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Units
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Characteristlon of exposure fields

Quantity Unit

Frequency hertz (Hz)

Wavelength metre (m)

Electric field strength volt per metre (V rnm)

Magnetic field strength' ampere per metre (A rn1)

Magnetic flux density* tesla (T)
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Doslmetric quantities

Quantity Unit
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Specific energy absorption watt per kilogram (W kg")
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Abstract

This review consists of three main parts. In the first the general features of electromagnetic

fields and their interactions with the human body are described. It is pointed out that some evidence

from biological experiments means that it is not a priori possible to conclude that there are no long-

term effects on human health from exposure to levels of electric and magnetic fields below the

thresholds for electric shock, burn and overheating.

The second part deals with the epidemiological evidence for effects on general health and

birth outcome. It is considered that the bulk of the evidence suggests that there are no long-term

effects on general health from the levels to which people are normally exposed from power

frequencies, radiofrequencies or microwaves. As regards birth outcomes, the average female user

of visual display units (VDUs) does not seem to be at risk of adverse birth outcome. There is a

little evidence suggesting that intensive use is associated with an increase in spontaneous abortion,

but this could be a result of higher job stress and postural problems rather than of exposure to the

small electromagnetic fields.

The third part describes the epidemiological evidence from occupational and residential

studies of a possible association between electromagnetic field exposures and cancer. Studies of

electrical and electronic workers are suggestive of such a link, but are subject to the confounding

factor of occupational class. If the association is real, the average excess risk appears to be small.
Residential studies in both the USA and Sweden, but not in the UK, are suggesive of a strong link

between living near to an electrical installation and childhood cancer. In the most comprehensive

of the American studies there are correlations between living near high densities of electric power

supply cables and traffic density, and also between traffic density and childhood cancer. As well

as this confounding factor, there may also be other social-economic factors that may in part explain

the observations. In all studies the association of cancer with domestic magnetic field levels is

much weaker than with measures of proximity to electrical installations. While the evidence does

not justify an excessive concern about domestic magnetic fields from electrical appliances or power

supplies, neither is there any justification for complacency about the possible influence of

electromagnetic fields on carcinogenesis. Further research to establish whether there is a real

association should be carried out. Recommendations for such research are made in the report.
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1 Introduction
Along with the general increase in life expectancy in western countries in the last 50 yeaws,

which is associated with the elimination of major infectious diseases and the higher standards of

living represented, for example, by better heating and refrigeration, there has emerged an increased

awareness of the possible health hazards arising from many of the industrial processes and products

responsible for these higher standards. One area in which this increased awareness has been evident

is associated with the employment of electricity for the provision of power, communications,

navigation and radiolocation. The use of electricity in these applications of necessity generates

electric and magnetic fields. The extent to which the use and propagation of electromagnetic

energy has increased in the UK since the early 1930s can be gauged from Table I. This compares

the increase in electric power generation and the transmission of radiofrequencies by the major

broadcasting authorities with changes of life expectancy. Table 2 shows the statistics for

infant mortality.

Following consultative documents published in 1982 and 1986 (NRPB. 1982, 1986), NRPB

in 1989 published guidance on restricting exposures to electromagnetic fields of all frequencies up

to 300 GHz (NRPB, 1989). The objective of this guidance was the prevention of acute effects due

to electrical shock, burn and overheating. However, there is some evidence for effects from low
level electromagnetic fields at all levels of biological organisation (NCRP, 1986; Ahblom et al.

1987). The evidence for these and the acute effects is summarised in companion NRPB reports

(Kowalczuk et al, 1991; Sienkiewicz et al, 1991; Saunders et al, 1991). The levels at which acute

effects occur correspond approximately to those at which the induced electric potentials in cells

exceed the intrinsic thermal-electrical noise levels. The available evidence suggests that effects are

possible at levels which ar- 100 to 1000 times lower and possible mechanisms have been proposed

to explain this evidence. Some of these are outlined in Section 1.2. It is not possible to say with

certainty what implications much of this evidence has for human health. The data in Tables I and

2 might be taken to suggest that for the majority of the population any harmful effects are

outweighed by the incidental benefits and the risks, if any, are rather small. However, this does not

prove the absence of possibly high risks to some groups of the population or from certain types of

exposure to electromagnetic fields. There are in any case many other factors involved in the

improvements in health and life expectancy during the past half-century. It is the purpose of this

report to review the available human data for evidence of any long-term risks to health from

electromagnetic field exposures.

The risks considered are:

(a) of various categories of non-cancerous ill-health,

(b) of effects on birth outcome,

(c) of the induction or promotion of cancers.

Concerns about general ill-health began to be taken seriously in the late 1960s and early

1970s. In recent years these concerns, which are dealt with in Section 2, together with those about

birth outcome, seem to have diminished and have been replaced by increased concern about the

possibility of cancer induction and promotion. In order to help put this concern in perspective, some

aspects of the general epidemiology of cancer are dealt with in Appendix A. The evidence for

specific cancer risks in relation to electromagnetic fields is described in Section 3.

This report is meant for general readership rather than for the technically expert. Some



additional informatio.to help understanding is therefore included below and some statistical and
epidemiological terns used ae explained in Appendix B.

1.1 Measures of electromagnetic fields

The two fundamental quantities associated with electomagnetic fields we frequency and
wavelength. Conventionally, the frequency range is from zero (static) up to 300 gigaher (0Hz),
Figure I. Above 300 G&H the region of optical radiations begins with infrared radiations and
progresses with increasing frequency and decreasing wavelength through the visible region to
ultraviolet radiations and then to frequencies at which ionising radiations begin.

One way of describing electromagnetic fields is in terms of the radiation from the classical
dipole aerial (or antenna) that is used for receiving and transmitting radio and television signals.
An aerial of this type is shown in Figure 2. When a generator of alternating voltage and current
is attached between the two arms of the dipole, electric charges of opposite polarities flow into and
then out of the two arms. As shown in the figure, electric lines of force connect the charges in the
two arms and constitute the electric field. As a result of the flow of electric current in the arns of
the dipole, magnetic lines of force are produced around the arms and constitute a magnetic field at
right angles to the electric field. In a similar way, electric and magnetic fields we produced about
any cable carrying an electric current. The larger currents produce larger magnetic fields. An
electric field, however, may exist even if there is only a very small or no current flow in a cable.
The combined electric and magnetic fields propagate outwards from the aerial with the speed of
light in a direction at right angles to both the electric and magnetic fields in the direction marked
S in the diagram. The electric and magnetic fields we denoted by the letters E and H.

The measurement units of the electric field, E, are volts per metre (V mn") and those of the
magnetic field, H, are amperes (amps) per metre (A rie). The quantity S is known as the Poynting
vector and is the rate of transmission of electromagnetic energy, with units of watts per square metre
(W m'2). This rate of transmission of energy is usually referred to in radio technology as the power
flux density and in optical technology as the irradiance.

At very large distances from an aerial, ie two or three wavelengths, there are simple
relationships between the magnitudes of the power flux density and the strengths of the electric and
magnetic fields. These are

Power flux density = Electric field strength x pagnetic field strength
(W m-2) (V m"1) (A m"!)

Power flux density (W m-2) = [Electric field strength (V m')]/377

Power flux density (W m"2) = [Magnetic field strength (A m-1)]2 x 377

The factor of 377 is the electrical impedance of free space, in ohms. As a result, the following are
equivalent:

1OOW M2 m 194 Vm-1  0.515Am"1
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However, close to the source or aerial these relationships no longer hold, because of phase

differences between the signal from different jps of the source. In particular, they do not hold

for the electric and magnetic fields generated by cables and electrical equipment operating at the

domestic power frequency of 50 Hz, since, as may be deduced from Figure 1, the distances that

people are usually situaed from these sources are very much less than the wavelength (6000 kin).

In different materials the force exerted by the magnetic field on a magnet or on a moving

electric charge is p•oportional to the magnetic flux density, B, which is related to the magnetic field
strength, H, through the permeability, p. of the material:

B=pH

The unit of measurement of the magnetic flux density is the tesla (M). The permeability

of animal and human tissues is almost identical to that of free air (1.26 x 106 henries pe: metre).

An older unit of magnetic flux density is sometimes encountered, the gauss (G). The relationships

between these magnetic quantities may be summarised as

I T n 10,O00G

1 A m-1  M 1.26 pT a 12.6 mG

1 mG a 0.10 pT

( m T (millitesa) - 1000 pT (microtesla) - 1,000,000 nT (nanotesla)

(I mT (iitsa 103 'PT -lO0ýnT i
Some examples of the electric and magnetic field strengths to which humans are exposed

in different contexts are listed in Table 3.

1.2 Physical Interaction of electromagnetic fields with the human body

As well es the magnetic permeability referred to above, there are two other properties of

human and animal tissues which are important in the physical interaction of electric and magnetic

fields with the body. These are the relative permittvity, e, and the conductivity, c. The

permittivity represents the influence of the electric field on the electric flux density and electric

charge in tissue; in a similar manner the permeability represents the influence of a magnetic field

on the magnetic flux density. Both permittivity and permeability are measures of the storage of

energy in tissue under the influence of electric and magnetic fields.

The electrons and atomic nuclei of which all matter is composed have associated electric

charges and magnetic moments. In atoms and molecules these become aggregated and also in more

complex molecular arrangements such as membranes, which are an essential part of the cellular

structures that make up tissue, Figure 3. Electrically charged ions are present in the cellular fluids

and the blood. Some molecules, which are otherwise electrically neutral, may have an apparent

excess of positive charge at one end and a negative charge at the other, thus forming small electric

dipoles. Atoms, molecules and chemical ions will tend to move and become aligned with the

directions of electric and magnetic fields because of their electric charges and magnetic moments.

If these fields change direction or oscillate, the atoms and molecules will attempt to change direction
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and also oscillate. The energy associated with these alignments and oscillations in electric and

magnetic fields of sturngths normally encountered by people is about one-million times less than the

energy associated with the random Brownian movement and vibration of the atoms and molecules

due to body temperature (Frohlich. 1982). Nevertheless, it is these alignments and their changes

of direction which are largely responsible for the electrical prperties of tissue and the absorption

of energy by the body from electromagnetic fields.

Static electric and magnetic fields do not produce any movement of electric charge other

than at the instant at which the fields are applied to the body. However, they do produce molecular

alignments. Movement of the body or the blood flow in a static magnetic field may induce electric

currents and potentials similar to the effects of movement of a conductor in the mnagnetic field of

an electric dynamo.
The electrical properties of tissue have been investigated and described by many authors

(Schwan, 1957; Grant et al, 1978; Schwan and Foster, 1980; Grant, 1983, Schwan, 1983a, b, c;

Barnes, 1986a,b; Polk, 1986; Takashima, 1989). Living tissue is characterised by an extremely large

electrical relative permittivity at low frequencies, Figure 4. which changes rapidly when the tissue

dies. Below 10 kHz the ability to store electrical energy represented by this permittivity is thought

to be due to the characteristics of the cells in the body and their outer membranes, Figure 3. These

membranes consist of an electrically charged phospholipid layer containing large protein molecules

(Fishman, 1984) which are capable of transporting a variety of other molecules into and out of the

cell. Although all the details of the transport mechanisms are not completely understood, they

involve enzyme reactions and sometimcs, potassium, sodium or calcium ions. The thickness of the

cell membranes is about 5 nm. As a result of the differences in the ion concentrations between the

insides of the cells and the surrotnding fluids, there is typically an electric potential of between

10 and 100 mV across the membrane. This corresponds to a static electric field of between

2 x 106 and 20 x 106 Vm"I. This very high field possibly influences the shape of the protein

molecules situated in and protruding from the membrane. It also results in a distribution of

electrically charged ions (counterions) on both sides of the membrane. The counterions can move

over the surface of the membrane under the influence of an applied electric field and the protein

molecules can move within it. It is conceivable that such movements may influence the shape and

function of the protein molecules affecting transport of substances across the membrane. It is

the movement of the counterions (Schwarz, 1962), and possibly ion tran•.ort by the protein

molecules (ionophores), that is thought to be responsible for the high permittivity of living tissue

at low frequencies.
As the frequency is increased above 10 kHz and up to about 10 MHz the permittivity is

considered to be due to the cells appearing as small non-conducting bodies. This is because

the electrical conductivity of the membranes is very low in comparison with that of the internal

and external fluids. The effect is to shield the internal structure of the cell from the electric

field. As the frequency is increased further the conductivity of the cell membrane increases and

the electrical properties of tissue are associated with biomolecules and water, the latter either

as water of hydration bound to larger molecules or as free water m the internal and external

cellular fluids.

Advances in understanding of the electrical properties of tissue have been paralleled by an

increased understanding of the interaction of electromagnetic fields with both cells and the huxman

body as macroscopic objects (Lin et al, 1973; Bernhardt and Pauly, 1973; Deno 1974; Deno and
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Zaffarella, 1975; Durney et al, 1978; Bernhardt, 1979; Pauly and Bernhardt, 1980, Schwan and

Foster, 1980, Gandhi, 1980; Durney, 1980; Schwan, 1983b; Gabriel and Grant, 1985; Gandhi et al,

1985; Dimbylow, 1987, 1988; Bateman et al, 1990).

A first approach is to regard the human body as a homogeneous sphere or ellipsoidal body

containing cells, which in turn are regarded as conducting spheres surrounded by insulating

membranes. For the lower frequencies at which the wavelength of the electromagnetic field is much

greater than the dimensions of the human body, ie for frequencies less than about 10 MHz, the

average internal field, Ei, inside the body at a point where the internal radius is R, can be related

to the average external electric field, Eo, and the average of magnetic fie!., Bo, by the equation

(Lin et al, 1973; Bernhardt, 1979):

Ei u + j2n fBoR (1)

In this equation % is the permittivity of free space (8.85 x 10-12 farad per metre), f is

the frequency in hertz, and a is the conductivity of tissue in siemens per metre. The symbol j

represents the square root of minus one and is used to denote a difference of 90W in angle between

the external j.zagnetic field and the internal electric field. The average values of the fields are the

root mean square (RMS) values of the amplitudes, which for sinusoidal fields oscillate between zero

and positive and negative values that are 1.4 times these averages.

The products 2UNo and 2firB 0 in the equation represent in physical terms the average

(RMS values) of the rates of change of sinusoidal fields. Some waveforms, particularly those which

are rectangular or sawtoothed, may have rates of change that are higher than those present in

sinusoidal waveforns. It is possible, therefore, that fields of nominaly the same frequency and

average field strength may differ in the internal field strengths they produce in tissue and their

effectiveness in producing biological effects.
The conductivity of muscle tissue at different frequencies is given in Table 4 and the

consequent ratios of the internal to external electric fields. It is obvious that at all frequencies where

the formula is approximately correct (ie <10 MHz) the internal field is many orders of magnitude

less than the external field. A physical explanation for this phenomenon is that the body can be

regarded as a relatively good conductor of electricity covered by a slightly less conducting skin.

Since conducting bodies cannot sustain electric fields within themselves, electric charge flows to

distribute itself over the surface of the body in such a way that the electric field within the body

becomes very small. However, one consequence is that the external electric field becomes enhanced

at the surface of the head and can be up to 20 times the value of the unpertubed electric field

(Deno, 1974; Deno and Zaffarella, 1975). These very high fields at the surface of the body can

result in movement of the body hair and small perceptible spark discharges when the external field

at 50 Hz exceeds about 2000 V m- .
The effects on cells within the body must now be considered. As a consequence of

the very high resistance of the membrane, 105-107 ohm metre (Q in), compared to that of the

fluid of the cell and its surroundings (Bernhardt, 1986), at low frequencies, any applied external

field to the cell becomes concentrated across the cell membrane. Bernhardt (1979) gives a

formula which links the potential Vm, appearing across this membrane to the length of the

cell, L, in the electric field direction, to the strength, E1, of this field and to the frequency, f, ie

5



VM E (2)
2ý 7f/fo)2

At frequencies less than fo, which is a function of the cell dimensions, capacitance and resistance,

and is about 1 MHz for most cells in the human body, the equation simplifies to

VMU (3)

Cell dimensions are typically about 10-100 pn so that for a field external to the human

body of 10,000 V m-1 per metre at the power frequencies of 50 Hz, the potential across the

membrane of cells in the body will be less than one-hundredth of a microvolt. At 100 kHz with

a field external to the body of 1000 V m"1 the potential across the membrane will be about one-tenth

of a microvolt. These potentials are about 1000 times less than the natural cell membrane potential

of 50-100 mV or the potential of about 10-40 mV required to trigger a nerve cell. It is perhaps

worth noting that the ability of some fish to detect extremely weak electric fields is probably related

to certain very large specialised cells in their bodies of some 10 cm in length (Schwan and Foster,

1980; Kalmijn, 1984), which will have potentials across their membranes that are 10,000 times that

for a 10 pm cell in similar circumstances.

In considering the possible response of a cell to an electromagnetic field the magnitude of

the signal that it receives from the field in relation to the electrical noise in the cell itself is

imporanL This noise arises from the thermal agitation of the electrons in molecules and membranes

and from the dynamic processes of the cell metabolism producing changes in electron distributions.

Estimates of this noise in cell membranes give equivalent potentials in the range 5-50 pV (Barnes,

1986b; Weaver and Astumian, 1990). Table 4 gives the internal and external fields which would

produce 'signal' poientials across the membranes of a cell of 100 pmi dimensions equivalent to a

noise level of 5 pV. A theoretical expectation would be that any biological effects would be

unlikely at smaller field strengths. This appears to be the case for the acute effects such as electric

shock and heating. However, biological effects in cells have been reported at field strengths that

are 100 or more times less than these values in the frequency range 10-100 Hz or at higher

frequencies when amplitude modulated at these frequencies (Adey, 1983ab; McLeod et al, 1987;

Blackman et al, 1988; Blackman et al, 1989). Fields of such low intensity can only be effective if

some mechanisms exist in cells for averaging energy over times that are long compared with the

inverse of the frequency (ie 20 ms at 50 Hz, I ms at I kHz. ps at I MHz) or for interaction with

enzyme-catalysed reactions dependent on molecular conformation in cell membranes (Weaver and

Astumian, 1990). At the lower frequencies such mechanisms exist among those responsible for the

high permittivity of tissue at these frequencies. The experiments imply also that cells can recognise

the low frequency amplitude modulation of higher frequencies. Explanations based on such

considerations are not so likely to account for the windows of intensity, as distinct from frequency,

that some experimenters claim to have observed.

Frequency windows which have been observed in some experiments have been explained

in terms of ion cyclotron resonance mechanisms involving the combined action of applied alternating

fields and the earth's static magnetic field. Although this attractive explanation is superficially
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plausible, considerations of the frequency of thermal collisions and energies suggests that these

would prevent any effective transfer of energy by the mechanism implied by the simple theory

(Liboff et al, 1990).

A variety of other, hypothetical, non-thermal mechanisms have been proposed that would

lead to biological effects. They have been reviewed by Taylor (1981) and Postow and Swicord

(1986). Possibly the mechanism most frequently cited is that by Frohlich (1980). He pointed out

that the elastic properties of the cell membranes could result in mechanical resonance at a frequency

of about 50 GHz which, together with the electrical properties, could result in energy transfer from

an elecuomagnetic field at the same frequency. This energy could then transfer further and

concentrate in protein molecules. Cellular systems with slightly different resonance frequencies

could interact to produce frequency softening, ie interaction at a frequency that corresponded to the

difference in frequency between the two systems. In principle this could result in energy transfer

at frequencies lower than 50-100 GHz. FrOhlich postulated that such energy tansfer could interfere

with cellular mechanisms at stages in the cell cycle which result in certain configurations of

molecular energy states. There is very little direct evidence for fth or any of the other hypothetical

mechanisms, although they have been invoked to explain biological effects observed in cells at these

very high frequencies and apparently with very sharp resonances (Orandler and Keilmann, 1978;

Frohlich, 1980). Some experimental evidence for resonance absorption of microwaves in DNA

(Edwards et al, 1984) could not be confirmed on more careful investigations (Gabriel et al, 1987).

It must, however, be pointed out that at these very high frequencies the penetration of the

electromagnetic fields into the body is very limited. For example, at 10 GHz the electromagnetic

field has been reduced by a factor of 10 after penetrating about 4 cm in tissue, but at 100 GHz it

is reduced to this level after about 4 mm (Polk, 1986) in tissues with a high water content.
In any detailed investigation of the interaction of electromagnetic fields with the human

body its shape and internal structure need to be considered. Internal electric currents induced by

fields will be enhanced in the narrow sections of the body, particularly in the neck, wrists and

ankles, where not only is the cross-section smaller but the comparatively non-conducting bone
structures tend to confine currents to the softer tissues. In the frequency region from ten to a few
hundred megahertz, the body becomes a much more effective absorber of electromagnetic radiation
due to resonance between the wavelength of the radiation and the body dimensions. The exact

frequency depends on the size of the person, whether he or she is sitting or standing and whether
or not he or she is in good contact with the ground. At frequencies above a few hundred megahertz
differences in electrical properties between the body tissues, ie skin, fat, muscle and bone, become

of increasing importance and the radiation may be reflected at interfaces between these tissues to

form standing wave patterns which increase the absorption in some places of the body relative to

others. The curved nature of the body surfaces, particularly the head, may cause refraction and

focusing of the radiation, very much in the way that visible light is refracted by curved glass

surfaces. In some frequency ranges, mainly in the three gigahertz region, this could in principle

cause the absorption of energy in some small regions of the head to be ten to twenty times the

average value for the whole body. At higher frequencies again, above some tens of gigahertz, the

absorption will be predominantly in the surface layers of the body, as it is for the infrared radiations

in the optical range that begins at the highest frequency which, by convention, is included in the

electromagnetic field range (300 GHz).

Although considerable progress has been made in the ability to calculate patterns of energy

deposition in the human body (Dimbylow, 1987. 1988, 1991), further development and experimental
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vesification is still needed. Areas requiring attention are the details of areas of high absorption in

the body, the effects of the temperature controlling mechanisms of the body, the ineactions in

situations close to antenna systems and the effects of pulsed and non-sinusoidal waveforms.

At low frequencies it is usual to use the induced elecmtic current densities in tissue as an

index of the degree of interaction as well, as to a lesser extentthe specific energy absorption ate

(SAR) in units of watts per kilogram (W kg'I). The lat quantity is used almost exclusively as

the index of interaction at high frequencies. Both current density and SAR are proportional to the

electric field strength in the tissue and as such are appropriate quantities whether thermal or athermal

effects are being considered. They provide a basis for extrapolation of effects seen in cells and

animals to man. However, it might be expected that the basis for extrapolation will be refined in

future as interactions of electromagnetic fields with the body are better quantified and an

understanding of the biological effects becomes more advanced.
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2 Studiesof effects on general health and birth outcomes
In general, neither workers nor members of the public are exposed to electromagnetic

fields of sufficient inteisity to cause even the milder forms of perception, ie vibration of body hairs
in power frequency electric fields, with the possible exception of situations close to the vicinity of
high voltage overhead power lines or in switch yards where the fields exceed 5 kV m"!. However,
it is open to speculation whether the slight and imperceptible accommodations and adaptations of
the body in the presence of electromagnetic fields or the possible subtle effects of these fields on

cell membranes might lead in the longer term to a deterioration in general well-being and an
increased incidence of disease in those exposed. It has been suggested, for example, that the

influence of magnetic fields could increase blood pressure (Easterly, 1982). Some slight transient

changes in blood pressure and whole blood cell count have indeed been observed without an
apparent effect on basic health (Marsh et al, 1982) in workers exposed to static magnetic fields of

strengths up to 20 mT.
It is known that adaptation of the body to increases in ambient temperature involves

short-term cardiovascular strain and changes in blood cell concentrations (Robinson, 1963). These
might, therefore, be produced by the heating effect of microwave radiation absorption.

2.1 General effects on health

Early reports from the former USSR of adverse effects on health associated with exposures

to electromagnetic fields at both low and microwave frequencies as well as static magnetic fields
(Asanova and Rakov, 1966; Gordon, 1966; Vyalov, 1967) led to determined efforts in other

countries to confirm these findings. Long-term exposures to power frequencies, microwaves or
magnetic fields were alleged in the Russian reports to produce very similar non-specific symptoms,

ie, tiredness, headaches, nausea, loss of sexual potency, cardiovascular effects, sleep disturbances,

anxiety and changes in blood cell concentrations and blood chemistry. Cardiovascular changes and

central nervous system effects were particularly emphasised (Gordon, 1966). Data in these reports
were often sparse, the reports impressionistic, without proper control populations and the selection

of the study population itself essentially post hoc, ie based upon a prior history of complaint by the
workers concerned.

.empts to verify the Russian observations have included surveys of exposed groups and

carefully controlled laboratory experiments with volunteers. Although some reports have tended to
support the early Russian work (Miro, 1962; Sazonova, 1967; Danilin et al, 1969; Deroche, 1971;

Korobkova et al, 1972; Fole, 1973; Fole et al, 1974; Moscovici et al, 1974; Sadcikova, 1974;

Vyalov, 1974; Baranski and Czerski, 1976), other and particularly more recent studies do not give

such support (Barron and Banaff, 1958; Kouwenhoven et al, 1967; Sotrnza, 1970;, Singewald et al,

1973; Siekierzynski et al, 1974a; Malboysson, 1976; Roberge, 1976; Robinette and Silverman, 1977;

Lilienfeld et al, 1978; Stopps and Janischewsky, 1979; Knave et al, 1979; Robinette et al, 1980;

Marsh et al, 1982; Silverman, 1985; Broadbent et al, 1985; Baroncelli et al, 1986). Stnumza (1970),

for instance, provides an account of a 'health events' survey made of male employees of the French

power company Electricitd de France. In total 144 such men, all living in rural areas, were
included, together with their wives (129) and children (252). Medical and social security records

covering almost 1900 man years in all were scanned, thus assuring an objective recording of health

events. Employees and, in turn, wives and children were classified as 'exposed' if place of
residence and workplace were closer than 25 m to high voltage (220-400 kV) cables, and 'not
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exposed' if they lived and worked more than 125 m removed from such cables. All men of

intermediate exposure status were excluded from the study at an earlier stage. For four separate
measres of expressed demand for medical services and drugs, the results showed quite clearly no
tendency for the exposed group to 'consume' more than the non-exposed group. This observation
held for men, women and children. The analysis appears to have controlled for variation in
neighbourhood type.

In a neighbourhood health status survey in California, USA, Haupt and Nolfi (1984),
defined 'exposed' as living with 0.14 mile (200 m) of a 400 kV DC power line, and 'not exposed'
if resident between 0.65 mile (I kin) and 0.85 mile (1.4 km) from it. The success rate in persuading
individuals to participate in the survey was low (61.5%) and data were entirely subjective, confined
to reported symptoms of the kind mentioned above in relation to the Russian studies, and visits to
a doctor. No significant differences between the exposed and not-exposed groups were detected,
even after statistical adjustments by regression analysis for possible confounding factors. However,
the group sizes (245 exposed and 193 not exposed) were probably only sufficient to exclude gross
inter-group differences.

The report by Broadbent et al (1985), is one of the most interesting in that it was a
vigorous atempt to measure non-specific health effects in electric power transmission and

distribution workers. This was achieved by using a schedule of derived health status indices
obtained from both reported health events and a variant of the Middlesex Hospital Questionnaire
(MHQ). This is a standardised instrument with the main advantages that it can be administered by
non-medical staff and that a range of expected values is available for the various subsections of the
questionnaire (Depression, Somatic Symptoms, Obsessional Symptoms, etc) based on past examples

of its use. A small number of questions in addition to those of MHQ were asked, for instance,
about visits to the general practitioner, intake of medicines and experience of headaches. All the
health indices are thus based on subjective self-assessment. Unlike most other studies, objective
measurements of exposure were made with personal dosemeters, although only of electric field
exposure. These dosemeters were worn for periods of 2 weeks, providing data on 287 subjects.
In addition, prior estimates of exposure were available as informed, but ultimately subjective,
engineering judgements. These exposures were expressed in terms of the product of the electric
field strength and the time spent ..- te field, ie in kilovolt hours per metre (kV h in'l). It emerged

at the end of the study period that the measured exposures were generally much lower than those
estimated. This finding has implications for other studies in which exposures are based on
subjective and surrogate indices of exposure.

The study was sufficiently sensitive to show clear differences in health between job
categories and geographical districts in which the work took place. Adverse health effects correlated
with lack of job satisfaction, personal domestic problems, working alone, working long hours, and
recent changes in shift times. There were no adverse health effects associated with higher exposure
levels. The implied annual occupational exposures averaged about 150 kV h nr.-, but ranged up to
500 kV h m-1. These may be compared with the av,-age domestic exposure of the general
population in the USA of 70 kV h m7' (Silva p3!, 1 985); the exposure of the general population
in the UK will be rather similar (see Table 3). It is not possible to say what they represent in terms

of magnetic field exposures, but the members of the study population will undoubtedly have been
exposed to higher fields than experienced by the general population, possibly by factors of between

10 and 1000.
This absence of any adverse health effects related to power frequency electromagnetic field

10



* exposure broadly cogfrms the findings of other health surveys of occupationally exposed persons

undertaken in the last decade in Europe and North America (Singewald et al, 1973; Malboysson,
1976; Roberge, 1976; Stopps and Janischewsky, 1979; Knave et al, 1979; Baroncelli et al, 1986;
Gamberale et al, 1989). Each of these surveys examined railway or power workers' health and

found no significant excess of adverse effects in subgroups with higher electromagnetic field

exposures by comparison with controls or unexposed populations.
There have been two major epidemiological studies which are relevant to the possibility

of adverse health effects of exposure to radiofrequencies and microwaves. However, it should be

remembered that persons particularly exposed to these higher frequencies are usually technicians

working on the maintenance and repair of equipment that is itself usually driven by electric power

at 50 or 60 Hz.

One of the studies (Robinette et al, 1980) was of 40,000 American Naval personnel, of
whom 20,000 may have been rather more exposed (ie to levels of power flux density occasionally

in excess of 100 W m-2) to radar emissions during the 1950s (Korean War period) than the other
20,000 who formed the control or reference group. The exposures of the later were considered not

to have exceeded 10 W m-2. The rather more exposed group was split into those who might be
regarded as moderately exposed and those who might be regarded as highly exposed. However, the

degrees of exposure could not be established with any certainty and the description is in fact a
measure of potential rather than actual exposure.

Mortality in the groups was compared for the period, 1950-1974 (Table 5). The ratios
given in this table are based on the combined experience of the total population of 40,000,

standardised for year of birth. Confidence limits for the ratios are not reported. However, the

authors remarked that the mortality ratios for the moderate exposure group are significantly different

from the high exposure group at the 1% level for all diseases and 'other diseases'. Further
breakdown indicates that most of the difference for 'other diseases' is due to diseases related to the

consumption of alcohol. For both categories the ratio for the moderate exposure group is lower than

that of the low exposure group. The question of elevated cancer risks among those occupationally

exposed to electromagnetic fields is dealt with in Section 3, but it is interesting to note that the

moderate and high exposure groups appear to have slightly higher mortality rates from cancers of

the digestive organs, respiratory tract and the lymphatic and haematopoietic systems. None exhibits

a significant trend with the level of presumed exposure, although that for the lymphatic and

haematopoietic systems is marginally more so than the others.

As indices of general health, hospital admissions and compensation awards were also

studied. The rates of admission to Naval hospitals are given in Table 6. These are uncorrected for

age or time of entry into service and must be regarded with some reservations. The moderate

exposure group has significantly lower admission rates for diseases of the ear, nose and throat (at

the 1% level), acute respiratory infection (at the 1% level), other respiratory diseases (at the 2%

level), diseases of the urinary and male genital organs (at the 5% level), and for accidents,

poisonings and violence (at the 0.1% level) than the high exposure group. However, for these

categories of disease and injury the moderate exposure group also has lower admissions than the low

exposure group - significantly so at the 1% level for acute respiratory infection, at the 5% level for

diseases of the urinary and male genital organs, and at the 0.1% level for accidents, poisonings and

violence. A similar ranking of the moderate exposure group in relation to the low and high

exposure groups is evident in respect of compensation claims (Table 7). The high exposure group
has significantly greater claims than the moderate exposure group in respect of the musculoskeletal
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system (at the 0.1%•evel), organs of the special senses (including cataracts) (at the 5% level),
respiratory system (at Ne 1% level), cardiovascular system (at the 0.1% level) and mental disorders

(at the 5% level). However, for none of these or any other category does the high exposure group
significantly exceed the rates in the low exposure group.

Another major study was of the staff of the American Embassy in Moscow, who were

exposed to very low levels (maximum 0.15 W m-2) of microwave radiation in the period 1953-1976

(Lilienfeld et al, 1978). The initial irapetus for this study was the fear among the embassy staff that

the exposure was increasing the risks of cancer. The study covered 1827 employees at the embassy

and 3000 of their dependants in comparison with 2561 employees with 5000 dependants at other

American embassies not subject to microwave exposure. The study had only a limited power for

the detection of small differences in risk. An exhaustive comparison of all symptoms, conditions,

diseases and causes of death among the employees and their dependants was unable to establish

differences in health status of any measure that could reasonably be attributed to the microwave

exposure. The proportion of deaths due to cancer among the staff of the Moscow Embassy was

slightly less than the proportion among the staff at other embassies, so that within the statistical

uncertainties there was no indication that the microwave exposure had any effect on cancer rates.

The death rates at both the Moscow and other embassies were less than-for the general population

of the USA, with that of the Moscow Embassy slightly less than that of the other embassies. Men

employed in the Moscow Embassy were three times as likely to acquire protozoal infections, both

men and women were more likely to suffer from a variety of common health problems, and mumps

was more frequent among children of the embassy staff.

Two studies from eastern Europe are worthy of mention. The first by Djordjevic et al

(1979) was of 322 Yugoslav workers aged between 75 and 40 yeam All had been exposed to

microwaves at intensities not eceeding 50 W m-2 for 5 to 10 years. They were subjected to a

programme of clinical examination which included detailed internal, neurological, ophthalmological,

otological, haematological and biochemical investigations. The investigations comprised analyses

of urine, peripheral blood cells, blood sugar, cholesterol, lipids and bilirubin. The control group

consisted of 220 persons who matched the exposed group in respect of age, character of working

regime, social and living conditions. Although the exposed group had more subjective complaints
of headache, fatigue and irritability, these were attributed to their generally rather uncomfortable

working conditions. In all other respects there were no significant differences in health between the

two groups. The second study by Siekierzynski et al (1974 ab) was of 841 Polish men aged

between 20 and 45 years exposed to microwaves. These were divided intc :wo contrasted groups:

those exposed to power densities between 2 and 60 W m-2 and those whose exposures did not

exceed 2 W m 2 . Although both groups had an unusually high incidence of functional disturbances,

there was nevertheless no statistically significant difference between the groups. Neither in the

Yugoslav or Polish study could any evidence be found for an increaw in lenticular opacities or

cataracts in the more highly exposed persons.

More recently, a Swedish study (Nilsson et al, 1989) was made of 17 radar mechanics and

engineers of average age 52 years with probable exposure to microwaves in excess of 10 W m-2 in

comparison with 12 unexposed or minimally exposed men, all military technical personnel. The

length of time of occupational exposure was not given, but appears to have been some decades. No

indications of central nervous system effects associated with the microwave exposure could be found

in extensive neurological, psychometric and neuropsychiatric examinations. However, the frequency

of occurrence of an increased protein band with an isoelectric point of 4.5 in the cerebrospinal fluid
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was higher in the aposed group. The nature and clinical significance of this finding is admitted

by the authors to be unclear. The suggestion is made that it might be related to the pulsed nature

of the radar emissions on the basis of similar observations in exposed monkeys. The authors noted
that the men were also exposed to pulses of magnetic flux density with high rates of change of up

to 350 teslas per second (T s'").

In a 2 year study of workers exposed daily to pulsed radar microwaves at intensities in the

range 0.1-200 W m-2 , but not usually in excess of 50 W m"2, Goldoni (1990). found indications of
some lowering of both white and red blood cell concentrations. The data were insufficient to draw

any definite conclusion, but the author claims to be encouraged to undertake a longer study.

A paper from China (Chiang, 1989) describes differences in visual reaction times, memory

function scores and white blood cell phagocytosis in groups of children, soldiers and students

exposed to microwaves at levels down to 4 mW m-2 . Virtually no details are given in the paper of

the tests, on the selection of the exposed and control populations or the circumstances of the

exposure. Since, however, the number of controls is approximately one-half of the number exposed.

there would appear to have been very little attempt to match the groups. Examination of the data

on the results of the visual reaction time test does not show any significant differences between the

exposed and control groups, but significant differences between the children, soldiers and students.

The memory function scores do show significant differences between exposed and control groups,
but these are not so great as the differences between the children, soldiers and students. It seems

likely that the observed differences reflect inherent differences between the exposed and control

populations rather than the effects of microwaves. No details of the phagocytosis test are given in

the paper, but in a private communication two test quantities are described in greater detail. The

first consisted of the percentage of a sample of 100 neutrophils that engulfed staphylocci and is

called the phagocytic activity. The second, the phagocytic index, was 100 times the number of

staphylocci engulfed by active neutrophils, ie those actually engulfing staphylocci. Only the

phagocytic index is reported in the publication. The ratios of the phagocytic activities of the

exposed to control groups varied between 0.72 and 1.23 in a manner that did not depend markedly

on the exposure levels. The actual phagocytic activity for the child controls was 65.8 + 18.7% and
for the soldier controls 84.0 ± 11.7% The respective phagocytic indices were said to be 4.45 ± 1.56

and 4.81 ± 1.10, respectively. The ratios of the phagocytic indices varied between 0.46 and 123

with a tendency to be lower in the most exposed group, ie the students. The variation is rather

typical of that observed between different samples in such tests, the results of which depend on age,

sex, diet, health and smoking habits. Changes have been seen in the cells of animals exposed to

very much higher levels of microwave radiation (300 W m"2, see Saunders et al, 1991). It is quite

possible that the differences seen by the Chinese workers represent natural variation between

populations or may be due to chance.

Workers with radiofrequency heat sealing and plastic welding machines, which operate in

the frequency range 20-100 MHz, are possibly the occupational group most highly exposed to

electromagnetic fields. The study by Kolmodin-Hedman et al (1988) of the health problems of a
group of such workers is, therefore, of particular interest. The exposed workers consisted of 51 men

and 62 women who worked with plastic welding n6achines. For controls, 23 female sewing machine

workers were selected for the same age as the exposed women. The mechanical character of the

work performed by the two groups is similar and highly repetitive. It requires a bent forward

posture to control the work pieces. At most of the plastic welders' workplaces field intensities

exceeding 100 W m-2 could be found and intensities exceeding 250 W m"2 in at least 50%. The
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NRPB reference level for the frequency range 30-100 MHz is 10 W m-2 (NRPB. 1989). This does

not necessarily imply that the basic restrictions advised by NRPB as regards the induced currents
in the bodies of the workers are exceeded. However, that this was probably the case is indicated

by the fact that 70% of the women and 60% of the men reported light radiofrequency burns at least

once a year to their hands. Those bumns were reported as being deep and taking a long time to heal.

As far as general health was concerned there was little difference between the exposed and the

unexposed groups. Both suffered more or less equally from muscular pain and tredness. There
was, however, a difference in neurothenic symptoms (nervous disability characterised by lassitude,

headache, backache and indigestion) evaluated by a Swedish questionnaire. By use of this
questionnaire, groups exposed to solvents have been found to have a higher frequency of symptoms

(18%) compared to unexposed groups (6%). The incidence in the plastic welders was 19%

compared to 9% in the control group. The plastic material gives off fumes when heated and this
may have accounted for a fairly high incidence of complaints of eye irritation. Numbness of the

hands was experienced by 40% of the exposed compared to 22% of the controls. The ability to

discriminate between two closely spaced sharp points was diminished in 39 of the 113 exposed

persons compared to 1 in the 23 controls. This difference is significant at the 5% leveL The

frequency of this lack of discrimination in the Swedish population is quoted by the authors as 10%,

with double the frequency in women as in men. Although the effect can be produced by repetitive

mechanical work with hands and fingers, since the incidence was much lower in the controls who

did similar work in a mechanical sense, it seems possible that the electromagnetic field exposures
were responsible.

As pars of the same study the pregnancy outcome in 305 female plastic welders during

1974-1984 was found not to differ significandy from the Swedish average concerning malformations

and pwrenatal mortality.

2.2 Effects on the eyes

There have been reports of apparent associations between cataract formation and exposure

to microwaves. The frequencies concerned are above 3 GHz and the power densities in excess of

400 W m"2 , and possibly in excess of 3000 W m-2 (Hirsch and Parker, 1952; Shimkovich and
Shilajev, 1969; Zaret et al, 1970; Zaret, 1973). In addition to these reports of cataract formation,

there have been several reports of an increased incidence of minor defects of the eye lenses in

microwave workers, particularly in older age groups, but usually having no effect on visual acuity

(Cleary and Pasternack, 1966; Majewska, 1968; Appleton and McCrossan, 1972; Zydecki, 1974).
A report has also been published indicating damage to the retinas of such workers (Tengroth and

Aurell, 1974). Against these reports must be set others which indicate that there is no association

between cataracts and lens defects when exposures are to power density levels less than about

100 W M"2 (Barron et al, 1955; Barron and Barraff, 1958; Cleary et al, 1965; Siekierzynski et al,

1974b; Shackletn et al, 1975; Hathaway et al, 1977; Djordjevic et al, 1979; Cleary, 1980). Very few

of these studies have investigated elderly, retired workers in whom long-term effects might be

apparent as they have been in the eyes of glass workers exposed to infrared radiation (Lydahl and

Phillipson, 1984).

2.3 Suicide and depression

An early account of an apparent association between suicide and residence near overhead
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and underground high voltage (>33 kV) power lines (Reichmanis et al, 1979) was followed by a
further account (Perry et &l, 1981), which was based on magnetic field measurements rather than
estimates. These measurements were made outside front doors of the residences in which suicides

had taken place. The median measurement was about 40 nT with a 90% range from less than 20 nT
up to 140 nT. The account is of a case-control study covering pans of Shropshire and Staffordshire
and including Wolverhampion, Walsall and Dudley. The cases consist of 598 suicides in the area
between January 1969 and October 1976 who had resided at the address for more than 14 days prior

to death. Control addresses were a random sample in the same area chosen from adults in the

electoral registers for 1979.

Cases and control addresses were not matched for type of residence nor was this variable
taken into account in the analysis. This may have confounded the result, particularly since suicide

rates are linked to occupational class. It has also to be noted that there could have been 10 years
between the measurement of magnetic field and the date of actual suicide, and the relevance of

measurements external to the houses is not clear. In their analysis the authors state that at the 1%
level there are significantly more suicide than control measurements above the median for the two

groups. This median, although not given exactly, was quoted to be about 40 nT. However, analysis
of the data given in the paper shows no significant difference in the proportion of suicide and

control measurements above 40 nT. To examine this matter further, Table 8 gives the estimated

odds ratios of committing suicide against the measured magnetic field strength, together with the
95% confidence interval. Although, as the authors point out, the distribution of the measurements

differs significantly between the suicide and control groups, the odds of committing suicide do not
vary in a consistent manner with measured field strength. In particular, while the estimated odds

are similar for the 0-20, 40-60, 60-80 and 80-100 nT intervals, the odds over these ranges are

significantly less than the odds for the 20-40 nT interval at the 0.1% level. This illustrates why the
conclusions reached by the authors are extremely sensitive to the choice of a boundary in the region

of 40 nT for the comparison between case and control addresses. As a consequence of these
difficulties, no very great reliance can be placed upon the authors' conclusions. No other studies
have been reported on this topic. An association between suicide and possible magnetic field

exposure was not found in another UK study made with the primary objective of investigating an
association with cancer (McDowall, 1986) (Section 3.2).

More recently, one of the authors of the earlier study of suicide has published a study of

the distribution of different illnesses among hospital patients in Wolverhampton according to their
place of residence in multistorey blocks (Perry and Pearl, 1988). The positions of flats of these

patients was determined in relation to the main electric supply cable rising through the multistorey

block. The mean magnetic fields at the entrances of those determined as being 'near' the cable was
32 (standard deviation, SD ± 29) nT and for those determined as 'distant', 16 (SD ± 11) nT. A

preliminary study comprised 508 patients or 395, if those in hospital for childbirth are excluded,

admitted to hospital in 1985. For this group of patients there were no si 4nificant differences in the

distributions of disease between 'near' and 'distant' flats. An additional study comprised 95 patients
with heart disease admitted between 1967 and 1984, 104 patients of drug overdose admitted between
1980 and 1985, and 75 patients with psychiatric disorders admitted between 1953 and 1986. There

are discrepancies in the text between the numbers in these groups and the numbers claimed to have

been analysed. Although the authors analyse these data to show that there are significantly greater
numbers of persons from 'near' flats suffering from myocardial infarct, hypertension, ischaemic

heart diseases and from depression at about the 5% level, this conclusion is compromised by the fact
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that no estimate of the numbers at risk in the near and distant flats is presented. The authors say

that they "feel that the numbers at risk were almost evenly divided between near and distant flats".

The analysis would have been more convincing if a wider range of disease conditions had been

included for the same, instead of different, admission periods. This could have provided some

measure of those at risk in the two categories of flat.

It is important in epidemiological studies to make Arenuous efforts to adjust for possible

confounding factors, many - in particular the early Russian - studies did not do so. Such

observational studies are influerv; -A a much greater extent than experimental studies by

unconsidered, confounding factors.

2.4 Volunteer studies

Apart from some experimental studies on heat perception thresholds for microwave

radiation described in a companion report (Saunders et al. 1991), reputable laboratory studies of the

effects of electromagnetic fields on human subjects have been carried out almost entirely at low

frequencies. These studies have indicated alterations in reaction am at frequencies below 12 Hz

and electric fields of less than 4 V m-1 (Hamer, 1968) as well as alterations in the paterns of

electroencephalogram (EEC) recording in 5 Hz, 6 kV m-1 fields. Such reports as well as the reports

of adverse health effects on the general health of workers exposed to power frequencies stimulated

a series of carefully controlled experiments (Hauf, 1974) whose results are summarised later (Hauf,

1982). In these experiments volunteers were exposed for periods of up to some hours to 50 Hz

electric fields of strengths up to 20 kV m-t . Although in some experiments there was a decrease

in pulse rate during exposure which was ascribed to the long periods spent in a relaxed position

during the experiments, there was no effect on the patterns of electroencephalogram (EC and

electrocardiogram (ECG) records, blood pressure, blood chemistry and concentrations of

biochemicals in urine. There was, however, a slight increase in the concentrations of white cells

in the blood, but this was within the normal physiological range. Later studies have confirmed the

absence of any detectable effects of exposure to electric fields at these strengths in the frequency

range 50-60 Hz (Sander et al, 1982; Graham et al, 1985) and indicated a similar absence of any

effects of magnetic fields at these power frequencies at strengths up to 5 mT. After exposure

to magnetic field strengths high enough to give rise to phosphene stimulation (as sensation

of light flicker) at about 60 mT at 50 Hz, volunteers complained of feeling unwell and of

headachr (Silny, 1985ab). A similar effect was reported at lower firequencies when the

threshold for phosphene stimulation was exceeded by direct current application to the head

(Adrian, 1977).

In an attempt to determine whether exposure to electric fields has any effect on mental

functions, electric currents were passed through volunteers from electrodes attached to their heads

and bodies while they were subjected to a series of psychological tests (Bonnell et al, 1985;

Stollery, 1986). The pattern of current was equivalent to that produced by exposure to a 36 kV m-1

field at 50 Hz. The psychological tests were for stress and arousal, verbal reasoning skills and

attention skills. Subjects were tested twice, in one test no current was applied. One group of

subjects appeared to show higher arousal in their second test when no current was applied and also
improvements in syntactic reasoning. Another group who were sham exposed in the first test

showed no differences. Both groups showed no differences associated with exposure to applied

current in the majority of the tests. It seems rather doubtful that any weight should be given to the
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finding that one gruW showed some increase -' performance in a second test when no current

was -pplied.

Possibly one of the most interestg investgations of the response of humans to
electromagnetic fields is that of Wevez (1973, 1974. 1985). In a study of human circadian rhythms
it was found that these became desynchronised when people were kept for periods of about 30 days
in a room shielded from the effects of the earth's stic and time varying fields, and from all other
environmental clues such as noise and light. This desynchronisadon could be prevented by the
presence of an extraordinarily low field of 2.5 V m"i at a frequency of 10 Hz. This frequency was
chosen because it corresponded to the electric oscillations present in the natural environment. It
should be mentioned that the subjects in the shielded room had access to 50 Hz lighting, air
conditioning and other electrical equipment and would have been exposed to some tens of volts per
metre and some tens of nanoteslas at this frequency. The effects of the 10 Hz field were regarded

as beneficial.
The observations of Wever have been linked with similar observations on animals exposed

to rather higher electromagnetic fields and attributed to their influence on production of the
hormones melatonin and serotonin by the pineal gland (Groh et al, 1990; Wilson and Anderson,
1990). This production is strongly influenced by light levels. Stevens et al (1990) speculate that,
because of the suppressive influence of melatonin on the growth of some neoplasms, this may be
a route by which electromagnetic fields could promote the growth of cancers. However, it should
be noted that Wever's observations only support an effect at 10 Hz not 50 Hz.

2.5 Bilrth outcome

- Much of the evidence linking parental exposure or exposure in utero to electromagnetic
fields has been reviewed by Silverman (1980, 1985) in relation to radiofrequencies and microwaves
by Savitz (1985) and Knave and Tomqvist (1985) in relation to low frequencies. Such reviews have
concluded that there is no convincing evidence for an increase in adverse reproductive outcome due
to the exposures. The weaknesses of most published studies are that they do not contain any well-
based assessmcnts of exposure and often fail to address potentially confounding variables.

Reports of excessive incidences of Down's syndrome and of club foot in children whose
fathers were thought to have been exposed to radar were not confirmed on closer examination
(Sigler et al, 1965; Cohen et al, 1977; Burdeshaw and Shaffer, 1977). In the first of these studies
the most significant correlation appears to be with the exposure of the mothers of the Down's
syndrome children to ionsing radiations for medical reasons rather than with the exposure of the
fathers to radar. An earlier study of radar workers did not indicate any effect on fertility (Barron
and Baraff, 1953). One case-control study of male physiotherapists who may have used shortwave,
microwave, infrared and acoustic equipment for therapeutic purposes indicated no significant excess
of congenital abnormalities in their children, although the number of such abnormalities was higher
in both study and control populations than the reported rates for the general population (Logue et

al, 1985).
Olsham et al (1989) investigated associations between children with Down's syndrome and

parental occupation. Although they found significant associations between the father's employment

as janitors, farm workers and mechanics, the odds ratio for those employed as electricians or
electrical workers was 0.86 (95% confidence interval 0.51-1.46)

An association of paternal employment in the Swedish power industry has been made with
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a reduction in the number of male children (Knave et al, 1979). On close examination the lower

number of children and particularly of male children in the exposed group of 53 workers in
cvmparison with their matched controls could be identified in a period before the high voltage

exposures began. It was more likely to have been associated with differences in educational
achievement and other social factors which differed between the exposed and control groups. One

other report of an alteration in the expected sex ratio among children of power workers indicated

a deficit of girls rather than of boys (Roberge, 1976).

Nordstrom et al (1983) also studied employees of Swedish power plants with a substantial
study population of 542. Three groups of workers were defined, based on work in 400 kV

substations (switchyards) (331 men), work with 220-380 kV transmission lines (145 men) and work

with less than 130 kV lines (66 men). In addition to these occupational categories, which may be

some indication of exposure, the men were also categorised in terms of their work with different

electric potentials, ie as less than 70 kV, 130-200 kV and 400 kV. A reference or control group

consisted of pregnancies when the father was not employed by the power company or was not

working with potentials in excess of 380 V. Adverse pregnancy outcome was defined to include

spontaneous abortion, still-birth, perinatal death and congenital malformation. Apart from congenital

abnormalities there was little difference between the occupational categories, and for all pregnancy

outcomes apparently no dependence on the work with different potentials. For congenital

malformations the incidence was 10.1% among the 400 kV substation workers compared to 1.7%

in the other groups and 4.0% in the reference group. The authors claim that age of mother and her

use of alcohol, which were clearly possible confounding factors, did not affect this observation.

This difference was statistically significant. A greater proportion of the switchyard workers' wives

(26%) were more than 30 years of age at the time of birth compared with 11.5% for the reference

group. This may be relevant. The authors suggest that the result should be treated with caution.

It would justify further studies.

There have been reports of adverse effects on fetuses exposed in utero to diathermy

radiation (Rubin and Erdman, 1959; Cocozza et al, 1960). However, the first is a single observation

and the second is a report of the pregnancy outcomes in four women given diathermy treatment for

only one of which was there an adverse outcome. This was a spontaneous abortion. Since this

woman later gave birth to a normal child, who was also exposed in wuero, the abortion may have

been connected with the reason for the treatment rather than with the treatment itself. Some few

thousand women appear to have been exposed to microwave heating to relieve labour pains, but

there has been no reported follow-up for adverse effects on the children and the effect on labour

appears to have been beneficial (Daels, 1976). A case-control study of female physiotherapists who

gave birth to children with malformations suggested that the number of ,.ch children was higher

among those who had used shortwave and ultrasound equipment during pregnancy (KAllen et al,

1982). Moe reassuring is the observation already mentioned (Kolmodin-Hedman et al, 1988) that

there was no significant difference in birth outcome in 305 plastic welder operators who must be

some of the women most highly exposed to radiofrequency electromagnetic fields.

Wertheimer and Leeper (1986) examined pregnancy outcome in relation to the use of

electrically heated over-blankets and water beds in the Denver area of Colorado. According to these

authors the use of the blankets is associated with exposure to 60 Hz mag'.etic fields of average

strength about 1.5 pT and about 0.4 pT in the case of water beds. The data are based on 1256

published birth announcements in which the parents were asked by telephone only about their use

of blankets and water beds. Further data were obtained from hospital birth records not only on the
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1256 announced births but also on 692 earlier births to the same parents. There were no differences

as regards the proportions of low birth weight children to users of electric blankets and water beds

in comparison with non-users. However, gestational periods in excess of the median for age of

mother and birth order were more common for those children conceived to users between September

and June. Electric heating of both blankets and beds is less in July and August. The non-users did

not show this seasonal variation. The authors also considered spontaneous abortions taking place

in the year previous to the conception of a live child. This revealed that the users suffered abortions

more frequently in the months of September to March than the non-users. The authors hypothesised

that these observations indicate an influence of magnetic fields on the early stages of pregnancy

soon after conception. They recognised that the effect might be due to excessive bed temperatures

in the winter. It is possible that there were social differences between the users and non-users which

confound the results, but the authors claim that there were no educational differences between them.

In a later study the same authors have attempted to separate the possible effect of higher bed

temperatures from that whi .h might be attributed to the magnetic field (Wertheimer and Leeper,

1989). In this study spontaneous abortions to mothers living in homes in Oregon with electric

ceiling cable heating were compared with those to mothers not living in such homes. The ceiling

cables were said to produce ambient magnetic fields in the room of I pT and electric fields of

10-50 V m-1. Overall there was no difference in th roportion of spontaneous abortions in the 863

pregnancies in homes with ceiling heating to that in the 1158 pregnancies in homes with other forms

of heating. Social differences were evident in that in the homes with ceiling heating the mothers

tended to be younger and better educated. Although there was no overall difference in the

proportion of spontaneous abortions, the users of ceiling cable heating (like the users of electric

over-blankets and water beds) showed a greater seasonal variation in the proportion of spontaneous

abortions than the non-users. Compared to the virtual lack of seasonal variation in the latter, the

users had a higher proportion from September to December and a lower proportion from May to

July. The authors claim that this supports their hypothesis about the influence of magnetic fields

in the early stages of pregnancy. This claim is worth further investigation.

Some of the greatest disquiet in respect of electromagnetic fields and adverse pregnancy

outcome has been expressed about the use of visual display units, VDUs (or visual display terminals,

VDTs) (Lee, 1985). Work with these items of equipment may involve job stress, ergonomic and

ophthalmological problems (Bergqvist, 1989), and the first two could be confounding factors in the

study of associated pregnancy outcomes. The main electromagnetic fields produced by VDUs based

on cathode-ray tubes for display originate from the line transformer and deflection coils required

to move the electron beam across the screen. The frequency is in the range 15-30 kHz, but

harmonics with frequencies of up to 220 kHz may be present. The main field strengths at a position

0.3 m from the screen are about 15 V m]' for the electric field and 0.17 A m"1 (210 nT) for the

magnetic field (Marriott and Stuchly, 1986). There will also be electric and magnetic fields from

the 50 Hz power supplies that will not be very different from the fields produced by domestic

electrical appliances. Field strengths of up to 10 V in- and 0.56 A m"1 (710 nT) are reported

(Marriott and Stuchly, 1986).

Given that there have been widespread reports of and consequent awareness of a possible

connection between VDU usage and spontaneous abortion, there is the possibility of recall bias in

studies based on questionnaires. As pointed out in a review by Blackwell and Chang (1988) there

is evidence from a study of exposures to anaesthetic gas that miscarriage is under-reported in non-

exposed groups but well reported in those exposed.

19



Studies published prior to 1986 have been reviewed by Bergqvist and Knave (1988) and

by Blackwell and Chang (1988). The latter authors point out that in the USA and the UK about

10 million VDUs are in use. About 50% of these are possibly used by women of childbearing age.

Blackweli and Chang estimate that there are therefore some 20,000 groups where at least 10 women

could become pregnant in I year. Since the naturally occurring pregnancy failure rate is about 15%.

they suggest that there is a chance of about 29 clusters each year in which more than half the

pregnancies end in failure. If this is correct, it is not surprising that both reviews essentially come

to the conclusion that there is no evidence or indication that work with VDUs results in an increased

risk of miscarriage or malformation. This does not mean that there is no risk, but that any such

risk is too small to be detected by the published studies and much less than indicated by

reported clusters.
Since these reviews there have been two published papers that provide a slightly different

perspective (McDonald et al, 1988a; Goldhaber et al, 1988). The study by McDonald et al was part

of a wider study in Canada of the influence of occupational factors on pregnancy in the period

1982-1984 based on interviews with 51,885 women who had just delivered and 4,127 who were

treated for spontaneous abortion. As part of this study (McDonald et al, 1988b), increased relative

risks (RR) of spontaneous abortion were found for women exposed to high levels of physical stress

such as lifting (RR 1.32, significant at 1% level), physical effort (RR 1.26, significant at 1% level),

standing (RR 1.09, significant at 5% level), long hours (RR 1.13, significant at 5% level) and shift

work (RR 1.17, significant at 5% level) and also work with plastics, particularly polystyrene (RR

1.58, 90% confidence interval (CI) 1.02-2.35) (McDonald et al, 1988c). Table 9 summarises the

findings of the study in relation to VDU usage. The relative risks have been adjusted for age,

gravidity, previous miscarriage, ethnic group, educational level, smoking and alcohol usage. In this

summary the only significantly raised risk at the 10% level is for spontaneous abortion in the current

pregnancy. This relative risk (1.19) is slightly smaller and is of less significance than for some of

the other factors given above. The authors believe that this finding is suspect, firstly, because the

analysis by occupational group did not give a higher risk for those occupational groups with high

VDU usage and, secondly, because much of the evidence for this increased risk was obtained from

women working in the clerical sector for whom as a whole the spontaneous abortion risk was close

to that for all working women (RR 1.01, 90% CI 0.95-1.08), and for whom there was evidence of

under-reporting of VDU usage in those pregnancies that came to term. They did note an excess risk

of congenital renal urinary defects which they thought may have been due to chance.

Although McDonald et al (1988a) express doubts about their finding of excess spontaneous

abortion, they did frd in an analysis by individual VDU usage that there appears to be a trend for

the risk to increase with the level of this usage (Table 10). This was also found in the case-control

study of Goldhaber (1988) of 1583 pregnancies. This shows a clear trend not only in relation to

spontaneous abortion, but also as regards birth defects (Table 11) against VDU usage in the first

trimester of pregnancy. The wide confidence interval on the odds ratios should be noted. As in the

McDonald et al study, the odds ratios have been corrected, in this case for age, previous miscarriage

or birth defect, race, education, smoking, alcohol use, occupation and gestational age at pregnancy

diagniosis (for risk of miscarriage) and for hospital in which delivery took place (for birth defects).

Goldhaber et al remark that their findings could reflect a recall bias. As already mentioned,
McDonald et al are inclined to doubt the finding of a trend on the basis of a more detailed analysis

of their data. In this analysis the observed to expected rates of spontaneous abortion were examined

for 60 occupations divided into 8 groups according to the percentage of pregnancies in which VDUs
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were used for more- than 15 hours a week. These range from 21 occupations with 0% usage to

I occupation with 60% usage. There was no trend within this grouping for the ratios to increase

with the frequency of use above 15 hours a week. The overall relative risk across this grouping was

1.06 (90% CI 0.8-1A), as shown in Table 9.

It may be concluded that the two later studies do not alter the conclusions drawn from

earlier studies. There may be a slightly higher risk of spontaneous abortion associated with

intensive use of VDUs during pregnancy, but this could be a result of higher job sess and postural

problems rather than the exposure to the small electromagnetic fields. Rather higher risks are

associated with physical stress in pregnancy. The absence of any indication of risk to women with
much higher exposures to electromagnetic fields (Kolmodin-Hednman et al, 1988) tends to reinforce

this conclusion.

Further reinforcement is provided by the study of Bryant and Love (1989) of 333 cases of
spontaneous abortion in Calgary during the period from January 1984 to December 1985. Controls
were postnatal women who were delivered of a healthy infant and prenatal women. No association

between VDT usage and spontaneous abortion could be found in this careful study. It did provide

evidence for recall bias in other studies in that the postnatal controls appeared to have less VDT

usage than the prenatal controls. The study also identified a social difference between women who

used VDTs and those who did not, although this did not affect the negative finding.

More recently, a well-conducted prospective study (Schnorr et al, 1991) investigated the

risk of spontaneous abortion in a cohort of female telephone operators using VDUs during the first

trimester of pregnancy and exposed to both extremely low frequency (ELF) and very low frequency

(VLF) electromagnetic fields compared to telephone operators using equipment containing light-
emitting diodes or neon glow tubes and exposed mostly to power frequency electromagnetic fields.

The study group comprised 2430 women who were interviewed in detail; there were a total of 366

pregnancies in 323 operators using VDUs at any time during the first trimester of pregnancy during

the study period compared to a total of 516 pregnancies in 407 operators using the other telephone
equipment. Pregnancy outcome was classed as spontaneous abortion (fetal loss at 28 weeks
gestation or earlier, stillbirth (fetal loss after 28 weeks gestation) or live birth. The abdominal

region of the VDU operators was exposed to VLF (around 15 kHz) magnetic flux densities of
about 5-20 nT; compared to non-VDU users exposure to background levels of around 2 nT, the
abdomens of the non-VDU-users were also exposed to a wider range of power frequency magnetic
flux densities (about 40-80 nT) compared to the VDU users (about 70-80 nT) exposed to

45-60 Hz fields.
The authors found no increase in the risk of spontaneous abortion associated with the

occupational use of VDUs; in addition; the lack of excess risk was unaffected by the number of
hours worked per week. Both groups of operators were well matched for a number of ergonomic
factors related to the work and were similar in mean age, mean lifetime number of pregnancies,
race, education, percentage currently employed at a company included in the study and mean years

employed by a company included in the study. The authors also took into account in their analysis

the possible confounding effect of recall differences in subject-reported data. Multiple logistic
regression analysis was used to assess the effect of VDU use on the incidence of spontaneous
abortion while controlling for the effects of other variables.

Although no effect of VDU use was found, the study did report an altered risk of

spontaneous abortion for previously reported risk factors: alcohol consumption, smoking, the
presence of a thyroid disorder and a history of spontaneous abortion. However, the study did not
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address an association between spontaneous abortions and physical or psychological stess; these

factors may have been similar in both groups of operators. In addition, both groups were exposed

to similar levels of extremely low frequency magnetic fields which were in the lower pan of the

range of power frequency magnetic flux densities found in the home environment.

2.6 Cot deaths

There have been allegations in certain British newspapers that electromagnetic field

exposures are involved in sudden infant deaths (cot deaths). These allegations appear to have been

based on a hypothesis described in the Journal of Alternatiw and Complemenary Medicine of

October 1988 and attributed to R Coghill. This hypothesis of cerebral morphogenedc radiation

postulates that electromagnetic radiation is produced by electrical oscillations between the left and

right hemispheres of the brain and communicates with the DNA of the cells in the body, thus

governing development. Interference with the communication by external electric fields is said to

account for outbreaks of influenza, AIDs, and cot deaths. Attenuation of the communication by the

skull is said to account for male pattern baldness. In terms of current biological and physical

knoAedge this hypothesis is extremely implausible.

There was an earlier suggestion that sudden infant deaths might be associated with

electromagnetic fields (Eckert, 1976). This German report was based on 1 family in Philadelphia,

USA, reported to have had 9 successive sudden infant deaths and who lived near a series of electric

railway lines, and the distribution of 294 sudden infant deaths in Hamburg between 1961 and 1967.

Much was made of the facts that there was a high incidence of deaths in public welfare residential

camps, most of which were sited near to electric railways, and that the incidence appeared to be

higher in the lower floors of multistorey apartment buildings. No data were given to show that

these situations were in fact associated with higher electromagnetic fields nor was any attempt made

to address the social factors which were likely to have been involved.

There appear to be many factors involved in sudden infant deaths (Brown, 1989; Milner

and Ruggins, 1989) - it may be that exposure to electromagnetic fields is one of these factors, but

there is no evidence for this possibility and it is at present pure speculation.

2.7 Allergies and electrophobla

There is some variation between individuals in their ability to perceive small electric

currents and discharges. Typically, the perception levels of the most sensitive are about

one-third of those to which the least sensitive react (Dalziel and Mansfield, 1950; Larkin et al,

1986). Whether there are individuals whose sensitivity is such that they suffer 'allergic' reactions

to very small electromagnetic fields is for most scientists an open question. Certainly, there are

individuals who believe that they suffer from such allergies and there are those who support them

in their beliefs. However, the treatments described for such 'allergies' (Smith and Best, 1989) are

such that one might suspect that their efficacy depends on the degree of belief of the patient and the

charisma of the practitioner.

2.6 Summary and conclusions

Exposure to electromagnetic fields at levels below those advised by NRPB (NRPB, 1989)

does not appear to have any effects on the general health of exposed persons or on their physical

and mental performance. This conclusion is valid for extremely low frequency, radiofrequency and
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microwave exposure. However, Nilsson et al (1989) observed changes in careiospinal fluid protein
levels i Jar mechanics and suggested that this might be due to the pulsed nature of their
exposures. The one or two reports suggestive of changes in blood cell concentrations or function
in those exposed to microwave radiations might be worth further study. It must also be remarked
that although studies have not shown any excess of cataracts among workers exposed to

comparatively high levels of microwave radiation, these studies do not appear to have included the
elderly and retired. The possibility of an effect that has a long latency cannot be excluded.

Workers with radiofrequency heat sealers appear to be at risk for changes in the touch
sensitivity of their hands, particularly when radiofrequency bums are a common feature of the work
practice. They may also be subject to some general nervous disability.

One study has reported that there was no increase of adverse birth outcomes among women
using radiofrequency heating for plastic welding. However, this is worth further study both because
these women will be among the most highly exposed to electromagnetic fields and because of the
observations made in relation to the use of electric over-blankets, electrically heated water beds,
electric cable ceiling heating and VDUs. Although the evidence from electric blanket, water bed
and ceiling heating usage has not shown an absolute increased risk of spontaneous abortion, there
is an unexplained seasonal variation that did not apparently occur among non-users in the reported
studies. The authors of the reports interpret this to mean that electromagnetic fields may influence
the early stages of pregnancy. This may be relevant to a little evidence pointing to an influence of
high usage of VDUs in early pregnancy on spontaneous abortion. However, high VDU usage may

be associated with job stress and postural problems. Physical stress due to occupation seems to
carry a greater risk to pregnancy outcome than either VDU usage or the use of electric
over-blankets, water beds or electric cable ceiling heaters. If there is in fact a risk from the use of
these appliances, -which may or may not be due to the associated electromagnetic fields, it is almost
certainly smaller than and outweighed by other environmental and work-related factors that increase
the risk of spontaneous abortion. Although any link between pregnancy outcome and paternal
exposure seems unlikely, the slight indication of such a link is, as those for maternal and in-utero
exposure, worth further investigation in highly exposed groups.
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3 Electromagnetic field exposure and cancer

There have been two main treads to reports of associations between cancer and

electronagntic field exposures. One thread comes from studies of cancer incidence in workrs in
occupations with electrical or electronic connections. The first in a series of such studies was by
Miluam (1982) and concerned a 30 year set of death registrations in Washington State, although
Wertheimer and Leeper (1979) had noted earlier that the cancer rate appeared to be elevated among
men who might be exposed to power frequency magnetic fields. Leukaemia mortality appeared to
be raised across a range of such occupational groups and most prominently increased for the acute
forms of leukaemia. The other thread comes from studies which rely upon the place of residence

as the indicator of exposure. The first studies with this as the basis were those of Wertheimer and
Leeper (1979, 1982). who found an association between domestic electric power lines near homes
and childhood cancer. There have been a number of such studies since those of Milham and of
Wertheimer and Leeper, with the majority concentrating on the occupational associations. There
have been almost as many reviews of the studies as there are studies. Possibly some of the most
comprehensive reviews are those of Knave and TOrnqvist, 1985; Sheikh, 1986; Michaelson, 1987;
Savitz and Calle, 1987; Coleman and Beral, 1988; Brown and Chauopadhyay, 1988; Repacholi,
1988; Creasey and Goldberg, 1988. These reviews all come to essentially the same conclusion,
which is that the evidence for an association between electromagnetic fields and cancer is too

tenuous to be conclusive but too consistent to be ignored.
Epidemiological findings are often criticised because they produce associations that are not

necessarily causal. This is because in contrast to the majority of laboratory experiments there may
be unrecognised or uncontrolled agents which are the true causal factors. However, the causal
nature of observed associations is strengthened when the relative risk is large and statistically
significant and, most particularly, when the relative risk increases with the level of exposure. As

has been pointed out by Creasey and Goldberg (1988), some of the biological effects for which
significant claims have been made are alleged to occur only at specific combinations of frequency

and intensity. They are attributed to the magnetic rather than the electric component of the fields,
possibly in an interaction with the earth's static geomagnetic field. If these are real effects and have
any connection with carcinogenesis, there could be a complex dose relationship. For example, a
much higher risk could be associated with a limited subset of exposure conditions and exposures
at high intensities might carry a lower risk than those at lower intensities.

In general, it must be remarked that many of those in electrical or electronic occupations
will not be exposed to any greater extent to electromagnetic fields than workers in other occupations.
Many are employed in the assembly of components and others work on the repair of essentially
'dead' equipment. The derived risks, if genuine, from populations including the non-exposed will
be underestimates of those to the genuinely exposed. Competing risks due to other possible agents
such as solvents and metal fumes will also result in underestimates of any real risks from
electromagnetic fields to these people.

3.1 Occupational studies

One of the most common approaches in the investigation of the possible links between
cancer and occupational exposure to electromagnetic fields is to analyse national or regional
statistics of cause of death or cancer registration. Usually this results in estimates of proportional
mortality ratios, PMRs, or proportional incidence ratios, PIRs, whose interpretation is subject to
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certain disadvantages (outlined in Appendix A) due to the confounding factor of occupational class.
Where standard mortality ratios, SMRs, are given they rely upon the occupation descriptions
recorded on death certificates, which are often the last occupation of the deceased, to provide the
numerators, and census returns, to provide the denominators. (SMRs and PMRs ae described in
Appendix B.) The arors produced by this procedure in regard to British statistics have been
described by Alderson (1972) and are pertinent to the later discussion in Section 3.1.4. An
investigation of the occupation recorded at death by interviews with close family or friends disclosed
a major discrepancy between the recorded and final occupation in about 10% of cases. Moreover,
in about 28% of deaths there was a major discrepancy between the death certificate occupation and
the principal occupation during life. Rather discouragingly Alderson remarks "... a search of the
literature and discussion with colleagues failed to identify a single major hazard that has been
discovered where the initial hunch for the enquiry was derived from the published occupational
mortality data".

Another approach to the investigation of occupational exposures is the case-control study.
In this type of study the distribution of occupations among those dying from a specific cause are
compared with the distribution among a randomly chosen set of those dying from other causes.
Alternatively, the distribution of occupations among hospital patients with the disease under
investigation will be compared with that among patients with other diseases. However, the incidence
of disease is likely to vary between the occupational classes in the same way as the mortality rates
illustrated by Table A9 of Appendix A. Case-control studies, therefore, will reflect proportional
ratios rather than the absolute rates of death and disease among occupations.

3.1.1 Leukaemia
Studies which have identified increased occupational risks to leukaemia among electronic

and electrical workers have been reviewed by both Savitz and Calle (1987) and by Coleman and
BemI (1988) as well as by others. The studies considered by these reviews and some additions are
listed in Table 12. Both of the two reviews mentioned came to the same conclusion about the
magnitude of the apparent risk. Using a weighted average of all the studies, Savitz and Calle
determined the relative mortality risk to electrical and electronic woikers from all leukaemias as 1.2
(95% confidence interval (CI) 1.1-1.3) and for acute myeloid leukaemia as 1.5 (95% Cl 1.2-1.8).
These are not of course separate risks, the all leukaemias risk includes that forn acute myeloid
leukaemia. Coleman and Beral obtained relative risks of 1.18 (95% CI 1.09-1.29) and 1A5
(95% CI 1.27-1.68) for all leukaemias and for acute myeloid leukaemia, respectively.

Two of the studies in Table 12 that are not included in the two reviews, are those of OPCS
(1986) and Milham (1988). Their inclusion does not alter the weighted average risk values given
above. The OPCS data are discussed in greater detail in Section 3.1.4. The study by Milham of
amateur radio operators is of particular interest, since it avoids some of the doubts raised earlier
about national and regional mortality statistics. By the use of records of licensed amateurs, which
give dates of birth and addresses, Milham was able to derive standardised mortality ratios for those
living on the west coast of the USA in a comparison with the mortality rates for the whole
population. The SMR for all causes of death was 71 (95% CI 69-74). For all leukmemias it was
124 (95% CI 87-172), although this is raised it is not statistically significant. However, statistically
significantly raised SMRs were obtained for acute myeloid leukaemia, 176 (95% CI 103-285), and
for the related neoplasms of the lymphoid tissues (8th lCD code 202) and multiple myeloma (8th
ICD code 203). Taken together, the SMR for these latter neoplasms was 162 (95% CI 117-218).
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It is tempting to onanect these observations with the possible exposure of these people to

radiofrequencies in the course of their hobby, but it is notable that between 30% and 40% of them
had electrical or electronics occupations. It is possible that these occupations and their hobby may
involve exposure not only to power frequency electromagnetic fields, but also to solvents,

polychlorinated biphenols and metal fumes, particularly when the assembly or construction of

equipment is involved. The connection with assembly or repair work is seen also in the studies by
Juutilainen et al (1988), Pearce et al (1989) and Gallagher et al (1990). In LOese studies the highest
risks were associated with those workers involved with some sort of assembly and the lowest with
general electricians and welders. This connection will be raised again in the discussion of brain
tumours in Section 3.1.2.

One study (BarregArd et al, 1985) found no increased risk of mortality or cancer incidence
among men exposed to strong static magnetic fields ranging from 4 to 29 mT in a chloralkali plant
in which they had worked for periods of more than I or 5 years when compared to men in the same

Swedish county.

A study of Polish military personnel which was first reported in the March 1985 issue of
Microwave News and later with slightly more detail (Szmigielski et al, 1988) indicated an excess

risk of cancer to men exposed to microwaves. Neoplastic morbidity for the period 1971-1980 in

these personnel was reported, of whom 3% were exposed to microwave and radiofrequency

emissions. The actual numbers of deaths were not given, only the mortality rates, neither was the
size of the studied population, but it was probably in total about 150,000 persons, both exposed and
unexposed. The typical exposure was described as 4-8 hours per day at levels below 2 W m"2

with several minutes in the range 2-10 W m-2 . Occasional exposures at levels in the range

100-200 W m"2 are also reported. From this description an average annual integrated exposure of
about 125 W m-2 days might be inferred. The risks of all forms of cancer, with the possible

exception of lung cancer, seem to have been elevated in the exposed group. Particularly elevated
risks were reported for lymphosarcomas and lymphomas, for acute myeloid leukaemia and for

chronic lymphoid leukaemia. The relative risks for all forms of cancer by age and length of

exposure that can be obtained from the data given are shown in Table 13, which is probably based

on not more than about 30-40 deaths in the exposed group. It is possible to derive a coefficient for

the increase in relative risk of about 0.001 per W m"2 day of exposure with an assumption of a

multiplicative risk model and no latent period. If this were correct, it would imply that the
acceptable exposure levels should be several orders of magnitude less than at present considered.

However, there must be considerable statistical uncertainties attached to the relative risks given in

Table 13 and the assumptions used in deriving such a coefficient are questionable. Indeed,

Szmigielski et al express considerable caution about the results.
Exposures to organic solvents, and particularly to benzene, have been identified as leading

to increased risks of all forms of leukaemia (Brandt, 1985, 1988). One of the most comprehensive

reviews relating to benzene exposures is that of Austin et al (1988); exposure to this solvent has

been specifically linked to an increase in acute myeloid leukaemia. For the studies quoted in the

review the statistically significant relative risks at the 5% level range from 1.5 to 3.5 with SMRs

for exposed persons in the range from 560 to 6637. The involvement of solvents in raised

leukaemia risks is identified also in a study by Lindqvist et al (1987), who obtained relative risks

of 4.9 (95% Cl 2.2-12.1) for any exposure to solvents and 13.0 (95% Cl 2.0-554) for exposure as

a painter. A proportional mortality ratio for leukaemia of 178 (95% Cl 81-392) for automobile
mechanics (Schwartz, 1987) was also attributed to benzene and other organic solvents. Elevated

26



Ieukaemia risks have.been described for abauoir workers (Peamc et al, 1988). farmers (Milham,

1971; Blair et al, 1985; Brownson and Rief, 1988). wood and paper mill workers (Schwartz, 1988;
Flodin et al, 1988), and cooks, metal working machine operators, truck drivers and motor vehicle

manufacturers (Howe and Lindsey, 1983). Exposures to DDT and fresh wood were particularly
associated with an increased risk of chronic lymphatic leukaemia (Flodin et al, 1988).

In a published study of 5351 leukaemia cases occurring in a 19-year follow-up of Swedish
men, who were employed in 1960, specific incidence rates (SIRs) for the different forms of

leukaemia were significantly elevated at the 5% level for several occupations (Linet and Cartwright,
1988). The elevated SIRs were 500 in woodworkers for acute lymphatic leukaemia, 300 in cloth

and pattern workers and 190 in electrical line workers for chronic lymphatic leukaemia, 210 in
circular saw and plane operators for acute non-lymphocytic leukaemia (which includes acute myeloid
leukaemia), and 150 in motor mechanics for chronic myeloid leukaemia. So many occupations are
tested in this study that some of the elevated values must be due to chance.

3.1.2 Brain tumours

The first report which drew attention to a possible link between brain tumours and

employment in electrical and electronic occupations was that of Lin et al (1985). In their report
mention is made of earlier reports which had also indicated such a linkage, but which did not
receive much attention (Milham, 1979; Robinette et al, 1980; Wrensch, 1984). Milham's study was

of aluminium reduction plant workers based on the occupational mortality records of Washington
State for 1950-1977. The primary concern was clearly with the effects of chemical fumes and dusts
in the plants, although these workers are exposed to comparatively high magnetic fields. The SMR

for neoplasms of the brain (7th ICD code 193) was unremarkable at 99 (95% CI 30-324), but
Milham notes that there were five deaths due to benign neoplasms of the brain against 1.3 expected,
giving an SMR of 391 (95% CI 157-972). The study of Robinette et al has already been discussed
in Section 2 and is of American Navy personnel exposed to microwaves in the 1950s. Lin et al

point out that 7.9% (16 of 202) of the deaths due to neoplasms were of the eye, brain and nervous
system (8th ICD codes 190-192) compared with 3.8% expected from the statistics for all American
males. The apparent relative proportional mortality ratio is therefore 208 (95% CI 126-344).
Breakdown between the different exposure groups identified in Table 5 give relative PMRs for
the low exposure group of 223 (95% CI 110-455), for the medium exposure group 202

(95% CI 83-494) and for the high exposure group 184 (95% CI 58-115). The loss of statistical
significance due to the small numbers prevents any conclusion being drawn from these values. As
noted in Section 2.1, there were no significant trends for cancer mortality to increase with the

presumed level of exposure, although those for lymphatic and haematopoietic systems exhibited a
marginally more positive trend than the others (Table 5). The case-control study of Wrensch was
of 90 cases treated for brain tumours at the University of California. The cases were more likely

than the controls to have had jobs as drivers, heavy machine operators or to have worked outdoors.
Both cases and controls were equally likely to have had jobs involving exposure to extremely low
frequency electromagnetic fields, but for the cases these jobs were more often the lifetime or

predominating job.
The study of Lin et al was principally a case-control study based on death certificates from

the state of Maryland in the period 1969-1982 of 951 cases distributed among the 8th ICD codes
191, 192.9, 225.0 and 238.1 and the 9th ICD codes 191, 225 and 239.6. Of the cases, 519 were
gliomas or astrocytomas and the remaining 432 were non-specified brain tumours. For both these
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categories die obsemvd cases appeared to be in excess of expectation for electrical and electronic
engineers and technicians, and for electric and telephone line and servicemen. (In the USA power
supply lines and telephone lines are often mounted on the same poles.) However, only for gliomas

and asitiytomas did there appear to be a significant uend of association with the attributed level
of exposure (Table 14).

In the same year that Lin et al published their paper, Milbain (1985b) published a further
study of the mortality of workers exposed to electromagnetic fields in Washington State which

covered the period 1950-1982. It seems likely timt this included deaths from his earlier publications

already mentioned. In addition to the significantly raised PMRs for the leukaemias (Table 12), he

also obtained a PMR for malignant neoplasms of the brain of 123 (95% CI 100-151) for workers

occupationally exposed to electromagnetic fields. Significantly elevated PMRs were also obtained

for neoplasms of the pancreas, lung and for lymphomas. In Table 15, these are disuibuted among

those occupations which were believed to involve only exposure to electromagnetic fields and those

which also involved exposures to other agents, particularly metal and chemical vapours and fumes.

In the case of cancer of the brain, the elevated PMR appears to be confined to those whose

exposures included other agents.

Another American study which found an association between electromagnetic fields and
brain tumours was that of Speers et al (1988). This was based on an area of Texas in which the
SMRs for neoplasms of the brain (8th ICD code 191) seemed unduly elevated. Using the same

groupings of attributable exposure as Lin et al (1985), a significant trend was observed (Table 16),

although the overall odds ratio quoted for electrical and electronic workers was not significantly

raised at 2.11 (95% CI 0.77-5.81). Higher and significant odds ratios were bbtained for utility

workers of 13.10 (95% CI 1.33-128.87) and employees in the trucking industry of 6.65 (95% Cl
1.05-42.19), for whom no particular association with electromagnetic fields was claimed.

Two reports from Sweden did not find any excess of brain umnours in electrical workers.
The most comprehensive of these studies was by McLaughlin et al (1987), which linked cancer
incidence in the period 1961-1979 with the 1960 Swedish census information on occupation.

Significantly raised standard incidence rates, SIRs, at the 5% level were observed for professional,

technical and related workers (110), service workers (110), agricultural scientists (270), dentists
(210), welders and metal cuners (140), and unspecified glass, porcelain or ceramic workers (220).

For electrical and electronic workers the SIR was 90. Specific industries which had statistically

significant high SIRs were cellulose pVants (160), other petroleum and coal industries (260), brick
and tile making (180), engineering and architects offices (180), and coffee shops (320). The report

by T&rnqvist et al (1986) covered the same period, and presumably the same population, but was
specific to workers in the electric power industry. They could find no elevated risks of leukaemia

or brain tumours in power linemen or power station operators, although there was a tendency
towards an excess risk of cancer of the kidney and other organs.

Thomas et al (1987) made a detailed study of the brain tumour risk among men with
electrical and electronics jobs, with particular emphasis on their possible exposures to microwaves
and radiofrequencies. However, occupations considered to involve exposures to these radiations

included those of electrical linemen, aluminium production workers, welders and motion picture
projectionists, whose exposure to electromagnetic fields is more likely to be of extra low frequency

electric power fields. The study population consisted of men in the north-eastern pan of the USA

dying of brain and other central nervous system turnours in 1979, 1980 and 1981. Controls were

men dying of other causes and matched for age, year of death and place of residence. It is claimed
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that the calculated relative risks are adjusted for the confounding influence of educational attainment.

Table 17 gives these relative risks according to whether or not the exposure occurred in an electrical
or electronics job. As may be seen, the excess risk appears to be confined to those who were

exposed in one of these occupations. A further breakdown showed a statistically significant trend
for the risk to increase with the duration of exposure. The relative risk was higher for men involved

in the manufacture and repair of electronics equipment (3.9, 95% CI 1.6-9.9) than for electrical

tradesmen (1.9,95% CI 0.9-3.8). These observations led the authors to the conclusion that simple

exposure to microwaves and radiofrequencies was not responsible for the excess risks and that

additional exposures to soldering fumes and solvents might be involved.

Excess risks of brain tunours have been associated with other occupations, in particular
with farming (Blair et al, 1985) and the chemical and petroleum industries. Howe and Lindsey

(1983) found excess risks for Canadian men in highway and bridge maintenance and the
manufacture of household furniture. In a conference on brain tumours in the chemical industry

(Selikoff and Hammond, 1982) during which brain tumours were associated with exposure to vinyl

chloride and possibly to petroleum products, electrical occupations were mentioned in two papers.

The first of these by Mancuso (1982) highlighted excess brain tumour rates during 1939 in men

employed in the rubber industry and in the manufacture of electrical machinery, and in the

manufacture of paper and allied products. At that time rubber was used extensively for electrical
insulation. Mancuso, himself, suggested that the association was strongest with exposures to rubber

production occurring mainly in the period from 1914 to 1935 and possibly with exposure to carbon

disulphide and benzene in the production process. In the second paper by Bond et al (1982) it was
indicated that brain tumours among employees of Dow Coming in Texas were associated with work
in a magnesium production plant which involved electromagnetic field exposures. The authors go

on to suggest that this indication was not supported by the absence of any latency effect. In the

same conference Alderson and Rushton (1982) pointed to an absence of any excess brain turnour

risk among employees of UK oil refineries.

The studies associating brain tumours with electrical and electronics occupations are listed

in Table 18. The weighted average relative risk over all these studies is 1.33 (95% CI 1.19-1.49).

3.1.3 Malignant melanoma and other cancers

In 1983 VAgerd and Olin published a study of cancer incidence in the Swedish electronics

industry based on cancer cases reported to the Swedish Cancer Environment Register in the period

1961-1973. They identified slightly raised relative risks for all cancers (men, 1.15 95% CI

1.10-120; women, 1.08 95% CI 1.01-1.15) and rather more elevated risks of pharyngeal cancer

(7th ICD code 145) and lung cancer (7th ICD code 162) of 2.30 (95% CI 1.11-4.97) and 1.52

(95% CI 1.35-1.72), respectively. Although not specifically identified in their text, the risk of

malignant melanoma (7th ICD code 190) was given as 1.35 (95% CI 1.05-1.76).

In a subsequent study (VAgerO et al, 1985) the cancer incidence in one Swedish company

producing telecommunications equipment was studied for the period 1958-1979. For male

employees statistically significantly elevated SMRs were found for malignant melanoma and Brill-
Symmon's disease of 250 (95% CI 40-490) and 1760 (95% CI 210-6380). For female employees

the only elevated SMR was for neoplasms of the small intestine (1600, 95% Cl 180-5780). The
malignant melanoma risk appeared to be rather more associated with work that involved soldering

which gave an SMR of 390 (95% Cl 140-150) compared with 280 (95% C) 130-510) for any type

of work.
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The same gpup of authors also studied the mortality for the period 1930-1979 of Swedish

electrical engineers who graduated between 1930 and 1959. The only elevated SMR for this group

of 1254 men was for malignant melanoma of 320 (95% CI 70-940); but the small numbers prevent

this value from reaching statistical significance. It must be presumed that the three Swedish studies

mentioned all relate to some extent to the same set of data and cannot be regarded as entirely
independent.

A raised risk of malignant melanoma was also found among the male workers of a

Canadian telecommunications company. During the period 1976-1983, 10 cases occurred when 3.68
would have been expected. Of these 10 cases, 3 were categorised as office workers, 1 was a
salesman and I a computer specialist. It is unlikely that these had any remarkable exposure to

electromagnetic fields. The highest risks appeared to be associated with first employment by the

company within 20 years of contracting the disease.

Swerdlow (1983) drew attention to the high proportional registration rates (PRR) for eye

cancer in electrical and electronics workers. These were based on data for England and Wales for

the period 1962-1977 for persons over the age of 15 years. Equally high rates occurred in the

occupational orders of administrators and managers and in professional, technical workers and

artists. These two occupational orders were thought to reflect the general tendency for higher PRR

values in the higher occupational classes to which the electrical and electronics workers were not

considered to belong.
Elevated risks of cancers of the respiratory tract and lung have been indicated in three of

the reports already mentioned (Robinette et al, 1980; VAgero and Olin, 1983; Milham, 1985). In

the first of these the higher risk was for the more highly exposed of the three groups (see Table 5).

It is noticeable that this group was the one consisting of those American Navy personnel concerned
with the repair and servicing of equipment. In Milham's study the higher lung cancer risk was also
associated with those workers for whom there was exposure to solvents and metal fumes in addition

to the electromagnetic field exposure (Table 15). The Swedish study provides no information on

the possibility of other exposures. If the elevated cancer risks in electrcal and electronic

occupations are related to exposures to solvents and metal fumes, it would not be surprising to

observe some. elevation of the lung cancer risks among workers in these occupations. Smoking is

a notorious confounding factor for this cancer, however.

For vher cancers there have been only isolated reports of elevated risks for electrical and

electronic workers. Neoplasms of the pancreas and lymphomas have been identified by Milham

(1985b) Table 15, and pharyT.geal cancer by VAgero and Olin (1983). In view of the close

connection with the leukaemias it is surprising that other cancers of the immunological system such

as multiple myeloma and the lymphomas do not appear to have been reported as elevated among

electrical and electronics workers apart from the reports of Milham (1985b, 1988) which may

contain some overlap of data. One study of 435,425 American Navy enlisted men in the period

1974-1983 (Garland et al, 1988). in which 68 cases of non-Hodgkin's lymphomas occurred, did not

indicate any generally excess risk among electrical and electronics occupations. Although based on

only two cases, a standardised incidence ratio of 1.7 (95% Cl 0.2-6.1) was observed for internal

communications electricians.
It has been hypothesised that the increase in mortality rates in recent decades from breast

cancer (Appendix A, Table A4), among women over 55 years is linked to electric power use

(Stevens, 1987). This hypothesis is based on some evidence from animals that exposure to electric

fields decreases melatonin production and this is linked in the hypothesis to oestrogen and prolactin
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production which increases cell turnover in the breast and breast cancer risks. (See also Section

2A.) However, melatonin production is strongly influenced by exposure to light, and is reduced

when light is incident on the retina. Since there is an obvious association between the use of

artificial light and the use of electric power this is a confounding factor *Whch could exert a stronger

influence than any effect of electromagnetic fields.

3.1.4 Cancer mortality among British electrical and electronics workers

Two reports of increased leukaemia risks heve been based on data derived from the

decennial publications on occupational mortality issued by the British Office of Population Censuses

and Surveys (McDowall, 1983. OPCS, 1986). Thesd are listed in Table 12. The OPCS publications

give SMR and PMR values for the age groups 20-64 years and PMRs for the age groups 65-74

years by occupation. The numerators are derived from death certificates and the denominators for
SMRs from the decennial census data for the United Kingdom. Unfortunately, as remarked earlier,

it is not always certain that the two sources of data apply to exactly the same occupational

populations. In particular, a rather wide range of work experience and educational attainment might

be covered by the description 'engineer'. The OPCS publications specifically identify some

occupations including electrical where the SMR values are doubtful, but indicate that it is not certain

that the data for other occupations are any more reliable.

McDowall's study considered mortality data for England and Wales for the period

1970-1972 (OPCS, 1978) and a 10% sample of the population from the 1971 census. For a range

of electrical and electronic occupations, PMR for all leukaemias was 98 (95% CI 79-21) for the

ages 15-74 years, and for acute myeloid leukaernia 104 (95% CI 73-148). For specific occupations

a high PMR of 249 (95% CI 110-565) was derived for telegraph and radio operators for all

leukaemias. High PMRs for acute myeloid leukaemia were obtained for electrical engineers (so

described) (231, 95% CI 118-451), telegraph and radio operators (241, 95% CI 58-996), electrical

engineers (G17, 95% CI 48-809), and electronic engineers (professional) (305, 95% CI 111-837).

Only the first and last of these are statistically significant. McDowall also carried out a case-control

study based on acute myeloid leukaemia deaths reported in 1973 using as controls deaths from other

causes randomly selected, but matched for age to the leukaemia deaths. This does not avoid the

confounding factor of occupational class. The derived relative risk for all occupations connected

with the electrical or telecommunications industries was 2.3 (95% CI 1.4-3.7) and for those

connected only with electrical industries 2.1 (95% CI 1.3-3.6). There is essentially no difference
between these two relative risks.

The 1986 OPCS report in a commentary on its data drew attention to an elevated SMR of

202 for electrical and electronic engineers for all leukaemias that was statistically significant at the

1% level for the age group 20-64 years, and an elevated SMR for acute myeloid leukaemia of 155

for electricians, fitters, plant operators, etc, that was statistically significant at the 5% level for the

same age group. Unlike the earlier OPCS reports, the 1986 report covered the whole of Great

Britain instead of only England and Wales. Mortality data were for the years 1979-1980 and

1982-1983 and the occupational data from the 1981 census, which sought rather more detail about

occupation than earlier censuses.

Data from the 1986 OPCS report are analysed further here. The occupational groups for

men who may have some extra exposure to electromagnetic fields have been separated into those

who may in addition be exposed to solvents and metal fumes that are particularly connected with

the manufacture, repair and assembly of electrical and electronic equipment and those who are less
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likely to have been =posed to 0 Ner agents, although they may have bn exposed to other
solvents and fumes. The two groups are:

Group I Occupations with possible electromagnetic field exposures and other exposures

associated with manufacture, repair and assembly of electronic equipment

Code 027 Electrical and electronics engineers

Code 120 Production fitters, electricians, electricity power plant

operators, switchboard attendants
Code 122 Telephone fitters, cable joiners, linesmen

Code 123 Radio, TV and electronic maintenance fitters and mechanics

Group II Occupations with possible electromagnetic field exposures, but unlikely to have
been exposed to the solvents and metal fumes associated with the manufacture,
repair and assembly of electrical and ele..tronic equipment (they may have been

exposed to other solvents and fumes)

Code 022.02 Sound and vision equipment operators

Code 051 Telephonists, radio and telegraph operators

Code 110.03 Electroplaters

Code 128 Welders

Apart from the difference as regards other exposures, these groups may differ in other ways.

Group I workers on the whole might be expected to have a higher level of training and education.
For comparison another group was selected with a comparable background of technical training and

occupation, but with no obvious electromagnetic field exposures, composed as follows.

Group II! Engineers and technologists with no specific connection with electromagnetic

fields

Code 025 Civil, structural, municipal, mining and quarrying engineers
Code 026 Mechanical and aeronautical engineers

Code 028 Engineers and technologists not elsewhere classified
Code 030 Laboratory and engineering technicians, technician engineers

The SMRs for these groups are presented in Table 19 for males aged 20-64 years for the
major causes of death, ie all neoplasms and diseases of the circulatory system, and for the specific
neoplastic diseases of malignant melanoma, of the brain and for all leukaemias. In addition, the

SMRs for the main leukaemias of adults, acute myeloid leukaemia and chronic lymphatic leukaemia,
are given. Similar data are given in Table 20 for males aged 65-74 years - for this age group only

PMRs are supplied by OPCS.

As may be seen, the SMR values for all the disease categories other than chronic lymphatic

leukaemia listed are statistically elevated at the 5% level for the 20-64 years age group of Group
I workers, the PMIR values for the 65-74 years age group are unremarkable. In contrast, for the

Group III workers the major causes of death have significantly low SMR values in the 20-64 years
age group, although the PMR for all neoplasms is significantly high for the 65-74 years age group.

Group II workers are similar to Group I in that the SMRs for the two major causes of death are
elevated to a statistically significant degree; the other causes have unremarkable values. Aside from

the possibility that the mortality rates for workers in the Group I and II occupations a- elevAted for
all the major causes of death, the patterns of SMRs and PMRs in Table 19 and 20, when compared
with the patterns for the different occupational cla~ses shown in Table A9 of Appendix A, suggest
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that there may well be problems with dtd numerators and denominators from which these values are

derived. To further illuminate these data the relative standardised mortality ratios (RSMRs) have

been calculated and are shown in the tables. These RSMR values are defined as

RSMR = (RI/R2) x 100

eRI - Observed deaths from the specific cause
Expected deaths from national statistics

Observed deaths from all neoplasms and diseases of the circulatory

and R2 a system less deaths from the other diseases listed
Expected deaths from all neoplasms and diseases of the circulatory

system less expected deaths from other diseases

In this comparison the RSMR values for the Group III workers are all significantly elevated

at the 5% level for the 20-64 years age group, and none is significantly elevated for Groups I and

IH. It seems possible, therefore, that the apparently elevated '.MR and PMR values for electrical and

electronic workers for leukaemias, neoplasms of the brain ani malignant melanoma are an artefact

of the mortality data for Great Britain. In view of the data for Group Ill and those for the

occupational classes in Table A9 of Appendix A, it is also likely that occupational class is a strong

confounding factor in the elevated risks for the workers derived by studies in other countries, and

that to some extent they reflect a lower mortality from other diseases rather than higher mortalities

for the specific diseases for which elevated risks have been claimed.

Because of the suggestion that if the elevated risks to electrical and electronics workers are

real then exposures to solvents and metal fumes may also be implicated, similar data to those in

Tables 19 and 20 are given in Table 21 for plumbing, heating and ventilating fitters, and gas fitters

who might be exposed to lead fumes from soldering, and in Table 22 for chemical, gas and

petroleum plant operators, rubber and plastics workers who might be exposed to solvents.

It is difficult to draw any firm conclusions from these data because of the lack of statistical

significance for the relative standardised mortality ratios, other than those for the Group m workers

of general engineers and technicians in the 20-64 years age group. On the whole for this age group,

however, and in particular for acute myeloid leukaemia, the values tend to be lowest for the Group

II category of workers not concerned with assembly or repair of equipment and for the plumbers,

heating and ventilating fiters, and gas fitters. Highest values occur in Groups I and IM, with the

chemical, petroleum, rubber and plastics workers in an intermediate position. In the older

65-74 years age group, for which chronic lymphatic leukaemia is more significant, the highest

values tend to occur among the plumbing, heating and ventilating fitters, gas fitters and Group I

workers; the lowest values tend to occur among chemical, petroleum, rubber and plastics workers

and Group II workers. Thus. Group H electrical and electronic workers tend to have the lowest

relative standardised mortality ratios for the neoplasms in question at all ages and Group I workers

tend towards the highest.

Of the observed leukaemia deaths in Group 11, 73% are of welders. Welders as an

occupational group are exposed to the highest levels of low frequency magnetic fields of up to

100-200 pT (Stern, 1987; Stuchley and Lecuer, 1989). In a world-wide survey Stem (1987) found

their relative risk of all leukaemias to be 0.86 (95%' Cl 0.67-1.06) and for acute leukaemias 0.85
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(95% Cl 0.55-1.15).-lhis reinforces the above findings. Stern did find dto welders had an elevated
risk of lung cancer that is attributed to welding fumes.

These observations would suggest that if thae is any risk associated with exposure to

electromagnetic fields it arises only in association with other agents. The dam for die plumbing,

heating and ventilating fitters, and gas fiters suggest that if lead soldering fumes are implicated then

there is a long latency. It could be hyotbesised that electromagnetic field exposures shorten this

latency. There is no suggestion in the data that exposure to the general chemicals of the rubber,

petroleum, plastics and chemical industries produces any increased risks from the neoplasms of

interest. This is supported by a recent study of rubber workers for the period 1946-85 (Sorahan et

al. 1989). This must diminish, although it does not eliminate, the possibility that any excess risk

of these neoplasms for electrical and electronics workers is due to the use of solvents in assembly

and repair work.
In the case of malignant melanoma the values for the 20-64 years age group appear to

reflect the very strong gradient with occupational class exhibited in Tables A9 and Table A10 of
Appendix A both for this and for the 65-74 years age group. However, this pattern does not

persist here into the older age group. Plumbing, heating and ventilating fitters, and gas fitters

appear to have one of the highest relative proportional mortality ratios as they do for most of the

other neoplasms.

3.1.5 Conclusions on the risks to workers from exposure to electromagnetic fields

It is by no means certain that there is a real additional cancer risk to electrical and

electronic workers or, if it is real, whether exposures to solvents and metal fumes arising in the

manufacture, repair and assembly of equipment are involved. By reference to the current mortality

rates among workers in the 20-64 years age group (Tables A5, A6 and A9 of Appendix A) and

taking the derived relative risks at their face value, the annual average extra risk of leukaemia

(including acute myeloid leukaemia) for those employed in electrical and electronic occupations is

about I x 10-5 and for neoplasms of the brain about 2 x 10-5. The total extra annual risk for these

cancers is therefore about 3 x 10". This is likely to be a considerable overestimate of the possible

risk to the average worker because of the confounding factor of occupational class. If the risk is

real and due to electromagnetic field exposure it is impossible to draw any conclusion about the risk

to the more highly exposed or those exposed to specific frequencies.

Intertingly, in contrast to much of the expressed concern, it is neoplasm of the brain

rather than leukaemia which involves the highest absolute excess risk.

No attempt has been made to estimate any excess absolute risk for malignant melanoma

of the skin because in the literature the risk appears to be confined to Swedish workers and

elsewhere to workers who are only peripherally concerned with electrical or electronics work; also

there is a strong occupational class factor in the risk and it is associated with sun-bathing.

An annual risk of 3 x I0-5 is within the levels regarded as acceptable for occupational

risks (Royal Society, 1983), although above a level regarded as acceptable for members of the
public. It must be pointed out that the additional risks of leukaemia and neoplasms of the

brain appear to be exceeded in a number of other occupations which have no specific association

with electromagnetic fields. Other than for exposures to benzene and vinylchloride, the risks for

these occupations are probably no better established than they are for electrical and electronics

workers.
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3.2 RI ediwlal population studi"

In discussing their finding that childhood cancer seemed to be increased among the

population who lived or had lived in homes in close proximity to high current configurdons

(HCCs) of domestic electricity supply cables, Wertheimer and Leeper (1979) in their seminal paper

suggested four possibilities for the association:

(a) both cancer and HCCs may be associated with some third factor giving a spurious

correlition, although they could find no indication of such a factor,

(b) the magnetic fields produced by the currents in the cables caused cancer,
(c) the HCCs might have an indirect effect on the distribution of some ambient environmental

carcinogen (one suggestion being that return currents in the water supply pipes increased

the levels of lead in the drinking w.,ter),
(d) alternating magnetic fields might affect the development of cancer indirectly, possibly by

some effects on the immune system or on cell proliferation.

It seems clear from their scoring system for the cables or wires and other details in their

paper, that the study was conceived around a basic hypothesis that linked magnetic fields to

childhood cancer. It is pertinent to enquire to what extent their scoring system and others based on

distance from wire and cable configurations reflect the magnetic field levels, particularly since it is

the magnetic field aspect that has dominated most subsequent studies.
To a greater extent than in the UK, homes in the USA are supplied with electricity by a

system of overhead cables. These consist of primary cables carrying current at a potential of

between 4 and 13 kV to pole-mounted transforners. Secondary cables from the transformers with

potentials of 240 V between phases and 110 V to a neutral line distribute the current to houses at

the domestic potential. Both the primary and secondary cables vary in thickness according to the

possible power load and the date of installation. In general, the thicker cables will be carrying

higher currents and generating higher magnetic fields. In some places in the USA the cables are

buried, as they are more usually in the UK. Primary cables in the UK usually convey the current

at a potential of 11 kV and supply transformers at street level which reauces the potential to 415 V

between phases or 230 V to neutral. Buried cables are twisted together in a helical structure with

supply and return currents flowing in opposite directions. The result is that there is some

cancellation of the magnetic fields produced by the different wires in the cables and these fields are

rather less than those produced by equivalent separated wires used in overhead cables.

To a greater or lesser extent, depending on the type and age of the domestic wiring in a

home, the return currents may flow not through the wires but through the water pipes and ground.

Where these unbalanced return currents exist, there may be higher magnetic fields than where the

supply and return currents are more equally balanced in the cables.

In addition to the magnetic fields the presence of electric cables results in electric fields

within the home. Unlike the magnetic fields these are very little influenced by the electric current

and power consumption; also they do not vary between homes or within the home to the same

extent as the magnetic fields. Although associations between cancer risk and magnetic fields have
been indicated, this has not been the case for electric fields. There will be no further discussion of

electric fields here. Further details can be found in the reports and papers of Savitz and his

co-workers (Savitz, 1987, 1988; Savitz et al, 1988).

Wertheimer and Leeper devised a scoring system based on the number, thickness and
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distance from a home of primary and secondary overhead cables. In their frst paper in 1979 they

distinguished only two categories: high current configurations, HCCs, and low current

configurations, LCCs. In their second paper in 1982 this system was refined to provide four

categories:

(a) very high current configurations, VHCCs,
(b) ordinary high current configurations, OHCCs,

(c) ordinary low current configurations, OLCCs,

(d) end pole.

The last consisted of ho" ies at the end of a secondary distribution system with no nearby primary

cable. In the study of .avitz (1987) this was termed a very low current configuration, VLCC.

Savitz and his co-workers added a fifth category, 'buried'. In the Savitz study these wire code

categories were supplemented by measurements of magnetic flux densities and electric fields in

several rooms of a number of homes. The magnetic flux density measurements were averaged for

each home. The medians and ranges of these average magnetic flux densities for each wire code

configuration are shown in Figure 5. Although the difference between the two lowest categories

is minimal, the median values clearly increase with the wiring category despite the considerable

overlap of the ranges. If cancer risks do increase with the level of magnetic field exposure, any

risks derived from the system of categorisation are likely to be underestimated due to the overlap.

In a study in Sweden where, as in the UK, the domestic supply potential is 230 V at a

frequency of 50 Hz and the supply cables tend to be buried, Tomenius (1986) measured magnetic

flux densities outside the front doors of homes. Figure 6 shows a plot of the medians and ranges

for these measurements as a function of distance from a 200 kV power trnsmission line. There

is again a considerable overlap of the ranges.

It may be concluded that while distance from electrical distribution and transmission cables

and the nature of the cables may be a predominating influence on the magnetic flux density within

a home in many cases, details of the supply to the home and the wiring within it produce a degree

of variation that will confound any attempt to quantify risks due to magnetic field exposures

based solely on distribution line configurations. The effect of the confounding would be an

underestimation of any real risks. One advantage of wiring codes is that it is possible to obtain a

rough estimate of the magnetic flux density levels in a home without having to gain entry and make

direct measurements. This, however, is mainly applicable to situations where the supply is carried

in overhead cables and not where it is carried in buried cables. A study by Kanne et al (1987) has

shown that for overhead cables it is possible to derive better indices of the magnetic flux density

than those used by Wertheimer and Leeper.

The greater use of buried supply cables combined with the higher domestic supply voltage,

which requires smaller electric currents for the same power consumption, will, in general, result in

lower magnetic flux densities in British homes compared to American ones. There have been very

few extensive studies in either country, but the few studies performed have tended to confirm the

expectation. Table 23 compares the minimum, median and maximum fields reported by Myers et

al (1985) for British homes with those reported by Savitz (1987). The measurements reported by

Savitz are for minimum and maximum use of electrical appliances in the home, ie low and high

power consumption. Since many electrical appliances are only used intermittently and the magnetic

flux density decreases rather rapidly with distance from most of this equipment, the magnetic flux

densities under conditions of low power consumption are regarded by some as more representative
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of the average expure. Some of the measurements by Myers relate to the proximity of a high

potential power transmission line (in excess of 132 kV).

3.1 Ameream studies

In tbek 1979 paper Wertheimer and Leeper studied 344 persons under the age of 19 years

who died of cancer in the greater Denver area of Colorado between 1950 and 1973 and who were

also born i that ara. Thew were matchel for date of birth by a similar number of controls. For

caes and controls an attempt was made to obtain both the birth and the 'death' address, the bl r

being the address at the time when the case died. Of the cases, 109 died at their birth address; of

the controls 128 were still living at their birth address when their matched case died. There were

272 birth address and 328 death addresses for both cases and controls. Table 24 summarises the

odds ratios for the HCC addresses of cases and controls with respect to the LCC addresses. The

analysis is given for stable addresses, ie those cases and controls with the same addresses at birth

and 'death', and for birth and 'death' addresses. For all the combinations the odds ratios are

significant at the 5% level. The breakdown by the major types of childhood cancer in Table 25

shows significantly elevated odds ratios for leukaemia and cancers of the nervous system, and not

significantly elevated values, possibly because of small numbers, for lymphomas and other cancers.

Apart from the other cancers, the choice of birth or 'death' address did not produce much change

in the odds ratios. They did not appear to be influenced by age of onset when a comparison was

made of onset between 0 and 5 years and between 6 and 18 years, by urban or suburban living, or

by the father's occupational class. The odds ratio for living near a traffic route in comparison with

elsewhere was 1.36 (95% confidence interval (CI) 0.96-2.03) and is not significant. The odds ratio

for males 2.65 (95% CI 1.71-4.11) seemed marginally higher than for females, 2.11 (95% CI

1.33-336).
Fulton et al in 1980 published a study of childhood leukaemia cases, not necessarily deaths,

whose age at onset was less than 20 years in the period 1964-1978 in Rhode Island. They used a

rather different scoring system from that of Wertheimer and Leeper, although also based on

distances hom wiring configurations. Ther were 119 cases and 240 controls matched to the cases

for date of birth. Unfortmunately, they chose to compae birth addresses for controls with the various

addresses at which the cases had lived, which could confuse an interpretation of the data. Their

results, Table 26, do not indicate any higher risk associated with their 'Very high' category.

Although Wertheimer and Leeper had shown little differences between comparisons of birth and

'death' addresses, they suggested that Fulton et al's method of comparison biases the controls

towards high current configurations (Wertheimer and Leeper, 1980) thus reducing the derived risk.

By selecting from Fulton et al's data only those cases and controls where the case was less than

8 years of age and using addresses occupied by both cases and controls between December 1957

and December 1978, they produced a set of data yielding an odds ratio for HCC cases of 1.67 (95%

CI 1.02-2.67). Such selective manipulation of the data is slightly suspect, however.

In 1982 Wertheimer and Leeper reported another study in the Denver area, this time of

adult cancers. Cases consisted of persons who had died of cancer in the period 1968-1975 and

persons who in 1979 had survived at least 5 years from a diagnosis of cancer. There was some

randomised selection of those cases whose age was in excess of 62 years and of those who had lung

cancer. The purpose of this selection was to keep the sample to a manageable size - 515 cases and

their controls came from two small towns in Colorado, Boulder and Longmont, and 664 from the

city of Denver and its suburbs, a total of 1179 cases and matched controls. For Boulder and
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Loigmont the controls were a random sample of live subjects from the two towns matched with the
cases for age, sex and socioeconomic status of the home neighbourhood. In the case of Denver city

and its suburbs, the controls were randomly selected addresses within two blocks of the case

address. This last method of selecting control addresses may have produced some overmatching.

as the authors admit, and could have reduced any differences between case and control addresses.
Wertheimer and Leeper derived wiring codes for all the addresses. The resulting data are given in

Table 27, together with the mean magnetic flux densities obtained for these wiring codes by Savitz

(1987). In the two towns and in the Denver suburbs there are significant trends of increasing

relative risk with wiring configuration, but not for the city of Denver. Combining all the data

produces a significantly increasing trend and an estimate for the increase in relative risk per

nanotesla of 0.36% (95% CI 0.16-0.55).

Wertheimer and Leeper derived another parameter for the examination of the relative risks.

This they call the C-ratio, which is defined as

Number of matched pairs in which the case address

C--rato = has a higher wiring code x 100
Number of matched pairs in which the control address

has a higher wiring code

While this statistic might be an indicator of increased risk, it is difficult to use for the purpose of

quantification. In view of the range of magnetic flux densities corresponding to any wiring code

(Figure 5), there is no guarantee, for example, that a higher code for a case in respect to its control

involves a higher magnetic field exposure.

Using the C-ratio, Wertheimer and Leeper point out that lower values are obtained for those
who live in Denver city and higher values for those who live either in the small towns or in the

Denver suburbs. However, this is quite evident from the data in Table 27. This tendency is used

by Wertheimer and Leeper to argue that the greater possibility for exposure to urban-industrial

carcinogens in the central Denver area produces competing and confounding risks, but it may well

be that in the highly urbanised area there is less difference in mean magnetic flux densities as

estimated by wiring codes than in other areas. Such an effect combined with overmatching of cases

and controls could explain the observations.

The data obtained for the use of C-ratios are suggestive that the greatest risk is for those
in the age range 19-54 years (Table 28), and that it is greatest for diagnoses occurring 6-9 years

after occupying the appropriate address (Figure 7). Wertheimer and Leeper also present data that
suggest that no risk is apparent for those who left a high code address 3 years before diagnosis.

Obviously, these data can only be derived from the two small towns where the controls were based

on persons and not addresses. Wertheimer and Leeper suggest that these observations indicate a

short latency for the effect of a high wiring configuration.

In a later paper, Wertheimer and Leeper (1987) use the same case-control population,

together with the C-ratio parameter, to examine the risks for different types of cancer. These data

arm presented in Table 29. In general, the number of address pairs relevant to each type of cancer

is too small to generate significant results. It is worth noting, however, that those which attain

significance are cancers of the nervous system, which presumably includes brain tunours, and

tumours of the female breast and uterus. These two latter categories would not have been examined

in the occupational data described on page 18. It is particularly notable that the indicated risk for

leukaemia is not elevated, and that for stomach cancer indicates a protective effect. The patterns
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they observe for apprent latency, for ages for greatest risk and for urban/suburban differences are

held by Werheimer and Leeper to be consistent with electromagnetic fields acting as cancer

promoters. An alternative view is that the relative uniformity of the C-ratios across the cancer types

shown in Table 29 is suggestive that a factor unrelated to magnetic field exposure has biased the

compaison of cases and controls.
In both their main papers Wenheime and Leeper admit that the majority of the codings

of addresses were not done blind and, in view of their apparent commitment to the hypothesis that

wiring codes and possibly magnetic fields we causally related to cancer, this has been the subject

for legitimate criticism by reviewers. In all other published studies those doing the codings were

not aware of whether the address was that for a case or a control. However, in both papers

Werheimer and Leeper present data to indicate that there has been no bias in their coding and in

view of the results of Savitz (1987) it must be concluded that the bias if it existed had very little

effect on their results.

As part of the New York State Power Lines Project, which was a comprehensive series of

biological and epidemiological studies of the effects of 60 Hz electromagnetic fields, a study was

made of adult acute non-lymphocytic leukaemia (ANLL). This was the subject of both a report

(Stevens, 1987) and a paper (Severson et al, 1988). Cases were living and dead persons aged

20-79 years diagnosed as suffering from one of the acute non-lymphocytic leukaemias (80% acute

myeloid leukaemia, AML) in the state of Washington between January 1981 and December 1984.

Living controls matched to the cases for age and sex were obtained by a system of random digit

telephone dialling. Totals of 114 cases and 133 controls were involved. Wiring codes according

both to the Wenheimer and Leeper prescription and to that of Kaune were obtained for addresses

occupied by both cases and controls during a period of 15 years before a reference date (diagnosis

for the cases and pseudo-diagnosis for the controls). AR, cases (or next of kin) and controls were

interviewed and magnetic field measurements were made where the person had lived for at least

I year in the home before the reference date. Unlike the wire coding, the magnetic field

measurements could not be made without knowing a case or control was involved. Cases tended

to be of a lower socioeconomic status than the controls and more of them were smokers. The study

showed a significant association of ANLL with smoking (odds ratio 1.75 (95% CI 1.03-2.99)] and

particularly for AML [odds ratio 1.89 (95% CI 1.08-3.33)]. The effect of this confounding

influence would be to reduce the risk estimates associated with wiring codes and magnetic

field exposures.

The results based on either the Wertheimer-Leeper coding or the scheme of Kaune show
no indication of an increased risk with higher exposure (Table 30). Based on the magnetic field

measurements, the relative risk estimates per nanotesla can be derived and are shown in Table 31.

Although three of these give a positive association, the confidence intervals are such that none is

significantly different from zero; that based on the measurements in different rooms weighted by

the degree of occupancy under conditions of low power consumption shows a negative association.

The most appropriate conclusion is that there is no effect, but with the range of confidence intervals

on these estimates, neither real risks nor beneficial effects of exposure can be dismissed. The study

showed a slight positive risk associated with electric blanket, electric pad and electrically heated

water bed use, which was not statistically significant [odds ratio 1.5 (95% CI 0.9-2.4)].

Wertheimer and Leeper have circulated a manuscript (Wertheimer and Leeper, 1988) in

which using the Stevens-Severson data they associate electrically heated bed use and their own early

HCC scoring scheme to show a positive risk, although not a statistically significant one. However,
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it is noteworthy that their own 1987 study of adult cancers indicated that thed was no leukaemia

risk. The increased cancer risk in their study is associated with other cancers.
The most comprehensive study of the relation between childhood cancers and residential

exposures is that of Savitz and his co-workers. This, like that of Stevens and Severson, was

undertaken as part of the New York State Power Lines Project and the two studies are probably the

most reliable of all those published so far. The particular strength of the study is that in a series

of related reports the confounding factors of traffic density and parental smoking are explored. It

has been the subject of one paper (Savitz et al, 1988) and two reports (Savitz, 1987, 1988). It is

based on all childhood cancer cases under the age of 15 years diagnosed between January 1976 and

December 1985 in the Denver Standard Metropolitan Statistical Area& There is no overlap with

Wertheimer and Leeper's childhood cases which were diagnosed in the period 1950-1973.

From an initial database of 356 cases, 252 (71%) could be taced for inclusion in the study.

Of those included in the study, 29% were leukaemias (23% ALL), 19% brain tumnous, 10%

lymphomas, and 10% soft tissue turnours; other cancers made up the remaining 31%. By random

digit telephone dialling controls were obtained to match the cases for age, sex and telephone

exchange area; although specific individual matching was not attempted. Controls were restricted

to those who were occupying the same home as that which they occupied when the equivalent case

was diagnosed. One consequence is that in terms of residence the controls were a more stable and

affluent population than the cases. A total of 222 controls were obtained who were prepared to be

interviewed.
Wiring codes based on the Wertheimer-Leeper scoring system were obtained for addresses

of cases and controls. In the analysis the codes appropriate to birth addresses, addresses at diagnosis

and 2 years before diagnosis were employed. At the time of interview electric and magnetic field

measurements were made for those homes which had also been occupied at the time of diagnosis.

Measurements were made in different rooms and at the front door under conditions of maximum

and minimum electric power consumption.
Table 32 shows the results in terms of the Wertheimer-Leeper configuration codes and the

means of the average magnetic fields obtained under conditions of low power. Significant trends

are obtained with the codes appropriate to the time of diagnosis and 2 years before. The trend with

wiring code at time of birth is not significant, but this may be because of the smaller numbers

available for this analysis. The data for 2 years before diagnosis produce a value for the increase

in relative risk of 0.73% per nanotesla (95% CI 0.07-1.40%). A somewhat different picture

emerges when the data are analysed in terms of the magnetic field measurements made in homes

of cases and controls under conditions of low and high power consumption (Tables 33 and 34).

The observed trends in risk with magnetic field exposure are all consistent with chance findings.

Under conditions of low power consumption the relative risk at 2 years before diagnosis is estimated

to increase at 0.12% for every nanotesla increase in magnetic field. The 95% confidence interval

on this estimate (-0.24-0.48%) embraces a decrease in risk with increasing magnetic field suength.

The estimates based on the magnetic fields under conditions of high power use are if anything lower

and even more uncertain. Tables 35 and 36 present analyses of the data for the specific neoplastic

diseases of leukaemia and brain timours. The estimate of trend associated with the leukaemia data

is slightly less likely to be due to chance than the trends for all cancers or for brain tumours, but

it would be unwise to read into this observation any suggestion that leukaemia rather than any other

childhood cancer is likely to be associated with magnetic fields in the home.

The stronger association with wire codes than with measured magnetic fields raises the

40



possibility that ditre is another factor other than the magnetic field which is causally related to

cancer and associated with the wiring codes. Table 37 gives the reported traffic densities associated

with the wiring codes - there is a clear and significant association. However, the association of

cancer cases with this traffic density as reported by Savitz (1988) just fails to achieve significance

(Table 37), although not less than with the measured magnetic fields. In a later paper (Savitz and
Feingold, 1989), the connection with traffic density is explored in greater detail with increased

numbers of cases and controls. The odds ratio for all childhood cancers at traffic densities greater

thai 500 per day in this later study is reported as 1.7 (95% Cl 1.0-3.8) which is significant, and that

for all childhood leukaemias as 2.1 (95% CI 1.1-4.0). Moreover, the data show an increasing risk

with increasing density, the odds ratio for all cancers at densities in excess of 10,000 vehicles per

day being 3.1 (95% CI 1.2-8.0). A significant increased risk of brain turnouts is also demonstrated.

In commenting on these data Savitz and Feingold caution against making any association with

general traffic generated air pollution, but mention that benzene might be involved. They do not
comment on the implications for the study of associations with wiring codes and magnetic fields.

They do comment that the result is not materially affected by adjusting for wiring codes. A similar

comment in relation to the effect of adjusting for traffic density on odds ratios associated with

wiring codes is made in the earlier paper.

Savitz et al (1988) explore a range of possible confounding factors using a dichotomous

analysis of the wiring codes (ie combining addresses with VHCC and OHCC codes for comparison

with the combined addresses of OLCC, VLCC and buried codes). They were unable to find any

factor that materially affected the odds ratios. Their data for smoking and non-smoking by the
mothers in pregnancy yield an odds ratio for smoking mothers for all cancers of 143 (95% CI

0.93-2.21) and for X-rays of the fetus 1.44 (95% CI 0.84-2.45). These odds ratios are not very

different from those associated with wiring codes and slightly more significant than those associated

with the measured magnetic fields. Relations between childhood cancer and smoking by either

parent were reported in a further paper (John et al, 1991).

Two other points are worth noting. Firstly, the ages of cases at the time of diagnosis with
high coding addremsses tends to be greater than those of the cases with low coding addresses and

those of the controls (Table 39). This does not support the hypothesis that magnetic fields act as

promoters in a way that produces cancers earlier in life, and thus elevates the odds ratios for the

highest wiring code. Secondly, there seems to be no association of childhood cancers with the

number of electrical appliances in use within the home (Table 40), although in a subsequent paper
(Savitz et al, 1990) weak associations are claimed with usage of electric over-blankets by the

children and prenatally by their mothers. The most pronounced associations are for leukaemia [odds

ratio 1.7 (95% CI 0.8-3.6)] and brain tumours [odds ratio 2.5 (95% CI 1.1-5.5)] with prenatal use

by die mothers.

Two studies have failed to find any link between the use of electric over-blankets and

adult cancers. The first (Preston-Martin et al, 1988) was a case-control study of 137 patients
diagnosed with acute or chronic myeloid leukaemia aged 20-69 years between 1979 and 1985 from

the University of Southern California Cancer Surveillance Program. For acute myeloid leukaemia

the relative risk was 0.9 (95% CI 0.5-1.6) and for chronic myeloid ieukaemia 0.8 (95% CI 0.4-1.6).

The second (Verreault et al, 1990) was of 214 men aged 20-69 years diagnosed with germ

cell testicular cancer between 1981 and 1984 from a cancer registry serving 13 centres of

western Washington. The age adjusted relative risk for those using electric blankets was 1.0

(95% CI 0.7-1.4).
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3,2.2 Swedish and British studies

The principal American studies have been concerned with overhead electricity supply cables

at 60 Hz. As already remarked, in Sweden and Britain the power frequency is 50 Hz and the supply

cables we more usually buried. The reported positive linkage between childhood cancer incidence

and magnetic fields found in the Swedish study was therefore of considerable interest.
Tomenius (1986) studied 716 cases of cancer in the 0-18 years age group diagnosed in the

County of Stockholm between 1959 and 1973. This study is probably the best of those made in

relation to 50 Hlz exposures, since unlike the others an attempt was made to obtain a direct measur

of the magnetic fields involved and comparatively large numbers were studied. Controls were

closely matched to the cases for age, sex and their church district of birth. Birth and
diagnosis addresses (or equivalent for controls) were obtained. Of the 2187 homes so identified,

measurements of magnetic field strength were made at the front doors of the 2099 that had not been

demolished and were occupied. Although in the American studies (Savitz, 1987; Kaune et al, 1987),

there was some correlation between magnetic fields in different parts of the home, it is not clear to

what extent this applies to Swedish and British homes. The Kaune studies also showed variations

with the time of day at which measurements were taken. Tomenius does not indicate whether all

the measurements were made at identical times of day. It seems likely that measurements outside

the front door of a home are at least as good as, if not better than, wiring codes for indicating the
general level of magnetic field exposure of the inhabitants.

Tomenius also recorded the proximity within 150 m to the homes of different types of

electrical construction. The odds ratio for the different types of construction are given in Table 41.

Taken altogether the odds ratio of 1.36 (95% CI 1.01-1.84) is significant, as is that for the proximity
of a 200 kV transmizsion line. The latter influenced the magnetic field levels at the front doors

(Figure 6). The data in Table 42 suggest that it is the associated magnetic fields rather than the

proximity of the electrical construction that increases the odds ratios. The data in both these tables

are for the combination of birth and 'diagnosis' addresses. Possibly confounding these observations

is the fact that the controls were more likely than the cases to have identical addresses for both birth
and 'diagnosis' - this is likely to increase the odds ratio. Table 43 gives the odds ratios by

magnetic field levels for stable birth and diagnosis addresses, birth addresses and 'diagnosis'

addresses. The former yields a rather higher odds ratio; those for the birth and 'diagnosis' addresses

are comparable. When broken down by types of cancer (Table 44), the most significant and highest

risk is for tumours of the central nervous system. There is no indicated risk for leukaemia.
Analysis by age suggested that the risks were significant only for the 0-4 years age group.

A criticism of the Tomenius paper has been the choice of the 300 nanotesla (nT) level for

the dichotomnous analysis, which was chosen to provide a more direct comparison with the original

Wertheimm and Leeper (1979) paper. This type of analysis is always suspect, since a choice of a

slightly different level can in some instances produce an entirely different result. Rather

interestingly there is virtually no difference between the means of the magnetic fields measured

outside the front doors of the cases (69 nT) and those of the controls (68 nT) and for those living

in close proximity to the 200 kV lines for whom a high odds ratio is obtained (Table 41). The

mean of the fields measured and the case addresses (182 nanotesla) is less than that for the controls

(329 nT).
Additional data were given by Tomenius in 1982 (Table 45) in a poster presented at the

International Symposium on Occupational Health and Safety in Mining and Tunnelling, Prague,

1982. The statistical analysis demonstrates that there is no real trend for the odds ratios to increase
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wilt uncreasing magnetic field. For comparison purposes, the data yield an increase in the relative

risk of 0.02% for every nanotesla increase in magnetic field. The 95% confidence interval on this
estimate (-0.10-0.14%) embraces a beneficial effect as might be expected.

There have been three published British studies (McDowell, 1986; Coleman et al, 1988;
Myers et al. 1990) on the possible cancer risk associated with living in proximity to electrical
insallatiom or power lines. That by Myers et al is a substantially revised version of an earlier

preliminary publication (Myers et al, 1985).

McDowall using maps identified and traced 7631 persons who at the time of the 1971
population census were living within 50 m of an electrical substation or other elecu-ical installation

or within 30 m of an overhead power line in East Anglia. Both in terms of age and occupational
class distributions these were a reasonable match to the total population of East Anglia. There were

slightly fewer persons aged over 65 years in the study population probably due to the absence of
any institutions for the elderly in close proximity to the electrical installations. The standardised

mortality ratios were calculated by comparison with the East Anglia population for the period April
1971 to December 1983. These are listed for the various diseases in Table 46.- The only cancer

for which there appears to be an increased risk with proximity to the installations is that for the
lung; as McDowell pointed out this was mainly in women. The SMR for suicide calculated for the

entire study population was 75 (95% CI 37-154) and for those living within 15 im of an installation
143 (95% Cl 33-639). The later is based on two deaths. The values are not significan. The data
for all cancers are presented in a slightly different fashion in Table 47. Presented in this way there
is a very slight indication, although statistically quite insignificant, of an increased risk with

proximity to the installations.
Coleman et al studied cases of leukaemia occurring in the four South London boroughs of

Bromley, Croydon, Merton and Sutton during 1965-1980. They used two types of control: other

cancer cases matched individually for sex, age and year of diagnosis, and individuals aged 18 years
and over drawn at random without matching forn the 1975 electoral roll for Bromley. An obvious
weakness of the study is that if cancer generally, rather than leukaemia specifically, is associated

with living in proximity to an electrical installation, then using cancer cases as controls is not likely
to indicate a leukalemia risk. The electrical installations identified in this study were high tension
overhead power transmission lines and electrical substations. The odds ratios for distance from a
substation are shown in Table 48 using cancer controls for comparison. There is no indication of

an increasing risk with proximity to the substation. The numbers for those living in proximity to
the transmission lines are small and little can be deduced from them. The slight indication of an
increased risk at less than 24 in from a substation is due to acute and chronic lymphocytic leukaemia
cases (53% of all leukaemia cases). The odds ratio for these two types of leukaemia combined at
a distance of less than 24 m compared to 100 m is 1.65 (95% CI 0.99-277), which is almost
significanL The values for leukaemia cases combined with the cancer controls with respect to the
non-cancer individuals is shown in Table 49. There is a slight indication of increasing risk with

proximity to the substations, but this is quite ; nificanL Moreover, since these controls were not
matched to the cases this observation is rather doubtful.

The study by Myers et al was based on childhood cancer cases diagnosed under the age

of 15 years and born within the Yorkshire Health Region. A total of 374 case and 588 control

addresses at the time of birth were identified and their proximity to overhead power, electricity
supply and transmission lines derived from maps. Magnetic fields at the addresses due to these lines
were calculated on the basis of records for electric current levels in the lines. Although
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dichotomous ualyse*-both for distances closer than 100 m and for magnetic fields greater than

10 nT gave odds ratios slightly greater than unity that were statistically insignificant, taken as a

whole there was no indication from the results of any association between the caubce cases either

with proximity at birth to the lines or with the calculated magnetic fields. This was also the case

for nri-solid and solid turnours separately analysed. Owing to the small numbers, there was a low

statistical power for detecting relative risks of less than about 2.0-2.5. It may also be the case, as
indicated by the Savitz study (Table 32), that it is the place of residence of the child for some years

before diagnosis rather than at birth which determines any possible risk.

3.2.3 Populations exposed to radar missions

Lest and Moore (1982a) studied cancer incidence and mortality in the city of Wichita in

Kansas, USA, for the period 1975-1977 in respect of possible exposure to radar from a civilian

airport and an airforce base. They claimed a correlation between possible exposure and incidence

but not between possible exposure and mortality. They also claimed in a second paper (Lester and

Moore, 1982b) a correlation between cancer incidence in counties throughout the USA and the

presence in the county of an airforce base. This finding was later disputed (Polson and Meritt,

1985; Lester, 1985). The merits of these papers, which ae concerned with a quite different

type of exposure than the others discussed here, are difficult to evaluate due to insufficient

detail. The first paper (Lester and Moore, 1982a) indicates that age structure, social class and

urbanisation are important confounding factors, but these are not discussed in relation to their

second paper.

3.2.4 Sumairy and discussion

The studies discussed above are summarised in Table 40. The overall impression is that

a strong association between childhood leukaemia and proximity to electrical installations has only

been found in the Denver area of Colorado. It has not been found elsewhere, although an

association has been found with other childhood cancers in Sweden as was also the case in Denver.

For adults no association with proximity to electrical installations has been found for the leukaemias,

but an association has been found with other cancers, but only strongly in the Denver aea. Where

it has been possible to investigate associations with different levels of nieasured or calculated

magneic field exposure, the associations are weaker and of less significance than they are with

p imity to electrical installations.

In comparison with the other areas studied, Denver is at quite a high altitude (approximately

1500 m), with a higher background of ionising cosmic ray radiation (460 pSv y') compared with

other places (310 pSv y1 ). There is no evidence, however, that cancer rates are higher in Denver

than elsewhere in the USA (Savitz and Zuchermann, 1987). The ionising radiation background is

unlikely to be an explanation for any of the results, particularly since in the studies both cases and

controls come from the same general area.

The study by Savitz (1988) of childhood cancers is the most comprehensive yet published.

In terms of accepted standards of epidemiology this study could be criticised because it was only

able to obtain data on about 70% of the possible cases and controls that could have been studied,

and on an even smaller proportion for actual magnetic field exposures. It is not clear what positive

or negative biases may have been introduced by the omission of data from missing cases or by the

method of selecting controls. Similar criticisms could be made of some of the studies, including

those in the UK that have not shown any significantly excess risks; in particular, many of these have
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very sma numbersof cases and controls and therefore very low stalisticai power for the detection

of small excess risks. The stronger link with wiring codes than with magnetic field measurements

is a puzzling feame of all those studies indicating positive risks. Recen~y there has been a report

of a yet rpublished study of childhood cancer in the Los Angeles County of California which also
appaty finds a monger association with wiring codes than with measured magnetic fields (Pool,

1991). Ik may be, as has been suggested (Savitz et al, 1989), that wiring codes are a better measure

of the komg-,rmu magnetic field exposure than measurements made over a comparatively short time.

The body of dau provided by the Savitz studies includes suggestions of possible confounding factors
that may be linked to wiring codes such as traffic density and socioeconomic status, which could

include effects of matnl smoking and degree of access to medical cue. The relative risks of

childhood cance associated with some of the factors that are apparent in the Savitz data are shown

in Table 51. Some of the relative risks are comparable with those associated with wiring codes and
all are peater than that associated with measured magnetic fields. Some of them are comparable

with regional variations in childhood cancer mortality in the UK (Table 52). It is not clear whether

the diffaences in.soooeconcunic status and behaviour found in the Savitz studies apply to the cases
and convols in the Wertheimer-Leeper studies, since using their C-ratio parameter they indicate

higher risks to persons of higher rather than lower status. However, it is clear from the Savitz

studies that high wire codes are associated with greater traffic densities (Table 37 and Savitz and

Feingo&, 1989).
The original Wmheimer-Leeper study of childhood cancer deaths spanned a period of time

during which considerable progress was made in the treatment of childhood leukaemia with

increased survival ,ates. It is possible, therefore, that the ability to access medical care and the

timing of that access linked to socioeconomic status may have influenced their results. This
argument would not apply to the same extent to the Savitz study, since it was concerned with

incidence rather than death and covered a later period. Nevertheless, it is interesting that the

average age at diagnosis for their cases increases with the wiring code level (Table 39), possibly
indicating a delay in seeking medical treatment and linked to socioeconomic status. Tomenius

presented no information on the socioeconomic status of his cases and controls.

Even if the results have been confounded by factors of smoking and socioeconomic status,

the nature of the links between wiring codes and magnetic fields are such that it is possible to argue
that any risks from magnetic fields derived from wiring codes are more likely to be underestimates

rather don overestimates. The evidence from risk estimates derived directly from the measured or

calculated magnetic field levels tends to refute this argument. These are considerably more

uncertain and smaller than those derived from the wiring codes.

The data of Wertheimer and Leeper yield an increase in the risks for adult cancers of

0.36% (95% CI -0.12-0.48) for every nanotesla increase in the magnetic field (Table 27) based on
wiring codes. In contrast, the Stevens estimate for acute non-lymphocytic leukaemia based on field

measurements is 0.13% per nanotesla (95% CI -028-0.54%), Table 31, and his weighted estimate

indicates a beneficial effect, ie -0.02% per nanotesla (95% Cl -0.47-0.43). Wertheimer and

L'eepees own data, however, did not indicate any increased risk for leukaemia. Since the average

background magnetic field in British homes is possibly about 20 nT (Table 27), the

Wertheimer-Leeper estimate implies that about 7% of adult cancers are due to magnetic fields in

the home. Despite the five-fold increase in the consumption of electric power in Britain between

1950 and 1980, the cancer mortality for the 15-64 years age has fallen by about 4% (Table 1 and

Table Al in Appendix A). It may be, of course, that the mortality would have fallen even more
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quickly in the absence of magnetic fields from the electricity supply, but the indication is that if

there is any real risk it is very probably less than that implied by the Wertheimer-Leeper study.
In respect of childhood cancers the relative risk based on the wiring codes from the data

of Savitz is 0.73% per nanotesla (95% CI 0.07-1.40), Table 32. The estimate derived from the

magnetic field mensurements is 0.12% per nanotesla (95% CI -0.24-0.48%), Table 33. The data

of Tomenius yield a value that is a factor of four lower. These risk values include the leukaemia

and brain tumour risks. If true, the Savitz value would imply that about 2.5% of childhood cancers

are due to domestic magnetic fields in Britain. The current incidence of childhood cancer is about

100 per 1,000,000 per yea (ie about double the mortality which has declined over the years,

Table Al. Appendix A). If an annual excess risk of 10 per 1,000,000 is acceptable, as suggested

by the Royal Society (1983), then the implied acceptable level of magnetic flux density for members

of the public is about 80 nT. This level will be reached in close proximity to electrical appliances

in most homes. The confidence intervals on the risk estimates are such that a beneficial effect of

the exposure cannot be ruled out, or at the other extreme that the implied tolerable level might be

as low as 20 nT and that about 10% of childhood cancers are due to domestic- fields.

It must be emphasised that the risk estimates are extremely unreliable. They are not

supported by studies elsewhere and there is the possibility that the effects of smoking,

socioeconomic status and access to medical care have some part in exaggerating any real risks. The

span of the estimates includes the possibility of beneficial effects of exposure. The relative risk to
adults of leukaemia, if it is real, is if anything likely to be less than that for other cancers. This is

not the case for children, but there is no reason to emphasise the leukaemia risk rather than the

general cancer risk to children.

Prudence suggests that the indication of cancer risk from magnetic field exposure should

be taken seriously and research to determine the reality of the risk and quantify it within closer

bounds should be pursued.

3.3 Effects of paternal exposure

Savitz (1986) surveyed the literature on associations between the fathers' occupation and

exposure to chemicals and cancer in their children. The survey identified significantly elevated

relative risks for all types of cancer to children whose fathers were workers with metal and

machinery, with motor vehicles and other aspects of transportation, with farming and farm products

and with chemical solvents. The same groups of children had rather higher relative risks in the

range 1.5-7 specifically for cancers of the nervous system and rather lower in the range 1.1-2.5 for

leukaemias and lymphomas.
One notable report included in the Savitz survey was that of Spitz and Johnson (1986) who

found a significantly elevated risk of neuroblastoma (an extracranial nervous system tumour of the

adrenal glands) for children of electronics workers. They investigated deaths from this tumour in
children under the age of 15 years during the period 1964-1978, who were born in Texas. For 157

identified cases twice as many controls were randomly selected to have the same birth year

distribution. Although there were some slight differences in racial composition between the cases

and controls (rather more white males in the cases), the two populations were closely matched for
all other relevant factors, ie parental age, urban versus rural residence. Because of unknown

parental occupation, 7 of the cases and 47 of the controls were excluded from the analysis. The

study showed a significant relative risk of 3.17 (95% Cl 1.13-8.89) for children whose fathers had
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been exposed to amrmatic and aliphatic hydrocArbons. Included among these were chid&en of

electrical and electronics workers, who are shown as three separate groups in Table 53. The

significantly elevated risk of 11.5 (95% CI 1.4-96.9) is confined to the children of electronics
workers. Their finding was based on the same data that indicated pre-term birth was a protective

factor (Johnson and Spitz, 1985), which led them to suggest that some factor introduced
transpiacentally at the end of pregnancy was the cause. This produced some comment in relation
to the effect of the father's exposure to electromagnetic fields (Sahl, 1986; Spitz and Johnson, 1986).
The two findings are not necessarily incompatible, since only 11% of the children had fathers
employed in electrical or electronics work, but their latter finding points more to solvent than
electromagnetic field exposures as a possible causal factor.

An attempt to replicate the Spitz and Johnson study was made by Wilkins and Hundley
(1990) in a case-control study of 101 cases of neuroblastoma in children born during the period
1942-1967 and registered in the Columbus (Ohio) Children's Tumor Registry. The indicated risks
worth noting from this study were for parental employment in rubber, plastics and synthetics
industries, 1.9 (95% CI 0.4-8.2); service occupations, 2.0 (95% CI 0.99-42); packaging and
materials handling, 2.0 (95% Cl 0.7-6.1). For electrical and elecuoDnics occupations equivalent to
the Spitz and Johnson 'narrow' definition, which excludes salesmen and repairmen, the risk was 1.9
(95% C1 0.4-9.7) and for the 'broader' definition 0.7 (95% CI 0.3-1.5). The authors suggest that
this result is consistent with that of Spitz and Johnson. A similar study was carried out on 104
children diagnosed between 1970 and 1979 from the Greater Delaware Valley Pediatric Tumor
Registry and the tumour registry of the Children's Hospital of Philadelphia by Bunin et al (1990).
The risk for the 'narrow' definition was 1.3 (95% CI 0.4-4.1) and for the 'broader' definition 1.0
(95% CI 0.4-2.3). While these authors did not consider that these results supported the Spitz and
Johnson observations, they did find a small, insignificant risk when either the father or the mother
had an electrical or electronics job [for the fathers an odds ratio of 4.0 (95% CI 0.4-195)].

A later study by Spitz and Johnson in conjunction with others (Johnson et al, 1987) was
concerned with intracranial (brain) and central nervous system tumours in children. As in their
earlier study of extracranial neuroblastoma, the cases were drawn from Texas but for a slightly
longer overlapping period, 1964-1980. Significantly elevated risks were found for children whose
fathers worked in the printing and graphics arts [4.5 (95% CI 1.1-14.7)], chemical and petroleum
refining [3.0 (95% CI 1.1-8.5)] or who were chemical or drug salesmen [10.0 (95% CI 1.2-85.5)].
In a further paper (Johnson and Spitz, 1989) using the same database, they explored associations
with parental involvement in the use, repair and manufacture of electronic equipment. For
employment in all industries involving potential exposure to low frequency electromagnetic fields
the risk was of borderline significance at 1.64 (95% CI 0.96-2.82). For the electronics
manufacturing industries the indicated risk was higher and marginally more significant at 3.56
(95% CI 1.04-12.24). Owing to the small numbers, further breakdown by type of employment does
not yield significant risks, but gives the impression that the odds ratios were higher in those
industries particulauly concerned with manufacture and assembly in which there was no elevated
exposure to electromagnetic fields. As the authors point out. these industries involve potential
exposures to chlorinated diphenyls and naphthalenes, epoxy and phenolic resins, solder and soldering
flux fumes, synthetic waxes and vanishes, machine oils, platinum and tellurium.

Wilkins and Koutras (1988) studied brain cancer in Ohio-born children during the
period 1959-1978. Their 491 cases were matched with a similar number of controls for sex,
race and date of birth. They found significantly elevated odds ratios for the children whose
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fathers' occupation a the time of birth was in structural work [2.1 (95% Cl 1.4-3.1)], in
comtuction 12.0 (95% CI 1.0-3.8)) and in agriculture and farming 12.0 (95% CI 1.0-4.1)]. They
also found an elevated risk for children whose fathers' occupation was electrical assembly,

installation or repair in the machinery industry: odds ratio 2.7 (95% CI 1.2-6.1). These odds ratios

were adjusted for parental age, birth order, birth weight, and the proportion of farmland in the

mother's country of residence.

A similar study of children in New York State diagnosed as suffering from central nervous

system tunours between 1968 and 1977 was conducted by Nasca et al (1988). They identified 338

children who were eligible for inclusion in the study and whose mothers they were able to interview.

For each case two controls were identified matched for birth, of whom 676 mothers were

interviewed. Significantly elevated risks were found for the children whose fathers at the time of

birth had been employed in an industry where there was a possibility of exposure to ionising
radiation [1.83 (95% CI 1.32-2.53)], but not for occupations involved in such exposure [1.07 (95%

CI 0.74-1.56)]. A marginally significant odds ratio was obtained for children whose fathers were

employed in the petroleum industry 13.14 (95% CI 0.98-10.80)1. The odds ratio for children whose

fathers were employed in occupations with possible electromagnetic field exposures, although

elevated, were not significant [for a narrow definition of occupation 1.70 (95% CI 0.80-3.59) and

for a broad definition 1.61 (95% Cl 0.83-3.11). AD the odds ratios were reduced for father's

occupation at the time of diagnosis.
Two studies of leukaemias in children have failed to report any association between these

and the father's involvement with electromagnetic fields, although in both cases questions about

radar and microwave exposure were asked. Lowengart et al (1987) studied cases of forms of acute

leukaImia in children under the age of 10 years diagnosed between 1980 and 1984 in Los Angeles

County. They interviewed the mothers of 159 such cases and 136 mothers of children who were

close friends of the cases. They found significant associations between the cases and the father's

involvement in manufacturing and machinery industries, and their exposure to chlorinated solvents,

spray paints and dyers during and after the mothers' pregnancies. They also found significant

associations with the exposure of either parent to household and garden pesticides and incense

bunring in the home. Buckley et al (1989) studied the less common form of acute childhood

leukaemia, acute non-lymphocytic leukaemia, and also found a significant association with exposure

of parents and children to pesticides.

34 Summary and conclusions

The only significant association between employment of a father in an electrical or

electronics occupation and cancer or other adverse effect in his children has been between

neuroblastoma and an electronics occupation. The nature of this association is suggestive of a link

to solvent rather than to electromagnetic field exposure. Data from an associated study failed to

show any association between brain tumnours in the children of workers with electromagnetic fields.

Of two other studies, one did find a significant association and in the other it was not significant.

It seems likely that if there is a real association it is rather weak. All studies found significant

associations with occupations that do not have electromagnetic field connotations.
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4 Summery, conclusions and recommendaUons

From the evidence presented in the compmnion reports (KowaczA ci at, 1991; Sienkiewicz
et al, 1991; Saunders et al, 1991) it seems clel that the biological effects of electronmgnic fields
have only been unequivocally demonstraed in vivo at feld intensities such thad either

(a) the induced currents in dfe bodies of humans and animals produce direct stimulation of
nervous tissue, or

(b) the energy absorption results in heating to the extent that the semperture regulatory
responses we unable to maintain the overall body temperatum within about I degree celsius

of that which would be normal for the environmental conditions.

While there is some evidence from experiments with intact animals that biological effects may occur

at lower field intensities, these effects tend to be within the normal range of biological variation.

So far there is no evidence that low levels of electromagnetic fields can induce changes in the

r,.netc material of cells, ie in the DNA, and lead directly to cancer or birth defects. There is some

evidence that they might alter the expression of DNA in the synthesis of proteins and promote the

more rapid development of malignant cells in vitro and of cancers induced in animals by other

agents. There is a growing body of evidence that effects, whose health implications are unclear, can
be produced in vitro at field intensities that wre very much lower than those at which direct
stimulation or ovet heating of tissues in culture is likely. Some of this evidence is indicative of

effects which do not demonstrate a linear dependency on either frequency or intensity - not merely

in that effects are not proportional to intensity or frequency, but also in that 'windows' of intensity

and frequency have been reported. This presents a considerable challenge to scientific

understanding and explanation. Although the evidence for this is not well established, it is not

possible to assert a priori that there will be no short-term or long-term effects on human health from

exposures at levels of electromagnetic fields below those at which acute effects are likely to be

manifest or that lower levels of exposure would necessarily pose a smaller risk than higher levels.
An obvious problem in the studies of human populations so far published is that the

measures of exposure have almost always been indirect, relying either upon job descriptions or upon

distance from electrical installations. In general, such imprecision in the estimation of exposure in

epidemiological studies would be to produce an underestimate of any al risks. However, there

may be other indirect risk factors that either result in an impression of risk ftoro the exposure when

none exists, or result in the actual risk from the exposure being overestinmated. Contributing to an

impression of a risk when none exists or the exaggeration of an actual risk is the fact that there is

usually a bias against publication of null results, ie studies which show no risk may not be published

because such a result is not normally interesting.

4.1 Effects on general health

As regards effects on general health and on physical and mental performance, the bulk of

the evidence points to there being no effects at levels to which people are normally exposed from

power supplies and from radiofrequency and microwave transmissions. Nevertheless, some studies

have indicated minor changes in levels of a protein in the cerebrospinal fluid and in blood cell

concentrations and functions in those persons occupationally exposed to rather high levels close to,

or exceeding, the restrictions advised by NRPB (1989). Such changes do not appear to have had

any effect on the health of those studied. While thee does not appear to be any increased risk of

cataract formation for exposures to microwave radiation below the reference level of 50 W in 2
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advised by NRPB, there have been no reported studies of retired workers who may have had lugh

exposures in the past.

4.2 Effects on birth outcomes

The studies that have been made in connection with the use of visual display units (VDUs)

suggest that for the average female user there is no influence on birth outcome. Although there is

some evidence that very intensive use may increase the risk of spontaneous abortion, it is possible

that this is a result of stressful working conditions. The increase in risk seems to be comparable
to that associated with physical exertion or stress in pregnancy. For example, the studies by

McDonald et al (1988ab), while finding a significant relative risk of spontaneous abortion among

women using VDUs more than 15 hours a week of 1.23, also found relative risks from lifting of

1.32, from physical effort of 126, from working long hours of 1.13 and from shift work of 1.17.

Later studies pIovided evidence that women who suffer a spontaneous abortion are more likely to

recall their use of VDUs than those who do not, which would give a bias towards finding a false

indication of risk.

There is limited evidence from the USA that the use of electric over-blankets, which are

energised while the user is in bed, may increase the spontaneous abortion risk. (In the UK electric

under-blankets are more common and are not meant to be energised when the user is in bed.) The

over-blankets are reported to expose the users to 60 Hz magnetic fields of about 2000-3000 nT in

comparison with the normal domestic background of 50-60 nT. Such blankets probably represent

the source of the highest domestic exposures in the USA. As a result of this evidence and that from

the intensive use of VDUs, it may be worth carrying out further studies of highly exposed groups

of women such as those who use radiofrequency heaters, despite the fact that one stdy of such a

population has reported no effecL By the fragmented nature of the industries in which they work,

an epidemiological study of the longer term effects of exposure on the women themselves or on men

working with such machines would face formidable problems.

4.3 Cancer risks

The cancers most often identified in studies indicating increased risks to workers with

electrical or electronic occupations have been leukaemia (usually acute myeloid leukaemia) and brain

tumours, although one or two studies have indicated increased risks of other cancers. The absolute

values of the indicated increased risks for these two identified types of cancer are comparable at

about 1 to 2 per 100,000 per year, and total between 2 and 4 per 100,000 per yea. These are likely

to be considerable overestimates owing to the confounding factor of occupational class.

Nonetheless, if the risk is real, there may be some more highly exposed workers or those exposed

to particular frequencies who will be at greater risk. The greatest increase in risk appears to be to

those who are engaged in the repair and assembly of equipment; this may not involve any excess

exposure to electromagnetic fields, but may involve exposure to a variety of chemical and metal

fumes. It has to be noted that there does not appear to be any excessive risks to welders who, as

an occupational group, will be exposed to some of the highest magnetic fields, and also that one

study has not shown any increased leukaemia risk to adult users of electric over-blanket. Moreover,

none of the studies of the populations thought to have high exposures from overhead domestic

power hines has demonstrated an increased leukaemia risk to adults. There must be a suspicion that

if the indicated increases in risks are real, then they arise from the chemical and metal fume
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exposures and. bemuse of a confounding factor of occupational class, may have been exaggerated.
However. some of the in-viwo biological studies have indicated that l felds could
exert a prmotional role in the development of cancer. It may be, thebaore, that it is the
combination of both eIeci-unagnesic field exposures and chemical and metal fume exposmes that
is responsible for the increased riks, if dthse ae real. It must also be noted that the aveage
increase in risk is about tie sane as, and often less than, those associated with other environmental
and workplace agents and, as an average, the absolute value is not excessive in terms of
contempomry views on acceptable risk levels.

Published studies that have identifled the most significant excess cancer risks associated
with living in proximity to electrical installations have been for one area of Sweden and for the
Denver am of the USA. In the Denver studies the strongest associations were with the local
densities of overhead domestic electrical supply wires and cables when expressed as wiring codes.
The Swedish study examined proximity to a wider range of electrical installations including high
voltage ransmission lines and, as the Denver studies, showed only an insignificant association with
measured magnetic fields compared to the association with living in proximity to the installations.
In the most comprehensive of the Denver studies there was a strong correlation between the wiring
codes and traffic density, and the relative risks of childhood cancer associated with high traffic
densities were equal to, or greater than, those associated with wiring codes and of greater
significance than those associated with magnetic fields.

There must be considerable doubts as to whether there are real increases in cancer risks to
children, and even greater doubts as regards risks to adults, from domestic magnetic fields. Within
the UK the risks are unlikely to exceed those associated with the variations in cancer risks between
different areas of the country. So far no studies in the UK have suggested any significant excess
cancer risk from living in proximity to an electrical installation or from domestic magnetic field
levels, but most have had only a limited ability to detect a small excess risk. The available evidence
is not sufficient to justify excessive concern about magnetic field levels in the UK from domestic
wiring, electrical appliances, power lines, etc, but v ither is there any justification for complacency.
As futher evidence accumulates it may be necessary to advise that exposures should be restricted
to levels below those which appear at present to be acceptable.

The nature of the evidence linking parental occupations in the electrical and electronic
indusvies with cancer in their children is somewhat similar to that indicating increased risks of
canc= to the workers themselves in that it appears to be associated with chemical and metal fume
exposures To some extent, therefore, the two strands of evidence are mutually supportive. The
inictd risk to the children seems to be confined to neuroblastoma; an increased risk of either
leukaemia or brain cancer does not seem to be suggested. Associations of these latter cancers with
paental exposures to solvents, paints and pesticides have been reported in studies that found no
associations with parental exposures to electromagnetic fields. There is no intention here to imply
that these other associations are necessarily well founded.

4.4 Recommendations for remarch prloritles

The following recommendations might be made in regard to the main priorities for further

research and study.

(a) Efforts should be made to confirm the low level effects reported for in-vitro studies for a
wide range of frequencies, intensities and modulation patterns. Biophysical explanations
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for confirmed posiutve results should be sought and tested For Own expoure protocols
dto can be demonstrated to caus effects ian ro, it may be necesa 10 cary ou ix-Wvo
expeImens with animals to demonstrate consequentia effects on health.

(b) The natre and levels of exposure of thos electricua ad elconic occupational groups for
whom an excess cancer risk has been indicated should be investigated in deAil in
cominison with appropdate groups for whom there is no siggestion of an ec risk.
Such imnvesigations should include deails of expossures to chemical and metal fumes.

(c) Where highly exposed groups can be idenified, studies should be made of canca incidence
and, for any groups of highly exposed women, of birth owcomea in relation to compwable
comnrol groups.

(d) If a group of elderly, retired persons who have worked with microwave radiation can be
identified, incidence of cataract formation should be examined.

(e) Studies should be made of the levels of exposure to electromagnetic fields from external
power cables and installations, from house wiring panervs and from elicrical appliances.
These studies should investigate not only the levels of exposure but also their diurnal and
seasonal variations.

Some of these recommendations we already being implemented in the UK.

52



5 Reftrence

Adey, W R, 1983. Biological effects of loweonagy electromagnetic fields On central nervous
system. IN Biological Effects and Dosimeay of Nonioiig Radiatiom Radiofmquency and
Microwave Energies (Eds M Grualolfo, S M Micheelson mad A Rindi). New York, Plemn Press,
pp 359-391.

Adey, W R, 1983b. Some fundamental aspects of biological effects of extremely low frequency
(ELF). IN Biological Effects amd Dosimetry of Nonionizing Radiation. R, adiofrquecy and
Microwave Energies (Eds M Grandolfo, S MMichaelsonand AlRindi). New York, Plenum PI.s,
pp 561-580.

Adrian, P J, 1977. Auditry and visual sensations stimulated by low frequency electric currents.
Radio Sci. 1 243-250.

Ahlbom, H, Albert, E N, Fraser-Smith, A C, Grodzinski, A J, Mauro, M T. Martin, A 0, Peisinger,
M A, Shelanski, M L, and Wolpow, E R, 1987. Biological effects of power line fields. New York
State Power Lines Project Scientific Advisory Committee Final Report. Albany, New York.

Alderson, M R, 1972. Some sources of erroi in British occupational mortality data. Br. J. Ind.
Med., 2, 245-254,

Alderson, M, md Rushlon, L, 1982. Mortality in eight UK oil refneries. Ann. N. Y. Acad. Sci.,
381,139-145.

Appleton, B. and McCro(mn, G L, 1972. Microwave lens effects in humans. Arch. OphthaL, U
259-262.

Asanova, T P. and Rakov, A I, 1966. Health conditions of workers exposed to an electrical field
of 400-500 kilovolt open distributing installations. Gigiena truda i professional'rye Zabolevaniya,
10 50-52. New Jersey, IEEE, Available as IEEE Special Publication, 10, 72-76.

Austin, H, Delzsell, E, and Cole, P. 1988. Benzene and leukaemia. Am. J. Epidemiol., 127,
419-439.

Barnski, S, and Czerski, P. 1976. Biological Effects of Microwaves. Stroudsburg, Dowden,
Hutchinson and Ross.

Barnes, F S, 1986a. Intaraction of DC electric fields with living mate. IN CRC Handbook of
Biological Effects of Electromagnetic Fields (Eds C Polk and E Postow). Boca Raton, CRC Press,
pp 9-119.

Barnes, F S, 1986b. Extremely low frequency (ELF) and very low frequency (VLF) electric fields:
Rectification, frequency sensitivity, membranes and related phenomena. IN CRC Handbook of
Biological Effects of Electronagnetic Fields (Eds C Polk and E Postow). Boca Raton, CRC Press,
pp 121-138.

Baoncelli, P, Battisti, S, Checcucci, A, Comba, P. Grandolfo, M, Serio, A, and Vecchia, P, 1986.
A health examination of railway high-voltage substation workers exposed to ELF electromagnetic
fields. Am. J. Ind. MedL, 0, 45-55.

Baregkrd, L, Jbrvholm, B, and Ungothilrn, E, 1985. Cancer among workers exposed to strong static
magnetic fields. Lancet. ý6, (8460) 892.

Barron, C I, and Baraff, A A, 1958. Medical considerations of exposure to microwaves (Radar).
J. Am. Med. Assoc., 168, 1194-1199.

53



Barron. C 1, Love, A A, and Baraff. A A. 1955. Physical evaluation of personnel exposed to
microwave emanations. J. Aviat. Med., _2_, 442-452.

Baueman. J B. Gabriel, C. and Grant, E H, 1990. Permittivity at 70 0Hz of water in aqueous
solutions of some amino acids and related compounds. J. Chem. Soc. Faraday Timi., j%,
3577-3683.

Bergqvist, U 0 V, 1989. Possible health effects of working with VDUs. Br. J. Ind. Med., 46,
217-221.

Bergqvist. U 0 V, and Knave, B G, 1988. VDT work - an occupational health hawad? IN Non-
Ionizing Radiations& Proceedings International Non-Ionizing Radiation Workshop, Melbourne 1988,
pp. 395-409 (Ed. M H Repacholi). International Radiation Protection Association.

Bembanli, J, and Pauly, H, 1973. On the generation of potential differences across the memnbranes
of ellipsoidal cells in an alternating electrical field. Biophysik, 10~ 89-98.

Bernhardt. J, 1979. The direct influence of electromagnetic fields on nerve and muscle cells of man
within the frequency range of I Hz to 30 MHz. Ratliat. Environ. Biophys., j6, 309-323.

Blackman, C F, Benane, S G, Elliot, D J. House, D E. and Pollock, M M. 1988. Influence of
electromagnetic fields on the efflux of calcium ions from brain tissue in vito: A three model
analysis consistent with the frequency response up, to 510 Hz. Bioelectromagnetics, 9, 215-2.

Blackman, C F, Kenney, L S, House, D E, and Joines, W T. 1989. Multiple power-density windows
and their possible origin. Bioelectromagnefics, 10 11-128.

Blackwell, R. and Chang, A, 1988. Video display terminals and pregnancy. A review. Br. J.
Obstet. Gynaecol., 95,446-453.

Blair, A, Malker, H, Cantor, K P, Burmeister. L. and Wikiand, K. 1985. Cancer among farmers.
Areview. Scand. J. Work Environ. Health., 11 39-407.

Bond, G0G, Cook, R R, Shellenberger, R J, David, R L, and Fishbeck, W A, 1982. Case-control
study of brain tumor deaths among emnployees at a chemical manufacturing plant. Ann. N Y. Acad.
Sci., 38 73-82.

Bonnell, J A, Broadbent, D E, Lee, W R, Male, J C, Norris, W T. and Stollery, B T. 1985. Can
induced 50 Hz body currents affect mental functions? IN Proceedings International Conference on
Electric aid Magnetic Fields in M.4icine and Biology, pp. 117-123. Conference Publication No.
257. London, Institution of Electrical Engineers.

Brandt, 1L, 1985. Environmental factors and leukaemia. Med. Oncol. Tumor Pharmacol., 2, 7-10.

Brandt, L. 1988. Leukaemia and lymphoma risks derived from solvents. Med. Oncol. Tumor
Ptaannacol., 4, 199-205.

Broadbent. D E, Broadbent, M H, Male, J C, and Jones, M R L, 1985. Health of workers exposed
to electric fields. Br. J. Ind. Med., 42, 7-84.

Brown, H D. and Chattopadhyay. S K, 1988. Electromagnetic field exposure and cancer. Cancer
Biochem. Biophys., 2. 295-342.

Brown, P, 1989. New research focuses on cot deaths. New Sci., 122 (1659), 29.

54



Brownson, R C, and Reif, J S. 1988. A can= registry-based study of dhe occupational risk of
lymphoma. multiple myekma and leukaemia. Ita J. Epidemiol., 17 27-32.

Bryant. H. and Love, EJ, 1989. Video display terminal use and spontaneow abonion risk. lIt. J.
Epidemiol., j, 132-138.

Buckley, J D, Robeson, L L, Swotinsky, R, Gavabent, D H. LeBeau, M, Merchester, P, Nesbit,
M E, Odom, L, Peters, J M, Woods, W G, and Hammond, G D, 1989. Occupational exposures of
pinents of children with acute non-lymphocytic leukaemia. A report from the Childrens' Cancer
Study Group. Cancer Res., 4 4030-4037.

Bunin, G R, Ward, E, Kramer, S. Rihee, C A, and Meadows, A T. 1990. Neuroblastoma and
parental occupation. Am. J. Epidemiol., 131, 776-780.

Burdeshaw, J A, and Schaffer, S, 1977. Factors associated with the incidence of congenital
anomalies: A localised investigation. Washington DC, Environmental Protection Agency, Final
Report, Contract No. 68-02-0791, EPA-600/1-77-016.

Calle. E E, and Savitz, D A, 1985. Leukaemia in occupational groups with presumed exposure to
electrical and magnetic fields. N. Engl. J. Med., = 1476-1477.

Canwright, R A, Darwin, C, McKinney, P A, Roberts, A. Richards, I D G, and Bird, C C. 1988.
Acute myeloid leukaemia in adults: A case-control study in Yorkshire. Leukaemia, 2,687-690.

Chiang, H, Yao, G D, Fang, Q S, Wang, KQ, La, DZ, andZhou, YK, 1989. Health effects of

environmental electromagnetic fields. J. Bioeleicity, , 127-131.

Cleary, S F, 1980. Microwave catsrac;-enesis. Proc. IEEE, a, 49-55.

Cleary, S F, and Pasternack, B S. 1966. Lenticular changes in microwave workers: A statistical
study. Arch. Environ. Health., 12, 23-29.

Cleary, S F, Pastemack, B S, and Beebe, G W, 1965. Cataract incidence in radar workers. Arch.
Environ. Health., 11, 179-182.

Cocozza, G, Blasio, A, and Nunziata, B, 1960. Rilievi sulle embriopatie da onde corte. La
Pediatria - Riv. Ingiene Med. Chir. Infanta, 6 7-23.

Cohen, B H, Lilienfeld, A M, Kramer, S, and Hyman, L C, 1977. Parental factors in Down's
syndrome: Results of the second Baltimore case-control study. IN Population Cytogenetics....
Studies in Humans (Eds E B Hook and I H Porter). New York, Academic Press, pp 301-352.

Coleman, M, and Beral, V. 1988. A review of epidemiological studies of the health effects of living
near or working with electricity generation and transmission equipment. Int. J. Epidemiol., 17, 1-13.

Coleman, M P, Bell, C M J, Taylor, H-L, and Primic-Zakalj, M, 1988. Leukaemia and residence
near electricity transmission equipment: A case-control study. Br. J. Cancer, 6 793-798.

Coleman, M, Bel C M, J, and Skeet, R, 1983. Leukaemia incidence in electrical workers. Lancet, i
(8331), 982-983.

Creasey, W A, and Goldberg, R G, 1988. EMF and cancer. Electrical Power Research Institute
Report (Tech. Agreement No. RP 2965-12). Philadelphia, Information Ventures Inc.

Daels, J, 1976. Microwave heating of the uterine wall during paturition. J. Microwave Power, 11,
166-168.

55



Dalziel, C Fm, ad Mansfield, T H, 1950. Effect of frequency on perception currents. AJEE
Trams., 0, 1162-1168.

Damilin, V A, Vorovin, A K, and Modorski, V A. 1969. The state of health of personnel working
in high-voltage electric fields. Gig. Tr. Prof. Zabol., 13 (5), 51-52.

De Guire, L. Taliault, G, Ikerra, H, Provencher, S. Cyr, D, and Cue, B W, 1988. Increased
malignant melaoma of the skin in workers in a telecommunications industry. Br. J. Ind. Med.. 45,
824-828.

Deno, D W, 1974. Calculating electromagnetic effects of overhead transmission lis. IEEE Trans.
Power Appar. Syst., PAS-93, 1458-1471.

Deno, D W, and Zaffanella, L E, 1975. Electromagnetic effects of overhead transmission lines and
stations. Transmission Line Reference Book: 345 kV and Above. Palo Alto, Electric Power
Research Institute, pp 2W-280.

Deroche, Me, 1971. 9tude des pertubations biologiques ch~z les techniciens ORTF dans certain
champs electromagnetiques de haute fr~quence. Arch. Mal. Prof., ., 679-683.

Dimbylow, P J. 1987. Finite difference calculations of current densities in a homogeneous model
of a man exposed to extremely low frequency electic fields. Bioelectromagneuics, 1, 355-375.

Dimbylow, P J, 1988. The calculation of induced currents and absorbed power in a realistic,
heterogeneous model of the lower leg for applied electric fields from 60 Hz to 30 Mfl-. Phys. Med.
Biol.,23, 1453-1468.

Dimbylow, P J, 1991. The interaction of electromagnetic fields with people or frequencies
10-100 MHz - die role of theoretical dosimetry. J. Radiol. ProL, 1_, 43-48.

Djorjevic, Z, Kolak, A, Stojkovic, MK Rankovic, M, and Ristick, P, 1979. A study of the health
status of radar workers. Aviat. Space Environ. Med., 50, 396-398.

Durney, C H, 1980. Electromagnetic dosimetry models of humans and animals: A rview of
theoretical and numerical techniques. Proc. IEEE, 68 33-40.

Durney, C H, Johnson, C C. Barber, P W, Massoudi, H, Iskander, M F., Lords, J L, Pyser, D K, and
Allen, S J, Mitchell, J C, 1978. Radiofrequency Radiation Dosimetry Handbook (Second Edition).
USAF School of Aerospace Medicine Report SAM-TR-7822.

Easterly, C E, 1982. Cardiovascular risk from exposure to static magnetic fields. Am. Ind. Hyg.
Assoc. J., 4, 533-539.

Eckexi E E, 1976. Platzlicher und unerwarteter Tod im Kleinkindesalter und elektomagnetische
Felder. Med. Kim., l7., 1500-1505.

Edwards, G C, Davis, C L, Saffer, J D, and Swicord, M L, 1984. Resonant microwave absorption
of selected DNA molecules. Phys. Rev. Let., 53 1284-1287.

Fishman, H M, 1984. Cell membrane structure and function. IN Interactions between
Electromagnetic Fields and Cells (Eds A Chiabrera, C Nicolini, and H P Schwan). New York,
Plenum Press, pp 19-36.

Flodin, U, Fredriksson, M, Axelson, 0, Persson, B, and Hardell, L, 1986. Background radiation,
electrical work, and some other exposures associated with acute myeloid leukaemia in a case-
reference study. Arch. Environ. Health., 41, 77-84.

56



Flodin, U, Fredikason, M. Parsson, B. Nd Axelson, 0. 1988. Chronic lymphatic leukaemia and

* engine exhausts, fresh wood, ad DDT: A case-referant study. Br. J. lad. Mod., 4 33-38.

Fole, F F, 1973. Efecto 'PAT' en subwnes elecvicas. Med. Segur. Tub., 2L 15-18.

Fole, F F, Martinez, F G, and Dutrus, 1974. Nueva Aponacion al Esu des Les Compos
Eecrromagnieicos Generados per mug Aias Tensiones. Med. Segur. Trab.,2, 25-44.

FProblih, H. 1980. The biological effects of microwaves and related questios. Arch. Electronics
Electron. Phys.. .3, 85-152.

FrOhlich, H, 1982. What am non-thermal electric biological effects? Bioec ae , 45-46.

Fulton, J P. Cobb, S. Preble, L, Leone, L, and Foreman, E. 1980. Electrical wiring configurations
and childhood leukaemia in Rhode Island. Am. J. EpidemioL, lL1. 292-296.

Gabriel. C. and Grant, E H, 1985. Dielectric properties of occular tissues in super cooled and frozen
states. Phys. Med. Biol., 9,975-983.

Gabriel, C, Grant, E H. Tata, R, Brown, P R, Gestblom, B. and Norland, E, 1987. Microwave
absorption in aqueous solutions of DNA. Nature, 38 145-146.

Gallagher, R P, McBride, M L, Bard, P R, Spinelli, J J, Threlfall, W J, and Yang, P, 1990.
Occupational electromagnetic field exposure, solvent exposure, and leukaemia. J. Occup. Med.,2,
64-65.

Gamberale, F, Anshelm Olson, B, Eneroth, P. Lindh, T, and Wennberg, A. 1989. Acute effects of
ELF electwmagnetic.fields: A field study of linesmen-working with 400 kV power lines. Br. J.
Ind. Med., §, 729-737.

Gandhi, 0 P. 1980. State of knowledge for electromagnetic absorbed dose in man and animals.
Proc. IEEE, 624-32.

Gandhi, 0 P, Chaneijee, I, Wu, D, and Gu, Y-G, 1985. Likelihood of high rates of energy
deposition in the human legs at ANSI recommended 3-30 MHz RF safety levels. Proc. IEEE, 73,
1145-1147.

Garland, F C, Gorham, E D, Garland, C F, and Ferns, J A, 1988. Non-Hodgkin's lymphomas in
US Navy personnel. Arch. Environ. Health, 43, 425-429.

Goldhaber, M K. Polen, M R, and Hiatt, R A, 1988. The risk of miscarriage and birth defects
among women who use visual display terminals during pregnancy. Am. J. Ind. Med. 1,3 695-706.

Goldini, J, 1990. Hematological changes in peripheral blood of workers occupationally exposed to
microwave radiation. Health. Phys., _8 205-207.

Gordon, Z V, 1966. Biological effect of microwaves in occupational hygiene. Washington DC,
National Science Foundation, US National Aeronautics and Space Administration, Program for
Scientific Translations, 1970, NASA TTF-633 (Translation from Russian).

Graham, C, Cohen, J D, Cook. M R, Phelps, J W, Gerkovich, M M, and Fotopoulos, S S, 1985.
A double-blind evaluation of 60 Hz field effects on human performance, physiology, and subjective
state. IN Interaction of Biological Systems with Static and ELF Electric and Magnetic Fields, 23rd
Annual Hanford Life Sciences Symposium. Washington DC, USDOE, Technical Information
Centre.

57



Grant. E H. 1983. Molecular interpretation of the dielectric behaviour of biological material IN
Biological Effects and Dosimetry of Nonionizing Radiations. Radiofrequency and Microwave
Energies (Eds M Grandolfo, S M Michaelson and A Rindi). New York Plenum Prens, pp 179-194.

Gram, E H, Sheppard, R J. and South, G P, 1978. Dielectric Behaviour of Biological Molecules
in Solution. Oxford, University Press.

Greavs M F. 1988. Speculations on the camse of childlhood acute lymphoblastic leukaemia.
Leukaemia. 2 120-125.

Grob, E R, Readey, M A, and Ehret, C F, 1990. Chronological effects of electric fields. IN
Extremely Low Frequency Fields: The Question of Cancer (Eds B W Wilson, R G Stevens and
L E Anderson). Ohio, Baudle Press, pp 74-86.

Orlndler, W, and Keilman, F. 1978. Non-thermal effects of millimetre waves on yeast growth.
Z. Naturforsch., 2, 15-22.

Hamer, J R, 1968. Effects of low level, low frequency electric fields on human reaction time.
Commun. Behav. Biol., & 217-222.

Hathaway, J A. Stem, N, Soles. 0 D. and Leighton. E, 1977. Occular medical surveillance on
microwave and laser worker. J. Occup. Mod., 9 683-688.

Hauf, R, 1974. Wilkwng von 50-Hz-Wechselfeldern auf den Menschen. Electrotech. Zeitsschift,
Ausgabe B, 11 318-320.

Haul, R, 1982. Electric and magnetic fields at power frequencies, with particular reference to 50
and 60 Hz. IN Non-ionizing Radiation Protection (Ed. M J Suess). Cophenhagen, WHO Regional
Publications European Series No. 10, pp 175-197.

Haupt, R C, and Nolfi, J R, 1984. The effects of high voltage transmission lines on the health of
adjacem resident populations. Am. J. Public Health, 7 76-78.

Hirsch, F G. and Parker, J T, 1952. Bilateral lenticular opacities occurring in a technician operating
a microwave generator. Am. Med. Assoc. Arch. Ind. Hyg. Occup. Med., f. 512-517.

Howe, G R, and Lindsay, J P, 1983. A follow-up study of ten-pearcent sample of the Canadian labor
force. I Cancer mortality in males, 1965-73. J. Nad Cancer Inst., 70, 37-44.

John, E MK Savitz, D A, and Sandler, D P, 1991. Prenatal exposure to parents' smoking and
childhood cancer. Am. J. EpidemioL, 1M3. 123-132.

Johnson, C C, and Spitz, M R, 1985. Neuroblastomwa Case-control analysis of birth characteristics.
J. Natil Cancer Inst., , 789-792.

Johnson, C C, and Spitz, M R, 1989. Childhood nervous system tumnours: An assessment of risk
associated with parental occupations involving use, repair and manufacture of electrical equipment.
Int. J. Epidemiol., 19, 7-5-762.

Johnson, C C, Annegers, J F, Frankowski, R F, Spitz, M R, and Buffler, P A, 1987. Childhood
nervous system tumours - an evaluation of the association with paternal exposure to hydrocarbons.
Am. J. Epidemiol., 126, 605-613.

Juutilainen, J, Pukkala, E, and Laara, E, 1988. Results of epidemiological cancer study among
electrical workers in Finland. J. Bioelectricity, 7. 119-121.

58



Killen, B, Malmquist. G. and Moritz, U. 1982. Delivery outcome among physiotherapists in
Sweden: Is non-ionizing radiation a fetal hazard? Arch. Envwon HealdL. 8145

Kaknijn, Ad J, 1984. Electromnagnetic oriemanonm A rebitionistic approach. IN Interaction
between Electromagnetic Fields and Cells (Eds A Chiabrera, C Nicolini and H P Schwan).
New York, Pk-num Press, pp 45-64.

Kaune, W T. Stevens, R G, Callahan, M J. Sevenson, R K, and Thomas, D B.,1987. Residential
magnetic and electrcal fields. Bicelectroniagnetics, 8, 315-335. See also for the smin authors,
1987. Part 11 Residential magnetic and electric raieds measured over 24-h periods. New York Stam
Power Lines ProjecL

Knave, B G, and T&~nqviss, S G.,1985. Eieiogclstudies on effects of exposuire to ELF
electromagnetic fields. A review of the litwernature. INProceedings 1985 Athens Congress of
Internatioal Union of Producers and Distributors of Electrical Energy, Paper 85E 9077, pp. 1 -11.

Knave, B, Gamberale, F, Bergstrom. S, Birke, E, Iregren, A, Kolinodin-Hedman, B. and Wennberg,
A, 1979. Long-term exposure to electric fields. A cross-sectional epidemiological investigation on
occupationally-exposed high-voltage substations. Scand. J. Work Environ. Health., 5~, 115-125.

Kolmodin-Hedman, B, Mild, K H, Hagberg, M. Jonsson, E, Anderson, M-C, and Eriksson, A.
1988. Health problems among operators of plastic welding machines and exposure to
radiofrequency electromagnetic fields. Int. Arch. Occup. Environ Health, 60, 243-247.

Korobkova, V P. Morosv, Y A, Stolarov M S, and Yakub, Y A, 1972. Influence of electric field
in 500 and 750 kV switchyards on maintenance staff and means for its protection. IN Internation
Conference on Large High Tension Electric Systems, Paris, August (CIGRE 23-06).

Kouwenhoven, W B, Langworthy, 0 R. Singewald, M L, and Knickerbocker, G G. 1967. Medical
evaluation of man working in AC electric field&. MEE Trans. Power Apoi. Syst., PAS-86,
506-511.

Kowalczuk, C I. Sierikiewicz, Z J. and Saunders R D. 1991. Biological effects of exposure to
non-ionising electromagnetic fields and radiation: I Static electric and magnetic fields. Chilto,
NRPB-R238 (London, HMSO).

Lankin, W D, Reilly, J P, and Kittler, L B, 1986. Individual differences in sensitivity to transient
electrocutaneous stimulation. IEEE Trans. Bio. Med. Eng., BU-3 495-504.

Lee, W R, 1985. Working with visual display units. Br. Med. J., 291, 989-991.

Lester, J R. 1985. Reply to "Cancer mortality, and airforce bases A re-evaluation".
J. Bioelectricity, 4, 129-131.

L ester, J R, and Moore, D F, 1982a. Cancer incidence and electromagnetic radiation. J.
Bioelectricity, .]. 59-76.

Lester, J R. and Moore, D F, 1982b. Cancer mortality and airforce bases. J. Bioelectricity, I,
77-82.

Liboff, A R, 1985. Cyclotron resonance in membrane transport. IN Interactions between
Electromagnetic Fields and Cells (Eds A Chiabrera, C Nicolini and H P Schwan). New York,
Plenum Press, pp 281-296.

59



Iboff, A R, Mdcod. B R, and Smith, S D, 1990. Ion cyclotron resonance eflects of ELF fields
in biological sysems. IN Extremely Low Frequency l Fields: The Question of
Cancer (Eds B W Wilson, R G Stevens, and L E Anderson). Ohio, BateIle Press, pp 251-289.

Lilienfeld, A M, Tonascia. J, Togascia, S. Libauer. C A. Cauthen, G M Mar, kowiu, J A, Weida,
S. 1978. Foreign service health status study - Evaluation of health status of foreign service and
other employees from selected western European posts. Final Report, Contract No. 6025-6190973
(NTIS PB-288163). Baltimore, Johns Hopkins University.

Lin, J C, Guy, A W, and Johnson, C C. 1973. Power deposition in a spherical model of a man
exposed to 1-20 M•z electromagnetic fields. IEEE Trans. Microwave Theory Tech., MTT-21.
791-797.

Lin, R S, Dischinger, P C, Conde, J, and Farrell, K P, 1985. Occupational exposure to
electromagnetic fields and the occurrence of brain tumour. J. Occup. Med.. 27, 413-419.

Lindt, M S. Malker, H S R. McLaughlin, J K, Weiner, J A. Stone, B J, Blot. W J, Ericsson, J L E,
and Franumeni, J F. Leuaemias and occupation in Sweden. A registry-based analysis. Am. J. Ind.
Med., j4,319-330.

Lindquist, R, Nilsson, B, Edklund, G, and Gahrton, G.1987. Increased risk of developing acute
leukaemia after employment as a painter. Cancer, 6N, 1378-1387.

Linet, M S, and Cartwright, R A, 1988. Chronic lymphocytic ieukaemia: Epidemiology and
etiologic fndings. Nouv. Rev. Fr. Hematoi., X 353-357.

Logue, J N, Hamburger, S. Silverman, P M. and Chiacchierini, R P, 1985. CongeniWa1 anomalies
and parental occupational exposure to shortwave, microwave, infrared, and acoustic radiation. J.
Occup. Med., 451-452.

Lowengart, R A, Peters, J K, Cicioni, C, Buckley, J, Bernstein, L, Preston-Martin, S, and
Rappaport, E, 1987. Childhoiod leukaemia and parents' occupational and home exposures. J. Nail
Cancer Inst., 79 -46.

Lydahl, E, and Phillipson, B, 1984. Infrared radiation and camtrac: II - Epidemiologic investigation
of glass workers. Acda. Opthalmol., §2, 976-992.

Majewska, K, 1968. Investigations on the influence of microwaves on the eye. Kiinika Oczna, 38
323-328.

Malboysson, E, 1976. Medical control of men working within electric fields. Rev. Gen. Electr.
Numero special (uillet), 75-80.

Mancuso, T F, 1982. Epidemiological study of tumors of the central nervous system in Ohio. Ann.
N.Y. Acad. Sci., 381, 17-39.

Marriott, I A, and Stuchly, M A, 1986. Health aspects of work with visual display terminals. J.
Occup. Med., 2 833-847.

Marsh, J L, Armstrong, T J, Jacobson, A P, and Smith, R G, 1982. Health effect of occupational
exposure to study magnetic fields. Am. Ind. Hyg. Assoc. J., , 387-394.

McDonald, A D, McDonald, J C, Armstrong, B, Cherry, N, Nolin, A D, and Robert, D, 1988a.
Work with visual display units in pregnancy. Br. J. Ind. Med., 45, 509-515.

60



McDonald, A D, McDonald, J C, Armstrong. B. Cherry, N M, CU, R, Lavoie, J, Nolin, A D, and
Robert, D, 1988b. Fetal death and work in pregnancy. Br. J. Id. Med., g, 148-157.

McDonald, A D, Lavoie, J, C6t, R, and McDonald, J C. 1988c. Spontaneous aborion in women
employed in plastics manufacture. Am. J. Ind. Med.. 14, 9-14.

McDowall, M E, 1983. Leukaemia mortality in electrical workers in England and Wales. Lancet,
i (8318), 246.

McDowall. M E, 1986. Mortality of persons resident in the vicinity of electricity transmission
facilities. Br. J. Cancer, 53, 271-279.

McLaughlin, J K, Malker, H S R, Blot, W J, Malker, B K, Stone, B J, Weinar, J A, Ericsson, J L L,
and Fraumeni, J F, 1987. Occupational risks for intracranial gliomas in Sweden. J. Nail Cancer
Inst., 78, 253-257.

McLeod, K J, Lee, R C, and Ehrlich, P, 1987. Frequency dependence of electric field modulation
of fibroblast protein synthesis. Science, 236, 1465-1469.

Michaelson, S M, 1987. Influence of power frequency electric and magnetic fields on human health.

Ann. N.Y. Acad. Sci., 502, 55-75.

Milham, S. 1971. Leukaemia and multiple myeloma in farmers. Am. J. Epidemiol., 94, 307-310.

Milham, S, 1979. Mortality in aluminium reduction plant workers. J. Occup. Med., 2,475-480.

Milham, S, 1982. Mortality from leukaemia in workers exposed to electrical and magnetic fields.
N. Engi J. Med., 307, 249.

Milham, S, 1985a. Silent keys: Leukaemia mortality in amateur radio operators. Lancet, i (8432),
812.

Milham, S, 1985b. Mortality in workers exposed to electromagnetic fields. Environ. Health.
Perspect., L2, 297-300.

Milham, S, 1988. Increased mortality in amateur radio operators due to lymphatic and
hematopoietic malignancies. Am. J. Epidemiol., 127, 50-54.

Milner, A D, and Ruggins, N, 1989. Sudden infant death syndrome. Br. Med. J., 2j8, 689-690.

Miro, L, 1962. Modifications hematologiques et troubles cliniques observes chz ie personnel
expost aux ordes tmises par les radars. Rev. Med. Aeron., j, 16-17.

Moscovici, B, Lavyel, A, and Ben-Itzhac, D, 1974. Expost... to electromagnetic radiation among
workers. Faro. Physician, 3, (3), 121.

Myers, A, Cartwright, R A, Bonnell, J A, Male, J C, and Cartwright, S C, 1985. Overhead power
lines and childhood cancer. IN Proceedings Internation Conference on Electric and Magnetic Fields
in Medicine and Biology. London, Institute of Electrical Engineers, pp 125-130.

Myers, A, Clayden, A D, Cartwright R A, and Cartwright, S C, 1990. Childhood cancer and
overhead powerlines: A case-control study. Br. J. Cancer, 62, 1008-1014.

61



Nasca, P C, Baptiste, M S, MacCubbin, P A, Metzger, B B, Carlm, K, Greenwald, P,
Amuslmknacher, V W, Earle, K M, and Waldman, J, 1988. An epidemiologic case-control study
of central nervous system tumors in children and paternal occupational exposures. Am. J.
EpidemioI., 1256-1265.

NCRP, 1986. Biological effects and exposure criteria for radiofrequency electromagnetic fields.
Bethesda, National Council on Radiation Protection and Measurements.

Nilsson, R, Hamnerius, Y, Mild. K H, Hansson, H-A. Hjelnqvist, E, Olanders, S. and Person,
L I, 1989. Microwave effects on the central nervous system - A study of radar mechanics. Health.
Phys., 5_, 777-779.

Nordstrom, S, Birke, E, ard Gustavsson, L, 1983. Reproductive hazards among workers at high
voltage substations. Bioelectromagnetics, 4, 91-101.

NRPB, 1982. Proposals for the health protection of workers and members of the public against the
dangers of extra low frequency, radio-frequency and microwave radiations: A consultative
document. Chilton, NRPB.

NRPB, 1986. Advice on protection of workers and members of the public from the possible hazards
of electric and magnetic fields with frequencies below 300 GHz: A consultative document. Chilton,
NRPB.

NRPB, 1989. Guidance as to restrictions on exposures to time varying electromagnetic fields and
the 1988 recommendations of the International Non-Ionizing Radiation Committee. NRPB-GS 11
(London, HMSO).

Olin, R, VigerO, D, and Ahlbom, A, 1985. Mortality experience of electrical engineers. Br. J. Ind.

Med., 42, 211-212.

OPCS, 1Q90. 1988 Mortality Statistics General. London, HMSO, Report Series DHI, No. 21.

Olsham, A F, Baird, P A. and Teschke, K, 1989. Paternal occupational exposures and the risk of
Down's Syndrom. Am. J. Hum. GeneL., 44, 646-651.

Pauly, H, and Bernhardt, J, 1980. Biologische wirkungen nicht ionisierende Strahlen: Anwendung,
Wirkungen, Schutzmassnahmen. Stuttgart, Geog. Thieme Verlag, pp 1-3.

Pearce, N, Reif, J, and Fraser, J, 1989. Case-control studies in cancer in New Zealand electrical
workers. Int. J. Epidemiol., 18, 55-59.

Pearce, N E, Sheppard, R A, Howard, J K, Fraser, J, and Lilley, B H, 1985. Leukaemia in electrical
workers in New Zealand. Lancet i (8331), 811-812 (Also Lancet, ii (8601), 48 (1988)).

Pearce, N, Smith, A H, and Rief, J S, 1988. Increased risks of soft tissue sarcoma, malignant
lymphoma, and acute myeloid ieukaemia in abattoir workers. Am. 1. Ind Med., 1 63-72.

Perry, F S. and Pearl, L, 1988. Power frequency magnetic field and illness in multistorey blocks.
Public Health, 102, 11-18.

Perry, F S, Reichmanis, M, Marino, A A, and Becker, R 0, 1981. Environmental power-frequency
magnetic fields and suicide. Health Phys., 41, 267-277.

Polk, C, 1986. Introduction. IN CRC Handbook of Biological Effects of Electromagnetic Fields
(Eds C Polk and E Postow). Boca Raton, CRC Press, pp 1-24.

62



Poison. P. and Merritt, J H. 1985. Cancer mortality and airfrcte bases A re-evaluation. J.

Bioelectricity,4, 121-127.

Pool, R, 1991. EMF - cancer link still murky. Nature, 349. 554.

Postow, E, and Swicord, M L, 1986. Modulated fields and "window" effects. IN CRC Handbook
of Biological Effects of Electromagnetic Fields (Eds C Polk and E Postow). Boca Raton, CRC
Press, pp 425-460.

Preston-Martin, S, Peters, J M, Yu, M C, Garabrant, D H, Bowman. J D, 1988. Myelogenous
leukaemia and electric blanket use. Bioelectromagnetics, 2,1207-1213.

Reichmanis, M, Perry, F S, Marino, A A. and Becker, R 0, 1979. Relation between suicide and
the electromagnetic field of overhead power fines. Phys. Chem. Biol., IL 395-404.

Repacholi, M H, 1988. Carcinogenic potential of extremely low frequency fields. IN Non-lonizing
Radiations (Ed. M H Repacholi). London, IRPA Publications, Institution of Nuclear Engineers,
pp 303-315.

Roberge, P F, 1976. Study on the state of health of electrical maintenance workers on Hydro-
Quebec 735 kV power transmission system. Montreal, Report of Health Department, Hydro-Quebec.

Robinette, C D, and Silverman, C, 1977. Causes of death following occupational exposure to
microwave radiation (radar) 1950-1974. IN Symposium on Biological Effects and Measurement of
Radiofrequency/Microwave (Ed. D G Hazzard). Washington DC, US Dept. of Health, Education
and Welfare, Publication (FDA)77-8026. pp 337-344.

Robinete, C D, Silverman. C, and Jablon, S. 1980. Effects upon health of occupational exposure
to microwave radiation. Am. J. EpidemioL, 112 39-53.

Robinson, S, 1%3. Circulatory adjustments of men in hot environments. IN Temperature, its
Measurement and Control in Science and Industry, Volume 3 (Eds C M H Herzfield and
J D Hardy). New York, Reinhold, pp 287-297.

Royal Society, 1983. Risk assessment. A study group report. London, Royal Society.

Rubin, A, and Erdman, W J, 1959. Microwave exposure of the human female pelvis during early
pregnancy and prior to conception. Am. J. Phys. Med., 38 219-220.

Sadcikova, M N, 1974. Clinical manifestations of reactions to microwave irradiation in various
occupational groups. IN Biological Effects and Health Hazards of Microwave Radiation (Eds
P Czerski, K Ostrowski, M L Shore, C Silverman, M J Suess, and B Waldeskog). Warsaw, Polish
Me,:Jcal Publishers, pp 273-280.

Sahl, J D, 1986. Association of parental occupation with childhood cancer. Am. J. Epidemiol. 123,
921.

Sander, R, Brinkman, J, and Ktlhne, B, 1982. Laboratory studies on animals and human beings
exposed to 50 Hz electric and magnetic fields. IN International Congress on Large High Voltage
Electric Systems. Paris,'CIGRE, September (paper 36-01).

Saunders, R D, Kowalczuk, C I, and Sienkiewicz, Z J, 1991. Biological effects of exposure to non-
ionising electromagnetic fields and radiation: III Radiofrequency and microwave radiation. Chilton,
NRPB-R240 (London, HMSO)

63



Savikz, D A, 1985. Human studies of carcinogenic reproductive, and general health effects of ELF
fields. IN Biological and Human Health Effects of Extremely Low Fmquency Electromagnetic
Fields. American Insitute of Biological Sciences, Report of the Committee oan Biological and
Hunan Health Effects of Exuemely Low Frequency Electromagnetic Fields, pp 241-269.

Savitz, D A, 1986. Childhood cancer. Occup. Med.: State An Rev, 1, 415-429.

Savitz, D A, 1987. Case-control study of childhood cancer and residential exposure to electric and
magnetic fields. New York State Power Lines Project.

Savitz, 0 A, 1988. Supplement to contractors final report: Case-control study of childhood cancer
and residential exposure to electric and magnetic fields. New York State Power Lines Project.

Savitz, D A, and Calle, E E, 1987. Leukaemia and occupational exposure to electromagnetic fields:
Review of epidemiologic surveys. J. Occup. Med., 2 47-51.

Savitz, D A, and Feingold, L 1989. Association of childhood cancer with residential traffic density.
Scand. J. Environ. Health., .5, 360-363.

Savitz, D A, and Zucherman, D L, 1987. Childhood cancer in the Denver Metropolitan Area
1976-1983. Cancer, • 1539-1542.

Savitz, D A, Wachtal, H, Barnes, F A, John, E M, and Tvrdik, J G, 1988. Case-control study of
childhood cancer and exposure to 60 Hz magnetic fields. Am. J. Epidemiol., 128, 21-38.

Savitz, D A, Pearce N E, and Poole, C, 1989. Methodological issues in the epidemiology of
electomagnetic fields and cancer. Epidemiol. Rev., 11 59-78.

Savitz, D A, John, E M, and Kleckner, R C, 1990. Magnetic field exposure from electric appliances
and childhood cancer. Am. J. Epidemiol., 131, 763-773.

Sazonova, T E, 1967. Physiological and hygienic assessment of labour conditions at 400-500 kV
outdoor switchyards. Profizdat, Inst. Labour Protection of All-Union Council of Trade Unions.
(Sci. Pubs. Issue 46); 1975. Piscataway, New Jersey, IEEE Power Engineering Soc. (Translation
in Special Publication No.10).

Schnorr, T M, Grajewski, B A, Hornung, R W, Thun, M J, Egeland, G K, Murray, W F. Conover,
D L, and Halperin, W E. Video display terminals and the risk of spontaneous abortion. N. Engl.
J. Med., 324, 727-733 (1991).

Schwan, H P, 1957. Electrical properties of tissue and cell suspensions. Adv. Biol. Med. Phys.,
V, 147-209.

Schwan, H P, 1983a. Dielectric properties of biological tissue and cells. IN Biological Effects and
Dosimetry of Nonionizing Radiations. Radiofrequency and Microwave Energies (Eds M Grandolfo,
S M Michaelson, and A Rindi). New York, Plenum Press, pp 195-211.

Schwan, H P, 1983b. Biophysics of the interaction of electromagnetic energy with cells and
membranes. IN Biological Effects and Dosimetry of Nonionizing Radiation. Radiofrequency and
Microwave Energies (Eds M Grandolfo, S M Michaelson and A Rindi). New York, Plenum Press,
pp 213-231.

Schwan, H P, 1983c. Dielectric properties of biological tissues and cells at ELF frequencies. IN
Biological Effects and Dosimetry of Nonionizing Radiation. Radiofrequency and Microwave
Energies (Eds M Grandolfo, S M Michaelson, and A Rindi). New York, Plenum Press, pp 549-559.

64



Schwan, H P. and Foster, K R, 1980. RF field interactions with biological systems: Electrical
properties and biophysical mechanisms. Proc. IEEE, 8, 104.113.

Schwurz, E, 1987. Proportionate mortality ratio analysis of auomnobile mechanics and gasoline
service station workers in New Hampshire. Am. J. Ind. Med., f 91-99.

Schwartz, E, 1988. A proportionate mortality ratio analysis of pulp and paper mill workers in New
Hampshire. Br. J. Ind. Med., ýJ 234-138.

Schwa-z, G, 1962. A theory of the low-frequency dielectric dispersion of coloidal particles in
electrolyte solution. J. Phys. Chern., 66, 2636-2642.

Selikoff, I J, and Hammond, E C (Eds), 1982. Brain turnours in the chemical industry. Ann. N.
Y. Acad. ScL, 381, 1-362.

Severson, R K, Stevens, R G, Kaune, W T, Thomas, D B, Heuser, L, Davis, S, and Sever, L E,
1988. Acute nonlymphocytic leukaemia and residential exposure to power frequency magnetic
fields. Am. J. Epidemiol., 128, 10-20.

Shacklett, D E, Tredici, T J, and Epstein, D L, 1975. Evaluation of possible microwave-induced
lens changes in the United States Air Force. Aviat. Space Environ. Med., 46, 1403-1406.

Sheikh, K, 1986. Exposure to electromagnetic fields and the risk of leukaemia. Arch. Environ.
Health., 41 56-63.

Shimkovich, 1 S, and Shilajev, V G, 1969. Cataract of both eyes which developed as a result of
reputed short exposures to electromagnetic field of high density. Vesmik. Oftalmologic, 2, 12-16
(1959).

Siekierzynski, M, Czerski, P, Milczarek, H, Gidynski, A, Zydecki, S, Czarnecki, C, Dzuik, E, and
Jedrzejczak, W, 1974a. Health surveillance of personnel occupationally exposed to microwaves,
IH. Functional disturbances. Aerosp. Med.,4, 1143-1145.

Siekierzynski, M, Czerski, P, Gidynski, A, Zydecki, S, Czomecki, G, Dzuik, E, and Jedrzejczak, W,
1974b. Health surveillance of personnel occupationally exposed to microwaves, II. Lens
translucency. Aerosp. Med., 45, 1146-1148.

Sienkiewicz, Z J, Saunders, R D, and Kowalczuk, C I, 1991. Biological effects of exposure to non-
ionising electromagnetic fields and radiation: 13 Extremely low frequency electrical magnetic fields.
Chilton, NRPB-R239 (London, HMSO).

Sigler, A T, LilienfeA, A M, Cohen, B H, and Westlake, J E, 1%5. Radiation exposure in parents
of children with mongolism (Down's Syndrome). Buli. J. Hopkins HcOSp., 117, 374-399.

Silny, J, 1985a. Effects of low frequency, high intensity magnetic field on the organism. IN
Proceedings International Conference on Electric and Magnetic Fields in Medicine and Biology.
London, Institute of Electrical Engineers, Conference Publication No. 257, pp 103-107.

Silny, J, 1985b. The influence threshold of the time-varying magnetic field in the human organism.
IN Biological Effects of Static and Extremely Low Frequency Magnetic Fields (Ed. J H Bernhardt),
Symposium, Neuherberg.

Silva, J M, Hammon, N P, Huber, D L, Zaffanella, L E, and Deno, D W, 1985. AC field exposure
study: Human exposure to 60 Hz electric fields. Palo Alto, Electrical Power Research Institute,
Interim report EA-3993, Research Project 799-16.

65



Silverman, C. 1980. Epidemiologic studies of microwave effects. Proc. IEEE, 0, 78-84.

Silverman, C. 1985. Epidemiology of microwave radiation effects in humans. IN Epidemiology

and Quantiuion of Environmental Risk in Humans from Radiation and Other AV=ns (Ed.
A CasMeilani). New York, Plenum Press, pp 433-458.

Singewald. M L. Luigworthy. 0 R. and Kouwenhoven, W B. 1973. Medical follow-up study of
HV linemen working in AC electric fields. IEEE Trans. Power Appl. Sys.., PA-2 1307-1309.

Szmigielski, S, Bielec, M. Lipski, S, mad Sokolska. G, 1988. Immunolgic and cancer-related aspects
of exposure to low-level microwave and radiofrequency fields. IN Modem Bioelectricity (Ed.
A A Mauino). New York, Marcel Dekker Inc, pp 861-925.

Smith, C W, mid Best, S. 1989. Electromagnetic Man. London, J M Det and Sons.

Sorahan, T, Parks, H G, Veys, C A, Waerhouse, J A H, Straughan, J K, and Nutt, A, 1989.
Mortality in the British rubber industry 1946-85. Br. J. Ind. Med., 46, 1-11. -

Speers, M A, Dobbins, J G, Miller, and Van S. 1988. Occupational exposures and brain cancer
mortality: A preliminary study of East Texas residents. Am. J. Ind. Med., U. 629-638.

Spitz, M R, and Johnson, C C, 1985. Neuroblastoma and paternal occupation. Am. J. Epidemiol.,
=2, 924-929.

Spitz, M R, and Johnson, C C, 1986. Association of parental occupation with childhood cancer.
Am. J. Epiderniot, 121922.

Stern, R M, 1987. Cancer incidence among welders: Possible effects of exposure to extremely low
frequency electromagnetic radiation (ELF) and to welding fumes. Environ. Health. Perspeci,76
221-229.

Stern, F B, Waxweiler, R A, Beaumont, J J, Lee, S T, Rinsky, R A, Zumwalde. R D, Halperin,
W E, Bierbaum, P J, Landrigen, P J, and Murray, W E, 1986. A case-control study of leukaemia
at a naval nuclear shipyard. Am. J. Epidemiol., 123 980-992.

Stevens, R G, 1987a. Part 1. Epidemiological studies of cancer and residential exposure to
electromagnetic fields. New York State Power Lines Project.

Stevens, R G, 1987b. Electric power use and breast cancer A hypothesis. Am. J. EpidemioL, 126
556-561.

Stevens, R G, Wilson, B W, and Anderson, L E, 1990. The question of cancer. IN Extremely Low
Frequency Fields: The Question of Cancer (Eds B W Wilson, R G Stevens and L E Anderson).
Ohio, Battelle Press, pp 361-370.

Stollery, B T, 1986. Effects of 50 Hz electric currents on mood and verbal reasoning skills. Br.
J. Ind. Med., 43, 339-349.

Stopps, G J, and Janischewsky, W, 1979. Epidemiological study of workers maintaining HV
equipment and transmission lines inOntario. Vancouver, Canadian Electrical Association.

Strumza, M V, 1970. Influence sur la sant6 humaine de la proximite des conducteurs de 1'electricitt
a haute tension. Arch. Mal. Prof., 31, 269-276.

Stuchly, M A, and Lecuyer, DW, 1989. Exposure to electromagnetic fields in arc welding. Health.
Phys., 56, 297-302.

66



Swerdlow, A J. 1983. Epidemiology of eye cancer in adults in England and Wales, 1962-1977.

Am. J. EpidemioL, 118. 194-300.

Takashima, S, 1989. Electrical Properties of Biopolymers and Membranes. B,•isol, Adam Hilger.

Taylor, L S. 1981. The mechanisms of athermal microwave biological effects. Bioelectrnagnetscs,
1259-267.

Tengroth, B, and Aurell, E, 1974. Retinal changes in microwave workers. IN Biological Effects
and Health Hazards of Microwave Radiation (Eds P Czerski, K Osrowski, M L Shore,
C Silverman, M J Suess and B Waldeskog). Warsaw, Polish Medical Publishers, pp 302-305.

Thomas, T L, Stolley, P D, Stemhagen, A. Fontham, E T H, Bleeker, M L, Stewart. P A, and
Hoover, R N, 1987. Brain tumnor mortality risk among men with electrical and electroncs jobs:
A case control study. J. Nail Cancer Inst., 233-238.

Tomenius, L, 1982. Poster presentation. International Symposium on Occupational Health and
Safety in Mining and Tunnelling, Prague.

Tomenius, L, 1986. 50 Hz electromagnetic environment and the incidence of childhood tumours
in Stockholm County. Bioelectromagnetics, 7 191-207.

Tomqvist, S, Norell, S. Ahlbom, A, Knave, B, 1986. Cancer in the electric power industry. Br.
J. Ind. Med., 43, 212-213.

Vigero, D, and Olin, R, 1983. Incidence of cancer in the electronics industry: Using the new
Swedish Cancer Environment Registry as a screening instrument. Br. J. Ind. Med., 40, 188-192.

VAgero, D, Ahlbom, A, Olin, R, and Sahlsten, S, 1985. Cancer morbidity among workers in the
telecommunications industry. Br. J. Ind. Med., 4 191-195.

Verreault, R, Wiess, N S, Hollenbach, K A, Strader, C H, and Daling, J R, 1990. Use of electric
blankets and risk of testicular cancer. Am. J. Epidemiol., 131 759-762.

Vyalov, A M, 1967. Physiological and hygienic assessment of labour conditions at 400-500 kV
outdoor switchyards. Profizdat, Inst. Labour Protection of the All-Union Council of Trade Unions
(Sci. Pubs. Issue 46), 1975. Piscataway, New Jersey, IEEE Power Engineering Soc (Translation
in Special Publication No.10).

Vyalov, A M, 1974. Clinico-hygienic and experimental data on effects of magnetic fields under
industrial conditions. IN Influence of Magnetic fields on Biological Objects (Ed. Yu H Kholodov).
Springfield, VA., NTIS Report No. JPRS 63038, pp 163-174.

Weaver, I C, and Astumian, R D, 1990. The response of living cells to very weak electric fields.
The thermal noise limit. Science, 247. 459-462.

Wever, R, 1973. Human circadian rythms under the influence of weak electric fields and the
different aspects of these studies. Int. J. Biomateor., 17, 227-237.

Wever, R, 1974. ELF-effects on human cizradian rythms. IN ELF and VLF Electromagnetic Field
Effects (Ed. M A Persinger). New York, Plenum Press, pp 101-144.

Wever, R, 1985. The electromagnetic environment and the circadian rythms of human subjects.
IN Biological Effects and Dosimetry of Static and ELF Electromagnetic Fields (Eds M Grandolfo,
S M Michaelson and A Rindi). New York, Plenum Press, pp 477-523.

67



Wenheimer. N, and Leeper, E, 1979. Electrical wiring configumatou and chiklhood cancer. Am.
J. Epidesniol. ja 273-284.

Wertheimer, N, md L.eeper, E, 1980. Re: "Eectrical wiring configurations and childhood leukaremia
in Rhode Island-. Am. J. Epidemniol.._J, .1461-482.

Wertheimer, N, and Leeper, E, 1982. Adult cancer related to electric wires near the home. InL J.
Epidemiol., 1 345-355.

Wertheimer. N, mid Leeper, E. 1986. Possible effects of electric blankets and hated waterbeds on
fetal development. Bioelectroaagnetics, 7, 13-22.

Wertheimer, N, and Leeper, E. 1987. Magnetic field exposure related to cancer subtypes. Ann.
N. Y. Acad. Sci., In 43-54.

Wertheimer, N, and Leeper, E, 1988. Wenheimer and Leeper reanalyse Seattle data: Report
evidence of risk. Health Sat. Rep. L, No. 6.

Wertheimer, N, and Leeper, E, 1989. Fetal loss associated with two seasonal sources of
electromagnetic exposure. Am. J. Epidemiol., 129, 220-224.

Wilkins, J R, and Hundley, V D, 1990. Paternal occupational exposure to electromagnetic fields
and neuroblastoma in offspring. Am. J. EpidemioL, 131 955-1008.

Wilkins, J R, and Koutras, R A, 1988. Paternal occupation and brain cancer in offspring: A
mortality-based case-control study. Am. J. Ind. Med., . 299-318.

Wilson, B W, and Anderson, L E, 1990. ELF electromagnetic-field effects on the pineal gland.
IN Extremely Low Frequency Fields: The Question of Cancer (Eds B W Wilson, R G Stevens, and
L E Anderson). Ohio, Batelle Press, pp 159-186.

Wrensch, M R, 1984. Epidemiology of malignant brain tumours with emphasis on occupational,
residential and familial factor Diss. Abstracts Intern., B,44, 2390-B (Abstract only).

Wright, W E, Peters, J M, and Mack, T MK 1982. Leukaemia in workers exposed to electrical and
magnetic fields. Lancet, ii (8308), 1160-1161.

Zaret, M M, 1973. Selected cases of microwave cataract in man associated with concomitant
annotated pathologies. IN Biological Effects and Health Hazards of Microwave Radiation (Eds
P Czerski, K Ostrowski, M L Shore, C Silverman, M J Suess and B Waldeskog). Warsaw, Polish
Medical Publishers.

Zaret, M M, Kaplan, I T, and Kay, A M, 1970. Clinical microwave cataracts. IN Biological Effects
and Health Implications of Microwave Radiation (Ed S F Cleary). BRH/DBE Report No. 70-2,
pp 82-84.

Zydecki, S, 1974. Assessment of lens translucency in juveniles, microwave workers and age
matched groups. IN Biological Effects and Health Hazards of Microwave Radiation (Eds P Czerski,
K Ostrowski, M L Shore, C Silverman, M J Suess and B Waldeskog). Warsaw, Polish Medical
Publishers, Warsaw, pp 306-308.

68



Table I

Electromaqnetic enerav usaae and life expectancy
in Enaland and Wales

Electric power a) Radiofrequency (b) Life expectancy (c)Elecric ower(a) transmitted
Year generated poied

(G( h) pw) Male Female

1930 8,165 0.5 59 63

1950 38,265 1.9 66 72

1960 85,719 9.1 68 74

1970 168,230 48.7 69 75

1980 204,752 70.2 71 77

Sources

(a) Handbook of Electricity Supply Statistics, 1987.
London, Electricity Council.

(b) BBC - private communication.
(c) Expectation of life at birth for 3 year periods beginning

at year listed, ie for 1950 corresponds to years 1950-1952.
Office of Population Censuses and Surveys Reports DEl No.6
(1978), No. 13 (1982). London, M4SO.
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Table 2

Childhood mortality in Rnaland and Wales

Rates per 1000 total births

Period Deths in first Deaths after
Still births wetho ifi first week andunder 1 year

1931-35 41.0 22.4 39.5

1940 37.2 21.3 35.5

1945 27.6 18.0 28.0

1950 22.6 15.2 14.4

1955 23.2 14.6 10.3

1960 19.8 13.3 8.5

1965 15.8 11.3 7.7

1970 13.0 10.6 7.6

1975 10.3 9.1 6.6

1980 7.2 6.1 5.8

1985 5.5 4.4 5.0

Sources

Mortality Statistics: Childhood and Maternity. Office of
Population Censuses and Surveys. Report Series DE3 No. 3
(1978), No. 8 (1980), No. 19 (1985). London, 3SO.
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Table 3
Some typical sources of exposure and exposure levels

to electromagnetic fields*

Electric Magnetic

Exposure condition field strength field strength

Natural envi rornent

Fair weather - static fields 120-150 V/m 50 uT
Stormy weather - static fields 11 kV/m 50 pT
50 Hz field 10 V/2 0.001 nT

Man-made fields

50 Hz, 400 kV power line midspan 10 kV/A 40 pT
50 Hz, 400 kV power line 25 m from

midspan 1 kV/m 8 pT
500-1600 kHz, 100 m from AM

broadcast antenna 20 V/a
27 PMz, 4W CB radio 12 cm from

antenna 100-600 VAm 0.2-0.8 A/m
470-854 MHz, TV broadcast max within

1 km of TV mast 3 V/,x 8 10-2 Alm

Domestic

30 cm from TV/VDU - static field 0.5-10 kV/m
50 Hz, ambient, distant appliances 1-10 V/M 10-1000 nT
50 Hz, 30 cm from appliances 10-250 V/m 10 pT-I MT
15 kHz, 30 cm from TV/VDU 1-10 V/M 1000 nT

Occupational

50 Hz, 0.5-1 m from induction
furnaces 100 'UT-1O MT

50 Hz, substations, etc. 10-20 kV/m up to 50 #T
3 kHz, 50 cm from billet heater coil 70 V/M 380 pT
0.15-10 kHz, 0.1-1 m from induction

heaters 15 #T-1.25 mT
250-675 kHz, at operator positions

from induction heaters 2-100 V/m 0.2-22 pT
10-80 MHz, 15 ca from dielectric

heaters 20-800 V/A 0.1-0.9 A/m
27-450 MHz, 2 cm from low power

mobile antennas 200-1350 V/A
470-854 Mz, TV aerial riggers 30-30n VAM 0.1-1 A/M

* The field strength values in the table are indicative of those to which
people may be or have been regularly exposed. The information is collated
from a variety of sources and is intended to provide a feeling for the
magnitude and range of field strengths encountered. There are many other
sources of potential exposure not referred to, and there is no significance
to be implied from their omission.
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Table 6

Admission rates per 1000 per year for selected diagnoses to

Naval Hospitals 1952-1954 and 1956-1959 for ex-American-Navy personnel

Exposure class

Diagnosis

LOW Moderate High

Diseases of:
blood and blood forming organs 0.2 0.2 0.00
nervous system 1.4 1.4 1.6
eye and adnexa 1.7 1.9 1.5
ear, nose and throat 2.0 1.9 3.1
circulatory system 10.9 11.2 11.8
urinary system and male genital system 8.9 7.5 9.3
skin and cellular tissue 8.3 7.1 8.6
bones and organs of movement 7.0 6.4 7.0

Acute respiratory infection 17.5 14.9 18.4

Other diseases of respiratory system 1.3 1.1 1.9

Allergic endocrine system, metabolic and
nutritional diseases 2.2 1.7 2.0

Neoplasms 7.1 6.6 5.9

Mental, psychoneurotic and personality
disorders 6.4 4.9 5.6

Congenital malformations 1.0 0.8 1.2

Accidents, poisonings and violence 27.5 21.6 29.8

Totals for all causes 127.3 114.0 130.3
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Table 7

Disability compensation rates er 1000 for ex-American-Navy personnel

in 1976

Exposure class

Diagnosis group

Low Moderate High

Musculoskeletal 13.9 8.8 16.9

Organs of special sense 5.0 3.7 6.0

Systematic conditions 0.2 0.2 0.7

Respiratory 5.6 4.2 7.3

Cardiovascular 4.8 3.3 6.7

Digestive 7.5 5.7 7.8

Genitourinary 3.3 2.4 2.7

Hemic, lymphatic 0.5 0.0 0.4

Skin 6.9 6.3 8.2

Endocrine 1.5 1.1 1.6

Neurological 1.6 1.6 2.3

Nerves 1.3 1.1 0.4

Epilepsies 0.6 0.3 0.4

Mental conditions 7.1 3.9 6.5

Other 0.6 0.5 0.3
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Table 8

Estimated odds of committing suicide according to measured magnetic

field strength, based on data given by Perry et al (1981)

Measured field strength Odds of 95% confidence interval
(nT) suicide

0-20 0.59 0.40-0.87

20-40 1.27 1.04-1.55

40-100. 0.74 0.61-0.89

>100 1.38 1.08-1.77

All 1.00

Table 9

Suimarised relative risks for VDU usage found by McDonald et al, 1988a

Current pregnancy Previous pregnancy

Effect

Relative Relative
risk 90% CI risk 90% CI

Spontaneous abortion:
by individual analysis 1.19" 1.09-1.30 0.97" 0.89-1.05
by occupational groups
according to level of
usage 1.06* 0.80-1.40 1.01+ 0.70-1.30

Still-birth 0.82" 0.47-1.33 0.71" 0.42-1.13

Pre-term 1.08* 0.98-1.18 - -

Low birth weight 1.03" 0.92-1.15 - -

Congenital defect 0.94+ 0.78-1.13 1.12 0.89-1.43

Relative to all working women.
"Relative to working women in the study not using VDUs.
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Table 10

Spontaneous abortions by time spent per week on VIDJ usage

(McDonald et al, 1988a)

Time spent per week Relative risk 90% CI

No use 0.96 0.92-1.00

Up to 15 hours 1.14 1.00-1.29

More than 15 hours 1.23 1.09-1.38

Note Analysed relative to all working women.

Table 11

Adjusted odds ratios for miscarriage and birth defects for first

trimester VDU usage (Goldhaber et al, 1988)

Miscarriage Birth defects

Time spent per week

Odds ratio 95% CI Odds ratio 95% Cl

No use 1.0 1.0

< 5 hours 0.9 0.6-1.4 0.9 0.4-1.9

5-20 hours 1.0 0.6-1.6 1.4 0.7-2.7

> 20 hours 1.8 1.2-2.8 1.4 0.7-2.9

Note Analysis, as indicated, relative to those in study not using VDXs.
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Table 13

Relative risks to polish military personnel by age
and lenath of exposure (Szmiaielski et al. 1988)

Period of exposure (years)IAg. group (years)Agegropyeas) > 2 2 - 5 5 -15 > 15

20-29 4.0 7.4 - -

30-39 - 3.8 5.6 9.7

40-49 0.9 4.7 5.5

50-59 - 1.4 1.7
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Table 14

Brain tmowur risks by attributed exposure to electromagnetic fields

(Lin et al, 1985)

Primary brain tumours Unspecified brain tumours

Attributed Odds ratio Odds ratio

exposure Cases Controls (95% Cases Controls (95%
confidence confidence
interval) interval)

No 323 360 1.00 286 294 1.00
exposure

Possible 128 99 1.44 87 95 0.94

exposure (1.06-1.95) (0.68-1.31)

Probable 21 12 1.95 19 15 1.30
exposure (0.94-3.91) (0.60-2.78)

Definite 27 14 2.15 15 10 1.54
exposure (1.10-4.06) (0.68-3.38)

Chi-squared for trend 11.32 Chi-squared for trend 0.68

p 0.0 8 % p -41%

Note Among primary brain tumours there were 20 cases and 34 controls with
unknown occupations, and among unspecified brain tumours 25 cases and
18 controls with unknown occupations.
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Table 15

Brain tumur and other cancer risks to workers exposed to

electromagnetic fields and other agents (Milham, 1985b)

Neoplasa and exposure Observed Expected FM

cases cases (95% confidence interval)

Brain (7th ICD 193.0)

Di only 19 21.3 89 ( 56-143)

iM + other 82 60.5 136 (108-171)*

All 101 81.8 123 (100-151)*

Pancreas (7th ICD 157)

Di only 42 37.4 112 (82-154)

Di + other 132 111.3 119 (99-142)

All 174 148.7 117 (100-137)+

Lung (7th ICD 162)

Di only 170 170.9 99 ( 85-116)

Di + other 619 523.3 118 (109-129)+

All 789 694.2 114 (106-122)+

Lymphosarcoma
(7th ICD 200.1)

DI only 12 8.2 146 (80-268)

EI + other 29 23.3 124 (85-183)

All 41 31.5 130 (94-180)

Other lymqhosarcomas
(7th ICD 200.2, 202)

Ei only 16 8.1 198 (116-338)+

Di + other 35 23.0 152 (107-217)+

All 51 31.1 164 (122-221)÷

Non-Hodgkins lymphomas
+ Significant at 5% level.
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Table 16

Brain tumour risks by attributable exposure to

electromagnetic fields (Speers et al, 1988)

Attributable Cases Controls Odds ratio
exposure (95% confidence

interval)

No exposure 92 132 1.00

Possible exposure 68 83 1.18 (0.77-1.78)

Probable exposure 11 5 3.16 (1.06-9.39)

Definite exposure 6 0 - (1.64--)

Chi-squa red for trend 7.72

p - 0.55%

Table 17

Brain tumour risks from exposure to radiofrequencies and

microwaves according to occupation (Thomas et al, 1987)

Occupation Relative risks
(95% confidence interval)

Electrical or electronic job 2.3 (1.30-4.2)

No eiectrical or electronics job 1.0 (0.5-1.9)

As given by the authors relative to cases and controls and
adjusted for educational class.
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Table 23

Magnetic flux densities in British and American homes

(Myers et al, 1985; Savitz, 1987)

Magnetic flux densities, nanotesla

British homes American homes

Lounge Kitchen Bedroom Bathroom Low High
power power

Minima 2 2 1 1 2 4

Median 17 22 13 15 47 66

Maxima 220 230 130+ 130+ 461 1208

"Average over several rooms.
+Near to overhead power transmission line.

Table 24

Odds ratios for HCC configurations and all childhood cancers

in persons under 19 years (Wertheimer and Leeper, 1979)

Configuration and Case Control odds ratio
type of address addresses addresses (95% confidence interval)

Stable residence
LCC 61 102
HCC 48 26 3.09 (1.74-5.48)

Birth addresses
LCC 110 115
HCC 53 29 1.91 (1.13-3.22)

'Death' addresses
LCC 138 152
HCC 81 48 1.86 (1.22-2.84)
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Table 25

Odds ratios by type of childhood cancer for HCC configurations

(Wertheimer and Leeper, 1979)

Cancer type
configuration and Case Control Odds ratio
type of address addresses addresses (95% confidence interval)

Birth address

Leukaemia
LCC 84 107
HCC 52 29 2.28 (1.34-3.91)

Lymphoma
LCC 21 26
HCC 10 5 2.48 (0.73-8.37)

Nervous system
LCC 35 45
HCC 22 12 2.36 (1.03-5.41)

Other
LCC 31 39
HCC 17 9 2.38 (0.93-6.06)

'Death' address

Leukaemia
LCC 92 126
HCC 63 29 2.98 (1.78-4.98)

Lymphoma
LCC 26 33
HCC 18 11 2.08 (0.84-5.16)

Nervous system
LCC 36 49
HCC 30 17 2.40 (1.15-5.01)

Other
LCC 45 46
HCC 18 17 1.08 (0.50-2.36)
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Table 26

Odds ratio for leukaemia cases (age <20 years)in Rhode Island
(Fulton et al, 1989)

Exposure and
address Case Control Odds ratio

categories addresses addresses (95% confidence interval)

All leukaemia

Any case address

Very low 46 56 -
Low 50 56 1.09 (0.63-1.88)
High 55 56 1.20 (0.70-2.05)
Very high 48 56 1.04 (0.60-1.81)

Acute leukaemia

Stable case address

Very low 16 56 -
Low 19 56 1.19 (0.55-2.54)
High 15 56 0.94 (0.42-2.08)
Very high 7 56 0.44 (0.17-1.15)

"Same birth and diagnosis address.
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Table 28

Wertheimer-Leeper C-ratios by age of case

Number of address pairs in which
Age range C-ratio

(years) Case high Control high (95% confidence interval)

19-54 139 69 201 (151-269)

55-69 188 165 114 ( 92-140)

70+ 182 133 137 (109-171)
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Table 29

Wertheimer-Leeper C-ratios by type of cancer

Number of address
pairs for which

Type C-ratio
(95% confidence

Case high Control high interval)

Nervous system 25 11 227 (112-462)

Leukaemia 23 23 100 (56-178)

Hodgkin's lymphoma 12 8 150 (61-367)

Non-Hodgkin's lymphoma 26 18 144 (79-263)

Multiple myeloma 8 3 267 (71-1005)

Ovary 18 14 129 (64-259)

Uterus 18 6 300 (119-756)"

Breast 87 53 164 (117-231)"

Prostate 30 19 158 (89-281)

Kidney 10 6 167 (61-459)

Bladder 24 14 171 (89-331)

Mouth 13 8 163 (67-392)

Pancreas 30 18 167 (93-299)

Stomach 14 16 88 (43-179)

Colon/rectum 61 55 111 (77-160)

Bronchus/lung 52 44 118 (79-177)

Other/unknown 58 51 114 (78-166)

Total 509 367 139 (121-159)*

"Significant at 5% level.
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Table 30

Cases of adult ANLL and controls by wiring configuration

(Sevenson, 1988) 3-10 years before reference data

Wire code or magnetic Cases Controls Odds ratio'
field addresses addresses (95% confidence interval)

Wertheimer-Leeper coding

VLCC 42 44
OLCC 21 37 0.60 (0.29-1.22)
011CC 21 23 0.77 (0.35-1.68)
VHCC 5 6 0.79 (0.22-2.89)

Kaune estimate (nt)

0-50 29 28
51-199 46 64 0.69 (0.37-1.32)

200+ 14 18 0.75 (0.31-1.80)

"As given by authors and controlled for age, sex, smoking, family income and
race.

Table 31

Relative risk estimates per nanotesla for adult ANLL as given by Stevens,

1987, based on magnetic field measurements at time of interview

Measurement conditions % relative risk per nanotesla
(95% confidence interval)

Low power use
(unweighted) 0.13 (-0.28-0.54)

Low power use
(weighted) -0.02 (-0.47-0.43)

High power use
(unweighted) 0.25 (-0.14-0.64)

High power use
(weighted) 0.15 (-0.28-0.58)
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Table 37

Association of trafi',- density with wiring code (Savitz, 1988)

Wiring code 500+ vehicles <500 vehicles odds ratio
per day per day (95% confidence interval)

Buried 10 43

VLCC 9 12 3.23 (1.07-9.73)

S25 63 1.71 (0.74-3.91)

oicn 21 27 3.34 (1.37-8.17)

Vncc 6 2 12.20 (2.20-43.28)

Xe for trend-- 8.87; p - 0.3%.

Table 38

Childhood cancer risk by traffic density (Savitz, 1988)

Traffic density Cases Controls odds ratio
addresses addresses (95% confidence interval)

<500 vehicles per day 213 194

500+ vehicles per day 28 14 1.82 (0.93-3.56)
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Table 39

Averaqe ages at diagnosis according to wiring configurations

(Savitz, 1987)

Average age at diagnosis
Wire code

Cases Controls

Buried 5.5 6.5

VLCC 5.4 8.5

OLCC 7.8 7.4

CICC 6.8 6.8

VBCC 7.1 5.4

Table 40

Cases and controls by number of electrical appliances

in use within the home (Savitz, 1987)

Itmber of Cases Controls Odds ratio
appliances (95% confidence interval)

0-2 30 17

3-4 80 69 0.66 (0.33-1.29)

5-6 81 74 0.62 (0.32-1.22)

7+ 47 44 0.61 (0.29-1.25)
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Table 41

Odds ratios for childhood cancer addresses by proximity to an
electrical construction (Tamenius, 1986)

Type of construction Cases Controls Odds ratio
addresses addresses (95% confidence interval)

None within 150 a 1010 892

Electric subway 20 17 1.04 (0.54-2.00)

Electric railway 36 22 1.45 (0.84-2.47)

Transformer 12 14 0.76 (0.35-1.65)

Substation 7 5 1.24 (0.39-3.91)

6-200 kV transmission
lines 12 6 1.77 (0.66-4.73)

200 kV tranm-ission
lines 32 12 2.17 (1.13-4.17)

All constructions
within 150 m 119 77 1.36 (1.01-1.84)

Table 42

Odds ratios for childhood cancer addresses by magnetic field levels

and proximity to an electrical construction (Tomenius, 1986)

Field and construction Case Control Odds ratio
addresses addresses (95% confidence interval)

<300 nT, no construction 983 882

>300 nT, no construction 27 10 2.42 (1.17-5.03)

<300 nT, plus construction 112 73 1.38 (1.01-1.87)

_300 nT, plus construction 7 4 1.57 (0.46-5.38)
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Table 43

Odds ratios for childhood cancer addresses by

type of address (Tomenius, 1986)

Type of address and Case Control Odds ratio
magnetic field addresses addresses (95% confidence interval)

Stable birth and
diagnosis

<300 nT 242 407
_300 nT 10 3 5.61 (1.53-20.57)

Birth address

<300 nT 661 673
Ž300 nT 21 8 2.67 (1.18-6.08)

Diagnosis address

<300 nT 676 689
Ž300 nT 23 9 2.60 (1.20-5.67)
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Table 44

Odds ratio for childhood cancer addresses by type of cancer

(Tmenius, 1986)

Type of cancer and Case Control Odds ratio
magnetic field addresses addresses (95% confidence interval)

Leukaemia

<300 nT 239 202
k300 nT 4 10 0.34 (0.10-1.09)

Lymphoma

<300 nT 130 115
k300 nT 2 1 1.77 (0.16-19.77)

Nervous system

<300 nT 281 250
k300 nT 13 3 3.86 (1.09-13.69)

Other malignant

<300 nT 352 309
k300 nT 11 0 - (2.18--)

Benign

<300 nT 93 79
_300 nT 4 0 - (0.54-i)

All

<300 nT -1095 955
_300 nT 34 14 2.12 (1.13-3.97)
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Table 45

Odds ratios for tumour cases (0-18 years) in the County of
Stockholm by naanetic field strenath (Tomenius,1982)

Magnetic Approximate Odds ratios

field range mean field Cases Controls (95% confidence

(nanotesla) (nanotesla) interval)

0-99 50 902 751 1.00

100-199 150 159 167 0.79 (0.63-1.01)

200-299 250 34 37 0.77 (0.48-1.23)

300-399 350 12 5 2.00 (0.70-5.70)

>400 450* 22 9 2.04 (0.93-4.45)

* The median value for this dose group is 450 nanotesla.

x2 for trend = 0.09; p - 76%.
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Table 47

Odds ratio for all neoplasms with distance from electrical

installation in East Anglia based on McDowell, 1986

Distance Cases Expected Odds ratio
(M) (95% confidence interval)

35-50 89 93.7

15-34 97 92.4 1.11 (0.74-1.66)

0-14 27 26.2 1.08 (0.59-2.00)

Table 48

Relative risks of leukaemia in comparison with cancer controls with

distance from electrical substations (Coleman et al, 1988)

Distance from Leukaemia Cancer Odds ratio
substation addresses addresses (95% confidence interval)

(a)

100 430 796

50-99 244 456 0.99 (0.82-1.20)

25-49 62 129 0.89 (0.64-1.23)

0-24 35 51 1.27 (0.81-1.98)

X2 for trend 0.04; p - 84%.
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Table 49

Relative risks of leukaemia and other cancers with distance from

electrical substations based on Coleman et al, 1988

Distance from Leukaemia and Population Odds ratio
substation cancer control control (95% confidence interval)

(M) addresses addresses

a1OO 329 145

50-99 154 69 0.98 (0.70-1.39)

25-49 32 13 1.08 (0.55-2.13)

0-24 14 4 1.43 (0.51-4.00)

)e for trend 0.20; p - 65%.

I

i 107



(A a

41 0041 41 &A

ma 6

'Q.4

Id4 41 41 2 I

40 410AV U U
I re

U 4P
41.-

- d :41 4

s. a1

44

01 "1 a4 41
all 41 pi33 .

U A 0 .44 4 1 44 444

*0 41 14 1,46.on I 

11 4 144 

114
1.4 401.P 161 . .

1. 0140' 414 - - 4.443

*c 41

v SO a

low, 41a C1 4. 41 P

at U o 01 U0 46d

A60 0 64 41 So 6

to 6

ml 'I z U*. 1 1

41108



"4r

go 0

r4 C4 N%0

0 h "

*~ ~ 0

$4 $4 0

a a' a

$a
$4 06

a 6

mas
44 0 o > 0 "4 a

0 r "4 - 1

00 0.0

O~ "4 4 00" 0% 0
tp ~ ~ -0) 10 4 0t 4 c

$ h4 "44 n
A q 4 w 1 4 (e "4 "

6109



Table 52

Childhood cancer mortality rates in United Kinadom
and Northern Ireland, 1988 (OPCS. 1990)

Mortality rates per 1,000,000
Age group and all cancers (relative to England)

region Male Female

Age 1-4 years

England 43.7 (1.00) 55.1 (1.00)

Wales 52.8 (1.19) 27.7 (0.50)

Scotland 45.7 (1.05) 31.9 (0.58)

Northern Ireland 53.3 (1.22) 18.9 (0.34)

Age 5-14 years

England 40.9 (1.00) 33.9 (1.00)

Wales 55.0 (1.34) 52.4 (1.55)

Scotland 55.4 (1.35) 32.4 (0.96)

Northern Ireland 60.5 (1.48) 39.5 (1.17
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Table 53

Odds ratios for neuroblastoma in children whose fathers were eqnloyed

in electrical or electronics occupations (Spitz and Johnson, 1985)

Father's occupation Cases Controls Odds ratio
(95% confidence interval)

Not electrical or
electronics 133 256

Electronics 6 1 11.5 (1.4-96.9)

Electricians, linesmen,
welders, utility workers 7 11 1.2 (0.5-3.2)

Electrical equipment
salesmen, repairmen 4 4 1.9 (0.5-7.8)

All electrical and
electronics occupations 17 16 2.0 (1.0-4.2)
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sources Region Wamvelenth Frequency

Magnets, earth's

field; friction: Static Zero
balleries

Elecmc power (6000 km
Wm and cables at 50 Hz)

Domestc and EXTREMELY ELF More tan Less than

indlusiall LOW

appliances FREQUENCIES 100 km 3 kHz

Induction heaters

Very Low 100 km 3 kHz
Television sets Frequency to to

VLF 10 km 30 kHz

Visual diSplay units Low 10 km 30 kHz
(VDUs) Frequency to to
AM radio LF 1 km 300 kHz

MeKium 1 km 300 kHz

RADIO Frequency to to

FREQUENCIES MF 100 m 3 MHz
(RF)

RF heat slers High 100 m 3 MHz
Frequency to to

HF 10im 30 MHz

FM radio Very High 10m 30 MHz
Television Frequency to to

VHF I m 300 MHz

Celular telephones Ultra High I m 300 MHz
Frequency to to

UHF 10cm 3 GHz

Microwave ovens Super High 10 cm 3 GHz

Frequency to to
Communications MICROWAVES SHF 1 cm 30 GHz

Radar Extra High I an 30 GHz
Frequency to to

EHF 1 mm 300 GHz

Infrared

FIGURE 1 ElectromagnetIc fields and their sources

(1000 Hz = 1 kHz; 1000 kHz = 1 MHz; 1000 MHz = I GHz;1,000,000,000 Hz = 1 GHz)
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APPENDIX A

Aspects of the epidemiology of the leukeemlas, neoplasms

of the brain and malignant melanoma

The objective of this appendix is to describe some general aspects of the epidemiology of

those neoplasms (cancers) that have been particularly associated with exposures to electromagnetic

fields in order to provide a perspective to the possibility that they may be either initiated or

promoted by the exposures. The diseases in question are childhood cancers in general, the

leukaemias, neoplasms of the brain and malignant melanoma. The latter neoplasm of the skin is,

however, more strongly associated with exposure to ultraviolet radiation - a non-ionising radiation

of higher frequency than those radiations considered in this and its companion reports.

I Mortality trends

It was noted in Section 1 that over the period in which the use of electromagnetic energy

in the UK has markedly increased there has also been an increase in life expectancy. Some

underlying factors in this increase are revealed by the data in Table Al. This gives the mortality

rates in different age groups for all causes of death and for all neoplastic diseases for 1955, 1975
and 1985 for both men and women.

Over the past 30-40 years the mortality rates for chikuen (age groups <1, 1-4 and

5-14 years) have fallen continuously, mainly due to the elimination of the mortality from infectious

diseases. There has also been a decrease in the mortality from neoplastic diseases. The two main

neoplastic diseases of childhood ae leukaemias and malignant neoplasms of the brain and central

nervous system (Greenbaum and Shuster, 1985), which account, respectively, for about 30% and

17% of all childhood cancers. The decrease in childhood cancer mortality between 1955 and 1985

is mainly due to increasingly successful treatments that ensure survival (Birch et al, 1988), rather

than a decrease in incidence. Unfortunately, cancer registration, although better than it has been in

the comparatively recent past, is still considerably less complete than cause of death registration.

It is not entirely clear, therefore, whether the incidence of childhood cancers, as distinct from

mortality, has changed during the past 5.0 years in the UK.

For the age groups between 0, j -J 64 years the mortality rate for all causes has also

decreased, although not so dramatically as for children. Apart from the oldest working age group

of 55-64 years the mortality rates from neoplastic diseases have also fallen. Within the overall rates

there have been changes due to social factors, in particular in relation to lung cancer (Table A2).

The incidence of this cancer is increased by a factor of ten or more among those who smoke. As

may be seen, over the period 1975-1985 a relative decrease in the smoking habits of men and a

relative increase in the smoking habits of women have decreased the mortality from lung cancer in

the 35-74 years age group of the former and increased it in the laner. Another important neoplastic

disease in men, prostate cancer, does not appear to have changed in the working age groups, but as

for the mortality from most other neoplastic diseases, has increased in the elderly (Table A3).

Breast cancer mortality, a major neoplastic disease of women, has decreased in the working age

groups (Table A4), but also increased in the elderly.
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In the elderly of 65 years and over, although the overall mortality rates have also decreased,
those for the neoplastic diseases have increased. It must be remarked, however, that it is difficult

to interpret changes in the mortality rates for older age groups. Possible reasons for apparent

increases are improvements in the medical care and diagnosis of the elderly so that neoplastic

diseases at these ages are more often recognised, medical treatments that postpone death from

neoplastic diseases to later ages, and possibly changes in the environmenL The last could

include increased exposure to ionising radiation from medical procedures (UNSCEAR, 1977,

Kendall et al, 1980), to chemical pollutants and to non-ionising electromagnetic fields. However,

any hypothesis linking environmental factors to an increase in cancer rates must take into account

current hypotheses of caminogenesis as well as the general facts of the age dependence of

some cancers.

2 Mechanisms for the Induction of neoplastic diseases

The fact that the incidence of fatal neoplastic diseases increases more or less exponentially

with age, together with the idea that cancers arise from a change to a single cell in the affected

tissue of the body, led to the hypothesis that more than one and possibly three or four steps were

required to transform a normal cell into a malignant cancer (Armitage and Doll, 1954). The

incorporation into this hypothesis of the concept that some of these steps might confer a growth

advantage to the partially transformed cells, which caused them to increase in numbers relative to
untransformed cells, eniabled the exponential increase in cancer incidence with age to be explained
by a two-step hypothesis (Armitage and Doll, 1957). However, some cancers show peaks of
incidence or occur only or predominantly in childhood. One of the forms of leukaemia, acute

lymphoblastic leukaemia, is an example of the former and a cancer of the eye, retinoblastoma, an

example of the second. These can be accommodated within the two-stage hypothesis, which is
illustrated in Figure Al (Moolgavkar and Knudsen, 1981). Techniques of genetic recognition have

verified that the majority of malignant neoplasms do in fact originate from the transformauion of a

single cell (Fialkow, 1976).
The general hypothesis illustrated in Figure Al is that an initial transforming event occurs

in a normal cell (NC) either spontaneously or as the result of the action of a chemical or physical

agent. This results in an intermediate cell (IC), which may die out or be removed by the

immunological defences of the body or may propagate itself by division to form a clone or colony

of partially transformed cells. A further transforming event changes the intermediate cell or one of

a clone of such cells into a malignant cancer cell (MC). As part of this hypothesis it is suggested

that benign non-metastasising neoplasms might consist of colonies of intermediate cells. Any factor
which increases the population of IC cells will very greatly increase the possibility of a final

transformation producing a malignant cell. It is suggested that 'promoting agents', which do not

themselves appear to cause cancer unless applied subsequently to a carcinogenic initiating agent,

may act by increasing the proliferation of IC cells. It is also suggested that the first step of

spontaneous transformation may be more likely in tissues in which there is a rapid turnover or

proliferation of normal cells; such as the proliferation that occurs in almost all tissues of children

as they grow, particularly in the early stages of their development, and in certain other tissues

throughout life. Once the first step had occurred natural proliferation would increase the number

of cells at risk from a second transformation. In addition, the first step might be genetically

inherited or occur in utero. Children born with this inheritance would be more at risk and this risk
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would be enhanced by the normal proliferation of their cells. This certainly appears to be the case

for some children who develop retinoblastoma, although in other children both steps of

- 1 formation occur after birth. The transformation steps for this cancer consist of deletions from

the homologous arms of a certain chromosome.

Whether or not the two-stage hypothesis of the development of neoplastic diseases is

correct, either for all or for particular cancers, it seems undoubtedly the case that the transformation

of normal cells into those of malignant neoplasms involves alterations to the nuclear DNA. These

alterations can be produced by ionising radiations, by viral infections and by exogenous chemical

agents (Knudsen, 1985; Hathaway, 1986). One of the best-known promoting agents, the

phorbolester tetradecanol-phobol-acetate (TPA), appears to act on receptor molecules in the cell

membrane involving a specific calcium-dependent and lipid-dependent protein kinase enzyme

system, protein kinase C. TPA also involves the synthesis in cells of ornithine decarboxylase

(Hathaway, 1986). While there is no convincing evidence as yet that electromagnetic fields at

frequencies of up to 300 GHz are capable of producing direct modifications of cellular DNA, there

is some evidence that such fields could influence the transport of calcium through cell membranes,

the synthesis of ornithine decarboxylase within the cells, and aspects of the expression of DNA

synthesis by cells (see Sienkiewicz et al, 1991, and Saunders et al, 1991). Consequently, although

it is not thought that these fields are capable of initiating neoplastic diseases, there is some evidence

that they may act as promoters in cases where there has been spontaneous initiation or initiation by

some environmental agent (Easterly, 1981).

3 Leukaemlas

The leukaemias are a group of neoplastic diseases of the white cells found in the blood and

lymphatic system of the body. The form of leukaemia is recognised by the morphology of white

cells involved, the clinical manifestations which involve the bone marrow, thymus, spleen and

lymphatic system and the time course of the disease. The white cells and the organs mentioned are

responsible for the immunological responses of the body to infections. As the details of these

responses have become better understood, finer immunological distinctions have been made between

the different types of white cell and hence of certain different types of ieukaemia. Closely related

neoplastic diseases are lymphomas and multiple myeloma.

All the white cells originate from the bone marrow and some of them ae processed by the

thymus or by the bursal equivalent tissue, whose exact site in the body is unknown, to become T

or B type lymphocytes. These are cells of the lymphatic system. Other white cells from the bone

marrow become part of the myeloid system, they are known as monocytes or granulocytes, which

are further distinguished as neutrophils, cosinophils and basophils. These myeloid cells originate

from the same stem cell system as the red cells or erythrocytes.

The forms of leukaemia which are distinguished by the different types of white

cell involved and the clinical time course of the disease are illustrated in Figure A2

(Linet, 1985; Greaves, 1984). Unfortunately, the different types and subtypes of leukaemia

are not always recognised in epidemiological studies. It is only since the 1960s that death

certificates in the UK have provided reliable information about different types of leukaemia.

Even so, death certificates do not distinguish many of the subtypes of leukaemia. Most of

the discussion which follows will be in terms of the subdivisions recognised by the 8th and

9th International Classifications of Diseases, Injuries and Causes of Death (lCD). These are:
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All ileukaeia 204-207 204-208

Lymphoid leukaiemia 204 204

Acute lymphoid leukaemia 204.0 204.0

Chronic lymphoid leukaemia 204.1 204.1

Unspecified 204.9 204.9

Mycloid leukaemia 205 205
Acute myeloid leukaemia 205.0 205.0

Chronic mycloid leukaemia 205.1 205.1

Unspecified 205.9 205.9

Monocytic leukaemia 206 206

Other specified leukaemia 207 207

SLeukemia of unspecified

Cell type 207 208

The majority of deaths from leukaemia fall under the classifications of acute lymphoid

leukaemia, ALL, chronic lymphoid leukaemia, CLL, acute myeloid leukaemia, AML, or chronic
mycloid leukaemia, CML. The discussion of the epidemiological studies will be confined to these

main forms and to the total of all leukaemias.

Changes in the mortality rates in the UK from leukaemia over the period 1955-1985 and
separately for the four main types of leukaemia at different ages are shown in Tables A5-A7. In
general, the incidence of leukaemia is greater in males than in females by a factor of about 1.5,
except in childhood. The general features of the distribution in incidence between the different ages
and the four main types awe shown in Figure A3. Acute lymphoid leukaemia shows a peak of

incidence in the 1-5 years age group and there is a slight indication of a further subpeak of

incidence in the 15-20 years age group. The former is due to the subtype common-ALL and the

second to the thymic subtype T-ALL (Greaves, 1984). Figure A4. Chronic lymphoid leukaemia is
almost entirely a disease of adults and particularly of the elderly and unlike the other forms of
leukaemia does not appear to be increased by exposure to ionising radiation. It is considered more

likely than the other forms to have a genetic component (Linet, 1985; Linet and Catwright, 1988).
The marked decrease in the mortality rate due to childhood leukaemia between 1950 and

1985 is almost certainly due to improved treatment for this disease. It is probable that the incidence

of the disease has not decreased and may even have increased. In the age groups 15-64 years
leukaemia mortality has also decreased slightly, possibly also due to improved treatment. In the

elderly, over the age of 65 , ears, chronic lymphoid leukaemia and acute myeloid leulmemia

have increased, but acute lymphoid leukaemia and chronic myeloid leukaemia have remained
steady or decreased slightly. As remarked earlier these changes in the elderly are not easy

to interpret.
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3.1 Lukaemins in childhood

Lekaemia mortality in childhood does not appear to depend on the occupational class of

the father, which is in marked contrast to the overall mortality rate in children (Table A8).

However, districts with increased proportions of the higher occupational classes appear to have

higher rates of childhood mortality from leukaemia (Cook-Mozaffari et al, 1989), and there ae

variations in the reported incidence of the disease by 20% or more between the different regions of

England and Wales (Cartwright, 1989). Apparent clustering of childhood leukaemia cases has been

noted for some time. The undoubted increase brought about by irradiation in utero for medical

diagnosis has led to a suspicion that clusters found in the neighbourhoods of nuclear installations

must be due to releases of radioactivity. However, it seems unlikely that the known releases can

be entirely responsible for these clusters (Black, 1984; COMARE, 1986, 1988, 1989). It has been

suggested that a causal factor is the response to an unidentified common infection encouraged by

the mixing of populations (Kinlen, 1988, 1989). There is some evidence in the UK for this

suggestion and it is supported by the marked increase of childhood leukaemia in Israel during the

period 1950-1958 when the population almost doubled due to immigration (Davies et al, 1961).

However, it was thought that this may have been due to the increased use of X-rays for diagnosis

and treatment in the same period. Greaves, 1989, has pointed out that the suggestion by Kinlen of

an infective link supports a more specific biological explanation of childhood leukaemia (Greaves

and Chan, 1986). More recently, these childhood leukaemias have been linked to the father's

exposure to ionising radiation (Gardner et al, 1990a, b).
The childhood peak in the 1-5 years age group which became apparent in the 1930s in the

UK and somewhat later in the USA followed a period from the early part of the century during

which childhood leukaemia increased at a rate of about 5% per year (Court-Brown and Doll, 1961).

These authors suggested that the increase and the emerging peak were due to:

(a) improvements in diagnosis ana accuracy of death certification,
(b) the introduction of sulphonomides and antibiotics which reduced the mortality from

pneumonia and other infectious diseases;

(c) improvements in therapy that displaced the age specific mortality rates to later age groups;

(d) a tue increase associated with an increase in affluence.

Greaves and Chan (1986), believe that the most important factor, as suggested by Stewart and
Kneale (1969), was the reduction in pre-emptive death from infectious diseases that obscured the
true incidence of leukaemia, This would explain why the childhood peak is not observed in most

developing countries, where infections are still a major cause of child mortality. They suggest that

the main reason for the childhood peak in common-ALL is due to the high proliferation rate in
precursors of B-lymphocytes in early development. This proliferation rate can be further increased

by the immunological response to infections. These cells, because of their function and active

enzyme systems, are likely to be at high risk of spontaneous mutation. That is, the immunological

response to common infections induces a proliferative stress and rearrangements of DNA in

lymphocyte precursors and increases the risk of spontaneous mutation.

The Greaves-Chan hypothesis obviously has elements in common with the generalised

hypothesis of cancer development described earlier. The correspondence was made even more

explicit in a later paper (Greaves, 1988). In this paper Greaves suggests that the comparative lack

of dependence on occupational class or genetic background of the incidence of childhood leukaemia

implicates two spontaneous mutations or transformations as causal factors. The first occurring
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in uero and followed by developmentally driven cell proliferation of the transformed cell line and

the second arising in the course of further cell proliferation and modification in response to an

immunological challenge arising after birth. This explanation would not exclude the fact that

irradiation in wtero also appears to be a causal factor (Stewart and Kneale, 1969) or the recent

implication that irradiation of the father is another possible factor (Gardner et al, 1990a, b), since
these could induce the first transformation step that normally occurs spontaneously. The Greaves
explanation encompasses the different age dependencies of common-ALL and T-ALL (Figure A4):

the first arising from B-lymphocyte precursors, which proliferate in response to immunological

stress, and the second from T-lymphocyte precursors which do not respond to the same extent. Sex
differences in the incidence of T-ALL are explained as resulting from the thymic response to levels

of sex hormones. Greaves suggests that when immunological challenges occur later in life due to
social factors or in the absence of the protecting effects of breast feeding, the proliferating stress in

B-lymphocyte precursors may be more pronounced or less regulated. In affluent societies Lhe

infectious challenges to infants are reduced or occur at different periods of development than in the

less affluent; these may be the factors that govern the peak in childhood incidence and increase the

level when populations with different endemic infections and immunological competencies are
mixed. The authors are unaware of any evidence that electromagnetic fields at the levels

encountered in domestic situations increases the proliferation of any elements of the immunological

system, although there are some indications that they might be affected by microwave exposure at

high levels (see Kowalczuk et al, 1991; Sienkiewicz et al, 1991; Saunders et al, 1991). If the
Greaves-Chan hypothesis is correct then any influence of electromagnetic fields on childhood

leukaemia is likely to be insignificant compared to that of infections.

31 Leukaemias in adults

The two most common forms of leukaemia in adults are acute myeloid leukaemia and

chronic lymphoid leukaemia Chronic myeloid leukaemia and acute lymphoid leukaemia also occur,

but to a much lesser extent, (Figure A3).
In the 20-64 years age group for men (Table A9), and the 20-59 years age group for

women (Table AIO), the absolute mortality from all leukaemias as measured by SMR shows little

dependence on occupational class. However, the proportional mortality ratios (PMRI and PMR2)

show a steep, decreasing gradient from the higher to the lower occupational classes that is more

marked in men. This is explained by the equally sharp increase with diminishing occupational class

of deaths from all causes, of which the major categories are all neoplastic diseases and those of the

circulatory system.
Acute myeloid leukaemia, which is the most common form of leukaemia in the working

age groups, shows the same pattern of SMR and PMR values as that for all the leukaemias. If
anything, SMRs show even less variation with occupational class. The retirement age groups exhibit

a similar occupational class dependence of PMRs to the working age groups, but with a less clear

distinction between occupational classes I, II and III. (OPCS does not provide SMR values for the

retirement age groups.) Chronic lymphoid leukaemia, which after acute myeloid leukaemia is the
most common fatal leukaemia below the age of 50 years, shows the same occupational class

gradient of PMR values for men. However, there appears to be an increase in the absolute rate as

measured by SMR for the lowest occupational group V. A possible reason for this increase may

be the greater difficulties in this occupational group of coping with medical regimes that enhance
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survival from chronic diseases. However, this pattern does not appear in women. These patterns

seem to be repeated in the case of chronic myeloid leukaemia.

For acute lymphoid leukaemia, which contributes less than 10% to the overall mortality rate

fxom the leukaemias, both the absolute and relative rates in men appear to decrease with

occupational class. The lower moanlty rates make for poorer statistics which may confuse or even
conceal any trends. The trends, if real, do not appear to occur among women or in the childhood

forms of the disease.

The occupational class features of SMRs and PMRs for the leukaemias must be kept in

mind when enquiring into their associations with exogenous agents. Unfortunately, very few

epideminological studies involving possible exposure to electromagnetic fields have made any

distinction between the different forms of leukaemia or have addressed occupational class as a

confounding factor, particularly when studying relative death rates. Overall, in comparison with the
major causes of mortality, the absolute mortality rates from leukaemias have not changed over the

past few decades and do not show much association with occupational class for the working age

groups.

4 Malignant neoplasms of the brain

Under the 6th ICD malignant neoplasms of the brain were coded together with those of

other parts of the central nervous system, for this reason the comparison of the changes in mortality

rates is confined to 1975 and 1985 in Table All. However, some of these neoplasms were

classified under neoplasms of the central nervous system also in the 8th ICD. It is not possible to
say what effect this may have had on the detailed comparison between the mortality rates in 1975

and 1985, although it may account for the small increases in the working age groups ant some of

the increase in the retirement age groups. Overall the change in coding appears to account only for

an increase of between 3% and 4% (OPCS, 1983), thus implying that there has been a real increase
at all ages, although not so marked below the age of about 35 years.

The occupational class dependence shown in Tables A9 and AI0 is very similar to that

exhibited by the leukaemias. ie a relatively constant absolute mortality rate as indicated by SMRs
and a sharp decrease in relative rates measured by PMRs with decreasing occupational class. As
for the leukaemias, neoplasms of the brain and central nervous system taken together show very

little dependence in children on the father's occupational class, (Table A8).

Distinctions which depend on the position in the brain where they occur and the type of

tissue involved are made for brain tumours. However, OPCS reports do not provide sufficient

information to allow the time and occupational class dependencies to be derived in the detail given

for the leukaemias.

5 Malignant melanoma

Malignant melanoma was classified under number 190 in the 6th ICD and under number

172 in both the 8th and 9th ICDs. There appears to have been a marked increase in the mortality

rates from this disease from 1955 to 1985 (Table A12), although the small number of deaths makes
this less clear at ages less than 35 years. In the retirement age groups the increase during the 10

year period 1975-1985, as for that for malignant neoplasms of the brain, is rather greater than that

for the leukaemias. The difference is possibly not so marked over the 30 year period 1955-1985.
However, unlike either the leukaemias or malignant neoplasms of the brain, for malignant
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melanoma the absolute mortality rae, particularly for men, decreases with occupational class,

(Tables A9 and A 10). Not swprisingly, the gradient in the PMRs is even more maked than for the

other diseases. The principal causal factor identified for malignant melanoma is intermittent

exposure to ultraviolet radiation, with a strong association with sunburn in early childhood

(Longstreth, 1988). The increase in holidays abroad involving exposure to strong sunlight is

conjectured to be part of the explanation for both the increasing mortality rate and the occupational

cla•s dependence of this disease.

6 Summary and conclusions

In striking contrast to mortality rates from all causes, and the major contributions to

mortality of all neoplasms and diseases of the circulatory system, the mortality rates for the

leukaemias, neoplasms of the brain and malignant melanoma do not increase in the lower

occupational classes. This observation appears to hold for all age groups. Absolute mortality rates

for the leukaemias and neoplasms of the brain appear to be independent of occupational class, while

the absolute rate from malignant melanoma is highest in the upper occupational classes. This has

been linked to lifestyle through exposure to ultraviolet radiation and intermittent sun bathing.

The childhood mortality rates from all causes and all neoplasms have fallen continuously
and are now about 40% less than those experienced 30 or 40 years ago. Mortality rates from the

leukaemias, mainly acute lymphatic leukaemia has fallen to an even greater extent, but this is

probably due to improved treatment. It is not clear whether the incidence of this disease has

remained constant or has increased. Mortality rates from malignant neoplasms of the brain appear

to have remained constanL

In the working age groups, mortality from all causes and from all neoplasms has also fallen

in the past 30 years. However, mortality rates from the leukaemias have remained constant and

those from malignant neoplasms of the brain and malignant melanoma have increased - very

markedly in the case of malignant melanoma. In these age groups two major neoplastic diseases,

prostate cancer in men and breast cancer in women, have remained constant, while lung cancer has

decreased in men and increased in women.

In the retired age groups, in which mortality rates from all causes have decreased by some

30% since 1955, those from all neoplasms appear to have increased by about the same percentage,

although there are differences between men and women. In the same period mortality rates from
the leukaemias and from malignant melanoma have more than doubled and those from malignant

melanoma have mcrease4 by an even greater factor. However, rather similar increases have also

occurred in the major neoplastic diseases of prostate, breast and lung cancer. Some of these

apparent increases may be the result of better medical care and improved diagnosis for these age

groups.

The absence of any marked dependency on occupational class for the mortality rates from

the leukaemias and malignant neoplasms of the brain suggests that if any environmental factor is

involved it is of a ubiquitous nature that does not depend on employment. In the case of malignant

melanoma a plausible link to lifestyle has been made to explain the occupational class dependency.

It is notable that mortality from those malignancies which have been particularly associated with

possible exposure to electromagnetic fields, as well as from some of the major neoplastic diseases,

have not decreased to the same extent in the working age groups as some other forms of neoplastic

diseases and have increased more rapidly in the retirement age groups. This suggests that these
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other neoplastic diseases have decreased due to improvements in lifestyles and, as suggested by

Greaves (1988) in relation to childhood leukaemia, that those that have not decreased are almost

endiry due to spontaneous t rxnsormations that we not influenced by the environment.
Alternatively, they have been maintained or increased by some environmental factor or factors
whose levels have been increasing and which do not affect the other neoplastic diseases. Two

environmental factors which ae more or less ubiquitous and which have increased since the 1950s

are the use of medical X-rays for diagnosis, which has increased by about 2% per cent per year

(Kendall et al. 1980), ard the generation of electric power at about 7% per year (see Table I).
Radiofrequency transmission power has increased to an even greater extent. There have also, of

course, been comparable increases in the use of insecticides, herbicides, the combustion products
of fossil fuels and the use of plastics and petroleum products.
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Table A2

Mortality rates from lung cancer in England and Wales,

1975 and 1985 (8th and 9th ICD code 162):

Rates per million in different age groups

Age group Male Female
(years)

1975 1985 1975 1985

25-34 - - - -

35-44 109 71 49 42

45-54 833 482 287 199

55-64 2,743 2,262 662 818

65-74 5,742 5,100 951 1,465

75-84 7,712 7,905 1,026 1,528

>85 5,096 7,643 929 1,240

Sources: OPCS (1977, 1987).
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Table A3

Mortality rates froa male prostate cancer for

England and Wales, 1975 and 1985

(8th and 9th ICD code 185):

Rates per million in different age group

Age "roup 1975 1985
(y rs)

35-44 0 1

45-54 19 19

55-64 168 201

65-74 831 1,110

75-84 2,720 3,149

>85 4,504 6,566

Sources: OPCS (1977, 1987).
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Table A4

Mortality rates from female breast cancer for

England and Wales, 1975 and 1985
(8th and 9th ICD code 174):

Rates per million in different age group

Age group 1975 1985
(years)

25-34 37 37

35-44 255 216

45-54 668 610

55-64 945 1,078

65-74 1,119 1,337

75-84 1,582 1,876

k85 2,343 3,106

Sources: OPCS (1977, 1987)
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Table A5

Mortality rates for all leukaemias for England and Wales

(6th ICD code 204; 8th ICD codes 204-207, 9th ICD codes 204-208):

Rates per million in different age groups

Age group males Females
(years)

<1 15 19 6 21 23 9

1-4 44 23 9 60 23 10

5-14 26 31 18 23 21 12

15-24 25 23 21 15 15 12

25-34 22 21 25 18 16 13

35-44 34 22 30 26 26 21

45-54 56 55 43 43 35 40

55-64 105 117 109 61 73 75

65-74 205 258 277 110 130 156

75-84 244 480 569 131 267 325

Ž85 90 749 916 120 383 556

Sources: Registrar General, (1956); OPCS (1977, 1987).
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Table A6

Mortality rates by leukaemia type for "nland

and Wales in males 1975 and 1985:
Rates per million in different age groups

ICD code

204.0 204.1 205.0 205.1

Age group ALL CLL AML CML
(years)

1975 1985 1975 1985 1975 1985 1975 1985

<1 13 0 0 0 6 0 0 0

1-4 17 5 0 1 4 1 2 0

5-14 6 13 0 0 6 4 0 0

15-24 10 11 0 0 10 7 1 2

25-34 3 3 0 0 10 12 5 6

35-44 2 5 0 1 13 15 4 8

45-54 2 3 7 5 26 22 14 11

55-64 7 6 35 31 44 48 19 16

65-74 10 9 78 80 86 105 46 48

75-84 20 21 176 208 143 149 87 78

Ž85 17 14 366 427 139 210 122 105

Sources: OPCS (1977, 1987).
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Table A7

mortality rates by leukaemia type for England
and Wales in females, 1975 and 1985:

Rates per million in different age groups

ICD code

204.0 204.1 205.0 205.1

Age group ALL CLL AML OIL
(years)

1975 1985 1975 1985 1975 1985 1975 1985

<1 3 6 0 0 13 0 0 0

1-4 15 7 0 0 6 1 0 2

5-14 12 8 1 0 6 3 1 0

15-24 6 3 0 0 7 8 2 1

25-34 2 3 0 0 10 8 3 2

35-44 2 2 1 0 15 13 4 4

45-54 4 4 2 2 19 23 7 7

55-64 5 5 12 10 29 38 19 16

65-74 7 8 27 40 48 60 26 28

75-84 6 12 83 97 99 107 43 48

>85 14 2 189 227 71 98 51 72

Sources: 0PCS (1977, 1987)
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Table AS

Standardised mortality ratios for children (1-14 years) in Enland

and Wales by social class of father, 1970-1972

SNRS
Chi-squared test

Social class for trend
I II IIIN IIIM IV V

Males

All leukaemias
8th ICD: 204-207 77 95 140 95 87 140 )e - 0.77, p - 0.38

Neoplasms of brain and
central nervous system 93 95 105 95 99 145 e - 1.40, p - 0.24
8th ICD: 191-192

All causes 75 78 96 99 112 163 Xe - 247.1, p <<0.001

Females

All leukaemias
8th ICD: 204-207 117 96 122 94 97 105 )e - 0.28, p , 0.60

Neoplasms of brain and
central nervous system 95 123 126 86 94 103 Xe - 1.50, p - 0.22
8th ICD: 191-192

All causes 90 82 94 94 119 156 )e - 128.6, p <<0.001

Source: OPCS (1978).
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Table All

mortality rates for malignant neoplasms of the brain, 1975 and 1985

(8th and 9th ICD code 191), for England and wales:

Rates per million in different age groups

Male Female
Age group

(years)
1975 1985 1975 1985

<1 6 15 17 22

1-4 13 9 9 8

5-14 10 15 8 8

15-24 6 9 9 5

25-34 17 21 13 12

35-44 34 37 24 28

45-54 77 85 53 62

55-64 136 171 81 102

65-74 115 186 61 126

75-84 44 121 22 70

>85 26 77 6 28

Sources: OPCS (1977, 1987)
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Table A12

?ortality rates for malignant melanoma of the skin, 1955,

1975 and 1985 (6th ICD code 190, 8th and 9th ICD codes 172),
for England and Wales

Rates per million in different age group

Male Female

Age group
(years)

1955 1975 1985 1955 1975 1985

<1 0 0 0 0 0 0

1-4 0 0 0 0 0 0

5-14 1 0 0 0 0 0

15-24 3 1 2 2 2 1

25-34 6 7 5 7 7 9

35-44 9 14 20 8 16 13

45-54 7 21 32 11 26 29

55-64 17 23 37 16 23 31

65-74 21 31 50 24 22 51

75-84 31 38 68 30 50 68

>85 38 52 105 30 69 100

Sources: Registrar General (1956); OPCS (1977, 1987).

141



N C

Transformation

M Transfomtn I-Dies out

Tro nsfoormat ion

FIGURE Al Representation of the development of a malignant cell (MC) from a
normal cell (NC) Involving two stages of transformation and the
possible proliferation of Intermediate transformed cells (IC). These

may die out or be removed by the defence mechanisms of the body

142

I I I IC I IC I



Leukaemla

Myelold Lymphoid

I 
I I

Acute Chronic Acute Chronic
(AML) (CML) (ALL) (CLL)

Myeloblastic Myeloid Common ALL Lymphatic
Promyelocytic Early pre-B cell
Myelomonocytic Mature B cell Burkitts
Monocytic Pre-T cell
Erythroleukaemic T-cell
Megakaryoblastic Null

FIGURE A2 Different types and subtypes of leukaemla
(Although distinctions were originally made based on the
morphology of the blood cells involved, more recently distinctions
are based on the immunological characteristics of the cells.
Terms such as lymphoid, lymphocytic and lymphatic tend to be
used interchangeably. AML, CML, and ALL probably originate
from a common stem cell.)
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FIGURE A3 Approximate relative and absolute Incidence rates for
the main forms of leukaemla In the UK based on data
from Groaves, 1988, and OPCS, 1987
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FIGURE A4 Approximate relative and absolute rates of the subtypes of
acute lymphoid leukaemla based on data from Greaves, 1988.
Common-ALL originates from a B-lymphocyte precursor and
T-ALL from a T-lymphocyte precursor
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APPENDIX B

Some statistical and epidemiological terms

1 Statistical Terms

At various places in this report mention is made of confidence intervals (CI) on numbers
(usually ratios) and on the statistical significance of differences between numbers. Sometimes the
latter is on the implied difference of a number from an expected value, usually 1.0. The statement

that a number such as 2.1 has a 95% confidence interval of, for example 1.5-2.7 [ie 2.1 (95% Cl
1.5-2.7)] means that there is a 95% chance (19 in 20 chance) that the range of 1.5 to 2.7 includes
the true value of the estimated number and a 5% chance that it does not. The value of 2.1 is the
best estimate. The statement that two numbers, such as 2.9 and 3.6, differ significantly at the 5%
level implies that obtaining a difference as large as 3.6 - 2.9 = 0.7 by chance alone is 1 in 20.
However, this is usually called a 'two-tailed' test. It does not refer to the fact that one specific
number is larger than the other, only to the difference between them. The reader will usually be
interested that one of the numbers is actually larger (or smaller) than the other; for example, in
comparing a study group with a control group. The probability that the number of interest is
actually larger (or smaller) than the other by the given amount is given by a 'one-tailed' test in
which the probability will usually be about half of that given by the 'two-tailed' test. The

possibility that a number for the study group of, says 3.6 is larger than that for the control group
of, say, 2.9 by as much as 0.7 by chance alone is generally significant at the 2.5% level, it I in 40,
when the difference is significant at the 5% level.

In other places a mention is made of a test for trend. Usually this refers to any trend in
the risk of a health effect to change with an increasing level of exposure. The test is based on a
statistic known as chi-squared (X2) which yields a probability that the apparent trend is due solely
to chance. A statement such as the chi-squared for trend is 1.32, p = 0.25, implies that there is a
25% chance that the apparent trend is due to chance alone. Estimates of trend are based on a
standard technique known as logistic regression (Breslow and Day, 1980). This yields an estimate
of the change in the ratio of the odds of a disease (which, for a rare disease, approximates to the
relative risk) associated with a unit of exposure.

2 Epidemiological terms

In epidemiological studies two measures are commonly used in the analysis of mortality.
These are the standardised mortality ratio, SMR,.and the proportional mortality ratio, PMR.

SMR is the ratio multiplied by 100 of the number of persons in a certain group or

occupation dying from a particular cause to the number that would be expected on the basis of age
and sex specific mortality rates for the general population as a whole. It is a standardised measure

of the absolute death rate in the group compared with the absolute death rate in the general

population from the same cause.
PMR is a rather less satisfactory measure, and is the ratio multiplied by 100 of the fraction

of all deaths in a certain group or occupation that are due to a particular cause to the corresponding
fraction in the general population (with age and sex adjustment). It is a measure of the relative
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death rate from a particular cause in the grbup compared to the relative death rate from the same
cause in the general population.

Owing to the difficulties in obtaining data on the towl number of people employed in any
occupation, as distinct from those who die having been employed in that occupation, PMRs are
usually more easily obtained than SMRs.

3 Reference

Breslow, N E, and Day, N E, 1980. Statistical methods in cancer research. I. The analysis of case-
control studies. Lyon, IARC Scientific Publications No. 32.
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