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ABSTRACT

We studied the time-of-day variations in urinary levels of 6-sulphatoxy-melatonin and three stress hormones in operators working fast- rotating extended shifts under radiofrequency electromagnetic radiation (EMR). The excretion rate of the hormones was monitored by radioimmunoassay and spectrofluorimetry at 4-hour intervals in a group of 36 male operators comprising 12 broadcasting station operators, 12 TV station operators, and a control group of 12 satellite station operators. Measuring the time-weighted average (TWA) of EMR exposure revealed a high-level of exposure in broad-casting station operators (TWAmean = 3.10 (W/ cm2, TWAmax = 137.00 (W/cm2), a low-level in TV station operators (TWAmean = 1.89 (W/cm2, TWAmax=5.24 (W/cm2), and a very low level in satellite station operators. The differences among the groups remained the same after confounding factors were taken into account. Radiofrequency EMR had no effect on the typical diurnal pattern of 6-sulphatoxymelatonin. High-level radiofrequency EMR exposure significantly increased the excretion rates of cortisol (p<0.001), adrenaline (p=0.028), and noradrenaline (p<0.000), whereas changes under
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low-level exposure did not reach significance. The 24-hour excretion of cortisol and nor-adrenaline correlated with TWAmean and TWAmax. In conclusion, the excretion of 6-sulphatoxymelatonin retained a typical diurnal pattern under fast-rotating extended shifts and radiofrequency EMR, but showed an exposure-effect relation with stress hormones.
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Introduction

Secretion of the pineal hormone melatonin is controlled by visible light, a small part of the electromagnetic spectrum. The hormone is an internal synchronizer of the circadian system and possesses a remarkably stable diurnal rhythm /1/ with low day time values increasing, reaching peak values during the night. The excretion of 6-sulpha-toxymelatonin (aMT6s), the main melatonin meta-bolite, is considered a good indicator of rhythmic melatonin production /2–3/. The well-known stress indicator, cortisol, and oral temperature exhibit comparatively stable circadian oscillations as well.

Shift work, especially night shift work, is a well-known exogenous desynchronizer for the body clock. Numerous investigations have shown that on fast-rotating shift schedules, melatonin, cortisol, and oral temperature retain the typical diurnal orientation of their rhythms /4–5/. Changes in melatonin levels are insignificant, at least on the first night of sleep deprivation /4, 6–7/. Telecom-munication operators in Bulgaria work fast-rotating extended shifts, with one shift in a row under exposure to radiofrequency electromagnetic radiation (EMR).

Several studies have investigated the low-level effects of radiofrequency EMR. In laboratory rodents, Vollrath et al. /8/ found no effect of low level 900 MHz EMR on the pineal gland or on its hormone, melatonin. Mann et al. /9/ studied several endocrine parameters in humans exposed at night to a low-level (0.2 W/m2), GSM (Global System for Mobile communication) modulated radiofrequency field at 900 MHz and found no changes in serum melatonin levels, although a transient increase in cortisol occurred during the first hour of exposure. Rene de Seze et al. /10/ found no alteration in serum melatonin profiles in 37 young human males after exposure to cellular phones (900 MHz GSM and 1800 MHz DCS) for 2 hours/day, 5 days/week for 4 weeks. Radon et al. /11/ failed to find an effect of low-level pulsed-radiofrequency EMR (carrier frequency 900 MHz, pulsed frequency 217 Hz, average power flux density of 1 W/m2) on salivary melatonin, cortisol, neopterin, and immunoglobulin A. These studies, however, concern the effect of very low-level exposure—radiofrequency from GSM. In the available literature, we found no data on the effect of non-thermal radiofrequency EMR having a high intensity of exposure, as usually found in occupational settings. We now know that the suppression of melatonin secretion by extremely low frequency (ELF) EMR depends largely on the intensity and duration of exposure /12–13/, namely, the exposure level. Another factor is the time-of-day of exposure, with a higher effect occurring during the dark than during the light period. Therefore, we could expect certain changes in melatonin secretion under occupational radiofrequency EMR for several reasons: (a) occupational exposure is higher than the GSM effects, (b) the radiofrequencies lie between low frequencies and visible light, and (c) the energy of their photons is higher than that of ELF. The extended shifts of our operators included the dark period. 

As shown above, the data on the effect of radiofrequency EMR on the stress system are inconsistent and concern GSM emissions as well, except in one study /14/ showing a trend for increased 11-oxycorticosteroid (11-OCS) excretion rates in operators working under low-level radio-frequency EMR. The aim of our study was to monitor the time-of-day variations in aMT6s and stress hormones in operators working fast-rotating extended shifts under radiofrequency EMR exposure. This study is a part of complex investigation of the health risk assessment of occupational radio-frequency EMR exposure /15/.

METHODS

Subjects

We investigated 36 healthy male operators working fast-rotating extended shifts in 3 tele-communication stations as follows: 12 operators from a broadcasting (BC) station, aged 49.7 ( 5.6 years with an average length of service 27.3 ( 4.7 years; 12 operators from a TV station, aged 47.1 ( 8.0 years with an average length of service 24.6 ( 7.6 years; and 12 operators from a satellite (SAT) station, aged 49.5 ( 7.4 years with an average length of service 26.4 ( 7.7 years, who served as a control group. The subjects signed an informed consent form for their participation in the study. 

Shift Schedule and Task Demands

The operators from the three groups worked a 4-day cycle schedule: one extended shift (16 to 18 h) with a 24-h stay in the station (09:00 to 09:00), followed by 3 days off. The job task of the operators consisted of monitoring and controlling the input and output signals. A protocol for the tasks and their duration was carried. During the period of the study, no acute incidents or changes in task requirements were registered. The operators had regular resting periods and were allowed to take a nap during the extended shift from 01:00–05:00 in a room for resting but were on call. All participants from the three groups took advantage of this possibility and reported a mean nap time of 2 hours 40 min. No significant difference between the groups in the duration of the naps was registered. No calls occurred during the naps of the operators. 

EMR Exposure/Confounding Physical Factors

Electromagnetic radiation exposure was assessed by measuring the intensities and flux densities of the electromagnetic field on the typical work places of the staff according to the duty records for the near zone with NFM-1 (Germany) and for the far zone with RAHAM (USA). The intensities and the flux densities of the EMF were within the limits of the International Commission on Non-Ionizing Radiation Protection /16/, except for the antenna field of the broadcasting station, where the eventual stay of the operators is very limited. To compare the electromagnetic exposure in the stations, we transformed the intensities in the short wave range into flux densities for a flat electro-magnetic field. Using the “script of scenario” method, the time-weighted average (TWA) was calculated, which included the mean and maximum TWA. The results are shown in Table 1.

From the measurements and calculations, we concluded that the level of exposure of BC station operators was high, whereas that of TV and SAT station operators was low, the lowest in SAT  operators. The latter group was used as a control because we could not find another suitable group in terms of shift system and job characteristics.





Table 1
Time-weighted average of flux densities of electromagnetic fields in typical work places
Operator
Exposure
Time-weighed average (µW/cm2)



TWAmean
TWAmax

BC
6-25 MHz
3.10
137

TV
66.5-900 MHz
1.89
5.24

SAT
5.850-6.245 GHz
1.60
3.57

TWA = time-weighted average; BC = broadcasting;

TV = television; SAT = satellite

The noise, microclimate, and illumination were followed as well and were within hygienic norms with no difference between the groups. During the night, the illumination in the control and rest rooms did not exceed 300 lux.

Psychosocial Factors

Psychosocial factors were assessed by the My Job questionnaire /17/ containing five subscales. The working-condition scale contains items on working pose, lighting, noise, vibrations, temperature, humidity, flow, dust, odors, etc. The job-content scale sums 18 items (monotony, tasks, requiring intense concentration, time pressure, work organi-zation, etc.). The job-control scale (10 items) includes questions on novelties at work, ability to influence the pace, methods of work, professional realization, etc. The work-related social support scale sums 10 items: 5 concerning support from coworkers and 5 from supervisors. The health complaints scale is the sum of 16 items.

Our data indicate no significant differences among the groups for psychosocial factors (Table 2). The working conditions were described as nearly good, except for the negative ratings of EMR and noise exposure. The operators were not

TABLE 2

Psychosocial factors for operators exposed to high- and low-level radiofrequency EMR

Subscale
Maximum
score
Scores of the studied groups operators



High-level

(Broadcasting)
Low-level

(TV)
Control group

(Satellite)

Working conditions
17
5.6 ( 2.5
7.1 ( 3.0
6.8 ( 2.8

Work content
16
4.9 ( 2.8
5.4 ( 3.2
4.6 ( 2.0

Control
10
3.3 ( 1.6
2.9 ( 2.02
2.6 ( 1.6

Social support
10
2.1 ( 1.7
0.6 ( 0.9
0.6 ( 0.7

Psychosomatic complaints
16
6.1 ( 3.9
9.4 ( 3.3
6.9 ( 2.7

aware of the level of the EMR exposure during the study. Low-level exposure operators estimated their work conditions as the worst and had a feeling for the danger of accidents as well. Work tasks were considered monotonous and required concentration among all the groups. The control and social support were good among all the studied groups, too. The main psychosomatic complaints were mental and physical exhaustion, fatigue, pain in the chest, and musculoskeletal disorders.

aMT6s, Stress Hormones and Oral Temperature

The excretion rates of aMT6s and the stress hormones were monitored at 4-h intervals during one extended shift and over a 24-h period. The operators were asked to void at 09.00, and urine samples were collected at 13:00, 17:00, 21:00, 01:00, 05:00, and 09:00 and stored at –20 (C. Before refrigeration, the subsamples for the catecholamine assay were acidified to pH 3 with 6N HCL. We assessed the aMT6s excretion by radioimmunology assay (RIA) (Stockgrand Ltd, UK). The interassay coefficient of variation (CV) was 5.9, 8.9, and 3.2% for concentrations of 3.1, 19.6, and 37.7 ng/ml. Urine free cortisol was assessed by an RIA kit (Orion Diagnostica, Espoo, Finland): the interassay CV was 5.2, 5.2, 6.1% for low, mean, and high value urine samples. Adren-aline and noradrenaline were measured by spectro-fluorimetry (18) and 24-h excretion was calculated. Oral temperature was sublingually measured at 9:00, 13:00, 17:00, 21:00, 01:00, 05:00, and 09:00 using a digital thermometer (Roland thermotest), graduated at 0.01 (C (error (0.1 (C).

Statistical Analysis

The time-of-day variations of aMT6s, stress hormones, and oral temperature were analyzed for the effect of radiofrequency EMR exposure and the time-of-day using tests of between-subjects effects (SPSS). A one-way ANOVA and correlation analysis were used to calculate the 24-h excretion rates, psychosocial factors, and the relation between the studied variables. 

results

The aMT6s retained their typical diurnal pattern (Fig. 1), with highly significant time-of-day variations (Table 3), characterized by low day time values, increasing during the night and reaching a peak during the second half. Neither low- nor high-level radiofrequency exposure had an effect on the aMT6s excretion rate. Tests of between-subject effects revealed a significant effect of high-level radiofrequency EMR exposure on the cortisol excretion rate (Table 4). The effect of low-level exposure did not reach significance, however, but was in the frame of trend, as was the difference in cortisol excretion rates between high- and low-level exposure operators.

The cortisol time-of-day variations were highly significant as well. Notice that for low-level exposure operators, comparatively high cortisol excretion rates were reached during the first 4 hours of the shift (Fig. 2) and were very high for high-level exposure operators. In the latter group, excretion rates of cortisol were also high during the next 4 hour period (13:00 to 17:00).

High-level radiofrequency exposure increased the excretion rate of the catecholamines, more for noradrenaline. No change occurred in the low-level exposure group. The noradrenaline excretion rate between the high- and low-level exposure groups was significantly different, however. Both cate-cholamine levels exhibited significant time-of-day variations. For high-level exposure operators, high adrenaline and noradrenaline excretion rates were found during the first 4-hour period of the shift (see Figs. 3 and 4).
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Fig. 1:
The excretion rates of aMT6s ((mol/h) in operators under high-level and low-level radiofrequency EMR exposure and control group during fast-rotating extended shifts

TABLE 3

The between subject effects (SPSS) of radiofrequency (RF) EMR and time-of-day on
aMT6s, cortisol, and catecholamines excretion rates and on oral temperature (OT)1

Group
Factor
aMT6s
Cortisol
Adrenaline
Noradrenaline
OT

BC/SAT

station

operators
High-level RF EMR 
(df=1,143)

Time-of-day (df=5,143)
NS

42.235; p<0.000
12.724; p=0.001

9.482; p<0.000
4.941; p=0.028

16.318; p<0.000
20.980; p<0.000

8.604; p<0.000
NS

17.147; p<0.000

TV/SAT

station

operators
Low-level RF EMR
(df=1,143)

Time-of-day (df=5,143)
NS

61.520; p<0.000
3.037; p=0.084

8.590; p<0.000
NS

12.959; p<0.000
NS

7.833; p<0.000
NS

21.966; p<0.000

BC/TV

station operators
Level of EMR
(df=1,143)

Time-of-day; (df=5,143)
NS

33.908; p<0.000
3.023; p=0.084

8.559; p<0.000
NS

12.837; p<0.000
13.235; p<0.000

9.108; p<0.000
5.004; p=0.027

23.866; p<0.000

1High-level RF EMR effect was studied comparing the BC/SAT station operators and low-level one comparing the TV/SAT station operators. The difference between high- and low-level exposure effects was calculated comparing the BC with TV station operators.

TABLE 4

The 24-hour excretion of aMT6s, cortisol, adrenaline, and noradrenaline for operators
exposed to high- and low-level radiofrequency EMR and control group

Indices/Groups
aMT6s

((mol/24 h)
Cortisol

(nmol/24 h)
Adrenaline

(nmol/24 h)
Noradrenaline

(nmol/24 h)

High-level exposure
35.38 ( 18.57
160.94 ( 86.72**
39.83 ( 23.31
174.14 ( 71.30*

Low-level exposure
35.60 ( 10.12
126.95 ( 71.72
36.14 ( 14.12
136.30 ( 31.74

Control group
38.02 ( 10.65
88.62 ( 45.25
25.78 ( 10.94
116.91 ( 40.93

* F = 4.773, p = 0.041; ** F = 5.561, p = 0.023 for high-level exposure operators/control group 
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Fig. 2:
Excretion rates of cortisol in operators under high-level and low-level radio-frequency EMR exposure and control group during fast-rotating extended shifts.
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Fig. 3:
Excretion rates of adrenaline in operators under high-level and low-level radiofrequency EMR exposure and control group during fast-rotating extended shifts.
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Fig. 4:
Excretion rates of noradrenaline in operators under high-level and low-level radiofrequency EMR exposure and control group during fast-rotating extended shifts.
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Fig. 5:
Oral temperature in operators under high-level and low-level radiofrequency EMR exposure and control group during fast-rotating extended shifts.

Our data show higher 24-h cortisol, adrenaline, and noradrenaline excretion with higher radio- frequency EMR exposure (Table 4), with a significantly higher cortisol and noradrenaline 24-h excretion in high-level exposure operators than in the control group (F = 5.561, p = 0.023 and F = 4.773, p = 0.041 for cortisol and noradrenaline respectively). The 24-h excretion of cortisol and noradrenaline correlated significantly with the TWAmean (r = .343, p = 0.047 and r = .386, p = 0.024 for cortisol and noradrenaline) and TWAmax (r = .339, p = 0.05 and r = .356, p = 0.038 for cortisol and noradrenaline).
Oral temperature followed a typical diurnal pattern (Fig. 5), except for the plateau-shape during the period 09:00 to 21:00 for low-level exposure operators, and comparatively high values during the period 21:00 to 01:00 for the control group. For high-level exposure operators, a low morning temp-erature (09:00) after the shift was noticed as well.

DISCUSSION

Our data showing a low aMT6s excretion rate during the day and a high rate during the night, particularly in the second half of the night, indicate that normal diurnal variations of melatonin are preserved among shift workers exposed to radiofrequency EMR. The preservation of the circadian rhythm of melatonin is important for human health because of its effect on endocrine and immune functions, as well as on its antioxidant and oncostatic activities /15–16/. 

The lack of a radiofrequency EMR effect on melatonin secretion found in the operators studied here confirms the data of prior reports /9–11/, namely no change in melatonin secretion under radiofrequency EMR, also in occupational settings where the exposure is several times higher than in the studies concerning GSM radiation. Here, we feel the need to mention that our control group had very low radiofrequency EMR exposure as well, but we were not able to match another suitable control group in terms of the shift system and job task. Additionally, the aMT6s excretion rates in the present study are comparable with those of other studied operators working fast-rotating, extended shifts with no radiofrequency EMR /7/.

Our data also show that the aMT6s peak in low-level exposure operators appears later in comparison with the high-level exposure operators and the control group. The three groups did not differ in terms of shift system (schedule, duration, starting times, ending times), naps during the night, illumination, and so on. Therefore, we attribute such differences in peak appearance of melatonin to individual differences in the melatonin rhythm of the participants but could not confirm this hypo-thesis by following the aMT6s excretion rates on a worker’s day off.

A significant EMR exposure-effect relation for stress hormones was found. The changes in the stress system under high-level exposure cannot be attributed to confounding factors because these were controlled. The working conditions, work content, work control, and psychosocial support showed no significant differences among the groups. No acute incidents or changes in the task requirements among the groups during the period of the study were registered. The participants were unaware of the level of the exposure during the study. 

Changes in the excretion rates of the stress hormones with operators under low-level exposure did not reach significance, except for cortisol which was in the frame of trend, as shown for 11-OCS in a previous finding /12/. Thus, our data indicate that cortisol responds in a most sensitive way to radiofrequency EMR, followed by nor-adrenaline. For both TWAmean and TWAmax, the 24-h excretion rates of cortisol and noradrenaline also correlated with electromagnetic exposure. 

As a whole, our data show a higher excretion rate of stress hormones having a higher TWA. The long-term effect of the increased secretion of stress hormones or changes in their circadian rhythms is associated with functional disorders and has implications for health. The effects of the catechol-amines on cardiovascular function are well known. Excessive and sustained cortisol secretion has been long associated with depression, osteoporosis, immunosuppression, and the entire spectrum of metabolic syndromes /19–20/. The results of recent studies clearly show an interaction between work stress-related cortisol secretion and anthropometric, endocrine, metabolic, and hemodynamic variables /21–22/. Further, stress hormones also affect immune function /23–24/.

The pineal hormone melatonin is known as the major regulator of temperature in humans, and our data show that oral temperature retained its diurnal orientation. The plateau-shaped temperature curve with the low-level exposure operators in the period 09:00 to 21:00 and the comparatively high temper-ature values during the period 21:00 to 01:00 in the control group can be attributed to the prolonged shift duration, that is, a longer period of sustained general activation. Nevertheless, such temperature rhythm changes were not found for high-level exposure operators having the same shift system and job task, but rather a low oral temperature at the end of the extended shift (09:00). The latter could be an indication for lower general activation at the end of the extended shift. 

Summing up, the clearly expressed peaks and troughs in aMT6s revealed that the typical diurnal pattern of variations of melatonin remained almost unchanged among the shift workers. Although neither low- nor high-level radiofrequency EMR had an effect of on aMT6s, both showed an exposure-effect relation for the stress hormones adrenaline and noradrenaline. As outlined above, the chronic elevation of stress hormones may be associated with adverse health consequences. Further, the effects of occupational radiofrequency EMR exposures on the stress system must be better defined and the accompanying health hazards be clarified. Applying the precautionary principle, a reduction of radiofrequency EMR exposure by technical solutions and by limiting the time of worker’s exposure should be encouraged.
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