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Nocturnal excretion of a urinary melatonin metabolite among electric utility

workers

by James B Burch, PhD," John S Reif, DVM," Michael G Yost, PhD,? Thomas J Keefe, PhD,’ Charles A

Pitrat, MS'

Burch JB, Reif JS, Yost MG, Keefe TJ, Pitrat CA. Nocturnal excretion of a urinary melatonin metabolite
among electric utility workers. Scand J Work Environ Health 1998;24(3):183—189.

Objectives The effects of 60-Hz magnetic field and ambient light exposures on the pineal hormone melatonin were
studied among electric utility workers.

Methods Personal exposure was measured at 15-second intervals over 3 consecutive 24-hour periods. Exposure
metrics based on magnetic field intensity, intermittence, or temporal stability were calculated for periods of work,
home, and sleep. A rate-of-change metric (RCM) was used to estimate intermittence, and the standardized RCM
(RCMS =RCM/standard deviation) was used to evaluate temporal stability. The effects of magnetic field exposure on
total overnight 6-hydroxymelatonin sulfate (6-OHMS) excretion and creatinine-adjusted nocturnal 6-OHMS (6-
OHMS/cr) concentration were analyzed with adjustment for age, month, and light exposure.

Results Magnetic field intensity, intermittence, or cumulative exposure had little influence on nocturnal 6-OHMS
excretion. Residential RCMS magnetic field exposures were associated with lower nocturnal 6-OHMS/cr concentra-
tions. In multivariate statistical analyses, the interaction term for geometric mean and RCMS magnetic field exposures
at home was associated with lower nocturnal 6-OHMS/cr and overnight 6-OHMS levels. Modest reductions in the
mean 6-OHMS levels occurred after RCMS exposures during work. The greatest reductions occurred when RCMS
exposures both at work and at home were combined; therefore the effects of temporally stable magnetic fields may be
integrated over a large portion of the day.

Conclusions Results from this study provide evidence that temporally stable magnetic field exposures are associated

with reduced nocturnal 6-OHMS excretion in humans.

Key terms electromagnetic fields, human, 6-hydroxymelatonin sulfate, 60 Hz, magnetic fields, pineal.

The potential health effects associated with exposure to
power frequency (50/60 Hz) magnetic fields have received
considerable attention in recent years, due in part to the
pervasiveness of such exposures in the home and work-
place. The characterization of human biological respons-
es to magnetic field exposures is critical in determining
whether such exposures result in adverse health effects.
Some magnetic field effects may be mediated through re-
duced secretion of the hormone melatonin. Melatonin se~
cretion follows a diurnal rhythm (night high, day low) that
is synchronized by ambient light exposure (1). Through
this mechanism, melatonin influences sleep and other
physiological processes with circadian rhythms (2, 3).
Melatonin is also associated with suppressed tumor
growth (3—6), enhanced immunity (6—9), antioxidant
effects (10—12), and reduced secretion of tumor-promot-
ing hormones (13, 14). Decreased melatonin production
could therefore have important biological consequences.

Although a reduction in melatonin synthesis follow-
ing exposure to magnetic fields has been reported for a
variety of experimental animal models (15), only a few
studies have attempted to determine whether such effects
occur in humans. In a study of electric blanket users, Wil-
son et al (16) found a reduction in nocturnal urinary con-
centrations of the major melatonin metabolite 6-hy-
droxymelatonin sulfate (6-OHMS or 6-sulfatoxymelaton-
in) in some persons after 8 weeks of electric blanket use.
Cessation of electric blanket use was accompanied by an
increase in 6-OHMS excretion (16). A reduction in early
evening, but not overnight, 6-OHMS excretion was re-
ported recently in a study of railway workers with occu-
pational exposure to 16.7 Hz magnetic fields (17).

Elevated magnetic field exposures have been report-
ed for electric utility workers (18—21). Numerous epide-
miologic studies have identified this occupational group
as having an elevated risk for developing leukemia (22)
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or brain cancer (23). Therefore, this study was designed
to test the hypothesis that electric utility workers exposed
to magnetic fields exhibit a decrease in nocturnal mela-
tonin biosynthesis.

Subjects and methods

The study population comprised 142 male electric power
utility workers aged 20 to 60 years. Generation workers
[N=29] (utility electricians and operators), distribution
workers [N=56] (linemen and substation operators), and
a comparison group of utility maintenance and adminis-
trative staff [N=57] were studied concurrently over a 1-
year period. The mean age was 41 (SD 0.6) years; ap-
proximately 90% were Caucasian and non-Hispanic. All
the subjects worked a normal daytime shift during their
participation in the study. A questionnaire was adminis-
tered to collect information concerning personal (age, race,
body mass index), occupational (job title, employment du-
ration, use of cell phones and other equipment, physical
activity, work with chemicals), life-style (tobacco and al-
cohol use, sleep habits, electrical appliance use, exercise),
and medical factors (medication, disease history) that
might influence magnetic field exposure or melatonin pro-
duction. None of the subjects were taking exogenous
melatonin.

Exposure assessment

Personal exposure to magnetic fields and ambient light
was measured over a period of 3 consecutive workdays,
and during the night preceding the first day of work.
Twenty-four hour magnetic field and light exposures were
recorded at 15-second intervals with EMDEX C meters
(19). Light exposure was measured by a Grasby Optron-
ics photometric sensor adapted to the external jack of the
EMDEX. The meter was worn in a belt pack with the sub-
ject at work and off duty; it was placed beside the bed
adjacent to the waist during the worker’s sleep. Calibra-
tion logs and recordings of magnetic fields, light, and
motion were inspected, and data were excluded if the meter
was out of calibration, malfunctioning, or not worn. The
participants logged their times at work, at home, and in
bed, and exposures were partitioned accordingly. Home
exposures were comprised mainly of time spent at the res-
idence in the evening with a small component due to time
at home prior to work.

Exposure metrics

Magnetic field and light exposure metrics were calculat-
ed for each exposure period and day of study. The arith-
metic time-weighted average (TWA) was used to summa-
rize personal light exposure. Magnetic field exposure
metrics were selected a priori and included the arithmetic
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TWA, the geometric TWA, cumulative exposure, and
cumulative exposure above 0.2 uT (24, 25). Two other
metrics were calculated according to proposed mecha-
nisms of magnetic field action. Exposure to fields with
many switching events may have important biological
implications (26—28). Therefore, a “rate of change met-
ric” (RCM) based on the root-mean-square variation in
successive magnetic field measurements was used to meas-
ure the intermittence of exposure (29):

RCM (UT/15 5) = V[Z(MF, - MF,)?/ (n-1)],

where MF, and MF, are successive 15-second magnetic
field measurements and n is the number of measurements
within a given exposure period. The RCM provides an
estimate of both the variability and the first-lag autocorre-
lation in a series of measurements. Higher RCM values
indicate greater variability or less autocorrelation between
successive readings or both. Others have suggested that
temporally stable magnetic fields induce biological effects
(30-—32). The standardized RCM (RCMS) was therefore
derived as follows:

RCMS (per 15 5) =RCM/SD,

where SD is the standard deviation of the magnetic field
measurements in a given period. The RCMS estimates the
first-lag autocorrelation. Low RCMS values correspond
to relatively small differences between successive meas-
urements and represent magnetic field exposures that are
stable over time. Thus low RCMS values should be di-
rectly associated with low 6-OHMS levels.

The geometric mean and RCMS magnetic field expo-
sures are summarized in table 1 by worker group and ex-
posure period. In general, the measures of magnetic field
intensity correlated well. The geometric mean magnetic
field exposures at work were higher for the generation
workers than for the comparison workers (P<0.01). For
comparison with other studies, the arithmetic means for
the workplace exposures were 0.23, 0.32, and 0.15 pT
for the distribution, generation, and comparison workers,
respectively.

Determination of 6-hydroxymelatonin sulfate

Morning urine samples were collected daily for 4 days to
determine the 6-OHMS levels. The base-line sample was
obtained prior to the beginning of the workweek. The
participants then submitted a morning sample on each of
3 consecutive workdays. Night-time and first morning
voids were pooled to provide a total overnight sample.
Melatonin production was assessed by a radioimmu-
noassay of urinary 6-OHMS concentrations (33, 34) (CI-
Dtech, Mississauga, Ontario, Canada), which follow a di-
urnal pattern that is highly correlated with circulating
melatonin (35). Total overnight 6-OHMS excretion and
the nocturnal 6-OHMS concentration adjusted for creati-
nine (6-OHMS/cr) were calculated for each day.



Data analyses

Statistical analyses were performed using log-transformed
data (log of the reciprocal for RCMS). Magnetic field ex-
posures were compared among the distribution, genera-
tion, and comparison groups with a repeated-measures
analysis of variance. Analyses for magnetic field effects
were adjusted for age, month of participation, and TWA
light exposure for the same period using Proc Mixed for
repeated measures (SAS Institute Inc, Cary, NC, USA).
Additional analyses were performed to evaluate potential
confounding by the questionnaire variables; the results
were essentially unchanged from those presented in this
text. The potential effects of magnetic fields on the 6-
OHMS excretion were modeled in 2 ways. First, 6-OHMS
excretion was analyzed using each magnetic field metric
as a continuous variable with age, month, and light expo-
sure included as covariates in the Proc Mixed analysis,
along with “day” and “magnetic fields by day”. Second,
magnetic field exposures were divided into quartiles, and
the least-squares means (adjusted for age, month, and light
exposure) were estimated for the 6-OHMS for each quar-
tile of exposure. The means in the lowest and highest ex-
posure quartiles were compared by Fisher’s least signifi-
cant difference method.

Results

The overall mean of the overnight 6-OHMS excretion was
22.7 (SD 1.3) pg, a value consistent with previously pub-
lished data (35, 36). There was a statistically significant
association between month of participation and both meas-
ures of 6-OHMS excretion (P<0.01); mean levels were
higher in winter and lower in summer. Light exposures
(TWA or cumulative lux) at home and during commutes
from work to home were associated with lower 6-OHMS
levels.

When each magnetic field metric was analyzed sepa-
rately as a continuous variable, no statistically significant
associations between 6-OHMS excretion and magnetic
field intensity (TWA and cumulative exposures) or
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intermittence (RCM) were found. When RCMS was ana-
lyzed as a continuous variable, low RCMS exposures at
home were associated with lower nocturnal 6-OHMS/cr
concentrations (P<0.01) and lower overnight 6-OHMS
excretion (P=0.06). No statistically significant reductions
in 6-OHMS were found for RCMS exposures during work
or sleep.

Further analyses were performed to determine wheth-
er temporally stable magnetic field exposures that occurred
at higher field strengths had more of an effect than stable
exposures at lower intensities. The geometric mean,
RCMS, and their interaction term were included in the
analysis as continuous variables. The interaction term for
the geometric mean and RCMS magnetic field exposure
at home was associated with lower 6-OHMS/cr concen-
trations (P<0.01) and with reduced overnight 6-OHMS
excretion (P<0.01). Subjects with exposure to high-inten-
sity magnetic fields that were also temporally stable had
the lowest 6-OHMS levels. Similar results were obtained
using the interaction term for RCMS with other intensity
metrics at home. Interaction terms for RCMS with other
exposure metrics during work or sleep were not associat-
ed with lower 6-OHMS levels.

The mean nocturnal 6-OHMS/cr concentrations and
total overnight 6-OHMS excretion are presented by the
quartile of the geometric mean and RCMS magnetic field
exposures in tables 2 and 3, respectively. Quartile 4 rep-
resents the highest level of magnetic field intensity or tem-
poral stability. Thus the mean 6-OHMS levels are arranged
by increasing quartile of the geometric mean and decreas-
ing quartile of the RCMS magnetic field exposure.

There was little evidence for reduced 6-OHMS excre-
tion with increasing intensity of magnetic field exposure
as measured by the geometric mean (table 2). However,
the mean nocturnal 6-OHMS/cr concentrations were con-
sistently lowest in subjects that were in the lowest quartile
of RCMS exposure during work, home, or sleep (table 3).
The difference between the highest and lowest quartiles
was statistically significant for the home RCMS exposures
(P<0.01). The mean overnight 6-OHMS excretion was
also the lowest for the subjects that were in the lowest
quartile of RCMS exposure although the differences

Table 1. Summary statistics for the magnetic field exposures of the male electric utility workers by exposure period. (RCMS = standardized

rate of change metric)

Worker group Geometric mean (uT) RCMS (per15's)
Worke Home? Sleep? Worle Home? Sleep?
Mean SE Mean SE Mean SE Mean  SE Mean SE Mean  SE
Distribution (N=56) 010 0.03 011 0.04 0.08 0.05 064 0.04 0.55** 0.03 050 0.04
Generation (N=29) 0.22** 0.07 014 005 0.11* 007 069 005 059 005 0.45* 0.04
Comparison (N=57) 010 003 009 004 006 0.05 073  0.03 068 0.04 058 0.04

aMean and standard error of each exposure metric for days 1, 2, and 3 combined.
* P <0.05 versus comparison group, ** P <0.01 versus comparison group.
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Table 2. Nocturnal 6-hydroxymelatonin sulfate (6-OHMS) excretion by the quartile of the geometric mean magnetic field exposure. (cr =

creatinine)

Quartile of magnetic field exposure

Nocturnal 6-0HMS / cr concentration? (ng/mg)

Total overnight 6-OHMS excretion? (ug)

1 2 3 4 1 2 3 4
Work 29.6 252 30.0 285 177 15.0 17.8 14.8
Home 274 273 31.3 2569 16.0 16.9 16.6 15.6
Sleep 2563 31.9 306 26.8 151 17.7 17.7 16.3

2| gast-square means based on adjustment for age, month of participation, and mean light exposure during the same period.

Tahle 3. Nocturnal 6-hydroxymelatonin sulfate (6-OHMS) excretion by the quartile of temporally stable magnetic field exposure. (cr =

creatinine)

Quartile of magnetic field exposure

Nocturnal 6-OHMS / cr concentration? (ng/mg)

Total overnight 6-OHMS excretion (1g)

1 2 3 4 1 2 3 4
Work 292 275 30.9 27.2 176 17.3 16.6 151
Home 328 28.4 30.1 24.5%* 184 15.6 18.6 14.9
Sleep 29.1 283 29.2 26.3 175 16.8 16.2 15.7

@ east-square means based on adjustment for age, month of participation, and mean light exposure during the same period.

** P<0.01 for 1st versus 4th quartile.

between the highest and lowest quartiles were not statisti-
cally significant.

Additional analyses were performed to evaluate
whether temporally stable magnetic field exposures over
a larger portion of the day influenced 6-OHMS excretion.
The subjects who were in the lowest quartile of RCMS
exposure both at home and at work had mean nocturnal
6-OHMS/cr concentrations that were 39% lower than
those in the highest quartile at home and at work (23.3
ng/mg versus 38.2 ng/mg, P=0.02) (figure 1). Similar

Mean Noctwrnal 6-OHVS/ar
Concentration (ng/mg)

2 3 4

RCMS Exposure Group

Figure 1. Least-square means of the nocturnal 6-hydroxymelatonin
sulfate (6-OHMS) concentrations (ng 6-OHMS per mg creatinine) ad-
justed for the effects of age, month of participation, and ambient light
exposure. The data have been summarized by group of magnetic field
exposure using the standardized rate-of-change metric (RCMS): 4 =
lowest quartile of RCMS exposure both at work and at home; 1 = highest
quartile of RCMS exposure both at work and at home; 3 = lowest quartile
of RCMS atwork or at home, but not both; and 2 = all remaining subjects
(P=0.02 for group 1 versus group 4).
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results were obtained when these analyses were performed
using the mean overnight 6-OHMS excretion as the de-
pendent variable (12.9 pg versus 20.5 pg, P=0.03). A
similar trend was noted for the subjects with temporally
stable magnetic field exposure both at home and during
sleep (results not shown).

Discussion

Our findings indicate that the temporal stability of mag-
netic fields may be important for eliciting biological ef-
fects in humans. This hypothesis was based on the find-
ings of Litovitz et al, who measured ornithine decarboxy-
lase (ODC) activity in vitro after exposure to magnetic
fields in which the frequency was shifted at various time
intervals (30). The ODC activity doubled when the fre-
quency of a 10-uT magnetic field remained stable for in-
tervals of at least 10 seconds (30); this finding suggests
that 60-Hz magnetic fields must remain stable over time
in order elicit effects (31, 32).

Based in part on these findings, the RCMS was devel-
oped as an estimate of the temporal stability of exposure.
Consistent with this hypothesis, low RCMS values were
associated with reduced 6-OHMS excretion. Time con-
stants calculated from the lower quartile of the RCMS at
work or at home indicated that exposures remaining highly
correlated for intervals of at least 3 to 5 minutes on the
average (assuming a first-order autoregressive model)
were associated with reduced 6-OHMS levels. When an-
alyzed separately, magnetic field intensity, intermittence,
or cumulative exposure had little or no influence on




6-OHMS excretion although the intensities were relative-
ly low. However, the interaction between residential mag-
netic field intensity and temporal stability was associated
with a reduction in both 6-OHMS variables and therefore
suggests that the effects of temporally stable magnetic
fields are enhanced at higher field strengths.

Our results indicate that the timing of exposure to tem-
porally stable fields may be important for suppressing
6-OHMS excretion. Light exposures that occur at times
when people are expected to be at home (ie, near dawn
and dusk) influence nocturnal melatonin production (37—
39), and the magnetic field suppression of melatonin may
be mediated by retinal photoreceptors (40—42). If so,
magnetic field exposures may need to coincide with spe-
cific periods of photosensitivity for melatonin suppres-
sion to occur. In controlled human experiments, magnet-
ic field exposures that occurred prior to the onset of noc-
turnal melatonin production resulted in a delay in onset
and a suppression in peak nocturnal plasma melatonin
concentrations (43). Nocturnal melatonin onset usually
occurs between 1600 and 2000 hours (2), which corre-
sponds to the time of day when most of the subjects were
at home. Other investigators have failed to elicit a repro-
ducible suppression of nocturnal melatonin production in
humans using only overnight magnetic field exposures
that started at 2300 hours, after the nocturnal melatonin
onset (44—46). Similarly, we found no statistically sig-
nificant reductions in 6-OHMS in association with expo-
sures that occurred only during sleep.

Reductions in mean nocturnal 6-OHMS levels were
modest after RCMS magnetic field exposures at work. The
greatest reductions in the mean 6-OHMS levels were ob-
served when RCMS exposures at work and at home were
combined (figure 1). This finding suggests that the effects
of temporally stable magnetic fields are integrated over a
longer time span than the approximate 8-hour periods that
were used in this study and that exposures occurring dur-
ing the day influence melatonin production at night. Ani-
mal experiments indicate that several weeks of exposure
to 50- to 60-Hz electric or magnetic fields over a large
portion of the day appear to be the most effective means
of suppressing melatonin (47—52) although there are
some inconsistencies (53—56). Short-term exposures
have been ineffective (57, 58) unless repeated daily for
several weeks (59).

Melatonin suppression has been reported for experi-
mental animals after exposure to rapidly switched mag-
netic fields (27, 28). Our results do not support a role for
intermittent exposures in suppressing 6-OHMS excretion.
However, intermittent changes in magnetic fields at inter-
vals of less than 15 seconds could not be evaluated. The
rate-of-change metric was designed to capture switching
events but, like the EMDEX meter, it does not specifical-
ly quantify transient exposures. Thus the negative find-
ings for RCM in this study and the positive findings of
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others (27, 28) suggest that future studies should more
carefully characterize exposure to high-frequency tran-
sients.

One strength of our study was the ability to measure
light exposure and adjust for its effects on melatonin pro-
duction. However, the light sensor response was matched
to that of the human eye and was not maximal at all wave
lengths that produce the greatest melatonin inhibition (60).
Thus the effects of the measured light on 6-OHMS excre-
tion may have been somewhat attenuated due to the mis-
classification of exposures.

The reductions in mean nocturnal 6-OHMS excretion
associated with RCMS magnetic field exposures in this
study (approximately 20—40%) were consistent with
those reported elsewhere (15—17), and the results were
in general agreement whether nocturnal 6-OHMS/cr con-
centration or overnight 6-OHMS excretion was used as
the outcome variable. Residential, rather than occupation-
al, magnetic field exposures were most strongly associat-
ed with a reduction in nocturnal 6-OHMS excretion, which
does not support the hypothesis that workplace exposures
reduce 6-OHMS levels. However, the mean workplace
exposures were lower than those reported by others (18—
21), and they were only marginally higher than the mean
residential exposures. Thus it was not possible to deter-
mine the effects of higher workplace magnetic field ex-
posures on 6-OHMS excretion in our population. The
finding that temporally stable magnetic field exposures,
as measured by RCMS, are associated with reduced 6-
OHMS excretion is unique and requires confirmation.
Further work is also needed to determine whether 6-
OHMS excretion is chronically suppressed in electric util-
ity workers and to determine whether the effects are due
to a reduction in the biosynthesis of melatonin, a phase
shift in nocturnal melatonin production, or an increase in
melatonin metabolism. Melatonin suppression may serve
as a valuable tool for understanding human biological re-
sponses to magnetic fields.
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