SYNOPSI S #2 EMF ENGINEERING REVIEW SYMPOSIUM
Version 4/22/98

FIELD PARAMETERS
WILLIAM BAILEY
BAILEY RESEARCH ASSOCIATES, INC.

Purpose

The base of firm knowledge dou the physicd charaderistics of eledric and magnetic fields
began developing more than 100yeas ago. Asphysicd forces, the fields are well understood.

In the past 25 yeas there has been increased interest in the potential biologicd effeds of
exposure to these fields. This g/nopsisis designed to provide ataxonamy of charaderistics of
eledric and magnetic fields that have been investigated for their influenceon bologicd systems
and the ways in which they are defined for assessng human exposure in the environment and
generating fields in the laboratory. Table 1, at the end d the synopsis, provides a matrix showing
seleded magnetic-field parameters, with referenceto hypotheticd biologicd medanisms.
Because the recent hedth-related reseach and the EMF Rapid Program itself focus principally
onmagnetic fields, littl e dtentionis given to eledric fields.

Physical Characteristics

Fadliti es that generate, transmit, and wse dedric energy are sources of eledric and magnetic
fields. In most cases these fields are produced by eledric aurrents and charges on paver
conductors and related equipment, athough ather unintentional condctors, e.g., water pipes,
may also be sources.

Frequency

Eledric and magnetic fields are vedor quantiti es charaderized by a magnitude, diredion, and
frequency. The dharaderistics of eledric and magnetic fields are determined by the
charaderistics of their sources. The eath’s gravitational field onaunit massis aso described as
avedor field. Inthe U.S., the power oscill ates at frequency of 60 Hertz (Hz); in Europe and
some other courtries the frequency is50 Hz. The oscill ation d the dedricity 60 times per
seoond poduces asinusoidal, or wave-like, rise andfall i n the magnitude and vedor orientation
of the assnciated fields. Eledrified rail transportationis sometimes powered at frequencies of
25Hzinthe U.S. and 162/3 Hz in Europe. The operation d some dedricad devicesin the
power system producefields at other frequencies. Fields that occur at higher frequencies as even
multi ples of the fundamental frequency (e.g., 120, 180, 246iz. . ) aretermed harmonics.
Typicdly, harmonics from utility power sources are not greaer than 300Hz; however, some
types of eledricd equipment, (e.g., eledric trains) may produce magnetic fields at frequencies up
to 3000Hz. Fieldswith frequencies between 3Hz and 3000Hz are caegorized in the Extreme
Low Frequency (ELF) range ANSI/IEEE Std 1001988(IEEE 1988.

At most frequencies eledromagnetic fields are muded, meaning that the magnitude of one field
can be cdculated exadly if the other isknown. Inthe ELF range, eledric and magnetic fields are
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effedively uncoupged. Thisis becaise the wavelengths of ELF eledric and magnetic fields at
60 Hz are very large, roughly 5000 km, in relation to the size of objeds of interest. Under these
“nea field” condtions, eedric and magnetic fields do nd “radiate” awvay from the source. The
field produced by a sourceis better described as a zone of influencein which the forces on
eledricd charges oscill ate in time and space

Field Magnitude

Because ELF eledric and magnetic fields can be treaed as sparate forces, the magnitude of the
eledric field isrelated diredly to the voltage of the source and the magnetic field to the aurrent.
Sincethe voltages of sources remain relatively constant, eledric fields remain constant over time.
Eledric fields are measured in S| units of volts/meter (V/m).

The magnitudes of magnetic fields are diredly related to variations in current flow; in contrast to
eledric fields, magnetic fields may be highly variable over time. The magnitude of the flux
density of the magnetic field (B), is expressed in Sl units of tesla(T)%. The older cgs units for
expressng magnetic-field magnitude gauss(G) and milli gauss(mG) are still quite common.
Magnetic fields expressed in ore unit can be eaily converted to ather units by the definitions:

1T =1000mT =10000G
1G=1000mGand 1ImG=0.1uT

The magnitude of eledric or magnetic fields varies during eat cycle. For a sinusoidal magnetic
field:

B = B,Snwt

where B, isthe pe& value of B. For convenience, eledric aurrent, voltage field, and magnetic-
field values are mmmonly expressed as the root-mean-square (rms) values. The rmsvalue of a
oscill ating field is the square roct of the average square of the field parameter, e.g., magnetic
field, duing a complete g/cle. For asinusoidal 60-Hz magnetic field:

B« =By/v2=0.707B,.

Waveform

If afield continually oscill ates over time in asinusoidal fashion, then the field can be simply
charaderized by its frequency, as was discussed above. However, to be alequately described,

fields with nonsinusoidal waveforms and limited durations require alditional parametersto be
spedfied. The frequency spedrum of such fields can be complex, and can extend ower a

lLeﬁsfrequently, the magnitude of the magnetic field is expressed in terms of field intensity (H-
Amperes/m). Therelationship between flux density B and magnetic-field strength (H) isH = B/w, where n isthe
magnetic permeability of the medium. For most biologicd material, the value of 1 can be assumed to be the same &
air.
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frequency range much wider than the nominal frequency of the source If the field contains
pulses, it may be dharaderized by therise time, decay time, puse duration, and puse repetition
rate, and, if the pulses are oscill ating, by the frequency of the oscill ation. Alternatively, the field
may be dharaderized by the frequency spedrum. There ae methods such as Fourier and wavel et
analysis that can charaderize the frequency spedrum of such complex fields; however, to use
these methods requires that the measurement instruments be cgable of faithfully cgpturing very
high frequencies.

Transients or field “ spikes” are of interest becaise they may transfer to biologicd systems
significant amourts of energy (in relationto badkgroundeledricd and thermal “noise” in
biologicd systems), and therefore may be expeded to be more likely to affed biologicd systems.
This expedation is suppated by reseach onthe dfeds of devices used for bore heding and
other therapeutic gpplicaions. The waveform or frequency content of “pulsed” fieldsis criticd
for these devices to dlicit biologica resporses.

Onefield charaderistic that relates both the magnitude and frequency of the magnetic field is the
time rate of change of B (dB/dt). For asinusoidal magnetic field, dB/dt is obtained from the
expresson 2x w x frequency x B,. Theimportanceof this relationship derives from Faraday’s
law, which states that an electric field isinduced in conductive loop (including objeds like the
body) by aternating magnetic fields. The magnitude of thisfield is propational to the timerate
of change (dB/dt). Hence amagnetic field with a waveform charaderized by high dB/dt will
coupeto the body more strongly (i.e., inducelarger eledric fields) than field of lower flux
density and frequency. Field parameters that produce exposures charaderized by high dB/dt
have been shown to cause stimulation d neura and cardiactissues by induced eledric fields.
However, such expasures are nat foundin residential or even in most occupational environments
in which expasures to strong magnetic fields are likely.

Field Polarization

The magnetic-field vedor surroundng a single mndLctor is orientated in a plane perpendicular
to the conductor and daes nat change its diredion duing a g/cle. Thisfield is said to belinealy
polarized. Even though the aurrent and the resulting B-field vary over time, the diredion d the
field isfixed. Currentsflowing on aher parallel conduwctors will not change the polarization d
thefield aslong as their currents are dedricdly in phase. More cmommonly, threephase
distribution a transmisgon lines are the source of environmental magnetic fields, and the
currents are out of phase. In these caes, the locus of the magnetic-field vedor isnat a straight
line but traces out an elli pse andis said to be dlipticdly pdarized. When the mgjor and minor
axes of the dli pse aethe same, the field has a drcular pdarization.

When measurements are made of magnetic fields, their poarization must be cnsidered. If the
magnetic field is measured with a single-axis meter, then the magnitude of the field along the
major axis of the dli pseisreported (maximum field B, ). These ae the magnetic-field values
frequently reported in spat measurement surveys of homes and work places, particularly before
threeaxis meters becane available. A threeaxis meter, as the name implies, recrds the
magnitude of the projedion d the magnetic flux density vedor onthe aes of threeorthogonal
coils. The measurements of B intheXx, y and z planes are combined as the resultant field by the
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expresson B i = [(B)* + (B,)* + (B,)]"%. Epidemiologicd and cher surveysto charaderize
expaosures of individualsin residential and accupational environments often use three-axis meters
becaise measurements can be taken and stored in the dedronic memory of the meter quickly and
efficiently. The relationship between B, ,, and B, .. IS NOt dways clea cut. However, if the
field iséelipticdly pdarized, then B, ..« Can be upto v2 greaer than B,,,,,. If linealy polarized,
Blesuant = Bmax- A further complexity of charaderizing field pdarizationis that field pdarization
changes with dstancefrom the source  The magnetic-field resultant coincides with the rms value
of the veaor B, regardlessof the waveform of the threeorthogonal comporents and the
polarization d ead frequency comporent.

Asdiscussed above, environmental fields may be quite ammplex. Inlaboratory studies, however,
it isdifficult and expensive to re-crede dl the cdharaderistics of environmental fields. Therefore,
the fields to which animals, tisaues, and cdls have been expased in the laboratory are a
simplified subset of exposuresin residential and cccupational environments. The frequency is
usually fixed at 50 a 60 Hz, and the independent variable mntrolled by the experimenter isthe
magnetic flux density or eledric field strength. Most laboratory exposure systems produce
linealy poarized fields. For studies of cdlsandtisuesin vitro, single-phase dedric fields
produce exposures that simulate thase produced by athreephase power line & groundlevel
(Misakian et al., 1993. However, dlipticdly pdarized magnetic fields are difficult and
expensive to generate in the laboratory.

A group d laboratory studies that is notable for the dfort that went into simulating red-world
exposures was funded by the New York State Power Lines Projed (NY SFALP). In many of these
studies the animals and cdl/ti ssue aultures were exposed to circularly paarized magnetic fields
(Ahlbom et a., 1987. In most environments people ae exposed simultaneously to bah eledric
and magnetic fields. Therefore, most of the laboratory studies sippated by the NY SALP
designed expaosure systems to generate both eledric and magnetic fields. Moreover, a
comporent of the magnetic-field vedor was edfied to be perpendicular to that of the
dternating eledric field. In this configuration, the force (F) on moving charges, as predicted by
the Lorenz equation F = qv X B, isgredest.

Experimental suppat for the ideathat field pdarization might be an important field parameter
comes from a series of studies of rats exposed to 1.4 4T 50-Hz magnetic field. It wasreported
that melatonin levelsin pasma and in the pined gland were lower at night if the field was
circularly paarized but not if the field pdarization was linea or €lli pticd (Kato and Shigemitsu,
1997).

DC magnetic field

The static magnetic field has also been suggested as important in determining the sensiti vity of
some organisms to aternating magnetic fields. For example, several investigators have propcsed
theories predicting that the biologicd resporses to ac magnetic fields at speafic frequencies are
predicted to occur only when combined with dc magnetic-field vedors of particular alignment
and, perhaps, spedfic intensities. These theories suffer from theoreticd problems, ladk of
experimental suppat and, for some theories, fail ures to confirm the fundamental tenets of the
theory (NIEHS, 1997.
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Duration

The duration d exposure may be quite short—a few milli seconds or less as for atransient
excursion d the field—or well-nigh continuows expasure over much of the day. In between
these two extremes are intermittent fields where thefield is periodicdly turned on o off. Over
the yeas, datafrom Dr. Graham'’s laboratory at the Midwest Reseach Institute has suggested
that continuous and intermittent exposure of humansto 60-Hz eledric and magnetic fields might
not producethe same biologicd resporses. Recent studies have looked for effeds on nacturnal
melatonin levelsin subjeds exposed to continuous or intermittent (fields turned onand df at
15-minute intervals) circularly polarized magnetic fields. No effeds of continuous or
intermittent expaosure were reported (Graham et al., 1996 1997). Ancther laboratory that used a
dightly different definition d intermittent exposure has reported noeffed on melatonin levels on
human subjeds (Selmaoui et al., 1996.

The time-weighted-average (TWA) magnetic field has been used, most often in epidemiol ogy
studies, to relate patentiall y relevant aspeds of exposureto hiologicd resporses and hedth
condtions. There ae dea advantages to this metric becaise it provides an estimate of the
average exposure and it can be used to oltain total cumulative exposure. These derivative field
descriptors are omnveniently coll eded by recording magnetic-field meters, where the goal of the
measurement strategy is to colled personal exposure measurements.

A large number of other potential field parameters have been suggested o tested for links to
biologica resporses, in addition to those described above. Listings and descriptions of these
field parameters or derivative measures are foundin Rapid Engineaing Report #1 (Eledric
Research and Management, Inc., 1997 24-42), #2 (Bittner, 1997 2-9to 2-11; Appendix A.4?),
and #4(Bracken et al., 1997 2-20).

Whil e some scientists have agued that field parameters other than the TWA magnetic field
shoud be vigoroudly studied, there ae data showing that common parameters used to
charaderize magnetic-field exposures show reasonably high correlations with TWA field levels
(Armstrong et al., 1990 Sahl et a., 1994 Savitz et al., 1999.

Implicationsfor Risk Assessment

1. A variety of magnetic-field, and some dedric-field, parameters have been tested for their
effed on bologicd resporsesin the laboratory and association with diseasein
epidemiology studies. Altogether, there is no strong evidencethat pointsto orefield
parameter or amedanisticdly related group d parameters as afador in producing
biologica resporses. Thereis asyet no agreanent as to what shoud be defined as a
biologicd “dose.” Thisladk of agreement poses an olstade to the further development
and refinement of methods to cgpture relevant charaderistics of eledric- and
magnetic-field expaosures.

’Readers interested in a discusson of field parameters relevant to proposed hiologicd interadion
medanisms sould consult this Appendix.
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Nevertheless thereisaneed to perform more caeful and cetail ed review and anaysis of
the existing exposure and biologicd data. The dfort spent in the review and analysis of
data has not kept pacewith the aility to measure and record magnetic-field data.

Few studies have reported the exposure aondtionsin sufficient detail that quality control
isaes can begin to be aldressed. The aiteria propaosed by the National Academy of
Sciencesin their first review of ELF fieldsin 1979shoud be implemented (NAS, 1979.
The greaest weight shoud be placad onthose laboratory studiesin which at least three
levels of expaosure were used, so that exposure-resporse relationships can be investigated.
Studiesin which effeds of field parameters were tested in ayes/no fashion against sham-
controls may naot effedively control against artifad and error.

The strong focus in the literature on field magnitude and TWA, suppdemented with
surveys for other field parameters of interest, has canvassed the most plausible and
experimentall y suppated medhanisms by which fields might adversely affed hedth. At
present, the field parameters that would appea to be most plausibly and consistently
related to biologicd resporses are those refleding field magnitude, perhaps modified by
other field parameters.

Remaining Questions

1.

Shoud alist of studiesin which expaosure parameters were well charaderized be
identified to improve the focus onimportant “positive” and “negative” studies?

Shoud the scientific community: a) make puldic recommendations regarding minimum
standards for quality in the definition, coll edion, and analysis of expasure data, and
b) make them avail able to fundng agencies and journal editors?

What oppatunities are there to use converging approacdes to reduce the number of
potential field parameters that might be biologicdly relevant? Can we estimate the
impad of alternative metric definitions onthe interpretation d “positive” studiesin the
same way that epidemoil ogists eliminate possble cnfoundng variables?

Has the focus on magnetic fields instead of eledric fields been fostered by the eae and
avail ability of measurement and cdculation techndogies rather than by biologicd and
epidemiologicd evidence?

What recommendations can be made to improve the reproducibility of field expaosures
aaosslaboratories?
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TABLE1
SELECTED MAGNETIC-FIELD PARAMETERSWITH REFERENCE TO SELECTED
HYPOTHESIZED BIOLOGICAL MECHANISMS

Specific Measure Applicable Research Areas
o)
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g 3 2 g
x 8 .8 9
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AC-DC Angle X X
AC-DC Parallel Magnitude X X
AC-DC Perpendicular Magnitude X X
AC RMS X
AnalogAC RMS X
Coherency Index X
DC X X
Harmonic Magnitude X X X X
Harmonic Phase X X X
Intermittency Index X
Low Frequency RMS X
Maximum Spatial Component X X X
Maximum Spatial Phase X X X
Minimum Spatial Component X X X
Minimum Spatial Phase X X X
Peak Magnitude X X
Peak Rate-of-Change X
Peak Resultant X X
Peak-to-Peak Magnitude X X
Polarization X X X
Rate-of-Change Intermittency X X
Resonance Indices X X
Resultant X X X
Transient Indices of Rise Time, Over-shodt, Settling Time, Natural Freguency X
Transient Peak Rate-of-Change X
Very-Low-Frequency RMS X

Source Recommendations for Guidelines for Source Measurements, Eledric Reseach & Management, Inc., May, 1997.
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