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Abstract Cardiovascular changes in humans exposed to
nonionizing radiation [including extremely-low-fre-
quency electromagnetic fields (ELF EMFs) and radio-
frequency radiation (RFR)] are reviewed. Both acute
and long-term effects have been investigated. In general,
if heating does not occur during exposure, current flow
appears to be necessary for major cardiovascular effects
to ensue, such as those due to electric shock. Whereas
most studies have revealed no acute effect of static or
time-varying ELF EMFs on the blood pressure, heart
rate, or electrocardiogram waveform, others have re-
ported subtle effects on the heart rate. The possible
health consequences of these results are unknown. Re-
garding long-term effects of ELF EMFs, reports from
the former Soviet Union in the early 1960s indicated
arrhythmias and tachycardia in high-voltage-switchyard
workers. Subsequent studies in Western countries,
however, did not confirm these findings. These studies
are limited by uncertainties regarding exposure dura-
tions and appropriate control groups. Investigations of
acute cardiovascular changes in humans purposely ex-
posed to RFR have been limited to studies of magnetic
resonance imaging (which, in addition to RFR, involves
static and time-varying magnetic fields). It has been
concluded that such exposures, as presently performed,
are not likely to cause adverse cardiovascular effects.
Reports of hypertension in workers potentially exposed
to high levels of RFR during accidents are considered to
be incidental (due to anxiety and posttraumatic stress).
Soviet investigators have also indicated that long-term
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RFR exposure may result in hypotension and brady-
cardia or tachycardia. Other researchers, however, have
been incapable of replicating these results, and some
scientists have attributed the effects to chance variations
and mishandling of data. In summary, studies have not
yielded any obvious cardiovascular-related hazards of
acute or long-term exposures to ELF EMFs or RFR at
levels below current exposure standards.
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Introduction

Electromagnetic fields (EMFs, consisting of separate
electric and magnetic components) comprise a broad
spectrum of nonionizing radiation ranging from static
fields to microwave frequencies. Research on biological
effects may be categorized mainly into two groups: ex-
tremely-low-frequency (ELF) EMFs (essentially 50 or
60 Hz) and radiofrequency radiation (RFR, 3 kHz to
300 GHz). The electric and magnetic fields are more
strongly coupled to one another at higher frequencies.
Knave (1994) summarized the types of exposure to
electric and magnetic fields that are present in today’s
world. Both residential exposures (of people living in the
vicinity of transmission and distribution lines) and oc-
cupational exposures (of workers in jobs associated with
EMF environments) are possible.

Recently suggested threshold limit values for expo-
sure to ELF EMFs are a magnetic flux density of 10 mT
(100 G) and an electric field of 25 kV/m (Moss and
Booher 1994). Guidelines for limits of exposure to RFR
range from 0.2 to 10 mW/cm? (depending on the wave-
length) as suggested by the Institute of Electrical and
Electronic Engineers (1992). This work has been used as
the basis for other guidelines, including a revised North
Atlantic Treaty Organization standardization agreement
(Grandolfo 1995).
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Most concerns about alleged health effects of
EMFs have been related to cancer and reproductive ef-
fects (Jauchem and Merritt 1991; Jauchem 1991, 1992,
1993a,b, 1995b). Reports of cardiovascular effects,
however, may also be found in the data base of EMF
bioeffects.

Cardiovascular changes occurring during heating due
to RFR exposure have previously been reviewed (Jau-
chem and Frei 1992). That review focused on physio-
logical responses in animals and compared these changes
with those detected in studies of conventional environ-
mental heating. Polson and Heynick (1992, 1995) also
reviewed biological effects, including cardiovascular ef-
fects, due to RFR exposure. Another paper (Jauchem
1995a) reviewed studies of cardiovascular responses to
RFR exposure in humans.

The purpose of this paper is to review cardiovascular
changes in human subjects during exposure to ELF
EMFs and to update findings of cardiovascular changes
due to RFR exposure. In general, this review does not
repeat in any detail the findings of studies mentioned in
previous reviews but instead focuses on more recent
studies. A few in vivo animal studies are discussed in
situations where human-exposure studies are not avail-
able (e.g., acute effects of RFR). This paper does not
address RFR ablation of heart tissue; this topic has been
reviewed elsewhere (e.g., Manolis et al. 1994; Wagshal
et al. 1995). [Recently, Simmers et al. (1996) concluded
that effects of RFR ablation are exclusively thermally
mediated.] In addition, effects on cardiac pacemakers
(previously reviewed by Anderson and Kaune 1988;
Creasey and Goldberg 1993; Snow et al. 1995) are not
addressed herein.

Extremely-low-frequency electromagnetic fields:
acute effects

In general, during exposure to EMFs, current flow ap-
pears to be necessary for major cardiovascular effects to
occur, such as those due to electric shock (e.g., Hocking
et al. 1994). Although electric shock would normally
require direct electrical contact with the body, shock
could conceivably occur if the body were exposed to very
strong alternating electric or magnetic fields (Foster
1992). Subtle effects have been reported in other situa-
tions of low-level exposure. Studies of ELF EMFs and
the cardiovascular system have generally focused on
acute rather than long-term effects.

Electrocardiogram changes

An increase in the amplitude of the T-wave signal in the
rat electrocardiogram (EKG) has been observed during
exposure to magnetic fields (Gaffey and Tenforde 1981).
This change, however, appears to be the result of a su-
perimposed electrical potential generated by aortic
blood flow in the presence of the magnetic field. When a

stationary, transverse magnetic field is applied, electric
currents are induced in the blood, which is a moving,
electrically conducting fluid (Sud and Sekhon 1989).
Although it has been suggested that a Lorenz force may
result (which would tend to impede the movement of
blood; Sud and Sekhon 1989), no hazardous effect re-
sulting from this phenomenon has been reported. Sig-
nificant increases in blood pressure would be expected to
occur only during exposure to relatively high fields
[e.g., a 10% elevation would require about 8 T (Miller
1987); Kinouchi et al. (1996) predicted that 10- to 15-T
fields would reduce blood flow by 5-10%]. No measur-
able change in blood pressure was associated with the
change in T-wave signal seen in the study by Gaffey and
Tenforde (1981). The T-wave was affected rather than
other components of the EKG, since blood flows
through the aorta during this period (when the ventricles
are recovering). The aortic voltage thus appeared on
the EKG as an enlarged T-wave. Further examina-
tion showed that this voltage was unrelated to the elec-
trical activity of the pacemaker area of the heart (Miller
1987).

To report that exposure to a magnetic field alters the
EKG and, therefore, can potentially damage the heart
would be extremely misleading. The EKG change is
simply a reflection of the coincident “magnetohydro-
dynamic” voltage generated by the blood flow in the
presence of the applied magnetic field. Kanal (1992)
noted that although these EKG changes are not con-
sidered to be clinically significant, their existence should
be recognized and should not be confused with signs of
patient distress. Radiofrequency interference with the
EKG resulting from disruption of the signal transmitted
through EKG leads is another issue that has previously
been discussed (Damji et al. 1988).

Silny (1981) observed over 100 persons exposed to
time-varying magnetic fields (5 Hz to 1 kHz, less than
100 mT, 80 kA/m) and found no effect on the EKG.
Nagano et al. (1991) found no change in the EKG or
heart rate in humans exposed to strong magnetic fields
(up to 1.3 T) applied percutaneously to the area of the
phrenic nerve, which produced ventilatory changes. In
another study, no significant change in blood pressure or
heart rate was reported in humans exposed to magnetic
pulses of up to 2.2 T (Chokroverty et al. 1995).

Heart-rate changes: studies with multiple comparisons

For several years, investigators at one laboratory (Mid-
west Research Institute, Kansas City, Mo.) have studied
effects of EMFs on the heart rate in humans. In an initial
study of men exposed to 60-Hz electric and magnetic
fields (Graham et al. 1987), exposure resulted in a sig-
nificant decrease in heart rate. Maresh et al. (1988) ex-
amined six physiological parameters at five timed
sampling points in humans exposed to 60-Hz electric
and magnetic fields, with or without exercise (a total of
60 comparisons between sham and 60-Hz-exposed



groups). During no-exercise sessions the cardiac inter-
beat interval was increased at two sampling points when
subjects were exposed to 60-Hz fields. There was no
other difference between the sham and exposed groups.
In another study the investigators found that in general,
the change in cardiac interbeat interval was not signifi-
cantly (P < 0.05) different during 60-Hz field exposures
as opposed to sham conditions (Graham et al. 1990;
Cook et al. 1992). Under very specific circumstances
(dependent on the order in which subjects were sham-
and field-exposed), however, an increase in the interval
was significantly greater during field exposure (an in-
crease of 12%) than during sham exposure (an increase
of 7%). In the most recent study (Graham et al. 1994),
subjects were exposed at different levels of combined
electric and magnetic field strength (low: 6 kV/m, 10 pT;
medium: 9 kV/m, 20 puT; high: 12 kV/m, 30 pT). A sig-
nificantly decreased heart rate was observed in the
“medium” group but not in the other groups.

Hughes (1994) pointed out that the studies of Gra-
ham et al. did not show striking changes and that the
subjects may have been aware of the switching on and
off of the EMFs. He suggested that this awareness could
be related to the short-lived slowing of the heart rate. In
addition, some of the studies involved a large number of
multiple comparisons. Without proper statistical cor-
rection factors (Westfall and Young 1993), the signifi-
cance of the results may be questionable. Anderson and
Kaune (1988) reviewed some of Graham et al.’s work
and remarked: “Although some differences appear to
exist between exposed and sham-exposed subjects, par-
ticularly in...heart rate, the effects are not consistent
across time and lie within the range of normal biological
variation.” Creasey and Goldberg (1993) also reviewed
Graham et al.’s work and did not consider the effects to
be a “..cause for concern as adverse health effects.”
Creasey and Goldberg (1993) added that the effects
represent well-documented responses of humans to ELF
magnetic fields (in contrast to earlier dramatic but
poorly documented reports of effects). Sagan (1992) also
noted that the possible health consequences of the re-
sults are uncertain. Whittington et al. (1996) pointed out
that the decreased heart rate mentioned above has rarely
been replicated across different research laboratories.
These investigators found no effect of a 50-Hz, 100-uT
magnetic field (for several durations) on heart rate or
blood pressure.

Other studies and reviews

Gamberale et al. (1989) cited several studies in the non-
peer-reviewed literature that reported no change in the
circulatory systems of workers potentially exposed to
ELF EMFs. Gamberale (1990) reviewed human studies
and concluded that exposure of the general public and of
workers to ELF EMFs does not constitute a health
hazard with respect to acute physiological effects, in-
cluding those on the cardiovascular system.
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Simon (1992) reviewed effects of static magnetic
fields on the cardiovascular system and reported that
*“...on both theoretical and experimental grounds, there
seems to be no significant effect of fields to 1.5 T on
blood pressure.” Tenforde et al. (1983) noted that little
cardiovascular stress, if any, would be expected to re-
sult from exposure of humans to magnetic fields of up
to 1.5 T. This conclusion was based on experiments
using monkeys and on theoretical calculations for hu-
man exposures. Preliminary results of Jehenson et al.
(1988) demonstrated static-field effects on the pulse
rates of human subjects. Exposure to a 2-T field re-
sulted in a 17% increase in cardiac cycle length; values
returned to preexposure levels within 10 min of expo-
sure. The authors hypothesized an effect on the sinus
node that they suggested was probably harmless in
healthy subjects. The authors stated that the safety of
such an exposure in dysrhythmic patients had not been
determined. It appears that the change in cardiac cycle
length has not been investigated further (as indicated
by a search of the literature in Medline 1988 — May
1996).

Korpinen and Partanen (1994a) reported that expo-
sure to 50-Hz EMFs (up to 10.21 kV/m and 1543 pT
for several hours) did not affect the incidence of extra-
systoles or arrhythmias in human subjects. A small de-
crease in heart rate was seen in a few cases after exposure
(Korpinen et al. 1993), but these could have been related
to changes in the work load of the subjects. In another
study, humans exposed for 60 min to EMFs under a
400-kV power line exhibited no difference in pulse rate,
EKG, or blood pressure during autonomic function tests
(orthostatic tests, Valsalva maneuver, deep breathing) as
compared with responses observed in sham-exposed
subjects (Korpinen and Partanen 1994b, 1995). Fur-
thermore, 1-h exposures to fields of < 4.3 kV/m and
< 6.6 uT did not affect the diastolic or systolic blood
pressure (Korpinen and Partanen 1996).

Modeling magnetic-resonance-imaging exposures

Simunic et al. (1995) used a model to simulate exposure
of the human torso to switched magnetic fields that
would be present during magnetic resonance imaging
(MRI). These researchers calculated the induced current
density necessary to exceed the threshold for depolar-
ization of a heart cell. The results showed that stimula-
tion of a heart cell would not occur during exposure to
standard conditions used in medicine and industry
(1.5 T, gradients with a rise time of 0.3 ms, 10 mT/min).
Reilly (1991) noted that “...although existing guidelines
on MRI magnetic fields have been adequate to preclude
any known biological problems to date, the MRI in-
dustry would like to have greater flexibility in developing
future designs.” For pulsed magnetic stimuli, field-
strength thresholds for cardiac effects are much higher
than thresholds for neuromuscular effects (Reilly 1991).
Thus, violent skeletal muscle contractions would be ex-
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pected before any cardiac abnormality. This phenome-
non has been demonstrated in animal studies by
McRobbie and Foster (1985).

A number of studies of effects on the cardiovascular
systems of animals have been performed. Many of these,
however, have involved exposures to relatively large field
strengths and have been performed with current flow
present (e.g., Silny 1985 as cited in Anderson and Kaune
1988).

Some of the studies mentioned above are summarized
in Table 1. Most of the studies showed no effect. The
medical significance of any of the “effects’ listed is not
readily apparent.

Extremely-low-frequency electromagnetic fields:
epidemiology studies of long-term effects

Creasey and Goldberg (1993) noted that reports from
the former Soviet Union in the early 1960s indicated
arrhythmias and tachycardia in high-voltage-switchyard

workers (in fields as high as 26 kV/m). Subsequent
studies in Western countries, however, did not confirm
these effects (Knave and Floderus 1988). Reports of the
use of EMF exposure as therapy for hypertension (e.g.,
Orlov et al. 1991) have also not been confirmed.
Sazanova (1967) reported lower pulse rates in
switchyard workers exposed to 50-Hz fields. Knave et al.
(1979) and Stopps and Janischewsky (1979) reported no
significant effect on cardiovascular function in male
workers occupationally exposed to ELF EMFs. Subjects
included workers with more than 5 years of exposure to
electric fields from 400-kV power lines. Hauf (1982,
1989) performed tests in which human subjects were
exposed to an electric field of 20 kV/m and a magnetic
field of 0.3 mT while a current of 500 pA at 50 Hz was
passed through the body. There was no significant effect
on the heart rate or blood pressure. Other similar studies
have been reviewed by Cook et al. (1992). Checcucci
(1985) reported no effect of exposure to ELF EMFs
(1-4.6 kV/m, 4-15 uT) on the cardiovascular systems of
1200 workers at high-voltage railway substations. In a

Table 1 Summary of studies

concerning extremely-low-fre- Reference Field Parameter studied Effect® Notes
quency electromagnetic fields: strength
acute effects
Cook - Interbeat interval + Dependent on order
et al. 1992 of sham/exposure
Chokroverty 22T Heart rate, 0 -
et al. 1995 blood pressure
Gaffey and - EKG T-wave + Result of potential
Tenforde 1981 amplitude generated by blood
flow
Graham - Heart rate - -
et al. 1987
Graham - Interbeat interval + Dependent on order
et al. 1990 of sham/exposure
Graham 10-30 uT Heart rate - Only at 20 puT
et al. 1994
Jehenson 20T Cardiac cycle length + Returned to pre-
et al. 1988 exposure values in
10 min
Korpinen and 15.43 uT Arrhythmias 0 -
Partanen 1994a
Korpinen and 6.6 uT Heart rate, blood 0 -
Partanen 1994b pressure
Korpinen and 6.6 uT Heart rate, blood 0 During autonomic
Partanen 1995 pressure function tests
Korpinen 15.43 uT Heart rate - Changes in work load
et al. 1993
Korpinen and 6.6 uT Blood pressure 0 -
Partanen 1996
Maresh - Interbeat interval + Total of 60
et al. 1988 comparisons
Miller 1987 80T Blood pressure + -
Nagano 13T EKG, heart rate 0 Field applied to
et al. 1991 area of phrenic
nerve
Silny 1981 100 mT EKG 0 Time-varying fields
Simon 1992 1.5T Blood pressure 0
Simunic 15T Heart stimulation 0 Predicted by model
et al. 1995
Tenforde 15T Cardiovascular stress 0 -
et al. 1983

%0 = No statistically significant effect, + = increase, — = decrease



cross-sectional health survey of 627 railway high-voltage
substation workers in Italy, Baroncelli et al. (1986)
found no difference in the EKG recorded for the exposed
versus control groups.

Savitz and Loomis (1995) found that among electric
utility workers, mortality from “diseases of the heart”
was lower than anticipated on the basis of general
population rates (standardized mortality ratio 0.76). The
cause of death was coded according to the United States
Health Care Financing Administration (1980) and was
categorized according to Steenland et al. (1990). The low
standard mortality ratio could have been due to a
“healthy worker effect” (in which employment selection
leads to lower mortality rates as compared with that of
the general population). Gurvich et al. (1995) reported
no excess of cardiovascular disease in linesmen, substa-
tion operators, or maintenance workers exposed to ELF
EMFs (voltage as high as 2000 kV/m).

Easterly (1982) developed a model of the cardiovas-
cular system to estimate the potential increase in blood
pressure occurring during magnetic-field exposure (see
the discussion of magnetohydrodynamic voltage gener-
ation above). He concluded that ““...an individual’s car-
diovascular disease risk resulting from exposure to static
magnetic fields should not be a serious problem.”

Man-made magnetic disturbances
and myocardial infarctions: a causal relationship?

Villoresi et al. (1994b) proposed that ““...when [a] mag-
netic field exceeds 0.05 T it leads to real danger con-
nected with development of heart fibrillation and further
irreversible changes.” Yet, in an article that was cited as
being supportive of this statement, Saunders (1989)
stated that “...above 1000 mA/m? (corresponding to a
50 or 60 Hz field of greater than 500 mT), acute health
hazards, such as heart fibrillation, exist.” Thus, this
potential hazard is related to the induced current flow
that would be possible in humans exposed to 10 times
the magnetic-field strength listed by Villoresi et al.

Villoresi et al. (1994a,b) reported a large decrease in
myocardial infarction rates on Saturdays, Sundays, and
public holidays. They remarked that there were greater
“...man-made magnetic disturbances” on work days
than during weekends. They thus concluded that myo-
cardial infarctions “...could be triggered by man-made
magnetic fields.” This linkage was made without evi-
dence of a causal relationship; other factors that might
be involved (e.g., different work or social habits on week
days versus weekends) were not mentioned.

Geomagnetic activity and cardiovascular health

The most prevalent source of magnetic-field exposure
for humans is the earth’s magnetic field (ranging from 30
to 70 uT), which is much stronger than average fields
created by delivery of electricity to homes (commonly
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0.1-0.2 uT; Stuchly 1986). Some man-made fields are
stronger [e.g., those created in arc welding (Stuchly
1989) and medical applications such as MRI (discussed
above)], but exposures in these situations are of much
shorter duration.

Although possible correlations between changes in
geomagnetic activity and cardiovascular health have
been reported, questions have been raised concerning
the validity of statistical tests and inadequate allowance
for seasonal variations in these studies. Malin and Sri-
vastava (1979) reported a correlation between admis-
sions of cardiac emergency cases and changes in
geomagnetic activity. Lipa et al. (1976), however, nor-
malized data to remove weekly and seasonal variations
and found no relationship between geomagnetic indices
and mortality from myocardial infarction and stroke.

Stoupel et al. (1995b,c) reported a number of findings
relating to geomagnetic activity and cardiovascular
health. Some aspects were negatively correlated with
high levels of geomagnetic activity (e.g., cardiovascular-
and stroke-related deaths, pregnancy-induced hyper-
tension), whereas others were positively correlated (e.g.,
daytime systolic and diastolic blood pressure). The large
number of geophysical parameters and categories of
death analyzed without correction for multiple statistical
comparisons (Westfall and Young 1993) make the re-
sults difficult to interpret.

Tyasto et al. (1995) refined the myocardial infarction
data of their earlier studies (Villoresi et al. 1994a,b) by
analyzing “meteorological and social effects.” In this
case the myocardial infarction rate was increased slightly
(14%) during geomagnetic storms.

Cabanes (1985) pointed out that most studies re-
porting cardiovascular effects of ELF-EMF exposure are
open to criticism. Zagorskaia et al. (1990) noted that
“...published data about EMF effects on the cardiovas-
cular system...are often contradictory, probably, because
of different estimates of allowable limits recognized in
various countries.” Anderson and Kaune (1988) re-
viewed epidemiology studies of ELF EMFs and re-
marked: “The value of many of these studies has been
compromised by one or more of three serious problems:
(a) small sample sizes with extremely limited statistical
power; (b) failure to obtain quantitative data on levels
and durations of exposure; and (¢) uncertainty about
what constitutes an appropriate control group.”

Some of the studies mentioned above are summarized
in Table 2. Most of the studies showed no effect. Again,
the medical significance of any of the “effects” listed is
not readily apparent.

Radiofrequency radiation: acute effects
Cardiovascular effects in animals: relevant studies
Since there have been few studies of acute cardiovascular

effects in humans exposed to radiofrequency radiation
(RFR), a few experiments conducted using animals are
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Table 2 Summary of Studies
Concerning Extremely-low-fre-
quency electromagnetic fields:
Long-term effects

Reference Field Parameter studied Effect® Notes
strength
Baroncelli - EKG 627 high-voltage
et al. 1986 substation workers

Checcucci 1985 4.6 kV/im; EKG

1200 high-voltage

15 uT substation workers
Creasy and
Goldberg 1993 26 kV/m Arrhythmias, heart rate Review of 1960s’
work
Gurvich 2000 kV/m Cardiovascular disease -
et al. 1995
Hauf 1982, 1989 20 kV/m;  Heart rate, Current of 500 pA
0.3 mT blood pressure through body
Knave et al. 1979 - Cardiovascular function 5 year exposures to
400-kV power lines
Savitz - Heart-disease mortality In electric utility
and Loomis 1995 workers
Sazanova 1967 - Heart rate -
Stopps - Cardiovascular function S-year exposures to
and Janischewsky 1979 400-kV power lines
Villoresi - Myocardial infarctions + On “work days”; no
et al. 1994a, b causal relationship
%0 = No statistically significant effect, + = increase, — = decrease

summarized herein. Tachycardia or arrhythmia in iso-
lated frog hearts produced by a direct, “nonthermal”
action of pulsed RFR was reported by Frey and Seifert
(1968). Other investigators, however, could not confirm
this effect (Clapman and Cain 1975; Liu et al. 1976).

As mentioned above, effects of heat-inducing levels of
RFR exposure have been reviewed previously. Our
laboratory has performed extensive studies of various
aspects of cardiovascular responses to high levels of
RFR, including effects of body orientation relative to the
field (Frei et al. 1989a—c, 1990; Jauchem et al. 1990; Frei
and Jauchem 1992), RFR power levels (Jauchem et al.
1984b; Frei et al. 1988), continuous-wave versus pulsed
RFR (Jauchem et al. 1983b; Frei et al. 1988, 1989d),
anesthesia (Frei and Jauchem 1989; Jauchem and Frei
1991), drug treatments (Jauchem and Frei 1994; Jau-
chem et al. 1983a,b, 1984a, 1985a,b, 1988, 1995a,
1996a,b), and millimeter-wave exposure (Frei et al. 1995;
Ryan et al. 1996). These studies involved the use of the
rat as an animal model. Results showed that in general,
a greater degree of heating leads to a larger increase in
heart rate. Knepton et al. (1983) verified this in con-
scious rhesus monkeys. Yee et al. (1984, 1988, 1994)
found effects of microwaves on the heart rate of isolated
frog heart that were thermal in nature. No change in the
heart-cell potential or heart rate were found when the
temperature was controlled.

MRI of humans

Investigations of cardiovascular changes in humans
purposely exposed to RFR have been limited to studies
of MRI (which, in addition to RFR, involves static and
time-varying magnetic fields). Results obtained by
Shellock and Crues (1987) and Schaefer (1992) have

been summarized elsewhere (Jauchem 1995a; Shellock
1995). These researchers concluded that exposure to
EMFs during MRI, as presently performed, is not likely
to cause adverse cardiovascular effects. (For further
discussion of magnetic fields during MR, see Extremely-
low-frequency electromagnetic fields: acute effects.)

Accidental exposure

Williams and Webb (1980) reported hypertension in one
flight mechanic presumably exposed to RFR at a level of
38 times above the permissible exposure limit. This
finding, however, was considered to be incidental; the
elevated blood pressure was attributed to anxiety. For-
man et al. (1982) reported two cases of hypertension in
workers with accidental microwave exposure. The au-
thors postulated that posttraumatic stress was a likely
explanation for such cases.

RFR: epidemiology studies of long-term effects

Epidemiology studies of suspected RFR exposure are
few in number and have generally been limited in scope.
The principal groups studied have been individuals
presumably exposed while assigned to the military ser-
vices or working in particular occupations or industrial
settings. Accurate estimates of dose are often difficult to
obtain (Silverman 1979).

The first reports that mentioned possible effects of
microwave exposure on the cardiovascular system were
from the former Soviet Union. Drogichina et al. (1966),
Glotova and Sadcikova (1970), and Sadcikova (1974)
suggested that exposure to microwaves could directly or
indirectly alter the cardiovascular system. Other Soviet



investigators indicated that RFR exposure might result
in hypotension and bradycardia or tachycardia (Pres-
man and Levitina 1962; Gembitskiy 1972; Subbota
1972). Other researchers, however, have been incapable
of replicating these results, and Kaplan et al. (1971) have
attributed the changes in heart rate observed by some of
the Soviet investigators to chance variations and mis-
handling of data. Obrosov et al. (1971) reported these
changes in volunteer subjects exposed to 2.5-GHz mi-
crowaves delivered via a waveguide applicator directed
toward the skin surface in the cardiac region. The effects
were transient and were associated with sensations of
skin pain and warmth, as the skin temperature increased
by 1°C in 10 min. Resnekov (1981) and Kristensen
(1989) have pointed out that in general, these studies
from the former Soviet Union are difficult to evaluate
due to the methodology and terminology used. Gordon
(1966) stressed the difficulties of differentiating between
effects of microwave irradiation and effects of other en-
vironmental factors. According to Baranski and Czerski
(1976), Gordon (1966) has pointed out that some
symptoms in radar operators, including bradycardia,
can be attributed to ““..peculiar lighting, the necessity of
paying attention to the radar screen, the posture during
work, noise, or inadequate ventilation.”” Rayman (1995)
reported that although ‘“‘radiowave sickness” has often
been described in Eastern Europe, it has not been
demonstrated in the West.

Chiang and Yee (1979) reported subjective com-
plaints of palpitation, bradycardia, hypotension, and
S-T depression in ‘“persons exposed to microwaves”
(either acutely to less than 0.2 mW/cm? or chronically to
0.2-2 mW/cm?). Djordjevi¢ et al. (1979) measured car-
diovascular parameters in 322 radar workers (all ex-
posed to pulsed microwaves) and a control group of 220
persons. Neither the incidence of hypertension and car-
diomyopathy nor the values of EKG components
(P-waves/s; P-Q, QRS, and Q-T intervals; and T-wave
voltage) differed between the groups. Robinette et al.
(1980) reported that personnel exposed to microwaves
showed no increased mortality due to circulatory-system
disease. In one study (Burr and Hoiberg 1988), hospi-
talization rates for diseases of the cardiovascular system
did not significantly differ between United States Navy
pilots of electronically modified aircraft (with higher
exposure to EMFs) and control pilots.

Hamburger et al. (1983) reported an apparently sig-
nificant association between exposure to shortwave
(27-MHz) radiation and heart disease. A task group
organized by the World Health Organization and the
International Radiation Protection Association has
suggested that the reported increased risk “...calls for
further studies” (World Health Organization 1993).
Heynick and Polson (1984), however, reviewed this
study and found that statistical significance was shown
only after inappropriate regrouping of subjects, and then
for only one medical condition of the ten tested. Thus,
the study did not provide strong evidence for an asso-
ciation between shortwave exposure and heart disease.
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Heynick (1987) also noted that of 90 contingency tables,
only 4 showed significance at the 5% level, a finding no
better than chance.

Roberts and Michaelson (1985) reviewed epidemiol-
ogy studies of humans exposed to RFR and concluded
that no ‘‘identifiably serious” cardiovascular distur-
bances have been seen as a result of RFR exposure.
Hocking et al. (1988) found no change in the blood
pressure or EKG of nine male subjects accidentally ex-
posed to 4.1-GHz microwaves; two of the subjects were
exposed to 4.6 mW/cm? for up to 90 min.

In a case-control study (Tikkanen and Heinonen
1991), maternal exposures to microwave ovens or video-
display terminals at work or home were not associated
with the risk for cardiovascular malformations. More
specifically, exposures during the first trimester of
pregnancy were not associated with the risk for atrial or
ventricular septal defects (Tikkanen and Heinonen
1992a,b).

Bortkiewicz et al. (1995) reported *...measurable ef-
fects in the heart rate variability and blood pressure
parameters’ in workers at AM broadcasting stations as
compared with a control population, but *“...none could
be assigned clinical significance.” Indeed, almost all of
the large number of parameters measured [including
EKG abnormalities (conduction, rhythm, and repolari-
zation disturbances), heart rate (day, night, and 24-h
mean), heartbeat duration, heart-rate variability (low-
and high-frequency arrhythmias, low-/high-frequency
ratio), blood pressure (systolic and diastolic day, night,
and 24-h mean)] did not significantly differ between the
RFR-exposed and control groups. Only the day/night
ratios for systolic blood pressure and heart rate differed
significantly. The authors concluded that a multiyear
occupational exposure to RFR of about 0.7- to 1.5-MHz
frequency ““...cannot be characterized as a considerable
risk factor for ischemic heart disease.”

Zhao et al. (1994) studied electronics-industry work-
ers who were reported to be exposed (6 h/day, 6 days/
week, for 1 year) to RFR at frequencies of less than
30 MHz. Subjects were divided into two groups: one
presumably exposed to = 100 V/m and another, to
< 100 V/m. A ““control” group of ““‘mechanical workers”
was included for comparison. The investigators stated
that “...statistical evaluation of all data was carried out”
but no details were described. Incidences of “cardio-
vascular complaints™ (including palpitation and “‘stuffi-
ness’’) were greater in the two exposure groups than in
the control group. The prevalence of incomplete right-
bundle-branch block was greater in the high-exposure
group than in the other two groups. The lack of details
regarding exposure assessment and statistics renders the
study difficult to interpret.

Nikolova et al. (1995) compared the cardiac intervals
and systolic and diastolic blood pressure of workers at a
television relay station with values recorded for a control
group whose working conditions involved no RFR ex-
posure. These investigators reported no evidence of
significant changes in these parameters.
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Stoupel et al. (1995a) reported that mortality due to
myocardial infarction was positively correlated with
radiowave propagation from the sun during hours of
maximal solar activity. As in the aforementioned studies
by this group (see Geomagnetic activity and cardiovas-
cular health), however, the large number of geophysical
parameters and categories of death analyzed without
correction for multiple statistical comparisons make the
results difficult to interpret.

Emerging microwave-exposure systems
— high-peak-power and ultra-wideband systems

Recent developments in electromagnetic technology
have resulted in exposure sources capable of generating
pulses with relatively short pulse widths. Due to the
short pulse width and low pulse frequency (relative to
more conventional microwave emitters), the average
power density occurring during any period of exposure
(and the resultant absorbed energy) is very low. Energy
absorption in humans exposed to these systems would be
considerably lower than levels suggested as safety
guidelines. (Systems to be developed in the future,
however, could be capable of producing higher repeti-
tion rates than are currently possible, resulting in higher
average power densities.)

Jauchem and Frei (1995) investigated cardiovascu-
lar changes in unanesthetized rats exposed to high-
peak-power microwaves at frequencies of 1.7-1.8 GHz
(peak power density 3.3-6.5 kW/cm?) and 1.2
1.4 GHz (peak power density 14.6-51.6 kW/cm?). Af-
ter attenuation of the sound produced by the micro-
wave source, there was no significant change in the
mean arterial blood pressure or heart rate during or
after exposure.

Some electromagnetic-energy sources can produce
repetitive nanosecond pulses with subnanosecond rise
times and a corresponding ultrawide band of frequen-
cies. Damage to biological tissue has been postulated to
result from propagation of these pulses (Albanese et al.
1994). Adair (1995) and Merritt et al. (1995), however,
performed a careful evaluation of the hypotheses of
health hazards and found them to be invalid. Erwin
and Hurt (1993) summarized previous studies of car-
diovascular responses of anesthetized rats to ultrawide-
band pulses produced by a Hindenberg 2 transmitter.
Animals were exposed to pulses for 2 min [60 Hz, peak
electric (E)-field strength 250 kV/m, rise time 310 ps].
No difference in heart rate or blood pressure was ob-
served after the ultrawideband exposures. Jauchem et al.
(1995b) studied cardiovascular effects of exposure to a
Bournlea ultrawideband pulse system (rise time 318—
337 ps, maximal E field 21 kV/m, 1- or 2-kHz repeti-
tion frequency) for various periods. There was no sig-
nificant change in the mean arterial blood pressure or
heart rate of anesthetized rats during or after exposure.

The ultrawideband experiments mentioned above
utilized special techniques, such as parallel plate trans-

mission lines, to allow for higher energy levels to be
transmitted to the animals. Levels of exposure to per-
sonnel either operating or in the vicinity of these systems
would be expected to be much lower than the levels
measured at the points of exposure in the animal-model
experiments. [An analogous observation is that although
the electric field occurring during a lightning flash may
be on the order of 1 million V/m (Williams 1988), the
level of exposure is greatly decreased with distance from
the flash.]

The results of the aforementioned studies support the
concept that cardiovascular effects are dependent on the
average power density rather than the peak power den-
sity. In spite of the relatively high peak-power pulses, the
extremely short duration would not appear to result in a
threshold of total energy required (i.e., duration times
intensity). On the basis of these findings, one would not
expect significant cardiovascular effects to result from
exposure to ultrawideband pulses produced by the sys-
tems mentioned above. Studies of cardiovascular chan-
ges, however, have not been reported during exposure to
ultrawideband pulses produced by other exposure
sources.

Concluding remarks

Aside from electric shock, which is an obvious hazard,
the body of evidence suggests that other hazardous
cardiovascular effects associated with EMF exposure at
levels commonly encountered are unlikely. This review
includes a wide variety of different types of studies and
exposures. Some of the studies had obvious drawbacks
and, therefore, required careful analysis in determina-
tion of the relevance to human health. Upon close
evaluation, the majority of reported cardiovascular
changes were found to be of questionable significance.
For example, EKG changes were due to superimposed
electrical potentials unrelated to any cardiac electrical
phenomena. Reported changes in heart rate were pos-
sibly confounded by the experimental and statistical
evaluation procedures used, were within the range of
normal biological variation, or were not replicated in
different laboratories.

As other investigators have mentioned (e.g., Petersen
1983), “‘effects” are not necessarily “hazards.”” The as-
sumption that one automatically implies the other must
be questioned. In considering the potential hazards of
EMFs, one must raise the question: “Is this a transient
physiological effect or is it a permanent effect?”
(Michaelson 1982). Measurable effects may be well
within the capacity of an organism to maintain a normal
equilibrium or homeostasis. If, on the other hand, an
individual’s ability to function properly has been com-
promised or the recovery capability of the individual has
been overcome, then the effect may be considered a
“hazard.”

It would not be appropriate to consider any mea-
surable effect, even one of adaptation, to be an adverse



effect. Studies showing subtle effects may not be relevant
to safety standards. Members of standards-setting
committees have not considered some reported effects
(e.g., calcium efflux from chick-brain tissue altered by a
narrow range of modulation frequencies) to be adverse
or related to human health (Petersen 1991).

It appears that even if there are effects of low-level
ELF EMFs or RFR on the cardiovascular system, these
effects are subtle. Whether any such effect could be
considered hazardous is questionable. Anderson (1993)
reviewed the biological effects of ELF EMFs, including
those on the cardiovascular system. He noted that
“...most of the biological effects reported are quite sub-
tle, and evidence suggests that, at least with short-term
exposure, these fields impose a relatively low potential
hazard to biological systems.”

In terms of cardiovascular effects, epidemiology
studies have not yielded any obvious cardiovascular-re-
lated hazard of long-term low-level RFR exposures.
Levels of RFR that cause heating and related cardio-
vascular changes have been well defined and are above
exposure standards.

There are a number of emerging technologies in-
volving the use of EMFs, including new types of cellular
telephones, magnetically levitated trains, and supercon-
ducting magnetic-energy storage. The possible effects of
these particular EMFs on health have not been studied
directly. On the basis of the current body of knowledge
of EMFs in general, however, one would not expect
hazards to result if the basic physical principles relating
to biological effects on the cardiovascular system are
similar to those applying at other frequencies.
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