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PREFACE

This report is based on a litterature survey done by the author for a
paper on recent development of "Human exposure assessment and
dosimetry" which will appear in Reveiw of Radio Science 1992-93.

The author has extended that material with information on
basic physics and historical background in order to make the report
more accessible for an inexperienced reader.

The rules set up by Review of Radio Science have been maintained
also in this report, which means e.g. that only papers published in
the open litterature have been included. Conference reports are
mentioned occasionally, and only if they are found important for the
total context.

Lars-Erik Paulsson



Many people associates the word "Exposure" with taking a snapshot with
a camera. That situation indeed involves an exposure assessment by the
photographer ^nd also dosimetric considerations by the film
manufacturer. The similitude is a perfect starting point for this
paper as it immediately leads us to think of the meaning Tf the words
"exposure" and "dose".

The photographer generally measures the luminosity of the object and
uses known photometric relations to calculate the amount of light
falling onto the film for a desired lens aperture. The manufacturer of
the film has gone through laborious tests and developments to
characterize the response of the film to various "doses" of light. For
the intended purpose the blackening of the film can be regarded linear
with the time integral of the illuminance of the film.

D L dt

Where D denotes the desired "dosimetric quantity", the density of the
film, and L denotes the luminosity of the object as being a measurable
"exposure" quantity. For this purpose the intrinsic properties of the
film and the photometric laws justify such a basic approach for
exposure assessment and dosimetry-

However, human exposure assessment and dosimetry of electromagnetic
fields in the range of ELF to microwaves imposes several difficulties
and pitfalls. The basic approach might well be a good starting point
also in this field particularly since many other types of human
exposures seem to follow similar relations. For example, you obviously
get more sunburned from two hours in the sun than fro:?, one. The
intuitive association to the basic dose concept for EM-field exposure
can however cause serious mistakes.

One of the major problem is the lack of detailed knowledge of the
biological effects of EM-fields especially in the lower part of the
spectrum. The response of the molecules, cells, tissues or organs of
the human body to EM-fields has simply not been sufficiently
characterized. Completely different dosimetric concepts must be
applied if the response is linear with eg. induced current or the
response has a complicated relationship to specific amplitudes and
frequencies of the field with possible additional influence by other
fields or factors.

Another problem arises from the fact that the coupling from externally
measurable quantities such as field strengths or power densities to
the internally active dosimetric quantity such as temperature, power
deposition, induced current or others is not as well known or
calculable as in the photographic similitude. In fact this coupling
involves theoretical considerations and computations well beyond the
scope of this paper.

In the ideal case, the active dosimetric quantity should be measured
in situ in the human body. This is of course not reasible in practical
work except in special cases of intended exposure for medical
treatment or in special experimental setups. As a surrogate to this
the active quantity is often inferred from some more easily measurable



quantities through the use of model measurements or calculations. In
some cases the external field strength might not be accessible for
measurement. This is typically the case in many epidemiological
studies where the exposure has to be assessed for periods of time 10-
40 years back. In these cases other estimates are often used. As they
often involve subjective judgements they may be influenced by
psychological or other biasing factors.

The author has during the preparation of this paper found it
astonishing and amusing to see that some of the problems discussed
above were found and remedied more than 50 years ago. In a paper
titled "Dosage Measurements in Shortwave Diathermy" Mittleman and
Kobak [1936] discussed the need for "dosage" measurements in physical
therapy and devised a technical solution to the problem. Despite the
tremendous technical development that has taken place during the past
half decade this area has developed through many small advancements
and no panacea has ever been found.

2. EXPOSURE, DOSE AND BIOLOGICAL EFFECTS

2.0.0 Exposure assessment

In general exposure assessment is the determination or estimation of
relevant quantities related to the exposure of an individual or a
group to an agent in the environment. In simple cases this is
accomplished by measuring the magnitude, frequency of occurence or
rate of change of the agent. A correct exposure assessment can only be
performed if the dosimetry of the relevant agent is understood. In
case of exposure assessments for the purpose of epidemiological
studies of health effects exposure assessment also involves the
correct identification of the inviduals or groups exposed to the
agent. The actual measurement or other quantification of the exposure
is often the easiest part of the process once the relevant quantities
have been defined.

2.0.1 Dosimetry

In general dosimetry is the determination of the "dose" eg. the
compilation or accumulation of an agent or a derivative thereof which
is active inside the human body as a result of an external exposure to
the agent. The dosimetry is meaningful only if the relevant agent nas
been defined, which requires some knowledge of the biological
mechanisms of interaction. The dosimetry forms a link between an
external exposure and the internal active processes in the human body.

2.1 Mechanisms of interaction with humans

It is far beyond the possibilities of this paper to review the full
literature of biological effects of EM-fields from ELF to microwaves.
The reader is referred to overview articles by Gandhi [1982], Tenforde
and Kaune [1987] and Saunders et al [1991]. As pointed out in the
introduction the mechanisms are to a large extent insufficently known
and in many cases only speculative. It is however without doubt that
biological effects indeed occur and have been observed for a variety
of frequencies and amplitudes. What is uncertain is the relevance of
these observations to human health and the intrinsic mechanisms of the
effects. In this paper the following phenomena will be discussed:



thermal effects due to whole body heating
thermal tiffects due to localized heating

ELF-LF fields

triggering of excitable tissue (nerves and muscles)
possible influence on embryonic development
possible relationship between cancer and field related quantities.
possible effects of observed resonance effects on ion binding and
transport.

2.2 Physical Quantities

The strength of the electric field E, in V/m, and the magnetic field
H, in A/m, are the two basic quantities used to describe the magnitude
of EM-field exposure. For the microwave part of the spectrum the power
density S, in W/m2, is a useful descriptor although it it usually not
measured itself but calculated from a measured E-field. It should be
emphasized that the use of power density is only relevant when the
exposure is in a true far-field condition eg. at large distance from
the source.

High frequency fields penetrating the human body cause heating. The
time rate of energy absorption per unit mass is called SAR (Specific
Absorption Rate) and is measured in W/kg. It is the commonly used
dosimetric quantity at high frequencies.

The interaction at low frequencies can presumably be either through
the currents induced in the human body by the external field or
through the internal fields themselves. For the purpose of calculating
the induced currents additional quantities, electric and magnetic flux
densities are used. The magnetic flux density B, in T, is used
extensively and is throughout this paper used more or less
synonymously with the magnetic field strength. This nonstringent use
is justified by the fact that in nonmagnetic material, such as the
human body, the two are related only through a constant (4 n 10E-7).
In the times of cgs-units the magnetic flux density was given in
gauss, 1 gauss = 10E-4 T.

The law of induction relates the induced field strength (or current)
to the time derivatives of the flux densities. A time varying magnetic
field causes an E-field along the perimeter L of a surface of area A
given by the relation:

r
E dl =

L

dB
— dA

A dt

The induced current density J, in A/m2, relates to the internal E
field simply by Ohm's law:

3 -= a E

where o is the conductivity, in S/m.

The current density J is the nost commonly used dosimetric quantity at
low frequencies - a use that may be justified if the effect is for



examples triggering of action potentials but not if the effect is a
resonance phenomenon involving nonlinear transraembrane ion transports -

2.3 Heating

As described earlier the main effect of exposure to high frequency
fields is heating. The general energy balance equation for a small
volume 6V of tissue with density p and specific heat c is:

d/dt( Qd - Qc ) = p 6V c dT/dt

where T is the temperature in Kelvin. Qd is the energy, in Joule,
deposited or created in the tissue volume and Qc the energy removed
from the volume. Qc, p and c are in general temperature dependent.

For an external input of energy through say microwave radiation the
aforementioned SAR equals one part of the term dQd/dt/(p 6V). The
other part being the intrinsic energy production in the human body,
the metabolic rate, which amounts to berween 1 and approximately 20
W/kg when averaged over the whole body mass. The energy balance
equation is extremely useful for estimating SAR for a short exposure
to EM-fields as the SAR=c dT/dt for a small and short excursion from a
steady state condition.

An in depth treatment of the physics behind heating by EM-fields with
special emphasis on hyperthermic cancer treatment is given by Nussbaum
[1982].

2.4 Triggering of action potentials

It is a well-known fact that electric currents injected or induced in
the body can cause nerve sensations or muscle contractions. Pioneering
research was performed half a century ago by Dalziel et al [1943]. The
concept of induced currents as a basis for ELF-field dosimetry was
introduced by Bernhardt [1979, 1988]. The exposure standard adopted by
the IRPA (International Radiation Protection Association), IRPA
[1990], is based primarily on induced current densities.

2.5 Other mechanisms.

In a vast amount of recent literature it has been shown or suggested
that more intricate mechanisms for the biological EM-field interaction
may have to be taken into acount. These mechanisms involve the
transport of ions across intra or inter cellular membranes and they
show strong nonlinear dependence on field strength. Moreover they seem
also to be dependent on an accompanying static magnetic field (the
earth's field) and they show distinct resonant behavior with
frequency. Some recent references are [Yost and Liburdy, 1992;
Blackman et al, 1990; Lednev, 1991]. These findings will be extremely
difficult to include in regular exposure assessment procedures.
However one attempt has already been taken by Bowman et al [1991] who
complemented a previous epidemiologic study of childhood leukemia with
measurements of the static magnetic field and classified the material
in groups lying within and outside the predicted resonance bandwidths.
Due to a small number of studied homes the result war-; however not
statistically significant.



J..V: Complex environments, confounding factors and psychological

The purpose of most exposure assessment for health and safety purposes
is at the present stage of knowledge to provide exposure data for
epidemiologic or experimental studies. In the majority of cases the
exposure of an individual is measured by another individual, each
having their own personal views and opinions. There is naturally a
personal interaction in both directions during all contacts between
the two. Unless a very strict protocol is adhered to during these
contacts the outcome of what seems to be a strict physical measurement
will be influenced by this interaction. The situation is particularly
difficult in multifactorial studies where a lot of data are gathered.

In epidemiological studies it is common practice to analyse and take
care of covarying and confounding factors. The user of the result of
such studies is however not always aware of the accuracy or the
relevance of the exposure assessment method. A recent study of
pregnancy outcome among office workers Goldhaber et al [1988] reported
a significant increase of spontaneous abortions among VDU operators.
However the exposure was only classified as working or not working
with a VDU a certain time/week. Bearing in mind that the emitted
magnetic field from a VDU can differ two orders of magnitude among
different types [Paulsson, 1986], it is clear that such a result gives
no clues whatsoever whether the magnetic fields from a VDU can
influence embryonic development in humans or not.

3. MEASUREMENT TECHNIQUES AND INSTRUMENTS

3.1 Broadband - narrowband signals

The quantities to be measured in EM-field exposure assessment can be
quite different for different situations. The E-field from a high-
voltage transmission line has a nearly perfect sinusoidal time
variation and thus constitutes a single frequency peak at 50/60 Hz in
the spectrum. In other situntions nonsinusoidal signals are present
often together with other signals of different origin. The complex
fields around a VDU being a good example of this.

Many broadcast transmitters are often colocated at the same antenna
tower, a situation which creates a total field of several narrowband
signals occurring simultaneously. Microwave radars are mostly pulse
modulated with high peak powers and low duty cycles. Transients from
switches and sparks are in general very broadband as are the natural
fields from thunderstorm lightning. The most wideband signals
discussed today are those from nuclear EMP events.

3.2 Time domain versus frequency domain

As has been said initially a faithfull exposure assessment must
include measurements of those quantities that are relevant both for
the biological effects and the dosimetric relations. The uncertainties
about; the biological effects create a situation where physical
measurements often are taken with existing instruments with all their
limitations .just because no indications were given for a better
choice. One such serious limitation is the limited frequency bandwidth
of all measurement instruments. Thus only a pari; of the total signa]
is measurer!.



I! the characterization of the exposure is possible in the» frequency
domain the bandwidth of different sensors or instruments are of no
qreat importance. The full spectrum can always be added together from
the different parts. But spectrum analyzers do normally not measure
phase, so a transformation back to the time domain will not give a
true reproduction of the total timeshape of the signal. A direct
summation of all spectral amplitudes will however give the highest
possible peak value, and a quadratic summation will give the true rms-
average.

Frequency domain measurements tend to be time consuming and difficult
but are in some cases very useful for initially sorting out the
different components in complex fields.

For practical exposure assessment broadband instruments or dedicated
narrowband instruments for special cases would typically be used.

3.3 Peak, average, rms detection

The internal circuitry of the detector part of the instrument gives
the instrument different characteristics. Diodes are often used for
very broadband instruments for measuring peak or average amplitudes.
Diode based instruments often have a nonlinear amplitude response
which can be corrected for in the case of well-behaved signals. They
usually tend to give erroneous readings in multisignal environment eg.
a broadcast tower with many different transmitters.

Rms-sensitive instruments for high frequencies normally use thermal
detectors as eg. a thin film thermocouple. Instruments for the ELF and
LF part of the spectrum uses real time sampling of the waveform and
subsequent computation of a rms or other type of average by a built-in
in microprocessor. Commercially available instruments of the latter
kind show excellent accuracy and stability.

3.4 Power density

To the author's knowledge there are no instruments in use today where
the power density actually is measured. Those used for the microwave
or RF part of the spectrum all measure E or H field but present the
reading in W/m2. A microwave horn antenna connected to a power meter
is a realization of that concept.

3.5 Electric and magnetic field measuring instruments

For reviews of basic techniques and earlier state of the art the
reader is referred to Tell [1983], Conti L1985] and Allen [1991]. A
comprehensive summary of different E- and H-field measurements is
given by Hansson Mild and Lövstrand [1990]

3.5.1 Electric field

The basic problem encountered when measuring E-fiolds is the
interaction of the measuring probe with the fielc to he measured.
Ideally the probe :>hal 1 be .small and transparent, to the field. The
connecting cable shall not perturb the field or conduct common mode



volt\<a>/»s to tht' readout instrument. For practical instruments these
are r.ore or less impossible requirements, especially at low
frequencies. There are two possible ways around this:

1. to accept a perturbation of the field and arrange the measuring
sotup to take account for thxs.

2. to make the sensor small and self-contait.od and to couple it to
the readout via optical fibers.

The first method has been used extensively in characterization of the
E-field from VDUs in Sweden (see chapter 5).

The second method shows great promise for the future and several
papers have been published recently; [Driver and Kanda, 1988; Jokela
et al, 1989; Schneider et al 1991]. The probes are however quite large
in present designs. A small fiberoptic probe for internal field
measurements is discussed in paragraph 4.2.2.

3.5.2 Magnetic field

The magnetic field is much less sensitive to perturbation from the
measuring probe than the E-field. Even probes that generate
considerable counteracting fields themselves do not influence the
accuracy of practical measurements unless they are extremely tightly
coupled to the source.

All practical instruments in use today for AC-field exposure
assessment use the principle of a measuring coil. The induced voltage
in a coil i^:

e = N A dB/dt

where N equals the number of turns and A is the cross-section area of
the coil. It is fairly easy to wind three coils in an orthogonal
fashion to achieve nondirectional sensitivity. This technique is used
extensively today. A basic problem is the inherent bandwidth
limitation of coil based instruments. By measuring the induced voltage
e of the coil, good accuracy can be acheived over about three orders
of magnitude in the frequency domain, the low limit being set by the
required sensitivity with respect to instrument noise and the upper
limit by the self resonance of the coil together with its electronics
and cables.

Recent developments have been towards a broadening of the frequency
response mainly by manipulating the impedance of the coil load;
[Hauser, 1990; Esselle and Stuchly, 1990; Stuchly et al, 1991].

The technique of using optical fibers to isolate the probe from the
readout is not needed for a H-field probe from a field pertubation
point of view. However strong RF-fields can be very difficult to
measure due to common mode voltages on the connection cables. One
fibre-optic method was described by Oleson [1982] but no further
development: seemr; to have occurred.



i .:•>..i "Dosimeters"

The word dosimeter is inappropriately used for E and/or H field
measuring instruments that are intended to be worn by an individual
over some period of time and where the instrument itself contains
microprocesser controlled procedures for data logging and evaluation.
The ability of these instruments to calculate time weighted averages
or integrated "doses" over any period of time has created their name.
These instruments are by far the most commonly used today for ELF-
field exposure assessment. One of them, the EMDEX, was originally
developed as part of the research program of EPRI [Sussman, 1988],
another was described by Deadman et al [1988] and by Heroux [1991].
Both designs use three-dimensional H-field probes and a flat E-field
probe for measuring the field incident on the human body where the
instrument is worn. Different models differ in the data acquisition
procedures, sampling rates and in added extra sensors eg. for
transients. Early achievements are summarized by Lattarulo [1985].

3.5.4 Calibration of field strength meters

For a general overview the reader is referred to Tell [1983]. The TEM-
cell is used extensively for VLF-RF frequencies [Crawford,1974; Tofani
et al, 1986; Wood et al, 1987; Ma et al, 1991]. The main drawback with
the TEM cell is the relatively low magnetic field strength that is
possible with reasonable amount of power. For the ELF-VLF range it is
therefore common to use standard coils, either of the single plane
type or of the so called Helmholz type. The author has in his own
laboratory obtained total inaccuracies around 1 % in calibration
setups using Helmholtz-coils at frequencies <100kHz.

Outdoor measurements with commercial isotropic E-field probes in a
broadcast tower environment show good agreement between calculated and
measured values [Jokela 1988] and between values obtained with
different measurement techniques [Tofani and Ossola 1992].

3.6 Static magnetic field

As has been said initially, some of the more intricate biological
effects discussed involve not only exposure to the actual AC E or H
field but also to an accompanying static field. The relevant
instrument type to use if such measurements ever become common
practice in exposure assessment is a magnetometer of the so called
flux-gate type. Such instruments have suitable sensitivity and very
good accuracy and stability. In general proton resonance magnetometers
are unsuitable because of the inhomogeneous fields encountered indoors
as are Hall-effect magnetometers due to their low sensitivity and poor
stability.

4. DOSIMETRY

Basic dosimetry studies involve determination of the internal field
strength, SAR, temperature or other quantity inside the body for a
certain external exposure. This can normally not be done for living
humans. Phantom models are used extensively. In the latest
contributions those models include major anatomical structures of the
body.



4. i Whol»> ho.iy SAH

one method ot measuring the whole body average SAR for a known
fieldstrength is to place a phantom or a living human in a large TEM-
cell and measure the amount of power flowing into and out from the
cell. The difference equals the absorbed power in the human body. Such
a technique was used with great success in the 3-40 MHz band by Hill
[1934, 1985a, 1985b]. There have however not been any further advances
with such methods.

Calorimetric methods have been used by Olsen and Griner [1987, 1989]
for whole body and partial body SAR measurements on human phantoms.
Such methods offer the potential of measuring SAR in actual high power
exposure situations but are very laborius and time consuming to use.

4.2 SAR or current distribution

4.2.1 Internal RF-field techniques

The SAR can be calculated from a measured internal E-field by thfc
relation SAR = a E2/p, where p is the density of the tissue, o the
electrical conductivity and E the measured internal E-field.

Development in this area started more than 15 years ago [Smith, 1975;
Bassen et al, 1977; Weil et al, 1984] with the use of small
implantable single axis monopoles or dipoles for the microwave range.
Three-axis probes are commercially available and have been evaluated
by Stuchly et al [1984] and Wong et al [1984]. In the latter paper
excellent agreement between computed and measured fields inside lossy
spheres and cylinders is found, especially for probes of small
diameter (3mm) in the range 350-2450 KHz. A technique for an optical
fibre readout has recently been descibed by Schneider et al [1991].

4.2.2 Internal ELF-field techniques

For the ELF range pr-obes for measuring E-field or current density in
tissue were described by Kaune and Forsythe [1985, 1988]. In the
latter paper they introduced a tri-axial probe with an 8mm distance
between the sensing electrodes. A similar approach was taken by Miller
[1991] who described a 2mm probe. Due to the extremely small current
induced in tissue by ELF-fields these probes need to be connected to
low-noise amplifiers and read out by phase locked loop detectors.

4.2.3 Temperature methods

As was mentioned in chapter 2.3 the SAR in tissue can also be measured
as the time derivative of temperature. The use of temperature
measuring techniques for SAR dosimetry is therefore very popular.
Again most of the techniques are not suitable for living subjects. In
one particular case, medical treatment of cancer by hyperthermia,
direct invasive temperature measurements are used. In that case, the
primary dosimetric endpoint is just temperature and it is not even
important that the thermometer used might disturb the field somewhat.
In those casorj the EMI -problem of disturbing the readout electronics
of the thermometer by the treatment field is more severe.



Overviews of earlier acheivments can be found in [Cetas, 1978, 1982;
Chrislensen, 1979]. A temperature T>be based on a high-resistance
thermistor connected to two pairs oi very high-resistance leads was
originally described by Bowman [1976]. It has been commercially
available and in extensive use both for hyperthermia and for
dosimetry. Olsen and Bowman L1989] have described new readout
electronics to be used with that probe.

In later years it has been replaced in many studies by fiber-optic
probes. One that is commercially available and described by
Wickersheim [1986] is based on the temperature dependence of decay
time of fluorescent phosphors.

In a recent advancement Katzir et al [1989] descibe a radiometer type
of fibre-optic thermometer where the IR-radiation from the measurement
point is brought to the detector through an IR transparent fiber.

For hyperthermia dosimetry thermocouples have been in extensive use.
Their inherent drawbacks have been analyzed and in many respects
remedied by Andreuccetti et al [1989].

4.3 Experimental SAR-studies

Pioneering experimental SAR studies were performed using a
thermographic technique mainly on scale models by Guy et al [1971] and
Guy [1976]. The technique is difficult if full scale models are to be
used. Further studies therefore make use of insertable probes as
described in paragraphs 4.2.2 and 4.2.3.

Full scale homogeneous models of man have been extensively used for
SAR distribution probe measurements in the VHF-UHF band both for far-
field and near-field conditions [Guy and Chou, 1986; Kraszewski et al,
1984; Stuchly, S.S. et al 1985; Stuchly, M.A. et al 1986]. The latter
group extended their studies some years later to include heterogeneous
models which include skeleton, brain, lungs and muscle; [Stuchly, S.S.
1987]. The latter paper has been much used in evaluating exposure from
mobile telephones.

Recently three papers have appeared that specifically deal with SAR
distribution in realistic models of a human head exposed to UHF mobile
telephone emissions [Cleveland et al, 1989; Joyner et al 1992; Kuster
and Balzano 1992]. It is notable that dosimetric studies of near-field
or mobile phone exposure do not relate the measured SAR to the
external field but rather to a radiated amount of power.

4.4 Theoretical SAR studies

The instruments and procedures discussed in the preceding paragraphs
give the relevant tools needed both for exposure measurements and
dosimetric studies. For the relation between "exposure" and "dose"
there are however other and equally valuable tools, namely theoretical
calculations. Such efforts have been very successful during the last
decade due to the rapid development of efficient computers. The
earliest attempt relied on analytical methods but later numerical
methods were used with great success. In the latest achievements
anatomically detailed body models are used. It is beyond the scope of
this paper to fully review the literature in this area.



The reader ^ill however get a reasonable insight into the matter from
[Gandhi eL al, 1977; Durney, 1980; Sullivan et al, 1987, 1988; Chen
and Gandhi, 1989; Dimbylow, 1991; Dimbylow and Gandhi, 1991] for
papers covering the RF and microwave part of the spectrum.

Recent advancements covering realistic exposures around plastic
sealers are given by Chen et al [1991]. A comparison of calculations
and measurements in a realistic model of man is reported by Spiegel et
al [1989]. The general behaviour of the calculated and measured SAR
distributions agree fairly well. In specific points discrepancies of
one order of magnitude are possible. Also the intricate exposure
situation occuring from the use of mobile telephones have been
analysed with numerical techniques [Chatterjee et al, 1985; Stuchly et
al, 1986]. The experimental studies presented in the preceding
paragraph do however show greater promise for this area.

Similar techniques have also been applied for lower frequencies [Chen
et al, 1986; Dimbylow, 1988; Takemoto-Hambleton et al, 1988; Takuma et
al, 1990; Polk and Song 1990; Hart, 1990]. Earlier ELF contributions,
also covering measurements are discussed by Kaune and Phillips [1985].

4.5 Induced and contact currents

One of the most recent major advances in the area of ELF-RF dosimetry
is the inclusion of the concept of induced and contact current. Such
currents can be measured and they can, by the use of simple equivalent
circuits, be related to more commonly used dosimetric quantities. A
basic theoretical approach was taken by Deno [1977], who derived
formulas for the distribution of induced current on the body surface
from E-field ELF-exposure. From those formulas it was evident that a
large amount of current actually passed to ground through the feet.
Gandhi et al [1985] used the same concept to estimate the current in
the legs and ankles of a standing man exposed to RF-fields in the
range <30 MHz. They found and warned aginst very high localized SARs
in the ankles even if the subject was exposed well below the exposure
standards.

The original formula derived by Deno can with slight modifications
describe the foot current with good accuracy up to approximately 40
MHz. If I denotes the foot current, E the vertical E-field, h the
height of the human and f the frequency the formula is:

I = 1.08E-10 h2 f E

The formula predicts a current of 800 mA in the feet at a plane wave
exposure to 61 V/m (a commonly used exposure standard) at 40 MHz.
These findings created a lot of activities in this area and further
advancements occurred [Gandhi et al, 1986; Conover et al, 1992]. In
the latter paper it is stated that SARs calculated from measured foot
currents provide a better estimate of worker exposure (for dielectric
heaters) than do field strengths. It also raises new questions of the
effects of posture and position of the exposed worker.

The concept of characterization of the currents flowing to a body in
an electromagnetic field can be extended to cover other contact points
than the feet. The impedance of the body through a hand or a finger
was measured by Kanai et al [1984] for frequencies from 100 Hz to 500
kHz. This knowledge facilitates the use of equivalent circuits when
calculating current in specific situations. Lin et al [1990] included

\7.



the field coupling from other objects (a car) into the analysis. It is
obvious from such studies and from the author's own experience that
contact currents are by far the major problem in most practical
exposure situations where human activities inlude the touching of
objects. It is anticipated that this will be a major area of future
concern.

These concepts have recently led to the introduction of commercial
instruments both for induced and for contact current for frequencies
from the ELF range up to RF.

5. EMISSION OR EXPOSURE

Many environments where exposure assessment is needed are so complex
that an on site measurement of relevant quantities is extremely
difficult. If however the relevant sources themselves can be
characterized in a laboratory environment the exposure assessment
procedures on site might be reduced to studies of the individuals
working tasks, behaviour or activities with time. The laboratory
measurements of emitted fields are generally referred to as emission
measurements. The author wants to emphazise the possibility of using
good emission measurements as a basis for exposure assessment.

The following discussion will be limited to the VDU issue. A
cathodray-tube base VDU emitts E and H fields with complex spatial and
temporal characteristics. Several studies quantifying the emission
fields have been published during the last decade [Stuchly et al,
iy83; Harvey, 1984; Marha and Charron, 1985; Paulsson, 1986; Jokela et
al, 1989; Hansson Mild et al, 1990; Tofani and D'Amor«, 1991].

An extensive program for laboratory measurements of VDU emission has
been in use in Sweden since 1987. The latest revision of the test
methods, covering E and H fields in the ELF-VLF range, has not been
published in the open literature. It can however been obtained from:
SWEDAC, Box878, S-501 15 Boras, Sweden as report MPR 1990:8 issued
1990-12-01.

According to the author's experience it is not possible to
characterize "VDU-exjosure" from on site measurements in the office
environment.

Most emission measurements performed today are based on established
EMI or similar standards (as the MPR standard cited). They all make
use of techniques and instruments discussed in chapter 3. A completely
new approach for emission measurements on small sources has recently
been suggested by Kanda and Hill [1992]. They suggest a method using
three orthogonal loop antennas surrounding the object. The method
makes it possible to measure both E and H fields.



6. EXPOSURE ASSESSMENT BASED ON PHYSICAL MEASUKEMENTS

An exposure assessment procedure will in general involve the following
steps:

1. identification of the individuals and their environment
2. definition of the biological effects involved
3. linking the biological effects to measurable exposure quantities

by the use of known dosimetric relations .
4. taking measurements of relevant quantity and compiling the data.

The compilation of data will in most cases be necessary in order to
get manageable results. The type of statistical computations to be
used depends the biological processes involved. One example will
clarify this. For an effect that involves an amplitude threshold the
number of occasions or the time spent over the threshold might be the
relevant quantity whereas the use of long-term averages might be
misleading.

The measurement step (4) also involves a decision on the number of
measurements both in time and space. That process is influenced both
by the behavior of the individual and by the stability of the
environment and of the signals to be measured.

For the ELF frequency range steps 2 and 3 are not fully understood and
have thus not been included in previous exposure assessment
procedures. In those cases the "exposure" estimates are intended to be
used in some hypothesis testing process and for that purpose it might
be well worth the efforts to include as many quantities or metrics as
possible in the initial screening process. Spot measurements of both E
and H fields are reported by Heroux [1987]. Tomenius [1986] used spot
measured H field for an epidemilogic study.

Results of extensive measurement programs using "dosimeters" and spot
measurements and covering both residential and occupational exposure
to ELF field have recently been presented [Deadman et al, 1988; Silva
et al, 1989; Kavet et al, 1992]. The first mentioned paper also
includes the registration of high frequency transients.

The different metrics used in the data compilation from these studies
have been compared by Armstrong et al, [1990]. The relevant metric is
however still an open question until a proper definition of the
biological effects and their associated dosimetry is presented.

7. EXPOSURE ASSESSMENT BASED ON OTHER ESTIMATES

In some cases the actual exposure will not be measurable or will
otherwise be difficult to characterize by measurements. This is
particularly relevant in retrospective epidemiological studies. In
other cases the dosimetric step will provide all necessary physical
measurements and the exposure assessment can be based on time or
activity registrations.



Models or surrogates for exposure measurements can be based on:

type of industry
type of job
time/activity or task determinations
emission measurements

for the occupational environment and

distance to identified sources
wire code index
use of specific appliances
time/activity determinations

for the residential environment.

The author will not go through details in all these possibilities
because most of them are more or less obvious as soon as the relevant
biology and dosimetry have been defined.

The wire code index deserves however some comments a? it has been
extensively used in many ELF epidemiological studies. Originally
Wertheimer and Leeper [1979] classified the homes of childhood cancer
victims on observation of the distance to, and appearance of,
electrical power lines in the vicinity. In order of descending
exposure the classes are VHCC (very high current configuration), HCC
(high current configuration), LCC (low current conf.), VLCC (very low
current conf.) and Buried. The outcome of the epidemiology showed
significantly more cases over controls for those classes (wire codes)
that were associated with an expected higher magnetic field strength.

In subsequent studies [Wertheimer and Leeper, 1982; Savitz et al,
1988], the same principles were used and the epidemiologic findings
were similar. In the latter study on site magnetic field measurements
were performed in parallel with the coding process. An interesting
observation in that study is that the stastistical strength of the
result is better if the material is classified according to wire-codes
than if it is classified according to actual measured magnetic field.

In an attempt to relate the wire-code index to the measured magnetic
field Barnes et al [1989] concluded that: "there is a slight tendency
for magnetic fields to increase in order predicted by the wire
configuration codes" and "these findings indicate that the
relationship between fields and wire codes is well beyond chance but
that the correlation is far from perfect".

The use of wire code indices was questioned by Keam [1988] and the
original contributors [Leeper et al, 1991] have suggested a
modification of the code which takes different electrical wiring
schemas into account.

Very recent efforts, only discussed at conference meetings, are
devoted to the search of sociological or other factors covarying with
the wire code index. A physical factor that probably will be much
discussed in the future is the existence of transient fields.

In recent years some additional advancements have been made to
estimate ELF exposure without reverting to extensive measurement
programs [Delpizzo, 1990; Mader et al, 1990].



8. FUTURE DEVELOPMENT AND TRENDS

It is quite clear from the preceding paragraphs that human exposure
assessment and dosimetry of electromagnetic fields is well supported
by instrumental techniques. Developments of more detailed models for
dosimetry purposes is anticipated especially in the area of
theoretical calculations as is the use of induced or contact currents
in RF exposure assessment. The author can foresee a rapid development
in these areas. From posters and presentations at recent conferences
it is also obvious that we can anticipate a development of concepts
and techniques for the inclusion of transients in ELF-HF exposure
assessment.

However, it is the opinion of the author that exposure assessment and
dosimetry of electromagnetic fields in the frequency range from ELF to
microwaves is at present severely limited by the lack of knowledge of
the biological effects that might be involved. The present state of
the art concerning instruments and techniques is relevant for most
measurement tasks and further developments need to wait for better
biological or biophysical definitions of the relevant quantities to be
measured.
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SSI-reports published in 1992

Number Title Author
(subtitle)

01 Publikationer Informationsenheten

02 Skärm-film systems känslighet M. Sandborg, G. Nilsson
Gunilla Hölje

03 Vad är rimligt att betala för att förhindra ett Curt Bergman
cancerdödsfall

04 Harmonisering av spridnings- och dosberäknings- Olof Karlberg
modeller vid SS1 och kärnkraftverken

05 Studie av besiktningsrapporter från röntgen- Per-Göte Blomgren
installationer inom sjukvården Britt Hedberg Vikström

06 Swedish Radon Programme Jan Olof Snihs
Invited paper for Radon 2000, a national conference
on radon exposure, 26-27 March 1992, London

07 SFR-1 — Granskning av SKB:s Fördjupade Arbetsgrupp SKI och SSI
Säkerhetsanalys

08 Bilaga till SFR-1 — Granskning av SKB:s Arbetsgrupp SKI och SSI
Fördjupade Säkerhetsanalys

09 Kontrollmätning av låg- och medelaktivt avfall Olof Karlberg
avsett att slutförvaras i SFR-1 Ann-Christin Sandin

10 Vad får skydd mot strålning och andra risker kosta Gunnar Bengtsson

11 Om kärnavfallets historia Lars Persson

12 Lena Win 1.0 Users guide Ulf Bäverstan

13 Kvalitetssäkring av scintigrafisk metod i Sverige Stig A. Larsson et al

14 Forskningsplan för utlagd strålskyddsforskning Forskningssekretariatet
1992/93

15 Kärnkraftindustrins -aktivitctsutsläpp Huvudenheten för
-yrkesexponeringar 1991 kärnenergi

16 Biologiska effekter av lågfrekventa elektriska Prof. Gunnar Ahnström
och magnetiska fäll



SSI-reports published in 1992

Number Title Author
(subtitle)

17 Non-Ionizing Electromagnetic Exposure Lars-Erik Paulsson
Assessment and Dosimetry


