
Biomonitoring of Estrogen and Melatonin
Metabolites Among Women Residing Near Radio
and Television Broadcasting Transmitters

Maggie L. Clark, MS
James B. Burch, MS, PhD
Michael G. Yost, PhD
Yusheng Zhai, MS
Annette M. Bachand, PhD
Cole T. E. Fitzpatrick, MA
Jaya Ramaprasad, PhD
Lori A. Cragin, MS
John S. Reif, DVM

Objectives: Metabolites of estrogen (estrone-3-glucuronide [E1G])
and melatonin (6-hydroxymelatonin sulfate [6-OHMS]) were charac-
terized among women living in a community with increased radiofre-
quency (RF) exposure from radio and television transmitters. Methods:
RF spot measurements, and personal 60-Hz magnetic field and residen-
tial parameters were collected. Overnight urine samples were assayed for
E1G and 6-OHMS excretion. Results: Among premenopausal women,
there were no associations between RF or 60-Hz nonionizing radiation
and E1G or 6-OHMS excretion. Among postmenopausal women,
increased residential RF exposures, transmitter proximity and visibility,
and temporally stable 60-Hz exposures were significantly associated with
increased E1G excretion. This association was strongest among post-
menopausal women with low overnight 6-OHMS levels. Conclusions:
RF and temporally stable 60-Hz exposures were associated with in-
creased E1G excretion among postmenopausal women. Women with
reduced nocturnal 6-OHMS excretion may represent a sensitive subgroup.
(J Occup Environ Med. 2007;49:1149–1156)

C oncerns about the potential health ef-
fects of radiofrequency (RF) nonioniz-
ing radiation arise in part because of
the pervasiveness of radio and televi-
sion (TV) broadcasting. Exposure to
RF nonionizing radiation has been as-
sociated with perturbations in human
hematological, neurological, cardio-
vascular, reproductive, and endocrine
systems, and with increased cancer
risks.1,2 Studies examining the rela-
tionship between nonionizing radiation
and cancer in humans have focused
primarily on power frequency (50 to
60 Hz) exposures rather than RF or the
combined effects of RF and 60-Hz
fields, although both exposures are
common.2–4 Results from these stud-
ies have been inconsistent and incon-
clusive, in part because of the lack of
an established biological mechanism.
One hypothesized mechanism to ex-
plain how nonionizing radiation may
increase cancer risks focuses on reduc-
tions in melatonin, which have been
observed in response to nonionizing
radiation exposures in some stud-
ies.3,5–9 There is considerable evidence
that melatonin modulates human re-
production, and reduced melatonin
levels have been linked with increased
estrogen and other reproductive hor-
mones in women.10–14 Elevated levels
of estrogen or its metabolites are a risk
factor for breast cancer, particularly
among postmenopausal women.15–19

Therefore, reductions in melatonin are
thought to confer an increased breast
cancer risk in part because of increased
estrogen production.5,6,20–22 Recently,
a reduction in breast cancer risk
was observed among women with
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increased nocturnal melatonin
excretion.21 The relationship be-
tween melatonin and estrogen has
not been well characterized and
may be important in elaborating
breast cancer susceptibility. There
is a need for more research to
define the relationship between
these hormones in women, and to
determine whether they may be
altered by exposure to RF or com-
bined RF and 60-Hz fields. To test
the hypothesis that RF or 60-Hz
nonionizing radiation exposures
reduce melatonin and increase es-
trogen production, we measured a
urinary metabolite of each hormone
among women living in a commu-
nity with increased RF power den-
sities from nearby radio and TV
broadcasting antennae.23

Subjects and Methods
The study area, participant popula-

tion, and RF exposure characteristics
have been previously described.23 A
population census identified 576
homes and 1375 individuals in the
study area. A sample of 280 randomly
selected male and female participants
aged �8 years was recruited from 161
residences with high (�4.0 �W/cm2),
medium (0.5 to 4.0 �W/cm2), or low
(�0.5 �W/cm2) RF exposures.23 The
study participation rate was 64%
among eligible persons contacted, and
the mean age and mean residential
power density did not differ between
participants and nonparticipants. A to-
tal of 127 postmenarche women aged
12 to 81 years participated in the study,
conducted between September 2002
and December 2003.

Each subject was studied for a
2.5-day period beginning in the
evening on the initial day and end-
ing in the morning on the final day
of participation. Exposure assess-
ment included RF spot measure-
ments inside and outside the home,
and continuous personal monitor-
ing for 60-Hz magnetic field (MF)
and ambient light exposures. RF
power densities were obtained from
one exterior and five interior loca-
tions (bedroom, kitchen, living

room, computer room or office,
room most used) using a survey
meter (Narda EMR-300 with type
18 isotropic E-field probe, flat re-
sponse: 0.1 to 3000 MHz, detection
limit: 0.2 V/m, Narda Safety Test
Solutions, Pfullingen, Germany).
RF measurements were converted
to �W/cm2, nondetectable mea-
surements were assigned a value of
one-half the detection limit (0.01
�W/cm2), and the five interior
readings were averaged to obtain
the house average RF power den-
sity. A global positioning system
identified the geographic coordi-
nates and the elevation of each
exterior RF measurement (eTrex
Legend, Part No. 190-00,234-00,
Garmin International, Olathe, KN).
The distance between each transmitter
and residence was characterized using
a geographic information system
(ERSI ArcInfo, Redlands, California).
The average distance from each resi-
dence to 15 major transmitters in the
study area, the home elevation, and the
percentage of transmitters visible from
each home were used for RF exposure
assessment along with the house aver-
age power density.23

Personal exposure to 60-Hz MFs
and ambient light was logged contin-
uously at 15-second intervals using
EMDEX II meters (Enertech, Camp-
bell, CA) adapted with a light sensor
(Grasby Optronics, Orlando, FL).24

Each participant wore an EMDEX
meter at the waist during the day, and
placed it bedside on nonconductive
material adjacent to the waist during
sleep. MF exposures from the fol-
lowing periods were extracted from
each EMDEX recording: sunset until
bedtime, and sunrise until 4 hours
past sunrise. These periods were cho-
sen a priori to characterize times of
day (ie, around sunrise and sunset)
when MF exposures24,25 may influ-
ence human melatonin production.
Time-weighted average MF expo-
sure intensity (geometric mean) and
temporal stability (standardized rate of
change metric, RCMS) were calcu-
lated for each period.8,24,26 The RCMS
estimates first-lag serial autocorrela-

tion of consecutive MF measurements;
low values represent temporally stable
personal MF exposures.27 Power fre-
quency exposures summarized using
the geometric mean and RCMS have
previously been linked with changes
in 6-hydroxymelatonin sulfate (6-
OHMS) excretion and other biological
effects in men.8,24,26,28

Each participant collected one
overnight urine sample immediately
after their first night of participation
and a second overnight sample
on their final participation night.
Samples included the entire urinary
output after sleep plus any voids
occurring during the sleep period.
Samples were transported on ice
and frozen at �70°C until analysis.
Melatonin was characterized by ra-
dioimmunoassay of its major me-
tabolite, 6-OHMS (Stockgrand,
Surrey, UK).29,30 Nocturnal 6-OHMS
concentrations were normalized to
urinary creatinine and expressed as
nanograms per milligram creatinine.
The interassay coefficient of varia-
tion was 22% for the low control,
10% for the medium control, and 7%
for the high control. The average
intra-assay coefficient of variation
was 13%, and the limit of detection
was 0.1 ng/mL.

Estrogen production was assessed
using a previously established en-
zyme immunoassay for estrone-3-
glucuronide (E1G).31 Urinary E1G is
a principal estrogen metabolite that is
well correlated with circulating 17-�-
estradiol; it is frequently used to eval-
uate ovarian function in women.32–35

Results were adjusted for nonparal-
lelism,31 and normalized to specific
gravity to account for specimen
dilution.31,36 The method detection
limit was 1.45 ng/mL.31 Inter- and
intra-assay coefficients of variation for
the high control concentration (3.75
ng/mL) were 3.2% and 3.6%, respec-
tively, and those for the low control
(1.51 ng/mL) were 13.7% and 12.2%,
respectively.

Self-administered questionnaires
were completed at the end of the data
collection period to characterize in-
dividual (age, race, body mass index
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[BMI], education, occupation, in-
come, sleep quality), medical (cur-
rent medications and supplements:
birth control medication; hormone
replacement therapy; melatonin sup-
plementation; use of sleep aids,
anti-inflammatory agents, anti-
depressants, pain killers, �-adrener-
gic agents), reproductive (age at
menarche, menstrual cycle regular-
ity, parity, breastfeeding, meno-
pausal status), and lifestyle factors
(amount of exercise; and fruit, vege-
table, alcohol, and tobacco consump-
tion) potentially influencing the es-
trogen or melatonin metabolites.
Date of onset of last menstruation
was recorded at the time of urine
collection, and a coded mailer was
used to obtain the next date of men-
ses onset.17 For premenopausal cy-
cling women, the menstrual cycle
was divided into three categories to
permit subgroup analyses.37–39 Men-
strual cycle status was categorized as
follows: days 0 to 9 (follicular
phase), days 10 to 18 (ovulatory
estrogen peak), or days 19 to 32
(luteal phase) after onset of bleeding.

Statistical analyses were per-
formed using SAS version 9.1 (SAS
Institute, Cary, NC). Women report-
ing supplemental melatonin con-
sumption (n � 4), current use of
birth control medications (n � 16),
breastfeeding (n � 4), or hormone
replacement therapy (n � 20) were
excluded. Potential confounders for
each biomarker were identified by
comparing urinary 6-OHMS or E1G
concentrations among subjects with
or without a given characteristic.
Variables were retained for subse-
quent multivariable analyses at a
P � 0.10 level of significance. Study
hypotheses were tested among
women grouped by menopausal
status after adjustment for factors
identified using this procedure. Ad-
justment for the effects of ambient
light exposure or self-reported sleep
quality did not influence the outcome
of these analyses.

The relationship between the es-
trogen and melatonin metabolites
was evaluated using generalized lin-

ear models. Women were grouped
into quartiles of 6-OHMS and ad-
justed (least-squares) means of E1G
excretion were calculated within
each quartile. E1G concentrations
in the upper and lower quartiles of
6-OHMS excretion were then com-
pared using the least significant dif-
ferences statistic based on the type
III sums of squares. This relationship
was also evaluated using 6-OHMS
and E1G as continuous variables.
Excretion of 6-OHMS on the initial
day (day 0) was compared with E1G
measured on the second collection
day (day 2). Separate analyses of the
relationship between these metabo-
lites were performed for samples col-
lected on the same day.

The hypothesis that RF exposures
(house average RF power density,
proximity, elevation, transmitter vis-
ibility) decreased 6-OHMS or in-
creased E1G excretion was tested.
Subjects were grouped into RF expo-
sure quartiles, and adjusted mean
metabolite concentrations in the
upper and lower quartiles were com-
pared using the least significant dif-
ferences statistic. The effect of RF
exposure as a continuous variable on
6-OHMS or E1G excretion was also
evaluated. The effects of 60-Hz MF
exposure on 6-OHMS or E1G levels
were analyzed in a similar manner.
Separate analyses assessed whether
women with reduced 6-OHMS ex-
cretion were more sensitive to the
effects of RF or 60-Hz fields on
E1G.25,28,40–43 Women were first
grouped above and below median
melatonin metabolite concentrations.
Exposure tertiles were used to test
potential dose-response relation-
ships, and to ensure that at least
several women would be distributed
among each exposure category. Ad-
justed mean E1G concentrations
were compared among women in the
upper and lower tertiles of RF power
density, or the other exposure param-
eters. The combined effects of RF
and 60-Hz exposures on each bi-
omarker were evaluated similarly.
Results obtained using 6-OHMS or
E1G values averaged over the 2 col-

lection days, or using total overnight
6-OHMS or E1G excretion as the
dependent variable were similar to
those presented below.

Results
A total of 56 pre- and 27 post-

menopausal women were studied.
The proportion of women who were
of non-Hispanic white race or ethnic-
ity was 90% or greater among both
pre- and postmenopausal groups.
The median age was 43 years (inter-
quartile range, 18 to 49) among pre-
menopausal, and 59 years (47 to 81)
among postmenopausal women. The
median BMI was 22 kg/m2 (20 to 24)
among premenopausal, and 25 kg/m2

(23 to 30) among postmenopausal
participants. Average 24-hour ambi-
ent light exposures were similar
among both groups (premenopausal
median, 443 lux [interquartile range,
99 to 1158]; and postmenopausal
median, 577 lux [279 to 989]).

The relationship between estrogen
and melatonin metabolite excretion is
presented in Table 1. There were no
statistically significant differences in
adjusted mean E1G concentrations
among women with increased melato-
nin metabolite excretion overall (Table
1). Modest reductions in mean E1G
relative to increased 6-OHMS ex-
cretion were noted among post-
menopausal women and among
premenopausal women in their fol-
licular phase. Results obtained when
comparing mean 6-OHMS and E1G
values among urine samples that
were collected concurrently (both on
day 0 or both on day 2, data not
shown) were similar to those ob-
tained when 6-OHMS levels from
the initial day were compared with
E1G concentrations on the second
day.

Among premenopausal women,
measures of exposure to RF or 60-Hz
fields were not associated with E1G
levels after adjustment for use of
birth control medication, menstrual
cycle stage, fruit intake, exercise,
and season of participation (data not
shown). There were also no effects of
RF or 60-Hz exposures on 6-OHMS
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excretion among premenopausal
women (adjusted for education, mis-
carriages, and smoking, data not
shown). The response of E1G to RF or
60-Hz exposures did not differ among
premenopausal women grouped above
and below median 6-OHMS levels
(data not shown). When the combined
effects of RF and 60-Hz exposures
were evaluated, there was no evidence
for a reduction in 6-OHMS or an
elevation in E1G levels in either pre-
or postmenopausal women (data not
shown).

Postmenopausal women in the
highest quartile of house average RF
power density had higher mean E1G
concentrations (adjusted for BMI)
compared with women in the lowest
RF exposure quartile (Table 2). Sta-
tistically significant increases in E1G
were also associated with increased
RF transmitter proximity or visibility
(Table 2). Postmenopausal women
with increased exposure to tempo-
rally stable 60-Hz fields in the
evening (sunset to bedtime) had
higher adjusted mean E1G levels
than those observed in the lowest
exposure quartile (P � 0.03, Table
2). There was no statistically signif-
icant reduction in mean nocturnal
6-OHMS excretion (adjusted for
month of participation and eye color)

among postmenopausal women with
increased exposure to RF or 60-Hz
fields (Table 2).

RF-related increases in mean E1G
concentrations were more pro-
nounced among postmenopausal
women with low 6-OHMS levels. An
increase in adjusted mean E1G ex-
cretion across tertiles of house aver-
age RF power density was observed
among women with low 6-OHMS
levels (P � 0.01, Fig. 1), whereas no
RF-related changes in E1G were ob-
served among women with elevated
6-OHMS levels. A similar increase
in mean urinary E1G concentrations
was observed across tertiles of RF
transmitter proximity (P � 0.01, Fig.
2), or visibility (least-squares means
for tertiles 1, 2, and 3 � 8.7, 23.4,
and 17.2, respectively, P � 0.03 for
tertile 1 vs 3) among women with
reduced 6-OHMS excretion, but not
among women with increased
6-OHMS excretion (12.4, 12.2, 12.2,
P � 0.97 for visibility tertile 1 vs 3).

Discussion
To our knowledge, this study was

the first to examine the relationship
between residential RF and 60-Hz
exposures on estrogen and melatonin
metabolite excretion in adult women.
Previous epidemiologic studies of

populations residing near TV and
radio transmitters have relied on dis-
tance from the RF source as a proxy
for exposure.1,2,44–50 RF exposures
in this study were quantified using
in-home power density measure-
ments and other RF exposure param-
eters that were validated using a
geographic information system
(proximity, transmitter line of sight
visibility, elevation).23 Each RF ex-
posure parameter was associated
with an increase in E1G excretion
among postmenopausal women, and
the effects persisted with adjustment
for potential confounding factors.
Results from this investigation also
indicated that personal exposure to
temporally stable 60-Hz MFs in-
crease E1G excretion among post-
menopausal women. Use of the
RCMS was based on evidence that the
temporal aspects of personal MF ex-
posure can elicit changes in biological
processes,27,51 and is supported by
other studies linking temporal stability
with endocrine alterations in
men.8,24,26

Studies evaluating the relationship
between melatonin and estrogen pro-
duction have had inconsistent results.
Melatonin and its receptors are
present in human reproductive tis-
sues and in brain regions that
regulate steroid hormone produc-
tion.10,52–57 At elevated levels, mel-
atonin reduces estrogen and inhibits
ovulation in women.58–62 Endoge-
nous melatonin secretion has been
inversely associated with gonadotro-
phic hormones13,63,64 and with estro-
gen levels,12–14,61,64 although not
consistently.65,66 Acute melatonin sup-
pression did not alter estrogen secre-
tion among premenopausal women.65

Nevertheless, long-term night work,
which disrupts melatonin produc-
tion among women,67– 69 has been
associated with increased urinary
estradiol and androstenedione lev-
els.14 Recent studies demonstrating
melatonin-mediated inhibition of
aromatase activity may provide a
plausible explanation for reduc-
tions in E1G excretion that may be
observed among postmenopausal

TABLE 1
Estrogen Metabolite Concentrations by Quartile of Melatonin Metabolite
Excretion, Lookout Mountain, Golden, CO, 2002–2003

Mean Urinary E1G
Concentration*

Melatonin Metabolite Quartiles†

1 2 3 4 1 vs 4 P
Continuous
Variable P

All women (n � 83)‡ 30.2 29.6 31.0 26.2 0.46 0.67
Premenopausal (n � 56)§ 34.0 46.0 41.5 38.5 0.65 0.09
Follicular (n � 12) 26.9 29.9 19.6 11.4 0.36 0.12
Ovulatory (n � 13) 64.6 68.1 62.2 111.4 0.45 0.79
Luteal (n � 21) 35.3 56.9 58.0 46.2 0.48 0.47
Perimenopausal� (n � 10) 136.0 63.1 NA 23.7 0.02 NA
Postmenopausal¶ (n � 27) 16.0 11.3 13.5 10.6 0.21 0.39

*Least squares means of estrone-3-glucuronide (E1G) on day 2 (ng/mL).
†6-hydroxymelatonin sulfate (6-OHMS) excretion on day 0 (ng/mg creatinine).
‡Adjusted for menstrual stage and menopausal status.
§Adjusted for menstrual stage, season, fruit intake, and exercise; excludes women taking

melatonin supplements, birth control medication, and hormone replacement therapy.
�Women with a menstrual cycle longer than 32 days.
¶Adjusted for BMI; excludes women taking melatonin supplements or on hormone

replacement therapy.

1152 Estrogen, Melatonin, and Radiofrequency Exposure • Clark et al



women with elevated 6-OHMS lev-
els.70 –72 Future studies of the am-
plitude, duration, and acrophase of
melatonin and estrogen production
over time are suggested to help
elucidate the relationship between
these hormones.

No association between MF expo-
sure and melatonin production was
identified among pre- or postmeno-
pausal women in this study. Numer-
ous independent investigators have
reported reduced human melatonin
production in response to MF expo-
sures, although others have reported
no effects or modest reductions at
marginal levels of statistical signifi-

cance.1,3,7,73,74 The lack of consis-
tency among studies may be due to a
true lack of MF effect on melatonin.
Alternatively, the inconsistent find-
ings may be due to an undefined
critical exposure parameter, com-
plexities involved with the accurate
characterization of melatonin, small
sample sizes with corresponding low
statistical power, an inability or lack
of control for confounding factors
such as ambient light exposure, or
genetic variability.1,3,7,73,74 Several
investigators have suggested that
certain individuals may be more sen-
sitive to the effects of nonionizing
radiation than others.28,75–78 Support

for this idea has been presented in
studies of 60-Hz MF exposure and
human melatonin production.25,40–43

In the present study, associations be-
tween nonionizing radiation expo-
sure and estrogen were strongest
among postmenopausal women who,
for whatever reason, had low
6-OHMS levels. The increased sen-
sitivity to RF and 60-Hz fields
among postmenopausal women with
reduced melatonin is compatible with
our previous study in which 60-Hz
associated changes in several immune
markers were accentuated among
workers with reduced melatonin pro-
duction on the preceding night.28

TABLE 2
Urinary Estrogen and Melatonin Metabolite Concentrations Among Postmenopausal Women (n � 27), Lookout Mountain,
Golden, CO, 2002–2003

Mean Urinary Concentration*

Exposure Quartiles

1 2 3 4 1 vs 4 P
Continuous
Variable P

House average RF power
density (�W/cm†)

Average Exposure within quartile 0.04 0.2 0.4 1.4
6-OHMS 60.6 62.5 65.2 30.1 0.09 0.31
E1G 8.4 14.2 15.9 17.2 0.02 �0.01

Proximity to RF transmitters (km)†
Average Exposure within quartile 3.1 2.2 1.6 0.9
6-OHMS 69.8 37.5 51.4 54.4 0.52 0.51
E1G 8.4 11.2 17.8 18.2 0.01 0.04

Transmitter visibility (percent
transmitters visible from
home)

Average Exposure within quartile 0 9 39 83
6-OHMS 58.6 38.5 41.7 62.4 0.87 0.96
E1G 8.7 12.5 14.6 18.5 0.02 0.02

Elevation of residence (feet
above sea level)

Average Exposure within quartile 7303 7398 7491 7638
6-OHMS 57.5 38.4 51.4 56.9 0.98 0.75
E1G 11.0 10.7 15.3 17.4 0.15 0.08

Geometric mean 60-Hz
magnetic fields (mG)‡

Average Exposure within quartile 0.2 0.3 0.5 1.3
6-OHMS 30.7 44.6 82.5 88.8 0.02 0.28
E1G 11.2 17.4 11.8 15.1 0.31 0.24

Temporally stable 60-Hz
magnetic fields (RCMS/15 s)‡

Average Exposure within quartile 0.45 0.68 0.84 0.94
6-OHMS 39.6 95.6 35.3 74.4 0.10 0.61
E1G 10.1 11.1 16.3 19.6 0.03 �0.01

*Least squares means of urinary 6-hydroxymelatonin sulfate (6-OHMS, ng/mg creatinine) adjusted for month, eye color; estrone-3-
glucuronide (E1G, ng/mL) adjusted for body mass index.

†Average distance to 15 nearby radio and television transmitters.
‡Personal exposure to 60-Hz magnetic fields between sunset and bedtime on the evening before overnight urine sample collection.
RF indicates radio frequency (0.1 to 3000 MHz); RCMS, standardized rate of change metric.
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Conclusions
In summary, an association be-

tween RF and 60-Hz nonionizing
radiation exposures and increased
E1G excretion was observed among
postmenopausal but not premeno-
pausal women residing on Lookout
Mountain in Colorado, a community
with a high density of radio and TV

transmitters. Interpretation of these
results is limited by the number of
postmenopausal women available for
analysis and by the lack of exposure-
related effects among premenopausal
women. The ability to detect an ef-
fect among premenopausal women
may have been obscured by the
larger natural variations in estrogen

that occur during the menstrual
cycle. Also, the possibility that estro-
gen metabolism was shifted to an-
other metabolite cannot be excluded.
Nonetheless, these observations per-
sisted with adjustment for potential
confounding, and were consistent
when multiple RF exposure metrics
(measured power density, distance,
proximity to transmitters, elevation)
were evaluated. The findings support
the hypothesis that RF and tempo-
rally stable 60-Hz exposures influence
E1G excretion among postmenopausal
women. Women with reduced noctur-
nal 6-OHMS excretion may represent
a sensitive subgroup.
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