AM. IND. HYG. ASSOC. J. 56;189-192 (1995)

374

There are several mechanisms by which the presence of
an EMF over time could result in increased incidence of dis
ease. The probability of oncogenesis could be increased in the
presence of an EMF compared with its absence, in which case
the role of time in manifesting increased disease levels would
be a result of the cumulative probability of a rare event. Lab
oratory studies provide a possible molecular basis for the oc
currence of EMF-induced events that might subserve onco
genesis.(11) Alternatively, cumulative EMF exposure could
burden one or more of the body’s regulatory systems, leading
to a progressive escape from regulation. Since cancer of the
blood-forming elements is frequently reported in connection
with EMF exposure, it is reasonable to expect that any pro
gressive change would be manifested in a phenotypic change
in blood cells. The report of an association between EMF ex
posure and polycythemia might be an example of progressive
disregulation of blood-forming elements.(12) Another possi
bility is neuroendocrine-mediated immunosuppression, and
evidence suggesting a role of the central nervous system has
been presented.(13)
The applicability of a threshold-based standard that excludes
possible time-based mechanisms can be evaluated by examining
subjects exposed to similar EMFs for varying lengths of time: a
correlation between time of exposure and a change in magnitude
of a biological parameter would be evidence of the importance
of time. Pertinent data was provided in a report published at the
dawn of consideration of the EMF health-risk issue,(14) and the
results of an analysis of the effect of time on the measured pa
rameters are provided here.

A Wo r ld Wa r I I -e r a s tu d y , in v o lv in g th e e ffe cts o f e le c tro m a g n e t i c f i e l d s ( E M F s) e m a n a t i n g f r o m r a d a r s a n d h i g h fr eq u e n c y r a d ios o n th e b loo d o f e x p o s ed wo r ke r s , wa s a n
a lyz e d for e v ide n c e of th e e ffe c t o f tim e in th e m an ife s ta tio n
o f c h a n g es in th e h e ma to lo gic a l sy s te m . S ta tis tic a lly s ign if
ic an t c o rr e la tio n s b etw e e n in c r e as in g wh ite blo o d ce ll c ou n t
a nd a v e ra g e d aily e xp o s u r e, m o n th s o f e x p o s ur e , a nd to tal
d u ra tio n o f e x po s u r e to EMFs we r e fo u n d. Ch a ng e s in c e ll
c ou n t wer e w ith in the n o r ma l r a ng e , a nd th u s th e ir r e la tio n
to e p id e mio lo g ic a l s tu d ie s lin k ing EMFs a n d le u k e m ia , if
a n y, is un c le a r. Re s ults s ug g e s t th a t th e time o f ex p o s u re m a y
b e a n a d ditio n al fa c to r ( a lo n g with field s tre n g th , a n d pe r
h a ps fr e qu e n c y ) in a sc e r ta in in g th e s a fe ty o f EMF ex p o s u re .

he role of time in the elaboration of biological effects
in human subjects due to exposure to electromagnetic
fields (EMFs) is controversial. Acute effects arising
from neural stimulation and tissue heating have long been recognized,(1) and the goal of obviating health risks mediated by
these mechanisms was the rationale for the original standard
for safe exposure levels of EMFs promulgated by the American
National Standards Institute (ANSI).(2) In this view risk is associated with EMF strength and perhaps frequency, but is independent of time of exposure. Over the years the adopted
threshold has decreased,(3) but time has consistently been excluded as a factor mediating risk; the ANSI standard is voluntary, but is widely followed in industry and government.(4)
In apparent contrast with the rationale for the voluntary
standard, the EMF epidemiological studies are unanimous
in imputing risk, if it exists at all, to situations involving
long-term exposure. When job classifications were used as a
surrogate for EMF exposure, more than the expected number
of cases of leukemia were found.(5-7) Among males who died
from acute myeloid leukemia, an increased relative risk was
found for the occupations that involved exposure to EMFs;(8)
similar results were found in other studies.(9) Amateur radio
operators died more often than expected from leukemia.(10) In
all these studies the subjects were exposed to EMFs for pro
longed periods.

T

METHODS
During World War II, at the request of the Bureau of Ships,
investigators at the Naval Research Laboratory (NRL) studied
the health status of civilian personnel and the emission characteristics of the experimental radar and high-frequency radio
equipment with which they worked. The purpose of the project
was to determine whether the equipment gave off harmful radiation and, if so, to identify the harm produced. The expressed
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experienced by the subjects encompassed a variety of radar systems and job activities, but no data were presented regarding either
factor; individual data were given, however, regarding the number
of hours per day of exposure and number of months on the job.
The hemoglobin data were expressed only in relative units,
and the differential involved too few cells for analysis. Sufficient
data were provided, however, to calculate the linear correlation
coefficients between blood cell counts and the logarithm of the
time of exposure.

RESULTS

concern was for ionizing radiation, and the possibility that exposure to nonionizing radiation could also be harmful was not
explicitly mentioned. The final report of the project (which was
not published) described the radiation emitted by the equipment
and the results of clinical measurements and physical examinations of exposed personnel; the results of the clinical study were
published,(14) and that report, which provided the only available
demographic and clinical data, is the basis of this analysis.
A total of 45 male subjects was studied; the means by which
they were selected was not described, but it appears to have included the entire cohort of civilian personnel working with experimental radar and radio at the NRL. The duration of exposure
of individual workers varied from a minimum of two months to
a maximum of nine years. Periodic blood counts and physical
examinations were performed during a one-year observation period, and the following data were presented for each subject: number of months of EMF exposure at NRL; average exposure during
an eight-hour shift (in hours); red blood cell (RBC) count; white
blood cell (WBC) count; hemoglobin; and WBC differential
count. A general description of observations from physical examinations also was given. The reported data and observations
related to the last examination of each subject within the observation period. It seems reasonable to expect that the exposure

The average daily exposure of the workers to EMFs varied from
1 to 8 hours per 8-hour shift, and the months of exposure varied
from 2 to 52 months for 44 subjects, and was 108 months for 1
subject; the distributions are shown in Figure 1.
There were no serious illnesses among the exposed personnel, but patient histories revealed the occurrence of frontal headaches in 22% (10/45) of the subjects. The headaches were not
severe and usually occurred after several hours of exposure and
disappeared about an hour after cessation of exposure. Three
subjects reported a sensation of mild heat in the face or hands
when they were directly exposed to the EMF. One of the concerns that prompted the study was the possibility that EMFs
might cause alopecia, but no such cases were observed.
The WBC count from six subjects was over 10 000/µL, and
the clinical observations in these cases were that the subjects
were suffering from an upper respiratory infection at the time
the count was taken, and one other subject was infected with an
intestinal parasite; the data from these seven subjects was not
considered here. The RBC count was not correlated with time
of exposure to EMFs (Table I). In contrast, WBC count was
significantly correlated with months of exposure, average time
of exposure during the workday, and with total exposure, which
is a measure of the cumulative number of hours of EMF exposure; WBC count scattergrams are shown in Figure 2.

DISCUSSION
The white cell count increased progressively with number of
months of exposure to EMFs (Figure 2A) and with average daily
exposure (Figure 2B). When a time measure involving the total
number of hours of EMF exposure was computed by multiplying
the number of months of exposure x the average daily exposure
for each subject, the resulting values also were correlated with
TABLE I. Correlation Coefficients Between Time and
Blood Cell Count in EMF-Exposed WorkersA
Correlation Coefficient
Time
White Cells
Red Cells
Months
0.36 (0.02)
0.14 (NS)
Hrs/workday
0.63 (0.0001)
0.10 (NS)
Total exposure
0.56 (0.0002)
0.14 (NS)
A

Total exposure is months x hrs/workday. Corresponding P values
are given in parentheses. NS, not significant.

of time of exposure to nonionizing EMFs proportionately affected white cell count, with higher counts being manifested in
subjects who had a greater cumulative exposure.
The study was performed in the early days of the modern
era of epidemiology, and it lacked data concerning demographics, job descriptions, smoking status, selection criteria, and EMF
characterization; but these same limitations also are found in
present-day EMF epidemiological studies.(5-10) Although the
limitations must be considered, they seem unlikely to have produced a false positive association between WBC count and exposure time, because nothing in the study suggests that they occurred differentially or pursuant to a pattern. The likely effect of
the various potential confounders, therefore, would be to obscure
an association between EMF exposure and WBC count because
the confounders would amount to randomizing influences.
Other studies have involved occupational or residential exposure to radar, but they do not bear directly on the results reported here. Servicemen (124 subjects) exposed for various periods had a mean WBC count similar to that of unexposed controls (20 subjects); however, reticulocyte concentration was
significantly greater in the exposed group.(15) In a larger study
(40 000 subjects) naval personnel exposed to radar were split
into two groups based on job titles (high and low (relative) EMF
exposure), and the mortality rates in the two groups were found
to be identical.(16) However, both groups were exposed to EMFs;
moreover, despite an overall healthy worker effect, the study
subjects exhibited significantly elevated relative risks for some
tissue-specific malignancies.(17) Links between residential exposure to radar and cancer also have been suggested.(18,19)
The possible relation between job-related EMF exposure and
blood-cell count could be studied in subjects with occupational exposure to EMFs such as those who work with radar, communications equipment, and radio-frequency heaters. A study of blood-cell
phenotype in relation to job-related exposure and incidence
of cancer would permit assessment of the apparent progressive
elevation of white cell count, and whether it is an indicator of a
precancerous state; if so, WBC count might help to identify subjects
at risk for leukemia associated with EMF exposure.
In summary, the data suggests that EMF exposure was correlated with increased WBC count, and this possibility merits
further consideration, because the present de facto EMF standard(3) does not take time of exposure into consideration in arriving at a determination of a safe exposure level.

REFERENCES

WBC count (Figure 2C). Only three subjects reported subjective
sensations of heat, and consequently heating seems an unlikely
reason for the observed correlation. The original study(14) provided no evidence that the radar and radio equipment were
sources of ionizing radiation, and a contemporaneous study reported that the nonionizing radiation produced by the equipment
consisted of soft x-rays that could not penetrate the steel and
aluminum cabinets of the equipment.(15) Although a role for nonionization radiation (or other possible confounding factors) cannot be completely discounted, the data suggests that the amount

1. Proceedings of Tri-Service Conference on Biological Hazards of
Microwave Radiation, July 15-16, 1957. [ASTIA Document No.
AD 115603; Contract AF 18(600)-l180] Washington. D.C.: The
George Washington University, 1957.
2. American National Standards Institute (ANSI): American National Standard Safety Levels with Respect to Human Exposure to
Radiofrequency Electromagnetic Fields, 300 kHz-100 Ghz. [ANSI
C95.l-1982] New York: American National Standards Institute,
1982.
3. IEEE Standards Coordinating Committee 28 Non-ionizing Radiation: Safety Levels with Respect to Human Exposure to Radio
Frequency Electromagnetic Fields, 3 kHz to 300 Ghz. [IEEE

4.
5.
6.

7.
8.
9.

10.
11.

C95.1- 1991] Piscataway, N.J.: IEEE Standards Department,
1991. Adopted by ANSI Nov. 18, 1992 as ANSI/IEEE C95.l1992.
“Radiofrequency Radiation Exposure Guidelines,” Federal Register53:19393 (14 April 1993).
Milham, S.: Mortality from leukemia in workers exposed to electrical and magnetic fields. N. Eng. J. Med. 307:249 (1982).
Wright, W.E., J. Peters, and T. Mack: Leukaemia in workers
exposed to electrical and magnetic fields. Lancet ii: 160
(1982).
Coleman, M., J. Bell, and R. Skeet: Leukaemia incidence in electrical workers. Lancet i:982 (1983).
McDowaIl, M.E.: Leukemia mortality in electrical workers in England and Wales. La.ncet i:246 (1983).
Pearce, N.E., LA. Sheppard, J.K. Howard, J. Fraser, and B.M.
Lilley: Leukemia among New Zealand agricultural workers. Am.
J. Epidemiol. 124:402—409 (1986).
Milham Jr., S.: Silent keys: leukemia mortality in amateur radio
operators. Lancet i:812 (1985).
Byus, O.V., R.L. Lundak, R.M. Fletcher, and W.R. Adey: Alterations in protein kinase activity following exposure of cultured

12.
13.

14.

15.
16.

17.

18.
19.

human lymphocytes to modulated microwave fields. Bioelectromagnetics 7:341 (1984).
Friedman, H.L.: Are chronic exposure to microwaves and polycythemia linked? N. Eng. J. Med. 304:357—358 (1981).
Bell, G., A. Marino, A. Chesson, and F. Struve: Human
sensitivity to weak magnetic fields. Lancet 338:1521—1522
(1991).
Daily, L.E.: A clinical study of the results of exposure of
laboratory personnel to radar and high frequency radio. U.S.
Naval Med. Bull. 41:1052—1056 (1943).
Lidman, B.I. and C. Cohn: Effect of radar emanations on the
hematopoietic system. Air Surg. Bull. 2:448-449 (1945).
Robinette, C.D., C. Silvennan, and S. Jablon: Effects upon
health of occupational exposure to microwave radiation (radar).
Am. J. Epidemiol. 112:39-53 (1980).
Lin, R. S., P. C. Dischinger, J. Conde, and K. P. Farrell:
Occupational exposure to electromagnetic fields and the
occurrence of brain tumors. J. Occup. Med. 27:413—419 (1985).
Lester, J.R. and DI. Moore: Cancer incidence and
electromagnetic radiation. J. Bioelectricity 1:59—76 (1982).
Lester, J.R. and D.F. Moore: Cancer mortality and Air Force
bases. J. Bioelectricity 1:77—82 (1982).

