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Health risks of power-frequency electric and magnetic fields (EMF) in the generation and transmission of
electric power were investigated in a program comprising nine separate projects. The central objectives were to
assess the practical importance of electric and magnetic field exposure as a health risk, to produce data
applicable to field management measures at a major power company, and to support and spur research activities
on electric and magnetic fields as environmental agents. Electric and magnetic fields seemed to be weak
environmental factors, but the findings were uncertain and controversial as to the health risks except that,
electric field strengths (about 1.5 kV -m™) found even in the vicinity of 110 kV power lines may cause
interference with cardiac pacemakers. There is still a need, however, for further basic research focused on the
interaction mechanisms of electric and magnetic fields and biological tissue.
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The biological effects and potential health risks of power-
frequency electric and magnetic fields have been studied
since the late 1960s and early 1970s in many countries.
From the viewpoint of the electric utility industry, the
subject became important when Korobkova et al (1) pre-
sented a report at an international congress on high-
voltage electric systems in 1972 (1). According to the
report, electric fields may have cardiovascular effects
and effects on the central nervous system, as well as
effects on the blood count of 500-kV and 750-kV substa-
tion workers. The report introduced protective measures,
such as screening and the limitation of exposure. A great-
ly increased international interest in maguetic fields re-
sulted from Wertheimer & Leeper’s publication (2), in
1979, of results on the elevated risk of cancer, especially
leukemia, among people living in the vicinity of power
lines.

The importance of the potential health risks asso-
ciated with the electric and magnetic fields of high-volt-
age systems was recognized in Finland by the electric
utility industry and authorities. Two reviews on the bio-
logical effects of the fields were compiled (3, 4), of
which one was updated in 1995 (5). These reports re-
flected and continue to reflect the controversiality of the
subject. The results of scientific research were mainly
addressed to the scientific community and did not pro-
vide much help to the electric utility industry, to con-

sumers, and, from the viewpoint of occupational expo-
sure, to employees of, for example, energy-intensive in-
dustries. The conclusions of these Finnish reviews (3, 4)
were too indefinite and the information of international
reports, for example, those of the World Health Organi-
zation (6, 7), was too incoherent to allow for characteri-
zation of the problem for practical domestic purposes.
Imatran Voima Oy, which has been responsible for most
of the 110—400 kV national grid in Finland, decided in
1988 to evaluate the importance of electric and magnetic
fields as an environmental factor on a more solid empiri-
cal basis, that is, through a comprehensive study pro-
gram.

The objective of the study program (table 1) was to
shed light on the problem of electric and magnetic fields
by employing a multilevel scientific approach to public
and occupational exposure and to the related health risks.
Nine study projects were carried out during the years
1988 and 1994 at a total cost of about FIM 10 million,
either at the Imatran Voima Oy or in collaboration with
several Finnish research institutes, funded at least partly
by the company or from assets closely associated with
the company’s research activities. Three of the nine
projects of the program concerned electric and magnetic
field exposure, public or occupational, and one was a
review of safety guidelines associated with exposure to
electric and magnetic fields and their physiological ba-

1 Imatran Voima Oy, Environmental Protection Division, Vantaa, Finland.
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Table 1. The study program.

Level of approach  Study projects

Magnetic fields in Finnish homes (9)

Residential exposure to magnetic fields generated
by 110-400 kV power lines in Finland (11, 12)
Exposure to 50-Hz electric and magnetic fields in
high-voltage work (13)

Safety Safety guidelines of 50/60 Hz electric and magnetic
fields and their physiological background (14)

Cytogenetic effects  Analysis of chromosome aberrations, sister
chromatid exchanges, and micronuclei among
power linesmen with long-term exposure to 50-Hz
electromagnetic fields (20)

Influence of exposure to low-frequency magnetic
fields on the central nervous system (21)
influence of the 50-Hz electric and magnetic fields
on implanted cardiac pacemakers (23, 24)
Influence of electric and magnetic fields on the
function of the heart and the brain (25)

Risk of cancer in Finnish children living close to
power lines (10)

Exposure

Physiology

Epidemiology

sis. One project concerned the cytogenetic effects of
electric and magnetic fields in long-term occupational
exposure, and three were related to the influence of the
fields on human physiological systems. An epidemiolog-
ic study was carried out on the risk of childhood cancer
near power lines. The study program did not include any
reproductive hazards, partly because of the fact that this
issue was evaluated as needing basic laboratory research
with a teratological approach and partly because of the
study reported in 1986 by Algers & Hultgren (8), who
exposed cows in the vicinity of a 400-kV power line with
no changes in the reproductive parameters studied.

The practical issues to be investigated were accepted
in collaboration with the research institute in question.
The study program and its results are presented in this
article. In general, the information on the health risks of

Table 2. Magnetic fields in Finnish homes with various sources of
magnetic fields. (N = 60, averages of 24-h magnetic field record-

ings)

Home category Magnetic field
()
Reference residence?
Residences in apartment buildings (N = 8) 0.066
Single-family houses (N = 5) 0.080
Residence with electric heating
Ceiling (N =6) 0.079
Radiator (N = 6) 0.11
Floor (N = 8) 0.16
Residences near external sources
of magnetic fields
0.4 kV distribution wires (N = 4) 0.098
110 kV transmission lines (N = 6) 0.11
Other (N = 4)° 0.14
10 kV buried cables (N = 6) 0.15
Indoor distribution transformers (N = 7) 2.1

2 No nearby external sources of magnetic fields, no electric heating.
b Residences 50 m from a substation (N = 1}, near (20 m}) an outdoor dis-
tribution transformer (N = 2) and near a 10 kV overhead line (N = 1).
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power-frequency electric and magnetic fields has result-
ed in the development, testing and application of several
field management techniques for electric and magnetic
field exposure generated by power lines.

Exposure to power-frequency electric and
magnetic fields

The issues of the exposure studies comprised magnetic
field exposure in Finnish homes, residential magnetic
field exposure in the vicinity of 110—400 kV power
lines, occupational exposure to electric and magnetic
fields in high-voltage work, and safety guidelines.

Magnetic field exposure in homes

At the time of the initiation of the study (9) on magnetic
field exposure in Finnish homes, there was a need for
basic information about public magnetic field exposure
in the home environment. There are differences in the
national distribution and low-voltage delivery systems
(eg, operational voltage, grounding) which weaken the
interpretation and application of the results of corre-
sponding foreign studies under the conditions prevailing
in Finland. In addition, the study results on magnetic
field exposure in reference residences (other than electric
heating and no nearby external sources of magnetic field)
could be applied in the study program as a reference
environment with which the two other studied environ-
ments, workplaces of high-voltage systems and the vi-
cinity of 110400 kV power lines, have been compared.
Several types of residences (60 in all) with and without
external sources of magnetic fields were included. The
measurements were carried out in the Kuopio area dur-
ing the winters of 1987—1988. Table 2 provides the
main results of the measurements.

Magnetic field strength in Finnish homes without
electric heating and with no nearby external sources of
magnetic field is usually below 0.1 A -m' (9), a level
which corresponds to the magnetic flux density of
0.13 uT. To be able to use even numbers in the situation
in which magnetic flux density is a more common mea-
sure of magnetic field, this statement has been inter-
preted in the study program so that the magnetic flux
density of 0.1 uT (0.08 A - m™') has been chosen as the
maximum of the “normal” magnetic field in Finnish
homes. This interpretation is conservative when other
electromagnetic environments are compared with mag-
netic field exposure in homes.

In some residences with electric heating, the magnet-
ic field exposure was found to be higher than in the
reference residences. This finding was mainly related to
residences equipped with floor heating. The reason for
the elevated magnetic field exposure in altogether three



residences with floor heating was supposed to be single-
wire heating cables (9). Certain external sources of mag-
netic field, such as indoor distribution transformers, may
generate a clearly elevated magnetic field in a neighbor-
ing residence, even more than a 10-fold increase in the
magnetic flux density compared with the background
level of 0.1 uT (table 2). Household appliances were
found to generate magnetic tlux densities up to several
tens of microteslas in their immediate (£ 0.1 m) vicinity.

Residential exposure in the vicinity of 110—400 kV
power lines

The issue of residential magnetic field exposure of peo-
ple living in the vicinity of high-voltage power lines was
considered important from the general point of view of
exposure and, in particular, from the point of view of the
risk of childhood cancer, which has been connected with
magnetic fields of power lines. A nationwide exposure
study, based on a geographic information system and
historical load currents, was carried out on residential
magnetic field exposure from 110—400 kV power lines
of the Finnish national grid. The study was started from
the network structure and the average load flows of the
vear 1989, and it covered the years 1970—1989. It is
connected with the Finnish study on power lines and the
risk of childhood cancer (10). The selected exposure
evaluation method, based on retrospective calculations,
can be justified by the fact that the 110—400 kV national
grid was extended and the consumption of electric power
increased remarkably during the study period. The other
alternatives to assess long-term residential exposure, wire
coding and measurements of magnetic flux density, are
applicable under more stable conditions and for a limited
number of residences.

Two reports have been written (11, 12) on this sub-
ject. The first, a technical paper focusing on electrical
engineering and the grid, was directed towards electrical
engineers. The second, focusing on epidemiology and
residential exposure, has been targeted toward scientists
working within the area of residential magnetic field
exposure in the vicinity of power lines. It includes infor-
mation on, for example, zero-sequence currents and har-
monics discussed in the context of a calculation-based
evaluation of residential exposure. Table 3 illustrates the
distribution of average magnetic flux density in resi-
dences of persons living near 110—400 kV lines in the
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latest study year 1989, which is the most informative
from the viewpoint of the present exposure. Compared
with the normal magnetic flux density of 0.1 uT in Finn-
ish homes, 110—400 kV power lines seem to be the
dominant source of residential magnetic field exposure
only for relatively few residents living close to the power
lines (table 3). Of the total population, the estimated
percentage is 0.3 (for = 0.1 uT).

Occupational exposure in high-voitage work

The motivation for monitoring personal electric and mag-
netic field exposure in high-voltage work was the envi-
ronment itself with potentially high exposure. The data
on occupational exposure to 50-Hz electric and magnetic
fields in high-voltage work were collected using pocket-
size personal IREQ dosimeters (Quebec Hydro, Varen-
nes, Quebec, Canada), which recorded electric field
strength and magnetic flux density once every 50 s. Ta-
ble 4 presents the main results of the study (13). When
the recorded occupational magnetic field exposure was
compared with the “normal” home environment de-
scribed by Juutilainen et al (9), the occupational expo-
sure in high-voltage work was found to be 10- to 30-fold.
Magnetic fields up to several hundreds of microteslas
were recorded in the vicinity of air-core compensator
reactors.

Safety guidelines

A review of the physiological background and the status
of safety guidelines was considered important. The inter-
national safety guidelines constitute an upper limit of the
exposure scale which practical exposure environments
can be compared with and which should not be exceed-
ed. The guidelines referred to in the report by Korpinen
& Partanen (14) were those published by the Internation-
al Radiation Protection Association (IRPA) in 1990 and
those of the standard DIN VDE 0848 published in West
Germany in 1989. Of these guidelines, the one of IRPA
(15) has been widely adopted more internationally. The
DIN VDE 0848 standard has been updated (16), and new
safety guidelines have been published by foreign nation-
al and international bodies (17—19) (table 5). All these
guidelines are based on the basic restriction given by
WHO (7) that the intracorporeal current density induced
by the fields should not exceed 10 mA - m™. In particu-

Table 3. Number of persons living near 110—400 kV lines in Finland in 1989 according to average magnetic flux density (By).

Line voltage (kV) B (10T)

0.01—0.09 0.10—0.19 0.20—0.29 0.30—0.49 0.50—0.99 >1.00—
110 124889 7840 2238 1853 798 327
220 5217 431 158 187 82 76
400 8186 674 207 121 i1 121
Total 138292 8945 2603 2161 991 524
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Table 4. Electric and magnetic field exposure in typical high-voltage work. IREQ dosimeter: recording time 3—5 workdays/suibject. The

electric field strength (E) and the magnetic flux density (B) were calcu

lated from the personal daily average exposure of the subjects for

gvery workplace group: average — median — maximum daily average — short time (> 3 min) maximum during a workday.

Workplace Number Number Recording E(V.-m B (uT)
of of time
subjects  work- (h) Mean  Median Maximum Short-time Mean  Median Maximum Short-time
days daily  maximum daily  maximum
average during a average  during a
workday workday
Control room (N = 4) 9 35 255 13 7 27 1500 0.9 0.6 2.6 75
Power plant (N = 10) 45 135 1000 19 3 480 6000 1.5 0.9 11 150
Substation (N = 14) 20 74 515 84 31 880 24000 1.42 1.12 160.5 > 400
Power line (N = 6) 19 71 495 580 260 3800 48000 2.6 2.6 5.6 75
93 315 2265
@ Magnetic flux densities measured in the Alajarvi 400 kV substation close to an air-core compensator reactor are not included as outliers.
Table 5. Safety guidelines for exposure to 50-Hz electric (E) and magnetic (B) fields.
Body Occupational Public
Continuous Limited Continuous Limited
E B E B E B E B
(kV-m-)  (mT) (kV - m) (mT) (kV-m")  (mT) (kv . m) (mT)
|RPA? 100 0.5 10—30 (t<80/E) 5 (max2h) 5¢ 0.1¢ 10 (few h/d} 1 (few h/d)
25e
DIN! 21.3 1.36 40 (<2 h/d) 2.55 (£2h/d) 6.7 0.42
66.7 (<1 h/d) 4.24 (<1 h/d)
CECo 12.3 0.4
CENELECh 10 1.6 10—30 (1< 80/E) 10 0.64
250 10¢
NRPBi 12 16 12 1.6
a Recommendation of the International Radiation Protection Association, 1990.
 During an 8-h workday.
¢ Allowed duration of exposure t is dependent on the electric field strength E between 10 and 30 kV/m.
4 Upto24h.
¢ For limbs.
T National draft for a standard by Deutsche Elektrotechnische Kommission in DIN und VDE (DKE).
8 Amended proposal for a directive by the Commission of the European Communities, 1994.
" Prestandard of the European Committee for Electrotechnical Standardization, 1995.

Recommendation of the National Radiological Protection Board, 1993.

lar, the values of magnetic flux density of table 5 seem
high compared with those of practical situations (tables
2—4). The safety guidelines are set primarily from the
viewpoint of acute health outcomes. Observational epi-
demiologic studies on potential long-term health risks
have not been applied as a basis for safety guidelines
(14).

Cytogenetic effects

A study was carried out on the cytogenetic effects of
electric and magnetic fields among Finnish power lines-
men with considerable long-term exposure to 50-Hz elec-
tric and magnetic fields in their occupation (20). The
health risk of main interest was an occupational risk of
cancer. The number of employees in practical high-volt-
age work (ie, construction or maintenance of substations
or power lines) was too small or too heterogeneous at
Imatran Voima Oy to provide a statistical population-
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based approach. Due to the close relationship between
carcinogenesis and mutagenesis, the cytogenetic ap-
proach was selected.

Chromosome aberrations, sister chromatid exchange
(SCE), and micronuclei in peripheral blood lymphocytes
were analyzed among 27 nonsmoking power linesmen
and among 27 nonsmoking telephone linesmen (whose
exposure to 50-Hz electric and magnetic fields was con-
sidered low) serving as referents matched with the ex-
posed workers for age, gender and geographic region.
Blood samples from the power linesmen and their indi-
vidual referents were collected, cultured, and analyzed
simultaneously. The frequency of lymphocytes with
chromatid-type breaks was higher among the power
linesmen (0.96% gaps excluded, 1.41% gaps included)
than among the referents (0.44% and 0.77%, respective-
ly), but this result was also affected by previous smok-
ing, in addition to exposure to electric and magnetic
fields. Exposure or former smoking did not influence the
SCE value or the number of micronuclei. The excess of




aberrant cells was concentrated among the power lines-
men who had smoked earlier.

These results suggest that exposure to 50-Hz electric
and magnetic fields is associated with a slight increase in
chromatid breaks, although the interpretation is some-
what complicated by the confounding effect of previous
smoking. It appears that former smokers should not be
regarded as nonsmokers in chromosome aberration stud-
ies until several years have elapsed after the cessation of
smoking.

Effects on physiological systems

Central nervous system

Very high (tens of milliteslas) low-frequency magnetic
fields have well-known neurophysiological effects (mag-
netophosphenes). From the viewpoint of occupational
exposure and related safety aspects it was considered
important to study the effects of low-frequency magnetic
fields on the central nervous system. A study on the
effects of the 45-Hz sinusoidal magnetic fields on brain
functions was performed (21).

In the study, 10 volunteers were exposed to a con-
tinuous magnetic flux density of 1.2 mT and 10 were
exposed to an intermittent (1 s on 1 s off) form. Each
person received one real and one sham exposure. The
electroencephalographic (EEG) results and reaction time
served as the measures of the neurophysiological effects.
Generally, a tendency of the moving of the EEG fre-
quency distribution towards higher frequencies was ob-
served, particularly after intermittent exposure. No in-
crease or decrease in the exposure frequency was ob-
served in the EEG spectrum. Thus nothing supported the
possible synchronization of the electrical activity of the
brain with the frequency of the exposure. There was no
difference in the preexposure and postexposure reaction
times. However, magnetic field exposure seemed to af-
fect learning on the reaction-time test. Those who were
exposed to sham fields improved their performance in
the reaction-time test normally, whereas those who were
exposed to real fields improved their performance only
very little. This observation was repeated in another test
series.

However, the observed findings were within normal
physiological variations (21). No conclusions could be
drawn as to the hazardous effects of the fields on the
central nervous system, but the interpretation of de-
creased activeness or relaxation of the central nervous
system due to exposure to 45-Hz magnetic fields was
referred to in the report by Lyskov et al (21).

Cardiac pacemakers

Since the beginning of synchronized pacing, electromag-
netic interference has been a problem to the sensing
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mechanism of cardiac pacemakers (22). A Finnish exam-
ple of such interference was a farmer who, according to
his own statement, could not work because of chest pain
in areas of his farm that were located close to a 400 kV
power line running through his land. This patient case
and the fact that there are about 10 000 cardiac pace-
maker patients in Finland, roughly two-thirds of whom
are capable of physical activity (Dr L Toivonen, personal
communication) and may occasionally be exposed to
electric and magnetic fields from environmental sources,
created a need to expose selected Finnish pacemaker
patients to 50-Hz electric and magnetic fields in con-
trolled situations.

The exposure circumstances in the performed study
imitated the vicinity of 110—400 kV power lines with
both electric and magnetic field exposure. In addition,
more extreme exposure areas, dominated by a strong
magnetic or electric field, were selected. Telemetric elec-
trocardiography was used to register the cardiac function
of the patients. Two reports were published (23, 24), one
of which was directed towards cardiologists and the
other, being more general, concentrated on readers with-
out medical education. All the 15 subjects with 12 differ-
ent pacemaker models had a reliable spontaneous heart
rhythm. During the study of premature pacings, the
pacing rate of the pacemaker was adjusted to be below
the spontaneous heart rate of the patient in question, and
all the recorded heart beats should have been spontane-
ous. When inhibited pacings were studied, the pacing
rate of the pacemaker was higher than the spontaneous
heart rate of the patient, and all the heart beats should
have been triggered by the pacemaker. The measure of
pacing disturbances was the appearance of premature
pacings or, on the other hand, the inhibition of pacing,
when these should not have occurred. Table 6 summar-
izes the results of the study.

In the study, the following three main issues were
evaluated: the relevance of magnetic field exposure ver-
sus electric field exposure, the role of lead configura-
tion (bipolar versus unipolar), and the effect of the
programmed sensitivity (expressed regular versus high
in table 6). All the studied pacemakers measured the
function of the ventricles where the pacing electrode(s)
were located (the apex of the right ventricle) [ie, the
studied pacing mode was the most common ventricu-
lar-on-demand (VVI)]. As presented in table 6, the ab-
normal pacings were more related to electric field ex-
posure, even in low electric fields (1.2—1.7 kV/m) that
exist near 110-kV power lines, to unipolar lead config-
urations, and to pacemakers with high programmed sen-
sitivity of the measuring function. In the studied cir-
cumstances, magnetic field exposure seemed to be a
minor source of pacemaker interference. No tests with
pacemakers measuring atrial sensitivity were carried
out.

Scand J Work Environ Health 1996, vol 22, no 2 89
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Tahle 6. Recorded pacing abnormalities. Notation, for example, 1/15, means that an abnormal pacing (premature or inhibited) was found

in one pacemaker of the 15 tested.

Pacing abnormalities

Lead configuration

and exposure?

Unipolar Bipolar®
Regular sensitivity High sensitivity High sensitivity
Moderate Strong Moderate Strong Moderate Strong
electric fielde electric field? electric fielde electric fieldd electric figlde electric field?
Premature 1/15 6/15 512 912 0/4 0/4
Inhibitede 115 515 6/12 212 0/4 1/4

@ Pacing abnormalities in magnetic fields: one unipolar pacemaker with high sensitivity in strong magnetic field (45—90 uT).
b Bipolar pacemakers with normal sensitivity: no abnormal pacings were observed.

¢ Moderate electric field: 1.2—1.7 kV . m™.
¢ Strong electric field; 7.0—8.0 kV - m".

¢ In tests very short (maximum 1.9 s, the spontaneous heart rhythm appeared).

Patients having bipolar pacemakers set to low sensi-
tivity seem to be reasonably well protected against asys-
toles, even in circumstances that have recently not been
recommended to pacemaker patients. Tailoring the pace-
maker features according to individual needs diminishes
the necessity to restrict the patients’ activities in sur-
roundings with elevated electromagnetic fields (23).

Effects on the cardiovascular and autonomic nervous
systems

A study was performed on the effects of electric and
magnetic fields on the cardiovascular and autonomic
nervous systems. From the viewpoint of the electric utili-
ty industry, the incentive of the study was the interest in
receiving empirical information on the issue of whether
an external electric source (eg, a high-voltage system)
can interfere with a biological electric system. After the
primary report (25), two scientific articles (26, 27) have
been published. Attempts were also made to apply am-
bulatory EEG under field conditions to study the effects
of electric and magnetic fields on brain functions. This
part of the study met severe technical problems, as de-
scribed by Korpinen et al (25), and the results cannot be
utilized for practical evaluations so far.

In the study, 41 volunteers were exposed to electric
and magnetic fields in the vicinity of a 400 kV line and
in the area of the high-voltage testing laboratory of the
Tampere University of Technology. No alterations in the
standardized tests on the function of the autonomic nerv-
ous system (Valsalva, deep breathing test, orthostatic
test) and in heart rate were observed. An analysis of the
electrocardiogram showed that cardiac extrasystoles or
arrhythmias where as frequent inside the field as outside
the field. A minor difference in the diastolic blood pres-
sure was observed between the exposed and the sham
exposed, but the finding was questionable due to the
wide distribution of the results of the blood pressure
measurements.
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Childhood cancer and power lines

Internationally, the relative risk of childhood cancer in
the vicinity of power lines is one of the main issues in
the research on the biological effects of electric and
magnetic fields. The Finnish cohort study (10) was na-
tionwide and covered the years from 1974 to 1990.
Two exposure criteria, annual average magnetic field
and cumulative magnetic field exposure, were selected.
The cohort consisted of 135 000 children and adoles-
cents living or having lived within a 500-m distance
from a 110—400 kV power line and exposed to an an-
nual average magnetic field of 2 0.01 puT. The children
were followed for cancer in 1974—1990 up to the age
of 19 years. The included 110—400 kV lines covered
90% of the total line length in 1989. A detailed descrip-
tion of methods applied in the residential exposure eval-
uation has been presented by Valjus et al (12). Two
cutpoints were applied: 0.2 uT for the annual average
magnetic field exposure and 0.4 pT years for the cumu-
Jative exposure. Table 7 presents the main results of the
study.

The conclusive summary of this important and sensi-
tive issue was formed by Verkasalo et al (10) as follows:
“The study showed no significant increase in the inci-
dence of leukaemia, lymphoma, or cancers overall in
children exposed to residential magnetic fields from pow-
er transmission lines in Finland. The significant increase
in the incidence of nervous system tumors in boys (when
the sexes were given separately) is likely to be a chance
finding. The results suggest that the risk of childhood
cancer in the vicinity of these power lines is not a major
public health concern. The relation between a risk of
childhood cancer and exceptionally high levels of resi-
dential exposure to magnetic fields should not, however,
be inferred from this study [p 899].” The results of Ahl-
bom et al (28) in which the findings of the three Nordic
studies (10, 29, 30) on power lines and childhood cancer
are pooled, support the conclusion not to rule out the
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Table 7. Observed (0) and expected (E) cases of cancer in children with standardized incidence ratios (SIR) and 95% confidence intervals
(95% ClI) by primary site, in relation to annual average magnetic field exposure and cumulative magnetic field exposure.

Cancer Annual average exposure Cumulative exposure
Magnetic field  Cancer cases  SIR 95% Cl (gurTn)ulative Cancer cases SR 95% Cl
_— ears ——————————
WD o e oy o Ex-
served  pected served  pected
(N) (N) (N) (N)
Overall cancer 0.01—019 129 13717 0.94 0.99—1.1 0.01—0.39 125 13373 093 0.78—141
>0.20 11 739 15 0.74—27 >0.40 15 1096 1.4 0.77—2.3
Nervous system tumors 0.01—0.19 34 39.62 085 0.59—1.2 0.01—0.39 32 3880 0.82 056—1.2
2020 5 216 23  0.75—54 > 0.40 7 298 23 094438
Leukemia 0.01—0.19 32 36.10 0.89 061—1.3 0.01—0.39 32 3560 090 062—13
2020 3 193 16 0.32—4.5 =0.40 3 243 12 0.26—3.6
Lymphoma 0.01—0.19 15 1655 091 051—15 0.01—0.39 14 15.87 0.88 0.48—1.5
2020 — 0.88 . 0—4.2 >0.40 1 156 064 0.016—3.6
Other sites 0.01—0.19 48 4470 14 0.79—1.4 0.01—0.39 47 4346 1.1 0.80—1.4
>0.20 3 242 12 0.26—3.6 >0.40 4 399 1.0 0.27—2.6

possibility of increased risk of childhood cancer in the
vicinity of power lines.

Discussion and conclusions

Exposure and safety guidelings

Single-wire floor heating cables may be a notable source
of magnetic fields in the home environment. However,
they are installed very rarely nowadays, and in practice
modern bifilar heating cables dominate. The general as-
sumption that the level of magnetic fields in residences
with electric heating is not elevated when compared with
reference residences was accepted, and no exclusion of
residences was made on the basis of the heating system
in the study by Verkasalo et al (10). Power lines of
110—400 kV are not the main source of magnetic field
exposure, as shown by a comparison of the normal mag-
netic flux density of 0.1 uT in Finnish homes (9) with the
residential exposure generated by power lines (table 3).
A comparison of public and occupational exposure led to
the conclusion that occupational exposure in Finland may
evidently be 10—30 times higher despite the fact that no
work is done on live high-voltage systems. In certain,
although rare, workplaces the safety guidelines of the
IRPA may be exceeded. In public exposure, the guide-
lines of the IRPA are hardly exceeded. An electric field,
contrary to a magnetic field, does not penetrate building
materials. Indoor 110 kV systems are rare, or the switch-
gear is metal-clad (systems insulated with sulfur hexa-
fluoride). Thus high exposure to electric fields is unlike-
ly in places other than outdoors in the vicinity of high-
voltage power lines, and, occupationally, also in high-
voltage substations. Air-core compensator reactors are
nowadays fenced against accidental approach in the high-
voltage substation areas.

The coverage of the existing exposure studies is lim-
ited. There are many important exposure environments
without data that are potentially worth studying (eg, 10—
20 kV distribution systems, environments of energy-con-
suming industrial processes and electric transport sys-
tems). The task of creating a more complete picture of
magnetic field exposure in particular was assessed to be
important, both generally and from the viewpoint of ex-
posure evaluation for further epidemiologic studies on
health outcomes. Due to the complexity of the task, it
should probably be based both on domestic measure-
ments and on existing exposure data, especially from
Sweden, where the generation, transmission, distribu-
tion, and low-voltage delivery of electric energy is very
similar to those of Finland.

Health risks

No doubt, there may be interference between a high-
voltage system and cardiac pacemakers, and in certain
cases there is a potential need for clinical considerations.
The nature of this connection is primarily technical, be-
tween two electric systems. Secondary health effects
were considered possible, though unlikely, due to the
redundancy built into modern pacemakers. The aspects
that cardiologists should consider implanting bipolar
pacemakers instead of unipolar ones, which are less sen-
sitive to interference, and avoiding programming the sen-
sitivity of unipolar pacemakers higher than is physiolog-
ically necessary in cases of essential 50-Hz electric and
magnetic field exposure. Atrial or dual-chamber pace-
makers, which also measure atrial activity, were not stud-
ied by Toivonen et al (23). Such pacemakers are proba-
bly sensitive to electric and magnetic field interference,
due to the low muscle mass of atria requiring high mea-
suring sensitivity.

The internationally observed risk of childhood can-
cer (although not usually statistically significant) in the

Scand J Work Environ Health 1996, vol 22, no 2 91



Health risks of EMF in high-voltage systems

vicinity of power lines is generally below 3 as presented
by Korpinen et al (5) and, for example, by Ahlbom et al
(28). This assessment conforms with the data in table 7
showing the highest standardized incidence ratio of 2.3.
The risk of childhood cancer in the vicinity of 110—400
kV power lines in Finland can be graded roughly on the
basis of table 7 by dividing the difference of the ob-
served and expected cases of the higher exposure catego-
ries by the study period of 17 years for the evaluation of
the annual number of extra cases, the result being an
excess number of 0.21 per year for total childhood can-
cers and, for example, 0.06 per year for leukemia. This
procedure grades the problem from two points of view.
Epidemiologically, it seems extremely difficult to obtain
a sufficiently large population, exposed clearly over the
“normal” magnetic field of 0.1 UT in the vicinity of
power lines, for studies with sufficient statistical power,
and, in practice, the minor scale of the problem in the
vicinity of Finnish power lines, even though one extra
childhood cancer would be ethically too many.

So far, it is believed that the effects of magnetic
fields on the central nervous system need more basic
research before any practical safety measures can be
taken. The studied magnetic flux density of 1.2 mT is
extremely high, and in practice it is probably only met in
high-voltage systems near air-core compensator reactors
(1). Thus the findings of the study by Lyskov et al (21)
currently have hardly any clinical significance.

Assessing the cytogenetic effects of electric and mag-
netic fields on the basis of the findings of Valjus et al
(20) is for practical purposes difficult. The possibilities
to extrapolate the findings up to the level of human
health are limited. Both electric and magnetic field expo-
sure and previous, perhaps years ago, smoking seem to
affect the observed chromosome aberrations. In addition
these two factors can be considered equally potent. The
observed effect is more likely a sign of a biological
effect than a sign of a health risk. Practical assessment
emphasizes the need for further research into cytogenetic
effects and a prospective study of the issue, instead of
the initiation of new concrete occupational safety mea-
sures.

Field management measures

It is questionable whether there are health risks associat-
ed with power-frequency electric and magnetic field ex-
posure that would require the electric utility industry to
respond by implementing field-decreasing technical so-
lutions to fields present in practical occupational and
residential settings. However, the continuous uncertainty
about the issue has led to several technical magnetic field
management measures, so far mainly directed towards
decreasing public exposure to magnetic fields from
power lines (31). However, it has been concluded that
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there is no need to carry out any major measures in the
existing 110—400 kV network. The performed manage-
ment measures include optimal conductor suspension in
double-circuit lines (also reinstallations in existing lines),
checking of the magnetic fields of new lines at the plan-
ning stage, and an extended building exclusion zone in
the vicinity of new lines (eg, from 18 to 23 m in the case
of a 110-kV line). In addition, the following special
solutions to decrease environmenta! fields have been
studied, tested or applied: an 110-kV urban test line with
coated conductors, narrow and high low-field towers with
special, often vertical conductor suspension, a compact
very low-field urban tower, and an active full-scale mag-
netic field canceling system for single family houses.

Concluding remarks

In light of the study program, power-frequency electric
and magnetic fields can be considered not to be a major
health concern. The only finding which may be of clini-
cal importance is pacemaker interference in electric fields
even of the order prevailing near 110-kV lines. However,
the possibility of health effects caused by power-fre-
quency electric and magnetic fields should be taken into
account. The electric utility industry has to cope with the
uncertainty of the issue.

From the viewpoint of further research on the health
effects of power-frequency electric and magnetic fields,
issues related to the effects of the fields in animal models
and to the basic interaction mechanisms of the fields in
vitro seem to be better topics for the electric utility in-
dustry than issues related to observational epidemiology,
if populations large enough and subjected to considera-
ble and well-characterized magnetic field exposure can-
not be established.
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