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Purpose

To summarize the state-of-knowledge of methods for modeling personal expasure (PE) to
magnetic fields.

I ntroduction

Expaosures to environmental agents can be determined diredly through PE measurements or
indiredly through models based ontime/adivity information and exposure levels. Often it is not
possbleto oltain dred measures of expasure. In such cases, models are atod to provide
estimates of past or present exposures. For example, retrospedive gidemiologicd studies
require estimates of past exposures that can be obtained only through modeling. Similarly, for
contemporaneous asEesgnents it may not be pradica to oltain PE measurements because of
logistics and/or cost.

The time/adivity information in amodel describes where, when, and for how long individuals
arein alocaionandin what adivity they are engaged. For EMF exposure models, a magnetic
field is associated with ead time/adivity category of interest. Exposure is then estimated from
an aggregation d time-in-adivity andfield level. Thefield levels may be based onPE
measurements during simil ar adivities, onsurvey measurements in spedfic locations, or on
cdculated field levels. For ageneral time/adivity caegory, exposure is often based onthe field
levels presumed for or assgned to a broad surrogate such as wire-code cdegory for residential
expasure or job caegory for occupational exposure.

Idedly, datafrom large-scde popuation-based time/adivity surveys could provide the necessary
time/adivity informationfor EMF models. Unfortunately, time/adivity diary caegoriesin such
surveys are nat spedfic to EMF exposures: for example, it isdifficult to link EMF expaosures to
diary caegories that were seleded for estimating exposuresto air- or water-borne poll utants.

Modeling EMF expasures is difficult because field levels are dependent on proximity to area
(badkgroung andlocd sources and are highly variable within the caegories usually associated
with time/adivity data (e.g., inside residence, inside kitchen, inside vehicle, and ouside).
Furthermore, most subjeds can na realily identify spedfic sources, other than familiar
appliances andtods, nar can they reaognize and remember spedfic condtions associated with
expasures in an environment.

Thelad of an exposure parameter that is linked through dose to hedth oucome dso complicates

the development of EMF exposure models. The data base for time-weighted-average (TWA)
average expasures in particular environments or from sourcesisfairly extensive. However, data
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onexposure levels for other exposure parameters in these same locdionsis arse.
Consequently, EMF exposure models have mncentrated onestimating TWA for spedfic time
periods.

EMF expasures may be required for contemporaneous or historicd exposures. PE measurements
or expaosure models can estimate exposures of the former type, bu only models are possble for
historicd exposures.

RAPID Program

Many of the projeds gonsored by the RAPID Engineeaing Program are diredly related to
modeling EMF PE. RAPID Projeds#3 and #7(Zaffanella, 1996 Rankin and Bradken, 1997
and Kaune ¢ al. (1996 developed explicit exposure models. RAPID Projeds#1 and #3
colleded datato charaderizefield levels for appliances and aher sources (Eledric Reseach and
Management, Inc., 1997 Zaffanella, 1999. RAPID Projed #6 (Zaffanella and Kalton, 199&;
19981 colleded contemporaneous time/adivity and PE measurement data to charaderize
expaosures of the general pulic. These data can be used dredly asinpus to models for expasure
asesgnent.

RAPID Engineeing Projed #2 (Bittner, 1997 developed a methoddogy for classfying micro-
environments within a cmplex fadlity to permit targeting of measurements at locations where
expasures occur. RAPID Projed #4 (Bradken et a., 1997 evaluated methoddogies for
incorporating time/adivity record-keeping into EMF PE measurement studies. They aso found
that time/adivity data olleded for use in modeling exposure to air pallution had shortcomings
when applied to EMF exposures.

Residential Exposure

Models of residential exposure have been based oncontemporaneous survey and PE
measurements, onfield levels assgned to surrogates such as wire-code caegory, and on
computed fields from nearby power lines. Sources of residential exposure include external

power lines, internal wiring, groundcurrents, and appliances (cf., Kaune, 1993. Exposure
models have been developed to addressone or more of the threesourcetypes. Models based on
PE measurements acourt for al sources. Reliance on survey measurements, typicaly condwcted
at the center of rooms, or computed fields from neaby power lines to establi sh exposure levels
may negled contributions to expasure from internal wiring and appli ances.

PE measurements have been used to buld models for current and recent exposures.
Extrapadation d contemporaneous field measurements to model past exposure is more
problematic. However, there seansto be reasonable stability in measured residential fields over
periods of monthsto severa yeasthat suppat their usein historicd expasure models. Dovan et
a. (1993 foundthat average spot measurements, repeded five yeas apart in howses in Denver,
were rather well correlated. PE, spat, and long-term measurements were dso relatively stable
over upto six visits made over atwo-yea periodto 396 hosgesin a nationwide survey (Braden
eta., 1994).



External Power Lines

Historicd exposure models have often relied onfield estimates related to the proximity of locd

power lines. Exposure levels have been assgned to hanes based onthe wire-code caegory of a
home and onfield cdculations. Both approaches tend to ignore the cntributions to exposure of
locd sources experienced when a person moves from placeto pacein the home.

Categoricd wire-code dasgficaion schemes for magnetic-field exposure ae predicaed onthe
relationship between field level and the distancefrom the power line and onthe aumption that
larger conductors are carying larger currents (cf., Kaune, 1993. The schemes assgn higher
expaosures to higher caegories based onthese fadors. Investigations of the relationship between
residentia field levels (PE and survey measurements) and wire-code cdegoriesindicate that field
levels generally increase in the hierarchicd scheme, bu that there is considerable overlap of the
field levelsfoundin dfferent caegories. Assgnment of quantitative exposures based on
wire-code cdegory istherefore uncertain.

Computational models provide ancther non-invasive methodto model residential magnetic-field
expaosures. In an epidemiology study in the United Kingdom, Myers et a. (1985 used cdculated
fields to estimate the contribution to exposure of neaby power lines. To acwurt for historicd
expaosure they used the maximum current condtion (load) during the period o interest for their
cdculations. Feychting and Ahlbom (1993 modeled residentia exposuresin Sweden bad as far
as40yeasusing fields cdculated from topographicd and historicd load datafor neaby
transmissonlines. Inthiscase, historicd cdculations proved to be abetter predictor of risk
than contemporary spat measurements, even though the two had relatively high correlation
(Feychting et al., 1999.

Internal Wiring and Ground Currents

Residential fadors that appea to be related to fields from internal wiring and groundng are:
residencesize, presence of two-prong receptades, incorredly wired 3-way switches, the presence
of more than ore dedric servicepanel, and conredion to a water system with conductive or
non-conductive pipes. The influence of these fadors on average field levels has been quantified
in bah the 12000home (Zaffanella, 1993 and 1000people (Zaffanella and Kalton, 199@)
surveys. However, assgning a quantitative field value to these fadors for modeling purposesis
difficult.

Mader et a. (1990 developed a mmputational model to acount for househald wiring and
groundng as well as external power lines. It relies onthe geometry and measured current of the
groundng circuit and a measurement of the external power-linefield. Thelevel of accessand
sophsticaionrequired to colled the inpu data may limit widespread implementation.

Appliances
Many models for EMF exposure from appli ances have been based onmeasured and cdculated

appliancefields, therelative locaion d the user, and the frequency and petterns of use (Delpizzo,
199Q Florig and Hoberg, 1990 Mader and Peralta, 1992 Wilsonet a., 199§. Resultsindicae
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that most househald appliances are not a significant source of TWA whae-body exposures, bu
can be adominant source of TWA and pe&k expaosures for extremities. Spedfic sources with
elevated fields that are used for long periods of time, such as older eledric blankets, other bed
heding devices, and eledric heaing coil sin the floor can affed TWA expaosure.

Kaune @ al. (1996 investigated exposure produced by domestic gopliancesin agroup d 50
women in the United Kingdom. They compared questionnaire data with PE measurements and
foundappliance use to be unrelated to measured TWA expaosures. However, ameasure of pegk
expaosures was foundto be related to applianceuse. These results are consistent with those from
previous models that relied onestimated appliancefields and dd na have confirming PE
measurements.

Occupational Exposure

Occupational expasures have been modeled at two levels: 1) using time/adivity/task information
plus PE or survey measurements to estimate exposures for spedfic adivities and job caegories,
and 2 aggregating aaossjob caegories to produce exposures over an occupational history for
individuals.

Time/activity/task Models

PE measurements within tasks and estimated time in tasks were the bases for an EMF exposure
model for workersin eledricd and noneledricd job categories (Bowman et al., 1993. Average
exposures were estimated for tasks and job categories for both current and historicd (20 yeas
ago) condtions. Time-in-task and hstoricd variations were based oninterviews with
experienced supervisors.

TWA and ped&k exposures have been modeled for transmisson- and dstribution-li ne workers
performing live-line maintenancetasks (Bradken, et al., 1994h. PE measurements establi shed
exposure levels for particular tasks, current levels, worker locations, and fadlity types.
Incremental annual expasures attributable to new live-line work pradices were mmputed based
onthe reported frequency of task performance and the assgned expasure for eat task. PE
measurements were aljusted to coincide with the annual average aurrent estimated duing
maintenance ativities. Annual exposures during live-line maintenance tasks have dso been
modeled for French workers from ca culated fields and estimated times performing tasks
(Hutzler et a., 1999.

RAPID Projea #3 (Zaffanella, 1996 relied onsurvey measurements of area(badkground fields
and sourcesto provide the field input to an exposure model. Information onthe number and type
of persons and the time they spent in different areas was obtained through a questionraire. The
field and time/adivity information was combined to estimate expasures by persontypein grocery
stores, machine shops, hospitals, schods, and dficebuildings.
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Job-exposure Matrix

Magnetic-field expasure models based onajob-exposure matrix (JEM) developed from PE
measurements have been employed in numerous epidemiology studies (Bowman et a., 1992
Kromhou et a, 1994 Sahl et al., 1993 Thériault et al., 1999. Commonto al theseisthe
assgnment of an exposure to ead job category based onPE measurements or other data and the
computation d exposure for individuals based ontheir job histories.

Comprehensive JEMSs that include occupations outside the dedric utility industry are less
developed; however, they are neaded if exposure models and assesaments are to include more
industries and workers. Floderus et al. (1996 presented a JEM for mean and maximum
magnetic-field exposures of the 100most common accupationsin Sweden. The exposures were
based onPE measurements for a popuation-based randam sample of 1098men. Yost et al.
(1997 have mnstructed a JEM for 46 two-digit Standard Occupational Codes based onPE
measurements from five studies. However, the number of workers contributing measurementsin
many codesislimited, and the individual codes at the two-digit level can encompassmany
occupations with abroad range of EMF exposures.

Total Exposure

RAPID Projed #6 (Zaffanella and Kalton, 1998; 1998h provides the first set of comprehensive
datafor total exposure. RAPID Projed #7 (Rankin and Bradken, 1997 developed a
questionnaire-based model for exposure to threemagnetic-field parameters. TWA, pe&k, and
harmonics. Time/adivity and source-use informationis colleded using aquestionreire. Field
values based onreported measurements are assgned to various locaions and sources (appliance,
tods, etc.) at home, at schod andin ather environments. Work expaosure is estimated from a
JEM based onStandard Occupational Codes (Yost et a., 1997. Both pant-estimates and
statisticad distributions can be acommodated for the time/adivity and field inpus to the model.

Implicationsfor Risk Assessment

Modeling of EMF expasuresis dill i n at aformative and exploratory stage. It has not been the
subjed of scientific review to the extent that other engineaing aspeds of EMF have been.

Considerable uncertainty existsin the asgnment of exposures to spedfic exposure cdegories
within bah residential and cccupational models. This uncertainty is compounded as expaosures
are combined to model long-term or total exposures.

Except for afew extended-use gopliances (e.g., eledric blankets), appliances do nd appea to
contribute to residential TWA exposures. However, appliances do contribute to pe&k exposures
and to extremity exposures.

Changing techndogies must be considered in modeling exposures. This applies to changing
work pradices and espedally to appliances, where batteries have replaceal acpower and rew
low-field designs have been introduced. Historicd changesin average residential exposures and



within hanes are expeded to be lessdramatic becaise of the long-term stability of the externa
power system and wiring within houses.

Remaining Questions
1. What expaosure parameter is relevant to hedth outcomes and risk assessment?

2. What is the most eff edive methoddogy for modeling historicd residential expasures:
contemporary measurements, cdculated fields, wire-code cadegories, or a cmbination o
methods?

3. Arethere pradicd time/adivity categories for questionnaires and daries that can be
linked speaficdly to EMF exposures?
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