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Purpose
To summarize the state-of-knowledge of methods for modeling personal exposure to magnetic
fields.
Introduction
Exposures to environmental agents can be determined directly through PE measurements or
indirectly through models based on time/activity information and exposure levels. Often it is not
possible to obtain direct measures of exposure. In such cases, models are a tool to provide
estimates of past or present exposures. For example, retrospective epidemiological studies
require estimates of past exposures that can be obtained only through modeling. Similarly, for
contemporaneous assessments it may not be practical to obtain PE measurements because of
logistics and/or cost.
The time/activity information in a model describes where, when, and for how long individuals
are in a location and in what activity they are engaged. For EMF exposure models, a magnetic
field is associated with each time/activity category of interest. Exposure is then estimated from
an aggregation of time in each category and field level. The field levels may be based on PE
measurements during similar activities, on survey measurements in specific locations, or on
calculated field levels. For a general time/activity category, exposure is often based on the field
levels presumed for or assigned to a broad surrogate such as wire-code category for residential
exposure or job category for occupational exposure.
Ideally, data from large-scale population-based time/activity surveys could provide the necessary
time/activity information for EMF exposure assessment models. Unfortunately, time/activity
diary categories in such surveys are not specific to EMF exposures: for example, it is difficult to
link EMF exposures to diary categories that were selected for estimating exposures to air- or
water-borne pollutants.
Modeling EMF exposures is difficult because field levels are dependent on proximity to area
(background) and local sources, and are also highly variable within the categories usually
associated with time/activity data (e.g., inside residence, inside kitchen, inside vehicle, and
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outside). Furthermore, most subjects can not readily identify specific sources, other than familiar
appliances and tools, nor can they recognize and remember specific conditions associated with
exposures in an environment.
The lack of an exposure parameter that is linked through dose to health outcome also complicates
the development of EMF exposure models. The data base for TWA average exposures in
particular environments or from sources is fairly extensive. However, data on exposure levels
for other exposure parameters in these same locations are sparse. Consequently, EMF exposure
models have concentrated on estimating TWA for specific time periods.
Estimates may be required for contemporaneous or historical EMF exposures. PE measurements
or exposure models can estimate exposures of the former type, but only models are possible for
historical exposures.
RAPID Program
Many of the projects sponsored by the RAPID Engineering Program are directly related to
modeling EMF PE. RAPID Projects #3 and #7 (Zaffanella, 1996; Rankin and Bracken, 1997)
and Kaune et al. (1996) developed explicit exposure models. RAPID Projects #1 and #3
collected data to characterize field levels for appliances and other sources (Electric Research and
Management, Inc., 1997; Zaffanella, 1996). RAPID Project #6 (Zaffanella and Kalton, 1998a;
1998b) collected contemporaneous time/activity and PE measurement data to characterize
exposures of the general public. These data can be used directly as inputs to models for exposure
assessment.
RAPID Engineering Project #2 (Bittner, 1997) developed a methodology for classifying microenvironments within a complex facility to permit targeting of measurements at locations where
exposures occur. RAPID Project #4 (Bracken et al., 1997) evaluated methodologies for
incorporating time/activity record-keeping into EMF PE measurement studies. They also found
that time/activity data collected for use in modeling exposure to air pollution was not useful in
modeling EMF exposures.
Residential Exposure
Models of residential exposure have been based on contemporaneous survey and PE
measurements, on field levels assigned to surrogates such as wire-code category, and on
computed fields from nearby power lines. Sources of residential exposure include external
power lines, internal wiring, ground currents, and appliances (cf., Kaune, 1993). Exposure
models have been developed to address one or more of the three source types. Models based on
PE measurements account for all sources. Reliance on survey measurements, typically conducted
at the center of rooms, or computed fields from nearby power lines to establish exposure levels
may neglect contributions to exposure from internal wiring and appliances.
PE measurements have been used to build models for current and recent exposures.
Extrapolation of contemporaneous field measurements to model past exposure is more
problematic. However, there seems to be a reasonable degree of stability in measured residential
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fields over periods of months to several years that support their use in historical exposure
models. Dovan et al. (1993) found that average spot measurements, repeated five years apart in
houses in Denver, were rather well correlated. PE, spot, and long-term measurements were also
relatively stable over up to six visits made over a two-year period to 396 houses in a nationwide
survey (Bracken et al., 1994a). The stability of measured fields depends on the constancy of the
external electrical system and the internal wiring of a residence. Significant changes in either of
these can affect magnetic-field levels. However, electrical facilities are commonly designed with
a long lifetime, making modifications, such as changes in line configuration, infrequent.
External Power Lines
Historical exposure models have often relied on field estimates related to the proximity of local
power lines. Exposure levels have been assigned to homes based on the wire-code category of a
home and on field calculations. Both approaches tend to ignore the contributions to exposure of
local sources experienced when a person moves from place to place in the home.
Categorical wire-code classification schemes for magnetic-field exposure are predicated on the
relationship between field level and the distance from the power line and on the assumption that
larger conductors are carrying larger currents (cf., Kaune, 1993). The schemes assign higher
exposures to higher categories based on these factors. Investigations of the relationship between
residential field levels (PE and survey measurements) and wire-code categories indicate that field
levels generally increase in the hierarchical scheme, but that there is considerable overlap of the
field levels found in different categories. Assignment of quantitative exposures based on
wire-code category is therefore uncertain. However, wire-code categories have been somewhat
successful in categorizing exposures as high or low.
Computational models provide another non-invasive method to model residential magnetic-field
exposures. In an epidemiology study in the United Kingdom, Myers et al. (1985) used calculated
fields to estimate the contribution to exposure of nearby power lines. To account for historical
exposure they used the maximum current condition (load) during the period of interest for their
calculations. Feychting and Ahlbom (1993) modeled residential exposures in Sweden back as far
as 40 years, using fields calculated from topographical and historical load data for nearby
transmission lines. In this case, historical calculations were more strongly associated with
disease than contemporary spot measurements, even though the two surrogate measures had
relatively high correlation (Feychting et al., 1996).
Internal Wiring and Ground Currents
Residential factors that appear to be related to fields from internal wiring and grounding are:
residence size, presence of two-prong receptacles, incorrectly wired 3-way switches, the presence
of more than one electric service panel, and connection to a water system with conductive or
non-conductive pipes. The influence of these factors on average field levels has been quantified
in both the 1000-home (Zaffanella, 1993) and 1000-person (Zaffanella and Kalton, 1998a)
surveys. However, assigning a quantitative field value to these factors for modeling purposes is
difficult.
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Mader et al. (1990) developed a computational model to account for household wiring and
grounding as well as external power lines. It relies on the geometry and measured current of the
grounding circuit and a measurement of the external power-line field. The level of access and
sophistication required to collect the input data may limit widespread implementation.
Appliances
Many models for EMF exposure from appliances have been based on measured and calculated
appliance fields, the relative location of the user, and the frequency and patterns of use (Delpizzo,
1990; Florig and Hoberg, 1990; Mader and Peralta, 1992; Wilson et al., 1996). Results indicate
that most household appliances are not a significant source of TWA whole-body exposures, but
can be a dominant source of TWA and peak exposures for extremities. Specific sources with
elevated fields that are used for long periods of time, such as older electric blankets, other bed
heating devices, and electric heating coils in the floor can affect TWA exposure.
Kaune et al. (1996) investigated exposure produced by domestic appliances in a group of 50
women in the United Kingdom. They compared questionnaire data with PE measurements, and
found appliance use to be unrelated to measured TWA exposures. However, a measure of peak
exposures was found to be related to appliance use. These results are consistent with those from
previous models that relied on estimated appliance fields and did not have confirming PE
measurements.
Occupational Exposure
Occupational exposures have been modeled at two levels: 1) using time/activity/task information
plus PE or survey measurements to estimate exposures for specific activities and job categories;
and 2) aggregating across job categories 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 workers in electrical and non-electrical job categories (Bowman et al., 1992). Average
exposures were estimated for tasks and job categories for both current and historical (20 years
ago) conditions. Time-in-task and historical variations were based on interviews with
experienced supervisors.
TWA and peak exposures have been modeled for transmission- and distribution-line workers
performing live-line maintenance tasks (Bracken, et al., 1994b). PE measurements established
exposure levels for particular tasks, current levels, worker locations, and facility types.
Incremental annual exposures attributable to new live-line work practices were computed based
on the reported frequency of task performance and the assigned exposure for each task. PE
measurements were adjusted to coincide with the annual average current estimated during
maintenance activities. Annual exposures during live-line maintenance tasks have also been
modeled for French workers from calculated fields and estimated times performing tasks
(Hutzler et al., 1994).
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RAPID Project #3 (Zaffanella, 1996) relied on survey measurements of area (background) fields
and sources to provide the field input to an exposure model. Information on the number and type
of persons and the time they spent in different areas was obtained through a questionnaire. The
field and time/activity information was combined to estimate exposures by person type in grocery
stores, machine shops, hospitals, schools, and office buildings.
Job-exposure Matrix
Magnetic-field exposure models based on a job-exposure matrix (JEM) developed from PE
measurements have been employed in numerous epidemiology studies (Bowman et al., 1992;
Sahl et al., 1993; Kromhout et al, 1994; Thériault et al., 1996). Common to all these is the
assignment of an exposure to each job category based on PE measurements or other data and the
computation of exposure for individuals based on their job histories.
Comprehensive JEMs that include occupations outside the electric utility industry are less
developed; however, they are needed if exposure models and assessments are to include more
industries and workers. Floderus et al. (1996) presented a JEM for mean and maximum
magnetic-field exposures of the 100 most common occupations in Sweden. The exposures were
based on PE measurements for a population-based random sample of 1098 men. Yost et al.
(1997) have constructed a JEM for 46 two-digit Standard Occupational Classification (SOC80,
1980) based on PE measurements from five studies. However, the number of workers
contributing measurements in many codes is limited, and the individual codes at the two-digit
level can encompass many occupations with a broad range of EMF exposures.
Total Exposure
RAPID Project #6 (Zaffanella and Kalton, 1998a; 1998b) provides the first set of comprehensive
data for total exposure. RAPID Project #7 (Rankin and Bracken, 1997) developed a
questionnaire-based model for exposure to three magnetic-field parameters: TWA, peak, and
harmonics. Time/activity and source-use information is collected using a questionnaire. Field
values based on reported measurements are assigned to various locations and sources (appliance,
tools, etc.) at home, at school and in other environments. Work exposure is estimated from a
JEM based on SOCs (Yost et al., 1997). Both point-estimates and statistical distributions can be
accommodated for the time/activity and field inputs to the model.
Implications for Risk Assessment
Modeling of EMF exposures is still in at a formative and exploratory stage. It has not been the
subject of scientific review to the extent that other engineering aspects of EMF have been.
Considerable uncertainty exists in the assignment of exposures to specific exposure categories
within both residential and occupational models. This uncertainty is compounded as exposures
are combined to model long-term or total exposures. Therefore, it is important to include
collection of location/time/activity data in future studies.
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Except for a few extended-use appliances (e.g., electric blankets), appliances do not appear to
contribute to residential TWA exposures. However, appliances do contribute to peak exposures
and to extremity exposures.
Changing technologies must be considered in modeling exposures. This applies to changing
work practices and especially to appliances, where batteries have replaced AC power and new
low-field designs have been introduced. Historical changes in average residential exposures and
within homes are expected to be less dramatic because of the long-term stability of the external
power system and wiring within houses.
Remaining Questions
1. What exposure parameter is relevant to health outcomes and risk assessment?
2. What is the most effective methodology for modeling historical residential exposures:
contemporary measurements, calculated fields, wire-code categories, or a combination of
methods?
3. Are there practical time/activity categories for questionnaires and diaries that can be linked
specifically to EMF exposures?
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