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Public and occupational exposures to microwave (RF) radiation are of two main types. The first
type of exposures are those connected with military and industrial uses and, to some extent,
broadcast exposures. It is this type that most of the data cited in this study draw upon. The
second type, cellular telephones and their associated broadcast requirements, have raised
concerns about current exposures because of their increasingly widespread use. Four types of
effects were originally reported in multiple studies: increased spontaneous abortion, shifts in red
and white blood cell counts, increased somatic mutation rates in lymphocytes, and increased
childhood, testicular, and other cancers. In addition, there is evidence of generalized increased
disability rates from a variety of causes in one study and symptoms of sensitivity reactions and
lenticular opacity in at least one other. These findings suggest that RF exposures are potentially
carcinogenic and have other health effects. Therefore, prudent avoidance of unneeded exposures
is recommended as a precautionary measure. Epidemiologic studies of occupational groups such
as military users and air traffic controllers should have high priority because their exposures can

be reasonably well characterized and the effects reported are suitable for epidemiologic
monitoring. Additional community studies are needed. - Environ Health Perspect 105(Suppl
6):1579-1587 (1997)
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Introduction
It is widely recognized that radiation
exposures such as X-rays, gamma radiation,
and ingestion of radioisotopes can produce
increases in the incidence of cancer in man
and animals, although there is disagree-
ment about dose-response relationships.
These types of radiation, because their
energy is sufficient to cause ionization, are
called ionizing radiation. This is distin-
guished from nonionizing radiation, which
includes ultraviolet (UV), visible light, 50
to 60 cycle (also called extremely low fre-
quency radiation [ELF]), and radiofre-
quency or microwave (RF) radiation
(1-4). Conventionally, it was thought that
nonionizing radiation was not carcinogenic,

even though there has been evidence of skin
carcinogenicity from UV radiation for some
time (5). In the last decade, there has been
extensive study and evaluation of ELF fol-
lowing evidence that childhood leukemia
increased among children who lived in
homes in Denver, Colorado, near power
lines and distribution facilities (6).

ELF studies have included extensive
evaluations of occupational and residential
exposures, but there has been considerable
difficulty in establishing dose-response
relationships or mechanisms (7).

Evaluation of RF exposures was con-
ducted primarily by military- and security-
oriented government agencies, and earlier
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studies recently have been reevaluated.
Because of the rapid development and use
of cellular telephone systems, which involve
widespread public exposures, reevaluation
of exposure risk becomes urgent. The radia-
tion emanates mainly from handheld
devices and from the many broadcast facili-
ties needed to maintain such systems. It is
generally agreed that the physical attributes
of UV, ELF, and RF exposures are suffi-
ciently different so that separate evaluations
of the possible risks of each are justified.
Nevertheless, some potential mechanisms
of biologic reaction and dose-response rela-
tionships among different types of subjects
and exposures are common to all three
exposures. I discuss the types of epidemio-
logic evidence with possible relevance to
evaluation of RF exposures.

Neoplastic responses, if they do occur,
may have a long latency period. If one waits
for cancer to occur, exposed populations
have increased risk for the duration of the
latency period. Even if cancer risks cannot
yet be unequivocally demonstrated, some
measure of protection should be taken as
early as possible because it may take some
time to determine the definitive relationship
between RF and cancer.
A second reason for urgency with

respect to taking protective measures is
that, because of rapid increases in the num-
bers of persons exposed to increased RF
exposures in connection with cellular tele-
phone use, some biologic basis is needed as
a guide for prudent protective behavior. It
is possible that a system of biologic indica-
tors can be found that would allow identi-
fication of increased cancer risk. This
possibility seems worth exploring.

Originally, heating of tissues by RF was
considered the basic mechanism through
which radiation affected exposed individu-
als. Therefore, existing protective principles
and practices are built around avoidance of
the thermal effects of such exposures. There
has been increasing concern that this ap-
proach may not be adequate and with this
in mind, the International Conference on
Non-Thermal Effects of Microwave Radi-
ation was convened in November 1996.
The proceedings of this conference are
being prepared for publication.

With regard to epidemiologic evidence
of radiation, a report published in January
1995 (8) focused primarily on military,
industrial, and broadcast exposures. This
study was supplemented by the review of
Rothman et al. (9) in May 1996, Grayson's
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report on brain cancer in U.S. Air Force
personnel (10), and by three published
community studies of cancers possibly
associated with proximity to broadcast
facilities (11-13).

This review is intended only to update
previous assessments of cancer risk from
RF radiation. Like the earlier report (8), it
is not intended to be a comprehensive
review or a balanced report of all possibly
relevant findings. Also, there is no attempt
to critically evaluate these findings.

Finally, Swedish government agency
assessments of ELF effects led to prudent
avoidance policies (14,15), which may be
applicable to presently available knowledge
about RF. This appears to be an attractive
alternative to waiting until the data are
convincing enough to achieve agreement
on new and enforceable standards.

Possible Effects of
Radiofrequency Radiation
Evidence up to 1994 as reviewed in
Goldsmith (8) indicates the likelihood of
the following effects from exposure to RF
radiation in certain populations: reproduc-
tive effects such as increased spontaneous
abortion, changes in blood counts, in-
creased somatic mutation, and increased
incidence of childhood and other cancers.
Other findings have suggested effects such
as cataract, nonspecific disabilities, and
symptoms in sensitive persons (headache,
ocular problems, fatigue, dizziness, memory
impairment, and sleep difficulties).

The Evidence
Reproductve Outcomes

Study of Physiotherapists. Ouellet-
Hellstrom and Stewart (16) reported on a
study of female physiotherapists who used
either RF or short-wave apparatus and were
queried about the outcome of pregnancies.
The frequency generated by short-wave
equipment was 27.12 MHz and by
microwave equipment was 915 MHz and
2450 MHz.

The survey was conducted among
female members of the American Physio-
therapy Association in the United States.
Of 11,598 respondents who reported
having at least one pregnancy, 6684
(57.6%) reported using short-wave or
microwave diathermy. These 6684 women
reported 14,989 pregnancies, of which
1791 ended in miscarriages, called case
pregnancies. Of the remaining pregnancies
with sufficient data, 12,949 were classified
as control pregnancies. Exposure was

defined as occurring if the woman had
been using one of the physiotherapy modes
during the first trimester of pregnancy and
during the preceding 6 months. Cases were
matched to controls by mother's age at
time of conception and by the number of
years elapsed between the pregnancy and
the date of filling out the questionnaire. A
number of confounders were included,
among which was prior fetal loss.

Of the case and control mothers, 11.9
and 9.5%, respectively, were using micro-
waves during the pregnancy; the odds ratio
(OR) for spontaneous abortion increased as
the number of exposures increased from 5 or
less to 20 or more per month. The trend
was significant whether or not prior fetal
loss had occurred. For women exposed to
short-wave radiation, 22.3% lost their baby
prior to the 7th week of pregnancy, whereas
the figure for unexposed women was
24.4%. Of the microwave-exposed women,
47.7% had miscarriages prior to the 7th
week of pregnancy compared to 14.5% of
nonexposed women.

Measured values of stray emissions
near waist level ranged from 0.04 to 16.58
mW/cm2 for electric fields with short-
wave units, and these units produced mag-
netic fields of 0.09 to 8.32 mW/cm. For
microwave diathermy the electric field
leakage was from 0.08 to 1.20 mW.
Leakage measured 15 cm from the source
was as high as 15 mW/cm2. Duration of
the therapist exposures was usually only a
few minutes per treatment.

Moscow StaffStudy. The exposures of
U.S. embassy personnel in Moscow are
described in Goldsmith (8), based on
Lilienfeld at al. (17) (Table 1). Studies were
done among Moscow embassy employees,
staff dependents, and other personnel and
compared with similar groups in other
Eastern European embassies.

The study known as the Foreign Service
Health Status Study (FSHSS) or Lilienfeld
Report (17) was designed to compare the
experience of employees in the Moscow
embassy with those of similar employees in
other Eastern European embassies on the

assumption that the latter were not
exposed to RF radiation. There was some
evidence that these employees were
exposed as well, but the contract officer
dismissed the possibility as being based on
hearsay. In a meeting with the State
Department Contract Officer Dr. Pollack
about the submitted draft of the Lilienfeld
Report, G. Jacobson noted that the refer-
ence to a potential infertility effect in the
sutdy might be inappropriate because the
experimental work was done at very high
doses and there are no controlled human
studies (18). According to the minutes of
the meeting, "this clause will be modified
to reflect the very speculative nature of the
reports, but the FSHSS data will be
presented as is" (17).

The final report makes no reference to
any possible impact on infertility, but it
does present some data (Table 1) that show
more frequent complications among
Moscow workers compared to those from
other embassies.

Thus, we are left with higher rates of
complications of pregnancy at the
Moscow embassy for a problem that origi-
nally was thought to affect fertility. It
seems most likely related to or actually to
be spontaneous abortion.

Systematic Alterations in Red
orWhite Blood Ceil Counts
When radar was first identified as a health
risk, Daily (19) reported a statistically sig-
nificant increase in immature red blood
cells among workers exposed to radar.
These studies were summarized by Follis et
al. (20). Early studies at Lockheed Aircraft
(Burbank, CA) by Barron et al. (21) were
later dismissed on the grounds "that there
was variation in the interpretations by a lab-
oratory technician" (22). Bach found that
rats exposed at 13 mW/cm had changes in
blood cell counts (23).

Goldoni (24,25) compared the hemato-
logical findings in 25 male air traffic
control technicians exposed to radar with
those for 10 electronic technicians whose
work was distant from a microwave

Table 1. Complications of pregnancy, childbirth, and puerperium (ICD-8, Codes 630-678) among women employees
in the Foreign Service Health Status Study (17).

Everab After indexac
Moscow Comparison Moscow Comparison p

19(6%) 19(3%) 11 (3.5%) 9(1.3%) 0.04
SMBR 1.7 0.67

Abbreviations: ICD, Intemational Classification of Diseases, 8th Revision; SMBR, standardized morbidity
ratio.'Refers to the initial tours of duty during which exposures occurred. bWhether the condition occurred at any
time; cWhether the condition occurred after the initial tour of duty.
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source. The radar was in the range of
1250 to 1350 MHz, with a strength vary-
ing from 10 to 20 pW. Radar-exposed
workers had significantly lower levels of
leukocytes and red cells than workers
distant from the microwave source. In a fol-
low-up study of 49 radar-exposed techni-
cians, thrombocyte and leukocyte counts
decreased significantly but stayed within
normal limits (25).
A hematologic study of Moscow

foreign service workers was submitted to
the U.S. government on 7 October 1976 by
Tonascia and Tonascia (26). They found,
on comparing the data for Moscow-based
employees with that from foreign service
exams conducted in the United States, that

The differences between the two groups
with respect to every parameter except
monocytes (% and counts) are highly
statistically significant (p < 0.001) after
appropriate transformation. Specifically
the Moscow group had a higher mean
hematocrit, the Moscow group had a
lower neutrophil percentage, but higher
percentages for the other three cell types
(lymphocytes, eosinophils, and mono-
cytes). The white cell counts are strik-
ingly higher in the Moscow group.

Several statistically significant changes
occurred over time in the Moscow group;
specifically, mean hematocrit increased and
a 3-fold increase in monocyte count
occurred. Neutrophil percentages fell and

Table 2. Results of tests for chromosomal changes in
metaphase spreads of lymphocytes cultured in vitro
among selected Moscow embassy employees.

Mutagenic levela Designator Subjects, no

5 Extreme 0
4 Severe 6
3.5 Intermediate 5
3 Moderate 7
2.5 Intermediate 5
2 Questionable 5
1 Normal 6
Growth failure 2

aGrading of mutagenic processes and clinical inter-
pretations of these findings were provided by Dr. G.
Jacobson (George Washington University Medical
School, Washington, DC), who wrote: "Patients who
repeat at level 3 or higher should not reproduce until 6
months after somatic levels have returned to 2 or 1.
Patients at level 4 should be withdrawn from muta-
genic exposure and monitored each month until less
than 3 is obtained on two consecutive samples" 118).
Dr. Jacobson also wrote, "I feel impelled, as in past
reports, to emphasize the necessity to study serial
samples on the same individual and when possible to
study the subject prior to exposure" (18). Apparently,
no such follow-up or serial studies were done.

then rose; the reverse pattern was observed
for the lymphocytes (26).

Vukelic et al. (27) studied the effects of
RF radiation on 72 physiotherapists and
physiatrists in Croatia. They found a sig-
nificantly positive correlation between
length of service and white cell count, and
an association of years of exposure with
low red cell count.

Tornqvist et al. (28) studied 706 power
station workers at 3-year intervals and
found that the white blood cell counts were
decreased slightly because of exposures to
magnetic fields.

Evidence ofMutational Acivity
in Human IncubatedWhite
Blood Cells
The initial examination of Moscow
embassy workers, conducted when it
became known they were being irradiated
by Soviet transmitters, was done to study
the pqssible effects of radiation on chromo-
somes in blood samples (26). Beginning in
February 1966, 3 to 4 years after the
microwave irradiation was first detected,
samples were taken for chromosomal
analysis. Twenty spreads were scored per
sample; results are shown in Table 2 (18).

Overexposed Air Traffic ControUlers.
Garaj-Vrohac et al. (29) examined six men
accidentally exposed while repairing
microwave devices used for air traffic con-
trol in Zagreb. These subjects usually
worked alternate days in a microwave field
of 1250 to 1350 MHz with power density
of 10 pg/W to 20 mW/cm2. The acciden-
tal exposure was greater than these figures
but by how much is not known. The
results of chromosome aberration analysis

during 1984 to 1990 showed no increase
in chromosomal abnormalities compared
to the control. Table 3 shows results for
the accidentally exposed subjects.

Two things are clear from this experi-
ence: Microwave irradiation can produce
genotoxic effects, and recovery can occur
with a half-time of about 15 weeks when
about one-third of the spreads show aber-
rations. Both chromosomal and chromatid
reactions occur.

It is conventional wisdom to assume
that nonionizing radiation cannot produce
such changes, but there is evidence that
this view is incorrect. For example, cattle in
the field exposed in vivo near a large mili-
tary RF emitter in Skrunda, Latvia (30),
showed more positive micronuclei test
results than unexposed cattle. Bovine lym-
phocytes in vitro respond to microwave
exposure using the same test (31). Geno-
toxic changes are found in Chinese ham-
ster cells in vitro (thymidine incorporation
and chromosomal and chromatid changes)
(32) and in human lymphocytes in vitro
(33) using micronudei tests.
A series of studies from Croatia and

Italy have also demonstrated that radar
exposures are mutagenic both in vivo and
in vitro (29,32-35).

In a paper about the effect of RF radi-
ation on the cell genome (32), the investi-
gators used cultured Chinese hamster cells
exposed to 7.7 GHz at power densities of
30 mW/cm2 for 15, 30, and 60 min. Using
tritiated thymidine and autoradiography,
the incorporation of thymidine into DNA
after a 4-hr incubation decreased in a step-
wise manner according to the length of
exposure and almost completely recovered

Table 3. Type and percentage of chromosomal aberrations after accidental exposure to high-power density pulsed
RF radiation.

Subject Chromatid Chromosome Total
no Date breaks breaks Acentrics Dicentrics Rings aberrations, %

1 18/11/1990 2 1 2 1 - 3.0
5/12/1990 - 1 1 1 - 1.5

2 6/12/1990 - 4 8 4 1 8.5
25/02/1991 4 1 3 1 - 4.5

3 6/12/1990 3 10 3 - 8.5
26/02/1991 4 3 3 2 - 6.0

4 20/12/1990 - 1 2 1 2.0
16/01/1991 - 3 5 1 1 5.0

5 11/12/1990 - 6 48 9 3 33.0
14/02/1991 1 4 31 6 2 22.0
13/03/1991 4 7 18 6 1 18.0
17/04/1991 6 6 6 a a 9.5
22/05/1991 3 4 6 2 - 7.5
2/06/1991 1 - 5 1 - 3.5

6 20/12/1990 - 4 2 1 - 3.5
30/01/1991 - 2 1 - 1 2.0

aChromatid interchange 1.
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in 24 hr. In addition, chromosomal aberra-
tions increased stepwise according to the
duration of exposure. The background
percent abnormal metaphase was 1.7%;
with a 15-min exposure it increased to
4.8%, with 30 min, 6.3%, and with 60
min, 8.9%. Garaj-Vhrovac et al. (33)
report on the relationship between colony-
forming ability, chromosome aberrations,
and the incidence of micronuclei in V79
Chinese hamster cells exposed to RF radia-
tion. These authors were able to demon-
strate damage to cell genomes and changes
in chromosome structure based on observa-
tions of structural chromosomal aberra-
tions and micronuclei tests. The exposures
used were 7.7 GHz and 30 mW for 15, 30,
and 60 min. The structural changes repli-
cated the changes observed in their initial
paper. The micronuclei/1000 cells were
background 0.016, and with a 15-min
exposure, 0.043; 30 min, 0.050, and 60
min, 0.073. The authors believe that these
results cannot be explained on the basis of
cell heating.

In a third paper, Garaj-Vhrovac et al.
(34) used human lymphocytes instead of
Chinese hamster cells, and a correlation was
shown between micronuclei percentages
and specific chromosomal aberrations
(acentric fragments and dicentric chromo-
somes). Temperature was held constant,
and an additional level of power density of
0.5 mW/cm2 was added. Its use led to a
2.7% aberration and 1.4% micronuclei
compared to control levels of 1.5 and 0.9%.

In another paper the authors also traced
the occurrence and repair of chromosomal
aberrations in personnel repairing aircraft
traffic control radar (29). The signal was
ordinarily in the range of 1250 to 1350
MHz with a field strength varying from 10
pW to 20 mW/cm2. Under ordinary expo-
sure circumstances no long-term trend in
chromosomal abnormalities was found.
The six overexposed personnel were acci-
dentally exposed to much higher levels in
connection with work on equipment repair.

d'Ambrosio et al. (35) also found
genotoxic effects of amplitude modified
microwaves on human lymphocytes in cul-
ture. The signal was 9 GHz, modulated at
50 Hz with a specific absorption ratio of 90
mW/g and the exposure was for 10 min.

These findings are epidemiologically
important because of the need for biologi-
cal indicators of exposure and also because
of the theory that somatic cell mutations
lead to increased risk for cancer. The use-
fulness of such tests as a biological monitor
seems clear from the data and the findings

Table 4. Age-adjusted cancer and leukemia annual incidence rates for males and females in census tracts with
broadcasting towers compared to those without such towers (Honolulu, Hawaii, 1979-1983) and compared to
statewide rates per 100,000 (1978-1981).

Males Females
Area Incidence SIRa Incidence SIRa

All site cancer
Tracts with towers 439.6 (488)b 1.45* 368.6 (417) 1.27*
Tracts without towers 318.0 (135) 1.05 246.8 (103) 0.85
Statewide 341.2 (5468) - 272.4 (4658) -

Leukemia
Tracts with towers 15.2 (15) 1.58 7.6 (8) 1.45
Tracts without towers 2.4 (1) 0.27 5.0 (2) 0.97
Statewide 9.4 (163) - 5.3 (90)

*p<0.01. aStandardized for age. bNumbers of cases in parentheses. Statewide data are based on the
Surveillance, Epidemiology, and End Results Program Report 1973-1981 (39). Original incidence data given by
Goldoni (21) for 5 years.

of excess numbers of mutations among
chromosomes in the blood of the group
exposed at the Moscow embassy (17).

In a prospective study of persons with
stable mutations, Hagmar et al. (36) found
an increase in lymphoreticular cancqr, but
no such effect was seen in persons with
transient changes or changes of a chro-
matid type. A recent review by Akiyama et
al. (37) summarizes the present under-
standing of the prognostic importance of
somatic cell mutation.

Cancer in Children and Others
Study ofBroadcast Facilities andAdjacent
Populations in Hawaii. A unique oppor-
tunity to study the cancer incidence in the
vicinity of radio broadcasting towers
occurred in Honolulu, Hawaii. This situa-
tion existed in part because the hills sur-
rounding Honolulu are a nature preserve,
so the radio towers are located in many of
the populated census tracts of the city. The
study includes cancer incidence data for
1978 to 1981.

Two State Health Department officals
used the State Cancer Registry (38) to
compare the cancer incidence of nine
census tracts that included broadcast tow-
ers with two demographically similar tracts
with no towers (39). The U.S. Environ-
mental Protection Agency (U.S. EPA)
measured RF radiation at 21 locations and
reported that public exposures at 12 of the
locations exceeded currently recom-
mended limits. At two outdoor sites, expo-
sures were greater than 1000 pW/cm2, but
at distances greater than 100 to 150 feet
from the towers, the exposure levels gener-
ally were below 100 jiW/cm2. U.S. EPA
officials stated that RF radiation in
Honolulu did not pose an immediate risk
to the public but officials did not com-
ment on long-term risk. They suggested

that further studies be done by the Federal
Communications Commission.

The data for all cancer incidence rates
and for leukemia overall for males and
females, adjusted for age, are shown in
Table 4. If the data are adjusted by race
rather than by age, the standardized inci-
dence ratio (SIR) for total cancer, both
sexes, in tracts without towers is 1.07 com-
pared with 1.88 in tracts with towers, the
latter being significantly elevated. For
leukemia, the SIR is 0.59 for tracts without
broadcasting towers and 2.08 for tracts
with broadcasting towers.

The Childhood Leukemia Cluster on
the Waianae Coast, Hawaii. In 1985, a
pediatric oncologist informed the Hawaii
Department of Health that he had seen an
unusual number of children with leukemia
in the small communities of the Waianae
coast. This situation was confirmed by the
Hawaii Cancer Registry in 1986 (40). In
1990 the department conducted a more
detailed investigation and a case-control
study. A case was defined as a child under
15 years of age diagnosed with acute
leukemia between 1977 and 1990 who had
spent at least 25% of his or her lifetime in
the area before diagnosis. Fourteen cases
met this definition, of which twelve were
permanent residents and two had spent 2 to
3 days a week in the area. Based on the
state's cancer registry, the number of cases
to be expected was about one every 2 years
or about seven in 14 years. Seven of the
cases occurred during the 3 years 1982 to
1984. After 1985, case incidence returned to
expected levels-one case every 2 years (40).

Among the seven cases identified from
1982 to 1984, five were acute nonlympho-
cytic leukemia (ANLL), whereas statewide,
three of four cases were acute lymphocytic
leukemia (ALL). Six of seven cases were
girls; childhood leukemia appears to be
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somewhat more common in boys. Four of
the girls were between 9 and 12 years of
age, whereas the peak onset for childhood
leukemia is around 3 years of age.

In the case-control study of 14 cases
and 56 matched controls of the same sex
born within 6 months of the cases studied,
no statistically significant risk factors were
defined. There were, however, elevated OR
for other cases of cancer in the family
(OR= 3.4 with 95% CI of 0.70-16.41)
and for having ever resided within 2.2
miles of the Lualualei Naval Broadcast
Facility and its two low frequency radio
towers (OR 2.2; 95% CI of 0.65-7.56).

The authors suggest that improper
storage of oil may have been associated with
risk of benzene exposure, a known adult
leukemogen. No adequate environmental
measurements were available for radiation
or benzene exposure. Some measurements
of electric or magnetic fields were made by
the U.S. EPA in 1990, but the measure-
ments were made primarily along roads and
not in areas where children lived and
played. Nine of the fourteen cases were of
Hawaiian or part-Hawaiian ethnic origin,
and there is some evidence that Hawaiians
and Maoris of New Zealand have lower
rates ofALL and higher rates ofANLL than
other ethnic groups.

The authors concluded that "...close-
ness to the low frequency radio towers at
Lualualei Naval Station may have a weak
association with leukemia, even though it
is not statistically significant. This cannot
be considered proof that anything emanat-
ing from the station actually caused the
leukemia" (40).

North Sydney Study. Hocking et al.
(11) reported on cancer incidence and
mortality in the proximity of television
(TV) towers; cancer incidence and mortal-
ity for the 1972 to 1990 period for nine
municipalities in North Sydney, Australia,
were collected. Three municipalities were
closer to the TV broadcasting facilities than
the other six, and hence, exposed to more
RF radiation. The calculated power density
in the more exposed areas ranged from 8 to
0.2 pW/cm2 at a 4-km radius. At a distance
of 12 km, power density was 0.02 pW/cm2.
They found that for all ages, there was little
difference in incidence of brain cancer. For
leukemia, however, the incidence rate ratio
for adults was 1.24 (95% CI 1.09-1.40),
whereas for children it was 1.58 (95% CI
1.07-2.34), with a mortality rate ratio of
2.32 (95% CI 1.35-4.01). The authors were
unsuccessful in identifying confounders to
explain these results.

The signals emitted by the TV towers
were 100 kW video amplitude modulated
and 10 kW audio frequency modulated
on carrier frequencies from 63 to 215
MHz. The authors had no prior knowl-
edge of a possible cluster of leukemia cases
near the towers.

United Kingdom Studies. Dolk et al.
(12) reported on leukemia incidence near
the Sutton Coldfield radio and TV trans-
mitters for the years 1974 to 1986. In addi-
tion, they studied adult leukemia incidence
near 20 high power TV/frequency modula-
tion (FM) transmitters in Great Britain
(13). The Sutton Coldfield study examined
data within a 10-km radius in 10 bands of
increasing distance. The innermost area was
within 2 km of the transmitter; adult
leukemia relative risk (RR) was 1.83 (95%
CI 1.22-2.74). Actually, one case lived
within 0.5 km when 0.11 km could have
been expected on the basis of cancer registry
experience and the numbers of person-years
of observation.While this results in an RR
of 9, emphasizing location of a single case is
likely to represent a poorly defined range of
risk (Figure 1). There was a significant
decline in risk with increased distance
(p< 0.001) from the transmitters. Expected
numbers of leukemias in the 10-km zones
near transmitters were calculated on the
basis of national rates stratified by 5-year
age groups, socioeconomic deprivation
quintile, and region.

In a second Dolk et al. (13) study the
same procedures were used to evaluate
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risks surrounding 20 other broadcast
facilities in the UK for the same period;
3305 cases were identified, with an overall
observed-to-expected (O/E) ratio of 1.03
(95% CI 1.0-1.07). Decline in risk with
distance was significant for all sites com-
bined. Results in this study were similar to
those of the Sutton Coldfield study (12).
There was no significant excess risk for per-
sons living within 2 km of the transmitters
and excess risk was not greater than 15%
in any distance band up to 10 km.
However, the decline in risk for adult
leukemia with distance from the transmit-
ters was significant (p < 0.05). Eight of the
transmitters broadcast FM and three TV at
power equivalent to transmission in the
Sutton Coldfield study (12). One of the
transmitters, Crystal Palace, was located in
an unusually densely populated area and
appeared to be associated with almost half
the cases of leukemia. In the band between
2 and 3 km from the transmitter the adult
leukemia O/E ratio was 1.33. Figure 1
shows some of these gradients for the
Sutton Coldfield transmitters and for two
other groups of stations, one with greater
power than the other.

Rothman et al. (9) tabulated studies
that might relate leukemia to occupational
or recreational exposures to RF radiation
and studies that related such exposures to
brain malignancies. The risk ratios for
leukemia were > 1.0 for 19 studies and < 1
for 7. For brain tumors the RR was > 1 for
9 studies, and < 1 for 4.

0.5 1.0 2.0 3.0 4.9 6.3 7.4 8.3 9.2 10

Distance from tower, km

Figure 1. The O/E leukemia incidence ratio by distance from TV and FM broadcast towers. The trends are shown
for Sutton Coldfield and for two subsets of other such facilities in the United Kingdom for adults more than 15
years of age for the years 1974 to 1986. One subset is for facilities broadcasting TV in the range of 870 to 1000 kW
and the second includes those with power from 500 to 1000 kW. "The O/E incidence ratio of 9.0 is based on a
single case. Based on Dolk et al. (12,13).
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Grayson (10) reported on brain cancer
among U.S. Air Force personnel, and
found that rank (socioeconomic factor) was
the most important predictor. When this
was taken into account, nonionizing radia-
tion exposure was more important than
ionizing radiation and microwave expo-
sures more significant that low frequency
exposures. The positive association for mil-
itary rank had an OR of 3.30 (95% CI
1.99-5.45) for senior officers. For ionizing
radiation, the association is negative. The
military-rank-adjusted OR is significantly
elevated for RF: 1.38 (95% CI 1.01-1.90),
but not for ELF: 1.28 (CI 0.95-1.74).

Another study of military personnel
and radiation exposures was that by
Szmigielski (41), who examined cancer by
site among Polish military personnel dur-
ing the period 1970 to 1989. He found a
relationship between exposures to high fre-
quency (RF radiation) and cancer morbid-
ity. About 3700 of the approximately
128,000 personnel were classified as
exposed and data were tabulated for 12
types of cancer and four age groups. The
overall cancer morbidity for exposed per-
sonnel was 119.1/100,000 per year com-
pared on an age-adjusted basis to 57.6 in
the nonexposed group. The greatest O/E
ratios were found for chronic myelocytic
leukemia, 13.9; myeloblastic leukemia,
8.62; and non-Hodgkin's lymphoma, 5.82.
A cluster of six cases of testicular cancer

among traffic policemen using microwave
generators suggests that microwave expo-
sures can cause cancer of the testicle (42).
Other epidemiologic studies of exposed
military personnel point in the same
direction (43,44).

Lin et al. (45) collected data on brain
cancer deaths among white males for the
state of Maryland, and examined occu-
pations stated on the death certificates
Included were 951 brain tumors, of which
370 were glioblastomas, 149 astrocytomas,
and 432 had unspecified histology.

Fifty glioma and astrocytoma deaths
among workers in occupations with a high
probability of electrical exposures were
matched by age with a sample of the popu-
lation by age from the 1979 census. The
expected number of such occupations in
the general population was about one-third
of that observed (18/50) for cases. A case
reference study showed that the occupa-
tional category of electric or electronic
engineer and technician had three times
the number of cancer cases as the referent
population (18 vs 6; p<0.05). When the
specified occupations were ranked by

definite, probable, or possible exposures to
electromagnetic fields, the OR for astro-
cytoma and glioma were 2.15, 1.95, and
1.44, respectively.

Garland et al. (46) studied leukemia
among occupational groups with potential
electromagnetic field exposure in the U.S.
Navy. Because they studied personnel who
were hospitalized while on active duty, the
study cannot include personnel with leu-
kemia of substantial latency or those who
were not hospitalized. In fact, one occupa-
tional group, electrician's mate(s), showed
consistent excess of risk for leukemia.

Follow-up Study of40,000 Korean
War Naval Personnel In the Robinette et
al. (47) study, naval personnel were
divided into occupational groups with low
and high exposures by the occupational
designator for the personnel. Within these
two catagories were three occupational
classes, shown in Table 5.

Table 5 shows the occupational groups
and numbers of cases. Table 6 gives rates
for all deaths (per 1000) during the follow-
up period of 1950 to 1974: rates for deaths
attributable to disease, malignant disease,
and malignancy of the lymphatic and
hematopoietic systems. Death rates for the
group with the highest exposure, aviation
electronics technician(s) (AT), are sig-
nificantly higher than those for the remain-
ing men for all deaths, disease-related
deaths, deaths from malignancy, and
deaths from malignancy of the lymphatic

and hematopoietic systems. Although it
was true that this group had a higher mean
age at onset of the follow-up study (23.4
years) than the average of the whole group
(21.3) this mean age was younger than the
average for aviation electrician's mate(s) AE
(24.7), a category that showed no increase
in deaths from any malignancy or from
other diseases. The authors adjusted for
age, but in doing so combined the AT
group with the fire control technician(s)
(FT) group, which had a low malignancy
rate. These two groups, which were about
the same size, had 10 and 1 cases of lym-
phopoeitic or hematological malignancies,
respectively. For this population, compen-
sated disability by body system is shown in
Table 7 for the two high-exposure groups
compared to the remainder of the pop-
ulation Both numbers and crude rates are
given as well as the expected number of
cases for the more exposed group based on
the data for the remainder.

Additional Studies of Cancer in
Chilren and Others. Among the many tab-
ulations from the Lilienfeld report (18),
those for data about leukemia are shown in
Table 8, based on data excerpted from the
Lilienfeld report by Goldsmith (8). Although
the numbers are small, there is significant
excess for child dependents in both Moscow
and other embassies, as well as an excess for
employees and dependents in both locations.
Estimated exposures at the Moscow embassy
were from 5 to 18 pW/cm2.

Table 5. U.S. Naval personnel by occupational category during the Korean War and deaths by cause group, 1950
to 1974.

Low exposure High exposure
RM RD AE ET FT AT

Number of ! rsons 9253 10,116 1412 13,078 3298 3733
Total deatU 296 308 61 441 144 198
From dise 161 165 22 199 81 77
From malil. tdisease 39 47 8 65 16 27
From mali cicy of the lymphatic
and hematopoietic systems 6 14 0 18 1 10

Abbreviations: ET, electronics technician(s); RD, radioman; RM, radarman. Data based on Robinette et al. (47).

Table 6. U.S. Naval personnel by occupational category during the Korean War and crude death rates per 1000 by
cause group, 1950 to 1974.

Low exposure High exposure
RM RD AE ET FT AT

Number of persons 9253 10,116 1412 13,078 3298 3733
Total death rates 32.0 30.4 43.2 33.7 43.7 53.0
From disease 17.4 16.3 15.6 15.2 24.6* 20.62*
From malignant disease 4.21 4.65 5.66 4.97 4.85 7.23*
From malignancy of the lymphatic
and hematopoietic systems 0.65 1.38 0.00 1.38 0.3 2.68*

*Significantly increased, p<0.05 compared to less-exposed groups. Data based on Robinette et al. (47). For occu-
pational class definitions see Table 5 and text.
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Table 7. Number of U.S. Naval personnel receiving Veterans Administration compensation in 1976, by diagnostic
group, for two high-exposure groups (FT and AT) relative to the low-exposure groups exposed during the Korean War.

Diagnostic group

Musculoskeletal
Special sense organs
Systematic conditions
Respiratory
Cardiovascular
Digestive
Genitourinary
Hemic, lymphatic
Skin
Endocrine
Neurologic
Nerves
Epilepsies
Mental conditions
Other

Total diagnoses
Total populations

FT and AT
No Rate/i 000

119*
42
5*

51 *
47*
55
19
3

58
11
16
3
0

46
2

477**
7031

16.9
6.0
0.7
7.3
6.7
7.8
2.7
0.4
8.2
1.6
2.3
0.4

6.5
0.3

67.84

No

403
152

7
171
142
229
99
10

227
46
54
41
16

198
19

33,859

All others
Rate/i 000

11.90
4.49
0.20
5.05
4.19
6.76
2.92
0.30
6.70
1.36
1.60
1.21
0.47
5.85
0.56

53.61

FT and AT,
expected no

83.7
31.6
1.45

35.5
29.5
47.6
20.6
2.08

47.1
9.55

11.2
8.5
3.32

41.1
3.95

376.94

*Significantly increased, p<0.05; **significant, p< 0.01. Data based on Robinette et al. (44).

Table 8. Leukemia among U.S. embassy employees and child dependents in Moscow and other Eastern European
embassies.

Moscow embassy Other embassies Total
Population Observed Expected Observed Expected O/E
Employees 2 0.8 3 1.7 5/2.5
Child dependents 2 0.5* 3 0.7* 5/1.2*

Total 4 1.3* 6 2.4* 10/3.7*

*Significantly elevated O/E ratio, p< 0.05. Based on table in Goldsmith (8).

Evidence ofOther Health Effects
Lenticular Changes. Toncheva et al. (48)
studied 87 persons working with radar and
150 eye-matched controls. The radar
workers were divided into five risk groups
according to frequencies of microwave
exposure (200 KHz to 26 GHz) and power
density (8 pW to 300 mW/cm2).

They found three specific radiation
cataracts in persons working with extremely
high microwave exposure. Lens changes
were associated with level of exposure in
different risk groups. Changes such as
opacities and posterior polar defects are
criteria for microwave exposure.

Nonspecafic Disability. In their study
of Korean War Veterans, Robinette et al.
(47) obtained data for disability by body
system in 1976. As noted in a previous
analysis (8), the AT workers, those pre-
sumed to have received the most radiation
exposures, were combined with the lesser-
exposed FT to make what was designated
the high-exposure group.

In the ten categories in Table 7 (cate-
gories with five or fewer cancer cases are
not included) the high (FT+AT) group
is higher than the remaining groups,
with lower exposures in nine of ten

body systems (significant by sign test at
p< 0.05).

The overall disability rate of 67.8/1000
is significantly greater than 43.1 by
Poisson criteria. As is apparent from the
combination of the two highest exposure
job categories and the nature of the job
classification procedure as described by
the investigators, this analysis probably
underestimates the effects of exposure.

Nonspecific Neurological and Sensi-
tivity Reactions. Silverman (49) noted
some nonspecific reactions to RF radiation,
and a more recent review (50) brings these
findings up to date. More research is
needed to better define these reactions.

Interpretations
Available data suggest that RF radiation be
considered a carcinogenic risk, a position
already taken in an internal U.S. EPA doc-
ument (51) in 1990 when there was much
less evidence of the potential harmfulness
ofRF radiation.

Except for the Moscow staff, which
includes both workers and dependents,
most of the exposures studied are relevant
to occupation. The most relevant to cases
of community exposure risks today are

those involving populations living near
broadcast facilities. Cellular telephone
users have not been exposed in definable
numbers for a long enough time period
for an adequate study to be made of
cancer incidence.

However, interpretations must take into
account the report of the Repacholi et al.
study (52) of lymphoma-prone mice, who
showed a doubling of the incidence of lym-
phoma over an 18-month period when
exposed to modulated radiation similar to
far-field cellular telephone exposures. This
initial finding of experimental evidence of
cancer from cellular-telephonelike exposures
emphasizes the importance of examining
epidemiologic evidence of such effects.
Possibly the most suitable source for such
data would be the more detailed study of
exposures of military personnel or air traffic
controllers who received definable exposures
and have undergone a sufficient period of
follow-up. Evaluation of such nonspecific
symtoms as headache, sleep disturbances,
and unfavorable reproductive outcomes of
populations living near broadcast facilities
should have priority for community studies.

The evidence may or may not justify
more restrictive regulation of occupational
exposure; for community exposures, how-
ever, the evidence justifies prudent avoid-
ance (14,15). The concept has been
presented by a group of Swedish govern-
ment agencies in response to the evidence
concerning ELF exposures. The plan is
basically voluntary and stresses education
about risks and economic analysis of
uncertain risks and the possible costs of
their avoidance.

Included among the actions to take
under the rubric of prudent avoidance is epi-
demiologic monitoring (53), a system of
standardized health status measurements of
presumably reversible effects, which can, if
unfavorable trends are discerned, become
the basis for higher levels of population pro-
tection. The availability of a number of
potentially reversible biologic responses
makes this an unusually attractive possibility.
A second type of action is to provide

realistic procedures to minimize the
exposures. Shielding the head and face from
exposures to the antennae of hand-held
cellular telephones, and guidelines for keep-
ing an adequate distance between broad-
casting sources and civilian populations, are
clearly indicated.

Further work is needed on the possi-
bility of carcinogenicity in experimental
systems of RF exposures. These systems
should be separate from evaluations of
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ELF, which does not appear to have the
same set of effects.

This review casts some doubt on efforts
to distinguish ionizing from nonionizing
radiation with respect to their health effects.
It also raises doubt about the protective role
of regulations based solely on the thermal

effects ofRF radiation, which is the basis for
current standards.

There seems to be some evidence from
the Moscow study and community studies
in the vicinity of large FM and TV broad-
casting facilities that exposures as low as 2
jIW/cm2 may have long-term health effects.

A comprehensive and critical review of
the epidemiologic data available on health
risks from RF exposure should be carried
out and the reasonable measures for avoid-
ance of the identified risks should be
described and evaluated.
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