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Reduced Excretion of a Melatonin Metabolite in Workers Exposed to 60 Hz
Magnetic Fields

James B. Burch,1 John S. Reif,1 Michael G. Yost,2 Thomas J. Keefe,1 and Charles A. Pitrat1

The effects of occupational 60 Hz magnetic field and ambient light exposures on the pineal hormone,
melatonin, were studied in 142 male electric utility workers in Colorado, 1995-1996. Melatonin was assessed
by radioimmunoassay of its metabolite, 6-hydroxymelatonin sulfate (6-OHMS), in post-work shift urine samples.
Personal magnetic field and light exposures were measured over 3 consecutive days using EMDEX C meters
adapted with light sensors. Two independent components of magnetic field exposure, intensity (geometric time
weighted average) and temporal stability (standardized rate of change metric or RCMS), were analyzed for their
effects on creatinine-adjusted 6-OHMS concentrations (6-OHMS/cr) after adjustment for age, month, and light
exposure. Geometric mean magnetic field exposures were not associated with 6-OHMS/cr excretion. Men in the
highest quartile of temporally stable magnetic field exposure had lower 6-OHMS/cr concentrations on the
second and third days compared with those in the lowest quartile. Light exposure modified the magnetic field
effect. A progressive decrease in mean 6-OHMS/cr concentrations in response to temporally stable magnetic
fields was observed in subjects with low workplace light exposures (predominantly office workers), whereas
those with high ambient light exposure showed negligible magnetic field effects. Melatonin suppression may be
useful for understanding human biologic responses to magnetic field exposures. Am J Epidemiol
1999; 150:27-36
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Research on the biologic effects associated with
occupational exposure to power frequency (50/60 Hz)
electric and magnetic fields (EMFs) has intensified in
recent years due to reported associations with leukemia
and brain cancer (1, 2). Some biologic effects of EMF
exposure may be mediated by the hormone, melatonin
(3, 4). Melatonin is produced primarily by the pineal
gland and its synthesis is directly inhibited by ambient
light exposure, resulting in a diurnal secretory pattern
(high at night, low during the day) (5). Melatonin sup-
pression in response to magnetic field exposure has
been reported both in experimental animals and
humans (3, 4, 6, 7) and light exposure may be required
to elicit a magnetic field effect (8-10). In addition to its
well-characterized relation with endogenous circadian
rhythms (11, 12), melatonin exerts physiologic effects
that are relevant to carcinogenesis, including suppres-
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sion of tumor growth in humans and experimental ani-
mals (13-15), enhancement of the immune response
(15, 16), and scavenging of free radicals (17-19).
Disrupted melatonin secretion following magnetic field
exposure could therefore influence carcinogenesis via
alteration of these processes. Melatonin also inhibits
the secretion of estrogen and other tumor-promoting
hormones (11, 12, 20, 21). Therefore, suppression of
melatonin, induced either by EMFs alone or in combi-
nation with light-at-night, could enhance estrogen
secretion, leading to increased breast cancer risk (4,
22). In support of this hypothesis, elevated breast can-
cer risks have been reported in male (23-26) and
female (27-29) EMF-exposed workers although such
effects have not been observed consistently (30-33).

Electric utility workers have occupational magnetic
field exposures that are elevated relative to other occu-
pations and they work in a complex electromagnetic
environment with respect to the intensity and temporal
characteristics of their exposure (34—38). Although
magnetic field intensity (summarized by the time-
weighted average [TWA]) is a commonly evaluated
exposure metric, temporal characteristics of magnetic
field exposure may be important for eliciting biologic
effects, such as the increased enzymatic activity of
ornithine decarboxylase (39^1). The temporal auto-
correlation between successive EMF measurements
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has been identified as a component of personal EMF
exposure in electric utility workers that is independent
of magnetic field intensity (38). Further, the temporal
autocorrelation of residential magnetic field exposures
may be important for predicting childhood leukemia
risk when combined with other EMF exposure metrics
(42).

Reduced excretion of the major urinary melatonin
metabolite, 6-hydroxymelatonin sulfate (6-OHMS),
has been shown in two studies of occupational EMF
exposure (6, 7). Swiss railway workers were found to
have reduced evening 6-OHMS excretion after 5 days
of exposure to 16.7 Hz fields (7). Recently, we demon-
strated decreased nocturnal 6-OHMS excretion associ-
ated with exposure to temporally stable 60 Hz magnetic
fields in male electric utility workers (6). Temporal
stability was assessed using an estimate of autocorre-
lation, and the effect was most pronounced when both
residential and occupational exposures were combined
(6). The current study reports the effects of occupa-
tional exposures to 60 Hz magnetic fields on post-
work shift 6-OHMS excretion in the same population
of electric utility workers using measures of field
intensity and temporal autocorrelation.

MATERIALS AND METHODS

The study population was derived from three munic-
ipal electric utilities in Colorado. All employees, aged
20-60 years, with at least one month of electric utility
work experience were contacted via orientation meet-
ings or by telephone. The goal, based on statistical
power calculations, was to obtain 200 participants; 195
subjects were eventually recruited. Of those 195 work-
ers, data were available for 173, of which 142 were
men. Workers with electric power generation, distribu-
tion, or administrative job descriptions were studied
over a one-year period during daytime work hours
(approximately 7:00 a.m. to 6:00 p.m.). Data collec-
tion was scheduled for the first 3 days of the work
week to permit evaluation of changes in melatonin
after time away from work (6, 7). Non-shift workers
participated during the daytime after 2 days of non-
occupational magnetic field exposure. In order to gen-
erate comparable data for shift workers, they partici-
pated while they were working during the day;
however, their schedule provided 3 days off prior to
commencing their day shift.

A questionnaire was used to collect additional infor-
mation concerning factors that might influence mag-
netic field or light exposure and melatonin production.
Potential confounders or modifiers included personal
(age, race, body mass index), occupational (job title,
years work experience, physical activity, work with
specific chemicals, e.g., creosote, solvents, pesticides),

life-style (tobacco and alcohol consumption, light-at-
night, electrical appliance use, exercise), and medical
factors (medications, disease history). No subjects
were taking exogenous melatonin during participation.

Subjects collected one urine sample immediately
following their work shift on each of 3 consecutive
days (usually Monday, Tuesday, and Wednesday) for
determination of 6-OHMS. Subjects also collected
four consecutive overnight urine samples; the Monday
morning sample was used to evaluate baseline noctur-
nal melatonin prior to resuming work. However, the
logistics of having subjects collect a baseline "post-
work shift" urine sample while off duty were consid-
ered not practical due to concerns about subject com-
pliance and quality assurance. The melatonin
metabolite 6-OHMS was measured in urine by
radioimmunoassay (43-45) using materials supplied
by CIDtech (Mississauga, Ontario, Canada). The
interassay coefficient of variation for the slope of the
standard curves obtained during this study was 4 per-
cent and the limit of detection for 6-OHMS was 0.1
ng/ml. Concentrations of 6-OHMS were normalized to
urinary creatinine concentrations (6-OHMS/cr) and
are presented as nanograms 6-OHMS per milligram
creatinine (ng/mg cr).

Work shift personal magnetic field and ambient light
exposures were logged daily for all subjects at a rate of
once every 15 seconds using EMDEX C meters
(Electric Field Measurements, Stockbridge,
Massachusetts) worn at the waist. Light exposure was
measured with a light sensor (model LX101, Grasby
Optronics, Orlando, Florida) adapted to the meter's
external jack. This photoelectric detector produces a
linear output current in proportion to light intensity,
from less than 1 lux to approximately 100,000 lux.
Exposure assessment was performed for 3 work days
due to battery life and the capacity of digital memory
in the meter. Subjects logged their work activities and
hours on duty, permitting the calculation of daily
workplace exposure metrics. Light exposure was sum-
marized by calculating the work shift arithmetic TWA.
The geometric TWA was used to assess the intensity of
magnetic field exposure, and the standardized rate of
change metric (RCMS), which estimates first-lag auto-
correlation, was used to assess the temporal stability of
exposure (6). Low values of RCMS represent relatively
small differences between successive magnetic field
measurements and are indicative of temporally stable
exposures.

Analyses were performed with the Statistical Analysis
Software (SAS) computer program (SAS Institute Inc.,
Cary, North Carolina) using log-transformed values for
6-OHMS/cr, geometric mean magnetic field exposures
(untransformed values for RCMS), and light data. A
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univariate procedure (Mest or analysis of variance
(ANOVA) for categorical data and linear correlation for
continuous data) was used to screen 98 questionnaire
items for a potential association with 6-OHMS/cr using
a cutpoint of p < 0.10. Multivariate statistical evalu-
ations of the effects of magnetic field exposure on 6-
OHMS/cr excretion were conducted using Proc Mixed
for repeated measurements. Analyses were performed
with adjustment for age, month of participation, and
TWA light exposure, which were considered potential
confounders a priori. The results were unchanged when
other potential confounders selected using the univariate
screening process were also included in the analysis
(height, tobacco consumption, self-reported stress, exer-
cise, shift work, use of electric ovens, use of cellular
telephones, use of acetaminophen). Workplace magnetic
field exposures were divided into quartiles and daily
least-squares mean 6-OHMS/cr concentrations were
estimated for each quartile. Mean 6-OHMS/cr levels in
the lowest and highest quartiles were then compared
using the least significant difference procedure in SAS.
Data were also analyzed with Proc Mixed using mag-
netic field exposure metrics as continuous variables with
age, month, and light exposure included as covariates.
Potential interactions between magnetic field intensity
and temporal stability were analyzed by including these
metrics and their cross-product in the statistical model.
Interaction terms for magnetic field metrics with light
exposure were also analyzed.

RESULTS

The study population comprised 142 males: 56 (39
percent) distribution, 29 (20 percent) generation, and
57 (40 percent) administrative and maintenance (com-
parison) workers. The mean age (±standard error) of
the population was 41 (±0.6) years; approximately 75
percent of the study population was between 30 and 50
years old. Hispanics and other non-Anglo or nonwhite
racial/ethnic groups accounted for 10.5 percent of the
population.

As expected, a diurnal variation in mean 6-
OHMS/cr concentrations was observed; unadjusted
mean 6-OHMS/cr concentrations were 38.3 (±1.5)
ng/mg cr in the nocturnal (first void) samples and 9.0
(±0.4) ng/mg cr in the post-work shift samples for all
subjects combined. Mean 6-OHMS/cr concentrations
for selected personal and occupational factors are pre-
sented in table 1. A seasonal pattern in post-work 6-
OHMS/cr concentrations was present with a peak dur-
ing the winter and a trough during the summer months.
In contrast, there were no statistically significant dif-
ferences in mean 6-OHMS/cr levels across quartiles of
workplace light exposure (table 1). When analyzed as
a continuous variable, workplace light exposure was

negatively associated with 6-OHMS/cr excretion (p =
0.06). The crude mean 6-OHMS/cr concentrations
were elevated for electric power generation and shift
workers. These differences were reduced after adjust-
ment for month and light exposure. Generation and
shift workers participated mainly during the winter and
fall (97 percent and 82 percent, respectively), which is
likely to explain the differences between crude and
adjusted mean 6-OHMS/cr levels. Subjects who
smoked more than one pack of cigarettes per day had
higher 6-OHMS/cr excretion than those smoking less
than one pack or nonsmokers. A slight reduction in 6-
OHMS/cr concentrations was noted among workers
who consumed alcohol. Among the other variables
listed in table 1, statistically significant (p < 0.05) dif-
ferences between crude means for recreational exer-
cise and use of acetaminophen disappeared after
adjustment for a priori confounders.

Crude and adjusted means for post-work shift 6-
OHMS/cr levels are presented by quartile of work-
place geometric mean magnetic field exposure in table
2. There were no statistically significant differences in
6-OHMS/cr excretion among subjects in the highest
and lowest exposure quartiles although a tendency
toward decreasing adjusted mean 6-OHMS/cr excre-
tion was apparent on Day 3. Table 3 presents mean 6-
OHMS/cr concentrations by quartile of temporally sta-
ble (RCMS) magnetic field exposure at work. A
statistically significant difference in unadjusted mean
6-OHMS/cr excretion was observed on each day. After
adjustment for age, month, and light exposure, there
were no differences in 6-OHMS/cr concentration on
Day 1 (table 3). However, men with temporally stable
magnetic field exposures (quartile 4) had lower adjust-
ed 6-OHMS/cr concentrations on Day 2 and Day 3,
respectively, compared with those with temporally
unstable exposures (quartile 1, table 3).

When analyzed as a continuous variable, geometric
mean magnetic field exposure was not associated with
6-OHMS/cr excretion. A negative association was
observed between 6-OHMS/cr excretion and temporally
stable (RCMS) magnetic field exposure (p = 0.06).
More stable magnetic field exposures were associated
with lower concentrations of the melatonin metabolite.
Neither the interaction term for geometric mean with
RCMS magnetic field exposure nor the interaction term
for the geometric mean magnetic field with ambient
light exposure was associated with 6-OHMS/cr.
However, there was a statistically significant interaction
between temporally stable magnetic fields and ambient
light exposures (p = 0.02). In subjects with workplace
light exposures below the median, temporally stable
magnetic field exposures were associated with
decreased 6-OHMS/cr excretion (p < 0.01), whereas no
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30 Burch et al.

TABLE 1. Mean* creatinine-adjusted 6-hydroxymelatonin sulfate (6-OHMS/cr) concentrations for
selected variables in male electric utility workers, Colorado, 1995-1996f

Variable Crude mear4
(ng/mg cr)

Adjusted meant
(ng/mg cr)

Age group (years)
20-30 (n= 17)
31^10 {n = 47)
41-50 (n = 59)
51-60 (n= 19)

Race
Nonwhite or Hispanic (n = 15)
White (n= 125)

Occupational group
Administrative/maintenance (n = 57)
Distribution (n = 56)
Generation (n = 29)

Season
Winter (n = 45)
Spring (n = 21)
Summer (n = 32)
Fall (n = 44)

Mean light exposure
<262 lux {n = 30)
263-572 lux (n = 30)
573-1,791 lux(n=31)
>1,791 Iux(/7=3O)

Cigarette smoking
Nonsmokers (n = 113)
<1 pack/day (n = 22)
>1 pack/day (n = 5)

Alcohol consumption
Nondrinker (n = 39)
<12 drinks/month (n = 51)
>12 drinks/month (n = 48)

Recreational Exercise
>Once per week (n = 92)
Seldom or never (n = 50)

Use of acetaminophen
Yes (n = 36)
No(n=105)

Body mass index (kg/m2)
<26 (n = 71)
>26(n=71)

Shift work
Yes(n=17)
No(n= 124)

Use of cell phone at work
Never (n = 33)
Seldom <1x/week (n = 38)
Occasional 1x/day {n = 44)
Often >1x/day(n = 26)

4.1
6.1
7.0
7.4

4.7
6.4

6.5
4.6

10.9

11.2
3.9
2.6
8.7

8.7
5.4
8.0
4.6

6.1
6.5

11.8

8.0
5.7
5.6

5.6
7.8

8.3
5.7

6.6
6.0

11.0
5.8

6.5
7.7
6.0
4.8

(2.6-6.6)
(4.7-7.9)
(5.5-8.9)
(4.7-11.6)

(2.7-8.3)
(5.5-7.5)

(5.1-8.4)
(3.6-5.8)
(8.8-13.5)

(9.4-13.4)
(3.1-4.8)
(1.8-3.6)
(7.0-10.8)

(6.4-11.9)
(4.0-7.3)
(5.8-10.9)
(3.4-6.1)

(5.1-7.3)
(4.4-9.7)
(7.8-17.8)

(6.0-10.7)
(4.4-7.3)
(4.2-7.3)

(4.6-6.9)
(6.3-9.6)

(6.3-10.8)
(4.8-6.9)

(5.3-8.2)
(4.9-7.5)

(7.9-15.5)
(4.9-6.7)

(4.7-8.9)
(6.0-9.9)
(4.6-8.0)
(3.1-7.3)

4.8
4.1
5.4
4.6

3.7
4.9

4.6
4.5
6.5

10.3
3.6
1.9
8.0

5.6
4.3
5.2
4.8

4.6
5.5
8.0

5.9
4.0
5.1

4.8
4.8

5.3
4.7

5.0
4.7

6.0
4.6

5.0
4.7
5.1
4.5

(3.5-6.5)
(3.4-5.1)
(4.6-6.3)
(3.5-6.1)

(2.7-5.3)
(4.4-5.5)

(3.8-5.4)
(3.8-5.4)
(4.8-8.7)

(8.5-12.6)
(2.7-4.8)
(1.5-2.4)
(6.5-9.8)

(4.8-6.5)
(3.6-5.2)
(4.3-6.2)
(3.9-5.8)

(4.1-5.3)
(4.2-7.2)
(4.5-14.3)

(4.8-7.2)
(3.3-4.7)
(4.2-6.2)

(4.2-5.5)
(4.0-5.8)

(4.2-6.8)
(4.2-5.4)

(4.2-5.8)
(4.1-5.5)

(4.2-8.6)
(4.1-5.2)

(3.9-6.4)
(3.9-5.7)
(4.1-6.3)
(3.6-5.7)

* 95% confidence interval in parentheses.
t Variations in subject number are due to missing data for selected variables.
i Individual results were averaged across 3 days of observation and crude means were then compared by t-

test or analysis of variance. Proc Mixed for repeated measurements was used to calculate least-squares means
adjusted for the effects of age, month of participation, and workplace light exposure.
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Day 1
Crude
Adjusted

Day 2
Crude
Adjusted

Day 3
Crude
Adjusted

;oiorad(5, 1995-1996T

I
(S 0.078)

Mean

4.8
4.2

5.2
4.9

5.8
5.8

(ng/mg cr)

(3.8-6.0)
(3.3-5.4)

(4.1-6.6)
(3.8-6.4)

(4.6-7.5)
(4.5-7.6)

Workplace geometric mean

II
(0.079-0.10)

Mean

7.1

5.5

4.6
4.1

5.8
4.8

(ng/mg cr)

(5.6-9.1)
(4.4-7.1)

(3.4-6.2)
(3.0-5.5)

(4.4-7.6)
(3.8-6.2)

magnetic field exposure quartile (nT)t

III
(0.10-0.135)

Mean

5.9
5.0

6.1
5.1

5.5
4.5

(ng/mg cr)

(4.5-7.6)
(3.9-6.4)

(4.7-7.8)
(4.1-6.5)

(4.1-7.4)
(3.4-5.8)

Mean

5.0
4.5

5.7
4.8

5.9
4.4

IV
• 0.135)

(ng/mg cr)

(3.8-6.6)
(3.5-6.0)

(4.2-7.6)
(3.6-6.5)

(4.4-7.9)
(3.4-5.9)

Relative change (%) in 6-OHMS/cr
concentration, quartile I vs. IV

Mean (95% Cl)

4 (-35 to 33)
7 (-34 to 36)

10 (-33 to 39)
-2 (-48 to 30)

2(~44to31)
-24 (-70 to 7)

p value

0.79
0.68

0.63
0.91

0.99
0.14

* 95% confidence interval (Cl) in parentheses.
t Least-squares means based on adjustment for age, season, and mean workplace light exposure.
j Data arranged from lowest (I) to highest (IV) quartile of workplace geometric mean magnetic field exposure. jxT, microtesla.

TABLE 3. Mean* creatinine-adjusted 6-hydroxymelatonin sulfate (6-OHMS/cr) concentrations by quartile of temporally stable magnetic field exposure at work in male
electric utility workers, Colorado, 1995-1996t

Day 1
Crude
Adjusted

Day 2
Crude
Adjusted

Day 3
Crude
Adjusted

(;
Mean

6.7
4.9

7.5
6.3

7.3
6.1

I
. 0.90)

(ng/mg cr)

(5.2-8.7)
(3.8-6.3)

(5.8-9.7)
(4.8-8.3)

(5.4-9.8)
(4.6-8.0)

Workplace RCMS

II
(0.89-0.75)

Mean (ng/mg cr)

5.2 (4.0-6.7)
4.2 (3.3-5.3)

5.8 (4.4-7.5)
4.8 (3.8-6.2)

5.8 (4.2-8.0)
4.7 (3.5-6.4)

magnetic field exposure quartile (per 15 seconds)^

III
(0.74-0.58)

Mean (ng/mg cr)

6.0 (4.6-7.9)
5.3 (4.1-7.0)

5.0 (3.8-6.5)
4.5 (3.4-5.9)

6.0 (4.7-7.8)
5.0 (4.0-6.3)

Mean

4.8
5.0

4.4
4.1

5.0
4.2

IV
{<, 0.58)
(ng/mg cr)

(3.8-6.1)
(3.9-6.4)

(3.5-5.5)
(3.2-5.2)

(4.0-6.2)
(3.3-5.2)

Relative change (%) in 6-OHMS/cr
concentration, quartile I vs. IV

Mean (95% Cl)

-28 (-65 to -1)
2 (-42 to 28)

-41 (-78 to-14)
-35 (-79 to -5)

-31 (-72 to -2)
-31 (-73 to -2)

p value

0.04
0.95

<0.01
0.02

0.03
0.03

/lagn

o

CD'
Q.
Ill
X

o
roc
ffi
0J

CL

I
cd

* 95% confidence interval (Cl) in parentheses.
t Least-squares means based on adjustment for age, season, and mean workplace light exposure.
t Data arranged from highest (I) to lowest (IV) quartile of workplace RCMS magnetic field exposure. Low values of RCMS indicate temporally stable exposures. RCMS, standardized

rate of change metric.
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association was noted in workers with workplace light
exposures above the median (p = 0.40). This interaction
is illustrated in figure 1. Individuals in the lowest quar-
tile of workplace light exposure showed a clear trend of
decreasing mean 6-OHMS/cr concentrations with
increasing exposure to temporally stable magnetic
fields, whereas subjects in the highest (or intermediate
[results not shown]) quartile of ambient light exposure
had no differences in 6-OHMS/cr excretion across quar-
tiles of temporally stable magnetic fields. The propor-
tion of subjects who reported office work on their activ-
ity logs was greater for subjects in the lowest quartile of
light exposure (71 percent) compared with those in the
highest quartile (49 percent) (p < 0.01 by the chi-square
test). When subjects were stratified according to the sea-
son in which they participated, subjects with low light
exposures tended to have reduced mean 6-OHMS/cr
levels in response to temporally stable magnetic field
exposures regardless of their season of participation.

DISCUSSION

Exposure to temporally stable magnetic fields may
elicit biologic effects in cellular systems (39—41). In
our earlier analysis of electric utility workers (6), tem-
porally stable 60 Hz magnetic field exposures at home
or at home and work combined were associated with

reductions in total overnight 6-OHMS excretion and
nocturnal urinary 6-OHMS/cr concentration. In the
current study, we provide evidence that occupational
exposure to temporally stable magnetic fields is also
associated with a reduction in post-work shift 6-
OHMS/cr excretion. Adjusted mean post-work shift 6-
OHMS/cr concentrations were unchanged on the first
day (typically Monday) but were reduced on the sec-
ond and third days of occupational exposure to tempo-
rally stable magnetic fields. This suggests that sup-
pression of post-work shift 6-OHMS/cr excretion by
RCMS magnetic fields is dependent on exposure dura-
tion and that several days may be required to elicit an
effect.

These findings are reasonably consistent with those
in Swiss railway workers (7), where statistically sig-
nificant decreases in mean evening (samples collected
at 6:00 p.m.) 6-OHMS concentrations were found in
workers 1 and 5 days after occupational exposure to
16.7 Hz magnetic fields. In contrast to the Swiss study
(7), we did not observe a reduction in mean 6-
OHMS/cr on Day 1, which may have been due to dif-
ferences in the intensity of magnetic field exposures,
the duration of time off prior to resuming work (2-3
days vs. 7-21 days), or differences in the frequency of
the magnetic field exposures (60 Hz vs. 16.7 Hz).

1 2 3 4

Work RCMS Exposure Quartile

FIGURE 1. Least-squares means (adjusted for age and season) of daytime urinary creatinine-adjusted 6-hydroxymelatonin sulfate (6-
OHMS/cr) concentrations for male electric utility workers in the lowest (black bars) and highest (white bars) quartiles of time-weighted average
light exposure at work. Data are arranged by increasing quartile of temporally stable magnetic field exposure at work (i.e., 1 = highest quartile
of standardized rate of change metric (RCMS), 4 = lowest quartile, etc.). *p < 0.05 vs. quartile 1; **p < 0.01 vs. quartile 1.
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Some investigators have reported apparent compen-
satory increases in nocturnal (46) or evening (7) 6-
OHMS excretion following termination of exposure.
We did not measure 6-OHMS/cr levels over the week-
end and thus were unable to determine whether
increases occurred at those times. Any compensatory
increases that may have occurred on Day 1 (Monday)
due to cessation of occupational exposure over the
weekend may have been negated by magnetic field-
induced suppression of 6-OHMS/cr that occurred on
Day 1 due to the resumption of workplace exposures.

The possibility that confounding could be introduced
in this study was considered carefully. The effects of
ambient light, perhaps the most important factor that
influences melatonin synthesis, were carefully moni-
tored by assessing personal light exposures concurrently
with magnetic field exposures and by incorporating
month of participation into the analysis. Other factors
that affect light exposure or circadian rhythmicity, such
as shift work and travel across time zones, were also
considered in the analysis.

An effort was made to account for other factors that
influence melatonin production (11, 12). Melatonin
synthesis from tryptophan is mediated primarily by the
binding of norepinephrine to its beta-1 receptor on
pineal cells (11, 12). This activation can be enhanced
by alpha-adrenergic stimulation, increased intracellu-
lar calcium, and prostaglandin production (11). The
use of medications that influence these processes, such
as beta adrenergic and calcium channel blockers, tran-
quilizers, antidepressants, and non-steroidal anti-
inflammatory agents (aspirin, acetaminophen), was
included in the questionnaire (11). Similarly, informa-
tion was collected on other factors known to influence
melatonin production, including age, body mass index,
cigarette smoking, alcohol consumption, and exercise
(11, 12). Alcohol and tobacco consumption can induce
metabolic enzymes and may therefore increase mela-
tonin metabolism and excretion. Evidence for such an
effect was observed with cigarette smoking in this
analysis but not with alcohol consumption (table 1).
Substantial inter-individual differences in melatonin
secretion have led some to suggest that racially dis-
tributed genetic polymorphisms may also influence
melatonin production (47), although the difference
between whites and nonwhites/Hispanics in this study
was negligible (table 1).

The well-known negative association between age
and melatonin secretion was not apparent in this study,
which may have been due to the relative homogeneity
in age among subjects. Decreases in melatonin pro-
duction that occur between ages 30 and 50 years are
moderate (48, 49) and results from this study are con-
sistent with other studies in which no differences in

circulating melatonin levels were observed among
subjects within a limited age range (48, 50, 51).
Although the possibility of residual confounding by
some unmeasured factor cannot be excluded, screen-
ing for all known potential confounders as included in
the questionnaire, and statistical adjustment for factors
associated with 6-OHMS/cr did not alter the interpre-
tation of the results when analyzed either individually
or collectively.

Light exposure that occurred during work was ana-
lyzed because it coincided directly with the magnetic
field exposure that was being assessed and because it
was considered the most relevant time frame for influ-
encing post-work shift 6-OHMS/cr levels. Pineal
melatonin is released directly to the bloodstream fol-
lowing synthesis (11). The half-life of melatonin in cir-
culation has been estimated at 20 to 30 minutes (52,
53), and metabolic clearance occurs within 4-8 hours
(12). Thus, post-work shift sample collection should
provide the best opportunity to evaluate workplace
magnetic field induced changes in melatonin produc-
tion. Measured light exposure outside this time frame
was not considered relevant for post-work shift 6-
OHMS/cr levels.

The seasonal variation in mean 6-OHMS/cr excre-
tion observed in this study was consistent with previ-
ous reports (54—58). Ambient light exposure was not
strongly associated with 6-OHMS/cr excretion after
statistical adjustment for month of participation, indi-
cating that seasonal photoperiodic changes were more
important than workplace light exposures in determin-
ing post-work 6-OHMS/cr levels.

Because of its relatively rapid metabolic clearance,
the timing of exposure in relation to sample collection
may explain why workplace RCMS exposures had
more of an effect on post-work shift rather than noc-
turnal 6-OHMS/cr levels. Temporally stable magnetic
field exposures at work were associated with 31 per-
cent and 35 percent decreases in mean post-work 6-
OHMS/cr concentrations, whereas nocturnal 6-
OHMS/cr levels from this population were only 7
percent lower in response to workplace RCMS mag-
netic field exposures (6). For nocturnal 6-OHMS/cr
determinations in our earlier study (6), urine samples
were collected on the morning after workplace expo-
sures occurred, whereas samples were obtained imme-
diately following the work shift in the present analysis.
This may also explain why reduced concentrations of
6-OHMS were observed in post-work shift urine sam-
ples but not in first morning voids of railway workers
exposed to 16.7 Hz magnetic fields (7).

The physiologic significance of nocturnal melatonin
secretion is well established. Less is understood about
the effects of melatonin secretion during the afternoon
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or evening, but there are several reasons why reduc-
tions in melatonin at these times may be important.
Mean daytime melatonin levels in circulation are
approximately 10 pg/ml (12). These levels coincide
with those required for activation of the melatonin
receptor (approximately 5 to 14 pg/ml) (59, 60). Thus,
modest (-30 percent) decreases in evening melatonin
levels may reduce melatonin receptor activation,
thereby altering functional melatonin responses. In
humans, ambient light or magnetic field exposures that
influence afternoon/evening melatonin levels also sup-
press or delay the onset of nocturnal melatonin produc-
tion (6, 61-64). The combined reduction of both day-
time and nocturnal melatonin secretion would lead to
reduced 24-hour melatonin secretion, which could alter
immunologic (15, 16), oncostatic (13-15), or antioxi-
dant (17-19) processes influenced by melatonin.

The effects of temporally stable magnetic fields on
6-OHMS/cr excretion were modified by workplace
light exposure. Adjusted mean 6-OHMS/cr concentra-
tions among subjects within the highest quartile of
ambient light exposure were 14 percent lower than
those in the lowest quartile, whereas those in the high-
est quartile of temporally stable magnetic field expo-
sures had adjusted mean 6-OHMS/cr levels that were
31 to 35 percent lower compared with those in the low-
est quartile. Among individuals in the lowest quartile
of ambient light exposure, there was a 36 percent dif-
ference in adjusted mean 6-OHMS/cr levels between
those in the upper and lower quartiles of temporally
stable magnetic field exposures. A dose-response trend
of progressively lower 6-OHMS/cr levels with
increasing exposure to temporally stable magnetic
fields was noted for those with low workplace light
exposure. The basis for the effect modification is
uncertain; one possibility is that elevated light expo-
sure suppressed post-work 6-OHMS/cr levels to such
an extent that further decreases associated with mag-
netic field exposure were not detectable in those
groups.

Alternatively, light exposure may be linked to the
biologic mechanism of magnetic field effects.
Perception of the earth's magnetic field in animals has
been associated with photoreceptors located in the retina
and/or the pineal gland (10, 65). In experimental ani-
mals, artificial manipulation of the earth's magnetic
field suppresses melatonin production (8-10); in some
studies, this effect was dependent on an intact visual
system (9) or exposure to long wavelength (red) light
(8). In our study, low levels of light exposure were
most strongly associated with a magnetic field effect
and subjects with low TWA light exposures were pri-
marily engaged in office work. Artificial lighting has a
different spectral composition and in some cases a

greater red component than natural light (66, 67).
Thus, spectral or other properties of artificial lighting
may enhance the effects of magnetic fields on mela-
tonin production.

In conclusion, results presented here provide further
evidence that occupational exposure to magnetic fields
is associated with reduced post-work shift 6-OHMS/cr
excretion. Low ambient light exposures appear to have
an important modifying effect. Additional research
that incorporates a wide range of ambient light and
temporally stable magnetic field exposure is needed to
confirm these results and to elucidate the differential
response to magnetic fields in subjects with high and
low light exposure.
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