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Abstract. where the cellular telephone was held (Hardell et al.
Purpose: The relationship between cellular telephone use and 1999, 2000). Others have reported no association
excretion of the melatonin metabolite 6-hydroxymelatonin sulfate between cellular telephone use and brain or other
(6-OHMS) was evaluated in two populations of male electric

cancer risks (Dreyer et al. 1999, Morgan et al. 2000,utility workers (Study 1, n=149; Study 2, n=77).
Muscat et al. 2000, Inskip et al. 2001, Johansen et al.Materials and methods: Participants collected urine samples and

recorded cellular telephone use over 3 consecutive workdays. 2001) . The interpretation of these initial studies is
Personal 60-Hz magnetic � eld (MF) and ambient light exposures hindered by the relatively short follow-up periods in
were characterized on the same days using EMDEX II meters. relation to tumour latency and with diYculties inA repeated measures analysis was used to assess the eVects of

accurately reconstructing the degree and type ofcellular telephone use, alone and combined with MF exposures,
exposure to cellular telephones (Rothman 2000, Freyafter adjustment for age, participation month and light exposure.

Results: No change in 6-OHMS excretion was observed among 2001) . Findings from two recent studies add to
those with daily cellular telephone use >25 min in Study 1 (5 evidence suggesting that analogue cellular telephone
worker-days). Study 2 workers with >25 min cellular telephone use may be linked with increased brain cancer risksuse per day (13 worker-days) had lower creatinine-adjusted mean

(Hardell et al. 2000, 2002, Auvinen et al. 2002). Innocturnal 6-OHMS concentrations ( p=0.05) and overnight
6-OHMS excretion ( p=0.03) compared with those without Sweden, analogue cellular telephone use was associ-
cellular telephone use. There was also a linear trend of decreasing ated with a brain tumour odds ratio (OR) of 1.3
mean nocturnal 6-OHMS/creatinine concentrations ( p=0.02) (95% con� dence interval [CI]: 1.02–1.6) (Hardell
and overnight 6-OHMS excretion ( p=0.08) across categories of

et al. 2002) . The OR for acoustic neurinoma was 3.5increasing cellular telephone use. A combined eVect of cellular
(1.8–6.8), whereas no clear association was observedtelephone use and occupational 60-Hz MF exposure in reducing

6-OHMS excretion was also observed in Study 2. for digital or cordless telephone use (Hardell et al.
Conclusions : Exposure-related reductions in 6-OHMS excretion 2002).
were observed in Study 2, where daily cellular telephone use of Cellular telephone use has also been associated>25 min was more prevalent. Prolonged use of cellular tele-

with cognitive and neurological symptoms as well asphones may lead to reduced melatonin production, and elevated
60-Hz MF exposures may potentiate the eVect. with altered EEG activity, sleep patterns and neuro-

endocrine function (Hyland 2000, Krewski et al.
2001) . Reduced secretion of the hormone melatonin1. Introduction
or the excretion of its major urinary metabolite,

The use of cellular or mobile telephones has 6-OHMS, has been reported in some studies of
expanded rapidly in recent years. It is unclear humans exposed to magnetic � elds (MFs) (Wilson
whether exposure to the � elds generated by these et al. 1990, P� uger and Minder 1996, Burch et al.
devices is linked with health eVects. Some epidemiol- 1998, 1999, 2000, Karasek et al. 1998, Wood et al.
ogic investigations indicate that cellular telephone 1998, Juutilainen et al. 2000) . Because melatonin
exposures may be associated with elevated brain or has oncostatic (Conti and Maestroni 1995, Panzer
ocular cancer risks (Hardell et al. 1999, 2000, Stang and Viljoen 1997, Fraschini et al. 1998) , immune-
et al. 2001) , particularly in brain regions closest to enhancing (Conti and Maestroni 1995, Fraschini et al.

1998) and antioxidant properties (Reiter 1998) ,
reduced secretion of this hormone in response to MF
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(primarily GSM or Global System for Mobile tion and maintenance position. Data were collected
from nine regional electric utilities between JanuaryCommunication) rather than analogue cellular tele-

phone exposures (Mann et al. 1998, de Seze et al. and September 1997 (Study 1) and between April
and June 1998 (Study 2). A diVerent population of1999, Radon et al. 2001). Melatonin suppression was

not observed in these studies although a modest workers participated in each study.
The methods used to characterize melatonin pro-reduction in rapid eye movement (REM) sleep and

a transient enhancement of cortisol secretion was duction in electric utility workers have been described
by Burch et al. (2000). Brie� y, total overnight andobserved in the largest study (Mann et al. 1998). A

lack of ‘real-world’ exposure conditions (de Seze et al. post-work urine samples were collected on 3 consec-
utive workdays by each participant. Melatonin1999) and a need for larger sample sizes (Mann et al.

1998, Radon et al. 2001) was acknowledged by the production was assessed by radioimmunoassay of
6-OHMS (CIDtech, Mississagua, Ontario, Canada).investigators. The eVect of analogue cellular tele-

phone use on human melatonin production has not Overnight 6-OHMS excretion and creatinine-adjusted
nocturnal (� rst void) and post-work 6-OHMSbeen characterized.

We conducted several epidemiologic studies of concentrations (6-OHMS/cr) were calculated.
Cellular telephone use was assessed by askinghuman melatonin production in response to 60-Hz

MF exposures among electric utility workers (Burch participants to record the amount of time spent using
a cellular telephone at work on each day of participa-et al. 1998, 1999, 2000) . Urinary excretion of

6-OHMS, a reliable marker of melatonin production tion. At the end of the 3-day study period, each
subject completed a questionnaire covering multiple(Bojkowski et al. 1987, Aldous and Arendt 1988) , was

decreased in these workers under certain MF expo- items potentially related to 6-OHMS excretion or
MF exposure. These included personal (e.g. age,sure conditions (Burch et al. 1998, 1999, 2000) . In

the group of 142 workers studied during 1995, we height, weight, race, socio-economic status), occupa-
tional (e.g. years of work experience, physical activity,found some evidence that cellular telephone use may

be associated with decreased 6-OHMS excretion work with chemicals, work with electrical tools/
equipment), lifestyle (e.g. tobacco, alcohol, caVeine(Burch et al. 1997, 1999) . However, the eVect was

not robust, possibly due to the imprecise method of and vitamin consumption, exercise, use of electrical
appliances) and medical factors (e.g. consumption ofcellular telephone exposure assessment used (Burch

et al. 1997, 1999) . We incorporated a more quantitat- melatonin, antidepressants, tranquillizers, steroid
hormones, anti-in� ammatory agents, disease history,ive assessment of cellular telephone use in subsequent

investigations by asking subjects to estimate the health status).
Personal exposure to 60-Hz MFs and light wasnumber of minutes they used cellular telephones on

each day that 6-OHMS determinations were made. also characterized in Study 1 and 2 subjects. Each
participant wore an EMDEX II meter (EnertechSelf-reported estimates of current cellular telephone

use are reasonably well correlated with cellular Consultants, Campbell, CA, USA) with an adapted
light sensor (Grasby Optronics, Orlando, FL, USA)telephone billing records (Spearman correlation

coeYcients=0.70–0.79) (Funch et al. 1996) . Here we at the waist, and ambient MF and light exposures
were logged at 15-s intervals for 24 h day - 1 over theevaluate whether workplace cellular telephone use in

two separate populations of male electric utility same 3 work days as urine sample collection (Burch
et al. 1998, 1999, 2000) . Work shift time-weightedworkers was associated with decreased 6-OHMS

excretion. Workers were provided with cellular tele- average magnetic � eld and light exposures were
summarized from the EMDEX recordings on eachphones by their employers for use on the job.

Interviews with utility personnel indicated that ana- day.
Statistical analyses were performed with the Proclogue cellular telephones were predominantly used

in both populations at the time these studies were Mixed procedure for repeated measures in the
Statistical Analysis System (SAS Institute, Inc., Cary,performed.
NC, USA) computer program using log-transformed
values of 6-OHMS variables. The maximum likeli-2. Materials and methods hood estimates of cellular telephone use as a � xed
eVect were calculated for 6-OHMS variables usingThe study populations were comprised of 149

(Study 1) and 77 (Study 2) men between the ages of an unstructured covariance matrix. Subjects were
grouped based on the number of minutes of18 and 60 with at least 1 month of employment in

an electric power generation (power plant operators, workplace cellular telephone use on each day and
least-squares means (adjusted for the eVects of age,mechanics, electricians), distribution ( linemen, meter

readers, substation operators) or utility administra- month of participation and workplace ambient light
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exposure) of overnight 6-OHMS excretion and that within-subject variability was equal to or less
than between-subject variability in both studynocturnal or post-work 6-OHMS/cr concentrations

were calculated for each group. Least-squares means populations (Littell et al. 1998).
The prevalence of cellular telephone use diVeredof the dependent variable are obtained in a multivari-

ate model by holding other covariates in the model among workers in the two studies (� gure 1). In Study
1, three subjects reported cellular telephone use ofto their means (Searle et al. 1980) . Adjusted mean

6-OHMS levels among workers without cellular tele- >25 min day- 1 (5 worker-days total). Only one indi-
vidual was in this category on all 3 days and therephone use were compared with those with >25 min

of use via the least signi� cant diVerences statistic in was no cellular telephone use >30 min day- 1 . No
statistically signi� cant diVerence or trend in adjustedSAS. Separate analyses were performed for the Study

1 and 2 populations. Trend tests across categories of mean 6-OHMS excretion was observed among men
with elevated cellular telephone use compared withcellular telephone use were performed using linear

contrasts in Proc Mixed based on coeYcients that those without cellular telephone use in Study 1
(table 1). In Study 2, � ve participants used cellularaccounted for unequal cell sizes and uneven intervals

between categories of cellular telephone use (Kirk telephones for >25 min day- 1 (13 worker-days total).
Four of the � ve individuals used a cellular telephone1982) . To evaluate potential eVect modi� cation by

60-Hz � elds, participants in diVerent cellular tele- daily for >25 min. In the Study 2 population, cellular
telephone use >25 min day- 1 was associated withphone use categories were strati� ed into tertiles of

mean workplace MF exposure and adjusted mean lower adjusted mean nocturnal 6-OHMS/cr concen-
trations ( p=0.05) and overnight 6-OHMS excretion6-OHMS levels in each stratum were compared as

described above. In addition, questionnaire items ( p=0.03) compared with those without cellular tele-
phone use (table 1). The adjusted mean post-workwere individually screened for potential associations

with the 6-OHMS variables using a cut point of 6-OHMS/cr concentrations were elevated among
those with >25 min of cellular telephone use com-p<0.10. The interpretation of the results did not

change when additional confounders selected for pared with those with none, although the diVerence
was not statistically signi� cant ( p=0.08, table 1).nocturnal 6-OHMS/cr (use of chemicals at work,

exercise, use of electric bed heaters, electric appliance There was a decreasing trend of adjusted mean
nocturnal 6-OHMS/cr concentrations ( p=0.02) anduse, consumption of ibuprofen), overnight 6-OHMS

(use of chemicals at work, height, ethnicity, eye overnight 6-OHMS excretion ( p=0.08) and an
increasing trend of post-work 6-OHMS/cr levelscolour, computer use, work outdoors, consumption

of ibuprofen), and post-work 6-OHMS/cr (body ( p=0.09) across categories of increasing cellular tele-
phone use (table 1). Potential cut point bias wasmass index, employer, electric and microwave oven

use, use of electric power tools) were included in the evaluated by re-analysing the data using 20 or 30 min
of cellular telephone use per day to de� ne the highestanalysis.
exposure group and the results were consistent with
those described above (data not shown). Analyses3. Results

In Study 1, the mean ( ± SD) age of participants
was 44 ± 9 years; approximately 91% were Caucasian
and non-Hispanic. There were 60 (40%) electric
power distribution, 50 (34%) generation, and 39
(26%) administrative and maintenance (comparison)
workers. The mean age of the Study 2 workers was
41 ± 8 years and approximately 88% were Caucasian
and non-Hispanic. There were 29 (38%) electric
power distribution, 22 (29%) generation and 23 (30%)
comparison workers (no response, n=3). As expected,
there was a clear diurnal variation in 6-OHMS
excretion among workers in both populations.
Mean nocturnal 6-OHMS/cr levels (Study 1=
18.2 ng mg- 1 cr; Study 2=20.5 ng mg- 1 cr) were
approximately six times greater than post-work

Figure 1. Number of worker-days of participation for diVerent6-OHMS cr levels (Study 1=3.1 ng mg- 1 cr; Study categories of cellular telephone use plotted among parti-
2=3.5 ng mg- 1 cr). Inspection of covariance para- cipants in Study 1 (1997, white bars) and Study 2 (1998,

black bars).meter estimates for 6-OHMS excretion indicated
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Table 1. Melatonin metabolite excretiona in cellular telephone users, Colorado, 1997 and 1998.

Mean cellular Nocturnal Overnight Post-work
Categories of cellular n phone use 6-OHMS/cr 6-OHMS 6-OHMS/cr
phone use at work (worker-days) b (min)c (ng mg - 1 cr) ( mg) (ng mg- 1 cr)

Study 1, 1997
0 min 314 0 15.0 ± 1.1 8.2 ± 1.1 2.3 ± 1.1
1–10 min 71 5 ± 4 14.3 ± 1.1 7.3 ± 1.1 1.8 ± 1.1
11–25 min 14 18 ± 3 14.9 ± 1.2 8.6 ± 1.2 3.1 ± 1.2
>25 min 5 30 ± 0 14.0 ± 1.4 7.3 ± 1.5 3.1 ± 1.5
DiVerence (%): 0 versus >25 – – - 7 - 11 +35
Two-tailed p: 0 versus >25 – – 0.83 0.75 0.50
Linear trend test p – – 0.73 0.63 0.68

Study 2, 1998
0 min 137 0 18.9 ± 1.1 9.8 ± 1.1 2.6 ± 1.1
1–10 min 54 6 ± 3 16.4 ± 1.1 10.3 ± 1.1 2.7 ± 1.1
11–25 min 15 18 ± 2 15.5 ± 1.2 10.0 ± 1.2 2.8 ± 1.2
>25 min 13 34 ± 9 12.5 ± 1.2 6.5 ± 1.2 3.9 ± 1.2
DiVerence (%): 0 versus >25 – – - 34 - 34 +50
Two-tailed p: 0 versus >25 – – 0.05 0.03 0.08
Linear trend test p – – 0.02 0.08 0.09

a Least-squares means ( ± SEM) adjusted for age, light exposure at work, month of participation.
b Average number of workers in each category can be obtained dividing worker-days by 3.
c Arithmetic mean ( ± SD).

were also performed among Study 2 participants for 0.01) and overnight 6-OHMS excretion ( p=0.04)
compared with those with higher cellular telephoneeach day of participation separately. There were no

statistically signi� cant diVerences in mean nocturnal use but low 60-Hz MF exposure (table 2, row com-
parison). Similarly, among workers in the highest6-OHMS excretion on the � rst and second participa-

tion days and no diVerences in post-work 6-OHMS tertile of workplace MF exposure, those with higher
cellular telephone use had lower mean nocturnallevels on any given day (data not shown). On the

third day of participation, Study 2 participants 6-OHMS/cr concentrations ( p<0.01) and overnight
6-OHMS excretion ( p=0.02) compared with thosewith >25 min of cellular telephone use had lower

adjusted mean nocturnal 6-OHMS/cr concentra- with no cellular telephone use (table 2, column com-
parison). The adjusted mean post-work 6-OHMStions (12.7 ng mg- 1 cr, p=0.02 versus no use cat-

egory) and overnight 6-OHMS excretion (6.5 mg, p= levels did not diVer appreciably across the diVerent
categories of cellular telephone use and workplace0.01 versus no use category) compared with those

with 11–25 min (22.0 ng mg- 1 cr and 13.0 mg, 60-Hz MF exposure. Also, there was no evidence of
elevated mean 60-Hz MF exposures among thoserespectively), 1–10 min (17.2 ng mg- 1 cr and

10.6 mg, respectively) or no cellular telephone use with elevated cellular telephone use (data not shown).
(21.3 ng mg- 1 cr and 10.8 mg, respectively).

In Study 1, the numbers of workers in the highest 4. Discussionexposure categories were inadequate to evaluate the
combined eVects of cellular telephone and 60-Hz To our knowledge, these were the � rst epidemiol-

ogical studies to evaluate the potential eVect ofMF exposures on 6-OHMS excretion. For the Study
2 population, adjusted mean 6-OHMS excretion cellular telephone use on human melatonin produc-

tion under ‘real life’ conditions. Two separate popula-resulting from a combination of cellular telephone
and occupational 60-Hz MF exposure is presented tions of electric utility workers were evaluated using

a repeated measures design. In Study 1, statisticalin table 2. No diVerences were found in the mean
nocturnal 6-OHMS excretion across categories of power was limited. Multiday cellular telephone use

>25 min day- 1 was only observed in one worker. Incellular telephone use for subjects in the low and
intermediate tertiles of workplace 60-Hz MF expo- Study 2, mean nocturnal 6-OHMS levels were lower

in workers with a daily cellular telephone usesure. However, workers in the highest category of
cellular telephone use who were also in the highest >25 min, and tests for trend supported these observa-

tions. Four of these � ve workers reported 3 consecut-tertile of workplace 60-Hz MF exposure had lower
mean nocturnal 6-OHMS/cr concentrations ( p= ive days of cellular telephone use of >25 min and
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Table 2. Melatonin metabolite excretiona in cellular phone users strati� ed by mean workplace magnetic � eld exposure, Colorado,
1998.

Workplace arithmetic mean
exposure tertilesb

Categories of cellular phone 1 2 3 Two-tailed p:
use at work (0.5 ± 0.2 mG) (1.1 ± 0.2 mG) (5.0 ± 8.3 mG) 1 versus 3

Nocturnal 6-OHMS/cr (ng mg - 1 cr)
0 min 16.7 ± 1.1 19.3 ± 1.1 20.6 ± 1.1 0.08

(n=38) (49) (50)
1–10 min 17.5 ± 1.1 15.1 ± 1.1 16.5 ± 1.2 0.75

(26) (14) (14)
>10 min 17.3 ± 1.3 18.2 ± 1.2 7.8 ± 1.2 0.01

(5) (13) (10)
Two-tailed p: 0 versus >10 min 0.90 0.74 <0.01

Overnight 6-OHMS ( mg)
0 min 10.3 ± 1.1 10.5 ± 1.1 8.8 ± 1.1 0.18

(n=38) (49) (50)
1–10 min 10.0 ± 1.1 10.1 ± 1.1 10.5 ± 1.1 0.77

(26) (14) (14)
>10 min 9.3 ± 1.2 11.0 ± 1.2 5.6 ± 1.2 0.04

(5) (13) (10)
Two-tailed p: 0 versus >10 min 0.65 0.78 0.02

Post-work 6-OHMS/cr (ng mg - 1 cr)
0 min 2.6 ± 1.1 2.7 ± 1.1 2.6 ± 1.1 0.99

(n=38) (49) (50)
1–10 min 2.7 ± 1.1 2.8 ± 1.2 2.7 ± 1.2 0.96

(26) (14) (14)
>10 min 2.6 ± 1.4 3.1 ± 1.2 3.8 ± 1.2 0.31

(5) (13) (10)
Two-tailed p: 0 versus >10 min 0.99 0.46 0.10

a Least-squares means ± SEM adjusted for age, light exposure at work, and month of participation (number of worker-days exposure
in parentheses). The average number of workers in each category can be obtained by dividing worker-days by 3.

b Time-weighted arithmetic mean work shift 60-Hz magnetic � eld exposure ( ± SD) in parentheses.

reductions in adjusted mean 6-OHMS levels prevalent in 1997 and 1998 when these studies were
performed.occurred on the third day of participation. The

results suggest that a minimum daily and/or a multi- An increase in adjusted mean post-work
6-OHMS/cr levels among workers with cellular tele-day threshold of cellular telephone use may be

necessary to reduce 6-OHMS excretion. phone use >25 min was observed in both studies,
although neither � nding was statistically signi� cant.Uncertainties about RF exposures and the small

proportion of workers with extensive cellular tele- These results were not consistent with our previous
� ndings (Burch et al. 1997, 1999) , making it diYcultphone use limit the interpretation of our results. The

dose of non-ionizing radiation received by a cellular to draw conclusions about post-work 6-OHMS/cr
excretion and cellular telephone use. The � ndingtelephone user depends on the duration of telephone

use and on the type of telephone, the power output, that cellular telephone use during work was associ-
ated with a reduction in 6-OHMS excretion occur-the hand placement, the system traYc and the man-

agement software used, and the distance to a cellular ring later that night is consistent with previously
observed decreases in nocturnal 6-OHMS excretiontelephone tower (ICNIRP 1996, Hyland 2000,

Krewski et al. 2001) . The power output of analogue following residential and/or workplace exposure to
power frequency MFs earlier in the day (Karasekcellular telephones is greater than that of digital

telephones. However, it is possible that subjects with et al. 1998, Burch et al. 1998, 2000, Juutilainen
et al. 2000).high daily cellular telephone use preferred digital

telephones because of their longer battery life. Also, The population sizes in our studies were approxi-
mately three to 10 times greater than prior laborat-non-work cellular telephone use was not determined

in our studies, although personal (oV-duty) cellular ory-based studies of human melatonin production in
response to cellular telephone exposure. In additiontelephone use is not expected to have been highly
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to sample size diVerences, digital (modulated, it has been suggested that an increased incidence
of human uveal melanoma in cellular telephoneprimarily GSM) cellular telephone exposures were

previously studied, whereas our studies evaluated users may have been mediated by RF-induced
melatonin suppression (Stang et al. 2001).predominantly analogue (unmodulated) cellular tele-

phone use. Continuous-wave irradiation may elicit
diVerent biological eVects than modulated RF expo- 5. Conclusions
sures (ICNIRP 1996, Krewski et al. 2001). Some

An evaluation of workplace cellular telephone usesuggest that modulated cellular telephone � elds may
on human melatonin production was performed inbe more biologically active than unmodulated expo-
two populations of electric utility workers wheresures (Litovitz et al. 1993, Pena� el et al. 1997).
analogue telephones were predominantly used. AnHowever, results from two recent studies suggest that
exposure-related reduction in 6-OHMS excretionanalogue cellular telephone use may be more strongly
was observed in Study 2, where cellular telephonelinked with increased central nervous system cancer
use >25 min day- 1 was more prevalent than inrisks than digital telephones (Auvinen et al. 2002,
Study 1. A combined eVect of cellular telephone useHardell et al. 2002).
and occupational MF exposure in suppressingThe greatest reductions in mean nocturnal
6-OHMS excretion was also evident in Study 2.6-OHMS excretion occurred among Study 2 parti-
Future epidemiological and laboratory-based studiescipants whose daily cellular telephone use and work-
assessing the relationship between cellular telephoneplace MF exposures were both elevated. This could
use and human melatonin production should incorp-be due to a threshold phenomenon or indicate that
orate 24-h personal assessment of RF/60 Hz � eldsRF � elds generated by cellular telephones and power
and ambient light exposures into the study design.frequency (60 Hz) MFs operate through the same
In addition, research is needed to determine whetherbiological mechanism in suppressing 6-OHMS excre-
melatonin suppression is linked with adverse healthtion. Prior studies of human melatonin production
outcomes, including those potentially associated withfollowing cellular telephone exposures did not evalu-
diVerent types of cellular telephones, or with otherate participant’s personal exposure to other RF
forms of RF, 60 Hz or mixed non-ionizing radiationsources, 60-Hz � elds or ambient light (Mann et al.
exposures.1998, de Seze et al. 1999, Radon et al. 2001).
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