pol | utants derived from poi nt sources Domesti c sewage treatnent (e.g
I ndustrial effluents (e.g., syn
Landfill waste disposal (e.g.

Pol l utants derived from non-poi nt sources Agricultural run-off (e.g., fer

Urban run-off (e.g., salt, PAHs
At nrospheric fall-out (e.g., PAH

Subst ances resulting fromtreatnent

Substances fornmed during disinfection Tri hal oret hanes, chl orophenol s
Treat ment chemcal s Chl oram nes, fluorides
Treatment chemical inpurities Acryl ani de nononer, carbon tetr

Subst ances arising fromthe distribution
and service systens

Cont anmi nants arising fromcontact with Lead, vinyl chloride nononer an
construction material and protective coatings cadmum fromfittings, PAHs fro
Subst ances arising from point-of-use devices Sodi um silver

In devel oping countries it is quite conmon for individuals not to
have access to treated water fromdistribution systens, so anal ysing
water quality solely fromdistribution systens nay not provide a true
refl ection of exposure. Even if drinking-water is obtained from piped
supplies, it may not provide an adequate indication of exposure as
many individuals are forced to store water after collection, when
gross contamination may occur. In sone areas of the world, run-off
water is routinely collected fromroofs for drinking and cooki ng
needs. Dustfall attributable to traffic, industry, or construction may
contribute to variable (potentially high) pollutant concentrations in
this source

Exposure to contaminants in water is not limted to oral routes.
For instance, disinfection by-products and radon gas di ssolved in
groundwat er may be rel eased into an i ndoor atnosphere providing an
i nhal ation route. Heating water also rel eases di ssol ved VOCs. Exposure
to contam nants may al so occur through inhalation of aerosols from

http://www.inchem.org/documents/ehc/ehc/ehc214.htm 6/1/2007



HUMAN EXPOSURE ASSESSMENT Page 128 of 284

irrigation sprays. During other water-based activities (e.g.
swi mm ng, showering and bat hing), other contam nants nay be absorbed
via a dermal (percutaneous) route. Al though the contribution of
non-oral routes is usually much less than that of oral routes, these
pat hways shoul d not be overl ooked in the selection of neasurenent

nmet hods to assess exposure. Methods for nodelling exposure through

t hese pat hways are di scussed in Chapter 6.

7.3.1 Factors influencing water quality

In order to select appropriate measurenment and nonitoring
nethods, it is inportant to understand the follow ng factors that
i nfluence the quality of the water being sanpled, and the resultant
exposure:

* treatnent systens

* distribution networks

* storage practices

* spatial and tenporal variations
* climatic and seasonal changes.

Water treatnent enconpasses a variety of processes, ranging from
sinple screening and filtration to nmulti-step purification. The latter
i ncl udes nmethods for coagul ati on, aeration, de-aeration, colour
removal , softening, disinfection, fluoridation, stabilization and
denmi neralization. Sone of these steps constitute "renmpval ", and others
i nvol ve the "addition" of treatnent chenicals to nmitigate the hazards
of contaminants in water. A list of chenical additives typically used
in water treatnent systens is shown in Table 26. The reaction of
treatment chemicals with other substances present in raw (untreated)
water often results in the generation of intermediate reaction
products with adverse health significance. For instance, chlorine,

accepted worl dwi de for disinfection and oxidation, results in the

formati on of disinfection by-products such as trihal onret hanes (e.g.
chlorof orm.

Table 26. Water treatnment chemicals

Activated al um na Sodi um bi car bonat e
Al um num sul fate Sodi um cal ci um magnesi um pol yphosphat e
Anmmoni a (gl assy)
Amoni um hydr oxi de Sodi um car bonat e
Bentonite cl ay Sodi um chlorite
Cal ci um hydr oxi de Sodi um fl uori de
Cal ci um hypochlorite Sodi um hydr oxi de
Cal ci um oxi de Sodi um net abi sulfite
Carbon (activated, granular, Sodium pol yphosphate (gl assy)
and powder) Sodium silicate
Car bon di oxi de Sodi um si i confl uori de
Chl ori ne Sodi um tri pol yphosphat e
Ferric chloride Sodi um zi nc pol yphosphate (gl assy)
Ferric sulfate Sodi um zi nc pot assi um pol yphosphat e
Ferrous sulfate (gl assy)
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Fluosilicic acid Sul fur di oxi de
Pot assi um per nanganat e Sul furic acid
Sodi um al um nat e Tetrasodi um pyrophosphat e

Di stribution networks constitute another potential source of
chem cal contam nants in drinking-water. The materials used in
distribution networks nay serve as a pollutant source by | eaching into
the water over tinme. Sone exanples include | ead from |l ead-containing
sol ders and pi pes, asbestos fibres fromthe surface of asbestos-cenent
pi pes and cadmiumfromnetallic fittings. Qther contani nants include
PAHs from coal -tar-based seal ants, plasticizers, stabilizers and
solvents used in the manufacture of plastic pipes.

WAt er sources experience considerable variations in quality over
ti me and geographic location. The quality of river water may change
rapi dly during heavy storms, nelting snows and droughts. The quality
of water in |akes nmay be affected by climte, season, |ocation or sone
conbi nati on thereof. Groundwater historically has enjoyed the nost
consistent quality, with relatively constant conposition. However, the
vul nerability of groundwater to contanination is gaining w despread
attention, with particul ar enphasis on synthetic organi ¢ substances,
surface i mpoundrents, landfills, agriculture, |eaks and spills, |and
di sposal of wastewater, septic tanks and the petrol eum m ni ng
production industries.

7.3.2 Water quality nonitoring strategies

There are numerous considerations in the design of a nonitoring
and neasurenent strategy for water quality assessnent. The
I nternational Organization for Standardization (1SO has provided
gui dance on a nunber of issues related to sanpling strategies for
wat er quality assessnment (Table 27). A sound nonitoring nethodol ogy
must be foll owed by the appropriate sanple storage and transportation
to mnimze changes in sanple conposition. Losses can occur due to
several physical, chenical and biol ogi cal changes, such as ion
exchange, adsorption with the container material, oxidation to
precipitated forms, |loss of volatiles to the vapour space and
bi ochemni cal conversions. For contani nants at | ow source
concentrations, these changes can introduce significant errors in the
anal ytical results.

Table 27. 1SO standards of water quality giving gui dance on sanpling

| SO standard Title (water quality)

nunber

5667-1: 1980 Sanpling - Part 1: CGuidance on the design of sanpling
progr ames

5667-2: 1982 Sanmpling - Part 2: Quidance on sanpling techniques

5667-3: 1985 Sanpling - Part 3: CGuidance on the preservation and
handl i ng of sanpl es

5667-4: 1987 Sanpling - Part 4: Cuidance on sanpling froml akes,
natural and man-nmade

5667-5: 1985 Sanmpling - Part 5: Quidance on sanpling of

drinki ng-water and water used for food and beverage
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processi ng
5667-6: 1985 Sanpling - Part 6: Guidance on sanpling of rivers and
streans

The design of a water nonitoring programme woul d be inconplete
wi t hout consideration of the denographic and soci oecononic
characteristics, and al so an understanding of the historica
devel opnent, of the potentially exposed community. The evol uti on of
materials used in distribution systens changes the profiles of
pol | utants requiring measurenent. Cultural and soci o-economic factors
af fect usage patterns, which in turn influence the extent of exposure
to contam nants in drinking-water.

In order to ensure the representativeness and validity of water
sanmpl es, sanpling techniques nmust be carefully selected (WHO 1992,
1993). The first step in the design of a sanpling programme is to
devel op conci se objectives, accounting for

* the nature of the substance to be neasured
* point of exposure
* the duration of tine over which nmeasurenents will be taken

The type and magni tude of spatial and tenporal variations in the
concentration of water constituents will depend upon both their
sources and their behaviour in the distribution and service systens.

Subst ances can be classified into two nmain types:

* Type 1. Substances whose concentration is unlikely to vary during
di stribution. The concentration of these substances in the
di stribution systemis largely governed by the concentration in the
wat er going into the supply, and the substances do not undergo any
reaction in the distribution system Exanples of such substances
are arsenic, chloride, fluoride, hardness, pesticides, sodi um and
total dissolved solids.

* Type 2. Substances whose concentrations may vary during
di stribution. These include

- substances whose concentration during distribution is dependent
mai nly on the concentration in the water going into the supply,
but which nmay participate in reactions (which change the
concentration) within the distribution system Exanples are
alum nium chloroform iron, manganese and hydrogen ion (pH)

- substances for which the distribution system provides the main
source, such as benzo [a]pyrene, copper, |lead and zinc.

This classification applies only to piped water supplies. In all
ot her types of supply, water constituents should be regarded as type 1
subst ances. The sanme substance may belong to different classes in
different distribution systens.
7.3.3 Sanple collection

The I ocation, frequency and tinme of sanmpling is strongly
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dependent on the spatial and tenporal variations for the particul ar
pol l utant of interest. There are many different methods to coll ect
wat er sanpl es and neasure contam nant concentrations. The choice of a
particul ar techni que can have a profound effect on the anal ytica
results. Sone conventional neasurenent nethods are briefly described
bel ow.

* Grab sanples represent a "snapshot" of a situation at a
particular tinme and place. Using sanples taken at intervals and
anal ysed individually, this nethod can characterize variations in
source conposition.

* First-draw (static) sanples are collections imediately follow ng
a stagnation period (e.g., overnight). This reflects the influence
of donestic plunbing on the inorganic content of water quality.

* Fl ushed sanpl es are taken after taps have been run for a
sufficient length of tine to elimnate stagnant water

* Conposite sanpl es involve regular sanmpling, usually over a 24-h
peri od, followed by pooling of sanples and anal ysis of the
conposite. This integrated nethod overcones the di sadvant ages
i nherent in first-draw sanpling. Time-conposite sanpl es approxinate
the potential exposure to drinking-water contam nants.

7.4 Assessing exposures through food

Exposure to chem cal conpounds in food can be neasured directly
by anal ysing duplicate diets or indirectly by anal ysing foods or total
di ets, matching food consunption data with information of chenica
concentration in the foods or, for certain chenmicals, estimating the
total amount of the chenical avail able divided by the popul ation of
concern (called per capita estinmates). The consunption of water and
the resulting exposure should also be deternmined if appropriate
(FAQ WHO, 1997). The estimation of exposure to food chenmicals is a
conpl ex activity and no single approach is suited to al
ci rcunst ances. The nmethod chosen depends on the information avail abl e,
t he popul ation group of concern, whether acute or chronic effects of
the chem cal are being assessed, and the intended use of the result
(Rees & Tennant, 1993). The Intake Assessnent G oup which has been
added to the Joint FAQ WHO Expert Committee on Food Additives is al so
exam ni ng other neans of evaluating dietary exposure assessnents for
food additives and contam nants.

Di rect approaches tend to consider sanples of food as actually
consunmed because the nmethod by which food is prepared for consunption
(e.g., washing, peeling, cooking and conmercial processing) can
i nfl uence contam nant residue |evels. For exanple, nalathion
concentrations were found to decrease by 99% when raw tomat oes were
processed into canned tomatoes (El kins, 1989). In contrast,
concentrations of ethyl enethiourea, a carcinogenic degradation product
of maneb (manganese et hyl ene bi sdithi ocarbanate), rose 94% when turnip
greens were washed, blanched, frozen and subsequently saut éed (El kins,
1989; Houeto et al., 1995). Although cooking may |lead to a reduction
in the lead content of vegetables, in areas where the | ead
concentrations in drinking-water are higher than average (e.g., due to
| ead pi pes), cooking water can be a significant source of |ead intake
(UK MAFF, 1989). Therefore, preparation and processing can alter
contanmi nant |evels present in foods, or introduce new contani nants.

For these reasons, the concentration of the target analyte in
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ready-to-eat foods is the nost useful measure for purposes of
di etary exposure assessnent.

7.4.1 Duplicate diet surveys

Duplicate diet surveys are particularly useful because they
refl ect the range of preparation habits of the study popul ati on. These
studies require that respondents save a serving of each neal or
components of each neal and store themuntil collection by the
research team Followi ng collection, the food is conposited over
predetermned time intervals (e.g., by neal or by day) and anal ysed
for the target analytes. In duplicate diet studies, |logistic and cost
constraints typically require that foods be conposited. The principa
di sadvant age of conposite sanples is that they do not allow for
identification of the contribution of individual foods to tota
di etary exposure. A high degree of respondent burden is associated
with duplicate diet studies, so they are not conducive to assessing
chronic dietary exposures and may underestimate intake. Such
approaches are only suitable for chemicals that can be anal ysed
accurately, so direct diet nethods are not traditionally used for
assessing food additives exposure, for exanple. A summary of dietary
exposure assessnents for chemical contaminants in food using the
duplicate diet perforned worldwi de may be found in Thonas et al
(1997).

There are many indirect nethods for estinmating exposure to food
chemical s because there are a variety of ways to collect consunption
data, to express residue levels in the foods concerned (for exanple,
| egislative levels, manufacturer or industry use |levels, predicted,
proposed or anal ysed | evels or any comnbination of these) and there are
several approaches which can be used to conbine the information to
assess exposure (Rees & Tennant, 1994). Sonme nethods are better than
ot hers, depending on the chemical; for exanple several countries have
found it useful to assess food additive exposure by using per

capita nethods (lto, 1993). Mre information on these indirect

nmet hods is given below, but the reader is strongly advised to refer to
nor e conprehensi ve docunents on dietary survey nethodol ogy and dietary
exposure assessnent approaches (WHO, 1985a, 1997c; FAQ WHO, 1995a, b,
1996, 1997).

7.4.2 Market basket or total diet surveys

Mar ket basket or total diet surveys utilize food chenica
concentrations nmeasured in ready-to-eat foods prepared in the
| aboratory linked to nodel diets derived fromfood consunption data
and standard reci pe preparation for |arge popul ati ons, househol ds or
i ndi viduals. Food products or food groups selected for sanpling and
anal ysis are generally intended to be representative of those nost
comonly consuned by the population of interest. Total diet studies
have been carried out since the 1960s in many countries. Market basket
surveys are often enployed by regul atory agencies charged with
ensuring and nonitoring the safety of a national food supply (FAQ WHO,
1995b). Initially this purpose was to estinmate background exposures of
the popul ation to pesticides residues and radi oacti ve contam nants.
The enphasis has shifted frompesticides to toxic netals and nore

recently has included a variety of trace el enents and organic
cont am nant s.

For exanple, the US FDA Total Diet Study (US TDS) is a market
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basket survey based on heavy netal and pesticide data nmeasured in
sanpl es of 234 different ready-to-eat food products selected to be
representative of over 4000 foods conmmon in the diet of residents in
the USA, and the results of national food consunption surveys

(Penni ngton, 1992). However, nore conmonly total diet (narket basket)
studi es consider smaller food groups rather than individual foods (UK
MAFF, 1985). The main advantage of the total diet (nmarket basket)
approach for estinmating exposure is the ability to nonitor trends

wi t hout burdening study participants. The total diet approach allows
data from separate studies of food consunption and contam nant

resi dues to be conmbined (e.g., Tonmerlin et al., 1996). Moyreover, this
approach allows anal ytical chem stry resources to be directed to the
foods that are nost likely to yield the greatest exposure (e.g., the
foods consumed in greatest ampbunts and foods that are likely to
contain the highest residue concentrations). Such foods may be

i ndi cated by information avail able fromexisting data such as the
GEMS/ Food (WHO, 1978, 1997c) and the US TDS (Penni ngton & Gunderson
1987).

However, this method cannot be used for all contaninants. This is
because the anal ysis of food groups may be too expensive for some
contani nants and may not be feasible for others. Analytical methods
may not be sufficiently reliable, the limt of detection nay be too
hi gh or the grouping of the foods (conpositing) may decrease the
i kelihood of finding the source of the contami nant. Analysis of
i ndi vi dual food products affords a detail ed exani nation of contam nant
levels in specific commodities -- either raw, processed or prepared.
Sanpling may be designed to characterize geographic and tenpora
variability of contam nant |evels that may be a result of varying
application rates of pesticides, natural levels of elenents (e.g.,
heavy netals), climate and other factors. In addition, sanples can be
collected at all steps in the process fromfield to consuner thereby
providing insight into the sources and fate of contaninants in food.

Further information on the strengthens and linmitations of each of
t he approaches descri bed above have been published in the
conprehensive Guidelines for the Study of Dietary Intake of
Chemi cal Contam nants (WHO, 1985a).

7.4.3 Food consunption

The FAQ' WHO Consul tation on Food Consunption and Exposure
Assessnent of Chenicals (called Exposure Consultation) reviewed
current methodol ogy for food additives, contani nants, pesticides,
veterinary drugs and nutrients. The Exposure Consultation agreed to
expand and revise the regional diets presently used by the GEMS/ Food
for pesticides and recommended that this consunption data can be used
for estimate dietary exposure to certain other chem cals. The regi ona
diets will be based on 1990- 1994 FAO Food Bal ance Sheets which refl ect

a country's anount of raw commodities for consunption, and nmay not
necessarily refer to foods in the forns people consune them Wste at
t he househol d or individual level is not usually considered.

Maj or met hods for determ ning food consunption at the nationa
| evel s were identified as popul ati on-based, househol d- based and
i ndi vi dual - based. The report froma FAQ VWHO consultation on the
preparati on and use of food-based guidelines (FAQ WHO, 1996) gives
nmore information on food consunption study designs. The Exposure
Consul tation supported the concept that an inprovenent in dietary
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exposure assessnents can be achi eved by refining any conbi nation of
the contributing elenments: food consunption data, food chenica
concentration data or the nethod used to conmbine the two. This allows
the risk assessor a greater flexibility in selecting cost-effective
approaches to refine dietary exposure assessnments using the resources
avai | abl e (WHO, 1997c).

The five basic approaches discussed by the Exposure consultation
for describing the diet of individual people are:

* food record/diary survey

* 24-h recal

*  food frequency questionnaire

* meal -based diet history

* food habit questionnaire (WHO, 1997c).

The 24-h recall is a widely used dietary assessment nmethod and is
utilized in nany exposure-related studies including the Nationa
Health and Nutrition Exami nation Survey conducted by the US Centers
for Disease Control and Prevention (Wtschi, 1990).

7.4.3.1 Food diaries

Food diaries are detail ed descriptions of types and anounts of
foods and beverages consuned, neal by neal, over a prescribed period,
usual ly 3-7 days. Food diaries and recalls may be presented in
nunerous formats or conbined with food nodel s and wei ghi ng procedures
to characterize serving size nore accurately; however, regardless of
the specific details, dietary recording places a substantial burden on
the subject (Wtschi, 1990).

7.4.3.2 24-h recal

The short-termnature of the 24-h recall and the facility to
consi der neal occasions or daily consunption fromdiary surveys nake
this method ideal for assessing exposure to substances that can give
rise to acute health effects, such as the cholinesterase-inhibiting
or ganophosphat e and carbanate pesticides. Diary nethods nay be used
for assessnment of |ong-term exposure but the underlying assunption is

that the food consunption is representative of usual habits.
Probabi |l i stic approaches can be useful to predict consunption and
resulting exposure over |onger periods of tine.

7.4.3.3 Food frequency questionnaires

Food frequency questionnaires (FFQ) are a standard tool for
characterizing food intake over extended periods of tine. A food
frequency questionnaire consists of two basic conponents: a |list of
foods and a frequency response section for respondents to indicate how
often a specific serving size of each food is consuned (Table 28). The
underlying principle of the food frequency approach is that average
long-termdiet, for exanple, intake over weeks, nonths or years, is
i mportant rather than intake on a few specific days. This may not be
true for all contam nant-health effect conbinations (e.g., acute and
reversible effects such as cholinesterase inhibition); however, it is

http://www.inchem.org/documents/ehc/ehc/ehc214.htm 6/1/2007



HUMAN EXPOSURE ASSESSMENT Page 135 of 284

reasonable in the context of assessing health effects that may be
caused by cunul ati ve exposure, such as cancer, or reproductive and
devel opnental effects that may follow a threshold dose-response curve
Sone FFQs include questions on usual food preparation nethods,
trimm ng of neats, use of dietary supplenents and identification of

t he nobst common type or brand consuned. FFQs can be used to rank

i ndi vidual s by exposure to sel ected chenicals. Al though FFQ are not
desi gned to neasure absol ute exposure, the nethod may be nore accurate
than other methods for estimating average exposure to chem cal s having
| arge day-to-day variability and for which there are relatively few
food sources. FFQs have several disadvantages too: specifically, they
are less reliable in estinmating consunption of rarely consuned foods
and the food lists are often designed to assess nutrients and nay
require substantial revision to assess chenical exposures.

7.4.3.4 Meal -based diet history

Meal - based di et history nethods are designed to assess usua
i ndi vi dual food consunption. It consists of a detailed listing of the
types of foods and beverages commopnly consuned at each meal over a
defined tinme period which is often a "typical week".

7.4.3.5 Food habit questionnaires

Food habit questionnaires are designed to collect either genera
or specific types of information, such as food perception and beli ef,
food likes and dislikes, nethods of preparing foods, use of dietary
suppl enents and social setting surrounding eating occasions. This type
of information is frequently considered with other nethods but may be
used on its own.

Al t hough the last two nmethods are sel domused in dietary exposure
assessnments they can contribute very useful background infornation and
may be the only information for specific population group issues
(e.g., organic food consunption by vegetarians). They can be targeted
to answer specific questions or prioritize issues of concern and
provide a cost-effective tool for the risk assessor

Table 28. An exanple of food listing and frequency response options of an F

For each food listed, fill in the Aver age use of the last 3 nonths
circle indicating how often, on
average, you have used the anpunt Per nonth Per wee
speci fied, during the past 3 nonths
Never or 1-3 1 2-4
| ess than
once
DAl RY FOODS Skimor lowfat mlk
(8 oz gl ass) 0 0 0 0
VWhole mlk (8 oz glass) 0 0 0 0
Sherbet or ice mlk
(1/2 cup) 0 0 0 0
Ice cream (1/2 cup) 0 0 0 0
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Food consunption data is often collected for nutritional or
econom ¢ purposes, and foods may not be described in the detai
requi red for exposure assessnent (e.g., fish consunption nay be
recorded but the contam nant of interest nay be found prinmarily in
fatty fish or fish caught in a particular location). There are nunber
of difficulties using the different types of consunption data. A
report fromthe European Conmi ssion provides a good summary of the
practical problenms in using consunption data to estinate dietary
exposure (EC, 1997a).

7.4.4 Contam nants in food

The vast majority of food that is actually consumed has undergone
sone form of processing, ranging fromsinple washing to conplete
reconstitution, as it progresses fromthe producer to ultimtely being
i ngested by a consumer (FAQ WHO, 1995b). Several factors can influence
cont am nant concentrations in foods that are ready to eat. These
factors include those that may vary by season and/or geographic
regi on, such as food source (e.g., homegrown, locally grown by a snall
producer, domestically grown by a nass producer and inported), and
former or current application of pesticides (US NRC, 1993). The form
in which food is consunmed (e.g., raw apple, apple sauce, apple juice)
can be very different in different subpopulations (e.g., adults,
el derly or young children).

Resi due | evel s neasured in raw agricultural comodities collected
at the producer, processor or distribution |level are unlikely to be an
accurate reflection of contami nant concentration in food as actually
consunmed. Wth the exception of the GEMS/ Food, which collects
contam nant and pesticide residue data from nmenber countries, there
are no centrally coordinated reference databases for other food
chemicals in foods. Potential data sources at the national |evel may
i ncl ude supervised trial data, government nonitoring and surveill ance
data (Pennington & Gunderson, 1987), national food conposition
dat abases (nutrients) and industry funded surveys. A nunber of
anal ytical methods for contaminants in food have been published by the
US FDA, EQAC and US EPA (e.g., US FDA 1997a,b). Different approaches
have been used for cal cul ati ng exposure when the contam nant
concentrations fall below the detection linmt (e.g., assumng the
concentration is zero or sonme percent of the detection linmt).

7.5 Summary

Thi s chapter has introduced avail abl e sanpli ng met hodol ogy for
chemicals in air, water, and food. Common to the selection of these
nmet hods are considerations of detection linmts, interferences, ease of
operation and cost. Personal, m croenvironmental and anbient air
sanpl ing nethods are avail able for nonitoring gases and vapours, both
passively and actively, aerosols, SVOCs and reactive gases.

Sanpl i ng considerations for assessing water quality are numerous.
An inportant consideration is that exposure to contam nants is not
l[imted to oral routes and that not all individuals have access to
treated water fromdistribution systens. Gui dance for sanpling and
nmoni toring progranmes i s provided.
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There are a nunber of nethods for measuring estinmating food
consunpti on and contami nation. The nethod chosen will depend on the
i nfornmati on avail abl e, the popul ation group of concern, whether acute
or chronic effects of the chem cal are being expressed, the intended
use of the results and avail abl e resources. The reader is strongly
advised to refer to nore conprehensi ve docunents on dietary survey
nmet hodol ogy and di etary exposure assessnent approaches.

8. MEASURI NG HUMAN EXPOSURE TO CHEM CAL CONTAM NANTS IN SO L AND
SETTLED DUST

8.1 Introduction

This chapter is intended to provide the reader with inportant
concepts and a basic understanding of soil and settled dust sanpling
so that effective sanpling strategi es can be designed to neet specific
research needs. Choices in sanpling nethods, sanpling |ocations,
sanpling areas and the sanmpling time of the sanple collection nmay be
particularly inmportant when the results are used for exposure
assessment purposes. For these nmethods to be used successfully, it is
i mportant that the investigators understand the basic concepts behind
collecting soil and settled dust and the Iimtations of different
net hods and strategies. Because this field of research is currently
evolving rapidly, it is recommended that researchers consult the
l[iterature for new and conplete informati on before designing a study
to measure toxic netals, pesticides, PAHs, other products of
i nconpl ete conbustion, fibres and biol ogical matter. The nost
appropriate nethod for sanpling soil and settled dust depends on the
living conditions of the study popul ation and the target contam nants.
The information in this chapter is therefore intended to provide
general gui dance on approaches that mnight be taken

Soil is a mxture of air, water, nineral and organic conponents
(Horne, 1978). The relative m x of these conponents deternines to a
| arge extent the capacity of a soil for containing chem ca
contani nants and the potential for it to be an inportant source of
exposure. Settled dust, which nay be found outdoors or indoors, is
often a conplex mxture of material from several sources. CQutdoor
settled dust is nmaterial deposited on roadways, streets and other
paved surfaces. Indoor settled dust (house dust) is nmaterial deposited
on indoor surfaces such as floors, carpets and furniture. Chenica
contam nants present in indoor dust can originate fromactivities in
the hone or can be tracked into the hone fromroad dust, soil or work
sites (US EPA, 1991). Material present in soil, outdoor dust and
i ndoor dust may include clay, sand, bacteria, viruses, allergens,
products of inconplete conmbustion, environmental tobacco snoke, heavy
netal s, pesticides, asbestos fibres, paint fragments, solvents, flane
retardants, cleaners, and residues fromsynthetic fibres, building
products and nany other materials and pollutants (Robert & Dickey,
1995).

Uni ntentional ingestion of house dust, particularly for children
may be a significant contributor to the total human exposure to many
potentially toxic substances, depending on personal living conditions
and frequency of contact with this nedia. Because children spend nore
time in contact with soil and indoor surfaces than adults and have a
greater dose given the sane exposure, these exposure pathways are
particularly relevant to children. For exanple, it is likely that
children's | ead exposure fromsettled dust is an inportant
contribution to total |ead exposure because of the past and present
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use of gasoline, |ead-based paint on housing and steel structures, and

ai rborne em ssions fromindustrial point sources that settle in
residential environnments. In the USA, house dust is considered a ngjor
source of lead to nost children (CDC, 1991; Lanphear & Roghmann,
1997). d der hones are especially susceptible to | ead dust exposure if
paint is peeling or renovations are being done (Roberts et al., 1992).

Soil and settled dust can be a significant source of exposure to
numer ous other toxicants in addition to |ead, including pesticides and
PAHs. Pesticides, although designed to degrade to different extents
t hrough natural environnmental processes such as sun, rain and soi
m crobial activity, may accunulate in soil and dust and persist for
| ong periods of time. Because of the lack of these externa
degradati on processes, pesticides nmay be particularly persistent in
i ndoor settled dust (Sintox et al., 1995). Studies have shown that in
the general population in the USA the highest concentrations and
| argest nunber of pesticides are found in house dust as conpared to
soil, air and food (Witnore et al., 1993; Lewis et al., 1994).

Al t hough many pesticides in house dust cone from outdoor sources, nany
househol ds use pesticides indoors. Because little or no training is
provi ded for users of househol d pesticides, unnecessary exposures
often occur. Pesticides often found in house dust include those used
for control of insects; e.g., chlordane and heptachl or in hones
treated for termtes, pentachl orophenol and lindane in homes where
wood preservatives had been used, and other harnful pesticides
contained in flea and garden treatnment (Roberts et al., 1992).

Hazar dous substances that originate at the worksite may al so find
their way (e.g., via clothes) into the honmes of workers. The US
Nati onal Institute for Cccupational Safety and Health conpiled a
bi bl i ography of nore than 350 published and unpublished accounts of
t ake- home, or "para-occupational" contam nation worl dw de (N OSH,
1994). The reports identified by NI OSH docunent the spread from
wor kpl ace to home of toxic netals (lead, beryllium cadm um and
nmercury), asbestos, and various other potentially hazardous
substances. Settled dust was a mmjor source of famlial exposure in
nost of these studies.

8.2 Sel ected sanpling nethods
8.2.1 Soi

Soil constitutes a potential exposure pathway through direct
contact and ingestion or inhalation of resuspended soil particles.
Children's activities make themnore likely to be affected by such
exposures. In addition, contam nated soil can be tracked inside hones,
or may infiltrate indoors when resuspended. In either case, soil may
beconme a conponent of settled indoor dust. There are no standard
coll ection methods for soil sanpling, as discussed later for settled
dust (section 8.2.2). This limtation affects the ability to nake
conparisons of results fromsoil sanpling across studi es. However,

i nformati on on soil contami nation can provide insights into the
relative inmportance of nultinmedia contam nants as they may affect
exposur e.

8.2.1.1 Surface soil collection

The npst comonly used approaches make use of an auger or simlar
sampl er such that a sanple is defined by cross-sectional area and
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predesi gned depth of the auger. Alternatively, a predeterni ned amunt
of surface soil may be scooped with a small trowel, with | ess precise
definition of sanpler depth. In either case, the sanple is stored in a
clean, inert container and transferred to the | aboratory for analysis.

8.2.1.2 Soil contact and i ntake measurenents

Skin contact has been neasured by nethods sinmlar to those used
for settled dust (e.g., self-adhesive |labels, hand w pes), and
controlled application followed by recovery of the fraction of
deposited soil on the skin (Lepow et al., 1975; Roels et al., 1980;
Que Hee et al., 1985). The anpunt of soil that adheres to the skin
depends on a nunber of variables including soil properties (e.qg.
wat er content, particle size, carbon content), region of the body and
activity (Kissel et al., 1996). A nunmber of studies have attenpted to
estimate soil ingestion based on hand adherence estinmates and
scenarios of activities, as well as analyses of soil tracers (e.g.
concentrations of alumnium silicon or titanium (e.g., Cal abrese et
al ., 1989, 1990).

8.2.2 Settled dust

Al t hough i ndoor dust is becom ng recognized as a reservoir for
many toxi ¢ substances and a potentially significant source of human
exposure, there is no uniform standard for sanpling settled dust. Mre
than 15 met hods have been described in the literature to date.
Scientists do not yet agree either on the definition of settled dust
or on the methods to neasure it. This issue is further conplicated by
the fact that results fromone settled dust sanpling nmethod nmay not be
directly conparable to results fromothers. Even with these
limtations, settled dust sanpling nmethods have been used effectively
and provi ded valuable insights into the total human exposure paradi gm

Sel ected sanpling nethods are described below to give the reader
an indication of the diversity of techniques available. The list is by
no means exhaustive. Several of the nethods described are sinple to
use and readily available to researchers worl dwi de. Brief descriptions
of how to use the sinpler nethods are provided. OQther nmethods require
speci al i zed equi prent that is relatively expensive and may be
difficult to obtain in sone regions of the world. The nethods are
di stinct fromone another, but nost fall into three categories: w pe,
vacuum sanpli ng and sedi nentati on net hods. These nethods are w dely
used for sanpling settled dust indoors; however, in principle they may
be applicable for outdoor settled dust as well. Bulk sanple collection
met hods, such as sweeping, are not covered here. Key features of the
various nethods for collecting settled dust sanples described in this
chapter are summarized in Table 29.

Tabl e 29. Conparison of features of different nethods for collected settled

Feat ure Cormmon HUD Pr ewei ghed Comer ci al DvM Rot a
W pe W pe sanpl e vacuum vacuum vacu
W dely avail abl e Yes Yes Yes Yes No No
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Cost Low Low Low Medi um Hi gh Hi gh
Si npl e net hod Yes Yes Yes Yes Yes Yes
Loadi ng Yes Yes Yes No Yes Yes
Concentration No No Yes Yes Yes Yes
Si evi ng possi bl e No No No Yes No No
Port abl e Yes Yes Yes No Yes Yes
Sanpl es snal | areas Yes Yes Yes Yes Yes Yes
AC power ed No No No Yes Yes Yes
Si ze selective No No No No Yes No

8.2.2.1 Wpe sanpling nethods

A comon wi pe sanpling nmethod uses prenpistened towelettes to
w pe a neasured area defined inside a tenplate placed on the sanpling
surface (Vostal et al., 1974; US HUD, 1995). Typical sanpling areas
are in the range of 0.1 n? and masking tape is commonly used as a
tenpl ate. The actual surface area inside the tenplate is not critica
as long as it is nmeasured and recorded. However, sanpling areas
greater than 0.2 n? are not recommended because | arger areas cannot
be wi ped effectively with one towelette. This nmethod has been used
extensively in the USA to neasure | ead amobunts in settled dust, but
has al so been used to ascertain | evels of cadm um chrom um and
arsenic, as well as nmany other netals and organi c conpounds.

Wth the HUD nethod, the person collecting the sanple should
wear a clean disposable glove on the hand that will come in contact
with the towelette. To collect a sanple, the surface inside the
tenplate is wiped with a towel ette back and forth in vertica
S-strokes. The exposed side of the towelette is then fol ded inward,
exposing a clean portion, and the sanme area is wiped with horizonta
S-strokes. The towelette is folded once nore, again exposing a clean
portion, and the area is wiped a final tine with additional vertica
S-strokes. The towelette is then fol ded, exposed side in, placed into
a clean seal able plastic bag or container, and sent to a | aboratory
for anal ysis.

Several researchers have used preweighed wi pe material, such as
cotton gauze or filter paper, in order to determine the quantity of
settled dust collected (Lepow et al., 1974; Stark et al., 1982;
Rabinowitz et al., 1985; Levallois et al., 1991). The sanpling
material is then rewighed in a |laboratory after sanple collection
Theoretically, the weight of total dust collected can be cal cul ated by
subtraction, and toxi cant concentration could be deternined after
anal ysis on a mass basi s.

An inmportant issue that needs to be addressed when using the
prewei ghed wi pe nethods is the potential |oss of sanpling material or
dust during handling in the field or |aboratory. Furthernore,
Chavalitnitikul & Levin (1984) noted that filter paper tends to fal
apart when rough surfaces are w ped. Loss of sanpling material in the
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field woul d underesti mate the anmount of total dust collected when
final weights are obtained, which would in turn overestimate the

cal cul ated mass concentration results. Because of water |oss or gain,
changes in humdity nmay also significantly affect the before and after
wei ghts of the sanples. These potential sources of error nust be
carefully controlled to make the results from prewei ghed wi pe nethods
reliable.

A specially designed prewei ghed wi pe sanpling nethod has been
devel oped to mnim ze the potential sources of error nentioned above.
This nmethod, known as the Lioy-Wisel-Winman (LWN nethod, was
devel oped to quantitatively neasure the toxicant concentration (ng/Q)

and surface |loading (ny/n?) of dust on flat surfaces (Lioy et al.
1993). The sanpling device is not made from comon materials and is at
this time only available fromthe research group that developed it.

8.2.2.2 Vacuum et hods

Many researchers have coll ected sanples from conmercial househol d
vacuum cl eaners, which are often referred to in the refereed
literature as research dust sanplers. Sone researchers state that they
sanpl ed only the fine dust that settled to the bottom of the bag.
(Kaye et al., 1987; Mffat, 1989; Davies et al., 1990; Thornton et
al ., 1990; Jensen, 1992). Other researchers nodified their vacuum
cleaners to hold filters (Dienel et al., 1981; Watt et al., 1983).

A settled dust vacuum nethod, commonly called the DVM is
constructed from conventional industrial hygi ene sanpling materials
that are likely to be available to researchers worl dwi de (Que Hee et
al ., 1985). The sanpler consists of a comon personal air-nonitoring
punp, usually operated at 2.5-3.0 litres/mn. Sanpling areas with this
method are typically 25 cmx 25 cm and often take nore than 5 nmin to
sampl e conpletely. A three-sided tenplate is sometimes used on bare
floors to vacuum dust that has migrated to the walls. Sanpling areas
are covered three tines with overl appi ng passes in the horizontal and
vertical directions. Que Hee et al. (1985) state that the sanpler was
designed to collect only small dust particles that would nost likely
stick to a child' s hands, not total |lead on a surface. Therefore, the
amount of dust collected by this method froma given surface is
usual ly I ess than collected by other nethods. This sanpl er has been
used in nunerous studies in the USA and el sewhere, and its use has
provi ded considerable information Iinking lead in settled dust to |ead
in children (e.g., Bornschein et al., 1985).

Resear chers have al so used | aboratory rotary vane vacuum punps
connected to the sanme three-piece filter cassettes as used with the
DVM descri bed above, but with a nuch higher flow rate. The filter
cassette is often used openface or with a wide diameter nozzle so
sanpling areas can be covered in fewer passes than required for the
DVM thus reducing the tine spent collecting sanples (Sol onon &
Hartford, 1976).

Prpic-Majic et al. (1992) described anot her vacuum punp sanpling
net hod that used a prescreen at its nozzle entrance to prevent coarse
particles and snmall objects frombeing collected on the nmenbrane
filter that served as the sanpling surface. Total dust measurenent was
obtained fromthe dust particles that reached the nmenbrane filter.
There was no nention of potential |oss of fine dust trapped in the
prescreen, especially after it was |loaded with fibres and debris.
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A sophi sticated vacuum sanpling device, called the HVS3, was
designed to nake dust collection efficiency fromdifferent surface
types as consistent as possible (ASTM 1993). The HVS3 is a
hi gh- power ed vacuum cl eaner equi pped with a nozzle that can be
adjusted to a specific static pressure and air flowrate to allow for
consi stent dust collection. The sanpler uses a cyclone to separate
particles greater than about 5 nmfromthe air streamand collects
themin a 250 nl sanple bottle screwed into the bottom of the cycl one.
Smal l er particles are not collected. The HVS3 can coll ect | arge,
representative sanples of settled dust fromindoor surfaces, such as
rugs and bare floors, and dust from outdoor surfaces, such as streets,
si dewal ks, | awns and bare, packed dirt. However, it cannot be used to
sanple fromsmal |l or uneven areas because of the large size of the
devi ce. The HVS3 has been used in numerous exposure assessnent studies
to nmeasure toxic netals and pesticides in settled dust. The sanpler is
not made from standard naterials and is therefore relatively expensive
to buy. Interested readers should consult the ASTM standard net hod
(D5438-93) for nore information on the specifications and availability
of the HVS3 sanpling device (ASTM 1993).

Farfel et al. (1994) nodified the HVS3 by using the sane cycl one
as in the HYS3 but with a commercially avail abl e handhel d vacuumto
make the device snmaller and nore portable. These authors al so used
flexible tubing as the pickup nozzle to allow small surfaces, such as
wi ndowsills, to be sanpled. This nodification, called the BRM

nmet hod, does not allow control of either the sanpling flow rate or
the static pressure at the pickup nozzle. The ASTM standard net hod for
the HVS3 does not apply to the BRM except for its description of the
cycl one.

Anot her settled dust vacuum sanpling nethod that has been used in
several research studies, the Sirchee-Spittler nethod, is a
hand- hel d, battery-powered vacuumunit (Ri nehart & Yanagi sawa, 1993;
Weitzman et al., 1993; Aschengrau et al., 1994). The sanpler is sinple
to use, highly portable and can cover |large areas in a short period of
tinme. Unfortunately, there are not many Sirchee-Spittler sanpling
devices in service and its availability to researchers worldwi de is
therefore limted.

8.2.2.3 Sedinentation nethods

Sedi nent ati on nethods invol ve neasuring the amount of dust which
settles on a clean, preweighed surface over a given period of tine.
Such procedures can nake use of a sinple collecting cup (Aurand et
al., 1983) or a flat plate (Pellizzari et al., 1995). After a
specified period of tine, the sanple is collected and neasured, and
the dust is then analysed in a |laboratory. Data fromthe Gernman
Envi ronnental Survey (Schulz et al., 1995) on donestic dust
precipitation is given in Table 30. Sedinmentation nmethods are usefu
for collecting sanples over a specific period of interest (e.g., a
day, week or nmonth). In contrast, the integration times of settled
dust sanples collected using the wi pe or vacuum et hods descri bed
above are not well characterized.

Tabl e 30. Sedinentation of elements in indoor dust, Germany 1990-1992 (Schu

El ement No. of No. of Percentil es Maxi
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sanpl es val ues val ue
>LOQ 10 50 95 (GW)
Dustfalla 3282 - 1.4 21.0 579 4.52
Arseni ch 3279 965 < 4 33 1313 5.4
Bor on 2896 511 < 0. 06 0. 64 47.1 0.13
Cadmi unmb 3282 0 5 44 833 11.7
Cal ci um 3277 25 17 273 2679 51.2
Chrom um 3282 14 0. 02 0. 28 3.92 0. 07
Copper 3277 1167 < 0.3 1.5 48. 8 0.33
Iron 3277 74 2 41 765 7.7
Lead 3282 0 0.11 1.17 86. 6 0. 29
Magnesi um 3277 26 2 25 342 5.2
Phosphor us 3277 1063 <1.8 17 542 2.8
Zinc 3277 15 0.9 8.6 108 2.2

Units are pg m2d-1 unl ess ot herw se indicated.
a rTg mZd-l.
b ng m2d-1,

8.3 Sanpling design considerations

Section 8.2.2 describes nunerous innovative nmethods that have
been devel oped and used by researchers to collect settled dust from
surfaces. Many nore exanples can be found in the literature. However,
there has been little standardi zati on anong the nethods. Differences
in vacuum punp fl ow rates, nozzle shapes and sizes, and sanpling
technique will affect dust-pickup characteristics of vacuum sanpling
nmet hods and will, therefore, affect the results. Differences in w pe
sampling material and technique will also affect the results from w pe
sanples. Different recovery rates of dust fromalternative
sedi nentati on nethods can also have a | arge effect on anal ytica
results. These differences anbng met hods, which are not wel
docurented in the literature, can nake interpretations and conpari sons
bet ween studies difficult. It is inportant that sanpling nethods are
wel | described when results fromsettled dust sanpling are reported.

Sanpl i ng design considerations for soil should followthe
obj ectives of the study and consider the particular conditions of the
site being nonitored. For exanple, nultiple soil sanples can be
obt ai ned around the perinmeter of a house at a sufficient distance so
that the soil is representative of naterial that might be tracked into
the honme. In this case, the sanples m ght be conposited. Backyard soi
m ght vary in the nunber and amounts of contani nants present, as wel
as usage and specific activities by residents. The nunber and | ocation
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of samples to be obtai ned shoul d be based on these considerations.
8.3.1 Concentration and | oadi ng

Al nmost all settled dust contains neasurable | evels of comon
envi ronnent al contam nants such as heavy netal s and pesticides, and
nost residential surfaces, such as floors and wi ndowsills, contain
settled dust (CDC, 1991). The actual concentration of a target anal yte
in a sanple of settled dust depends on the amobunt of dust coll ected
that does not contain the anal yte and the amobunt of dust coll ected
t hat does contain the anal yte.

The anal yte concentration, sonetines called a mass

concentration, is usually expressed as micrograns of analyte per
gram of dust (ug/g). The anpunt of dust on a surface can be expressed
as granms of dust per unit area, such as per square netre, and is
usual ly called dust loading (g/n¥). The anal yte concentration
multiplied by the dust |oading on a surface, gives a analyte

| oadi ng value and is conmonly expressed as micrograns of analyte per
unit area (pg/n¥). The dust |oading and anal yte | oadi ng neasurenents
are both area concentrations, that is, the concentration of dust or
contam nant per unit area. In this report, "concentration" refers to
mass concentration and "l oading" refers to area concentration.

The exanple of residential sanpling for lead is used to sinplify
t he di scussi on. Conmon wi pe sanpling nethods, such as the HUD net hod,
nmeasure |l ead | oading directly, w thout neasuring | ead concentration

and dust loading. Fig. 24 illustrates what commbn w pe sanples can
nmeasure, using realistic results collected fromfloors in a
hypot heti cal residence. Assune that each diagonal line in the figure

represents the lead | oading results fromone w pe sanple. The di agona
| ead | oading |lines show the infinite nunber of |ead concentration

( y axis) and dust loading ( x axis) conbinations that mght result

in the neasured |l ead | oading. As mentioned earlier, the product of the
two paraneters is the lead loading (ug/g x g/n? = ug/n?). Using a

log scale on the x and y axes ensures that the infinite nunber of
conbinations that result in the sane |ead | oading value fall on a
straight line. As noted in Chapter 4, the distribution of nany
nmeasures of environmental exposure is skewed right and may often be
approxi mated by a | ognormal distribution. For |ognormal distributions,
geonetric relationships (e.g., factorial) exist anmong quantiles of the
distribution, in contrast to the linear relationships present in
nmeasures that follow a normal distribution. As described in Chapter 4,
| ognormal distributions can be "normalized" in a nunerical sense by
expressing the data as the |log-transfornmed values or in a graphica
sense by plotting data on |log scales. This exanple assumes that |ead
concentration and dust loading are |lognornally distributed and
perfectly correlated with each other, i.e., lead loading in ug
lead/n? is assumed to be constant. A scatter plot of two perfectly
correlated and | ognormal |y distributed neasures depicted on a nornal
scal e woul d exhibit a curved rel ationship, but appears as a straight
i ne when depicted on a | og scale.

Because common wi pe sanpling neasures |ead |oading directly, but
does not neasure | ead concentration and dust |oading, the results from
w pe sanpling cannot be used to determ ne which conbination of |ead
concentration and dust loading is present. Simlarly, Davies et al
(1990) states that for a given contani nant | oadi ng val ue, the
contam nant concentration can range from high where there is little
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dust to, conversely, |low where there is a large volume of dust. The
only way to measure both | ead concentrati on and dust loading is to
coll ect a house dust sanmple with one of the vacuum sanpling nethods,
or with one of the prewei ghed wi pe sanpling nethods. Commobn wi pe
sanpl i ng met hods do not neasure |ead concentration

Al t hough research studi es have shown that estimates of both | ead
concentration and | ead | oading (area concentration) correlate
significantly with children's blood lead levels, it is unclear which
nmeasure is better at predicting the true, long-term | ead dust
exposures to children. Results from Davies et al. (1990) suggest that
the average | ead | oading (lead area concentration) neasured in a
child's environnent expressed nore realistically the exposure of
children to lead than did | ead concentration (lead nass concentration)
nmeasurenents. Results fromthe Lanphear et al. (1995) study al so
suggest that |ead | oading measurenents correlate better with
children's blood |l ead | evel s than does | ead concentration. However,
Bornschein et al. (1985) showed that, for their conditions, |ead
concentration and | ead | oading have very sinilar correlations with
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Fig. 24. Three wipe sampling results from a hypothetical residence. Theoretical
relationship among lead loading, lead concentration, and dust loading (Diagonal lines
represent constant lead loading values)

children's blood | ead | evels. Laxen et al. (1987) found that bl ood
lead | evels did not correlate better with | ead dust |oading than with
concentration.

8.3.2 Collection efficiency

Anot her inportant concept to understand is that the type of
surface fromwhich the dust is sanpled directly affects the efficiency
of dust collection fromthe surface. Furthernore, different sanpling
nmet hods recover different amobunts of total dust fromthe sane sanpl ed
surface. These differences are due to different collection
efficiencies of the methods. Differences in collection efficiency on
di fferent surface types and anong sanpling devices nay influence
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nmeasurenents of toxicant levels in settled dust.

Roberts et al. (1991) docunented total dust recoveries that
ranged from greater than 90% by wei ght on a snooth painted surface to
about 30% on a carpet. Chavalitnitikul & Levin (1984) conpared severa
types of wi pe sanpling nmethods. They conducted a | aboratory wi pe
sanmpling experinment with wipe materials on a snooth surface (Fornica)
and a rough surface (plywood). The study exani ned different w pe
mat eri als, such as Whatnman filters, paper towels and adhesives --
paper | abels, adhesive cloth and dernal adhesive. The researchers
determ ned that, on snooth surfaces, all techniques were conparable,
wi th about 85-90% recovery with carefully prescribed protocols. On
pl ywood, however, recoveries dropped to |less than 43% They al so noted
that the Wiatman filters fell apart on the rough surface. Qher
sanpl i ng method characterization studi es docunent sinilar differences
(US EPA, 1995a, b).

Three comonly cited nmethods used to sanple lead in settled dust
(the Dv™/ BRM and HUD net hods) nay collect very different anounts of
total dust fromthe sane surface (Lanphear et al., 1995). Assuning
that a smooth hard surface is sanpled, the difference in collection
efficiency between the DVM and the other two nmethods may be greater
than a factor of 10, with the DVM consistently collecting | ess dust
than the BRM and HUD net hods. The latter two net hods woul d probably
collect simlar anpbunts of dust on a snooth hard surface.

Since contaminant loading is directly related to total dust
collected fromthe sanpled surface, the DVM sanpler will consistently
nmeasure | ower contam nant | oadi ng val ues on hard surfaces than the BRM
or HUD nethods. This does not inmply that a high collection efficiency
is better than a |low efficiency. An argunent in favour of the DVMs
| ow col l ection efficiency is that it measures the nore biologically
active fraction of |eaded dust available to a child (Que Hee et al.
1985). However, results fromthe only study to use all three nethods
side by side in children's hones suggest that the BRM and HUD net hods
correlate slightly better with children's blood |lead | evels than the
DVM et hod (Lanphear et al., 1995). The sanme study showed that the BRM
coll ects nmuch nore dust from carpeted surfaces than the DVM or HUD
nmet hods. The point to note is that |ead | oadi ng neasurenents on the
same surface differ anmong sanpling nethods. Further research is needed

to determine the inmportance of collection efficiency for exposure
assessnent studies.

As wi th contam nant |oading, differences in collection efficiency
on different surface types and anmong sanpling nethods nay affect
nmeasur ements of contam nant concentration. Differences in the relative
recovery of contam nant-containing dust and non-cont ani nant - cont ai ni ng
dust can result in different contam nant concentration nmeasuremnents.
Theoretically, however, concentration nmeasurenents are likely to vary
| ess anpong net hods than are | oadi ng neasurenments. Results fromthe
Lanphear study, which collected hundreds of side-by-side | ead dust
sanples with the DVM and BRM net hods, are consistent with this theory.
Ceonetric nmean |l ead | evel s and the correspondi ng standard devi ati ons
suggest that, on average, side-by-side |ead |oading measurenents
di ffer nore between the two sanpling nmethods than do the |ead
concentration neasurenents (Lanphear et al., 1995).

8.4 Sanpling strategies
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Choosi ng an appropriate sanmpling nethod is an inportant part of
designing a study to neasure toxicants in house dust. However, it is
only part of designing a sanpling strategy. The sanpling nethod
specifies how to collect settled dust, whereas the sanpling strategy
speci fies the process of sanpling. Several of the questions that need
to be answered when devel oping a sanpling strategy are:

* What age group is targeted by the study?

* Whi ch surfaces and substrates should be sanpl ed?
* When and how shoul d sanpling take place?

* Shoul d a conposite sanple be created?

* How wi || the sanpl es be anal ysed?

As noted in the first section of this chapter, young children who
play on floors are likely to have hi gher exposure to settled dust than
adults. Children may be also routinely exposed to dust in areas of a
resi dence that adults do not contact. Different sanpling strategies
may be appropriate for different age groups.

The potential effect of the surface type and substrate on dust
coll ection should be factored into the strategy because dust
collection efficiencies fromdifferent surface types can vary greatly.
For exanpl e, toxicant |oading or concentration neasurenents nmay
correlate relatively well with biological nmeasurenments when dust is
collected on hard floors or on carpets. However, if the person's
rel ati ve exposure to dust fromfloors versus carpets differs fromthe
sanmpling nethod's relative collection efficiency on these surfaces,
the rel ati onshi p between biol ogical and settled dust neasurenments will
be different for each surface. Simlar differences between a human's
exposure and a sanpling nethod's collection efficiency nmay be found

bet ween conponents within a room such as between a wi ndowsill and a
floor.

Anot her issue to note is that the sources of dust, its tenpora
and spatial variability, and accessibility to humans, especially to
young children, may vary greatly from person to person, roomto room
and house to house. However, little research has been done to exam ne
this variability across space and tine. Interpretations of house dust
sanple results may, therefore, be affected by this variation in
addition to the variation introduced by the choice of sanpling method.
Short-term changes in a person's environnment before sanpling, possibly
i nfl uenced by sporadi c house cl eaning practices or by a person who has
just returned home fromvacati on, may offset the dust/biol ogica
rel ati onships owing to the timng of sanple collection

The toxicant levels in settled dust to which a person is exposed
may be thought of as a wei ghted average across the areas where the
person has dust contact, with weights roughly proportional to the tine
a person spends in different areas. From a sanpling perspective, the
average toxicant level to which a person is potentially exposed may be
estimated by collecting many individual sanples of settled dust for
separate analysis and conbining the results by cal culating a weighted
average after analysis. O, field conposite sanples can be coll ected
before | aboratory analysis by collecting and physically conbining two
or nore settled dust sanples fromeach of several areas in a dwelling.
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Resear chers have used both strategies for collecting dust sanples
(Farfel & Rhode, 1995).

A common criticismof conposite sanpling is that toxicant
variation across a floor or throughout a residence cannot be
det erm ned; toxicant "hot spots" nmay be mssed. It nust be
acknow edged, however, that any settled dust sanpling strategy may
m ss hot spots. The inportant issue is how much these hot spots
contribute to the total exposure of the average person. This question
has not been answered by scientific studies. In any case, the
statistical relationship between biological toxicant |evels and
average toxicant levels in settled dust |levels across large areas in
whi ch a person may be exposed are likely to be better than the
rel ati onshi p between biol ogical |evels and a potential high-dose
source of toxicant exposure for a short period of tine. Davies et al
(1990) used this assunption to design a sanpling strategy that
col l ected settled dust "taken over all the exposed floor surface in
t he roons concerned" (thus, the average | evel was neasured in a room
rather than fromsmall areas in the room and found a relatively high
statistical relationship with children's blood |ead |evels
( r =0.46).

Possi bly the best neasures of toxicants in settled dust for
exposure assessnent purposes are averages of dust neasurenents taken
repeatedly over tine. If one were to repeat sanpling over tine,
averages across space and tine could be obtai ned. However, nost
sanmpling strategies used in previous studies collected settled dust at
only one point in tine. An obvious advantage to cross-sectional (one

time) studies is that they are | ess expensive than |ongitudina
(repeated neasures) studies, which require repeated visits to a
dwel | i ng, greater occupant burden, and hi gher |aboratory analysis
costs.

One possible, but untested, approach to strengthening estimates
of time-weighted average dust levels in cross-sectional studies nay be
to neasure exposure-wei ghted average | evels based on the activity of
the person. This may be done by listing indoor |ocations where the
person spends time, then roughly estimating the percent of tine spent
actively in each location, rounded to a conveni ent percentage. Sanples
can then be conposited fromthe specific areas by adjusting the
subsanpl e areas to be proportional to the percent of time spent in
each area. An exposure-wei ghted average toxicant dust |evel could then
be estimated fromthe result.

Finally, |aboratories performing the chenical analysis should be
consul ted before settled dust sanples are collected. This is
particularly true when collecting conposite w pe sanples. An excess of
towel ette naterial may present problens during the |aboratory
di gesti on phase of analysis, requiring nore reagents and | arger
beakers than normally used, and potentially reducing the toxicant
recoveries owing to matrix effects. Simlarly, vacuum sanpling nay
collect nmore dust than is required for analysis. If this is the case,
techni ques need to be enployed by the laboratory to ensure that the
fraction of dust analysed represents the whole. Another potentia
source of error in the results lies in how the dust is handled after
sanpling and prior to analysis. If neasurenents of |ead concentration
in dust are inportant for the objectives of the study, sanpling
nmet hods that present the dust to the laboratory in an easy-to-handl e
form shoul d be considered over alternate nmethods. These issues and
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ot hers should be well thought out before the commencenent of a settled
dust sanpling effort.

8.5 Summary

Human contact with soil and settled dust can be an inportant
source of exposure to chemical contaninants, especially for children
Al t hough many sanpling nmethods have been devel oped, no single approach
has been denobnstrated to be superior to the others. As a consequence,
it isdifficult to conpare results fromstudies that utilize different
sampl ing nethods. Inportant factors to consider when selecting a
sanmpl ing nethod include collection efficiency, differences in human
activity patterns, physical variability of soil and dust |evels over
space and tine, surface and substrate sanpled, timng of sanple
col l ection and anal ytical nethods used to nmeasure toxicants in the
| aboratory.

9. MEASURI NG Bl OLOG CAL HUVAN EXPCSURE AGENTS I N Al R AND DUST
9.1 Introduction

M crobi ol ogi cal organi sns have | ong played an inportant role in
human ecol ogy. Fungi are critical to the production of cheese and the
fermentation of beer, and in sone cases are a direct source of
nourishment. In the first half of the 20th century, Penicillium

chrysogenum col oni es were discovered to inhibit growth of other
organi sns. Today pharnmaceutical conpanies, anmong others, are exploring
fungal enzynes for a variety of reasons including new drugs,
non- chem cal pesticides, biodegradation of waste and possible
catal ysis of chemical reactions.

However, natural does not nean beni gn. Human exposures to
nm croorgani sms have resulted in allergic, toxic and infectious
di sease. As humans have nodified the environnment through cultivation
| andscapi ng and buil di ng structures, ecol ogi cal bal ances have been
di sturbed. The distribution of noisture and nutrients has been altered
to a point where it is quite commopn to encounter reservoirs of fungi
bacteria and al gae, and infestations of nmites and cockroaches.

Thr ough ai rborne di spersion, ingestion or direct contact, humans
confront components of m croorgani sns continuously. W nmay be affected
t hrough an i mrune reaction requiring sensitization. Predi sposed
i ndi viduals may not experience a reaction for sonme tinme after they
have been exposed. Once an individual is sensitized, a reaction such
as an asthmatic attack m ght be del ayed hours followi ng the exposure
event. However, there are nmany infectious diseases induced by fung
and bacteria that require no period of sensitization before illness
devel ops. There is yet another route whereby m croorgani sns can evoke
irritation and health effects: sone netabolites from noulds are
carcinogenic (e.g., aflatoxin B) or imunosuppressors; some cause
dermat oxi ¢ effects; others cause annoyance and irritation by the VOCs
t hey rel ease.

Tabl e 31 provides basic categories for the mcroorgani sns of
primary interest and sone possible sources. Assessing exposures to
m croorganisns is very different in some aspects from assessing
exposures to physical or chenical agents. For virtually al
M croor gani sms, exposure-response or dose-response information is
currently limted. Neverthel ess, exposures to allergens, funga
spores, Legionella, and tubercul osis, anmong nany others, are being
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inferred fromsanmpling. And, particularly for assayable antigens and
endot oxi n, dose-response data are accunulating rapidly. Observed

i ncreases in tuberculosis and asthna as well as atopy have brought a
resurgence of epiden ol ogy and expanded interest in exposure
assessnent.

Tabl e 31. Conmmon bi oaerosols, rel ated di seases and typi cal sources

Page 150 of 284

Bi oaer osol Exampl es of di seases Conmon sour ces
Pol | ens hay fever pl ants, trees, gr
Spor es all ergic rhinoconjunctivitis shi pl oadi ng

Pl ant parts ast hma

upper airway irritation

Fungi asthma, allergic diseases plant material, s
i nfection ani mal droppi ngs;
t oxi cosi s gl ues, wool
t unour s

Bacteria endot oxi cosi s humans, birds and
t ubercul osi s dental secretions
pneunoni a, respiratory and wound wat er sprays and
i nfections, |egionellosis, Q and pool s, drinking w

ponti ac fever

O her allergen sources ast hma mte excreta, ins

Art hr opods dermatitis nmot hs, m dge)

Vert ebrat es hypersensitivity dander and saliva
pneunonitic mce and rats, bi

Vi ruses? respiratory infections, colds, i nfected humans,
nmeasl es, nmunps, hepatitis A, i nsect vectors, p

i nfluenza, chicken pox, Hanta virus

Viruses are included in table for conpl eteness but are not covered in this ch
b Protozoa in the formof free-living anbebae can be direct acting pathogens or

interact with bacteria (e.g., Legionella gromh w thin anpebae).
Sour ce: devel oped from Burge (1995).

Thi s chapter discusses the strategy and nethodol ogy for exposure
assessment of five mmjor categories of biological particles:
* house dust mites and their faeces
* all ergens from pets and cockroaches
* al l ergens and/or toxins derived from

- fung
- bacteria

- pol | en

For each category information will be presented regarding
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sampl i ng net hods, methods of anal ysis, and advant ages and drawbacks of
the different nethods. Seasonal variations in nite allergen and fung
are illustrated by showing the sunmary results of an extensive survey
conducted in Australia. Mte and pollen antigen as well as funga
organi sns can vary substantially within homes and buil di ngs, as
illustrated in the figures in this chapter. The reader is referred to
texts such as ACAH (1989) and Burge (1995) for details on

i nstrunentations, specific information relevant to the allergenic,

i nfectious and toxigenic properties of many m croorgani snms and their
constituents and netabolic by-products.

There are three different basic approaches for the exposure
assessment of biological particles: observational sanpling, reservoir
sanpling (dust, surfaces, water) and air sanpling.

* Observati onal sanpling neans that one uses sensory perception to
col l ect data about potential sources of exposure to biologica
particles (e.g., visible fungal growh).

* Reservoir sanpling refers to the collection of bulk materi al
(e.g., surface contact, bulk material, water sanple or dust sanple)
to estimate the potential exposure.

* Air sampling is the nost likely to be representative of human
exposure.

This chapter will enphasize reservoir (primarily indoor dust) and
air sanmpling of bioaerosols and not gaseous netabolic products.

Desi gni ng a specific sanpling progranme requires consideration of
the aimof the sanpling, the nature of the biological particles
(i ncluding size and expected concentrations) and paraneters that
i nfluence the actual exposure to these particles. These paraneters
deternmi ne the choice of the sanpling and quantification nmethod, the
sampling strategy (e.g., location, season, duration and frequency),
and approaches for statistical analysis and interpretation of the
data. For nost situations, the exposure route of interest is
i nhal ati on. Therefore, ideally, the exposure should be assessed by

personal air nonitoring. As will beconme clear fromthe renmai nder of
this chapter, however, no single sanpler fulfils the characteristics
of the ideal sanpler to nmeasure the total exposure to biologica
particles. Many of the nethods used for estinmating environnental
concentrations of biological particles are not truly representative of
an individual's exposure to these particles. As stated earlier, this
is, in part, because the exposure neasure of biological inportance is
not well understood. In addition, the field of environnental

aerom crobi ol ogy devel oped froma | aboratory biol ogy base that
borrowed sanpling techni ques and equi pnent fromother fields. Unti
recently there had been little convention or need for uniformty of
nethods. It is not surprising, therefore, to find a general |ack of
data regarding the validity of the nethods used to estimate the
exposure to biological particles. This situation has certainly changed
as those investigati ng exposure assessnment aspects of aerobi ol ogy have
cooperated with environnental epidem ol ogists.

Useful reference texts with regard to sanpling and anal ysis of
bi ol ogi cal particles include those by the Anerican Conference of
Governmental Industrial Hygienists (ACAdH 1995), the European
Conmi ssion (EC, 1993), Hanmilton et al. (1992), Pope et al. (1993),
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Burge (1990, 1995), and Burge & Sol onbn (1987), Reponen (1994), and
Ver hoeff (1994a, b).

9.2 House dust nmtes

House dust nmites are nenbers of the arachnid fanily having ei ght
| egs and an exoskel eton. They can be up to 300 umin length and live
of f organic debris found in house dust (e.g., skin flakes, hair
follicles and fungi) (Colloff, 1991). Because mtes absorb water
vapour they are critically dependent on the absolute humdity.

Survival in the adult stage requires environmental noisture conditions
be sustained not |ower than 7-8 g/n? (Korsgaard & |versen, 1991

Fer nandes-Cal das et al., 1994). This is equivalent to a relative

hum dity of about 50% at 20°C.

Mte antigen is mainly found in the faecal pellets which nay be
10-20 umin dianeter and will not renmain suspended for very | ong.
Feather et al. (1993) identified enzynmes derived fromthe mte gut as
the source of allergens. These enzynes might remain as potent
allergenic material in bedding, mattresses, carpets and furnishings
long after the mte population has dininished, further conplicating
exposure determ nation

Two di fferent approaches, the sanpling of air and of settled
dust, are available to neasure the presence of house dust mites and
their allergens as indicators of environnental exposure. The latter is
the nbst comonly used approach

9.2.1 Air sampling for house dust mtes

Several techniques exist for volunetric sanpling of airborne mte
al I ergens, using cascade inpactors or high- and | owvol une sanplers in
conbi nati on with nenbrane filters (Swanson et al., 1985; Price et al.
1990; Sakaguchi et al., 1993; diver et al., 1995). These techni ques
have t he advantage that they sanple airborne allergens and m ght
therefore be nore representative of the true exposure than assays of
settled dust. The literature is limted, however, on the validity of
air sanmpling as nmeasure of exposure to house dust nmite allergens
(Swanson et al., 1985; Price et al., 1990; Sakaguchi et al., 1993),
and further research is needed.

Mtes thensel ves are not seen in air sanples. Furthernore, in
undi st urbed roons anounts of airborne nmte allergens are snmall and
difficult to detect, even after prolonged sanpling. Most of the nmite
all ergens bind to faecal pellets, which becone airborne only as a
result of disturbance, and little allergen is associated with
particles that renmain airborne for nore than a few m nutes. Therefore,
practical disadvantages of airborne sanpling of nite allergen are the
requi rements for |ong sanpling periods (2-24 h) and very sensitive
assays (Thien et al., 1994). Price et al. (1990) used a |ow volune air
sanpler (2 litre/mn) for 3 h to sanple suspended dust mite allergen
in homes. They reported that the airborne allergen |evels correl ated
better with sensitization to nmites anong children than the levels in
dust. Further, the air and dust antigen |levels were not correl ated.

Al though this is the only study linking atopy to airborne nte

al l ergens, it does suggest potential linitations of using dust
sanpling as a surrogate exposure neasure. In a small nunber of

studi es, air sanpling and dust sanpling were carried out in parallel
(Price et al., 1990; Sakaguchi et al., 1993; Qiver et al., 1995). In
only one study were significant correlations found between the |evels
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of house dust mite allergens in air and dust (Qiver et al., 1995).

Al l ergenic responses to dust nite allergens may be induced by
short-duration high-concentrati on exposure events. Therefore, the
clinical inportance of integrated air sanples nay be nore relevant in
predi cting preval ence of atopy to mites rather than predictive of
acute health effects.

At present no reliable information is available that will support
adoption of a standardi zed nmethod for air sanpling of house dust mte
all ergens. According to an international workshop held in 1987
(Platts-MI1s & De Weck, 1989) airborne sanpling has not been shown to
be better than dust sanmpling to neasure the level of nmite infestation
in hones or schools. This was confirned by a second internationa
wor kshop in 1990 (Platts-MIls et al., 1992). It was al so stated that
there are few or no data showing a relationship between airborne
nmeasurenents and sensitization to house dust nmites or synptoms. In
contrast, a relationship is apparent between the concentrations of
mte allergens in settled house dust and sensitization or synptons.
Therefore, air sanpling was not recormended (Platts-MIIls et al.

1992).

9.2.2 Dust sanpling for house dust nites

Dust sanpling for nmeasurenment of the level of mite infestation is
accepted and reconmended as the best-validated "index of exposure" to
house dust mite allergens. The approach assunes that the quantity of
allergens released into the air is a function of what is present in
settled dust, or, conversely, that the nmeasurenent of allergen in
settled dust is related to both the |long-term dose a person receives
and to the short-termairborne | evels experienced during events that
rai se dust.

St andardi zed sanpling procedures to neasure house dust nmites and
their allergens in house dust have been proposed (Platts-MIls & De
Weck, 1989; Platts-MIls et al., 1992; EC, 1993; Dreborg et al.

1995). Sampling sites should be consistent throughout the study and
preferably include the upper mattress surface and the floors of the
living roomand bedroom Sanpling can be conducted with vacuum

cl eaners equi pped with a special attachnent to collect dust on a paper
filter. Vacuuming 1 n? of surface in 2 minis a commonly used

sanpl i ng net hod. Dependi ng on experiences with the amount of dust
recovered in specific situations, investigators nmay have to nodify the
sampl i ng procedures. Sanples can al so be obtained from uphol stered
furniture, soft toys and clothing. Alternative techniques for

col l ecting dust sanples include shaking blankets in a plastic bag and
scraping flat surfaces higher than floor level with a piece of firm
card. However, these techniques are |l ess effective than collection by
vacuum cl eaner and not standardi zed. The dust sanples may be sieved
before analysis to obtain a sanple of fine dust that can be wei ghed
accurately. Unfortunately, dust sanples may still vary in density
after sieving. An alternate nethod for sanpling airborne nite
allergens is to collect settling dust on |large Petri dishes over a
peri od of 14 days (Tovey et al., 1992; diver et al., 1995). Brown
(1994) devel oped a variation on the integrated settling nmethod. A
100-cn? piece of sticky tape is placed in contact with the surface

for 24 h. Under | ow power magnification (36x), the trapped nites are
counted. Using an enpirically derived collection efficiency of 30%
the nunber of live nites per area is estinmated. However, this does not
reflect the true extent of exposure to mte allergens (see section
9.2.3.1).
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9.2.3 Avail able nethods of analysis for house dust nmites

There are three types of nmethod for estinating the concentrations
of house dust mtes or their allergens in (airborne) dust sanples:
mte counts, imunochem cal assays of mite allergen and guani ne
determi nations. The choice of a particular nethod depends on the
speci fic purpose of a study.

9.2.3.1 Mte counts

The preval ence of nmites in settled house dust can be determn ned
by counting under a mcroscope after separation fromthe dust sanple
by flotation or suspension. This technique pernmits the identification

of the predom nant species and the recognition of live, dead, |arva
or adult types. The di sadvantages of this nethod include:

* the need for training and devel opnent of skill in determning
different nmite species

* the failure to quantify faecal pellets and disintegrated nite
bodi es and therefore to reflect the true extent of exposure to nite
all ergen | evels

* the unsuitability for l[arge-scale (epideniological) studies ow ng
to the tine-consunming nature of the work (Platts-MIls & De Weck
1989; EC, 1993).

A further limtation of this nethod is variation anpbng the actua
extraction techni ques. Bischoff et al. (1992) estimates that |ess than
10% of the mites are renoved fromthe carpet by typical vacuuni ng
techni ques, but this nunber varies with the type of surface, the type
of vacuum used and the vacuuni ng techni que.

9.2.3.2 |Immunocheni cal assays of dust nmite allergens

| mmunochem cal assays are widely used to neasure the
concentrations of house dust-mite allergens. The dust mte germis
Der mat ophogoi des and al | ergens have been identified for three
speci es. The conventional |abelling of these allergens are denoted by
the prefix "Der" followed by a letter indicating the species. These
assays are possible because the major allergens produced by house dust

mtes, i.e., the group 1 allergens (Der p I, Der f I, Der ml) and the
group 2 allergens (Der pIl, Der f Il, Der mll) are well
characterized and purified. For immunochem cal analysis, the dust
sanple is extracted (e.g., in a buffered saline solution), and then

stored frozen until analysis.

Total mte allergen content can be assessed by
radi oal | ergosorbent tests (RAST). This nethod provides a good estinate
of the relative potency of different allergen extracts, but cannot be
used for absolute quantification of nite allergen | evels. An advantage
of the nethod is that it measures "relevant” antigenic deterninants
that have elicited a response in allergic subjects, since human IgE is
used. Results vary with the conposition of the extract used on the
solid phase and with the conposition of the serum pool used for
detecting bound allergen. However, RAST inhibition results are
difficult to reproduce over an extended period of tine.
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I ndividual nite allergens can be nmeasured with enzyme-1inked
i munosor bent assays (ELI SA) or radioi munoassays (Rl A). Sandw ch
radi o- or enzyne i nmunoassays enpl oy either rabbit polyclonal or nobuse
nonocl onal anti body for capture, and a second nonocl onal antibody for
detection (see Fig. 25). These assays are nore sensitive than RAST.
Those usi ng nonocl onal antibodies in particular have al so the great
potential advantage of long-termreproducibility. Furthernore, ELISA
assays have been shown to be highly reproducible (e.g., Minir et al.

4. Streptavidin-peroxidase - reacts
/ weith zubstrate to produce colour
reaction

3. =econd antibody ——

———— 2. Allergen

1. First antibody ——————— =
—

a———  Bottom of well on assay plate -

Fig. 25. General diagram of ELISA method for detecting dust mite antigens.
Thiz assay uses "designer™ antibodies that bind specifically to the allergen
of imterest

1993; Van Strien et al., 1994) and can quantify antigen levels to | ess
than 1 ng/mg dust.

I mmunochem cal assays are highly specific and the results
obtained with these assays can be expressed in absolute units of a
defined protein by unit weight of dust or by unit area sanpl ed. They
are suitable for |arge-scale surveys because they can be autonated.
However, a sophisticated |aboratory is required.

9.2.3.3 G@uanine determ nation

The third possibility is the nmeasurenent of guanine, which is a
ni trogenous excretory product of arachnids, found in house dust. Since
nmtes are predom nant anong arachnids in house dust, deternination of
guani ne content in the dust is an indirect nethod for assessing nite
allergen levels. Analysis of guanine content is based on a col our
reacti on between guani ne and an azo conpound (Le Mao et al., 1989;
Hoyet et al., 1991). The anpunts of guani ne can be neasured
gquantitatively on a wei ght/wei ght basis using a spectrophotoneter, or
sem quantitatively using a conmercially available test kit (Pauli et

al ., 1995). The quantitative assay has been reported to denonstrate a
good correlation with the assay of Goup 1 allergens (Platts-MIIls et
al ., 1992), whereas the semi quantitative test was found to be |ess
sensitive (Lau et al., 1990).

9.2.4 Mte allergens

Sanpling strategies nay vary dependi ng on objectives but nost
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studi es collect vacuum sanples using a protocol that, at |east
internally, standardizes equi pment, area, duration and l|ocation. Mtes
are typically found in higher concentration in bedding. Typical areas

woul d include mattresses, pillows, blankets and bedroom fl oors.
Because of spatial variability, mxed floor sanples can be used. O her
areas of high use include living room uphol stered chairs and couches,
and covered fl oors. Bischoff et al. (1992) describes an approach used
to avoid depletion of the dust reservoir during routine and repeated

sanpl i ng.

M te-antigen | evels have been shown to vary with season
reflecting the noisture and tenperature dependency controlling nite
devel opnent stages. Garrett (1996) conducted a yearlong study in 80
homes in eastern Australia. Fig. 26 reveals the tenmporal variation in
Der p I, the prominent allergen. The allergen levels in dust collected
fromthe bedroomand |iving roomare higher during the warmer and nore
hum d nonths of the year. Garrett (1996) has shown that the allergen
level for Der p | is consistently higher in dust collected directly
fromthe beddi ng. The between-hone variation is quite apparent,
rangi ng over al nost two orders of magnitude. Examining Fig. 27 offers
an expl anation for the higher levels of greater variability in the
all ergen levels recovered fromthe beddi ng dust. Mtes survive better
in mttresses with spring cones than in foamrubber. Presumably, |ess
nmoi sture is retained in the hydrophobic foammaterial. Al so, wool
sheets and bl ankets favour the growth and retention of mte antigens
nore than alternative bedding material. Other studies on mtes in wool
rugs suggest that the thernal properties of wool help mtes to survive
fluctuations in tenperature and noi sture and, perhaps, inhibit their
renoval .

9.3 Allergens frompets and cockroaches

For estimating the exposure to allergens derived frompets (e.g.
cats and dogs), and cockroaches, the same approaches are avail abl e as
for house dust mites and their allergens (i.e., the sanpling of air
and dust). The nmmjor allergens of the cat (Fel d I), dog (Can f 1),

the German cockroach (Bla g I, Bla g Il), and the Anerican cockroach
(Per a I), have been characterized and purified (Chapnman et al., 1988;
Pollart et al., 1991a; Schou et al., 1991, 1992). Research is still in

progress to further unravel the structure of the allergens derived
frompets and roaches (and house dust nites) using techniques for
al l ergen cl oni ng and sequenci ng.

9.3.1 Air sampling for allergens frompets and cockroaches

Cockroaches are year-round i nhabitants of homes. They need access
to both food and water, so they are often found in kitchens and
bat hroons. Unli ke mtes, where the antigen source is in faecal nmatter
cockroaches are thought to secrete their allergen on to their bodies
and on to surfaces (Vailes et al., 1990). This neans that body parts,
egg shells, faecal particles and saliva mght contain allergens
(Lehrer et al., 1991).

Simlarly, a wide range of materials derived frommammal s contain
potentially allergenic material, including hair, dander, serum
saliva, urine and faecal matter. Direct contact as well as inhalation

and ingestion can cause allergic reactions (Burge, 1995). Because of
the popularity of cats and dogs as donestic pets, they have been the
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subj ect of nmuch of the work on manmmalian allergenic reactions.
all ergens from saliva and sebaceous gl and secretions reside on

particles less than 2.5 umin size. Mich of the dog allergen is
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believed to be associated with dander and hair, but saliva and serum

are al so inportant sources.
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Fig. 26. Seasonal and between home variations in house dust
mite allergen levels in bedding, bedrooms, bedroom floors
and living rooms, by sampling period in eastern Australia
(from Garrett, 1996)
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Alergen level (pgig)
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Spring

hiattrezs il bedding

Fig. 27. allergens (Der p I} levels in beds by mattress type, and
use of wool bedding; geometric means with a 95% confidence
interval {Garrett, 1996}

There are only limted data on the size ranges for airborne
all ergen particles fromdogs, rabbits, rats and other aninmals. In
general, however, saliva sources tend to be small (<2 pm) whereas
dander and urine particles are larger (10 un).

For the sanpling of airborne allergens derived fromcats, dogs
and cockroaches, the sanme nethods can be used as for the sanpling of
airborne mte allergens (see section 9.2.1). These all ergens have been
sanmpl ed usi ng cascade inpactors (Luczynska et al., 1990; De Blay et
al ., 1991), high-volune sanplers in conbination with fibreglass
filters (Swanson et al., 1985; Sakaguchi et al., 1993) and liquid
i mpi ngers (Luczynska et al., 1990).

As is the case for house dust mite allergens, only linted data
have been published on the validity of air sanpling as a neasure of
exposure to allergens derived from pets and cockroaches. At present
there is no reliable information to support adoption of a standard
met hod for air sanmpling of these allergens. Airborne sanpling has not
yet been shown to be a better estination of the exposure to these
al l ergens than dust sanpling. Therefore, further research to conpare
t he useful ness of air and dust sanpling is needed.

9.3.2 Dust sanmpling for allergens frompets and cockroaches

The sanpling of house dust to investigate the presence of
al l ergens derived from pets and cockroaches can be conducted exactly
as for house dust mites and their allergens (see section 9.2.2).

9.3.3 Avail able nethods of analysis

I mmunochem cal assays (ELISA) are avail able for detection of the
al l ergens derived fromcats (Chapnan et al., 1988), dogs (Schou et
al ., 1992) and cockroaches (Pollart et al., 1991b; Schou et al., 1991)
in (airborne) dust sanples. The allergens of the American and Gernman
cockroach (i.e., Per al and Bla g |I) were denonstrated to be
i mrunol ogi cally cross-reactive proteins and can be neasured in the
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same assay (Schou et al., 1991). For immunocheni cal anal ysis, the dust
sanple is extracted (e.g., in a buffered saline solution), and then
stored frozen until analysis.

The ELI SA assays for Fel d I and Can f | were found to be highly
reproduci bl e (Chapnan et al., 1988; Schou et al., 1992). For the
Bla g | and Bla g Il ELISA assays the intra- and interassay
variability were also found to be small (Pollart et al., 1991b).

9.3.4 Typical allergen concentrations

Cat and dog all ergens have been reported nore often than
all ergens fromother manmal s. Homes with cats have dust |evels of Fe
d | exceeding 10 ug/ g, whereas honmes wi thout cats have typically |less
than 1 pg/g. A provisional value of 8 pug/g of dust has been proposed
as indicating significant exposure. Cat antigen has been found in dust
sanpl es collected in theatres, offices, aeroplanes, schools and hones
wi thout a cat. Because of its small particle size, cat antigen can
stick to clothing and be transported to other |ocations. Dog allergens
have not been as extensively exam ned for non-residential sites.
Dybendal et al. (1989) has reported that dog allergen was present in
honmes and school s where dogs were not kept.

9.4 Fungi

Fungi are a large and diverse class of nicroorganisms. They live
on organic nutrients and have no chlorophyll or internal organs. The
cells that make up fungal col onies contain conplex carbohydrate
macr onol ecul es. Fungi must produce spores or conidia for their
reproduction. Spores are usually 2-20 pmin size and obl ong in shape.
In the appropriate setting, spores reproduce new organi sns.

The two different approaches to assess the exposure to funga
particles are air sanpling and dust sanpling. For conpl eteness, other
approaches to "dust" sanpling include lifting spores froma surface
with sticky tape or direct contact with culture agar. The nost
conmonl y used approach is air sanmpling of culturable (viable) funga
particl es.

9.4.1 Air sampling for fung

Several techni ques have been described for volunetric sanpling of
fungi in outdoor and indoor environnents. Table 32 presents an
overview of the techni ques nost conmonly used for the sanpling of
fungal particles. Detailed information on the different sanpling

devi ces can be found in ACA H (1995). Sone of the techniques give
total counts of all airborne particles, viable and non-vi abl e, whereas
others only give counts of viable fungal particles (e.g., propagules
or colony formng units (CFU)). A few nethods are discussed that
provide not only total counts, but also viable counts (e.g., filter
sanpl ers). The sanpling efficacy of a bioaerosol sanpler is both a
physi cal and a bi ol ogi cal problem For air sanpling of fungal
particles the follow ng physical sanpling principles nay be

di stingui shed: inmpaction on to a solid or sem-solid surface (e.g., a
cul ture medium or an adhesive), centrifugal inpaction, filtration and
[iquid inpingenent.

I mpaction on to a culture medium (e.g., for culturable fungi) is
the nost widely used technique, particularly in non-industrial indoor
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environnents. This process depends on the inertial

particles, such as size, density and ve

ocity, and on the physica

paraneters of the inpactor, such as inlet-nozzle dinensions and
airflow paths. Because of differences in characteristics, sanplers

differ in cut-off size ( dgy) (e.g., the

particle size above which
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properties of the

50% or nore of the particles are collected). As nost inpactors have

very sharp cut-off characteristics, alnost al

the dgy are collected and dgy is therefore assuned to be the size

above which all particles larger than that size are collected
(Neval ainen et al., 1992). No sanpler collects all particles with

equal efficiency, and it is therefore not surprising that different

quantitative and qualitative results are obtained using different

sampl ing devices for culturable fungi (Verhoeff et al., 1990). The
choice of the collection (culture) nediumalso affects the kinds and
| evel s of fungi recovered (Verhoeff et al., 1990). No single

collection mediumwi || enable the entire range of viable fung

air to be isolated. Media which are generally accepted for
aer obi ol ogi cal studies include malt extract agar (MEA), V8 juice agar

and di chl oran 18% gl ycerol agar (DGL8) (EC, 1993; ACGE H, 1995)

particles larger than

in the

MVEA

and V8 agar are broad spectrum nmedi a, whereas DGL8 is intended to be a
sel ective nedium for xerophilic fungi, but many of the comron funga
species in air can also be isolated (Verhoeff et al., 1990).

Few publ i shed data are available on the validity (accuracy and
preci sion) of the neasurement of fungi in air as estinmate of exposure.

Al conmmonly used cultural air sanplers use short sanpling periods,

typically 30 seconds to several mnutes

reproduci bility of parallel duplicate sanples and sequenti al

sanples is only noderate, both in terns

(Table 32). The

of CFUM and in ternms of

duplicate

species isolated (Verhoeff et al., 1990). Mre inportantly, repeated
sampling within weeks has denmponstrated that variation in tinme within

hones i s much higher than the variation

bet ween homes (Verhoeff et

al., 1992). This neans that a single air sanple has only a | ow

predictive value for exposure over tine.

Furthernore, the use of

cultures for quantifying fungal particle concentrations in air sanples

will give an underestimate of the actua

particle concentrations,

and
may cause significant fungal contanination to be m ssed altogether

The culturable fungal particles may conprise only a few percent of the

Table 32. Overview of sanpling techniques for airborne funga

Met hod wi th exanpl es

Non-vi abl e, non-vol unetric
- settling surface, adhesive-coated

Non-vi abl e, volunetric
- rotating tape/slide inpactors
Burkard trap

- rotating arminpactors
Rot or od sanpl er

- filter nethods
cassette filters

Sanpling rate and tinme

undefined, minutes to days

10 litre/mn, 7 days

47 litre/mn, intermttent

1-4 litre/mn, hours
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hi gh-volume filters 150-2000 litre/ m n, hours

Vi abl e, non-volunetric
- settlenent plates undefi ned, hours

Vi abl e, volunetric

- multiple hole inpactors
Ander sen 6-stage sanpl er 28.3 litre/mn, 1-30 mn
Ander sen 2-stage sanpl er 28.3 litre/mn, 1-30 mn
Ander sen 1-stage (N6) 28.3 litre/mn, 1-30 nmin
Surface Air System sanpler 90/180 litre/mn, 20 sec-6 nmn
Ei ght - st age personal i npactor 2 litre/mn, 5-30 nmin
Bur kard portabl e sanpler 10/20 litre/mn, 1-9 mn

- centrifugal inpactors
Reuter Centrifugal sanpler (RCS) ca. 40 litre/min, 20 sec-8 nmin
Reuter Centrifugal Plus (RCS-Plus) ca. 50 litre/nmin, 30 sec-8 nmn

Table 32. (continued)

Met hod wi t h exanpl es Sanpling rate and tine

- rotating slit-to-agar inpactors

Mattson-Garvin air sanpler 28 litre/mn, 5-60 mn
- liquid inpingers

singl e-stage all glass inpingers 12.5 litre/nmin

t hree- st age i npi ngers 20 litre/mn

a For detailed information see ACA H (1995).

total number of fungal particles (Horner et al., 1994). Thus, in order
to optimze the information available fromair sanpling, both types of
particle shoul d be sanpl ed. However, even using the best avail able

net hod, a | arge nunber of airborne spores will not grow in culture and
cannot be visually identified with avail abl e net hods.

At present, there is no standardized nmethod for the sanpling of
ai rborne fungi, although the Anerican Conference of Governmnental
I ndustrial Hygienists (ACAH 1989) and the European Conmi ssion (EC,
1993) have gi ven reconmendati ons. An outline for selecting a
bi oaerosol sanpler is presented by the Anmerican Conference of
CGovernmental | ndustrial Hygienists (ACGH, 1995). Selection criteria
i nclude sanpling location, formof recovered particles (intact or
di spersed), the need for size separation and the expected
concentrations of the particles.

9.4.2 Settled dust for fungi

Settl ed house dust can be sanpled for viable fungi in exactly the
same way as for house dust mites and their allergens (see section
9.2.2). The dust sanples can be stored at roomtenperature but the
anal ysis should be performed within a few days.
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Few publ i shed data are available on the validity of the
nmeasurenent of culturable fungi in settled dust as estimte of
exposure. The results, both quantitatively and qualitatively, depend
on the nethod of inoculation of the dust and on the culture medi um
used (Verhoeff et al., 1994a). The reproducibility of duplicate
analyses in terns of CFU g dust is acceptable, but in ternms of species
i sol ated only noderate. However, as is the case for air sanpling, a
single dust sanple is a poor estimate of exposure to fungi over tine
(Verhoeff et al., 1994a).

9.4.3 Avail able nethods of analysis for fungi in air

Air sanpl es obtained with sanmpling devices collecting total
fungal particles can be anal ysed by direct exam nation to obtain total
counts of fungal particles. Sanples collected on culture nedia have to
be incubated to obtain counts of viable fungal particles. Dust can be
plated either directly on to a culture nedium or suspended and dil uted
prior to plating. Total counts of fungal particles in dust can al so be
obtained by partitioning into an agueous two-phase system fol | owed by
epi fl uorescence mcroscopy (Stromet al., 1987).

Sanpl es are incubated for at least 4 days; up to 7 days is the
typical tinme needed for spores to generate identifiable colonies. The
tenperature at which sanples are incubated affects the recovery of
cul turabl e fungi. Since nost environnental fungi grow well between
20°C and 30°C, the incubation tenmperature is generally 25°C (EC
1993).

Sporul ating colonies are identified by colour and texture, by the
naked eye or nicroscopically. Non-sporul ating spores m ght be
transferred to different agar and exposed to different lighting in an
attenpt to colonize them Fungal genera are sonetines reported and
provi de inmportant insight into sources and possible health effects.
Conmon outdoor fungi are O adosporium Alternaria, Botrytis and

Epi coccum Penicillium Aspergillus and Stachybotrys can be found

in higher concentrations indoors. It is difficult to generalize and
there is considerable variability over tinme so it is inportant to
si mul taneously coll ect outdoor sanples. Fig. 28 shows the distribution
of viable mould spores collected inside and outside homes in Australia
(Garrett, 1996). CQutdoor viable spore counts decrease in the w nter
and so do the indoor levels for hones wi thout substantial sources of
sporul ating fungi
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Fig. 28. Viable mould spore concentration (CFUJ‘m3} by location and sampling period (southern
hemisphere). Qutliers are not shown (Garrett, 1996)

| mmunochem cal assays for fungal allergens are available for only
a few fungi, primarily because fungal allergens are poorly
characterized and purified. Alternative indicators of exposure to
fungi, to be measured in (airborne) dust, may al so be consi dered. For
exanpl e, one can assess the levels of cell wall conmponents such as

B-1, 3-glucan (Rylander et al., 1992), or ergosterol, a nenbrane
steroid (Horner et al., 1994), or extracellul ar pol ysaccharides (EPS)
(Kanmphuis et al., 1991). Immunocheni cal assays (ELISA) are presently

bei ng devel oped to neasure these components in (airborne) dust.
However, in one study by MIler et al. (1988), ergosterol in house
dust correlated with CFUn? in the air and Saraf et al. (1997) have
shown ergosterolin in house dust correlated with fungal CFU g in the
dust sanples. In addition, Abramson et al. (1996) showed an
associ ati on between ergosterol and atopy in adults.

9.4.3.1 Total counts of viable and non-viable fungal particles

Total counts of fungal particles can be obtained by counting with
a light mcroscope. If nore detail is required, the sanples can also
be viewed with a scanning el ectron mcroscope (SEM or a direct
epi fl uorescence m croscope. These techni ques cannot be recomended as
gi ving a good assessnent of the conposition of air spora because only
fungi with distinctive spores can be identified. It is often difficult
to identify the fungal spores to species or even genus. As indicated
above, filter nmethods may be used not only to give total counts (e.g.
by direct epifluorescence m croscopy), but also to obtain counts of
vi abl e fungal particles by plating washings fromthe filter
Furthernore, filter sanples nmay be anal ysed for mycotoxins, EPS and
glucans or tested for toxicity. The sane applies for sanples of
settled dust.

9.4.4 Ceneral considerations for fungi

Since fungi vary so widely it is difficult to generalize about
the presence of fungi in outdoor and indoor air. In tenperate
climates, outdoor spore counts are highest during and just follow ng
t he growi ng season. Tropical climtes show | ess variation by season
Garrett's (1996) doctoral thesis provides a useful conparison of
viabl e nmoul d spores from studies conducted in different climates.
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Spore counts can vary greatly indoors for several reasons
i ncluding the presence of colonizing fungi. Fig. 29 illustrates this
point. The figure shows the nean val ues of CFU per culture plate for
four fungal taxa and all others collected during the sumer in nine
Portage, Wsconsin (USA) homes. Living roomand bedroom sanpl es
reflect the taxa found outdoors. The basenent sanples show

Penicilliumand Aspergillus fungi which grow favourably in danp

areas (Burge, 1990).
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Fig. 29. Taxon prevalence in air of living rooms (LR},
bedrooms (BR), basements (BS), and outside {OUT) of nine
homes in Portage, Wisconsin (USA), summer 1987 (from
Burge, 1990}

In addition physical activity, such as vacuum ng, starting an
air-conditioning fan, children playing on a carpet or changing a
filter, mght raise spore concentrations by a factor of 10 or nore.
Even wi t hout nechani cal disruption, periodic shedding or ejection of
spores fromgrowi ng fungi mght simlarly elevate concentrations.

9.5 Bacteria (including actinomycetes)

Bacteria are prokaryotic cells. Certain bacteria are infectious
and can be transmtted by air and contact, including ingestion. Conmon
cont agi ous ai rborne di seases include tubercul osis and sone forns of
pneurmoni a. Ot her diseases, such as |egionellosis fromwater,
respiratory infections from Pseudononas in hum difiers and severa
others from handling animals are not transmitted from person to
person.

Sanpling and identifying specific bacteria is very inportant in
many settings, especially in hospitals with i mmune-conproni sed and
i mmune- suppressed patients. There are numerous ot her situations where
i nfecti ous di seases have been transmitted by airborne bacteria. These
i ncl ude tuberculosis transmssion in aircraft, and Legionella
transm ssion in hospitals, in hotels, in supermarkets and on cruise
ships or even in buildings in |locations affected by cooling tower
m st. The two approaches available to nmeasure the presence of bacteria
as indicators of exposure are sanpling of air and sanpling of soil
dust or water.
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9.5.1 Air sanpling for bacteria

Most of the air sanpling devices listed in Table 32 can al so be
used for bacteria. The npost wi dely used devices for bacteria include
mul ti pl e-hol e inpactors, centrifugal inpactors and slit-to-agar
i mpactors, provided with collection nedia suitable for viable
bacteria. For sanmpling airborne viable bacteria, the sane linitations
apply as for viable fungal particles. Thus, the results, both
quantitatively and qualitatively, will depend on the sanpling device
and col l ection nediumused. A single air sanple has only a | ow
predictive value for exposure over tinme (EC, 1993). Media that collect
vi abl e bacteria include tryptone soya agar, tryptone yeast gl ucose
agar, soybean casein digest agar, and nutrient agar (EC, 1993; AC4 H,
1995). To prevent fungal growth, a suitable antimycotic may be used
(e.g., cycloheximnde). For specific groups of bacteria, selective
nmedi a coul d be enpl oyed, such as half-strength nutrient agar for
t her nophi | i ¢ acti nonycet es.

9.5.2 Dust sanpling for bacteria

The sanpling of settled house dust for bacteria can be conducted
in exactly the same way as for house dust mites and their allergens
(see section 9.2.2).

9.5.3 Avail able nethods of analysis for bacteria

Air sanpl es obtained with sanmpling devices collecting total
bacteria can be anal ysed by direct exanination. Sanples collected on
culture media have to be inoculated to obtain counts of viable
bacteria. Dust can be plated either directly on to a culture medium or
suspended and diluted prior to plating. Dust can al so be anal ysed for
total bacteria counts. Furthernore, an assay is available to neasure
endot oxi n content of (airborne) dust. Gramnegative bacteria contain
endot oxi ns as integral conponents of their outer nenbrane. Endotoxins
are potent biological agents.

9.5.3.1 Total count of viable and non-vi able bacteria

Total counts of bacteria, with sonme information on shape, can be
obt ai ned from sone sanples, for exanple, water and air, using
epi fl uorescence mcroscopy (nost comonly, with acridine orange). This
net hod becones | ess reliable as the anount of debris in the sanple,
both organic and inorganic, increases. Mre detail on bacterial shape
i s obtained using a scanning el ectron mcroscope but quantitative
results are less reliable. Filter sanples can also be used to obtain
counts of viable bacteria, with subsequent taxononmic differentiation
if desirable (using Gram staining and other biochenical tests). Filter
sanpl es can be anal ysed for endotoxin as well (see bel ow).

9.5.3.2 Viable bacteria

Envi ronnent al sanples are usually incubated for 2-7 days at 25°C
or 37°C. For bacteria, as with fungi, the incubation tenperature
affects the recovery. Mst environnmental bacteria grow well between
20°C and 30°C, and nore species were recovered with incubation at 20°C
than at 37°C (Hyvarinen et al., 1991). Therefore, it is recomended
that plates be incubated at roomtenperature (20-25°C) and exani ned
daily for several days (EC, 1993). For isolation of human pathogenic
organi sns, plates can be incubated at 37°C, and for thernophilic
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actinomycetes at 55°C. After incubation the nunber of colonies is
counted and expressed as CFU n?.

9.5.3.3 Endotoxins

Endot oxi ns are a group of I|ipopolysaccharide (LPS) nol ecul es
nmaki ng up the outer nenbrane of Gram negative bacteria. Specific LPS
macronol ecul es that exist in the cells or as fragnents of cel
structures are known to cause fever, nmlaise, respiratory distress and
a variety of biochenical changes in humans. Endotoxins are ubiquitous
in nature but occur in high concentrations in particular industrial
and agricultural settings. Cotton mills and industrial processes using
recirculating water, waste-water collectors, hum difiers and sw ne
barns are some | ocati ons where endotoxi n contami nati on has been
associated with respiratory disease (MIton, 1995).

Ai rborne and settled dust sanples can be exam ned for the
presence of endotoxins. The Linulus anpebocyte |ysate (LAL) assay is
commonly used to quantify environnental endotoxin (Walters et al.

1994; Douwes et al., 1995). The assessment of endotoxin exposure
depends strongly on sanpling, extraction and storage procedures
(Douwes et al., 1995) and further validation studies are needed to

adopt standard nmethods for sanpling and analysis. Variation in the LAL
reagent fromlot to | ot and between nmanufacturers may be a major cause
of variation in results within and between | aboratories (Saraf et al.
1997).

In airborne endotoxin, filter material and type of aerosol (e.g.
cotton dust, machine oil or saline mst) will affect the binding of
endotoxin to the filter. Walters et al. (1994) showed that
pol ycarbonate capillary pore nmenbrane filters were optinmal. Any
conventional air sanpler can be used with filter cassettes. d ass
i mpi ngers have been used as alternatives to filters. Fluids and bul k
sampl es can be collected directly if care is taken to ensure the use
of endotoxin-free glass or plastic ware with low binding affinity.
Sanpl es shoul d be anal ysed pronptly and preferably not frozen
Endot oxin (LPS) is renoved by solubilizing in a buffer solution (after
M1lton, 1992). Sonication night be necessary to dislodge particles.
Concentrations, as neasured by the Linulus assay, are expressed as
standard endotoxin units (EUs) which are defined as the potency of
0.10 ng of a reference standard endotoxin (EC6, US Phar nacopoei a).

9.6 Pollen

Most peopl e associate pollen with the commopn experi ence of hay
fever and seasonal allergic rhinitis. Al though only 10% of flowering
pl ants shed w nd-borne pollen, there are |ocations and tines when the
anbi ent concentrations exceed 1000 pollen grains/n?. Pollen grains
general |y are spheroidal or sonewhat elongated and have a very durable
outer wall. Mst airborne pollen is between 10 and 70 umin di aneter
Larger pollen grains (>200 un) are nore likely to be transported by
i nsects. Weather conditions such as higher tenperature and | ower
relative humidity and wind pronote pollen enissions (Ogden et al.
1969; Hart et al., 1994; Burge, 1995). Plant |ifecycle stage, daylight
and noi sture affect the tine and rate of sheddi ng. Flowering of nopst
plants, trees and grasses is seasonal and therefore cyclic.

Al t hough hay fever in association with plant pollen has been

known for 175 years, the association of natural pollen wth airway
reacti ons and asthma has not been adequately studied. Mst pollen
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nmeasur enent s have been conducted by independent observers using a
variety of sanplers.

9.6.1 Air sanpling for pollen

Several techniques exist for volunetric sanpling of pollen grains
in indoor or outdoor air. Table 33 provides an overview of the devices
nost comonly used for the sanmpling of pollen. Detailed infornmation on

the different sanpling devices has been published by the Anerican
Conference of Governnental Industrial Hygienists (ACAH, 1995). In al
cases, the pollen inpacts a sem -solid surface (tape strip or glass
slide nounted with an adhesive). The nain difference between the
devices is that the noving tape/slide inpactors provide the
possibility of obtaining time-discrinnated data, as opposed to the
stationary and rotating rod inpactors. The sanpling devices listed in
Table 33 nay al so be used to sanple |large fungal spores. Published
data on the validity of air sanpling to estinmate the exposure to
pol l en are | acking.

9.6.2 Dust sanmpling for pollen

The sanpling of settled dust to investigate the presence of
poll en grains or allergens derived frompollen can be conducted
exactly as for house dust mites and their allergens (see section
9.2.2) Dybendal et al. (1989) and Yli-Panula & Rantio-Lehtinaki (1995)
descri be dust sanpling techni ques for pollens.

9.6.3 Available nmethods of analysis for pollen in air

Anal ysing air sanples for pollen is comonly done by |ight
nm croscopy, but scanning electron nicroscopy is al so used.
I mmunochemni cal assays are not routinely used to assess the presence of
pollen allergens in air or dust sanples. It should be recogni zed that
optically counted pollen grains may not relate to the pollen antigenic
activity because enpty grains do not contain allergenic protein
mat eri al

For light mcroscopic counting and identification of pollen
staining of the sanple is recommended. Staining can be done with basic
fuchsin and phenosafranin, which stain the exine of the pollen (i.e.
the outernost portion of a pollen grain) red and dark pink
respectively. The choice of the dye depends on the type of sanple to
be anal ysed. Pollen identification rests on the microscopic
appear ance, using published keys for identification. (Faegri &

I versen, 1989; Nilsson & Praglowski, 1992).

| mmunochem cal assays have been used to anal yse sanpl es of
settl ed house dust for the content of grass-pollen allergens
(ryegrass, Lol pI) by direct RAST (Platts-MIls et al., 1987). Birch
(Bet v I) and alder (Aln i I) pollen allergens have been anal ysed by
nmeans of RAST-inhi bition (Dybendal et al., 1989). Jensen et al. (1989)
have anal ysed outdoor air sanples taken with a high volunme sanpler for
timothy and birch pollen allergens by neans of a RAST-inhibition
assay. They found a strong correl ation between the anounts of
all ergens and pollen counts obtained with a Burkard trap. As indicated
above, imunochemni cal assays are not routinely used to neasure pollen
al | ergens.
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Tabl e 33. Overview of sanpling techniques for airborne pollen grains2

Met hod Exampl es Sampling rate and ti
Rotating tape/slide inpactors Burkard trap 10 litre/mn, 7 days

Lanzoni sanpl er 10 litre/mn, 7 days
Movi ng slide inmpactors Al l ergenco air sanpler 15 litre/nmin, intern
Stationary slide inpactors Bur kard portabl e sanpler 10 litre/mn, 1-9 m
Rotating arm i nmpactors Rot or od sanpl er 47 litre/mn, intern

a for detailed infornation see ACAH (1995).

9.6.4 Ceneral considerations for pollen sanpling

The source of indoor pollens can be considered as entirely
outdoors. Bringing flowers indoors mght be a transient source, but
only about 10% of flowering plants and trees spread their pollen
through the air. Ventilation, footwear and cl othing bring outdoor
pol |l ens indoors. Yli-Panula & Rantio-Lehtimiki (1995) denonstrated
that antigenic activity indoors was | ower, and peaked 3 weeks | ater
than outdoors. They inferred that transport by occupants and pets is a
nore i nmportant vector for indoor pollen levels in the Finnish hones
they sanpled. O Rourke & Lebowitz (1984) sanpled pollen in dust from
hones in the dry southwest of the USA (Tucson, Arizona). Hi gher
| oadi ngs were found in the dust sanples closer to entrances. Both of
these studies, as well as others, indicate that indoor pollen
all ergens may be a maj or cause of asthnma, especially since significant
antigenicity can persist nore than 2 nmonths after pollen searches at
peak outdoors. Once indoors, if not physically renobved, pollen grains
are protected from "weathering"” which will denature the antigenic
pr ot ei ns.

9.7 Sunmary

Bi oaerosol s includes a variety of nicroorganisnms or their
conponents that can become airborne and inhal ed. These include
viruses, bacteria, pollens, fungi, protozoa and al gae as viable
organi sns that can cause illness. Fragnents or netabolic conponents of
bacteria and fungi along with protein structures contained in these
organisns as well as in the excreta and parts of insects, animals and
arachni ds can cause allergenic reactions. This chapter focused on the
nost ubi quitous bi oaerosols comonly found i ndoors and contributing to
allergenic reactions: mtes, fungi, bacteria and pollen. Methods and
strategi es for sanpling and anal ysing these agents in air and settled
dust are presented. Exanples of how sone of these paraneters vary
i ndoors and outdoors across time and | ocation are offered.

Exposure assessnent for microbiologicals is as advanced, at this
time, as it is for nany air contam nants. Personal sanplers have not
been devel oped. In fact, many of the techni ques for sanpling
aer obi ol ogi cal agents have been adapted frominstrunents designed for
ot her purposes. The field is maturing as professional organizations
attenpt to inprove and standardi ze neasurenment nethods, culturing and
anal ysis protocols and data reporting. These aspects are of critica
i mportance in conmparing results reported by different investigators.
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By their very nature, bioaerosols have conpositions and
concentrations that are highly variable. The conditions favourable for
grow h, reproduction and di spersion vary within a wi de range of
tenperature, noisture and nutrient conditions. These sanme factors
i nfl uence by interactions with human and ani nal activities. Mechanica
systens and machi nes can cause anplification and distribution of
bi ol ogi cal aerosols. As a result personal exposures are quite
variable; this, in turn, has led nmany investigators to rely on area
air sanpling and/or bul k sanpling of materials. For exanple, it is

reconmended that a surrogate nmeasure of nite allergen exposure is
derived from beddi ng and fl oor dust sanples. Hone sanples, whether air
or dust is sanpled, are often the "exposure” val ue used in

epi dem ol ogi cal investigations.

Finally, the advancenent of aerobiol ogi cal exposure assessnment to
eventual use in quantitative risk assessnent will require better
under st andi ng of relevant dose to cause sensitization and reactivity
for many different organi sms and/or agents.

10. ASSESSI NG EXPOSURES W TH Bl OLOG CAL MARKERS
10.1 Introduction

This chapter presents a summary of the major concepts,
definitions, advantages, limtations, sanpling, nedia and uses of
bi ol ogi cal markers as applied for exposure assessnent to environnental
contam nants. These exposures are frequently characterized by | ow
cont am nant concentrations, nultiple sources and nultiple types of
chemicals. Use of biological markers has been extensively revi ewed
from both epi deni ol ogi cal and occupational nonitoring perspectives as
well as their use in risk assessnment (Bernard & Lauwerys, 1986; Harris
et al., 1987; US NRC, 1987; Hulka & W/ cosky, 1988; Cullen, 1989;
Giffith et al., 1989; Henderson et al., 1989; Monster & Zielhuis,
1991a, b; Schulte, 1991; Hul ka & Margolin, 1992; |PCS, 1993; Aitio,
1994; Grandjean et al., 1994; Silbergeld & Davis, 1994). The reader
should refer to the research literature for a conprehensive and
detai |l ed understandi ng of the conplex issues relevant to the
devel opnent, validation, and application of biomarkers in studies of
human exposure. The specific issue of using biological markers in
occupational settings is beyond the scope of this chapter

It is inmportant to indicate that, to date, very few bi omarkers
can be effectively used for quantitative estimtion of prior
envi ronnental exposure to contami nants (e.g., carbon nonoxi de or
lead). In nost cases, there are qualitative or sem -quantitative
i ndicators for nonitoring such exposures. However, as the field
evol ves, and know edge of the pharnacokinetics and pharnmacodynam cs of
xenobi oti cs devel ops, the nunmber of quantitatively validated
bi omarkers of exposure will also increase.

Bi ol ogi cal narkers present uni que advantages as tools for
mul ti medi a exposure assessnent. They are highly sensitive indices of
an individual's exposure to chenicals, since they provide a neasure of
the internal dose, account for all routes of exposure and integrate
over a variety of sources of exposure (Friberg, 1985; Baselt, 1988;
Simé& MNeil, 1992). Therefore, they can represent past exposure
(e.g., the presence of lead in shed teeth), recent exposure to an
external source (e.g., VOCs in exhal ed breath) and even future
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i nternal exposure sources (e.g., pesticides in adipose tissue).
Furthernore, their use nay result in inproved nonitoring of tota
popul ati on exposure, characterization of individual and popul ation
exposures and eval uation of internal sources of exposure. These
mar kers are al so useful surveillance tools for nonitoring chem ca
exposure in both individuals and popul ati ons over tine.

Use of biological narkers of exposure can inprove the risk
assessment process by providing a critical |ink between chem ca
exposure, internal dose and health inpairnent (IPCS, 1993). Biologica
mar kers of exposure can inprove clinical diagnoses where there is a
wel | - establ i shed rel ati onshi p between bi ol ogi cal marker and out cone.

10.2 General characteristics

Bi ol ogi cal markers represent events or changes in human
bi ol ogi cal systenms as a result of exposure or disease (US NRC, 1991b).
They are classified as markers of exposure, effect, and susceptibility
and are considered to represent events along a theoretical continuum
from causal exposure to resulting health outconme (US NRC, 1987
Schulte, 1989). A biological marker of exposure is defined as a
xenobi otic substance or its netabolite(s) or the product of an
i nteracti on between a xenobiotic agent and sone target nol ecul e(s) or
cell(s) that is nmeasured within a conpartnent of an organi sm (US NRC
1989; I PCS, 1993). Biological markers of effect are neasurable
bi ocheni cal, physiol ogi cal, behavioural or other alterations wthin an
organi smthat, dependi ng upon the magnitude, can be recognized as
associ ated with an established or possible health inpairnent or
di sease (I PCS, 1993). Biological markers of susceptibility are
i ndi cators of inherent or acquired abilities of an organismto respond
to the chall enge of exposure to a specific xenobiotic substance (IPCS
1993). Although the distinction between sone biol ogi cal markers of
exposure and effect nay be overlapping, this chapter will focus on
t hose bi ol ogi cal markers which can be applied to environnenta
exposur e assessnent.

10.3 Considerations for use in environnental exposure assessment

The use of biological markers for exposure assessment represents
a different perspective for evaluation of human exposure to a
contanmi nant than traditional exposure assessnment. Biological markers
of exposure are considered neasures of internal dose, whereas exposure
is frequently defined as the concentration of an agent at the boundary
bet ween an individual and the environment nmultiplied by tinme (US NRC
1991b; IPCS, 1993). Onng to long-term storage of specific
contam nants in biological tissues (e.g., bone and fat), sone
bi ol ogi cal markers are nmarkers of both cunul ative dose and future
i nternal exposure.

Bi ol ogi cal markers of exposure have been used nost frequently in
i ndustrial hygi ene and occupational nedicine (Elkins, 1954, 1967
Lauwerys, 1983; Schulte, 1991). Before w despread application of
bi ol ogi cal markers for exposure assessnent of the general popul ation
can occur, it is inportant to consider the situations which are best
suited for biological nonitoring. ldeally, a biological nmarker of
exposure shoul d be chem cal -specific, detectable in trace quantities,
avai | abl e by non-invasi ve techni ques and i nexpensive to assay. Al so,
it must relate consistently and quantitatively to the extent of
exposure and ideally also integrate the exposure over time (Bond et
al ., 1992). Currently there are very few biol ogi cal markers that
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possess all these characteristics. However, the use of biologica
markers for exposure assessnent is increasing.

Bi ol ogi cal nmarkers represent one type of nonitoring approach
avail abl e for environnmental exposure assessnent. Validation of
bi omarkers is a conpl ex process that should include deternination of:

specificity of the avail able biol ogical narker, exposure-related

t oxi coki neti cs and toxi codynam cs, dose-response rel ationship,

bi ol ogi cal variation associated with the marker, route of exposure and
type of health effect associated with exposure. In addition

val i dati on shoul d consi der behavioural factors that influence
exposure, participant acceptance, feasibility and cost-effectiveness
(Verberk, 1995), as well as biological variability and specificity

wi thin a human popul ation of interest, and generation of baseline or
normati ve data for the biological marker. These issues are addressed
later in the chapter.

Col | ection of sanples from humans involves inportant ethica
i ssues. Ethical concerns may linit the extent of investigations of
chemical ly exposed individuals and popul ations (IPCS, 1993). Ensuring
confidentiality both for subjects and for the obtained individua
results is inperative (Schulte, 1992). Subjects have the right to know
the inplications of their participation, the anal yses to be perforned,
the nature of the sampling procedure, the use of the data collected
and the possible ramfications of positive findings. Know edge of
previ ous exposure or genetic predisposition nay have adverse
implications for an individual; for exanple, individuals nay be denied
heal th i nsurance on the basis of presuned future risk. Since

bi ol ogi cal markers are a relatively new tool, interpretation of
results and subsequent health inplications is difficult. For many
bi ol ogi cal markers, little information is available to interpret the

result for the subject; this may | ead to concern on the part of the
i ndi vi dual . For exanpl e, know edge of the presence of pesticides in
breast mlk may | ead an individual to avoid breast-feeding wthout
consi deration of its advantages (Vandenberg, 1991; Sim & MNeil,
1992).

10.3.1 Toxicokinetics and toxi codynam cs

Toxi coki netics describes the absorption, distribution, netabolism
and excretion of a contam nant. Understandi ng the toxicokinetics and
t oxi codynami cs of the agent is critical for devel opnent and use of a
bi ol ogi cal marker of exposure (Sampson et al., 1994). This information
predicts the location and formof the chemi cal or its netabolite and
identifies sources of biological variability in the population (Droz &
Wi, 1991; Droz, 1992, 1993). Toxi cokinetic nodelling may be used to
estimate the optinmal tinme for sanmpling (Saltzman, 1988; Droz & Wi,
1991; Droz, 1993). Differing kinetics determ ne whether the biol ogica
mar ker reflects recent exposure, historic exposure, or an integrated
nmeasure of exposure over tine (Bernard, 1995).

The utility of biological markers for assessing exposure can be
eval uated on the basis of tinmng of sanpling relative to the exposure
and the biological half-life of the chemical. The paraneter which best
descri bes the toxicokinetic behaviour of a chenical in biologica
systens is the elimnation half-life, which reflects both the
affinity of the chem cal for the biol ogical nmediumand the efficiency
of the processes of elimnation (Bernard, 1995). For sanpl es taken
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i medi ately foll owi ng exposure (e.g., solvents in exhaled air, blood
and urine), the half-life reflects elimnation fromthe centra
conpartnent of blood and vessel -rich tissues. For sanples taken days,
weeks or even years after exposure, the half-life corresponds to the
elimnation fromthose conmpartnents from which chem cal clearance is
much sl ower; for exanple, lead frombone or |ipophilic organic
chemical s from adi pose tissue (Bernard, 1995).

Toxi coki netic data from ani mals and humans can aid in the
determination of the utility of biological narkers in assessing
i ndi vi dual or popul ati on exposures. Fig. 30 illustrates how
t oxi coki netic data could be utilized to select biological markers of
exposure based on the timng and concentration of exposure (IPCS
1993). In order to interpret the extent of exposure, it is critical to
col l ect the biological sanple after the exposure has reached an
equilibriumstate. This can be especially inportant for chenicals with
short half-lives, such as benzene in exhaled air with a half-life of
22 h (Bernard, 1995). For exanple, in occupational settings,
bi ol ogi cal nonitoring has no advantages over environmental nonitoring
for airborne chem cals with biological half-lives less than 10 h
since the integration tine for the marker is too short to allow
accurate representati on of exposure (Droz, 1993).

100 — Bxposure Concentration

IN RELATION TO EXPOSURE CONCENTRATION

RELATIE LEWELS OF BIOMARKERS

0.1 1 10 100 1000
TIME AFTER EXPOSURE (days)

Fig. 30. Hypothetical relationships among different biomarkers
of exposure with respect to their relative levels and time of
appearance after a single dose {Henderson et al., 1989)

10.3.2 Biological variability

The use of biological markers can also be affected by biol ogica
paranmeters. Variation can depict true differences in individua
exposures, as represented for exanple by differing nmicroenvironnments
or differing behaviour. It may al so represent inherent
i nter-individual differences which affect the biological response to
exposure (Droz, 1992). Sources of biological variability include
denographic factors (e.g., age and sex), anthroponetric
characteristics (e.g., body size and fat distribution), behaviour
(e.g., activity level or contam nant avoi dance behavi ours),
bi ol ogi cal /circadi an rhythns and toxi cokinetic differences due to
genotype (Konpaore & Tsuruta, 1993), previous exposure, lifestyle
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factors (e.g., smoking) or dietary habits (Perera & Winstein, 1982;
Droz, 1992). Biological variability can conplicate assessment of an

i ndi vidual 's exposure using biological narkers. However, the factors
contributing to biological variability influence the internal dose and
may ultimately be informati ve about potential health effects relating
to exposure. For chemicals with large inter-individual variability in
bi ol ogi cal response to exposure, biological nonitoring techniques are
nore useful for groups than for individuals.

10.3.3 Validation of biological markers

Val i dation of biological markers of exposure occurs at three
| evel s.

* The first validation |evel involves sanple collection and
determ nati on of sanple stability follow ng collection and during
transport and storage. Sanple collection and handling can influence
external contam nation both during the sanple collection and from
the sanple collection material. Stability of the sanple prior to
anal ysis can be affected by chenical degradation, evaporation
bi ol ogi cal activity and interacti on between the sanple and its
container or with other conpounds (Bernard, 1995).

* The next level pertains to the analytical nethod itself and the
ability to measure the marker accurately and reproducibly at |evels
rel evant to environnmental exposure. Low linmts of detection and
hi gh anal ytical sensitivity (i.e., instrument response) are
critical for evaluation of environnental exposures.

* The third validation level stenms fromthe sensitivity and
specificity of the biological marker itself. The biological marker
nmust denonstrate that an exposure is occurring or has occurred, and
separate individuals on the basis of their |evel of exposure
(Hul ka, 1991). Conponents of this |evel of validation include
under st andi ng the tenporal rel evance of the marker, identifying
background variability and deternining potential confounding
factors (Perera, 1987; Sato, 1993). Tenporal relevance is critica
since it relates the timng of exposure to the appearance of a
nmeasur abl e bi ol ogi cal marker and to the duration of time that the

bi ol ogi cal marker is measurable follow ng the cessation of
exposure. This includes both toxicokinetic and toxi codynanic
consi derati ons.

Val idation occurs in the | aboratory, in pilot studies and in
popul ati ons (Schulte & Tal aska, 1995).

For environnental exposure assessnent, chenical -specific markers
of exposure such as bl ood | ead concentrations are preferred. However,
for sone chemnicals, conpound-class specific markers (e.g., PAH DNA
adducts) or non-specific narkers (e.g., acetylcholinesterase
i nhibition) may be avail abl e. Non-specific markers of contam nants
(i.e., sone metabolites or non-chenical specific biological changes)
as indicators of exposure nay be nore sensitive than external neasures
of exposure to predict an individual's total dose (van Wlie et al.
1991; Smith & Suk, 1994). However, since non-specific markers are
nei ther source- nor chenical -specific, characterization of the
variability in these narkers is an inportant validati on conmponent
prior to use in exposure assessnment. To date, few biomarkers of
envi ronnent al exposure can be utilized to estinmate such exposure
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gquantitatively. In nmost cases, biomarkers of exposure provide a
sem -quantitative or qualitative indication of exposure.

10.3.4 Normative data

Currently many biol ogi cal markers are being devel oped for
research purposes (Schulte, 1987; Kelsey, 1990; Bond et al., 1992;
Fowl e & Sexton, 1992). However, collecting popul ati on baseline data on
these markers is necessary before they can be useful for nonitoring
and surveillance purposes. Longitudi nal and cross-sectiona
i nformati on on normal ranges and correlation with environnenta
exposures and denographi c characteristics are required. Reference
ranges are avail able for sone biol ogical nmarkers. For exanple, blood
concentration data for a nunber of pesticides and netals were
collected in a representative sanple of the US population in the
Nati onal Health and Nutrition Evaluation Survey (NHANES IV) and the
German Environnmental Survey (Krause et al., 1992). The ranges may vary
in different exposed popul ations owing to differing residual levels in
the environment (G andjean, 1986; Alessio, 1993). Data from speci nen
banks are begi nning to provi de some exposure information on geographic
and denographi c paraneters (Kenper, 1993).

10.4 Advantages of biological narkers for exposure assessnent

Bi ol ogi cal markers integrate over all sources of exposure, which
allows for efficient characterization of exposure to multiple sources
and eval uation of past exposures (US NRC, 1991a; Sim & McNeil, 1992).
When contaminants are found in many environnental nedia, biologica
nmonitoring can be the nost effective way to determ ne an individual's
total exposure. Biological narkers may al so indicate the presence of
addi ti onal exposures; for exanple, biological markers used in
occupational settings have been applied to determne if
non- occupati onal exposures to sinmilar agents are occurring (Lauwerys,

1983). Some biol ogi cal narkers (e.g., PCB concentrations in breast

m k) represent cumul ative exposure to environmental contani nants.

Mar kers which integrate over |ong periods of tinme can be used to

eval uate past exposure in a nuch nore accurate nmanner than historica
record revi ew and exposure reconstruction (DeRosa et al., 1993;
Sanpson et al., 1994). Biological markers can al so be the best way to
neasure recent exposures, especially those where dernal contact is the
primary route of entry. Table 34 sumari zes t he advantages and
limtations of using biological markers in exposure assessnent.

Table 34. Advantages and linmitations of biological markers for environnenta
exposure assessnent

Advant ages Limtations

Denonstrate exposure has occurred source and route identification

I ntegration over all exposure routes kinetics and tining of exposure
Characterization of individual bi ol ogi cal variability and confoundi ng

exposur e- doses

I nclusion of internal sources altered response as a result of
mul ti pl e exposure
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| nproved health effects investigations i nvasi ve sanpling

| mproved popul ation risk avai lability of human sanpl es
assessment/ri sk managenent
specificity/sensitivity

Val i dation of exposure nodel s | ack of nornmative values for conparison

10.4.1 Characterizing inter-individual variability

A fundanmental issue in the quantitative aspect of exposure
assessment is the characterization of inter-individual variability in
exposure. The pattern of exposure may differ within individuals,
groups or popul ations. For exanple, workers in the same factory may
have different exposures as a result of differing work habits
(Rappaport et al., 1993); famlies living in very airtight houses may
have greater exposure to indoor contaminants than fanmilies living in
draughty homes. Biol ogical markers represent one strategy to assess
inter-individual variation in exposures, when measured environnmenta
concentrations do not differ between individuals. Genotype, dietary
habits, body size, state of health, lifestyle habits (e.g., snoking)
and behaviour may all play a role in determnmining an individual's

exposure (Bernard & Lauwerys, 1986). Biol ogical markers of
susceptibility may al so be used to explore biological variation in
response to exposure. For exanple, phenotypic differences in

Del t a- am nol aevul i ni ¢ aci d dehydratase (ALAD) may influence both bl ood
lead | evels and the health effects of |ead (Wtnur, 1994,

M | kovi c-Kraus et al., 1997). Incorporation of biological markers of
bot h exposure and susceptibility into biological nonitoring studies
may result in further insight into inter-individual variability.

10. 4.2 Efficacy of use

In sonme situations, biological markers can be nore efficacious
tool s than external exposure neasurements for nonitoring human
exposure in popul ation studi es. For exanple, participant burden may be
lower than in traditional nonitoring schenes for sone activities
(e.g., notor vehicle repair) and for sone subjects (e.g., children and
the elderly) wearing a personal nonitor nay not be a practica
strategy to nonitor a subject's exposure. For sone exposure routes
such as dermal exposure, there is no adequate way to deternine the
ext ent of exposure using non-biological nethods (Ward et al., 1986;

Fi serova- Bergerova, 1987; Henm nki, 1992; Levesque et al., 1994). For
exanpl e, chloroformin exhal ed breath has been used as a biol ogi ca

mar ker to eval uate dermal exposure while sw nm ng and showeri ng
(Levesque et al., 1994). Under certain conditions, wearing a sanpling
device alters behaviours that may, in turn, affect exposures as
neasured by a sanpling device. Waring a sanpling device nay be unduly
burdensonme in certain populations. Finally, nonitoring devices nay not
exi st to evaluate these exposures. In these cases, biological narkers
could be a preferred nmethod to eval uate exposure.

Bi ol ogi cal markers can inprove the eval uati on of human heal th
effects associated with environmental exposure to contan nants
(Schulte, 1987; US NRC, 1987; Hul ka, 1991; Hul ka & Margolin, 1992).
These markers have been advocated as a neans to reduce measurenent
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error in environnmental epideniology (Schulte, 1987; Hul ka & W/ cosky,
1988; Hatch & Thomas, 1993). Since they represent internal dose, they
are anticipated to be nore predictive of health effects than externa
neasures of exposure (US NRC, 1987; Hul ka, 1991) and they can be used
to validate popul ati on exposure nodel s (CGeorgopoul os & Lioy, 1994).
For risk assessnent purposes, biological markers can be useful tools
in evaluation of intermediate end-points and inproving the transition
from environmental exposure assessnment and ani mal dose-response nodel s
to actual hunman health outconmes (Hattis, 1986; |IPCS, 1993; Mercier &
Robi nson, 1993).

10.4.3 Internal exposure sources

Cont ami nants can be stored long-termin the body and nmay be
produced endogenously. These sources of exposure cannot be
characterized wi thout biological markers. Breast nilk, bone minera
and adi pose tissue as well as bl ood represent biological nmedia
avai |l abl e to assess body burden of contami nants, especially those that
concentrate in biological tissue. Mbilization of contam nants from

i nternal storage can be assessed using biol ogical markers; for
exanpl e, pesticide nmobilization from adi pose tissue can be neasured in
bl ood follow ng fasting.

10.5 Linmtations of biological markers for exposure assessment

Al t hough the use of biological markers may result in inproved
exposure assessnent, their use is not without Iimtations, since few
val idated nmarkers are currently avail able. Chall enges associated with
t he use of biological markers include source identification
phar macoki netics, timing of exposure, biological variability, altered
response as a result of exposure, potentially invasive sanpling
procedures and ethical concerns.

10.5.1 Source identification

Al though the ability to integrate over all exposure sources is an
advantage for total hunman exposure assessnent, it linmts the ability
to identify the sources that contribute to exposure. Considerations
for source identification include multiple exposure sources, nultiple
exposure regi mes, non-specific biological response to exposure and
endogenous production. Miltiple sources of exposure can result in
mul ti nbdal excretion rates because sone exposures nmay be constant
wher eas additi onal exposures nmay be intermttent. Therefore,
perform ng cross-sectional studies may miss nultiple exposures (Que
Hee, 1993) or changes in exposure patterns and/or concentrations. Some
organi ¢ chem cals can be produced endogenously; this may result in an
overestimate of the inpact of external sources of exposure.

10.5.2 Biological variability and altered exposure response

Variability of biological response is an i nherent characteristic
of biological markers. Although variability may be associated with
exposure levels, genetic differences in toxicokinetics and lifestyle
factors such as diet, snoking and al cohol consunption may al so result
in biological variability. The inpact of the inherent biol ogica
variability can be reduced by stratified sanpling and the use of |arge
sanpl e sizes. Quantification of biological variability is difficult,
and wi thout adequate infornmation on sources of variation the
interpretation of results for exposure assessment purposes may be
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l[imted. OF particular concern is uncharacterized biol ogica
variability which may influence uptake, distribution, metabolism or
excretion of the contami nant of interest and, therefore, the interna
dose. Sone authors consider that the influence of genetic variation is
limted in conparison to the inpact of other susceptibility factors
(Perera & Weinstein, 1982). During validation studies, it is necessary
to gather information on potential confounding factors. Baseline data
on pre-exposure biological marker concentrations and denographic

vari abl es shoul d be obtained to assess inter-individual biologica
variability nore accurately.

Previ ous exposure and pat hophysi ol ogi cal states can change the
bi ol ogi cal response to current exposure. This is of particular concern
in cross-sectional investigations or in studies of individuals with
previous or |ong-term exposure. Previous or concurrent exposure to
agents that elicit simlar responses to the contamni nant of interest
may alter netabolic activity in response to exposure. These
alterations nmay lead to an increase or decrease in the rate of
nmet abol i sm or excretion, or a change in the type or anount of
nmet abolites forned, which thereby alters the internal dose and
potentially, the biologically effective dose. Interactions between the
exposure of interest and other environnental exposures, diet,
nedi cati on use, cigarette snoking and al cohol consunption nmay affect
the outcome of the exposure and the interpretation of the biologica
nmoni toring results.

In sone cases, exposure to chemicals can cause nal adaptive
changes and the biol ogical markers of exposure may represent
subclini cal disease. For exanple, long-termexposure to netals at high
concentrations can result in kidney danage and thereby alter the
processing of nmetals in the kidney. This results in potentially |ow
excretion of nmetals in urine and subsequent underestimation of
exposure (Lauwerys, 1983). In sonme situations, clinical tests can be
conducted at the same tine to address issues such as reduced ki dney
function. Conversely, individuals with |ong-term exposure nmay
represent those individuals who are | east susceptible to the agent's
effects; this may be probl ematic when using workers to validate
bi ol ogi cal markers at high |levels of exposure (Hauser et al., 1995).

10.5.3 Participant burden

Col I ection of biological nedia presents chall enges different from
collection of environnental sanples. At the mininum it requires
active participation on the part of the study subject. In designing
studies, it is critical to recognize that collection of biologica
sanpl es can be invasive. Sone routine medi cal procedures, such as
collection of a snall vial of blood, may be nore acceptable to
partici pants than nore involved, yet non-invasive, sanpling nethods
such as collection of a 24-h urine specinmen or wearing an air sanpling
punp for a day. Other sampling strategies, such as fat biopsies or
col l ection of |arge volunmes of blood, may be inpractical for
envi ronnent al exposure assessments because of excessive participant
burden. Ethical considerations also include how participants should be
i nfornmed about their results.

10.5.4 Biosafety
Bi ol ogi cal nedia can serve as vectors of infectious disease, such

as AIDS and hepatitis. Because of this hazard, special procedures nust
be used when coll ecting, transporting, storing, analysing and
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di sposi ng of any human bi ol ogi cal sanples. All personnel mnust be
trained for the proper handling of biological sanples and protocols
must include instructions for this.

10.6 Medi a avail able for use

Nuner ous biol ogical nedia are avail able for use in environnental
exposure assessnent. Sel ection of sanpling nedia depends on the
contam nant of interest, the pattern of exposure, the timng of
exposure, the popul ati on studi ed, ease of collection and storage and
partici pant burden. Biological nonitoring is frequently considered
i nvasi ve; however, several nedia are avail able for exposure assessnent
that can be collected in a non-invasive nanner. For occupationally
used chem cal s, biological exposure indices and nonitoring protocols
are avail able (Lauwerys, 1983; ACAH, 1991; Que Hee, 1993); these may
be regarded as starting points for biological sanpling in
envi ronnental studies.

H storically, blood and urine have been the primary nedia for
bi ol ogi cal exposure markers. Blood and urine, as well as exhal ed
breath and saliva, can be used to docunent recent exposures; past
exposure can be eval uated using blood and urine as well as keratinized
tissues (hair and nails), ossified tissue (teeth and bone), adi pose
ti ssue and breast ml k. Adipose tissue and bone can al so represent
future sources of internal exposure. Other nedia available for
bi omar ker studi es include faeces, nasal |avage, tears, sputum senen
cord bl ood and buccal cells, which can be feasible neans for
popul ati on exposure nonitoring. G her nedia from cadaver or biopsy
speci mens (e.g., liver and kidney sanpl es) have been collected in
sel ect popul ati ons but these cannot be used for exposure assessnent of
heal t hy indivi duals. Table 35 sunmari zes the nedia available for use
in biological nonitoring in environmental settings.

10.6.1 Bl ood

Bl ood has been frequently used for biological monitoring,
especially in clinical settings such as occupational nedicine. Blood
can integrate all sources of exposure, including internal sources, and
provi de an indication of current internal dose. Since blood transports
all agents throughout the organism it represents an opportunity to
sanple all types of contami nants, such as gases, solvents, netals and
fat-sol ubl e conpounds. Both specific (e.g., blood | ead) and
non-specific (e.g., sister chronmatid exchange) anal yses can be
performed. Conponents of blood available for sanpling are whol e bl ood,
red blood cells, white blood cells, plasma, serum and bl ood proteins,
primarily haenogl obin and al bum n.

* VWol e bl ood consists of all the blood conponents and is
preferabl e when the distribution of the analyte between plasma and
cellular elenents is unknown (Que Hee, 1993).

* Red bl ood cells nmake up a large portion of blood and their
primary role is to transport oxygen via haenogl obi n throughout the
body. Mature red blood cells contain no nucleus and therefore no
DNA, and have a 120-day lifetime. Chemicals that interact with
haenogl obi n, such as carbon nonoxi de, are found in red bl ood cells.

Tabl e 35. Biological nedia available for sanpling
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Medi a Cheni cal s
(exanpl es)

Adi pose i pophilic

tissue cheni cal s,
pestici des, PCBs

Bl ood gases, netal s,
pesti ci des,
semvol atile
organi cs, VOCs

Bone netal s (I ead)

Br east i pophilic

m |k compounds

Breath gases,
sem vol atile
or gani cs,
vol atil e organics

Tabl e 35. (continued)

Medi a Chemi cal s
(exanpl es)

Faeces hi gh nol ecul ar
wei ght organi c
compounds,
i pophilic
subst ances,
netal s

Hai r cot i ni ne,
netal s, PCBs

Saliva net al s,
pesti ci des,
sem vol atile
organi cs

Teeth netal s

HUMAN EXPOSURE ASSESSMENT

Type of sanples

sur gi cal speci nens,
fat biopsies

whol e bl ood, red

bl ood cells, white
bl ood cells, plasng,
protein

cortical bone,
trabecul ar bone

(X-ray fluorescent
spectra)

fat and aqueous
phases

m xed air, alveolar

air

Type of sanples

f aeces

scal p,

pubic hair

m xed saliva

shed deci duous teeth
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Col | ection

i nvasi ve, ninor
surgi cal procedure
i nvasi ve, quick,

requires trained
phl ebot oni st

non-i nvasi ve,
30-60 mn collection
tinme

non-i nvasi ve

non-i nvasi ve,

requires air
sanpl i ng appar at us

qui ck,

Col | ection

non-i nvasi ve,
conpl i ance by
subj ects

poor

non-i nvasi ve,

i mportant to

st andardi ze
col l ection | ocation

non-i nvasi ve,
for

easy
partici pant

non-i nvasi ve

St or ag

fat sa
archiv

for us
sanpl e
frozen
sanpl e

not ap

sanpl e
stored
refrig

sanpl e
anal ys
col |l ec
easily

St or ag

sanpl e
and ar

sanpl e
stored
t enper

sanpl e
and ar
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Toenails netals single toenail or non-i nvasi ve, sanpl e
conposites requires participant and ar
to collect sanple

Urine | ow ol ecul ar spot or grab sanples, non-invasive, 24-h sampl e
wei ght first norning void, urine sanple requires
net abol i t es, 24-h urine sanples notivated partici pant
nmet al s, mut agens, for accurate sanple
pesti ci des, col l ection
sem vol atile
or gani cs
* Nurrer ous types of white blood cells are present in blood. These

cells have a half-life ranging from 18-20 days to decades
(Carrano & Natarajan, 1988). Since these circulating cells have
DNA which can itself be altered or the expression of which can be
changed as a result of exposure to a genotoxic agent, they may be
used for biomarkers of exposure to genotoxic agents (Carrano &
Nat araj an, 1988; Kel sey, 1990). Interpretation of genotoxic
response is conplicated because DNA damage can result in either
cell death or renoval of the marker by DNA repair, or may alter
cell functions (Perera, 1987). Regardless of this, correlations
have been seen between environmental exposures and DNA adducts
and ot her cytogenetic responses (Perera et al., 1988; Heddl e et
al ., 1991; Santella et al., 1993; Yager et al., 1993).

* Plasma and serum represent the non-cellular conponent of
bl ood. Plasma is a straw col oured aqueous sol ution of
el ectrolytes, non-electrol ytes and macronol ecul es (i ncluding
clotting factors); serumis plasma without the clotting factors
(Que Hee, 1993). Plasna represents a conmponent of whol e bl ood
(approxi mately 60%, and it may contain the nost biologically
active fraction of blood borne contami nants, since plasma is in
nore i nmedi ate contact with tissues (Silbergeld, 1993). Plasna
can be used for analysis of |ipophilic chenicals, thereby
avoi ding the need for fat sanpling.

* Bl ood proteins can be sensitive nonitoring tools for chemcals
that bind to macronol ecul es i ncludi ng DNA ( Gst er nan- Gol kar et
al., 1976; Bond et al., 1992). Protein adducts, unlike DNA
adducts, are not repaired and nay prove to be a useful dosineter
of mutagen exposure (Grassman & Haas, 1993; Que Hee, 1993).
Haenogl obin and al bumin are two proteins available for use in
exposure assessnent. Haenoglobin is located in red blood cells in
hi gh concentration and has the half-life of red blood cells (120
days); albumn is present in serumand has a half-life of 21
days. Because of their differing biological half-lives, these
proteins can be used to investigate the tining of exposure.

Col | ection, storage, and shipping of blood sanples can be
resource-intensive. Blood sanpling is invasive to the subject and
requires a trai ned phl ebotomnmist. Two primary nethods of bl ood
col l ection are venipuncture and finger stick. Blood fromfinger sticks
is nmore subject to surficial contanmi nation, has a hi gher percentage of
red blood cells and is a snaller volunme than that collected using
veni puncture (Graziano, 1994). However in sone popul ations, such as
smal | children who have veins that are hard to find or who have fears
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of veni puncture, finger sticks can be the collection nmethod of choice.

The anal ytes of interest influence the sanple collection reginen
Concerns about external contam nation, interaction between the anal yte
and the sanple collection vessel, and degradation, bacteria
contam nation and tine until processing shoul d be considered when
desi gning the sanpling protocol (Aitio & Jarvisalo, 1984). Test tubes,
addi tive agents such as EDTA and sanpl e stoppers all represent

potential contamnmi nation sources. Processing of serum sanples should
occur in a timely fashion to prevent degradation of the anal ytes of

i nterest. For exanple, collection of serum sanples for organochl orine
pesticide analysis requires that:

* al | equi pnent be solvent-rinsed before collection and processi ng

* care be taken to avoid contact between the blood and the stopper of
the test tube

* the sanple be centrifuged within 24 h of collection
* the serum be kept frozen prior to analysis.

Shi prent of frozen sanples requires special precautions to
prevent thaw ng during transport. For results to be valid, the
bi ol ogi cal sanple should be anal ysed within holding tine, as required
by the specific nmedium and anal yte.

10.6.2 Urine

Uine is another frequently collected biological nedium The
concentrations of conpounds found in urine usually reflect
ti me-wei ghted averages in plasna during collection and storage in the
bl adder (Que Hee, 1993). The presence of a contaminant or its
nmetabolite in urine generally represents recent exposure, though in
some cases it nmay represent release fromstorage within the body
(Lauwerys, 1983). Urine can be anal ysed for netabolites of organic
chem cals (e.g., benzene and styrene), netals (e.g., arsenic and
mercury) and pesticides as well as for nmutagenic potential (Lauwerys,
1983; Baselt, 1988; Que Hee, 1993). Since collection of urine sanples
i s non-invasive, sonme investigators feel that, when validated, urine
may be a better sanpling nmediumthan blood for nonitoring (Smth &
Suk, 1994).

Three types of urine sanples are used for biological nonitoring:
spot urine specinmens, first norning voids and 24-h urine specinmens
(Basel t, 1988).

* Spot urine sanples are relatively easy to collect but there may
be significant variability with respect to exposure prediction as a
result of metabolism liquid consunption and ki dney function

* First nmorning void sanples have less variability since they are
nore concentrated than spot sanples, but require notivated subjects
to collect the sanples.

* Twenty-four hour urine sanples control nuch of the

i ntraindividual variability but require highly notivated subjects
in order to collect useful sanples (Baselt, 1988).
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The choi ce of sanpling type is dependent upon the anal yte of
interest, the pattern of exposure, the anticipated concentration and
t he popul ation. Urine sanples should be refrigerated before anal ysis
to reduce biol ogical degradati on and bacterial growth. Sanple
processi ng and storage should occur as soon as possible after
collection in the manner required for the analyte of interest.

To make the results of urine nonitoring conparabl e between
i ndi vidual s, analytical results are frequently standardi zed to
creatinine concentration or specific weight. Standardization reduces
some of the variability of body size and urinary output (Lauwerys,
1983; Sato, 1993). However, kidney damage can alter the creatinine
excretion and therefore standardi zati on may not be appropriate in all
cases. Cinical data can be used to evaluate kidney function

10. 6.3 Exhal ed breath

Exhal ed breath anal ysis has been used in both occupational and
environnental settings. Breath analysis is useful for assessing recent
exposure to gases (e.g., carbon nonoxi de) and organic vapours and
solvents (e.g., acetone and toluene). Linited studies have been nmade
on the use of breath analysis for airborne particles and associ at ed
PAHs (Sugita et al., 1997). To be useful, breath neasurenents nust
relate both to exposure and to bl ood concentration (Bond et al.
1992). Breath sample concentrations of contaninants can vary as a
function of body build, netabolism sex, physical activity and
ventilation rate as well as the exposure route (Que Hee, 1993). Two
types of sanples are available for collection: mxed exhal ed breath
and alveolar air, or end-expired air (Wallace, 1987; Wallace et al.
1991a, b; Que Hee, 1993).

* Exhal ed breath can be a nixture of inhaled and exhaled air. If
t he exhal ed biol ogical marker is not present in inhaled air, then
exhal ed breath analysis is an effective nmeans to neasure interna
exposure. For exanple, when al cohol has an internal source only
(i.e., ingestion) a m xed breath sanple is appropriate.

* Al veol ar air provides a neasure of the air that is in equilibrium
with the blood in the deep lung (Bond et al., 1992). For anal ytes
present in inhaled air, it is necessary to collect an alveolar air
sanpl e.

Breath sanpl es can be used to assess nicroenvironnental exposure
as well as exposure to chenicals with short biological half-lives that
enter the body through non-inhalation routes (Wallace, 1987; Levesque
et al., 1994). A nunber of nethods are available to collect exhal ed
breath sanpl es for organi ¢ and other gaseous contani nants (Wall ace,
1987a; Pellizzari et al., 1988; Periago et al., 1992). Exhal ed breath
collection is quick and easy for the participant, but the actua
sampl e collection can involve conplex air collection apparatus to
gat her a sufficient sanple. The sanpling tools are simlar to those
currently enpl oyed for sanpling of air contanmi nants. Methods for
ai rborne particles and conmponents thereof have been used to a linited

extent (CGoto et al., 1997, Sugita et al., 1997). Potential sanple
collection error concerns in sanple collection include |oss of sanple
vol une, sanple storage prior to analysis and cross-reacti on anong
anal yt es.

10.6.4 Saliva
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d ands at four locations in the nouth produce saliva; the
secretion rate varies at each location. Chemicals enter saliva via
passive diffusion fromplasma. Therefore, saliva nay becone a usefu
tool to non-invasively characterize plasma | evels of contaninants
(Silbergeld, 1993). Social science research has used saliva sanpling
because of its ease of collection and storage (Dabbs, 1991, 1993).
Contam nants found in saliva include cotinine, drugs, netals, organic
sol vents, pesticides and steroid hornmones (Tomita & Nishinmura, 1982;
N gg & Wade, 1992; Sil bergeld, 1993).

Collection of saliva is relatively easy. One approach consists of
havi ng the subject rinse the nmouth and chew on a stinulant, typically
a piece of clingfilmor sugar-free gum The subject then spits into
the sanpling container. Another method uses punps to sanple fromthe
salivary glands. In either case, care should be taken to mninize
contami nation fromthe nouth. Because the concentrations of chemicals
in saliva can fluctuate with circadian rhythm the collection of
sal i va sanpl es should occur at the sane tine each day (Dabbs, 1991).
Saliva sanples are quite stable and can be stored at room tenperature
for several days (Dabbs, 1991, 1993). However, in order to reduce
viscosity fromproteins, saliva sanples are typically frozen prior to
chemi cal anal ysis.

10.6.5 Keratinized tissue (hair and nails)

Keratinized tissues, primarily hair and toenails, are practica
sanpling nedia for evaluation of past exposure to netals (Bencko et
al ., 1986; Bencko, 1991; Subranmani an, 1991; Kenper, 1993; Bencko,
1995). Toenails are usually the medi um of choice: see bel ow. These
nedi a i ntegrate exposures over a period of nmonths, contain relatively
| arger concentrations of trace elements than blood or urine and are
easy to collect, store and transport (Garland et al., 1993; Kenper
1993). Therefore, archiving specinmens for future analyses is a viable
option. Since hair and toenails are no longer in contact with the
bl ood supply, they can provide a picture of past exposure. Because of
the ease of collection, hair and toenails have been collected in
nunerous environmental studies, especially of children (D Vincenzo et
al ., 1985; Bencko et al., 1986; Wlhelmet al., 1989, 1991; Sukumar &
Subramani an, 1992; Bustueva et al., 1994; Santos et al., 1994). Hair
and toenails have been collected for elenmental analyses in both
envi ronnent al exposure assessnent and nutritional eval uation studies
(Garland et al., 1993; Maclntosh et al., 1997).

Hair mght be a useful nediumto study exposure to environmenta
t obacco snoke (ETS). For exanple, in the framework of the Gernan
Envi ronnental Survey (Krause et al., 1992) it was concluded that in
| arge popul ation studies nicotine and continine in urine as well as
nicotine in hair are useful indicators of exposure for different
| evel s of active and passive snoking. Continine and nicotine
concentrations in hair have al so been used to study fetal exposure by
mat ernal snoking (Klein et al., 1993). Hair has al so successfully been
used in studies evaluating exposure to organic nercury (Suzuki et al.
1989) or PCB (Que Hee, 1993).

One of the mmjor concerns in the use of hair as a sanpling nedi um
is the potential for surficial contamination, in part due to the large
surface area and the oily nature of hair. Sources of contamn nation
i ncl ude sweat, cosnetics, dirt and clothes (Doi et al., 1988;

Raghupathy et al., 1988). O her potential disadvantages of sanpling
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hair include sanple preparation, differing growh rates at different

| ocati ons on the body, unknown correlation with biological effects and
bi ol ogi cal variability (WIlhelmet al., 1990; Kenper, 1993). Hair
grows approximately 1 cnml 30 days (Que Hee, 1993) and can be eval uated
al ong the shaft to provide a profile of exposure over tinme. Since
grom h rates of hair differ based on body |ocation, standardization of
sanmpling location is crucial

Because of concerns about contamn nation, exposure assessors
usually prefer toenails to hair; however, sonme authors prefer hair for
exposure assessnent based on correlations with concentrations neasured
in environnental nedia and ease of collection (Wlhelmet al., 1991).
When sanpling nails, toenails are usually the nmedi um of choice, since
they are thicker and | ess subject to contam nation than fingernails.
Toenail s can be collected by participants, shipped to distant research
sites and stored in paper envel opes prior to analysis. To reduce
probl enms associated with surficial contanmination, the outer |ayer of
the toenail can be renoved. Each toenail grows at a different rate and
therefore each nail may represent a different tine period of exposure;
| ong-term average exposure can be eval uated using a conposite of al
toenails (Garland et al., 1993).

10.6.6 Ossified tissue
10.6.6.1 Teeth

Teeth constitute a unique nedium for assessment of past exposure.
Dependi ng on the tooth type and part of the tooth, one can reconstruct
early chil dhood exposures to bone-seeking el enents, such as | ead
(Rabinowitz et al., 1989). However, sanple collection opportunities
are limted to shed deciduous teeth in young children. Sanple
coll ection and storage are easy; renoving the outer |layer of the tooth
m ni m zes external contanination

10.6.6.2 Bone

Bone represents both past exposure to bone-seeking el enents and
is a source for future internal exposure to these elenents. The
concentrations of elements in bone represent |ong-term exposure and
storage of contam nants. For exanple, the half-life of lead in bone is
approxi mately 10-40 years (Rabinowi tz, 1991). Although numerous
el ements can be detected in bone tissue using destructive anal yses
such as atom c absorption spectroscopy (AAS), in vivo neasurenent of
envi ronnental contam nants in bone has been limted to lead (e.g.
Sonervaille et al., 1988; Hoppin et al., 1995). Lead concentration in
bone can be anal ysed non-invasively using a techni que known as X-ray
fluorescence (XRF) (Hu et al., 1995). Bone | ead concentrations in
adults correlate well with integrated neasurenents of blood |ead
concentrations (Sonervaille et al., 1988; Hu et al., 1995). Sources of
variation in bone | ead nmeasurenment include the degree of bone
m neralization, the concentration of |lead in bone, the overlying skin
t hi ckness and subject novenment during the neasurenent. Lead and ot her
el enents can be nobilized from bone during physiol ogical events such
as pregnancy, lactation and osteoporosis (Silbergeld, 1991).

10.6.7 Breast mlk
Envi ronnent al studi es have used breast mlk to eval uate past

exposure to lipophilic chemcals (e.g., pesticides and PCBs) and
metal s (VWHO, 1996b) and to exam ne potential exposures for
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breast-feeding infants (N essen et al., 1984; Davies & Mes, 1987;

Si korski et al., 1990; Sim & MNeil, 1992). Oganic chenicals found in
breast mlk have high lipid solubility, resistance to physica
degradati on or biol ogical netabolismand sl ow or absent excretion
rates (Rogan et al., 1980). Breast mlk represents a ngjor route of
excretion of lipophilic chemicals for lactating women (Rogan et al.
1980; Sim & McNeil, 1992). Concentrations of chemicals in breast nilk
are a function of parity, age, body nass, tinme of sanpling,

nutritional status, lactation period and fat content of mlk (Rogan et
al., 1986; Sim & MNeil, 1992). Breast mlk results are generally
standardi zed to mlk fat |evels.

Breast milk sanpling represents a non-invasive nethod to estinate
body burden of contam nants in adi pose tissue. The correl ation between
contam nant concentrations in the |lipid phase of nmlk and adi pose
tissue is good (Sim& MNeil, 1992). External contamination is a
concern for breast mlk sanples; all sanpling equi pnrent should be
cleaned in a manner that will prevent contani nation. Al though breast
mlk sanpling is an applicable way to estinmate popul ati on exposure to
chemical s that bioconcentrate, sanpling is limted to | actati ng wonen
who may or may not be representative of the popul ation as a whole.

10. 6.8 Adipose tissue

Exposure assessnent studi es using adi pose tissue have been
l[imted primarily to ecol ogi cal studies comparing fat from cadavers or
surgi cal specinens to general pollution |evels. Adipose tissue
represents a long-termreservoir of |ipophilic conpounds that the body
slowy metabolizes and may rel ease into the bl oodstream Unfortunately
there is no non-invasive manner to sanple fat stores directly, and
many subjects see fat sanpling as exceedingly invasive. The anal yti cal
nmet hod and detection linmit requirements deternine the quantity of
adi pose tissue necessary. |n studies measuring body burden of dioxins
in fat, a mnor surgical procedure was necessary to collect a 20 g
sample from healthy potentially exposed subjects (Patterson et al.
1986). When a snmller sanmple size is sufficient (200 ng or |ess),
needl e bi opsies of fat stores in the buttocks can be used (Que Hee,
1993; Kohl nei er & Kohl nei er, 1995).

10.6.9 Faeces

Faeces are a highly fat-sol uble nediumthat provides information
on conpounds of high-nol ecul ar weight that exit the body via biliary
excretion and on unabsorbed chem cals that enter the body via
i ngestion. Metals may also be nmonitored in faeces; however, it is
uncl ear whether the netals found in faeces represent absorbed or
unabsorbed el enents (D Vincenzo et al., 1985; Vahter et al., 1991).

Al t hough coll ection of faeces is regarded as non-invasive, very few
subjects are sufficiently notivated or interested in their collection
(Bihl et al., 1993).

10.6.10 Oher nedia

Several additional biological nedia have been used for
det erm nati on of biomarkers of exposure including tears (e.g.,
El |l egard, 1997), nasal |avage and nasal plugs (Steerenberg et al.
1997), sputum (e.g., Pizzichini et al., 1997) and senen (e.g., Sram et
al., 1996). In nost cases, these studies have focused on bi omarkers of
i nflammati on as indicators of exposure to airborne oxidants.

http://www.inchem.org/documents/ehc/ehc/ehc214.htm 6/1/2007



HUMAN EXPOSURE ASSESSMENT Page 186 of 284

10.7 Sunmmary

Bi ol ogi cal nmarkers represent a neans to nonitor environnental
exposure by characterizing an individual's total dose of a contani nant
fromall sources of exposure. The main advantage of this strategy is
in evaluation of an individual's total exposure using a measure which
i ntegrates over all exposure sources and is influenced by human
behavi our. Biol ogical markers are also believed to be nore predictive
of health effects than external neasures of exposure. They address
several exposure assessment needs:

* characterizing an individual's or a popul ation's exposure
* generating popul ation distributions of dose

* i dentifying the environnental and denographi c determ nants of
exposure.

The mai n di sadvant age of biological markers is the difficulty in
characterizing the individual sources which contribute to the
subject's total exposure. When devel oping and utilizing biologica
mar kers, understandi ng the toxicokinetics of the contaninant in the
systemis crucial to characterize the biological variability and to
determ ne whether the biological marker is valid for exposure
assessment purposes at the concentration of interest. Biologica
mar kers have been crucial in inmproving our understandi ng of human
exposure to certain contaninants, such as |ead. Numerous non-invasive
net hods are avail able for biol ogical nonitoring, and exposure
assessors should try to include these when devel opi ng envi ronnent al
noni t ori ng protocols.

11. QUALITY ASSURANCE | N EXPOSURE STUDI ES
11.1 Introduction

Human exposure studies are conplex and often utilize specialized
i nstrunmentati on and managenent of |arge anpbunts of data. Consequently,
quality assurance (QA) should be applied to all aspects of an exposure
study, including its design, inplementation and reporting, to ensure
the reliability and reproducibility of the results. A successful QA
programe w || nonitor occurrence of potential errors in various
conponents of the study and establish protocols for renedying such
errors. In this chapter, inportant types of potential error in
exposure results are described, and tools for identifying themare
i ntroduced.

Exposur e studies involve evaluations and conpari son of exposures
over tine, geographical |ocations and populations. It is inportant
that the results of the study accurately represent the exposures,
rather than reflecting bias or error introduced by the study design or
nmet hod. The reader is referred to the previous chapters on strategies
and designs for exposure studies (Chapter 3) and related statistica
concepts (Chapter 4) with respect to the principles of designing a
hi gh quality exposure study.

The reader is also referred to Environmental Health Criteria
141: Quality Managenent for Chemical Safety Testing (IPCS, 1992) a
nmonogr aph which deals explicitly with the organi zation of a QA
programme. A prerequisite for producing data of good quality in
exposure studies is the availability of adequate facilities,
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equi prent, and personnel who are both well educated and trai ned.
Studi es need to be adequately designed and planned. Field and

| aboratory procedures need to be well defined, so that they can be
carried out in the nost appropriate way and in a consistent and
reproduci bl e manner. Qther key elenents in perform ng and reporting
exposure studies include the final report and, lastly, the archiving
and retention of data (1PCS, 1992)

11.2 Quality assurance and quality contro

It is inmportant to distinguish between the related concepts of QA
and quality control (QC). QA refers to the overall nanagenent and
organi zati onal systens instituted to assess and maintain the integrity
of the study. It includes independent nonitoring that assures end
users of the data that facilities, equipnent, personnel, nethods,
practices, records and controls conformto accepted quality nmanagenent
principles. An effective QA programe provides confidence that the
overal |l study neets the pre-established quality standards of accuracy,
preci sion, conpleteness and clarity. QA should be integrated within
the entire study so that the results are valid and that the fina
report accurately reflects these results (IPCS, 1992). Assessing data
periodically is an essential aspect of QA

L is a valuable QA tool that is applied to individual conmponents
of the study. Exanples of such conponents are sel ection of study
partici pants, collection of environnmental sanples, chenical analysis
and anal ysis of data. The quality of an anal ytical neasurenent may be
eval uated, for exanple, by conmparing analytical results against a
known standard, determ ning the sensitivity, accuracy, and precision
of the analysis and ensuring that the anal ytical equi prent has been
properly maintai ned. These neasurenments would be part of a QC system
(1 PCS, 1992).

Audi ting procedures, on the other hand, are used to assess the
quality of other aspects of a nonitoring operation such as sanpling
procedure and transport of sanples, as well as recording and reporting
data. These procedures, although not necessarily quantitative, wll
general ly pronote vigilance by the operator agai nst possible errors
(VWHO, 1986) .

11.3 Elenments of a quality assurance progranme

Al'l exposure studies nust have a QA progranme with a
corresponding quality assurance plan that describes the inplenentation
of the programre. The US EPA, for exanple, requires the devel opment of
detail ed QA project plans that contain a conplete description of al
el ements of the QA programme associated with the collection

neasurenent, validation and reporting of data. Common el enents in QA
pl ans are given in Table 36.

Tabl e 36. Common elenments in quality assurance pl ans

Organi zati on and personnel
Record keepi ng and data report

St andard operating procedures
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Equi prent mai nt enance and cal i bration
Internal audit and corrective action

Sanpl e handl e managenent

A fundanmental step in the QA process is the delineation of the
study objective and a description of the study design which describes
the study popul ation, the data to be collected and the statistica
analysis to be performed to neet the objectives. The programre
managenment must be described (which identifies individuals in the
progranmme and defines their responsibility from nmanagenent, field
nmoni tori ng, sanple handling, sanple analysis, data reduction and
reporting). Al programres nmust have a QA officer who is independent
of the programre and organi zati on and who has oversight of all QA

activities. The QA plans nust define data quality objectives
(accuracy, precision, detection limt, representativeness and
conpl et eness) and denonstrate that they are adequate to neet the study
obj ectives. Specific procedures for generating and validating study
data are given. An inportant conponent of any exposure study is
denonstrating the feasibility of all study procedures through a pil ot
study which should be included in the QA plan. For conplex field
studi es where nethods of procedures may require nodification in the
field, it is inportant to clearly delineate corrective action
procedures. Standard operating procedure (SOPs), detailed protocols
for all conponents of the study, are appended to the QA plan. A
description of these are given in section 11.4. 3.

11.4 Quality assurance programe

| mportant elenents in assuring that the outcome and data
generated fromthe |l aboratory is accurate and reliable depends on the
QA programe inplemented by the | aboratory. Key elenents are given in
the foll ow ng.

11.4.1 Ogani zation and personne

It is inmportant for the conpetent |aboratory to establish an
organi zation that can function to best serve the need of the testing
facilities, regardl ess of the specific organization structure,
personnel include nanagenent, study directors, QA coordinator and
support staff. Properly trained personnel are crucial to the conduct
of a quality study. The training requirenents and procedures shoul d
cover professional, technical and support staff, to assure that they
have adequate know edge and skills to carry out their duties.

11.4.2 Record-keeping and data recording

Detail ed records, with dates, should be kept on the introduction
of new batches of so-called useable supplies (e.g., filters, reagents,
sanpl e containers, plasticware, pipettes, etc). Likew se, any changes
in instrunentation or personnel have to be recorded. Afterwards, when
identifying the reasons for changed anal ytical performance, this kind
of thorough record-keeping is of utnost inportance.

The risk of introducing errors while transcribing data into

record books or entering theminto conputer files is quite |arge.
These are so-called clerical or human errors which may invol ve not
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only nunerical errors but also formatting errors, identification
errors, etc., which can lead to a serious bias in the anal ysis of
data. There are several procedures for spotting such errors, from
sinmply reviewing the data visually to conputerized procedures which
fl ag questionabl e data.

Finally, data sets should be validated, that is approved for
anal ysis. Data validation should formpart of QA, and its procedures
shoul d be clearly defined. Data validation usually consists of two
parts: data entry procedures to identify formatting errors at the tine

of entry, and acceptance procedures which are designed to conpare the
reported data agai nst specified criteria in order to judge the
reasonabl eness of reported val ues. Acceptance procedures identify
various types of anomalies in the data including inpossible val ues,

i ndi vidual and nultiple outliers and entire subsets of incorrect data.

11. 4.3 Study plan and standard operating procedures

@A invol ves the devel opnment and use of study plans and SOPs. The
study plan (which should be very explicit and detailed) is the nost
i mportant docunent for providing information to all participants on
all aspects of the study, including information on responsible
personnel, sanple collection, sanple storage and pre-anal ytica
treatment, anal ytical procedures and data anal ysis. Deviations from
the study plan in, for exanple, sanmpling frequency, sanpling nedia or
sanpl ed popul ati on, necessitate a detail ed amendnent to the study
plan. This is very inportant since in many nonitoring studi es sanpling
occurs on a regular basis, and the data obtained nay be worthless if
the present sanpling schenme is not foll owed.

SOPs are witten instructions which describe how to perform al
field and | aboratory activities. These should be available to al
personnel involved in the field and | aboratory work and be a conponent
of their training programme. SOPs ensure that all personnel associated
with study operations will be fanmiliar with and use the sane
procedures. |If different individuals performinportant study
functions, such as storing sanples, preparing solutions, running
anal ytical equi pnent, or archiving docunents, these operations should
be performed in the same manner. By standardi zing procedures for the
conduct of studies, SOPs have a valuable QA function. They prevent the
i ntroduction of many potential errors in the generation, collection
and reporting of data.

The devel opnent of SOPs includes the followi ng aspects: who
shoul d prepare, review and authorize SOPs; which field and | aboratory
operations require SOPs; and what infornmation the SOPs shoul d contain.
The nature of the laboratory work bei ng done and the training and
experience of the | aboratory personnel at a particular facility should
det erm ne exactly how extensive the content needs to be (IPCS, 1992).

11.4.4 Collection of sanples

The potential for contam nation is a nmgjor issue in environmenta
sampling. The highly sensitive analytical instrunentation currently
avai |l abl e pernmits analysis of very small analyte quantities where the
amounts of pollutants or chem cals present in environnental nedia are
often quite low (e.g., parts per billion). The risk of significant
contamination is particularly great when nonitoring | ow concentrations
of substances ubiquitous in the environment or present in the
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materials and tools coming into contact with the sanples.

Sanpl es nust be handled and stored in such a way that the | eve
of the substance to be anal ysed renmi ns stable. Processes that are
nost likely to decrease sanple stability include precipitation
chemical deterioration (e.g., photolysis), surface absorption and
evaporation of the analyte. Another factor that could be inportant is
changes in the matrix, which may affect recovery of the anal yte.

11.4.5 Equi pnrent mai ntenance and cal i bration

Adequat e equi prent shoul d be available for the receipt, handling,
storage and anal ysis of sanples. Its naintenance and calibration is
essential to QA practise. Equiprment used for analysis nust be tested,
cal i brated and standardi zed.

11.4.6 Internal audit and corrective action

Internal audit and corrective action are critical activities in
QA managenent. Audit procedures are to verify that the procedures are
conducted the way they were planned and described in the study plan.
Non- conf ormance must to be corrected to attain the study objectives.

11.5 Quality control/quality assurance for sanpl e neasurenent
11.5.1 Method selection and validation

A chem cal conpound can usually be anal ysed by a variety of
di fferent methods. Some net hods enphasize quality of analysis, i.e.
accuracy and precision, whereas others are directed mainly towards
practicality and | ow cost. However, even the best nethod may give
incorrect results if inmproperly used. Methods are customarily
classified according to their main use in the analytical field into
definitive, reference and field routine nmethods. The best
approxi mati on of the true val ue obtained by analysis is the
definitive value, i.e., the result obtained by the definitive
nmet hod. The definitive nethod is, however, generally not considered
practicable for daily |laboratory use. Therefore, the purpose of a
reference nethod is often to serve as a basis for the determ nation
of the accuracy of the field nmethods. Field nmethods (or routine
net hods) are those in everyday use in the |aboratory. They are not
necessarily as precise and accurate as reference and definitive
net hods. Their use is justified, however, because the definitive and
reference nmethods are often too cunbersone and expensi ve and nay not
be avail able. The precision and bias relating to the nmethod should be
known for every routine nethod used.

The followi ng data quality specifications have to be validated in
nmet hod sel ection to nmeet the requirenents and objectives of the
exposur e assessnent project.

11.5.1.1 Accuracy

Accuracy is defined as the closeness of agreenment between a test
result and the accepted true value. Accuracy or validity of an
analysis is primarily determined by the specificity of the nethod and
t he anal ytical recovery.

Fig. 31Aillustrates the ideal case where the reported val ues
correspond exactly to the expected val ues. However, all analytica
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procedures are subject to a variety of analytical inaccuracies or

bi ases. Fig. 31B shows the effects of a proportional bias in which
the reported values are higher than the expected values. This bias is
cal l ed proportional because the anpbunt of bias increases in direct
proportion to the concentration of analyte in the specinen. Fig. 31C
illustrates the effect of a constant bias, in which the reported

val ues are hi gher than the expected values by a constant anount, at
all concentrations of analyte. The biases shown in Figs. 31B and 31C
are positive biases, because the reported values are greater than the
expected values. O course, negative biases may al so occur
furthernmore, the reported values may fall along a curve rather than a
straight line. Fig. 31D illustrates conbi ned positive and negative
proportion biases. Wen conbined biases are present, there is
frequently one concentration at which the reported val ue corresponds

to the expected value. This phenonenon -- that the reported val ue at
some anal yte concentration is the same as the expected val ue whereas
there is disagreenent at all other concentrations -- is conmonly

observed and nust be considered when interpreting quality contro
data. Because of this, it is recomrended that reference sanples should
cover the range of expected neasurenent val ues.

11.5.1.2 Precision

Precision or reliability of an analysis refers to the uniformty
of the results of replicate analyses irrespective of the true
concentration of the analyte. The precision of an anal ysis may vary
dependi ng on many factors, such as the skill and experience of the
anal yst, the purity of the chem cals, the quality of measuring devices
and the time interval between replicate anal yses. The precision is
determ ned by cal cul ating the percentage relative standard devi ation
anong replicate analyses. In this nanner precision can be defined as
t he cl oseness of agreenent between independent test results obtained
under prescribed conditions.

The effects of random variation on analyses are illustrated in
Figs. 32A and 32B, which show how | aboratory's results nmay, on the
average, fall along sone operational |ine even though the individua
results are distributed about the line, within certain limts of
variability. Fig. 32A illustrates limts of variability that increases
in proportion to the nmean anal yte concentration
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Fig. 32. Mustration of random anahgtical variability (A,
variance proportional to concentration; B, variance
independent of concentration)

11.5.1.3 Sensitivity

Sensitivity of a test nethod can be defined and neasured as the
[imt of detection (LOD) and the limt of quantification (LOQ.

11.5.1.4 Detection limts

Appropriate deternminations of detection linmts is crucial to
exposure data analysis and interpretations. Since there are several
types of detection limts, each with its specific applicability, it is
i nportant that the nethods and procedures to determne such limts be
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clearly presented as part of the QA QC procedures. The term"| ower
limt of detection" (LLD) nay refer to very different concepts. For
exanpl e, the instrunmental detection linit is defined as a nultiple of
the noise |level of the analytical instrunent, usually a factor of 3.
However, when sanpling and anal ysi ng environnmental nedia, the
instrumental detection limt constitutes only a fraction of the true
l[imt of detection. The LOD takes into consideration the response of
the anal ytical instrument to the specific analyte in standards of
known concentration or, preferably, a nmatrix simlar to that of the
sanpl e. Since the response of the instrunent to repeated anal ysis of
t he sane anal yte concentration varies, the LODis estimated as a
function of the standard deviation (SD) of the repeated anal ysis,
typically as t,. g9, x SD, where t is the value of the Student

t distribution with n-1 degrees of freedom alpha = 0.01 is the
type | error and n the nunber of repeated anal yses, usually 7

However, sanpling nethods can have a background of one or nore of
the target anal ytes. For exanple, when using solid sorbent for air
sanpling, the sorbent may contain varying | evels of background
contami nation across sanples (e.g., varying benzene concentrations in
Tenax). The nethod detection limt (ML) includes the background
contam nation in the sanpler. It is deternmined using a sinilar
statistical approach as the LOD, but using field and/or |aboratory
bl anks i nstead of the known anal yte concentrati ons. The MDL can be
defined as the anal yte concentration at which we have a given
certainty (e.g., 1l-alpha = 0.99) that the sanple concentration differ
from background. Finally, the [ower quantification limt (LOQ is
defined as 10 SD, where SD is derived fromthe LOD determ nation. LOD
MDL and LOQ differ across | aboratories using the sane nethods. Mre
importantly, they vary over tine for the sane | aboratory.

The treatnent of values below the MDL in statistical analysis of
the data can have a strong inpact on estinmates of exposure
di stribution paraneters. The reader nay refer to Gl bert (1987), for
nmore specific information. There also are upper limts of detection
defined by the range of linear response of the analytical nethod. In
that case the detector nmay be overloaded with the result that it is
not working in its linear detection range.

11.5.2 Internal quality control

The purpose of internal QCis to docunent that the method is in
statistical control and without systematic errors so that the observed
sanpling results consistently fall within established control linmts.
Internal QC procedures are used primarily for the control of
anal ytical precision (Taylor, 1988).

11.5.2.1 Control charts

Sorreti mes changes in the anal ytical performance are not abrupt
but take place gradually ("drift"). Such gradual changes are difficult
to perceive froma single central result, but many becone evident with
time if the results of control sanples are graphically displayed with
respect to time or sequence of neasurenents.

Control limts are used as criteria for signalling the need for
action, or for judging whether a set of data does or does not indicate
a state of statistical control. Control limts can be based entirely
on the data fromthe sanples, in which case the chart illustrates

whet her the method or procedure is repeatable. If the control chart
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contains limts that are based on anal ytical standards, then the chart
is useful for discovering whether the observed neasures for a sanple
value differ fromthe adopted standard val ues by an anount greater

t han shoul d be expected by chance al one. Generally, control charts
consist of warning limts and action limts. Warning limts often
correspond to + 2 SD fromthe nean, whereas action linmts are set at

+ 3 SD fromthe nean. Such threshol ds nean that as | ong as the process
isin control at the centre value there is a 5% chance that a result
will exceed the warning limts and a 0.3% chance that a result wll
exceed the action limt, thus erroneously signalling an "out of
control" nessage (WHO 1986; |SO 1993).

To set up a Shewhard control chart (Fig. 33), neasurenents of,
for instance, standard sol utions, duplicates or spiked sanples nust be
gathered while the anal ytical procedure is in control. The contro
parameters nmost frequently evaluated in Shewhard control charts
i nclude the average or nedian of control neasures (average or nedian
charts) and the range (difference) between duplicate anal yses on the
sane test sanple (range charts) (UNEP/WHO, 1986; AOAC, 1991; |SQ
1991; Christensen et al., 1994). In a cunulative sum (cusum chart
(Fig. 34) a reference value, usually the intended or expected val ue,
is subtracted from each observation. The cunul ati ve sums of the
deviations fromthe reference value are forned, and these cusuns are
pl otted agai nst the serial numbers of observations. The cusum chart is
usually nore sensitive to small shifts in I evel than the Shewhard
chart and highlights persistent and recurring differences (Christensen
et al., 1994; |SO 1997)

pgditre

HE e

1 & 10 165 20 25 30 35 40 45 40
Days of control measurements

Fig. 33. The Shewhard chart. The mean of two control
measurements are plotted in order of appearance (run
number or days of control measurements) (from
Christensen et al., 1994}
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Fig. 34. Cusum control chart calculated on the basis
of the previoushy shown QC plotted in the
Shewhard chart (Fig. 33) (Christensen et al., 1994)

The Shewhard chart has six control limt lines corresponding to
trho, #*2rho, and #3rho, (rho, = rho/ ni’2) (rho, appointed
standard deviation in the control chart; rhoy’ estimated standard

deviation of the distribution of results; n, nunber of contro
results) (Christensen et al., 1994).

11.5.3 External quality control

The aimof external QCis to denpnstrate that analytical results
obt ai ned are accurate and conparable with the results ascertained by
ot her | aboratories. Usually, external QC neasurenments form part of
external QA schenes or proficiency testing progranmes. |In such a
schene or programe, the coordinating | aboratory prepares a
honogeneous reference sanple and distributes portions to the
participating |aboratories for analysis. Participating | aboratories
are required to exam ne the reference sanples within a specified tine,
preferably together with collected sanples, and subnit the results of
the reference sanples to the coordinating | aboratory which collates
the data, perforns a statistical analysis and sends an eval uation
report back to the participating | aboratories. In cases of poor
performance, the | aboratories may be contacted, and suggesti ons may
made for inproving performance.

Ext ernal QC schemes offer participating | aboratories nany
advant ages. They denmonstrate the reliability of |aboratory results and
provi de i ndependent evidence of the quality of |aboratory perfornmance
and indivi dual analyst proficiency. In addition, external quality
schenes all ow participating | aboratories to conpare their own
performance with that of other |aboratories. Participation in an
external QC scheme can encourage sel f-appraisal and mnininization of
| aboratory errors. It can al so be used to reduce the frequency of
internal QC efforts when consistently favourable results are achi eved
on external QC test sanples. Furthernore, it can assist in identifying
needs for training and changes in | aboratory procedures (AQAC, 1991).

Exanpl es of existing external QC schenes are given in Table 37
(see also Christensen et al. (1994)).
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A specific exanple for an approach used in external QCis the
UNEP/ WHO r egressi on net hod. The regression nethod is based on the QC
progranmes devel oped in the UNEP/ WHO pil ot project on assessnment of
human exposure to pollutants through biological nonitoring for the
determ nation of lead in blood and cadm umin kidney cortex (Vahter
1982). This external QC nmethod was al so applied in the UNEP/ WHO Huran
Exposure Assessnent Location (HEAL) study. For the studies on | ead and
cadmi um reference external QC sanples of blood, air filter nmaterial
dust and diet were sent to participating | aboratories (Vahter &
Sl orach, 1990). The sane procedure was al so adopted for the HEAL
ni trogen di oxi de study, using standard sodiumnitrite sol utions and
ni trogen di oxi de- exposed sanpl e badges as QC sanples (Matsushita &
Tanabe, 1991).

Tabl e 37. External QC schenes

Schene Country Ref er ence
Centre de Toxicol ogi e du Quebec Canada Weber, 1988
(CTQ

Dani sh External Quality Assessnent Denmar k Angl ov et al.
Schere ( DEQAS) 1993

External quality control in the Ger many Schal l er, 1991

t oxi col ogi cal anal yses of biol ogica
mat eri als, German Soci ety of
Qccupati onal Medi ci ne

Japanese External Quality Japan Sugita et al.
Assessment Schene 1990

NI OSH Profi ci ency Anal yti cal USA NI OSH, 1979
Testing Progranme

Uni ted Ki ngdom Nati onal External United UKNEQAS, 1993
Quality Assessnent Schenes Ki ngdom Bul I ock, 1986
(UKQAS)

The accuracy and precision of the analytical results were
eval uated by using a statistical technique known as the nmaximum
al | owabl e devi ati ons (MAD) nethod (Vahter, 1982; WHO, 1986; UNEP/ VWO,
1991). This nmethod is based on the linear regression line of reported
versus "true" val ues and established acceptance criterion on how nuch
the line may deviate fromthe ideal |ine where the nmeasured equals the
expected val ue. Acceptance criteria or the MADs have to be deci ded on
separately for each pollutant or for each medium The stringency of
the MAD is prinmarily based on the required quality of the actua
monitoring data and the sensitivity, accuracy and precision of the
anal ytical nmethods. As in the use of control charts, decision
concerni ng acceptance and rejection of results is based on statistica
criteria, i.e., on the probability of nmaking right or wong deci sions.
A |l aboratory may be erroneously rejected when in fact its nethodol ogy
is satisfactory, or it nmay be erroneously accepted when its
nmet hodol ogy is not satisfactory. Power analysis is done to determ ne
the probability of including an unsatisfactory |aboratory. The concept
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of statistical power is described nmore fully in Chapter 4.

On the basis of the power analysis, acceptance intervals (Al) can
be calculated for a |laboratory. The Al will be narrower than the
i nterval between the MAD |ines and the Al lines will be closer to the
MAD lines with increasing nunber of QC sanples. Also, nethods with
i nherently smaller errors will decrease the difference between the MAD

lines and the Al. Fig. 35 shows the regression line for the reported
results of analysis of six QC sanples versus the reference val ues. The
MAD interval is indicated by solid lines and the acceptance interva

by broken lines (Vahter, 1982). Fig. 36 shows the results of lead in
bl ood fromone | aboratory during the training phase in the gl oba

UNEP/ WHO Proj ect on Assessnent of Exposure to Lead and Cadmi umt hr ough
Bi ol ogi cal Monitoring. The results of QC 2 and QC 3 were rejected,
i.e., the regression lines fall outside the acceptance |ines when

eval uat ed between the reference values 100 and 400 pg/litre (Lind et
al ., 1987).

The experience fromthe QA programe of the WHO UNEP HEAL
Programe shows that detailed protocols, instructions, and contro
activities covering the whole process, fromsanpling to analysis and
data reporting, are essential if reliable data are to be obtained. The
results clearly denonstrated that good anal ytical performance for a
pol lutant in one medium (e.g, lead in blood) is no guarantee of good
performance for the same pollutant in another nedium (e.g., lead in
air filters). Sinmlarly, good anal ytical performance at one
concentration is no guarantee of good performance at higher or | ower
concentrations. It is, therefore, inportant that the QC sanples have a
matrix simlar to that of the monitoring sanples and that the
concentrations of the QC sanples cover the expected range of
concentrations. One, or a few, reference sanples are not sufficient
for the evaluation of the evaluation of analytical perfornmance using
rigorous MAD criteria (Vahter & Slorach, 1990).

11.5.4 Reference nmterials

Ref erence materials are inmportant neans of ensuring conparability
of analytical results across |aboratories, over tinme, anpong
popul ati ons and anmong studies. Reference sanples for internal as wel
as external QA have been used in the anal ysis of environnental nedia,
such as air, water and food, as well as for biological tissues and
body fluids, such as internal organs, blood and urine. It is inportant
that reference materials have a matrix which is the sane or very
simlar to the matrix the "real" nonitoring sanples are conprised of.
Matrix effects may seriously invalidate analytical results. The
concentrations of a substance to be nmeasured should al so cover the
sanme range as is expected in the nonitoring sanples. For severa
substances, the chemical forms in which they may exi st nust be taken
i nto consideration. For exanple, arsenic, mercury, tin and severa
other metals occur in a nunber of different valence states and in
organi ¢ and inorganic forns which vary in stability.

Various types of reference sanples are comercially avail abl e.
The International Atom c Energy Agency (| AEA) conducted a survey on
anal ytical reference materials of biological and environmental origin.
The | AEA dat abase presently contains over 10 000 anal yte val ues for
455 substances in 650 reference materials produced by 30 different
suppliers (I AEA, 1995, 1996). It is expected that this survey wll
hel p analysts to select reference materials for QA purposes that match
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Fig. 35. Regression for the reported results of
analysis of six QC samples versus the reference
values. The MAD interval is indicated by solid lines and
the Al by broken lines. MAD lines which are not
including the operating error of the methods or Als
which include the operational error represent a power
of 90%, which means that the probability of accepting
an unsatisfactory performance is 10% (Vahter, 1982).
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Fig. 36. An example of lead results from OC runs in the UHEPAWHO assessment of
Human exposure to lead and cadmium through biological monitoring study. QC
runs 2 and 3 (QC 2 and QC 3) were rejected. X-axis, reference values (rgilitre);
y-axis, reported values (v g/itre).

as closely as possible, with respect to matri x type and concentrations
of the sanples and anal ytes of interest.

The availability of certified reference materials is stil
limted, however. In addition, owing to their relatively high cost,
these materials can only occasionally be used for QC. Alternatively, a
| aboratory may prepare control naterials calibrated agai nst and,
therefore, traceable to certified reference materials, or a
conventional true value may be established by one or nore reference

| aboratories, preferably using a validated definitive nethod (ISQ
1994).

11.6 Quality assurance and control issues in popul ation-based
studi es

Popul ati on-based studi es present specific challenges to Q¥ QC
progranmes that are not conmon to nore conventional exposure
i nvestigations. A description of the potential problens and
alternative approaches to address them avoid them and estinmate the
bi ases that they may introduce in the results should therefore be part
of the study plan. Study design, including Q¥ QC procedures, should
consi der net hodol ogi es that address configurations as they occur in
the field, and provide for nodifications that will not conprom se the
stated objectives.

Anmong the nost inportant considerations in human popul ation
studies are the potential differences in cultural, geographical or
soci al class franework between the exposure assessnent study team and
the target popul ation. The investigators should be cognizant of |oca
culture and conditions and include those considerations in the study
design. For exanple, perceptions and customs with regard to the
i mportance of time in daily life varies across cultures and even anong
subpopul ations within the same country. As a result, appointments for
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househol d visits and interviews may not be kept as the field personne
expect .

A good approach for identifying problens and alternatives is the

use of pilot studies before full inplenentations of the field
conponent of a study. In pilot studies, trained staff performthe
conpl ete set of SOPs established for the full investigation on a snall

subset of the sanple popul ation. Thus, pilot studies also have the
pur pose of effectively providing final training of all field
personnel. The information collected during these studies is very
useful for adjusting the study plan and SOPs for |ocal conditions. It
is inmportant that all personnel participating in a field study, i.e.
study design personnel, principal and co-investigators, |aboratory
staff and field personnel require practical experience with the |oca
field conditions. Pilot studies provide the neans to obtain such
experi ence.

Anot her potential confounder in population studies is the
Hawt horne effect; that is, the alteration of behavi our patterns that

m ght affect exposures as a result of participation in the study. For
exanpl e, many popul ati on-based field studies provide conpensation to

i ndi vidual s who agree to participate. Monetary conpensation could

al ter behaviour patterns that nay affect exposure: for exanple, the
partici pant may decide not to go to work (a typical activity) the day
he recei ves the paynment and instead spend the tinme perform ng an
activity that is not customary. This problem can be resol ved by

of fering the paynent a short tinme after the participants have

conpl eted the nonitoring period. The presence of an environnenta
nmonitor (e.g., an air sanmpling inlet and punp) nmay cause participants
to avoid situations in which they may feel conspicuous, such as their
pl ace of enployment. An innovative approach for assessing the

i nfluence of this effect is to expand the study to include a subsanple
of participants who engage in only a portion of the study (e.g., a
time-activity questionnaire) and to conpare the results for this group
to those for the renai nder of the population that conpleted the ful
noni tori ng programre.

11.7 Summary

@A includes independent study nonitoring that assures |aboratory
managenent and users of data that facilities, equipnent, personnel
net hods, practices, records and controls confirmto accepted quality
managenent principles. Errors in exposure data may be due to
anal ytical variation as well as changes that may take place during
sanpl e collection and handling, preparation and storage of sanples,
and data keeping and data recordi ng. Analytical variation can be
divided into two nmajor categories: accuracy, which refers to the
agreenent between the anmount of anal yte nmeasured and the anount
actually present, and precision, which refers to the random
variability or reproducibility of the method.

The study plan is the nost inmportant document for providing
i nformation on the critical conponents of an investigation, e.g.
responsi bl e personnel, sanple collection, sanple storage and
pre-anal ytical treatnent, analytical procedures and data anal ysis.
SOPs are appended to the study plan and contain witten detail ed
i nstructions on howto performcertain routine field and | aboratory
activities. The study plan and SOPs can be seen as nanagenent
directives designed to ensure that all personnel associated wth study
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operations will be famliar with and use the sanme procedures.

QL refers specifically to the quality of the laboratory results.
It has two conponents. Internal QCis a set of procedures used by
staff of a laboratory for continuously assessing results as they are
produced. External QC is a system for objective checking of |aboratory
performance by an independent agency. Internal QC includes displaying
results of control sanples in control charts (e.g., Shewhard and cusum
charts), and use of control limts as criteria for signalling the need
for action, or for judging whether a set of data does or does not
include a state of statistical control. External QC, on the other
hand, provides independent evidence of the quality of |aboratory
performance and i ndividual anal yst proficiency. Usually, a

coordinating | aboratory distributes sanples of known concentration to
the participating |aboratories. Participating | aboratories examni ne the
reference sanples and subnmit the results to the coordinating

| aboratory for performance eval uation

Ref erence sanples used in internal and external QC should have a
matri x and pollutant concentration which is simlar to the rea
sanple. In addition, for several substances it is necessary to take
into consideration the chenical formin which they may exist.

Finally, interactions with human popul ati ons present a uni que set
of study design and QA considerations that should be carefully
eval uated together with the conventional issues of sanpling analysis
and procedures.

12. EXAMPLES AND CASE STUDI ES OF EXPOSURE STUDI ES
12.1 Introduction

Exposure studi es have hel ped to establish a subdiscipline of
envi ronnent al science. Exposure analysis is now essential to
envi ronnent al epi deni ol ogy and quantitative risk assessnent. Exposure
studi es have called attention to practices, |ocations and popul ati ons
subj ected to higher risk owing to environnmental contam nation
However, the full prom se of exposure analysis has not been realized.
Exposure information can influence public opinion and policy and offer
cost-effective innovative strategies for those |ooking for
alternatives to current regul atory approaches. Qur current practice is
to partition problens into specific nedia (air, water, soil and food)
and structure our nanagenent as restrictive commands linmting
di scharge. Exposure analysis is an integrated and nore conprehensive
approach for dealing with risk managenent.

Kirk Smith discusses the potential of human exposure assessnent
for air pollution regulation (in WHO, 1995a). He argues that for
devel opi ng countries, without the investnent in nonitoring, regulation
and control infrastructures, exposure reduction strategies "nmay
provide a much nore efficient pathway of control over tine than the
path foll owed by the currently devel oped countries™. Structuring a
regul atory control programe that bases perfornmance on the reduction
of human exposure while also considering cost should appeal to market
economni es in both devel oped and devel opi ng countries. In order to
i mpl enent such strategies effectively one nust have the ability to
quantitatively assess the relative contribution of various sources to
human exposure and ri sk by nmeasurenent or nodelling. Wth the
devel opnent of exposure science, tradi ng exposures anong sources and
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pat hways results in the possibility of integrating the concept of
product stewardship, which would include extraction, manufacturing,
consuner use and disposal. |f society sets the performance goal of
exposure mnimzation both for hunans and for the ecosystem the
comercial and governmental institutions can devise nore
cost-effective responses. For exanple, a conpany might receive credit
for refornulating a product that reduces exposures to VOCs in the
hone. The cost to the conpany mght be far less in terns of exposure
reduction per capita than equi pping the manufacturing site with
em ssions control equi prent that reduces |ocal concentrations.

Bef ore exposure tradi ng across nedia, across pollutants or
bet ween enpl oyees and the general public can seriously be considered,
the science of exposure assessment nust mature. A great deal nore mnust
be | earned about risk-produci ng behaviours and activities, about
variation in individual susceptibility, and about the chronic as wel
as acute inplications of mxtures of pollutants. Progress has been
nmade in these areas, and studies are continuing. Perhaps the
contribution of exposure assessnment to environnmental epidem ol ogy best
exenplifies its advancenents in recent years. As environnental
epi dem ol ogy i s practised today, quantification of exposure neasures
play a significant role vital to study design and to interpretation

Linet et al.'s article (1997) on residential exposures to magnetic
fields and acute |ynphoblastic |eukenmia in children is an excellent
case in point. They neasured magnetic field strength in the current
and forner housing in over 1200 cases and controls. No associations
were reported for direct neasures of magnetic field strength exposures
in this study, although sone previous studi es had found associ ation
bet ween chil dhood | eukenia and surrogate indicators of exposures to
magnetic fields (power |ine classification schenes).

Exposure information has influenced ri sk nmanagenent and public
policy. A well-known exanple involves nmaterials containing asbestos.
In the USA, as a result of US EPA's response to actions regarding the
handl i ng of asbestos-containing material in schools as well as
numerous | egal suits on behalf of asbestos industry workers, there was
a costly and wi despread effort to renove all asbestos from buil dings.
Eventual |y the review and public dissemnm nation of studies show ng
i nsi gni ficant exposures to asbestos to buil ding occupants in the vast
majority of situations resulted in a clarification of US EPA's policy
and an end to the indiscrimnate renpval of all asbestos-containing
material regardless of its condition (HEl, 1991; Canus et al., 1998).

We now see the concern for protecting the public from
envi ronnental risk requiring nore information about exposures.
Recently, the US Congress passed the Food Quality and Protection Act.
For the first time legislation has explicitly recognized the problem
of multiple source exposure. The Act requires that EPA and ot her
agenci es account for aggregate or multiple sources of exposure when
setting maxi num al l owabl e levels (i.e., tolerances) for pesticides in
food. In this case, regulations are ahead of the science as current
knowl edge on the nunerous pathways of pesticide exposure is not
sufficient to establish a standardi zed net hodol ogy.

So in recent years, we have seen exposure anal ysis gain status.
In 1998 the International Society of Exposure Analysis (ISEA) held its
8t h annual conference in conjunction with the International Society
for Environmental Epidem ology. |ISEA has a journal with nore than 500
subscri bers worl dwi de. The European Commi ssion in 1995 published
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reports on Exposure Assessnent (EUR 14356EN) and Tine-activity
Patterns in Exposure Assessnent (EUR 15892EN) along with a report on
Study Design (EUR 15095EN) for air pollution epideniology in which
exposure assessnent was featured.

The US EPA (1996a) updated its 1989 Exposure Factors Handbook
(EPA/ 600/ 8-89/043) with a conprehensive three-vol ume conpilation of
statistical data on various factors used in assessing exposure. The
updat ed documrent incorporates new informati on available fromthe late
1980s through the first half of the 1990s. Used by risk assessors in
conjunction with the revised Guidelines for Exposure Assessment (US
EPA, 1992a), the new Exposure Factors Handbook gives point estimates
for many paranmeters along with distributional information. The nedian
as well as the high end of individual and popul ation risk can be
cal cul ated using these inputs and appropriate concentrati on data.

As described earlier in the book, the WHO has been pronoting
exposure assessnent nethodol ogy and investigations for al nost
20 years. The HEAL project has provided training, docunents and
assistance to investigators worl dw de. Notable successes of HEAL have
been the establishnent of high-quality neasurements for nmetals such as
| ead and cadm um (see Foreword and Chapter 11).

A nunber of professional organizations have contributed to the
promoti on of exposure sciences through conferences, workshops and
publications. Although a conprehensive description of all these
efforts is beyond the scope of this chapter, readers may find sone of
the publications listed in Table 38 useful

12.2 Exposure studies

Exposure studies described in this chapter serve as exanpl es of
the variety of approaches and purposes such investigations have taken
Exposure studies are conducted for different reasons. Some were
designed for the sinple purpose of denmonstrating mnet hodol ogy for
generating hypot heses. Qther studies were conmponents of
epi demni ol ogi cal studies. Still others were designed for regul atory
purposes to determ ne possible exposure routes and dose rates for
speci fic products or applications. Such studies nay have participants
adhere to a certain regime. There are al so exanples of |arge and
expensi ve studies recruiting representative popul ations to provide
general i zabl e exposure and risk estimates. Brief descriptions of
different types of studies are presented in this chapter. Those
included illustrate a variety of design strategies. The foll ow ng
di scussion is not intended as a conprehensive review but may give the
reader the sense of how exposure assessnent can serve a variety of
pur poses.

12.3 Air pollution exposure studies

Per haps the nost nunerous exanples of exposure studies are in the
field of air pollution. This section briefly presents exanples of air
pol lution studies performed for a variety of purposes.
12.3.1 Particle studies

Particl e exposures have taken a new inportance in light of a
substantial and growing literature on norbidity and nortality effects

of ambient particulate matter (WIson & Spengler, 1996). In 1986, the
US Congress mandated that the US EPA Ofice of Research and
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Devel opnent "carry out a TEAM study of hunan exposure to particles.”
The EPA At nospheric Research and Exposure Assessnent Laboratory joi ned
with California's Air Resources Board to sponsor a Particle Total
Exposure Assessnent Met hodol ogy (PTEAM study in the Los Angel es
Basin. The study was carried out prinmarily by the Research Triangle
Institute and the Harvard University School of Public Health. The main
goal of the study was to estimate the frequency distribution of
exposures to particles for residents of Riverside, California, a city
of approximately 250 000 i nhabitants |ocated 75 km east of downtown

Table 38. CGuide to docunents on exposure assessnent

The Potential of Human Exposure Assessnent for Air Pollution Regulation
(WHO, 1995a)

Human Exposure Assessnent for Airborne Pollutants: Advances and
Qpportunities (US NRC, 1991b)

Met hods for Assessi ng Exposure of Human and Non- human Bi ot a
(Tardiff & CGoldstein, 1991)

Bi ol ogi cal Monitoring of Metals (IPCS, 1992)

CGui del i nes for Exposure Assessnent (US EPA, 1992a)

Der mal Exposure Assessnent: Principles and Applications (US EPA, 1992b)

Met hodol ogy for Assessing Health Ri sks Associated with Indirect Exposure
to Combustion Emi ssions (US EPA, 1990)

Estimati ng Exposures to Dioxin-Li ke Conpounds (US EPA, 1994)

Super fund Exposure Assessnent Manual (US EPA, 1988a)

Selection Criteria for Mddels Used in Exposure Assessnents
(US EPA, 1987, 1988b)

St andard Scenarios for Estimating Exposure to Chenical Substances During
Use of Consuner Products (US EPA, 1986a)

Pestici de Assessnent Guidelines, Subdivisions Uand K
(US EPA, 1984, 1986b)

Met hods for Assessing Exposure to Chem cal Substances, Vol unes 1-13
(US EPA, 1983-1989)

Assessnent of Hunman Exposure to Lead: Conparison between Bel gi um
Mal ta, Mexico and Sweden (Bruaux & Svartengren, 1985)

Gui dance on Survey Design for Human Exposure Assessnent Locations
(HEAL) Studi es (Kol l ander, 1993)

Air pollution in African villages and cities (Koning de, 1988)

Exposure Monitoring of Nitrogen Dioxide. An international pilot study
wi thin the WHO' UNEP Human Exposure Assessnent Locati on (HEAL)
Progranmme (Matsushita & Tanabe, 1991)

Assessnent of Human Exposure to Sel ected Organochl ori ne Conmpounds
Thr ough Bi ol ogical Mnitoring (Sl orach & Vaz, 1983)

Assessment of Human Exposure to Lead and Cadnmi um Through Bi ol ogi cal
Moni toring (Vahter, 1982)

d obal WHQO UNEP: Envi ronment Monitoring System Exposure Monitoring
of Lead and Cadmi um (Vahter & Slorach, 1990)

Human Exposure to Carbon Monoxi de and Suspended Particul ate Matter in
Zagreb, Yugoslavia (WHO, 1982a)

Human Exposure to SO2, N2 and Suspended Particulate Matter in Toronto
(WHO, 1982b)

Human Exposure to Suspended Particul ate Matter and Sul phate in Bonbay
(WHO, 1984)

Human Exposure to Carbon Monoxi de and Suspended Particul ate Matter in
Bei jing, People's Republic of China (WHO 1985c).

CQuidelines for integrated air, water, food and biol ogi cal exposure
moni toring (WHO UNEP, 1986)

I ndoor Air Quality Study Maragua Area, Kenya (VWHO UNEP, 1987)
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Indoor Air Quality in the Basse Area, The Ganbia (WHQ UNEP, 1988)

Tabl e 38. (continued)

An introductory guide to human exposure field studies: survey nethods and
statistical sanpling (WHO UNEP, 1992a)

Endem c fluorosis: a global health issue (WHO UNEP, 1992b)

Human Exposure to Pollutants. Report on the pilot phase of the Human
Exposure Assessnent Locations Progranme (UNEP/ VWHO, 1991)

Los Angel es. Another goal was to determ ne particle concentrations in
the participants' honmes and i medi ately outside the hones.

The study had a three-stage probability sanpling procedure
(Ozkaynak et al., 1996). Utimately 178 residents of Riverside, took
part in the study in the fall of 1990. Respondents represented
139 000 + 16 000 (SE) non-snoking Riverside residents aged 10 and
above. Their hones represented about 60 000 Ri verside hones.

Each partici pant wore a personal exposure monitor (PEM for two
consecutive 12-h periods. Concurrent PM, and PM, ; sanples were
collected by a stationary indoor nonitor (SIM and stationary outdoor
noni tor (SAM at each home. The SIM and SAM were essentially identica
to the PEM A total of 10 particle sanples were collected for each
househol d (day and ni ght sanples fromthe PEM, SIM 5, SIMj,

SAM, 5, SAM). Air exchange rates were also determ ned for each 12-h

peri od.

Up to 4 participants per day could be nonitored, requiring
48 days to conduct the study. A central outdoor site was nmintained
over the entire period (22 Septenber-9 Novenber 1990). The site had 2
hi gh-vol une sanples with 10 uminlets (actual cut-point about 9.0 um,
2 dichotonous PM, and PM, ; sanpl es (actual cut-point about 9.5 um,

1 PEM, 1 SAM, and 1 SAM, ..

More than 2750 particle sanples were collected, about 96% of
those attenpted. Al filters were anal ysed by XRF for a suite of
40 metals. Mdre than 1000 12-h average air exchange rate neasurenents
were made. A conpl ete discussion of the quality of the data is found
in Thomas et al. (1993a). LODs, based on 3 tinmes the standard
devi ati on of the blanks, were of the order of 7-10 pg/n®. Al field
sanpl es exceeded the LOD. Duplicate sanples ( n = 363) showed
excell ent precision for all types of particle sanplers at al
| ocations, with nedian relative standard deviations ranging from2 to
4%

Dayti me nmean personal PM, concentrations (150 pg/n®) were nore

t han 50% hi gher than either indoor or outdoor |levels (95 pg/nd).
Over ni ght nmean personal PM, concentrations (77 upg/n?) were simlar

to the indoor (63 pg/n?) and outdoor (86 pg/nd) levels. The higher
personal concentrations do not appear to be due to skin flakes or
clothing fibres; many skin flakes were found on filters (up to an
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estimated 150 000 per filter) in subsequent scanning el ectron
nm croscope (SEM anal yses, but their nmass does not appear to account
for nore than 10% of the excess personal exposure (Manane, 1992).

Mean PM, ; daytime concentrations were simlar indoors

(48 pg/ n¥) and outdoors (49 pg/nd), but indoor concentrations fell

off during the sleeping period (36 pg/n?) conpared to 50 ug/n?®
outdoors. Thus the fine particle contribution of PM, concentrations
averaged about 51% during the day and 58% at ni ght both indoors and
out doors. Unwei ghted distributions are displayed in Fig. 37 for 24-h
average PM,, personal, indoor and outdoor concentrations. About 25%
of the popul ation of Riverside was estinmated to have 24-h personal
PM,, exposures exceeding the 150 pg/n? 24-h US National Anbient Air
Quality Standard (NAAQS) for ambient air. Central-site PM, ; and PM,
concentrations agreed well with backyard concentrations. Overall, the
data strongly suggest that a single central-site nonitor can represent
wel | the PM, ; and PM,, concentrations throughout a w der area such

as a town or small city, at least in the Los Angel es basin.

St epwi se regressions resulted in snmoking, cooking, and either air
exchange rates or house vol unes bei ng added to outdoor concentrations
as significant predictors of personal exposure. Snoking added about 30
g/ n? to the total PM, 5 concentrations. Cooking added 13 pg/n® to
the daytinme PM, ; concentration, but was not significant during the

overnight period. At night, an increase in air exchange of one air
change per hour resulted in a small increase of about 4.5 pg/n? to
the PM, 5 concentration, but was not significant during the day. The
house vol une was not significant at night, but was significant during
the day, with larger homes resulting in smaller PM, ; concentrations.
Since air exchange and house vol umre were weakly correl ated
(negatively), they were not included together in the sanme regression.

Fol l owi ng Koutrakis et al. (1992), a non-linear |east squares
regressi on equati on was used to estinate penetration factors, decay
rates and source strengths for particles and elenments from both size
fractions (Ozkaynak et al.1996). Penetration factors were very cl ose
to unity for nearly all particles and el enments. The cal cul ated decay
rate for fine particles (< PM, ;) was 0.39 = 0.16 h-1, and for PMj,
was 0.65 + 0.28 h-1. Since PV, contains the PM, ; fraction, a
separate cal cul ation was made for the coarse particles (PM, - PM )
with a resulting decay rate of 1.01 + 0.43 h-1. Decay rates for
el ements associated with the fine fraction were generally |ower than
for elements associated with the coarse fraction, as would be
expected, due to their | ower settling velocities. For exanple, sulfur,
which is associated with the fine fraction of aerosols in the form of
sul fate, had cal cul ated decay rates of 0.16 + 0.04 and 0.21 + 0.04 h-1
for PM, ; and PM, fractions, respectively. The crustal elenents
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Fig. 37. PMqg: Daytime levels, PTEAM study,
Riverside, California (from Thomas et al.,
1993a)

(cal cium alum nium mnanganese, iron) on the other hand, had decay
rates ranging fromO0.6 to 0.8 h-1. Each cigarette emtted 22 + 8 ng of
PM,, on average, about two-thirds of which (14 = 4 ng) was in the

fine fraction. Cooking emtted 4.1 £ 1.6 ng/mn of PM, particles, of

whi ch about 40% (1.7 £ 0.6 ng/min) was in the fine fraction. Al

el ements emtted by cooking were Iimted al nbst conpletely to the
coarse fraction; presunably carbon or other el enents not neasured by
XRF were contained in the fine fraction. Sources other than cooking
and snmoking emtted about 5.6 + 3.1 ng/h of PM, of which only about

1.1 mg/h £ 1.0 (20% was in the fine fraction (see Figs. 38 and 39).

Based on the nass-bal ance nbdel, outdoor air was the nmjor source
of indoor particles in Riverside, providing about 75% of fine
particles and 65% of inhalable particles in the typical home. It was
al so the major source for nost elements, providing 70-100% of the
observed i ndoor concentrations for 12 of the 15 elenents. Unidentified
i ndoor sources accounted for nobst of the remaining particle and
el emental mass collected on the indoor monitors. The nature of these
sources is not yet understood. They do not include snmoking, other
conbustion sources, cooking, dusting, vacuum ng, spraying or cleaning,
since all these sources together account for |ess than the
unidentified sources. For exanple, the unidentified sources accounted
for 26% of the average indoor PM, particles, whereas snoking
accounted for 4% and cooking for 5% O the identified indoor
sources, the two nost inportant were snmoking and cooki ng. Snoki ng was
estimated to increase 12-h average indoor concentrations of PM, and
PM, ; by 2 and 1.5 ug/n? per cigarette, respectively. Mst of this
increase was in the fine fraction. Cooking increased i ndoor
concentrations of PM, by about 6 ug/nm? per nmin of cooking, with
nost of the increase in the coarse particles. Oher household
activities such as vacuum ng and dusting appeared to nake snall er
contributions to indoor particle levels. An interesting finding was
that commuting and working outside the hone resulted in | ower daytine
particle exposures than for persons staying at hone.

Mul tivariate calculations in two separate studies resulted in
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rather simlar estimates of the effect of smoking on indoor fine
particle concentrations. Spengler et al. (1981) estinmated an increase
of about 20 pg/n? per snoker, or 25 ug/ n? per snoking hone, based on
55 residences nonitored over a year in 6 US cities. |In another study,
a snoking effect of about 32 ug/n? was estinmated for snoking homes
based on data collected in Tennessee, USA (Spengler et al., 1985).

12.3.2 Carbon nonoxi de
The | argest personal monitoring study of carbon nonoxide

exposures was carried out by US EPA in Washi ngton, DC and Denver,
Colorado in the winter of 1982-1983 (Johnson, 1983; Hartwell et al.,

IMD2OR FIRE PARTICLE MASS
[N HORES WITH ShACkIRG

Smoking 20°%

h Jther indoor 7%
Cooking 3%

Outdoor G0%

M =61 Samples from 31 homes

IR FINE Py g MASS
I HORES WATH ShCkIMG

Smoking 24%

Cther indoor 17 %

Cooking 3%

Outdoor 56 %

M = 61 Samples from 31 homes
Fig. 38. Sources of fine (PM2 5} Particles (top) and

inhalable {(PM1yq} particles (bottom) in 31 homes
with smoking
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IMDOOR FIRE PARTICLE MASS
I HORMES WATH COCKIMG

Other indoor 5%

Cooking 25%
Smoking 5%

Outdoor G2 %

M = 62 Samples from 33 homes

IMD2OR: FIME Pty 0 MASS

M HOMES WITH COOKIMNG

Cther indoor 15%
Smoking 4%

Cooking 26%

Outdoor 56 %

M =62 Samples from 33 homes

Fig. 39. Sources of fine (PM2 5) particles (top) and
inhalable {PMqg) particles (bottomj} in 33 homes with
cooking

1984; Akland et al., 1985; Johnson et al., 1986). About 800 people in
DC and 450 in Denver were nonitored for 24 h (48 h in Denver) using

el ectrocheni cal carbon nonoxide monitors with specially designed data
| oggers. The data | oggers were capabl e of sanpling the current from
the nonitor about 4 tinmes a second. They were equi pped with buttons
that the subject could press when one activity ended and the next
began; at that point, the | ogger woul d average all preceding val ues
fromthe tine the activity began. (There was al so an automatic
averagi ng every hour.) The result was an extraordinarily rich

dat abase, with approxi mately 1200 peopl e averaging 40 activities per
day, each with an associ ated average carbon nonoxide level. At the end
of the nonitoring period, each subject provided a breath sanple. Mjor
findi ngs of the study included the foll ow ng:

* Conmut ers had the hi ghest exposures to carbon nonoxi de in general
averaging up to 13 ug/g. Parking garages had the hi ghest carbon
nmonoxi de | evel s of any m croenvironnment, with churches and school s
among the | owest.

* The main i ndoor sources of carbon nonoxi de were gas stoves and
cigarettes. Gas stoves increased |evels by about 2.5 pg/ g when
bei ng used; homes with snmokers had increases of about 1.5 pg/g on
aver age.
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* Per sonal exposures were higher than would be predicted by
neasurenents at fixed nmonitoring stations. About 10% of DC
resi dents appeared to exceed the 8-h standard of 9 ug/g, as
determi ned by their breath concentrations, although only 1 of the
11 fixed stations exceeded the standard during the nonitoring
peri od.

A study of California homes (WIson et al., 1993a, b, 1995; Col one
et al., 1994), each nonitored for 48 h, indicated that 13 of 277 hones
(about 5% had indoor 8-h averages exceeding 9 pg/g (the outdoor
standard). Since the outdoor standard is to be exceeded only once per
year, it is clear that the fraction of hones with 8-h indoor averages
exceeding 9 ug/ g nore than once per year would be larger than the 5%
observed in the single 48-h nonitoring period. Hones with gas stoves
and gas furnaces had i ndoor source |levels for carbon nonoxi de that
were about 3 tinmes higher than honmes wi thout such sources. Homes with
wal | furnaces had hi gher |evels of carbon nonoxide than homes with
forced-air gas furnaces. Hones with snokers ( n = 85) had | evels of
car bon nonoxi de about 0.5 pg/g higher than homes wi thout snokers
( n =190). Ml functioning gas furnaces were a nmjor cause of
el evated concentrations of carbon nonoxide. However, the homes with
t he hi ghest carbon nonoxide | evels also included sone with electric
cooki ng stoves and el ectric heat, suggesting that other sources of
car bon nonoxi de were present in these hones. Such sources could
include cars idling in attached garages or unvented gas or kerosene
space heaters.

12. 3.3 N trogen dioxide

Ni trogen dioxide is a ubiquitous respiratory irritant for which
air quality standards have been established in many countries (WHO
1997d). It is emtted by industrial processes and nobile sources, but
al so by indoor combustion appliances such as gas cooking stoves and
furnaces. Several studies in the 1970s suggested that children in
hones with gas stoves suffered nore infectious disease than children
in hones with electric stoves; a possible connection with nitrogen
di oxide (in lowering resistance) was postul ated (Sanet & Spengl er
1991). Also, exposure is likely to be higher for those |iving cl oser
to roadways.

A study in Helsinki, Finland, explored weekly nitrogen di oxide
exposure of preschool children as well as between- and wi thin-children
vari ances of repeated personal exposure neasurenents. The study tested
t he hypot hesis that exposure to the low levels of nitrogen dioxide in
Hel si nki increases the risk of respiratory synptons in preschoo
children (Mukala et al., 1996).

The parents of 246 children, aged 3-6 years, returned a |letter of
consent to participate in a personal nitrogen di oxi de exposure study.
The chil dren spent their days at one of three daycare centres, two
| ocated in the downtown area and one in a suburban area. Al children
carried personal Pal nes tubes on outdoor clothing one week at a tine
during six consecutive weeks in winter (14 January-4 March 1991) and
seven consecutive weeks in spring (8 April-27 May 1991). Wekly
concentrations of nitrogen dioxide were al so neasured inside and
out si de each daycare centre to assess the useful ness of the stationary
nmeasurenents in estimting the variation of exposures. Ambient
concentrations of nitrogen dioxide were nonitored at three fixed sites
of the Hel sinki Metropolitan Area council network with
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chem | um nescence nmonitors. The distance from each daycare centre to
the nearest nmonitoring site varied from0.5 to 11 km

The geonetric nean of personal nitrogen di oxi de exposure |evels
of in the total 13-week period was 26.5 pg/n? in the downtown area
and 17.5 pg/nm® in the suburban area. These exposure |evels were
significantly lower than anbient air |levels of nitrogen dioxide in the
sane areas. Gas cooking stove or/and snoking at honme significantly
i ncreased personal exposure to nitrogen dioxide. The weekly exposures
averaged over all children in each daycare centre correl ated poorly
with the fixed site anbient air levels ( r2 = 0.37), but nmuch better
with the nitrogen dioxide |levels inside and outside the daycare
centres ( r2 = 0.88 and 0.86, respectively). In the suburban and
downt own groups the between-child variances in nitrogen di oxide
exposures were only 14% and 28% of the total variances, which were
dom nated by the within-child variances.

Stationary measurenments at the anmbient air fixed sites and inside
and outside the daycare centres explained the variations in persona
ni trogen di oxi de exposures of the children well during the spring, but

not during the winter. A statistical nodel, where data from outside
daycare centre neasurenents, fixed anmbient air nonitors, residentia
area and home characteristics (i.e., gas cooking stove, snpoking inside
at home, type of dwelling) were included, explained only 32% of the
personal exposure variations in winter, but 67%in spring.

There were significantly nore days with stuffed nose (26% versus
20% and cough (18% versus 15% in the downtown area than in the
suburban area. The observed risk of cough was hi ghest and
statistically significantly increased conpared to the |evels of
personal nitrogen dioxide. Al so, when using daycare centre
nmeasurenents or fixed site anbient air data for exposure assessment,
there was a positive trend between nitrogen dioxi de exposure and cough
in winter these associations were, however, weaker and
non-si gni ficant.

According to the result of the study, exposure to nitrogen
di oxi de shoul d be nmeasured using personal exposure neasurenents when
studying health effects of the gas in non-synptonatic children in
areas with low nitrogen dioxide |evels. Even personal exposure
measur enents usi ng weekly averages, however, may not adequately
reflect all biologically relevant exposure, e.g., short-term peak
concentrations. The nost significant determ nants of the persona
ni trogen di oxi de exposures of the children in Helsinki are living in
downtown rather than in a suburban area, gas versus el ectric cooking
stove and snoking in the hone. However, even all risk factors together
did not increase the personal exposures of downtown children up to
subur ban out door air |evels.

12.3.4 (Ozone

The UC Berkel ey Ozone project (USA) is an exanple of an
epi deni ol ogi cal study addressing long-termeffects of lifetime anbient
oxi dant pollution on pulmonary function (Tager et al., 1998a,b). A
mej or purpose was to address the feasibility of inproving ozone
exposure assi gnnment by means of collecting lifetine informati on on
rel evant time-activity patterns to exposure, in conbination with fixed
site anbient air nonitoring data. |Individual factors considered to be
rel evant for exposure were:
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* lifetime residential history
* time spent outdoors in different age periods

* time spent in outdoor physical activities in each lifetinme
resi dence.

To test the reliability of the retrospective assessnent, a
test-retest design was chosen. The study included a conveni ence sanpl e
of 168 non-snoki ng UC Berkel ey coll ege freshmen who had to be lifetine
California (USA) residents (San Francisco Bay Area or Los Angel es
Basin). It was shown that retrospective lifetine residential history
is highly reliable (Kinzli et al., 1996). Using pollution nonitor

data, averaged over lifetime across all respective residential
locations, may in fact inprove the health effects assessnent.,
conpared with nere reliance on the anbient nonitor data fromthe | ast
or actual residence only (Kunzli et al., 1997a). Three retrospective
approaches to assess outdoor physical activity patterns have been
tested and two met hods gave rather reliable overall estinmates for tinme
spent in outdoor heavy or noderate activities, during sunmer. For the
activity table format (see Fig. 19), only 13% of the total variance
was attributed to reporting variability (test-retest). The
categorization into heavy and nopderate activities based on published
data regardi ng energy expenditure (Ainsworth et al., 1993). Anbient

| ong-term nmean daytine concentrati ons of ozone were weighted by the
duration and exertion |l evel of the reported | ong-term average outdoor
physi cal activity. This "effective exposure", therefore, nay be

consi dered a surrogate neasure of ozone dose. Although the study had
some promising results regarding the feasibility of retrospectively
assessi ng exposure rel evant surrogates over |ong periods of tine,
validity of the tine-activity data cannot be directly assessed.
Nei t her could the study answer the open question of whether
time-activity data nmay be needed in the assessnment of |ong-term
effects of air pollution (Kinzli et al., 1997a).

12.3.5 Conbi ned exposure studies

The WHO, in a nunber of studies terned the d obal Environmenta
Moni toring System (GEMS), sponsored several studies of conbustion
related air pollutants. GEMS, now renaned as the Air Managenent
Informati on System (AM S), continues to coordinate the gathering of
data on levels of ambient air pollution in cities around the world.
GEMS al so conducted a series of exposure studies to exam ne the
assunptions that fixed anmbient nonitoring accurately reflected
personal exposures. Studies were carried out in Toronto, Canada (WHO
1982b); Beijing, China (WHO 1985c); Zagreb, Croatia (WHO, 1982a); and
Bonbay, India (WHO, 1984).

Through the GEMS, WHO and UNEP | ater forned the HEAL project. The
goal was to inprove exposure nonitoring internationally, using direct
nmeasur enents of human exposure with activity information, and provide
gui delines for techniques that could be used unifornmy around the
wor |l d. Anot her goal was to increase the accuracy of risk assessnent
studies with the goal of better protection of hunan health.

A study in Kenya was carried out to attenpt to determine the risk

of acute respiratory infection by quantifying indoor air pollution
| evel s caused by home combustion sources (WHO, 1987). The study was
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carried out in 36 randonmy chosen househol ds that used bi omass as
fuel. It conpared concentrations of particles, carbon nonoxide,

ni trogen di oxi de and fornal dehyde inside the home w th outdoor

pol lution | evels.

The nmean 24-h concentration of respirable particles was
1400 pg/ n?, and the estimted | evels in areas where cooking and
heating fires were used was 3000-4000 upg/ n?. Although el evated |evels
of carbon di oxi de and nitrogen di oxi de were found in the hones, the
| evel s were bel ow those found in previous studies of indoor air
pollution in developing countries. Little correlation was seen between
i ndoor and outdoor levels, confirm ng that the source of the excess
| evel s was comnbustion

The excessive levels of particulate, which included a |arge
concentration of PAHs, suggested that individuals spending a
significant amount of tine indoors (e.g., wonmen and snall children)
were at greater risk owing to exposure to snoke. Because the |evels
observed were honpbgeneous across the sanples, |eaving no unexposed
control group, the researchers were unable to reach concl usi ons about
the effect of the Ievels on occurrence of acute respiratory
i nfections.

12.3.6 Assessing anbient pollution inpacts indoors

Santiago, Chile, a city of 5.2 million inhabitants in 1997 (40%
of the Chilean popul ation), has chronic high concentrations of certain
air pollutants. For exanple, in 1995 the Chilean air quality standards
for PM, carbon nonoxide and ozone were exceeded on nore than

200 days. Annual PM, levels surpassed 100 pg/n? in the 1990s and

| evel s of 300 pg/n? are common during the winter, especially when an
i nversion layer is fornmed.

In many countries when pollutants in the outdoor air exceed
standards, the population is advised to renmain indoors, but if
infiltration occurs and i ndoor sources are generating pollutants,

i ndoor air quality (IAQ mght be even worse than outdoors. A study
was designed to evaluate the contribution of outdoor pollution to | AQ
in Santiago and in a small rural town (Curocori). Carbon nonoxide,

PM, and PAHs were nonitored sinultaneously indoors and outdoors al ong

heavy traffic roadways in Curocori and in Santiago. The methodol ogy
used is described in G| & Adonis (1997).

I n downtown Santiago, carbon nobnoxide concentrations ranged from
1.9 to 73 pg/ g outdoors; indoor |levels were 0.5-93 pg/g. Al though
| evel s were slightly higher indoors (but not significant, p > 0.05)
t han out doors, changes in outdoor |levels (which were always related to
vehicular traffic) sinultaneously produced changes in indoor levels. A
typi cal carbon nonoxide profile is shown in Fig. 40 for outdoor and
i ndoor levels in an office. Qutdoor and indoor |evels showed a high
correlation ( r = 0.89) with the higher values occurring during the
rush hour.
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Fig. 40. Carbon monoxide indoor and outdoor levels in
Santiago (Chile) on 1415 July 1994

Level s of total PAHs, carcinogenic PAHs and PM, were very high
and showed no statistically significant differences indoors and
outdoors ( p > 0.05). Highest PM; levels were 260 and 280 pg/n?
for indoors and outdoors respectively. Levels of benzo [a]pyrene
i ndoors and outdoors were highly correlated ( r = 0.869). For
restaurants which usually work with open doors, the correlation
bet ween i ndoor and outdoor |evels was even higher ( r = 0.99). In
Curocori, levels (a town with little vehicular traffic) were al nost
i dentical indoors and outdoors. Levels of carbon nonoxide PM;,, tota
PAHs and carci nogenic PAHs were considerably lower in this rural town
and i ndoor/outdoor correlations were also nuch | ower than those
obt ai ned in Santi ago.

These results confirmthe inportance of anbient pollution to
popul ati on exposures when outdoor pollution |evels are high. Only when
the contribution of penetrating anbient pollution is |lowered can the
i ndoor contributions be nore readily assessed.

12.3.7 Vol atile organi c conpounds

Human exposure to VOCs occurs nminly through inhal ation, although
some VOCs are ingested as contaminants in drinking-water, food and
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beverages. Sone hydrocarbons are known carci nogens or nutagens (e.dg.
benzene). Al npbst all cause eye irritation, coughing, drowsiness,
clunsi ness and | oss of alertness. Acute effects fromindustri al
exposures at the parts per mllion (pg/g) level include skin
reactions, dizziness and fainting. Sick building syndrone (SBS) and
mul tiple chem cal sensitivity (MCS) have been associated with
relatively low (ng/g, parts per billion) concentrations of VOCs.

Bet ween 1979 and 1987, the US EPA carried out the TEAM studies to
nmeasur e personal exposures of the general public to VOCs in severa
geographic areas in the USA (Pellizzari et al., 1987; \Wallace et al.
1987a). About 20 target VOCs were included in the studies, which
i nvol ved about 750 people, representing 750 000 residents of the
areas. Each participant carried a personal air quality nonitor
containing 1.5 g Tenax. A small battery-powered punp pulled about
20 litres of air across the sorbent over a 12-h period. Two
consecutive 12-h personal air sanples were collected for each person
Concurrent outdoor air sanples were also collected in the
partici pants' backyards. In the 1987 studies, fixed indoor air
samplers were also installed in the living roomof their hones.

The initial TEAM pilot study (Wallace et al., 1982) in Beaunont,
Texas and Chapel Hill, North Carolina indicated that persona
exposures to about a dozen VOCs exceeded outdoor air |evels, even
t hough Beaunont has mmjor oil producing, refining and storage
facilities. These findings were supported by a second pilot study in
Bayonne- El i zabet h, New Jersey (another major chem cal nanufacturing
and petroleumrefining area) and Research Triangle Park, North
Carolina (Wallace et al., 1984a). A succeedi ng ngjor study of 350
peopl e i n Bayonne-Elizabeth (Wallace et al., 1984b) and an additiona

50 people in a non-industrial city and a rural area (Wallace et al.
1987a) reinforced these findings (Table 39). A second nmjor study in
Los Angeles and in Antioch-Pittsburgh, California (Wallace et al.
1988), with a followup study in Los Angeles in 1987 (Wallace et al.
1991a, b) added a nunber of VOCs to the list of target chemicals with
simlar results (Table 40). Major findings of these TEAM studies

i ncl uded the foll ow ng:

* Personal exposures exceeded nedi an outdoor air concentrations by
factors of 2-5 for nearly all of the 11 prevalent VOCs (Fig. 41).
The difference was even |arger (factors of 10 or 29) when the
maxi mum val ues were conpared. This is so despite the fact that nost
of the outdoor sanples were collected in areas with heavy industry
(New Jersey) or heavy traffic (Los Angeles).

* Maj or sources are consuner products (bathroom deodorizers, noth
repell ents); personal activities (snoking, driving); and building
mat eri al s (paints and adhesives). In the USA, one chem cal (carbon
tetrachl ori de) has been banned from consuner products and exposure
is thus linmted to the global background of about 0.7 pg/n?.

* Traditional sources (autonobiles, industry, petrochem cal plants)
contributed only 20-25% of total exposure to nost of the target
VOCs (Wl |l ace, 1991a,b). No difference in exposure was noted for
persons living close to chem cal manufacturing plants or petrol eum
refineries.

The results of the VOC TEAM study encouraged investigators to
expl ore the causes for higher personal exposures. In a study designed
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to better understand the VOC contributions of specific sources,
Wal | ace et al. (1989) had 7 volunteers undertake about 25 activities.
A nunber of these activities (using bathroom deodorizers, washing

di shes, cleaning an autonobile carburettor) resulted in 10-1000-fold
increases in 8-h exposures to certain VCCs.

A recent study of benzene and toluene in 293 California homes
(Wlson et al., 1993a, b; 1995; Colone et al., 1994) resulted in sone
interesting differences between the two agents. For benzene, 48-h
average indoor concentrations correlated fairly well wth outdoor
| evel s, but for toluene alnbst no correlation was observed. This is
probably due to the nuch wi der use of toluene in consuner products.
Maj or vari abl es associated with higher net indoor benzene |levels were
presence of a gas heating furnace and having two cars parked in an
attached garage. For toluene, a particular brand of furnace had the
hi ghest partial correlation with net indoor toluene concentrations;
apartments al so had hi gher concentrations.

A study of 170 hones in Avon, England found nean indoor |evels of
benzene to be 8 ug/n?, conpared to outdoor concentrations of 5 pg/nd
(Brown & Crunp, 1996). The study enpl oyed passive Tenax tubes to
col | ect 28-day indoor and outdoor sanples. These results were in good
agreenent with the levels of 10 pg/ n? indoors and 6 pg/n? outdoors
at 50 hones in Los Angel es neasured over two seasons in 1987 (Wallace
et al., 1991).

Tabl e 39. Wighted estimates of air and breath concentrations of 11 prevale
residents (fall 1981); 110 000 residents (sunmer 1982); and 49 000 re

Conpound Per sonal Fal | Breat h Per sonal Sunmmrer
air out door (300) air out door
(n = 340) air (150) air
(86) (60)
1,1, 1-Trichl or oet hane 94a 7.02 15b 67 12
m p- Di chl or obenzene 45 1.7 8.1 50 1.3
m p- Xyl ene 52 11 9.0 37 10
Tetrachl or oet hyl ene 45 6.0 13 11 6.2
Benzene 28 9.1 19 NCe NC
Et hyl benxene 19 4.0 4.6 9.2 3.2
o- Xyl ene 16 4.0 3.4 12 3.6
Trichl or oet hyl ene 13 2.2 1.8 6.3 7.8
Chl orof orm 8.0 1.4 3.1 4.3 13
Styrene 8.9 0.9 1.2 2.1 0.7
Carbon tetrachloride 9.3 1.1 1.34 1.0 1.0
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Total 11 (compounds) 338 48 80 200 59
a Average of arithnetic neans of day and night 12-h sanples (ug/nd).

b Arithmetic nean.

¢ Not cal cul at ed- hi gh background cont ani nati on.

d
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Fig. 41. Estimated geometric meang of 11 toxic
compounds in daytime (6 am-6 pm) air samples for the
target population (128 000) of Elizabeth and Bayonne, Hew
Jersey, between September and Hovember 1981.
Per=onal air estimates based on 340 samples; outdoor air
estimates based on 8§ samples. (1,11 TR,
1,1.1-trichloroethane; MPXYLEHE,= m,p-xylene; ETBEHZEHE,
ethylbenzene; PERC, tetrachloroethylene; OXELEHE,
o-xylene; MPDCLEEN, m,p-dichlorobenzene; CHLRFORM,
chloroform; TCE, trichloroethpdene; CARBTET, carbon
tetrachloride (from Wallace, 1987}

Anot her study of benzene in four New Jersey homes was focused on
the extent of contamination from attached garages (Thomas et al.
1993b). Each hone was nmonitored for either 6 or 10 consecutive 12-h
periods. At all four hones, garage |evels of benzene were higher than
outdoors, and at three of the four hones the garage |evels were higher
than in the living area. Air exchange neasurenents nade it possible to
cal cul ate the anpbunt of benzene transferred fromthe garage to the
living area in the four hones; in the honme without el evated benzene
levels in the garage, the total air flow between the garage and the
living area was extrenely small. Benzene concentrations in the garages
ranged from5 to 200 ug/ n®, and the 12-h average source strength
estimates ranged from 730 to 26 000 pg/h. The nere presence of an
attached garage was not a significant factor in affecting benzene
concentrations in the living area. However, the total nunber of hours
the car was parked in the garage had a significant effect on
living-area benzene concentrations, as did the nass flow rate of
benzene fromthe garage to the hone.
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In 1991 a subsanple of the German Environnmental Survey (see
Chapter 2.6) of 113 people took part in a study to assess exposure to
VOCs by personal sanpling. The subjects wore passive sanplers
(OVM 3500, 3M Conmpany) for 7 consecutive days and sinultaneously

docunented the Iength of time spent indoors, the roomcharacteristics
and any specific exposure such as that caused by renovation
activities. Seventy-four VOCs were anal ysed by gas chronat ography
(Ulrich, 1992).

The results of personal sanmpling showed, for exanple, that from
the various types of environnments the workplace has the highest inpact
on exposure to Cg- and Cy-arommtic hydrocarbons (Figs. 42 and 43).

Q her inportant factors that need to be considered are renovation
activities, use of paints and | acquers and the frequent readi ng of
newspapers and journals (printing inks contain many VOCs). Snoking
contributes significantly to human VOC exposure. In the case of
benzene, the multivariate nodel contained five variables: two related
to snoki ng exposure indoors, two related to vehicle traffic and the
residential density (Fig. 44). The two snoking variabl es al one
accounted for 20% out of a total variance of 40%that could be
expl ai ned (Hoffmann et al., 1996; Ulrich et al., 1996).

Three | arge studi es of VOCs, involving 300-800 hones, have been
carried out in the Netherlands (Lebret et al., 1986), Gernmany (Krause
et al., 1987) and the USA (Wallace, 1987). A small study of 15 hones
was carried out in Northern Italy (De Bortoli et al., 1986). Observed
concentrations were renmarkable sinilar for nost chenicals, indicating
simlar sources in these countries. One exception is chloroform
present at typical levels of 1-4 ug/n? in the USA but not found in
Eur opean honmes. This is to be expected, since the likely source is
vol atilization fromchlorinated water (Wallace et al., 1982; Andel nan
1985a, b); CGernmany and the Netherlands do not chlorinate their water.

12. 3.8 Commut er exposures

In crowded urban areas it is not unconmon to find substanti al
popul ations living near busy roads. Still others make their living
wor ki ng anmong cars or vendi ng goods al ong busy streets. Around the
worl d the routine of commuti ng between hone and wor kpl ace exposes nost
of the urban population to notor vehicle exhaust (carbon nonoxi de,
oxi des of nitrogen, PAHs, VOCs and |lead, in many cases) on a daily
basis. There have been several studies designed to assess exposures to
vehi cl e exhaust.

In a study conducted in Stockholm Sweden, Bostromet al. (1991)
denonstrated that nitrogen oxi des can be used as tracers for VOCs
originating fromvehicular traffic. The npst inmportant sources of VOCs
in Swedish cities are nmotor vehicles. Also, sonme 80-90% of NQ,

(nitric oxide and nitrogen dioxide) in large Swedish cities originates
fromnmotor vehicle traffic. Quantitative relationshi ps were devel oped
between NQ, and i ndividual hydrocarbons, independent of traffic

intensity and tine of year. For instance, a PAH/NQ, ratio of 2.0 x
10-2 was reported for Cothenburg, Sweden, and a benzene/NQ, ratio of
0.16 was reported for Stockholm

Chan et al. (1991) assessed in-vehicle levels of carbon nonoxide
in Raleigh, North Carolina, USA during the summer of 1988. The ratio
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Fig. 42. Sources of exposure to Cg-aromatic hydrocarbons
{modified from Hoffmann et al., 1996)
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Fig. 43. Sources of exposure to Cg-aromatic
hydrocarbons (modified from Hoffmann et al.,
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Fig. 44. Sources of exposure to benzene (modified
from Hoffmann et al., 1996)

of nmean concentrations of carbon nonoxi de inside and outside the
vehicle was 1 : 1, and the ratio of mean concentrations inside the
vehicle to a fixed-site location was about 5. The ratio of in-vehicle
concentrations under three different driving conditions, urban/
interstate/rural, was roughly 3.3 : 2.8 : 1. An investigation of

car bon nonoxi de concentrations inside private and public transport
vehicles in Mexico City in 1993 (Fernandez-Brenmauntz & Ashnore
1995a, b) found an average ratio of in-vehicle : anbient concentrations
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of 2 : 1 for the metro and 5 : 2 for cars.

Liu et al. (1994b) conducted a study of carbon nonoxi de exposure
anong Tai pei conmuters (adults and students) in 1990. Roadside and
i n-vehicl e measurenents were made at the same tinme that comuters
personal exposure was assessed. Concentrations of carbon npnoxide were
neasured for three transportati on nodes (bus, private car and
notorcycle) and three tinmes of day (norning rush hour, nidday and
eveni ng rush hour). The ratio of in-vehicle to anbient concentrations
of carbon nmonoxi de was roughly 6 : 5, overall

As part of their study of carbon nonoxi de exposure, Liu et al.
perfornmed a survey of conmmuting patterns in Taipei, for students and
adults. Adults had a significantly |onger average comruting tine than
students (1.4 h versus 0.8 h). Students comruted typically by wal king
(58% or by riding on public buses (29%. Adults commuted to work by
notorcycle (28%, public bus (269, or in private cars (26%.

Conmut ers usi ng public buses had the |ongest comuting tines (1.8 h
for adult workers, and 1.2 h for students).

WHO r ecommended gui del i nes for carbon nonoxide are 30 ng/nd as a
1-h mean, 60 ng/n? for a 30-nmin nean, and 100 ng/nd as a 15-nin
nean. These gui delines are designed to prevent carboxy-haenogl obin
| evel s in the bl oodstream from surpassing 2.5-3.0%in the non-snoking
popul ation, and to protect people who are prone to heart problens.
According to the 1992 UNEP report of air pollution in nmegacities of
the world, the 1-h WHO guideline is routinely exceeded by a factor of
2-3 times in several cities in Asia (Anman, Bangkok, Jakarta,
Peshawar, Shanghai) and Latin Anerica (Mexico City, Santiago, Linmm)
(UNEP/ VWHO, 1992). Considering the exposure studies conducted in Mexico
City and Taipei, the stationary nonitors are an underesti mate of the
popul ation at risk of el evated carbon nonoxi de | evels.

12.4 Exposures and bi onarkers
12.4.1 Exposure to lead and cadm um

Dose-response rel ati onships exist for lead toxicity in children
and adults, and denponstrate that subtle effects begin at |levels as | ow
as 1 pg/dl of lead in blood. Severe toxicity is associated with
bl ood-1ead | evels of 70 pg/dl or higher in children, and 100 pg/dl or
hi gher in adults. Toxicity synptons include poisoning of the centra
nervous system causing convul sions, cona, and deep, irreversible
nental retardation. Functional changes in the peripheral nervous
system and anaem a can al so occur at |evels below 40 pug/dl

Particulate | ead present in gasoline (fromthe octane enhancer
tetraethyl |lead) and bromine (fromthe | ead scavenger ethyl ene
di brom de) have traditionally been used as tracers for nobile sources.
The WHO reconmended anmbient air quality guideline for lead is
1 ug/n?, a level routinely exceeded in many |large Asian cities today
where lead is still permitted in gasoline. This guideline value is
based on the assunption that 98% of the general population will be
mai nt ai ned bel ow a bl ood | evel of 20 pg/litre, which is considered the
maxi mum accept abl e concentrati on i n bl ood.

Jimenez & Vel asquez (1989) conducted a study in Manil a,
Phi |l i ppi nes to neasure blood | ead concentrations in children. In a
sanmpl e of 544 children, the average blood | ead | evel was 22.8 pug/dl
with approximately 8% of the children having | evels greater than
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30 pg/dl. The study also found a significant correlation between high
bl ood | ead | evels and proxinmity of the household to dense traffic. In
a 1990- 1991 study of exposure to |ead anong school children in Manil a,
Subida & Torres (1991) found that nean bl ood | ead concentrations were
14 pg/dl ( n = 387), with 10% having levels over 10 ug/dl. The sane
study neasured blood | ead |l evels anmong child street vendors. Mean

bl ood |l ead | evel for a sanple of 101 vendors was 17.8 pg/dl, with 33%
havi ng | evel s over 20 ug/dl.

Muangnoi charon (WHO, 1995b) reports on a | ead exposure study of
bus drivers in Bangkok. The study was a cooperation between the WHO
HEAL Project and the Departnent of Medical Science, Mnistry of Public
Heal th of Thailand and was designed to assess exposure in a high risk
group. Subjects were bus drivers assigned to traffic routes in Bangkok
where anbi ent |ead | evels exceeded 1 pg/nd. Lead was anal ysed in 24-h
air sanples, duplicate food for each neal for 6 days and faeces for 5
days, as well as bl ood collected on the day 7.

Aver age personal air exposures were 0.117 pg/ n®, which yiel ded
an estinated 0.936 ug/ day absorption by inhalation at an estinmated
absorption rate of |lead via inhalation of 40% and 20 n?/ day
respiratory air. Intake by food was 87.92 pg/day (27.32 SD). Thus, the
estimated average | ead absorption fromair, food and water was 13. 325
pg/ day at an estinated absorption rate via ingestion of 10%

Resear chers suggested that neals consuned from roadsi de restaurants
and food stands resulted in higher than expected | ead I evels in food.
Bl ood |l ead | evels for bus drivers ranged between 5 and 12 pg/dl

The results for the Thai study were conpared to other HEAL
sponsored studies in China, Sweden and Yugoslavia (Table 41).

One of the HEAL projects investigated | ead and cadm um exposure
among snal |l groups of non-snmoking wonen (Vahter & Slorach, 1990).
Subj ects kept activity diaries. Duplicate portions of food and
correspondi ng faeces sanples were collected along with personal air
sanmpl es. Food was found to be the main source of both |ead and
cadm um Faecal concentrations could be used for validation of the
duplicate portion sanpl es because of the | ow uptake in the

Tabl e 40. Weighted estimates of air and breath concentrations of 19 preval e
resi dents (February 1984); 330 000 Los Angel es residents (May 1984);
(June 1984)

Conpound LA1 (February) LA2 ( May)

Per sonal Qut door Breat h Per sonal CQut door B

air air air air

(n = 110) (24) (110) (50) (23) (
1,1, 1-Tri chl or oet hane 962 34a 39b 44 5.9 23
m p- Xyl ene 28 24 3.5 24 9.4 2
m p- Di chl or obenzene 18 2.2 5.0 12 0.8 2
Benzene 18 16 8.0 9.2 3.6 8
Tetrachl or oet hyl ene 16 10 12 15 2.0 9
o- Xyl ene 13 11 1.0 7.2 2.7 0
Et hyl benxene 11 9.7 1.5 7.4 3.0 1
Trichl or oet hyl ene 7.8 0.8 1.5 6.4 0.1 1

http://www.inchem.org/documents/ehc/ehc/ehc214.htm 6/1/2007



HUMAN EXPOSURE ASSESSMENT Page 222 of 284

n- Cct ane 5.8 3.9 1.0 4.3 0.7 1
n- Decane 5.8 3.0 0.8 3.5 0.7 0
n- Undecane 5.2 2.2 0.6 4.2 1.0 0
n- Dodecane 2.5 0.7 0.2 2.1 0.7 0
al pha- Pi nene 4.1 0.8 1.5 6.5 0.5 1
Styrene 3.6 3.8 0.9 1.8 no data n
Chl orof orm 1.9 0.7 0.6 1.1 0.3 0

Average of arithmetic nmeans of day and night 12-h sanples (pg/n?).
b Arithmetic nean.

Tabl e 41. Results of |ead HEAL exposure pilot studies in Bangkok
Thai |l and; Beijing, China; Stockholm Sweden and Zagreb

Croati a
Sampl e Uni t Thai | and Chi na Sweden Croati a2
(n = 24) (n = 10) (n = 15) (n = 17)
Breat hi ng zone ug/ nd 0.117 0. 116 0. 064 0.412
Food pg/ day 89.72 46.0 26.0 15.0
Faeces pg/ day 60. 57 42.0 23.0 49.0
Bl ood pg/ dl 8. 83 7.3 2.9 5.0

gastrointestinal tract. Inhalation was found to account for a few
percent of the total exposures of cadmi um I|nhalation contributed nore
than 70% of total |ead exposure. On the other hand, where air |ead

| evel s were high, as in Zagreb, Croatia, inhalation contributed tw ce
as much to total exposure as the ingestion route (see Fig. 45).

These pilot studies illustrated that w thout thorough analytica
QL it was not possible to conpare results between countries. The pilot
study, although expensive, identified problenms in collection and
anal ysis. The need to exchange standards in the various nedia and
training in analytical nethods and procedures were inportant
components for the success of the studies.

In a study conducted on Swedi sh wonmen the bioavailability of
dietary cadm umwas contrasted for different diets. Dietary intake and
upt ake of cadmi um were studi ed in non-snoking wormen, 20-50 years of
age, consumng a mxed diet lowin shellfish ( n = 34), or with
shel I fish once a week or nore ( n = 17), or a vegetarian diet rich in
fibre ( n = 23) (Berglund et al., 1994b; Vahter et al., 1996). The
objectives were to identify inmportant factors, dietary and other
i nfl uenci ng cadm um exposure and dose.

Duplicate portions and correspondi ng faeces (using a col oured
marker to indicate start and end of duplicate portion collection) were
coll ected for four consecutive days (including weekdays and weekends),
for the determ nation of cadm umintake. Blood and 24-h urine sanples
were collected for determ nation of total cadm um exposure. The wonen
kept detailed dietary records for identification of significant
sour ces.
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The shellfish diets contained twice as much cadm um (22 pg/ day)
as the nixed diets (10 pg/day). The high fibre diets were internedi ate
(13 pg/day). The content in faeces were on the average 100% 99% and
98% of intake in the shellfish group, the nmixed diet group and the
fibre group, receptively, indicating a | ow average absorption of
dietary cadmum Despite the differences in cadmumintake there were

g Cdiday
1.00
075 [
0.50 -
.25 -
i B Faeces
- B Diet
0.o0 1 Ar

Beijing Stockholm Zagreb

Fig. 45. Daily absorption of lead and cadmium
estimated from the amounts in air, duplicate diets
and faeces (UHEPAWHO, 1990)

no significant differences in blood cadm um (about 0.25 pg/litre) or
urine (0.1 pg/litre), indicating a | ower absorption of cadmumin
shel I fish and in high fibre foods conpared to the mxed diet (lowin
shel | fish and cereals) or a difference in the kinetics. A higher

cadm um absorption in the mxed diet and the fibre diet group conpared
to the shellfish group could partly be explained by | ower body iron
stores (neasured as serumferritin). Low body iron stores in wonen of
reproductive age are very comon. Serumferritin levels were
negatively correlated with bl ood cadm um concentration, indicating an
i ncreased absorption of cadm um at reduced body iron stores (defined
as serumferritin below 30 pg/litre).

12. 4.2 Exposure to furans, dioxins and polychlorinated bi phenyls

Di oxins, furans and PCBs are persistent conpounds found in
i ndustrial discharges and incinerator air em ssions, and as trace
contami nants in many products. These conpounds accunulate in fat and
undergo anplification in marine and terrestrial food chains. People
consuni ng | arge amounts of contamni nated seafood nmay have higher
concentrations of organochl orine conpounds in their tissues than the
general popul ation

For 35 years a nmgnesi um producing factory in the inner part of a
fjord in southern Norway had di scharged 50- 100 kg TCDD toxic
equivalents (TEQ to the fjord area. PCDDs/Fs and PCBs were nonitored
in sedinents and nmarine organisnms in 1986, 1989-1990 and 1992. In
spite of a reduction by >98%in the discharge from 1990 to 1992

levels were still very high. Restrictions in comrercial fishing and
advice to the general public regarding consunption were established.
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Sorre residents still catch and consune consi derabl e anounts of |oca
fish and shellfish, particularly crabs, during summer and autumm. The
crabs contain high concentrations of PCDDs/Fs with a predom nance of
tetra- and hexa- CDFs and PCB-209.

In the study by Johansen et al. (1996), 24 mmle crab consuners
were recruited non-randonmy from news announcenents and 10 controls
were drawn randomly fromthe popul ation regi ster. PCDDs/Fs and PCBs
were nmeasured in blood sanples. Information on crab and fish
consunption and intake of fatty food itens were collected and the
fishing site reported. The study was designed to determine if
consunption of crabs fromthe contanminated fjord area led to increased
body burden of PCDDs/Fs and PCBs. Fromthe patterns of PCDDs/Fs and
PCBs congeners in crabs, can congeners in blood be inferred sources?
Finally, can exposure estimtes based on bl ood | evel s be predicted by
reported crab intake of |ocation? A considerable increase of PCDDs/Fs
in blood was found upon consunpti on of contani nated crabs. A direct
rel ati onship was found between bl ood | evel and the nunber of crabs
times contam nation level. See Fig. 46 from Johansen et al. (1996).
The PCDD/F profile in the high intake group clearly reflected the
profile found in the crab hepatopancreas. PCB-209 does not appear to
be absorbed since it did not increase after crab consunption

Using a sinplified toxicokinetic calculation, good correlation
(r =0.61) was reported between estimted yearly intake based on
bl ood val ues and intake based on reported intake and the fishing site.
The intake calculated for the controls was 9.7 pg TEQ kg body wei ght
per week, in good agreenent with estinmated intake from food in Norway
(8-10 pg TEQ kg body wei ght per week). The average exposures of the
noderate and hi gh-intake groups were 31 (10-61) pg/kg body wei ght per
week and 62 (24-114) pg/ kg body wei ght per week. Mst individuals in
t he high-intake group exceeded the recomended Nordic tol erable weekly
i ntake (TW) of 35 pg/kg body wei ght per week

12.4.3 Exposure to volatile organic conpounds and urinary metabolites

In Tokyo, Nakahana et al. (1997) measured personal VOC exposures
over 12 h and the netabolites in urine. Thirteen men and 17 wonen
partici pated. The VOCs 1,1, 1-trichloroethane, trichloroethyl ene and
tetrachl oroet hyl ene were sanpled with passive absorbent badges.

Tri chl oroet hanol and trichloroacetic acid corrected for creatinine

were neasured in urine. Personal exposures were well correlated

(r =0.80) with urinary netabolites. Interestingly, wonen inhaled

twice as much VOCs as nen, perhaps because of increased exposure to
househol d chenicals and cosneti cs.

http://www.inchem.org/documents/ehc/ehc/ehc214.htm 6/1/2007



HUMAN EXPOSURE ASSESSMENT Page 225 of 284

200
180 L ]

160
140 *

»
120
100 - -

20

PCODs/PCOFs (pg TEDQA fat)

Bl o8

20 »

] 20 40 60 80 100 1Z0 140 160
Crab equivalents

Fig. 46. Relationship between intake of crab equivalents
and blood concentrations of PCODs and PCDF= (pg TEQUg
fat) in 34 subjects (r = 0.75) (from Johansen et al., 1996)
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Fig. 4. Age-specific incidence rates of cancer
of the lung among men and of the breast
among women in municipalities in lowa,
1969-1973, classified according to mean
radium-226 in the water supply {(Bean et al.,,
1982)

12.5 Exposure to contanminants in drinking-water

The health effects of exposure to natural background radiation
specifically radon, through inhalation have been expl ored, but
dri nki ng-water is another source of natural background radiation that
may contribute to cancer incidence. Elevated rates of bone cancer have
been hypot hesi zed as potential outcones of exposure to radium 226 and
radi um 228 because of their accunulation in the bone (Bean et al.
1982). These two isotopes are found in sone deep aquifers. Previous to
the study 300 000 residents of lowa were found to have | evels of
radi um 226 in their nunicipal drinking water that exceeded the US
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Public Health Service's 1962 drinking water standard of 3 pG/litre.
The tine periods 1969-1971 and 1973-1978 were studied for all 28
nmunicipalities in lowa. After testing each town for radi um 226 |evels,
the towns were divided into three groups, with respectively 0-2, 2-5
and >5 pCi/litre of radium 226 in the water supply. In towns |eve

> 5 0 pC/litre, the incidence of lung and bl adder cancer in nen and

I ung and breast cancers anong wonmen was higher (Fig. 47). Al though 77%
of the individuals in the study had been on the sane water supply for
at least 10 years, misclassification due to uncertainties about past
concentrations and past residential histories create problens for the
st udy.

A Tai wanese study of a popul ation that used artesian wells
suggests that there may be a |ink between high arsenic levels in
drinking water and the incidence of internal cancers, particularly
bl adder cancer (Chiou et al., 1995). Levels above the naxinm
permtted | evel of 50 pg/litre occur in sonme locations in the western
USA. In 1978 a study was done in Utah of individuals between the ages
of 21 and 84. Concentrations of arsenic in the water ranged fromO0.5
to 160 pg/litre (nmean 5.0 pg/litre). Two i ndexes of exposure were
used, both of them assum ng constant past levels in the water supply:

* total cumul ative exposure was cal cul ated using the duration of tine
spent in the town, the rate of water consunption, and the 1978
| evel s of arsenic in the drinking-water

* i ntake concentration was cal cul ated using the above neasurenents,
as well as the total fluid intake, to approxi mate the arsenic
concentration in the urine to which the bladder is exposed (Bates
et al., 1995).

Overall, no association between arseni c exposure and bl adder
cancer was seen with either index (Table 42). The only odds ratio
(3.32) significantly different from1l was for snokers with a
cunmul ative dose greater than 53 nmg. This suggests that snoking
potentiates the relationship between arseni c and bl adder cancer

That drinki ng-water can be a main source of exposure could be
shown in the franmework of German Environmental Survey (see Chapter
2.6). Drinking-water (first draw and grab sanmples, see Chapter 7.3.2)
was anal ysed in approxi mately 4000 Gerrnman househol ds. A significant
correl ati on was observed between the | ead content in drinking water
and the lead content in the bl ood of the population (Nbdllke et al.
1995; Becker et al., 1997).

12. 6 Exposure to microbes

Exam nati on of biological contanination involves a different
approach, as discussed in Chapter 9. Bioaerosol sanples are w dely
used and rely on inpaction on to culture nedium The cut-off size of
the sanplers limts the ability to capture all bioaerosols, and no one
culture nediumand growth tenperature is appropriate for all viable
bacteria in the air. Therefore, the nunbers fromthe inpactor will be
| ess than those actually present in the air because of linited power
of detection. Chenical assay for endotoxin is independent of the
ability to grow the bacteria, but it is sensitive to sanpling and
storage procedures.

Previ ous studies of bioaerosols in the occupational setting have
exam ned | evel s of airborne bacteria. A study of bioaerosols at water
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treatment plants was planned to go beyond previous studi es and exam ne
concentrations of both bacteria and endotoxin (Laitinen et al., 1994).
Endot oxi n (bacterial toxin not freely liberated into the surrounding
nmedi un) can cause fever, eye inflanmation, fatigue and/or respiratory
difficulties if inhaled, and may be a nore reliable neasure of

Table 42. Adjusted odds ratios (OR) and 90% confi dence intervals (Cl) for b
enrolled into the National Bladder Cancer Study in Uah in 1978 who h
living in study towns (Bates et al., 1995)

Exposur e?2 All subjects Never snoked

Cases Controls ORP 90% Cl Cases Controls ORP ¢

Exposure index (cunul ative dose (ng)

<19 14 47 1.00 10 25 1.00
19-< 33 21 36 1.56 0.8-3.2 10 19 1.09
33-< 53 17 39 0.95 0.4-2.0 7 20 0. 68
» D3 19 38 1.41 0.7-2.9 4 17 0.53

Exposure index (nmg/litre x year)

<33 18 42 1.00 11 19 1.00
33-< 53 16 42 0. 69 0.3-1.5 3 19 0.21
53-< 74 16 40 0.54 0.3-1.2 6 24 0.25
>74 21 36 1.00 0.5-2.1 11 19 0.91

Cut - poi nts based on exposure quartiles of all subjects in the table.

Adj usted for sex, age, snoking, (all subjects and snokers only), years of exps
of bl adder infection, educational |evel, urbanization of the place of |ongest
hi gh-ri sk occupation

bi ol ogi cal exposure because it is independent of the ability to
culture the m croorgani sm

The treatnent area, control room and outside were sanpled at nine

i ndustrial waste water treatnent plants. Bacteria were collected using
an i nmpactor which sanpled on to agar plates. After incubation for 2
days, the nunber of colonies of each plate were counted, and
translated into nunbers of CFU nd of air. Endotoxin was sanpled on to
sterile filters using a suction punp, and was reported as ng/nd.

Level s of bacteria and endotoxin were correl ated. Concentrations of
endotoxins in the work areas of the treatnment plant were assessed by
collection on to glass fibres that were than tested using the

Li mul us endot oxi n assay. The neasured | evels of endotoxin ranged
between 0.1 and 350 ng/n®, and the 8-h tinme-wei ghted average
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concentration was greater than the exposure lint of 30 ng/n? at sone
of the plants. Bacterial |evels were between 10 and 105 CFU/ nd
(Tabl e 43).

Si xteen nmal e workers with a nean exposure duration of 10 years
were exam ned for synptons related to exposure to bacteria and
endot oxi n. The workers' occupational history and synptonms were
eval uated using witten questionnaires. Synptons were found in
6 workers; 4 reported fever, shivering and eye irritation, and 3 a
cough. Al though the nunber of subjects was too | ow for epi deni ol ogi ca
concl usi ons based on the synptonms, the levels in sone |ocations were
hi gh. Excessive | evels of contanination were restricted to certain
areas of the plant, suggesting that exposure |evels should be
m ni m zed by changi ng the physical |ayout of those work areas and
i mprovi ng hygienic practices by individuals after working in those
| ocati ons.

Previ ous work has established that both settled and airborne
house dust contains allergens such as dust mtes, aninal dander, and
fungi. The connection between hone danpness, fungus |evels and
respiratory synptonms was investigated in 60 hones as part of a
Net her | ands case-control study (Verhoeff et al., 1994b). A
rel ati onship between dust |evels and exposure to moul ds was
hypot hesi zed, as was a rel ationshi p between characteristics of hones
(e.g., danpness and type of flooring).

The I evel of viable fungal propagules present in settled dust was
chosen as the sanpling paraneter; dust was collected fromthe floor
and mattresses using a vacuumcleaner with a cellulose fibre filter
The presence and nunber of fungal propagul es was deternined by plating
the dust on to agar growth nedium A checklist and a questionnaire on
t he resi dence type and occupant behaviour were filled out for each
hore.

The geonetric nean of the nunmber of dust sanpled fromthe floor
was 8990 CFU/g and it was significantly higher in sanples from
carpeted floors (12 880 CFU g) than fromsnooth floors (3550 CFU g).
The level frommattresses was 7660 CFU g. In roons where danp spots

Tabl e 43. Concentrations of endotoxin and bacteria (Laitinen et al., 1994)
Phase Endot oxi n Gram negative bacteria
(ng/ n®) (103 CFU n?)
AM MD Range AM MD Range
WAst ewat er punpi ng 16 18 <0. 04- 30 0. 56 0. 08 0.01-1.6
Scr eeni ng 30 31 3.6-55 5.0 6.3 0.63-7.9
WAst ewat er entering
sedi nent ati on basin 130 140 100- 140 7.5 6.3 6. 3-10
Sedi ment ati on basin
(i ndoor) 7.1 1.6 1.0-19 0.5 0.2 0.05-1.3
Aeration basin (indoor) 73 83 17-110 11 5.6 1.0-32
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Aeration basin (outdoor) 8.7 1.7 0. 8-36 1.8 0.5 0.1-6.3
Biofilter tower 38 38 4.8-71 13 13 10- 16
Sl udge treat nent 140 97 9. 2-350 25 13 1.3-63
Control room 3.5 1.4 <0. 04- 13 0. 17 0.2 <0.002-0
Qut door s 0.6 0.3 <0.04-3.0 0. 02 0.01 <0. 002-0

were observed the | evels were higher, but not significantly, and the
nunber was not related to the average relative indoor humdity. The
hypot hesi zed associ ati on between the presence of fungi in the dust and
respiratory synptons was not observed. Home characteristic and
occupant behavi our were therefore seen as poor predictors of funga
levels, with the exception of floor type.

12.7 Exposure studies and risk assessment
12.7.1 The Gernman Environnental Survey

Much of the research into better exposure assessnment strategies
has come fromthe desire to nore accurately estimate risks associ ated
with environmental exposure in order to better protect human health:
for instance, the HEAL studies, including the devel opnent of persona
monitors and the use of biomarkers. The German Environnmental Survey is
a uni que study providing a database of exposures to pollutants on a
representative basis for the general population in Germany. The
results of hunman biononitoring provide inportant reference data for
eval uating results of smaller studi es addressing specific problens.
The data of the study were al so used for a nunber of risk assessnents,
for example in the case of liver cirrhosis in early chil dhood caused
by copper in drinking water (Becker et al., 1997).

Using the German Environnental Survey data and multiple
regression analysis it was possible to identify relevant factors that
i nfl uence the body burden of pollutants of the general popul ation

12.7.2 The National Hunan Exposure Assessnent Survey

The National Human Exposure Assessment Survey (NHEXAS) was
created in order to design an exposure surveillance programe covering
t he popul ation of the USA (Sexton et al., 1995c). NHEXAS is concerned
with policy issues that include differentiation between high and | ow
ri sk exposure groups and individuals in society. Understanding
expected values in the "normal" popul ation is essential for use in
conparing to contami nant |evels for those who live in a polluted area

NHEXAS i s conducted by researchers in the acadenic, private and
government al areas of science working in cooperation. The studies are
coordi nated; they share a conmon questionnaire on activity and
soci odenogr aphi cs, exani ne the same exposure sources and send sanpl es
for analysis to the sane | aboratory. The studies are unique in the
degree of characterization of exposures of individuals. Miltiple
chenicals, chem cal classes, exposure pathways and routes will be
exanmi ned for each individual for each study. NHEXAS is conducted as
four projects:
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* Popul ation study in Arizona of exposures to netals, VOCs and
pesticides carried out by the University of Arizona, Batelle
Col unbus and the Illinois Institute of Technol ogy.

* A study of popul ati on exposure neasurenents of netals, pesticides,

PAHs and VOCs in two random popul ations drawn fromthe EPA s region

5, which includes the industrial northern states of the USA.

* The rel ati onship between |ong-term and short-term exposures of
i ndividuals to netals, PAHs, pesticides and VOCs is being studied
on a popul ation of 50 urban and suburban residents in the
Bal ti nore, Maryland area.

* Parallel to the field studies is a nodelling exercise, where
existing information is used in Monte Carlo sinulation routines to

esti mate exposure distributions. A prelimnary study of the regions

inthe first two projects for exposure to pesticides, netals and
VOCs is being carried out by the Harvard School of Public Health.

12.7.3 Wndsor, Canada exposure and risk study

The Ontario Mnistry of Environment in Canada conducted a
pi oneering study to assess air pollution exposure risks to popul ati ons
l[iving in Southern Ontari o downwi nd of Detroit, Mchigan, a large city
in the USA.

W ndsor, Canada has a long history of air pollution nonitoring
dating back to the 1940s. The city's environnmental concerns increased
when an incinerator was built in Detroit, Mchigan. At that tinme
Detroit had several steel mills in operation. Concern for
transboundary transport of pollutants continues today.

The Ontari o governnent perforned a study between 1991 and 1993 in

order to determine the level of risk associated with air pollution and
to limt the exposure of residents of Wndsor to airborne toxics (Bel
et al., 1994). After examination of concentrations of |ocal airborne
toxic pollutants, 10 conpounds were chosen for study due to their

persi stence, bioaccumulation, and toxicity in the environnent:

* nmetal s: cadmi um chromum (VI), nercury

* VQOCs: benzene, 1, 3-butadi ene, carbon tetrachloride,
1, 4-di chl orobenzene, formal dehyde

* PAHs: benzo [ a] pyrene
* SVQCs: di oxins, furans.

The study first identified the exposure |evels by enissions
nonitoring, fixed site anbient air nonitoring, nobile air nmonitoring,
personal exposure neasurenents, and soil and garden produce survey.
Data on em ssions from fixed, area, and nobile sources were placed on
toagridwth 1 kmx 1 kmsquares, including both the Wndsor and the
Detroit areas. Anmbient nonitors in the Wndsor area showed | evels for
nost of the toxics to be |lower than federal guidelines, with the
exception of benzo [a] pyrene. Dioxin and furan | evels were bel ow
regul atory |l evels, but were higher than in other Canadian cities. A

nobil e nonitoring systemtravelled to find potential hot spots
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downwi nd of potential sources of toxins. The toxins were found to be
bel ow regul atory levels, with the exception of hydrogen fluoride and
hydr ogen chl ori de.

Fifty-six VOCs and 8 airborne trace netals were sanpled at
resi dences, office, cars and recreation areas. Each personal exposure
study had a 24-h exposure profile prepared using the concentrations in
each environnent and the tinme spent in that environnent. It was found
that the period of highest exposure to VOCs was during the commute,
with outdoors the | owest. The highest exposure to heavy netals was
i nsi de the hone.

Heavy netal concentrations in garden produce and soil were bel ow
regulatory limts, but cadm um and nmercury |l evels were higher in the
W ndsor area than in rural areas. Indoor air exposure had
di sproportionately higher health risk than did outside air. Inhalation
was found to be nore inportant than dermal absorption and ingestion
for these conpounds.

The exposures to dioxins and furans were each | ess than one
quarter of the tolerable daily dose. Mercury was 60% of the tolerable
daily dose, and could be a health risk because of its persistence in
the environnent and bioaccunul ation. The additive risks for all of the
studied air pollutants were approxi mately 1 x 10-5.

12.7.4 Pesticide exposure study

The Non- Cccupational Pesticide Exposure Study (NOPES) was
desi gned to exanm ne human exposure to 32 pesticides and pesticide
degradati on products in two cities in the USA: Springfield,
Massachusetts and Jacksonville, Florida (Witenore et al., 1994). The
two goals of the project were to develop instrunmentation, |aboratory
procedures and surveys needed for a study of non-occupational exposure
to pesticides and to determ ne non-occupati onal exposure to
pestici des.

The NOPES study used TEAM i n determ ning exposure |evels. A
probability sanpling design was used to nmake statistical conclusions
on the health risks of the pesticides. Mre participants were chosen
from hi gh-exposure groups in order to facilitate estimation of risk
| evel s. Jacksonville was chosen as the high-use region and Springfield
as the lowuse area. The two sites were studied during the sumer of
1986 (Jacksonville only), the spring of 1987 and the wi nter of 1988.
The study popul ation varied between 49 and 72 people. The study
exam ned skin, food and water as routes of exposure, but focused on
air as the primary route of exposure. Twenty-four-hour personal
i ndoor and outdoor sanples were collected on pol yurethane foam and
anal ysed by gas chromat ography/ mass spectronetry and gas
chromat ogr aphy/ el ectron capture detection. Personal sanples were used
as well as fixed nonitors inside and outside the hone. A questionnaire
was adm ni stered after the end of the 24-h period to determ ne the
activities of the subjects.

The | owest concentrations were found in the winter and the
hi ghest concentrations in the summer, with the spring | evels
i nternedi ate. Readings fromthe i ndoor nonitors were correlated with
personal nonitors, but neither was conparable to the | ower
nmeasurenents fromthe outdoor nmonitors. The relative inportance of
dietary and respiratory routes of exposure varied between pesti cides:
nost of the chem cals had the diet as the main routes of uptake, but
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pestici des used indoors were mainly taken via inhalation

The chl ori nated hydrocarbons chl ordane, heptachlor, aldrin and
dieldrin were calculated to have the largest risk for health effects,
al t hough all but heptachlor and aldrin had negligible risks.

Hept achl or and aldrin had excess lifetine cancer risks of 2 x 10-4
and 1 x 10-4 respectively in Jacksonville, despite having been banned
for many years.

12.7.5 Czech study of air pollution inpact on hunan health

The aim of the Teplice programe has been to conduct a
mul ti-end-point air nonitoring and human bi ononitoring study to assess
the inmpact of air pollution on population health in the district of
Teplice, Czech Republic (Sramet al., 1996). Particul ate and gaseous
air pollutants were neasured in Teplice and in the control region
Prachatice. PM, ; and PM,, conposition and toxic netals as well as

concentrations of PAHs were neasured daily in winter and periodically
during the spring/sumrer season. The concentrations of all pollutants
neasured were significantly higher in winter conpared to spring and
sumer. Average fine particle mass in Teplice was 122 pg/ n® conpared
to 44 pug/n® in Prachatice during the winter of 1993, and 28.7 pg/n?
and 17 pg/ n? respectively, in spring/sumrer. Total PAH concentrations
in Teplice in winter were approxi mately twice as high as in Prachatice
(278 versus 163 ng/n¥). Evaluation of the benzo [a] pyrene to |ead
ratio in Teplice over time indicated the presence of at |least two
sources of PAHs. During the sunmer when nobile sources are the mgjor
contributor to benzo [a] pyrene, the ratio was about 0.01. During
winter, when the ratio was 0.05 to 0.15, emission frominefficient
combustion of brown coal in donestic heating systens is considered to
be the nost likely source of PAHs.

Per sonal exposure and biomarkers were neasured with the objective
of sinmultaneously evaluating personal exposure to air pollution and
i nternal neasures of dose and genetic effects and susceptibility using
a series of biomarkers. PAHs were sel ected as the pollutant marker for
noni tori ng personal exposure. A group of 30 wonen working outdoors in
Teplice district was conpared with a group of 30 wonen fromthe
Prachatice district. Personal exposure nonitoring (PM ;) was
conducted for the 24-h period prior to collection of blood and uri ne.
Hi gh correl ation were observed between the mass of fine particles and
personal exposure to total carcinogenic PAHs and benzo [a] pyrene.
Significant correl ations were observed between the personal exposures
to PM, 5 or carcinogenic PAHs and bl ood | ead and bl ood sel enium The

urinary PAH netabolites, adjusted for creatinine content, were al so

significantly correlated with PM, ; or PAHs. Significant correlations

were found between personal exposure to carcinogenic PAHs and white
bl ood cell DNA adduct |evel.

The results consistently suggested that el evated |evels of
airborne fine particle pollution could result in neasurabl e uptake,
nmet abol i sm and cel l ul ar DNA damage in a popul ati on exposed to high
concentrations, even for a short-termw nter inversion period.
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RESUVE
1. Définition de |'exposition

Pour qu'il y ait exposition, il faut qu' une substance toxique se
trouve & |'instant t en un point donné de |'environnenent et qu' une ou
pl usi eurs personnes se trouvent égal enent en ce point au néne nonent.
En outre, la quantité de substance en contact avec |e tégunent entre
égal enment en |igne de conpte.

Lorsqu' on a pris conscience de |'intérét intrinséque de cette
notion, "l'analyse de |'exposition" s'est inposée conmre un aspect
i nportant de |'investigation scientifique en santé publique, qui vient

conpl éter les disciplines traditionnelles que sont |a toxicologie et
| ' épi démi ol ogi e et constitue désormai s un él énent essentiel de toute
déci sion éclairée dans | e domai ne de |'hygi éne de |'environnenent.

2. Usage des données relatives a |'exposition hunaine

Toute anal yse de |'exposition se caractérise par le ou |l es usages
gu'on a l'intention d en faire. Ainsi, |les aspects de |'exposition qui
sont a prendre en conpte, la nature de |'information nécessaire, de
nméne que la quantité et |le niveau de qualité des données a réunir
pourront varier selon que |'analyse est effectuée dans |l e cadre d' une
enquét e épi dém ol ogi que, d'une évaluation du risque, d' une anal yse de

tendance ou encore selon que |'on cherche a caractériser le risque ou
ale maitriser.

La connai ssance de |'exposition humai ne aux polluants présents
dans |'environnenent est inportante dans ce type de démarche ou
d action. Elle pernet d établir Ile Iien déterninant qui existe entre
| es sources de contam nation, |eur présence dans |'environnenent et
| es effets qui peuvent en découl er pour |a santé humai ne. Les
informations de ce genre, si elles sont utilisées en vue d' une gestion
de |'environnenent visant a réduire le risque pour |a santé humai ne,
vont faciliter le choix et |'analyse de stratégies qui se distinguent
de | ' approche traditionnelle, basée sur "le conmandenent et |a
condui te des opérations”. La plupart des structures de gestion de
' environnement se fondent sur une exploitation directe des données
relatives a la concentration des polluants dans les divers mlieux
pour juger de la qualité environnenentale d un site, évaluer le risque
et voir dans quelle nesure | es nornes sont respectées. MEne en parei
cas, |l a connaissance de |'exposition peut pernettre de détern ner dans
quel | e nmesure on peut protéger efficacenent tel ou tel groupe de
popul ati on plus sensible ou plus exposé au risque.

Cest celien direct qui fait que la mesure de |'exposition est
d' une aide précieuse dans |les études d'inpact au niveau | ocal
régi onal ou nondial .

3. Stratégies et protocoles pour |'évaluation de |'exposition

L' él énent | e plus inportant d' une évaluation de |'exposition est
constitué par le protocole de |'étude. Ce protocole doit préciser la
finalité et les objectifs de |'étude ainsi que | es nethodes
d' échantill onnage, de nesure et d'analyse statistique qui seront
utilisées, sans oublier |'assurance de la qualité. La caractérisation
de | ' anpleur, de la durée et de la chronologie des contacts entre
suj ets humains et polluants de |'environnement peut se faire de
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mani ére directe ou indirecte. Si |'on procede directenment, on pourra
par exenple effectuer des nesures aux points de contact et évaluer |es
mar queur s bi ol ogi ques de | 'exposition. Si |'on a recours a une néthode

indirecte, elle pourra se fonder sur la surveillance de

| " environnenent, |la nodélisation ou |'usage de questionnaires. Toutes
ces met hodes sont susceptibles d' étre utilisées dans divers types

d' études d' exposition caractérisées par |la naniére dont s'opére |le
choi x de | a population a étudier. Par exenple, il pourra s'agir

d' études exhaustives portant sur la totalité de |a population en
cause, d'études descriptives sur un échantillon non al éatoire ou
encore d' enquétes basées sur un échantillons représentatif constitué

dindividus tirés au sort.

4. Les méthodes statistiques utilisées dans |'évaluation de
| " exposition

Ces nmet hodes constituent un outil essentiel pour |es études
d' exposition a vocation heuristique ou a caractere appliqué. Il est
souhaitable qu'un statisticien intervienne a tous |es stades de
|' étude et notamment lors de la nmise au point du protocole et de
| ' anal yse des données. L'un des aspects inportants de |'utilisation
des neét hodes statistiques est |la déternination de la taille de
| " échantillon a laquelle on procéde lors du stade de planification de
| ' étude. On peut égal ement récapituler |es données d' exposition sous
la forme de statistiques descriptives nunériques ou graphi ques et
ef fectuer une analyse prélimnaire des relations entre |es diverses
vari abl es. Les données d'exposition ont souvent une distribution
normal e ou | og-nornal e et on peut donc |es sounettre i mmédi atenent a
une anal yse statistique paranétrique avec estimation et tests
d' hypot héses. On peut égal enent avoir recours a d' autres nodel es
statistiques paranmétriques tels que |I'analyse de |la variance, la
régression linéaire et la régression logistique afin de quantifier les
associations entre |les diverses nmesures de |'exposition. Lorsque |le
nonbre d' observations est faible ou que | es données ne peuvent pas
étre transformées pour leur faire adopter une distribution
sensi bl ement normal e, on peut utiliser des méthodes non paranmétri ques
conme |l e test des signes, |le test de Mann-VWhitney ou celui de
Kruskal -Wal lis pour vérifier |es hypothéses.

5. Profils tenps-activités des sujets humains et éval uation de
| ' exposition

La connai ssance du type d' activité des individus pernet de nettre
en évidence les déterm nants de |'exposition mesurée, de déterni ner
a priori une exposition non mesurée ou non nesurable, d' établir les
rel ati ons susceptibles d' exister entre exposition et état de santé ou
encore de reconnaitre |les situations a haut risque justiciables d une
intervention par les autorités en charge de |a santé publi que.

Le colt relatif des prélévenents sur le terrain et des anal yses
en | aboratoire dans |le cas d' échantillons environnenentaux ou
bi ol ogi ques fait ressortir |I'intérét potentiel des données
tenps-activités. Pour une évaluation a trés long ternme (par ex. sur
toute la durée de la vie), on n'a parfois pas d autre possibilité que
["utilisation de questionnaires tenps-activités. |l existe diverses
meét hodes pour recueillir des informations sur |es activités hunai nes:
agendas, questionnaires, dispositifs mécani ques ou observation. Plus
récemment, on a conmencé a él aborer des méthodes pernettant d' éval uer
le réle du profil tenps-activités sur |es voies d' exposition
alinentaire, non alinmentaire ou cutanée. On s'interroge cependant sur
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| e point de savoir si |les méthodes de collecte des données
garantissent la représentativité de |'activité effective et pernettent
de recueillir des informations val abl es, sans parler du probl éne des
variations inter- et intraindividuelles, ce qui fait entrevoir les
limtes de |'utilisation des données tenps-activités pour |'évaluation
de | ' exposition humai ne. Cependant, au prix d' un bon progranre

d' assurance de la qualité, les profils tenps-activités peuvent se
révéler trés précieux pour |'interprétation et |a nodélisation de

| " exposition.

6. Exposition hunmaine et nodélisation de |a dose

Un nodeél e d' exposition est une représentation | ogique ou
expérimentale qui pernet |'estimati on des paranetres d' exposition d' un
i ndividu ou d' une population a partir d un certain nonbre de données
initiales. Les nodeles d' exposition qui s'appuient sur de bonnes
observati ons peuvent étre utilisés pour évaluer |'exposition
col l ective (nobyenne pour une popul ation par ex.) ou individuelle (par
ex. la distribution de |I'exposition parnm |es nmenbres d' une
popul ation). Ces npdél es peuvent égal ement servir a estinmer
| " exposition par le canal d un seul ou de plusieurs nilieux. Cette
derni ére possibilité est particulieéerement utile pour conparer
["intensité de |'exposition inputable a divers mlieux et fixer des
priorités. Les npdéles d' exposition peuvent étre de nature
déterm ni ste ou statistique ou tenir des deux. Des nethodes
probabilistes sont applicables aux trois types de nodeél es pour obtenir
la distribution estimtive de |'exposition dans une popul ation
c'est-a-dire pour se faire une idée de sa variabilité selon les
i ndividus. En outre, ces méthodes peuvent étre utilisées pour
caractériser |'incertitude des paranetres initiaux d un npdéle en
conservant ce caractére incertain jusqu' au point d' abouti ssenent

prévisible. Il est capital d'évaluer |le degré d' exactitude d' un nodél e
avant de prendre une décision sur |a base de ses résultats.

7. Mesure de |'exposition humai ne aux substances chim ques présentes
dans |'air, |'eau ou les alinents

Q'il s'agisse de |'air, de |I'eau ou des alinents, |es nménes
considérations relatives aux limtes de détection, aux interférences,
a la conmpdité de mise en oeuvre et au coldt se retrouvent lors du
choi x d'une nméthode d' échantillonnage. Pour |a surveillance passive ou
active des gaz, des vapeurs, des aérosols, des produits organi ques
sem -vol atils ou des gaz réactifs, on peut faire des prél évenents
i ndi vi duel s, microenvironnenentaux ou dans |'air anbiant.

Lorsqu' on se propose de détermner la qualité d' une eau
pl usi eurs aspects sont a prendre en considération. Il y en a un
notament, qui a son inportance - a savoir le fait que |'exposition a
d' éventuel s contam nants ne se limte pas a la voie digestive et que
tout le nonde n'a pas accés a un réseau de distribution délivrant de
|'"eau traitée. Le docunment fournit des indications relatives aux

programmes d' échantill onnage et de surveill ance.

Il existe un certain nonbre de méthodes pour évaluer |a
consommati on de nourriture et |e degré de contanination des alinents.
La mét hode a adopter sera fonction des données di sponi bl es, du groupe
de popul ation en cause, des effets - aigus ou chroniques- qui se
mani festent, de |I'utilisation que |'on se propose de faire des

résultats et des ressources disponibles.
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8. Mesure de |'exposition humaine & des contani nants chi mi ques
présents dans |le sol et |a poussiére déposée

Les contacts avec le sol et |a poussiére déposée peuvent
constituer une source inportante d' exposition humaine a des
cont ami nants chi m ques, notamrent chez |'enfant. On a nmis au point de
nonbr euses mneét hodes d' échantill onnage mai s aucune d' entre elles ne
s' est révél ée supérieure aux autres. Il est donc difficile, dans ces
conditions, de conparer les résultats d' études qui font appel a des
t echni ques d' échantillonnage différentes. Lorsqu' on choisit une
met hode d' échantillonnage, un certain nonbre de facteurs inportants

sont a prendre en considération: |'efficacité de la collecte, les
di fférences dans la nature des activités humaines, la variabilité des
caract éristiques physiques du sol, |'évolution du taux de poussiére

dans le tenps et |'espace, la surface et | e substrat sur |esquels on
effectue les prélevements, le noment de la collecte et | es nméthodes

d' anal yse qui seront utilisées pour | e dosage des produits toxiques en
| aboratoire.

9. Dosage des agents biol ogi ques présents dans |I'air et |'eau et
auxquel s | ' Homme est exposé

Les aérosol s biol ogi ques contiennent divers nicroorgani smes ou
constituants de m croorgani snmes aéroportés qui sont susceptibles
d étre inhalés. Il s'agit notamment de virus, de bactéries, de
pol | ens, de chanpi gnons, de protozoaires ou d' algues qui, lorsqu'ils
sont viables, peuvent étre |a cause de mal adies. Des fragnments de
bact éri es ou de chanpi gnons, de nméne que |les produits de | eur
mét abol i sme ou | es structures protéiques que ces m croorgani Smes
conti ennent ou encore des déjections ou des parties du corps d' ani maux
di vers, comre des insectes ou des arachni des, sont capables de
décl encher des réactions allergiques. Les aérosols biol ogiques |es
pl us répandus que |'on trouve communénent a |'intérieur des
habi t ati ons conti ennent des acariens, des chanpi gnons, des bactéries
et des pollens.

L' éval uation de |'exposition mcrobiol ogi que en est actuell enent
au méne stade que celle de nonbreux autres polluants atnosphéri ques.
On n'a pas encore mis au point d' échantillonneurs individuels. De
fait, nonbre de techniques d' échantillonnage utilisées pour
| " éval uation de |'exposition aux agents bi ol ogi ques aéroportés sont
des adaptations de techni ques enployées a d autres fins. C est un
dormai ne qui progresse, maintenant que des organi snes professionnels
s'efforcent d améliorer et de normaliser |es nméthodes de nesure et de
culture, les protocoles d' analyse et |la présentati on des conptes
rendus. Tous ces points sont d une inportance capitale pour la
conpar ai son des résultats obtenus par |es différents chercheurs.

De par leur nature ménme, |es aérosols biol ogi ques sont de
conposition et de concentration tres variables. La croissance, |la
reproduction et |a dispersion des nicroorgani snes varient |argenment en
fonction de la tenpérature, du degré d humdité et de |la présence de
nutriments. Leurs interactions avec |es activités humai nes ou ani nal es
dépendent d'ailleurs de ces nménes facteurs. Certains dispositifs
nmeécani ques ou machi nes peuvent anplifier et disperser |les aérosols
bi ol ogi ques. Il en résulte que |'exposition individuelle est
passabl ement vari abl e; dans ces conditions, de nonbreux chercheurs ont
été anmenés a s'en renettre a des prél evenents d' air dans un secteur
donné ou a un échantillonnage général. Par exenple, plutdt que de
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chercher a nesurer |'exposition individuelle aux allergénes des
acariens, il est recommandé de s'en tenir a des prél évenents sur la
literie ou dans | a poussiéere du sol. La "nesure" de |'exposition
utilisée dans | es enquétes épi dém ol ogi ques est souvent effectuée sur
des échantillons intradomciliaires constitués de prél évenents d' air
ou de poussi ére.

En définitive, si |'on veut que |'évaluation de |'exposition
aér obi ol ogi que progresse suffisament pour qu' on puisse |'utiliser en
vue d'une estimation quantitative du risque, il va falloir déterm ner

avec une plus grande précision et pour de nonbreux agents ou
m croor gani snes, |a dose nécessaire a la sensibilisation et a
| "apparition de réactions.

10. Evaluation de |'exposition a partir de marqueurs biol ogi ques

Les marqueurs biol ogi ques constituent un noyen de nesurer
| " exposition environnenental e en caractérisant |a dose totale de
contam nant recue par un sujet a partir de |'ensenbl e des sources
d' exposition. Le principal avantage de cette stratégie réside dans |le
fait que |'on obtient une évaluation de |'exposition individuelle
total e par une nmesure qui intégre la contribution de toutes |es
sources d' exposition et qui dépend du conportenment hunain. On estine
égal ement que | es marqueurs biol ogi ques pernettent une neilleure
prévision des effets sur |la santé que |es nesures externes de
| " exposition. Ils pernmettent aussi de répondre a plusieurs des
exi gences de |'éval uation

* caractérisation de |'exposition d un individu ou d une popul ation
* obtention de la distribution de la dose a |'intérieur de la
popul ation

* m se en évidence des déterm nants environnenent aux et
dénogr aphi ques de | ' exposition

Le principal inconvénient des marqueurs biologiques tient a la
difficulté de caractériser individuellenent |es sources de pollution
qui contribuent a |'exposition totale du sujet. Lorsqu' on met au point
et que I'on utilise de tels marqueurs, il est capital de connaitre la
t oxi coci nétique du contam nant dans |le systéme pour caractériser |la
variabilité biologique et déterminer si tel ou tel marqueur pernet de
dét erm ner val abl ement |'exposition a | a substance en cause pour |la
concentration toxicol ogi quenent intéressante. Les marqueurs
bi ol ogi ques ont joué un rdle capital dans |a déterm nation de

| " exposition hunmaine a certains polluants, comme le plonb. Il existe
un grand nonbre de néthodes non effractives pour |a surveillance
bi ol ogi que et il faut s'efforcer, lorsque |'on se propose d' éval uer

| "exposition a telle ou telle substance, de les inscrire dans |es

protocol es de surveillance de |'environnement élaborés a cet effet.
11. Assurance de la qualité des études d' exposition

L' assurance de la qualité consiste en un suivi indépendant du
déroul enent de |'étude destiné a faire en sorte que |l es responsables
du |l aboratoire et les utilisateurs des données aient |'assurance que
les installations, le matériel, |e personnel, |es méthodes, |es
pratiques, |les dossiers et les contrdles sont bien confornes aux
critéres de qualité en la mati ére. Certaines erreurs dans |'éval uation
de |'exposition s'expliquent par des variations dans les résultats des
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anal yses ou par des changenents qui se produisent lors du prél évenent
et de la mani pul ation des échantillons, de leur préparation et de |eur
conservation ou encore dans la tenue et |'enregistrenent des données.
Les variations dans |les résultats des anal yses peuvent se répartir en
deux grandes cat égories: celles qui concernent |'exactitude,
c'est-a-dire la concordance entre le résultat du dosage et la quantité
de substance effectivenent présente dans la prise d essai et celles

qui concernent la précision, c'est-a-dire la variabilité al éatoire ou
la reproductibilité de | a néthode.

Le plan de |'étude est | e docurment le plus inportant a consulter
pour obtenir des informations sur |es él énents essentiels d' une
enquéte, c'est-a-dire | e personnel responsable, |le node de collecte
des données, |la conservation des échantillons et |eur traitenent
prélimnaire, les nméthodes d'analyse et |'analyse des résultats. Un
node opératoire nornalisé est annexé au plan de |'étude. Il conporte
des instructions détaill ées sur |la nmaniére d' effectuer certaines
taches sur le terrain ou au | aboratoire. On peut considérer le plan de
| ' étude et | e node opératoire nornmalisé comme des directives de
gestion visant a faire en sorte que |'ensenble du personnel qui
participe a |'étude se faniliarise avec |les diverses procédures et
n"en utilise pas d' autres.

Le contrdle de qualité vise expressénent la qualité des résultats

de laboratoire. Il conporte deux volets. Le contrdle interne consiste
en un ensenbl e de procédures utilisées par |e personnel du | aboratoire
pour évaluer en continu les résultats qu'il obtient. Le contréle de

qualité externe est un systene de vérification objective de |a bonne
exécution des anal yses par un organi snme i ndépendant. Dans le contrdle
interne, on affiche les résultats sur des cartes de contrdle (par ex.
cartes de contrdle de Sheward ou & somes cunul ées) et on se base sur
les limtes de contréle pour prendre des nesures | e cas échéant ou
juger si |'ensenble de données conporte ou non un contrdle
statistique. Le contréle externe, par contre, donne des indications

i ndépendantes sur la qualité du travail effectué par |le |aboratoire et
sur la conpétence de tel ou tel opérateur. Général enent, un

| aborat oi re coordi nateur distribue aux |aboratoires participants des
échantillons contenant |le produit a doser a une concentrati on connue.
Les |l aboratoires participants effectuent |eurs dosages sur ces
échantillons et sounettent leurs résultats au | aboratoire coordinateur
qui vérifie alors | a bonne exécution des anal yses. Dans |es
échantillons de référence utilisés pour |les contrdles de qualité
interne et externe la matrice et |e polluant doivent étre a la néne
concentration que dans |'échantillon réel. En outre, pour certaines
substances, il peut étre nécessaire de prendre en considération |la
forme chimque sous |laquelle elles sont susceptibles de se trouver

Enfin, les interactions avec |a popul ati on humai ne constituent un
ensenbl e spécifique d' él éments a prendre en consi dération au niveau de
| a conception de |'étude et de |'assurance de la qualité, élénments qu
doi vent étre soi gneusenent éval ués en néne tenps que | es questions

plus traditionnelles relatives a |'échantillonnage, a |'anal yse et aux
nodes opérat oi res.

RESUVMEN
1. Definicién de |a exposicion

El concepto de exposicién inplica la presencia de una sustancia
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t 6xi ca anbi ental en un determ nado punto del espacio y el tienpo, y la
presenci a simultanea de una persona o personas en el misnmo |ugar
Adenas, es necesario precisar |la cantidad de |a sustancia que entra en
contacto con | a superficie externa del cuerpo humano.

Tras reconocerse el valor intrinseco de |la informaci én
rel aci onada con | a exposicién, el "analisis de | a exposici6n" se ha
convertido en un inportante canpo de investigacién cientifica, que
conpl ementa | as disciplinas tradicionales de |la salud publica, conp
son la epidemologia y la toxicologia, y constituye un conponente
esenci al de | a adopci 6n de deci si ones fundanentadas en nateria de
hi gi ene del nedio.

2. Usos de la infornaci 6n sobre | a exposici 6n humana

Las particul ari dades de un deterninado analisis de | a exposicién
dependeran del uso o usos previstos. Por ejenplo, |os aspectos de |la
exposi ci 6n que interese exam nar, |la naturaleza de |a infornacioén
requerida y la cantidad y calidad de | os datos dependeran de si la
eval uaci 6n de | a exposici 6n se inscribe en el contexto de una
i nvestigaci 6n epi dem ol 6gi ca, de una eval uaci 6n del riesgo, de la
gestion de los riesgos o de un andlisis de la situacidén y |as
t endenci as.

El conocimento del nivel de exposicion humana a | os
cont am nant es anbi ental es es un conponente inportante de |la
epi deni ol ogia anbiental, |a evaluacion de |os riesgos, |a gestion de
los riesgos y el analisis de situaciones y tendencias. La infornacién
sobre | a exposici 6n proporciona el nexo decisivo entre |las fuentes de
contam nantes, su presencia en el nmedio y |os posibles efectos para la
sal ud hurmana. Esta infornaci 6n, enpleada en el contexto de una gestién
del medi o basada en | a reducci 6n de |l os riesgos para el ser hunano,
facilitarad la seleccién y el andlisis de otras estrategias distintas
del tradicional enfoque de "direccién y control"”. En todo el nundo, la
mayoria de |las estructuras de gesti 6n del nmedi o anbi ente dependen
directanente de | as mediciones de | os contami nantes presentes en
di versos nedios para estinmar |la calidad del entorno, inferir |os
riesgos e interpretar el grado de observancia de |as normas. I|ncluso
en estos casos, la informaci 6n sobre |l a exposici é6n pernite evaluar |la
eficacia de | as nmedidas de protecci 6n de | os sectores de |a pobl aci 6n
mas vul nerables o en situaci 6n de mayor riesgo.

Es esa relacion directa | o que hace de | as nediciones de |la
exposi ci 6n un arma i nestinable a efectos de eval uaci 6n de | as
repercusi ones para la higiene del nmedio a escala local, regional y
mundi al

3. Estrategias y disefio de | as eval uaci ones de | a exposi ci 6n

El correcto disefio del estudio es el elenento mas inportante de
cual qui er eval uaci 6n de | a exposici én. Se deben especificar los fines
y objetivos de la investigaci 6n, asi conp | os nétodos idbéneos de
nuestreo, nedicion, analisis estadistico y aseguram ento de |la
calidad. Para caracterizar |la magnitud, duracion y distribucién
temporal del contacto humano con | os contanm nantes del nedio se pueden
enpl ear métodos directos o indirectos. Entre los prinmeros cabe citar
I as mediciones en el punto de contacto y |as nedi ci ones de narcadores
bi ol 6gi cos de | a exposicién. Los métodos indirectos incluyen la
vi gil anci a anbi ental, |as nodelizaciones y |os cuestionarios. Estos
net odos pueden enpl earse en estudi os de | a exposici 6n basados en
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di stintas maneras de sel eccionar a | a poblaci 6n estudi ada; se

di stinguen asi, por ejenplo, |os estudios anplios que abarcan a todos
| os m enbros de | a poblaci 6n analizada, |os estudios descriptivos de
una rmuestra no probabilistica, o | os estudi os basados en nuestras
representativas de individuos, seleccionados al azar

4. Mtodos estadisticos de eval uaci 6n de | a exposicion

Los netodos estadisticos son un instrumento critico de |os
estudi os -- aplicados o de investigaci6on -- de evaluaci6n de |la
exposi ci 6n. Se reconi enda que participe sienpre un estadistico en
todos | os aspectos de la investigaci 6n de | a exposici6n, en especial
durante |las fases de disefio y de andlisis de |os datos. La
det erm naci 6n del tanmafio de | a nuestra es una aplicaci 6n inportante de
| a estadistica durante la planificaci6n de esos estudios. La
estadistica descriptiva nunmérica y grafica permite resunir |os datos
de exposicion y llevar a cabo analisis prelimnmnares de |as rel aci ones
entre las vari abl es deterninantes de | a exposicién. En nmuchos casos
| os datos sobre ésta adoptan una distribuci 6n aproxi nadamente nornmal o
log-normal, y se prestan pues facilnente a ser analizados nediante | os
nmet odos paranetricos habitual es de inferencia estadistica, conmp |as
estinmaciones y la verificaci 6n de hipétesis. Se pueden enpl ear adenés
otros nodel os estadisticos paramétricos, conp el analisis de la
varianza (ANOVA), la regresion lineal y la regresién logistica, para
cuantificar la relaci 6n entre los nivel es de exposici 6n nedi dos.
Cuando el nunmero de observaci ones es pequefio 0 no es posible
transformar | os datos en una distribuci 6n aproxi nadanmente nornal, se
pueden utilizar métodos no parangtricos, conp |as pruebas de signho de
Mann- VWi tney y de Kruskal -Wallis, para verificar |as hipoétesis.

5. Patrones tenporales de |la actividad humana y eval uaci 6n de | a
exposi ci 6n

Se puede utilizar informaci 6n sobre el perfil de activi dades de
la gente para identificar |os determ nantes de | os niveles de
exposi ci 6n det ect ados, predecir exposiciones no nedidas o no nedibles,
evaluar la relacién entre la exposicién y el estado de salud, e
identificar situaciones de exposicién de alto riesgo que puedan
afrontarse con nedi das de sal ud publi ca.

El costo relativo del nuestreo sobre el terreno y de los anélisis
de |l aboratorio en | as nediciones anbiental es y biol 6gi cas subraya el
val or potencial de | os datos tienpo-actividad. La eval uaci 6n de |os
perfiles de actividad a largo plazo (p. €., toda la vida) s6l o puede
hacerse a veces enpl eando cuestionarios de analisis de la relacion
ti empo-actividad. Para reunir informaci 6n sobre |as actividades
humanas se enpl ean di versos nétodos, entre ellos diarios y
cuestionari os, dispositivos necanicos y nedi das de observaci 6n. S6l o
reci entenente se han enpezado a desarrollar nétodos para evaluar |a
influencia de los perfiles de tienpo-actividad en la ingestion
alimentaria y no alinentaria y en |a exposicién cuténea. Las dudas
al bergadas respecto a | a capacidad de | os nmétodos de acopi o de datos
para reflejar fielmente las actividades y garantizar |la validez de |la
i nfornmaci 6n, asi conpb respecto a | as repercusiones de |la variabilidad
inter e intrapersonal del conportamento, inponen limtes a la
aplicacion de |os datos de tienpo-actividad a | a evaluaci én de |a
exposi ci 6n hunmana. Sin enmbargo, con unos progranmas adecuados de
aseguranmiento de la calidad, la informaci 6n sobre | os patrones
tenporal es de | a actividad puede ser de enorne utilidad para
interpretar y nodelizar |a exposicion
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6. Mbdelizaci én de | a exposicio6n humana y de | as dosis

Un nodel o de exposici 6n es un esquena | 6gico o enpirico que
permte estimar | os paranetros de | a exposicio6n individual o
pobl aci onal a partir de una serie de datos. Los nodelos de |la
exposi ci 6n, cuando est&n basados en observaci ones adecuadas, pueden
enpl earse para estimar exposiciones colectivas (p. €., |la nedia de
una pobl aci6n) o individuales (p. ej., la distribucion de la
exposi ci 6n entre | os m enbros de una pobl aci 6n). Medi ante esos nodel os
se puede estimar |a exposici6n sufrida a través de uno o de vari os
nmedi os. Esto Ultinmo es especialnente atil para poder conparar |a
magni tud de | as exposi ciones previsibles a través de distintos nedios,
y por tanto para establecer las prioridades. Los nodel os pueden ser
estadi sticos, determ nistas, o una conbinaci 6n de anbos. En los tres
casos se pueden aplicar métodos probabilisticos para estimar |la
di stribuci 6n de | a exposicién en | a poblacién, esto es, la
vari abilidad de | a exposicion entre |os individuos. Adenmas, |os
nmét odos probabilisticos pueden utilizarse para definir |la
incertidunbre de | os paranetros introducidos en el nodelo y propagar
esa incertidunbre hasta |la variable de eval uaci 6n sonetida a
predicci 6n. La evaluaci 6n de |a exactitud de |os resultados del nopdelo
es una condici 6n fundanental para pasar a utilizarlos con fines de
adopci 6n de deci si ones.

7. Medicién de |l a exposicion humana a productos quimnm cos presentes en
el aire, el agua y los alinentos

En | a sel ecci 6n de | os nétodos de nuestreo de productos quim cos
presentes en el aire, el agua y |los alinentos intervienen
consi deraci ones conunes rel aci onadas con los linites de detecci6n, |os
factores de interferencia, la facilidad de manejo y | os costos. Se

di spone de métodos de nuestreo para personas, aire de mcroanbientes y
aire ambiente, para la vigilancia de gases y vapores -- tanto pasiva
conp activamente--, aerosoles, conpuestos orgéni cos semvol atiles y
gases reactantes.

La eval uaci 6n de |la calidad del agua obliga a considerar
nunmer osos factores en relaci 6n con el nuestreo. Una consi deraci 6n
i mportante es que | a exposicion a los contaminantes no se linita a las
vias orales y que no todos | os individuos tienen acceso al agua
tratada que circula por |os sistemas de distribuci édn. Se proporci ona
orientaci 6n respecto al nmuestreo y |os programas de vigil ancia.

Exi sten vari os nétodos para estimar el consunp de alinmentos y la
cont am naci 6n de éstos. El nétodo el egi do dependera de | a informaci 6n
di sponi bl e, del grupo de poblaci én de interés, de que | o expresado
sean | os efectos agudos o croénicos del producto quimco, del uso
previsto de los resultados y de | os recursos di sponi bl es.

8. Medicion de |la exposici én humana a | os contam nantes quin cos
presentes en el suelo y en el polvo depositado

El contacto humano con el suelo y el polvo depositado puede ser
una i nportante fuente de exposici én a contam nantes quinicos, sobre
todo en | os nifos. Aunque se han desarrol |l ado nuchos netodos de
nmuestreo, no se ha denpbstrado que ninguno de ellos sea superior a |los
otros, por lo que resulta dificil conparar |os resultados de estudios
real i zados con diferentes métodos. Entre |l os factores que deben
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tenerse en cuenta para sel eccionar un nétodo de nmuestreo cabe citar la
eficiencia de la recogida de nuestras, las diferencias entre |os
perfiles de actividad de |as personas, la variabilidad fisica de

suelo y de los niveles de polvo en el espacio y en el tienpo, |las
superficies y sustratos de nuestra, el nonmento el egi do para obtener
las nuestras y |los nmétodos analiticos utilizados para nedir |as
sustanci as toxicas en el |aboratorio.

9. Medicion de |la exposici 6n humana a agentes bi ol 6gi cos presentes en
el airey el polvo

Se consi deran bi oaerosol es diversos nicroorgani sns, o
conponentes de | os msnps, que pueden ser transportados por el aire e
i nhal ados. Conprenden virus, bacterias, po6lenes, hongos, protozoos y
al gas en forma de m croorgani snbs vi abl es potenci al nente causantes de
enf erredades. Diversos fragnentos o conponentes netabdlicos de |as
bacterias y | os hongos, al igual que |as estructuras proteicas
presentes en esos microorgani snos, asi conp en | os excrenentos y en
distintas partes de los insectos, aracnidos y otros ani mal es, pueden
provocar reacciones al érgi cas. Los bi oaerosol es mas extendi dos en
interiores y mas inplicados en | as reacciones al érgicas son |os
acaros, |os hongos, |las bacterias y el polen

La eval uaci 6n de | a exposici 6n a agentes m crobi ol 6gi cos esta tan
avanzada en estos nmonentos cono | a de nuchos contam nantes del aire.
No se han desarrol | ado nuestreadores de personas. De hecho, muchas de

| as técni cas di sponi bl es para obtener nuestras de agentes

aer obi ol 6gi cos son adapt aci ones de instrunentos di sefiados con otros
fines. Sin enbargo, se observan progresos en el sector, a nedida que
di ver sas organi zaci ones profesionales intentan nmejorar y normalizar
sus net odos de nedici én, sus protocolos de cultivo y andlisis y sus
sistemas de notificaci 6n de datos, aspectos todos ellos decisivos para
poder comparar | os resultados de diferentes investigadores.

Por su propia natural eza, |os bioaerosol es varian nmucho en | o que
respecta a su conposicién y concentraci 6n. Las condi ci ones favorabl es
para su crecinmento, reproducci 6n y dispersién varian dentro de un
anplio nmargen de condi ci ones de tenperatura, hunedad y presencia de
nutrientes. Esos msnos factores se ven alterados por |as actividades
del ser humano y de | os animales. Los aerosol es biol 6gi cos pueden
verse di fundidos y anplificados por sistemas necani cos y nmaqui nas de
di verso tipo. Conp resultado de ello, |as exposiciones personal es son
bastante vari ables; esto, a su vez, ha |l evado a nuchos investigadores
a obtener nmuestras del aire de |la zona y/o de grandes canti dades de
material. Por ejenplo, se recomenda nedir de forna indirecta la
exposi ci6n a |l os al ergenos de |os acaros a partir de nuestras de polvo
de la ropa de cama y el suelo. Esas nuestras dongsticas, ya sea de
aire o de polvo, determ nan a nenudo el nivel de "exposicién" enpleado
en |l as investigaci ones epi dem ol 6gi cas.

Por ultinmo, para que | os progresos de | os nmétodos de eval uaci 6n
de |l a exposici 6n a agentes aerobi ol 6gicos permitan aplicarlos a la
eval uaci 6n cuantitativa de |los riesgos, habra que determ nar nejor |as
dosi s causantes de sensibilizacion y reactividad para nuy diversos
nmi cr oor gani snos y/ o agent es.

10. Eval uaci 6n de | a exposici 6n nedi ante nmarcadores bi ol 6gi cos

Los nmarcadores biol 6gi cos permten vigilar |a exposicioén
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anmbi ental deternminando |a dosis total de un contani nante recibida por
un individuo a partir de todas |as fuentes de exposicién. La principa
ventaja de esta estrategia es que pernmte evaluar |a exposicion total
usando una nedi da que integra todas |as fuentes de exposicién y estéa
i nfluida por el conportam ento humano. Se consi dera ademas que |os
mar cador es bi ol 6gi cos tienen un nmayor val or predictivo de |os efectos
sanitari os que |as medi das externas de |a exposicion. Con ellos se
responde a varias exigencias de |a evaluaci 6n de | a exposici 6n, conp
son | as siguientes:

* caracteri zaci 6n de | a exposici 6n de un individuo o pobl aci 6n
* det erm naci 6n de |la distribucién de Ia dosis en |a poblaci 6n

* identificaci én de | os determ nantes anbiental es y denograficos de
| a exposicion

El principal inconveniente de | os narcadores biol 6gicos estriba
en la dificultad para caracterizar |as fuentes individual es que
contribuyen a | a exposici 6n total del sujeto. Al poner a punto y
enpl ear marcadores bi ol 6gi cos, el conocimento de |a toxicocinética
del contaninante en el sistema es fundanental para caracterizar |la
vari abi lidad biol 6gica y deternminar si el narcador biol 6gico es valido
para poder evaluar |la exposicién a |la concentraci 6n de interés. Los
mar cador es bi ol 6gi cos han sido crucial es para profundi zar en el
conoci m ento de | a exposicion humana a ci ertos contani nantes, cono el
pl onb. Se di spone de nunerosos netodos no invasivos para la vigilancia
bi ol 6gi ca, métodos que | os asesores en nateria de exposici 6n deberian
intentar incorporar al desarrollar protocolos de vigilancia del nedio
anbi ent e.

11. Aseguranmiento de |la calidad de | os estudios de | a exposicion

El aseguramiento de la calidad (AC) inplica una vigilancia
i ndependi ente del estudio que garantice a | os responsables de la
gesti on del |aboratorio y a |os usuarios de | os datos que |as
i nstal aci ones, el equipo, el personal, |os métodos, |las practicas, |os
registros y los controles se atienen a principios aceptados de gesti 6n
de la calidad. Los errores en | os datos de exposici 6n se deben tanto a
variaci ones analiticas conb a | os canbi os que pueden afectar a la
obtenci6n y el manejo de |as nmuestras, |la preparacion y el
al macenanmi ento de las msnas y el registro y conservaci 6n de | os
datos. La variacién analitica depende de dos factores principales: la
exactitud, que refleja |la concordancia entre |a cantidad de analito
nedido y |la cantidad real mente presente, y la precision, que refleja
la variabilidad aleatoria o |la reproducibilidad del ngétodo

El protocolo es el docunento mas inportante para detallar |os
conponentes criticos de una investigaci 6n, conp por ejenplo e
personal encargado, el acopio de nuestras, el al macenam ento de |as
nmuestras y el tratamiento preanalitico, |os procedimentos analiticos
y el analisis de |os datos. Los procedi m entos nornalizados de
utilizaci 6n (PNU) que se afaden al protocol o contienen instrucciones
escritas detall adas sobre Ia manera de |l evar a cabo al gunas
activi dades rutinarias sobre el terreno y en el laboratorio. E
protocolo y | os PNU pueden consi derarse cono directrices de gestion
concebi das para asegurar que todo el personal que participe en |as
operaci ones del estudio conozca y enplee correctanente | os m snos
procedi m ent os.
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El control de la calidad (CC) atafie especificanmente a |la calidad
de |l os resultados de |aboratorio, y presenta dos conponentes. El CC
interno es el conjunto de procedi m entos que enplea el personal de un
| aboratorio para eval uar continuanente | os resultados a nedi da que se
obtienen. El CC externo es un sistema de control objetivo de
desenpefio de un | aboratorio por un organi sno i ndependi ente. El CC
i nterno conprende | a presentaci 6n de | os resultados correspondi entes a
nuestras de control en graficos especiales (por ejenplo |os gréaficos
de Shewhard y | as sunas acunul adas) y el uso de |limites de contro
cono criterio para intervenir, o0 para juzgar si un conjunto de datos

incluye o no algun tipo de control estadistico. El CC externo, por
otra parte, aporta pruebas independientes de |a calidad del desenpefio
de |l os laboratorios y de la conpetencia de |os analistas. Por |o
general , un |aboratorio coordinador distribuye entre | os |aboratorios
partici pantes nuestras de una concentraci 6n conoci da. Los | aboratorios
analizan |l as nmuestras de referencia y envian | os resultados al

| aboratori o coordi nador para que eval Ge el desenpefio.

Las rmuestras de referencia de los CCinterno y externo deben
poseer una matriz y una concentraci 6n de contam nante sinilares a |las
de la nuestra real. Adenas, a veces es necesario tener en cuenta |as
formas quinicas que puede adoptar |a sustancia.

Por dltinp, las interacciones con |as poblaci ones humanas
pl ant ean una serie de consi deraci ones peculiares respecto al disefio y
el CC del estudio, que deben ser detenidanente eval uadas junto con | os
aspectos tradicional es concernientes al nuestreo, los anadlisis y |los
procedi m ent os.

See Al so:
Toxi col ogi cal Abbreviations
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