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Approximately 9,000,000 US workers are occupationally exposed to
radiofrequency (RF) radiation; over 250,000 operate RF dielectric
heaters. Our purpose was to determine whether male RF heater operators
experience increased adverse reproductive effects reflected in reduced
semen quality or altered hormone levels. We measured incident RF
heater radiation exposures and RF-induced foot currents at four
companies. For 12 male heater operators and a comparison group of 34
RF-unexposed men, we measured 33 parameters of semen quality and
four serum hormones. Despite wide variation in individual exposure
levels, near field strengths and induced foot currents did not exceed
current standard levels and guidelines. We observed minor semen
quality and hormonal differences between the groups, including a
slightly higher mean follicle-stimulating hormone level for exposed
operators (7.6 vs 5.8 mIU/mL). Further occupational studies of
RF-exposed men may be warranted. (J Occup Environ Med. 2000;
42:993–1005)

R adiofrequency (RF) radiation refers
to nonionizing electromagnetic en-
ergy in the frequency range 30 kilo-
hertz to 300 gigahertz. Sources in-
clude radar, radio, television,
satellite communications, microwave
ovens, medical diathermy devices,
and industrial heaters and welders.
Approximately 9,000,000 US work-
ers may be occupationally exposed
to RF radiation.1

RF sealers and dielectric heaters
are used to heat, dry, emboss, melt,
seal, or cure materials that are poor
electrical conductors (dielectric).
Applications include the manufac-
ture of plastic and wood products
and the embossing and drying of
textile, paper, plastic, and leather
products. These products are usually
processed by placing the dielectric
material between two parallel, metal-
lic plates and applying high voltage
between the plates. The applied volt-
age oscillates at a high frequency (3
to 100 megahertz [mHz]) and pro-
duces RF electromagnetic energy be-
tween the plates. As hydraulic or
pneumatic pressure is applied to the
dielectric material between the me-
tallic plates, RF energy is used to
process the material. Although most
of the RF energy generated is ab-
sorbed by the material being pro-
cessed, some energy is radiated into
the environment, where it can be
absorbed by the operator and nearby
workers.

Electromagnetic energy has both
an electric (E) and a magnetic (H)
component. Because worker expo-
sures from industrial dielectric heat-
ers usually occur in the near-field
(within one wavelength of the
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source), both the E- and H-field
strengths must be measured sepa-
rately to fully evaluate the RF expo-
sure to the heater operator. Studies
have shown that these heater opera-
tors can be exposed to field strengths
as high as 7.293 106 volt2/meter2

(V2/m2) for the E-field and 42.5 am-
pere2/meter2 (A2/m2) for the H-
field.2,3 Additional surveys4–6 have
confirmed that operator exposures
often exceed the occupational expo-
sure guidelines established by the
Institute of Electrical and Electronics
Engineers (IEEE). For the E-field
these guidelines are 3.773 103 V2/
m2; for the H-field a frequency-
dependent standard for exposure
ranges from 33 10-1 2 2.7 3 10-2

A2/m2 for 30 to 100 mHz.7

RF energy must be absorbed to
raise the temperature of the body or
to injure tissues. The specific absorp-
tion rate (SAR), defined as the time
rate of RF energy absorption per unit
mass of the absorbing material (W/
kg), is well correlated with the inci-
dence of biological effects in many
animal studies.8 Although the E- and
H-field strengths can be measured,
the rate of RF energy absorption in
the worker’s body cannot be directly
measured. However, the E- and H-
field exposure measurements can be
used to estimate the SAR.

Most occupational exposure
guidelines use readily measurable
exposure quantities (E- and H-field
strength). The field strength guide-
lines have been derived from the
SAR selected as the basis for the
guidelines. In most cases, the SAR
selected ensures that the average
SAR for the whole body will not
exceed a specific absorption rate
value that is one-tenth of the lowest
SAR that has been shown to produce
adverse effects in human or animal
studies. Partial-body SARs (eg, for
the extremities) are also specified in
these guidelines. Gandhi et al
showed that extremely high rates of
energy deposition may occur in ana-
tomically localized areas of RF
heater operators (ie, partial-body
SARs), even though whole-body

SARs are below recommended
guidelines.9 Partial-body SARs can
be determined by measurement of
the current induced in the operator’s
body when the RF heater is operat-
ing. This RF-induced current is typ-
ically measured at the operator’s
wrist or feet. The parallel-plate ap-
plicators of RF heaters are usually
located near the operator’s waist.
Other measured and calculated data
have shown that SARs can be quite
high in the heater operator’s groin
area,10,11 even when the operator is
not in contact with the heater. How-
ever, operators must touch the con-
trol panel on the RF heater to process
the materials. When an operator
touches the heater, the partial-body
SAR is typically 50 to 200 times
higher than that without operator
contact.12 Thus, instrumentation has
been developed to measure contact
currents and exposure guidelines for
contact currents have been estab-
lished.13,14The IEEE contact current
guideline is 100 milliampere (mA)
from 0.1 to 100 mHz, and the Cana-
dian occupational limit is 40 mA for
exposures from 0.1 to 100 mHz.14

Adverse male reproductive effects
have been associated with hyperther-
mia caused by RF radiation in ani-
mals15–20 and in humans.21 Adverse
effects from nonthermal RF radiation
exposure (ie, exposure that causes no
measurable rise in temperature) are
also possible and may occur at much
lower SARs than those required to
induce hyperthermia.22 Testosterone
levels in male rats decreased after up
to 60 days of exposure to pulsed
microwaves at nonthermal SAR lev-
els.23

In humans, two surveys found ad-
verse male reproductive effects when
occupation was used to infer RF
exposure. Barron et al24 identified an
increase in “subfertility” (childless-
ness due to male sterility or unknown
causes) in a group of 226 men occu-
pationally exposed to RF radiation
compared with 88 controls. Statisti-
cally significant decreases in sperm
count and the number of normal,
motile sperm were reported by Lan-

cranjan et al25 in 31 men exposed to
microwave radiation (RF radiation in
the 0.3 to 300-gigahertz range) for an
average of 8 years compared with 30
control men. Details of exposure
conditions were not given by the
authors. The objective of our study
was to determine whether men who
work with RF sealers experience in-
creased adverse reproductive effects
as reflected in reduced semen quality
or altered hormone levels.

Methods

Description of Study Facilities
Four companies located in Mary-

land provided an initial combined
group of 98 male RF heater opera-
tors. Water mattress manufacturers
were chosen for this RF heater study
because they employ primarily men
to seal the long seams, corners,
valves, and interior baffles of water
mattresses. The RF heaters used had
no protective shielding and were lo-
cated in a central area of each plant.
For these reasons, most personnel
were considered to be exposed to RF
radiation. In fact, RF radiation from
several machines contributed to the
exposure of each employee. A com-
parison group of nonexposed male
workers was selected from a group
of 140 workers at a nearby commu-
nications equipment manufacturing
facility. The comparison group was
selected from inspectors, techni-
cians, and assemblers in quality as-
surance and fiber-optic assembly de-
partments, where there was minimal
exposure to physical and chemical
agents. Soldering, an activity with
potential lead exposure, was gener-
ally done in other departments in this
facility, and the income and age
ranges of these workers were similar
to those of the RF heater operators.

Selection of Participants
Study participants were required

to be 18 years of age or older. To
ensure work exposure through at
least one full spermatogenic cycle,
participants were required to have
worked full-time for at least 3
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months at the companies selected.
Lists of potential participants were
generated from company personnel
rosters at RF-exposed and unexposed
facilities. Letters describing the
study were sent to all potential par-
ticipants, and a Fact Sheet describing
the study and our current understand-
ing of RF exposure and adverse
health effects was distributed to
workers at each study facility. Each
potential participant was interviewed
privately to explain the study and
obtain informed consent. All who
refused to participate answered a
short Nonparticipant Questionnaire
to compare basic demographic, re-
productive, and motivational at-
tributes of participants and nonpar-
ticipants. Participants with medical
or exposure histories that were con-
sidered likely to affect the RF-
reproductive profile relationship
were excluded by consensus of the
study andrologist, the study physi-
cian, and three health physicists, who
were not aware of exposure status.

Questionnaire and Semen
Collection

The study was conducted from
May 23 to June 10, 1988. After an
informed consent form was signed
by the study participant, a reproduc-
tive questionnaire was administered
to collect work and medical histories
and demographic, lifestyle, and re-
productive information. A physician
then performed a limited reproduc-
tive physical examination and drew
blood for hormonal analysis. Testic-
ular volume was measured by using
plastic templates.26 A brief videotape
was shown to each participant to
explain sample collection. The vid-
eotape stressed three points: 2 days
of sexual abstinence were requested
prior to sample collection; the sam-
ple had to be collected by masturba-
tion; and the sample had to be deliv-
ered to the National Institute for
Occupational Safety and Health
(NIOSH) field laboratory within 1
hour of ejaculation. At the time of
collecting the semen sample, each

subject recorded on the collection jar
label his abstinence time, collection
time, and any unintentional spillage.
At the time of delivery of the semen
sample, each man was paid $40 for
participating in the study.

Laboratory Analyses
Semen analysis.Initial evaluation

on receipt of each semen sample
included the recording of semen tem-
perature, turbidity, color, liquefac-
tion time, volume, osmolality, and
pH. Videotaped semen recordings,
viability assessments, sperm counts,
preparation of slides, and preserva-
tion of seminal plasma were also
done at this time. Morphologic and
morphometric analyses of slides,
computer analyses of videotapes for
motility and velocity, and seminal
biochemistry were completed at a
later time. Analysis methods for se-
men count, concentration, volume,
viability, morphology,27 morphome-
try,28 and motility29 have been de-
scribed in detail previously, as have
the colorimetric assays of zinc30 and
fructose,31,32 performed with semi-
nal plasma.

Sperm chromatin structure assay.
The sperm chromatin structure assay
(SCSA) measures susceptibility of
sperm DNA to acid-induced denatur-
ation in situ.33–35Briefly, sonication-
freed sperm nuclei are treated with a
low-pH buffer and then stained with
acridine orange. The stained nuclei
are measured by flow cytometry to
quantitate the amount of green fluo-
rescence (515 to 530 nanometers)
corresponding to native double-
stranded DNA and the amount of red
fluorescence (.630 nanometers)
corresponding to single-stranded, de-
natured DNA. The value for cells
outside the main population provides
an index for the percent of cells with
abnormal chromatin structure, de-
fined as an increased susceptibility to
DNA denaturation. The extent of
abnormality is expressed as the ratio
of red fluorescence (denatured DNA)
to total fluorescence (red1 green, or
denatured1 native DNA) and as the
standard deviation of this ratio. In the

NIOSH 8-month longitudinal study
of semen quality in 45 unexposed
workers,36 repeated SCSA results
from a single man showed very high
levels of repeatability and precision.
Previously reported SCSAs in hu-
mans have detected extensive dam-
age in the chromatin structure of
sperm from chemotherapy patients
and in infertility clinic patients
whose semen quality was considered
normal by other criteria.37,38Human
sperm from unexposed men that are
positive for altered chromatin struc-
ture have been shown to have DNA
strand breaks.39 Subfertile patients
have shown higher SCSA values
than fertile donors.34 A recent
study40 showed that the SCSA data
on semen from male partners of cou-
ples that achieved pregnancy within
3 months of unprotected intercourse
were significantly different from
samples from couples who achieved
pregnancy within 4 to 12 months
(P , 0.01) and from couples that had
not achieved pregnancy by 12
months (P , 0.001). Thus, chemo-
therapy-altered chromatin structure
produces SCSA profiles similar to
that observed in male sub/infertility.

Hormonal analysis.A single blood
sample was drawn from each partic-
ipant. Most of the samples were
drawn during morning working
hours. Radioimmunoassays for folli-
cle-stimulating hormone (FSH),41 lu-
teinizing hormone (LH),42 prolac-
tin,43,44 and total testosterone by
extraction and chromatography ra-
dioimmunoassay45,46 were per-
formed according to published meth-
ods.

Definition of Exposure
RF radiation survey.A radiofre-

quency radiation survey of all avail-
able heaters at each company in the
study was conducted to determine
mean RF heater exposures by com-
pany. Survey measurements were
made with the operator of the ma-
chine at the time of the survey with-
out regard to study participation sta-
tus. The survey included the
following measurements: (1) the E-
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and H-field strength incident on the
operator at eye, chest, and groin lev-
els; (2) the induced current in the
operator’s feet from the E-field; and
(3) the frequency of the emitted RF
radiation. A Continental Mini Max
Frequency Counter Model MM50
(Continental Specialties Corporation,
New Haven, CT) was used to deter-
mine the operating frequency of the
heater, which was compared with
equipment label frequency informa-
tion when possible. The incident E-
and H-field strengths were measured
by using a Holaday HI-3003 Broad-
band Isotropic Survey Meter (Hola-
day Industries, Inc, Eden Prairie,
MN). Two probes were used: one to
measure the E-field strength in
V2/m2 and the other to measure the
H-field strength in A2/m2. The data
were recorded with a Holaday HI-
3320 Data Logger protected against
RF interference.47 The RF-induced
foot current was determined with the
heater operator standing on a dual-
foot sensor.9 The foot current flowed
through the sensor across a resistor
of known impedance and was calcu-
lated from the measured voltage
across the resistor and the known
impedance. Voltage was measured
by a Ballantine Model 3440A RF
Millivoltmeter (Ballantine Laborato-
ries, Inc, Boonton, NJ). The foot
current data also were recorded with
the Holaday data logger. Field

strength and foot current were mea-
sured for a minimum of one product
cycle or a maximum of 6 minutes.
Because the data logger sampled re-
al-time product cycles that included
“off time,” the exposures were time-
weighted average (TWA) values.
The logged data were then trans-
ferred to a computer for review and
analysis.48

Continuous, real-time RF radia-
tion exposure data were corrected for
the frequency dependence of radia-
tion survey instrumentation and re-
duced to mean indices of exposure
for each company. Geometric means
and standard deviations were calcu-
lated for E- and H-field strength
data; arithmetic means and standard
deviations were calculated for body
current data. Average foot current
was considered to be the most rele-
vant surrogate for biological dose; it
was selected as the continuous oper-
ator exposure variable for regression
modeling. If individual foot current
measurements of the study partici-
pant were unavailable, company
mean values were substituted. Di-
chotomous exposure was used in all
other analyses.

Survey for potential confounding
exposures.The following chemi-
cals were identified as possible air-
borne contaminants from the RF
heat-sealing process: 1,1,1-trichlo-
roethane, toluene, decane, 2-ethyl-

1-hexanol, undecane, dodecane, re-
maining total hydrocarbons,
formaldehyde, hydrochloric acid,
and sulfuric acid. We based this
selection on a literature review, our
previous experience with RF heat-
ers at a water bed plant, and walk-
through surveys at study facilities.
The comparison group had poten-
tial exposure to lead; airborne lead
sampling was conducted at the
comparison plant only. For air-
borne sampling at all study plants,
NIOSH sampling methods were
used.49 General area air samples
were collected at a height approxi-
mating the breathing zone. NIOSH
analytical methods49 were used for
sample analysis with enhancement
modifications for the hydrocar-
bon49 and formaldehyde50 meth-
ods. For hydrocarbons, NIOSH
Method 1500 was modified to use a
30-m J & WDB-5 capillary column
(J & W Scientific Co, Folsom, CA)
on a gas chromatograph with a
flame ionization detector. For
formaldehyde, NIOSH Method P
and CAM 354 were modified to use
a 30-m J & W DX-4 capillary
column (J & W Scientific Co, Fol-
som, CA) on a gas chromatograph
with a flame ionization detector.
Dermal exposure to chemicals was
assessed in the workplace by the
industrial hygienist.

TABLE 1
Mean* Radiofrequency Radiation Exposures at Four Exposed Companies and One Unexposed Company

Facility Group

Electric Field
Strength§ (V2/m2)

Magnetic Field
Strength§ (A2/m2)

Average Induced Foot
Current§ (mA)

Maximum
Induced Foot
Current§ (mA)

GM (3 103) GSD GM (3 1022) GSD AR mean (3 102) SD AR mean SD

Exposed†

1 1.2 15.2 1.9 7.6 1.1 116.0 5.2 6.8
2 9.0 2.6 3.6 8.6 1.1 38.0 5.7 3.3
3 3.9 1.7 6.4 2.1 1.3 51.7 6.2 4.4
4 5.8 2.4 3.1 3.9 0.7 45.4 5.5 9.0

Unexposed‡ ND ND ND ND

* Geometric means (GM) and standard deviations (GSD) were calculated for E- and H-field data; arithmetic means (AR) and standard
deviations (SD) were calculated for body current data. Machine operating frequencies ranged from 12 to 57 mHz; 93% of the machines had
operating frequencies between 20.3 and 32.0 mHz.

† Exposed facility means did not differ from each other (P . 0.10).
‡ ND, not detectable.
§ Time-weighted averages.
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Statistical Analysis
The relationship between RF radi-

ation exposure and the male repro-
ductive profile was analyzed initially
with stratified analysis of exposure
status, the 37 semen quality and hor-
monal outcomes, and potential con-
founders and effect modifiers, fol-
lowed by least squares linear
regression and multivariate analysis
of variance. PC-SAS™ software was
used for all statistical procedures.51

Some of the semen quality param-
eters (motility, morphometry, and
morphology) represented measure-
ments on individual cells. These val-
ues were averaged across all cells in

a single sampling to simplify the data
analysis. Although morphology mea-
sures are inherently categorical, the
average across 200 cells (ie, the pro-
portion in a certain morphology
class) had a sufficient number of
values to be treated as continuous.
Categorical analysis of these counts
in multiple morphology categories
cannot be conducted inasmuch as it
violates the assumption of indepen-
dence between entries in a categori-
cal contingency table.

Residual plots were examined for
evidence of non-normality; when
necessary, a transformation that nor-
malized most of the data (logarith-

mic, arcsine, or inverse) was applied
to each related group of dependent
variables. Mantel-Haenszel tests and
Breslow-Day tests for homogeneity
of odds ratios were used to screen 37
variables derived from a priori med-
ical, exposure, and lifestyle factors
for potential confounding or effect
modification of the relationships be-
tween exposure and a panel of 14
representative indices of semen qual-
ity and hormonal status. Potential
confounders from this screening
were added to an initial model that
contained an exposure index and the
a priori variables age of donor, age of
semen sample, abstinence time, and

TABLE 2
Characteristics of Exposed Radiofrequency (RF) Heater Operators and Unexposed Workers

Characteristic
Exposed
(n 5 12)

Unexposed
(n 5 34)

Age (yr; mean 6 SD) 32.3 6 7.5 34.5 6 9.3
Race/ethnicity (%)*

White 8.3 85.3
Black 41.7 5.9
Asian 50.0 5.9
Hispanic 0.0 2.9

Body mass index (kg/m2; mean 6 SD) 24.1 6 3.4 26.2 6 4.8
Testicular volume (mL; mean 6 SD)

Right 18.3 6 5.2 20.7 6 4.0
Left 19.3 6 5.7 20.8 6 3.7

Duration of employment† (yr; mean 6 SD) 6.8 6 4.5 13.4 6 8.1
Duration of employment as an RF heater operator (yr; mean 6 SD) 4.1 6 3.7 –
Self-reported use of solder and solvents in current position (%)‡ 0.0 35.3
Current tobacco user (%) 41.7 50.0
Cigarettes/day (current smokers; mean 6 SD) 14.3 6 8.5 19.1 6 11.8
Surrogate use of marijuana (%) 41.7 29.4
Alcohol

Drank in past yr (%) 66.7 85.3
Frequent/binge drinker (%)§ 25.0 23.5

Caffeine (estimated mg/day; mean 6 SD) 155 6 157 215 6 171
Current use of medications (%) 33.3 14.7
History of urogenital disorders\ 25.0 26.5
Ever fathered a pregnancy (%) 66.7 64.7
Total number of pregnancies fathered (fathers only; mean 6 SD) 2.8 6 1.4 2.4 6 2.3
Total number of adverse pregnancy outcomes (fathers only; mean 6 SD) 0.25 6 0.46 0.32 6 0.48
Ejaculations/wk (mean 6 SD) 2.3 6 1.3 2.9 6 1.9
Reported concern about ability to father a child (%)¶ 50.0 17.7
Four or more days abstinence before donation of semen sample (%) 33.3 20.6
Semen sample age of 80 min or more on receipt at NIOSH laboratory (%)# 16.7 44.1

* P , 0.001.
† P 5 0.001.
‡ P 5 0.02.
§ Drinking frequency at least ‘a few times a week‘ and/or reported binge drinking.
\ Sexually transmitted disease, urinary tract infection, phimosis, or enlarged meatus.
¶ P 5 0.03.
# P 5 0.09.
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surrogate self-reported use of mari-
juana.52 Because no significant evi-
dence of interaction was found, in-
teractive terms were not entered in
our models.

Linear least squares regression
analysis modeling with modified
backward selection of confounders
was performed for each dependent
variable. Exposure to RF radiation
was represented as dichotomous and
continuous (as average foot current)
in separate models. To address mul-
tiple-comparison issues, a multivari-
ate analysis of variance was con-
ducted for each related group of
dependent variables (morphology,
morphometry, motility, hormones,
SCSA data, and sperm count/concen-
tration). Final models were evaluated
with collinearity and residual analy-
ses. No evidence of multicollinearity
was present in the analysis of inde-
pendent variables during regression
analysis. Residual analyses sug-
gested that outliers were present for
the variables percent oval (normal)
sperm and sperm head ratio (width:

length). Because no laboratory or
data management errors were dis-
covered that may have caused these
outliers, they were retained in the
analyses.

To identify predictors of participa-
tion, information collected from both
participants and nonparticipants
(age, race, exposure status, number
of pregnancies fathered, number of
normal live births, proportion of
pregnancies with normal outcome,
perceived fertility problem) was an-
alyzed with multiple logistic regres-
sion after stratified analysis as de-
scribed above.

Results

Selection of Participants
During the study enrollment pe-

riod, 27 RF-exposed and 14 unex-
posed men were eliminated from the
original lists of 98 RF-exposed and
140 unexposed men for reasons in-
cluding vasectomy, preexisting infer-
tility, vacation/medical leave, or in-

sufficient RF exposure, leaving 71
exposed and 126 unexposed eligible
men. Additionally, as the field study
activities began, the largest of the
four water mattress companies (em-
ploying 52 male RF heater operators)
withdrew its support for the study,
leaving 19 eligible exposed men. All
current employees of the company
that withdrew refused participation,
and we were unable to contact most
of the eligible workers who had been
recently laid off. We incorporated
this company’s RF exposure mea-
surements as company 1 in Table 1.
We also included the reproductive
profile of one recently laid off RF
heater operator who participated in
the study. Participation rates were
calculated excluding this company.

Thirteen exposed and 51 unex-
posed eligible men agreed to partic-
ipate and were enrolled in the study,
for participation rates of 68.4% (13
of 19) exposed and 40.8% (51 of
126) unexposed. One exposed and
eight unexposed study participants
later withdrew from the study, for

TABLE 3
Sperm Concentration, Count, pH, Osmolality, and Volume in Exposed Radiofrequency Heater Operators and Unexposed
Workers*

Characteristic
Adjusted

Mean Mean SD n 95% Cl†

Sperm concentration (3106 sperm/mL) 58, 191%
Exposed 47.0 58.1† 2.8 12
Unexposed 44.7 42.7 2.3 34

Sperm count (3106 sperm/ejaculate) 36, 172%
Exposed 73.0 – 3.0 12
Unexposed 93.0 – 3.2 34

Semen pH§ 20.28, 20.0031
Exposed 8.0 – 0.2 12
Unexposed 8.2 – 0.2 30

Semen osmolality (m0sm) 223.2, 7.4
Exposed 343.9 349.4\ 14.4 12
Unexposed 351.8 349.8 24.6 33

Semen volume (mL) 21.42, 0.5
Exposed 2.1 – 1.5 12
Unexposed 2.6 – 1.4 34

* Concentration and count data were normalized with natural log transformations before analysis, then untransformed for these results.
Multivariate analysis of variance test of exposure effect on the combined variables sperm concentration and count did not indicate an effect
(P 5 0.61).

† 95% confidence interval (CI) for the difference between means. For concentration and count only, the CI represents the 95% interval for
the ratio of exposed and unexposed means.

‡ Adjusted for surrogate use of marijuana (P 5 0.03) and sample age (P 5 0.06).
§ P 5 0.45, 2-sided t test.
\ Adjusted for sample age (P 5 0.01).
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final participation rates of 63.2% (12
of 19) exposed and 34.1% (43 of
126) unexposed.

Of the 56 men who participated in
the study (12 exposed men from
participating study companies, 1 ex-
posed participant from the study
company that refused to participate,
and 43 unexposed men), 5 were ex-
cluded from analysis for preexisting
medical conditions that were judged
to have potential impact on repro-
ductive health, 4 were excluded for
prior occupational exposure to radar,
and 1 was excluded because of re-

peated x-ray exposure during the 3
months preceding the study. Data
analyses were thus based on infor-
mation from 12 RF-exposed and 34
unexposed participants.

Reasons for participation or re-
fusal were examined from ques-
tionnaire information. For 52% of
the participants, the $40 incentive
was an important reason for partic-
ipation; it was the primary reason
for participation for 19.6%. Of the
nonparticipants, 50% stated that the
study’s masturbation requirement
was an important reason for re-

fusal, and 25% had an important
objection to the study’s required
physical and blood drawing. Multi-
ple logistic regression on factors
collected from both participants
and nonparticipants indicated that
race reported as black (odds ratio,
0.2; 95% confidence interval, 0.08
to 0.7), exposed status (odds ratio,
5.8; 95% confidence interval, 0.4 to
22.1), and reported perceived fer-
tility concern (odds ratio, 2.9; 95%
confidence interval, 1.0 to 8.5)
were predictors of participation.
For men who had fathered a preg-
nancy, one or more pregnancies not
ending in a normal live birth re-
placed perceived fertility concern
in the model.

Characteristics of the Groups
Table 2 summarizes RF radiation-

exposed and comparison group med-
ical, exposure, and lifestyle charac-
teristics. Exposed RF heater
operators were primarily Pakistani
and black (92%), whereas 85% of the
comparison participants were white.
The RF heater operators reported
significantly fewer years of total em-
ployment (6.86 4.5) than the com-
parison group (13.46 8.1). Fifty
percent of the heater operators re-
ported that participation in the study
was “somewhat” or “very” important
because “. . . it may help me to learn
why I am having trouble fathering
children,” whereas only 18% of the
comparison group reported similar
motivation. Solder and solvent expo-
sures were reported by 35.3% of the
comparison participants and none of
the RF heater operators. More com-
parison group participants than RF
heater operators reported semen
sample ages of 80 minutes or more
(44% vs 17%). These differences
were examined in data analysis. Few
of these differences necessitated ad-
justment of means; these adjustments
are noted in the tabulated results.
Occupational exposure to potentially
confounding chemicals was evalu-
ated at all facilities.

TABLE 4
Sperm Motility, Viability, and Velocity in Exposed (n 5 12) Radiofrequency
Heater Operators and Unexposed (n 5 33) Workers*

Characteristic Mean SD
Adjusted

Mean 95% CI/CL†

Motility‡ (%) –
Exposed 67.2 4.4 55.6, 77.9
Unexposed 52.4 5.9 44.0, 60.7

Viability by stain exclusion§ (%) –
Exposed 75.0 0.6 71.0, 78.8
Unexposed 65.9 2.3 61.0, 70.7

Viability by hypoosmotic swelling
(%)

–

Exposed 69.1 1.6 62.3, 75.5
Unexposed 65.9 2.4 60.8, 70.9

Straight line velocity (m/sec) – 25.4, 9.1
Exposed 40.5 11.0
Unexposed 38.6 10.6

Curvilinear velocity (m/sec) 25.5, 11.3
Exposed 57.0 15.0
Unexposed 54.1 11.4

Linearity\ – 20.1, 0.1
Exposed 0.7 0.1
Unexposed 0.7 0.1

Amplitude of lateral head dis-
placement¶ (m)

79.1, 112.9%

Exposed 1.8 1.3 1.7#

Unexposed 1.9 1.3 1.9
Beat cross-frequency (Hz) – 20.8, 1.1

Exposed 15.2 1.4
Unexposed 15.0 1.4

* Multivariate analysis of variance test of exposure effect on the combined motility and
velocity variables did not indicate an effect (P 5 0.31).

† Amplitude of lateral head displacement confidence interval (CI) represents the 95%
interval for the ratio of exposed and unexposed means. CIs for motility and viability represent
95% intervals for separate exposed and unexposed means. All other CIs represent the 95%
interval for the difference between means.

‡ Motility and viability data were normalized with arcsine transformations before analysis,
then untransformed for all reported results.

§ P 5 0.01, 2-sided t test.
\ Ratio of straight-line velocity: curvilinear velocity.
¶ Amplitude of lateral head displacement was normalized with a natural log transformation

before analysis, then untransformed for reported results.
# Adjusted for age (P 5 0.005).
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Extent of Exposure
RF radiation exposures.Incident

E- and H-field strength and induced
foot current measurements are re-
ported by company in Table 1. A
total of 39 individuals were surveyed
at the water bed companies, includ-
ing 8 of the 12 exposed participants
in the semen quality/hormonal anal-
yses. The E- and H-field strengths
were best described by a lognormal
distribution, but foot currents were
normally distributed. Mean values
and standard deviations were calcu-
lated for each company. Wide varia-
tion in RF heater design, function,

and shielding are responsible for the
large geometric standard deviations
observed. Mean TWA E- and H-field
exposures ranged from 1.00 to
5.583 104 V2/m2 and 2.003 10-4 to
5.28 3 10-1 A2/m2, respectively, at
the four water mattress companies.
The arithmetic means of maximum
foot currents ranged from 5.903
10-3 to 2.87 3 102 mA, and mean
TWA foot currents ranged from
1.003 10-4 to 2.373 101 mA. There
were no statistically significant dif-
ferences between companies for
mean E- and H-field strengths, or
maximum or mean foot current ex-

posures.53 For the study participants
who were tested, the RF heater op-
erator study participant mean TWA
foot currents ranged from 4.493
10-1 to 1.253 101 mA.

The E- and H-field strength and
foot currents were also measured at
the comparison plant. Mean expo-
sures were lower than the visual
detection levels of the respective
meters and were not considered to
constitute significant RF radiation
exposure for the comparison group.

Confounding exposures.A total of
259 air samples were collected at
RF-exposed and unexposed compa-
nies. The following chemical analy-
ses were performed: 1,1,1-trichloro-
ethane (n 5 23), toluene (n 5 23),
decane (n 5 23), dodecane (n 5 23),
undecane (n 5 23), 2-ethyl-l-hexanol
(n 5 23), remaining total hydrocar-
bons as undecane (n 5 23), formal-
dehyde (n 5 32), hydrochloric acid
(n 5 30), and sulfuric acid (n 5 30).
Six samples were collected for air-
borne lead at the RF-unexposed plant
only. All the formaldehyde, toluene,
decane, dodecane, undecane, 2-eth-
yl-l-hexanol, remaining total hydro-
carbons as undecane, and lead con-
centrations were below the limits of
detection for the method used.

At the comparison plant, the hy-
drochloric acid concentrations were
above the limit of detection in l of l2
air samples (0.l62 mg/m3). Although
these are area rather than personal
samples, the concentrations are sub-
stantially lower than the Permissible
Exposure Limit54 (ceiling) of 7 mg/
m3. At the comparison plant, sulfuric
acid concentrations were above the
limit of detection in l of l2 air sam-
ples (0.647 mg/m3). The Permissible
Exposure Limit for sulfuric acid is a
TWA of l mg/m3.54

Some 1,1,1-trichloroethane con-
centrations were above the limit of
detection at two facilities: a radiofre-
quency heater facility in a non-RF
sealing area and the comparison
plant. The detectable 1,1,1-trichloro-
ethane concentrations in the non-RF
sealing area were 27.00 and 29.0l
mg/m3 (n 5 3). The detectable con-

TABLE 5
Sperm Morphology* in Exposed Radiofrequency Heater Operators and
Unexposed Workers

Characteristic Mean
Adjusted

Mean 95% CI†

Normal (oval) forms
Exposed 80.5 – 78.1, 83.2
Unexposed 78.5 – 76.5, 81.1

Abnormal forms
Macrocephalic

Exposed 2.0 – 1.1, 2.7
Unexposed 1.6 – 1.0, 1.7

Microcephalic
Exposed 1.0 1.0‡ 0.5, 1.3
Unexposed 1.3 0.9 0.6, 1.4

Absent heads
Exposed 2.6 – 1.7, 3.3
Unexposed 2.5 – 1.8, 2.8

Tapered heads
Exposed 1.8 – 0.8, 2.4
Unexposed 1.3 – 0.6, 1.4

Double heads§

Exposed 1.2 0.9¶ 0.5, 1.6
Unexposed 2.1 1.8 1.3, 2.3

Amorphous heads
Exposed 1.8 – 0.9, 2.4
Unexposed 1.7 – 1.1, 1.9

Tail defects
Exposed 2.4 – 1.1, 3.2
Unexposed 3.7 – 2.4, 4.2

Immature forms
Exposed 6.7 – 4.2, 8.6
Unexposed 7.6 – 5.0, 8.5

* The arithmetic mean for each characteristic represents the average of two slides (200
cells read per slide). Morphologic characteristics do not total to 100 percent because of
rounding. Morphologic data were normalized with arcsine transformations before analysis,
then untransformed for all other results. Multivariate analysis of variance test of exposure
effect on this group of dependent variables did not indicate an effect (P 5 0.68).

† 95% confidence interval (CI) for the difference between means.
‡ Adjusted for age (P 5 0.0007), surrogate use of marijuana (P 5 0.015), and use of pain

medications in the past 3 months (P 5 0.0066).
§ P 5 0.07, 2-sided t test.
¶ Adjusted for age (P 5 0.01).
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centrations in the comparison plant
were l4.00, l5.04, l6.44, and 39.25
mg/m3 (n 5 l0). The Permissible
Exposure Limit for 1,1,1-trichloro-
ethane is a TWA of l900 mg/m3.54

Although some workers reported
that intermittent dermal solvent ex-
posures could occur, no dermal ex-
posures were observed.

Semen and Hormonal
Characteristics

Sperm concentration/count: semen
pH, osmolality, volume.Exposed and
unexposed groups were not found to
differ in sperm count, concentration,
semen volume, or osmolality (Table
3). The proportion of men with
sperm concentrations of less than 20
million/mL did not differ between
exposed and unexposed groups
(16.6% and 14.7%). Mean semen pH
was slightly lower for exposed sam-
ples (8.01) than for unexposed sam-
ples (8.15).

Sperm motility, viability, and ve-
locity. Exposed and unexposed
groups were not found to differ for
mean motility and velocity variables
(Table 4). Samples from exposed

men had a higher percent viability by
both hypoosmotic swelling and stain
exclusion methods.

Sperm morphology and mor-
phometry. Mean percent normal
(oval) sperm and the distribution of
abnormal sperm morphology did
not differ between exposed and un-
exposed groups, with the exception
of a marginally higher proportion
of double-headed sperm in the un-
exposed group (Table 5). None of
the mean measures of sperm mor-
phometry or their coefficients of
variation differed between exposed
and unexposed groups (Table 6).
Analyses were conducted with and
without outliers, which were
present for percent oval (normal)
sperm and sperm head ratio (width:
length). For percent oval (normal)
sperm, inclusion or exclusion of
outliers did not change the model.
For sperm head ratio, exclusion of
two influential outliers caused RF
exposure to become marginally sig-
nificant in the model. The outliers
were retained in the final models
because no justification was found
for their removal.

Hormones, biochemistry, and
sperm chromatin structure assay.
Exposed and unexposed groups did
not differ for total testosterone, LH,
or prolactin (Table 7). The exposed
workers, however, had a higher
mean FSH level than unexposed
workers (7.6 vs 5.8 mIU/mL,P 5
0.05). Differences between exposure
groups were not found for the three
measures of SCSA (Table 7). Results
of modeling with continuous expo-
sure (mean foot current) were con-
sistent with dichotomous exposure
models as described above, with the
exception that the difference in FSH
levels between exposure groups was
not present in the continuous model.

Discussion
The results for the 37 measures of

semen quality and endocrine func-
tion that we examined in this cross-
sectional survey were generally sim-
ilar to those found in the NIOSH
Longitudinal Study of unexposed
workers28,36,55and to those of com-
parison groups of earlier NIOSH
male reproductive studies.56–58 Be-
cause adequate statistical power was
dependent on worker and manage-
ment support from all four water
mattress companies, withdrawal of
the largest company resulted in in-
sufficient study power for some of
the analyses despite a 63% response
rate at the other water mattress com-
panies. Because of the small sample
size for this study, effects on semen
quality and hormone levels due to
RF exposure cannot be ruled out, and
additional studies are warranted.

For four outcome variables exam-
ined, differences were noted in mean
test values for exposed and unex-
posed men. The first two differences,
marginally lower pH and greater vi-
ability of the exposed group samples,
may be artifacts of the exposed par-
ticipants’ shorter average travel time
to the NIOSH field laboratory. When
we added sample age to our results,
however, it did not appear to con-
found these results, although age was
a significant confounder of osmolal-
ity.

TABLE 6
Sperm Morphometry in Exposed Radiofrequency Heater Operators (n 5 12) and
Unexposed (n 5 33) Workers*

Characteristic Mean SD 95% CI†

Length (mm) 20.1, 0.2
Exposed 4.7 0.3
Unexposed 4.6 0.3

Width (mm) 20.1, 0.2
Exposed 2.9 0.1
Unexposed 2.9 0.2

Area (mm2) 20.4, 0.8
Exposed 9.2 0.7
Unexposed 9.0 0.9

Perimeter (mm) 20.3, 0.6
Exposed 12.6 0.6
Unexposed 12.5 0.6

Width:length ratio 20.02, 0.02
Exposed 0.7 0.03
Unexposed 0.7 0.03

Oval factor‡ 20.03, 0.4
Exposed 0.6 0.1
Unexposed 0.6 0.1

* Multivariate analysis of variance test of exposure effect on the combined morphometry
variables did not indicate an effect (P 5 0.30).

† Confidence intervals (CIs) represent the 95% CI for the difference between means.
‡ 4p area/perimeter2.
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A marginal difference was also
detected in a higher proportion of
double-headed sperm in samples
from unexposed men. A similar re-
sult was reported in the NIOSH
study of metal casting workers who
were exposed to 2-ethoxyethanol.58

As in that study, the small magnitude
of the difference and lack of consis-
tency with other results suggests that
the difference may be due to a mul-
tiple-comparisons effect or other
source of bias. In our set of tests, we
attempted to address multiple-
comparison problems by using mul-
tivariate analysis of variance for re-
lated outcomes; none of these
multivariate models reiterated the

significant differences observed in
univariate testing. If the null hypoth-
esis is true, approximately 2 of our
37 results might be expected to differ
at levels of statistical significance by
chance alone.

The fourth difference noted, an
increased mean FSH level in samples
from RF-exposed men, must be in-
terpreted with caution because of the
small sample size. The increase may
be consistent with a subclinical tes-
ticular effect caused by RF hyper-
thermia or nonthermal processes. All
of the participants’ FSH levels were
well within the limits of clinically
established normal ranges.59 Mark-
edly increased FSH can indicate per-

manent destruction of the germinal
epithelium, as was the case for some
workers who became permanently
sterile after exposure to the nemato-
cide dibromochloropropane.60 The
expected concurrent increased LH
levels and decreased sperm count/
concentration observed in those
workers were not observed in this
study.

Hyperthermia, whether from RF
radiation or other circumstances, is a
well-documented cause of adverse
male reproductive effects. Scrotal
hyperthermia has been associated
with increased FSH, increased LH,
and low sperm counts.61 When RF
exposures are hyperthermic (SAR

TABLE 7
Hormones, Seminal Biochemistry, and Sperm Chromatin Structure Assay in Exposed Radiofrequency Heater Operators and
Unexposed Workers*

Characteristic Mean SD n 95% CI†

Total testosterone (ng/mL) 76.1, 119.1%
Exposed 498.5 140.0 12
Unexposed 523.8 139.0 34

Follicle-stimulating hormone‡ (mlU/mL) 100.3, 171.6%
Exposed 7.6 1.6 12
Unexposed 5.8 1.4 34

Luteinizing hormone (mlU/mL) 83.7, 149.3%
Exposed 11.5 1.6 12
Unexposed 10.3 1.5 34

Prolactin (ng/mL) 60.7, 127.8%
Exposed 4.3 1.7 12
Unexposed 4.9 1.7 34

Zinc in seminal plasma (mg/100 mL) 53.9, 133.6%
Exposed 10.6 2.0 11
Unexposed 12.4 1.9 32

Fructose in seminal plasma (mg/l00 mL) 224.1, 118.0
Exposed 303.8 115.5 11
Unexposed 256.9 92.5 29

Mean ratio of denatured:total sperm DNA§

Exposed 0.21 – 12 0.20, 0.23
Unexposed 0.22 – 32 0.21, 0.24

SD of ratio of denatured:total sperm DNA 70.7, 109.7%
Exposed 0.0013 0.0014 12
Unexposed 0.0015 0.0014 32

% Sperm cells outside the main populationi 60.0, 147.2%
Exposed 11.9 1.6 12
Unexposed 12.6 2.0 32

* All variables reported except fructose and mean ratio of denatured:total sperm DNA were normalized with natural log transformations
before analysis, then untransformed for reported results. The mean ratio of denatured:total sperm DNA was normalized with an inverse
transformation before analysis, then untransformed for reported results. Multivariate analysis of variance tests of exposure effect on the four
hormones and the three sperm chromatin structure assay variables did not indicate an effect (P 5 0.22 and 0.12, respectively).

† Confidence interval (CI) for fructose represents the 95% interval for the difference between means. CIs for the mean ratio denatured:total
sperm DNA represent 95% intervals for separate exposed and unexposed means. All other CIs represent the 95% interval for the ratio of
exposed and unexposed means.

‡ P 5 0.05, 2-sided t test.
§ Interpretation of mean channel of (red/(red 1 green) fluorescence). For details of the sperm chromatin structure assay, see Methods.
i Refers to sperm nuclei demonstrating the presence of denatured DNA. For details of the sperm chromatin structure assay, see Methods.
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.5 W/kg), animal studies have re-
ported decreased testicular
weight,15,16 degeneration of germi-
nal cells,17 reductions in sperm count
and morphologic changes,18,19 and
neuroendocrine effects.20 Semen
quality in animals may be also be
affected by nonthermal RF radiation
levels.62 In humans, an experimental
study of six volunteers also sug-
gested thermal RF effects on the
germinal epithelium.21 These men
were exposed to shortwave radiation
(probably 27 mHz) for an average of
45 minutes until their core tempera-
tures reached 40.5 to 41°C. Sperm
counts were reduced to approxi-
mately 50% of preexposure values at
42 to 50 days after exposure, but they
returned to normal levels after an
average duration of 25 days. Re-
peated radiation treatment caused
similar or more severe results. No
data were collected on gonadotro-
phin levels. Data are not available on
nonthermal reproductive effects of
RF radiation in humans.

Were the exposures to the RF
heater operators in this study suffi-
cient to cause a moderate increase in
FSH levels? It is unlikely that any of
the confounding chemical exposures
measured were of sufficient magni-
tude to affect the results. For RF
exposure, company geometric mean
E- and H-field strengths did not dif-
fer significantly from one another or
from the IEEE values of 3770 V2/m2

and 0.30 A2/m2 at 30 mHz.7 Induced
mean foot currents were all less than
or equal to the IEEE occupational
guideline of 200 mA,7 and a dose-
response effect with increasing cur-
rent was not seen in our models.
However, differences from the IEEE
guidelines may be obscured by the
variance of this small sample size
and the wide variation in exposure
levels. We noted that about two-
thirds of the heater operators were
individually exposed at levels ex-
ceeding the IEEE guidelines. The
IEEE guidelines were established to
ensure that the average whole-body
SAR will not exceed 0.4 W/kg,
which is estimated to be tenfold

lower than the lowest SAR value
documented to produce adverse hu-
man or animal effects. Also, the
IEEE guidelines have been set such
that a partial-body SAR will not
exceed 20 W/kg for an appendage.
Previous data indicate that SARs in
the groin area can be quite high, even
when measured exposures are below
recommended guidelines.10,11In this
study, the deviance of individual ex-
posures from IEEE guidelines sug-
gests that for at least some operators,
RF exposures may be at a level
capable of inducing biological ef-
fects.

It is possible that the modestly
increased FSH levels of the RF
heater operators indicate a chronic
RF radiation effect on germinal epi-
thelium with sufficient compensa-
tory increase in gonadotrophin levels
to maintain normal semen quality.
However, further studies of these
issues must be undertaken before
firm conclusions are drawn concern-
ing the association between in-
creased FSH levels and the RF radi-
ation exposure of heater operators.
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Greatest 20th Century Engineering Achievements

1. Electrification
2. Automobile
3. Airplane
4. Safe and abundant water
5. Electronics
6. Radio and television
7. Agricultural mechanization
8. Computers
9. Telephone

10. Air conditioning and refrigeration
11. Interstate highways
12. Space exploration
13. Internet
14. Imaging technologies
15. Household appliances
16. Health technologies
17. Petroleum and gas technologies
18. Laser and fiber optics
19. Nuclear technologies
20. High performance materials
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