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Cell phones expose significant parts of the human brain and head to extremely low frequency (ELF) magnetic fields (MF) classified by the IARC as a 2B carcinogen. ELF MF was measured on the front and back sides of 15 cell phones in standby, speaking, and listening modes for 2G and 3G standards in two frequency bands, LF1: 5 Hz–200 Hz and LF2: 120 Hz—10 kHz. The highest MF value was 70.03 µT (RMS) in LF1 (2G, listening mode, front side) and 12.67 µT (RMS) in LF2 (2G, speaking mode, front side). The 3G cell phones consistently emitted a lower ELF MF compared to the 2G ones. The exposure to ELF MF was also simulated at various locations (head, thorax, pelvis) using the CST Studio Suite. The simulations revealed 8.45 µT, 7.5 µT, and 6.09 µT in the middle of the head (midbrain), 3.89 µT, 3.98 µT, and 2.83 µT for the middle of the thorax (heart), and 2.03 µT, 1.96 µT, and 1.56 µT in the middle of the pelvis (scrotum) for 10 Hz, 50 Hz, and 200 Hz, respectively. These values are comparable to those reported to induce biological and health effects, including those related to carcinogenesis. The results can be used in future studies concerning the ELF exposure or the combined effects of electromagnetic fields of radiofrequency and ELF.
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1 INTRODUCTION
Cell phones not only expose the user to radiofrequency (RF), but also to a magnetic field (MF) of extremely low frequency (ELF: 1 Hz—100 kHz according to the ICNIRP [1] produced by either the RF signal envelope or the hardware itself (e.g., battery management) [2–7]. Consumption of electrical current produces MF in the vicinity of the wires, which can also have a significant impact on ELF exposure. Different hardware architectures may cause different exposure among cell phone models [8]. The nature of the cell phone ELF signal was described elsewhere [9,10]. The second generation Global System for Mobile Communications (2G GSM) uses eight time slots. The basic frame has a period of 4.61 ms sending information every 0.57 ms. Then the signal envelope creates a 217 Hz EMF component. Every 26th frame is omitted in GSM protocols, resulting in a 8.3 Hz EMF component in the output signal. The time frame used in the third-generation Universal Mobile Telecommunications System (3G UMTS) is 10 ms creating a 100 Hz component. A 50 Hz component follows from the 20 ms speech frame (except for the main power supply).
Detailed measurement of five cell phones was performed by the ITIS Foundations [9]. All phones have shown the maximum B-field on the back side with extrapolated pulse heights between 35 and 75 μT. The B-field on the front side of the tested phones was lower by a factor of 2-6-fold and varied between 8 and 20 μT.
[11] measured the ELF MF from commercial GSM handsets using probes, which covered the frequency range from static MF (0 Hz) to 2 GHz. Peak ELF fields were assessed on the front sides of five GSM phones and a maximum of 22.4 µT was reported. The main ELF component at 217 Hz was approximately 1 μT at the distance of 3 cm from the front of the handset. The overall pulse peak was 4.2 times higher than the 217 Hz component. The 217 Hz MF decreased with distance and reached 0.3 μT at approximately 5 cm from the front handset site.
[8] measured 47 phones released between 1997–2008. Maximum resultant magnetic flux density (B-field) at 25 mm from the center of the phone varied from 21 to 1178 nT with a geometric mean of 221 (+198/-104) nT. No correlation was observed between the B-field and any particular specification of the phones (e.g., size of battery, size and shape of the phone, year of release). Subsequent study by the same authors [12] provided an insight into the main factors contributing to ELF exposure. They concluded that factors that affect RF exposure (such as carrier frequency of communication system) do not necessarily affect ELF exposure, which is more dependent on the RF frame structure.
Weak ELF MF produce similar effects as non-thermal (NT) RF with significant overlap of molecular biological pathways [13–20]. The ELF MF effects were reported by many research groups at intensities lower than those produced by cell phones [21,22]. In particular, stress response, production of reactive oxygen species (ROS), increased sensitivity of stem cells, and inhibition of melatonin production were associated with increased cancer risks related to ELF exposure [23,24]. The ELF biological effects at intensities below the ICNIRP standards have been shown to manifest a complex dependence upon biological and physical variables similar to the NT RF effects [16,25–29] and have been considered in the frames of the same physical models [15,30–35].
The combined ELF and RF EMF exposure to DNA damage was studied by [36]. Exposure to ELF (30–100 Hz, 4.5 µT) did not significantly affect DNA, while combined exposure ELF and RF (2450 MHz, 1 mW/cm2) induced DNA breaks. [37] exposed human lens epithelial cells by RF (1.8 GHz with 217 Hz modulation) what induced ROS and DNA damage. However, superposing the 2 µT 30–90 Hz signal to the RF blocked ROS and DNA damage. [38] exposed amniotic epithelial cells by 15 min exposure to 217 Hz modulated 1800 MHz RF, 2 μT ELF, or concurrently to RF and ELF. Exposure to RF induced epidermal growth factor (EGF) receptor clustering and enhanced phosphorylation compared to ELF which did not cause the effects. However, when superimposed, complete inhibition of clustering and phosphorylation of the RF-induced EGF receptor occurred.
Although data on ELF for some old-type cell phones have been published, new models use improved technology and there is still a lack of information on ELF from the modern cell phones. Despite of new technologies, the fourth and fifth generations (4G and 5G); 2G and 3G are still fully employed primarily for making standard calls. Due to technological neutrality of the permits, providers can use for 5G the same frequencies, which they currently use for 2G, 3G, or 4G networks [39]. Although previous studies have generally analyzed ELF MF while cell phones being in standby or active mode, listening or speaking modes have not been evaluated. Therefore, the objective of this study was to compare exposure to 2G and 3G ELF at different modes using cell phones not older than 5 years at the time of measurement. For the first time, we performed simulations that utilized the real measured values for the most common cell phone position on the body—on the head, thorax, and pelvis areas.
2 MATERIALS AND METHODS
The ELF was measured on the front (LCD—Liquid Crystal Display) and back side of 15 cell phones in standby, speaking and listening mode (Figure 1). To measure B-field, the Narda NBM550 m (Narda STS, Germany) was fitted by 3-axis sensing Narda EHP50-D antenna (Narda STS, Germany) (Supplementary Figure S1) with the dimensions of 9.0 × 9.0 × 8.5 cm. Each phone was located 1 cm from the antenna using polystyrene foam. Before each measurement, the background ELF field was also measured. Just before measurements, the battery of each phone was charged to 100%, WiFi and data transmission were turned off, and signal level was checked using the indicator on the screen. To simulate a continuous phone call, the audiobook was played from the speakers.
[image: Figure 1]FIGURE 1 | Schematic presentation of the measurement protocol.
Each cell phone was examined within two distinct frequency bands: LF1 5 Hz–200 Hz and LF2 100 Hz—10 kHz. Measurements were carried out between 8 am and 12 am at three modes: standby, 2G and 3G. The standby mode was divided into three routines: 1) with charger applied and LCD “off”, 2) no charger and LCD “off”, 3) no charger and LCD “on”. In both frequency bands, the highest MF peaks were recorded at each mode by the Narda meters (Supplementary Figure S2). Although there were no significant differences between the 2G/3G standby modes, we provided data only for the 3G standby mode. Each 2G/3G mode was divided into two routines: 1) listening mode (downlink), LCD off, no charger, and 2) speaking mode (uplink), LCD off, no charger. For each routine, cell phones were inspected from the front and back sides. Thus, the total number of measurements was 140 for each phone.
Comparison between groups for pooled data that fit normal distribution (analyzing designs with a single categorical independent variable) was performed by the one-way ANOVA, adjusted by the post hoc Fisher’s LSD test using Statistica 8.0 software (StatSoft Inc, Tulsa, USA). The results were considered significantly different at p < 0.05.
The experimental setup was numerically simulated using the CST Studio (Dassault Systèmes, France). The male phantom Gustav (CST Voxel Family) with the resolution of 2.08 × 2.08 × 2.0 mm was used to evaluate the MF intensity in three areas of interest: the head area simulating a cell phone position during calling; the thorax area simulating a cell phone placed in the shirt pocket in men or brassiere in women; and the pelvis area simulating a cell phone placed in the trouser pocket. The dielectric properties were adjusted for all tissues for each specific frequency by using the [40]. As demonstrated by [7], the ELF field of the phone can be adequately approximated by a circular loop. Thus, the single loop coil antenna with radius 80 mm, which was positioned 10 mm from the body surface, served as the ELF MF source approximating the exposure from the cell phones. The electrical current through the coil was set to ensure that the MF value on the coil equals to the maximal value on the phone (70.03 µT). The sine waveform was used to excite the coil made of an annealed copper strand conductor with open boundary conditions. Simulations were performed for three frequencies: 1) 10 Hz, which is the minimum frequency where the dielectric properties are defined in the Tissue properties database; 2) 50 Hz, which appeared most frequently during the measurements in LF1; and (iii) 200 Hz, which was an approximation for the LF2 band. Of note, the differences in the simulation results are negligible within the range of 195–225 Hz.
3 RESULTS
The results of the magnetic flux density measurements are presented in Table 1. The “means” represent the averaged root-mean-square (RMS) values through the particular frequency bands (LF1 or LF2), while the “max” numbers represent the maximum RMS. The background MF values measured at the place of interest were 40 nT for LF1 and 50 nT for LF2.
TABLE 1 | ELF magnetic field measured on the 15 cell phones within two distinct frequency bands—LF1: 5 Hz,—200 Hz and LF2: 120 Hz—10 kHz. The measurements were carried out at three modes: standby mode, 2G mode and 3G mode. LF1 mean and LF2 mean represent mean RMS values of all 15 cell phones; LF1 max and LF2 max represent maximum RMS values out from all measurements. The values were statistically compared to the “no charger: LCD off” mode shown in the brackets (n—not significant; *—p < 0.05; **—p < 0.01; ***—p < 0.001).
[image: Table 1]Considering all cell phone models, multivariate ANOVA has revealed a charger as factor statistically increasing MF. The ELF measured in the “with charger” mode (0.16–0.26 µT in LF1 and 0.14–0.15 µT in LF2) compared to the ELF values measured in no charger: LCD “off” (0.08–0.16 µT in LF1 and 0.05–0.06 µT in LF2) and also no charger: LCD “on” (0.07–0.08 µT in LF1 and 0.05–0.06 µT in LF2) modes were significantly higher (p < 0.0001 for all modes). No statistically significant differences were observed between no charger: LCD “off” and no charger: LCD “on”. These results indicate that users should not charge their phones while using them.
Significant differences were revealed when comparing no charger: LCD “off” and 2G. The ELF values measured in the 2G were significantly higher (4.21–10.79 µT in LF1 and 1.57–9.94 µT in LF2; p < 0.001) compared to the ELF values measured in no charger: LCD “off” (0.08–0.16 µT in LF1 and 0.05–0.06 µT in LF2) in all modes. Interesting was that no significant differences were observed between no charger: LCD “off” and all 3G. The highest maximum RMS values were detected in the 2G listening mode, front side (70.03 µT for the Model 15 cell phone) for LF1 and 2G speaking mode, back side (12.67 µT for the Model 6) for LF2. In addition, the MF measured in the 2G (4.21–10.79 µT in LF1 and 1.57–9.94 µT in LF2; p < 0.001) were significantly higher than the MF values measured in the 3G (1.09–1.50 µT in LF1 and 0.48–0.92 µT in LF2) for almost all modes except for the MF measured in the listening mode LF2 that did not show statistically significant differences. These results suggest that the 2G standard is a factor that increases MF and the use of the 3G can decrease exposure to ELF MF.
In Table 2, the frequencies at which the highest MF values were detected, are shown. In the standby mode, the major contribution was 50 Hz (fundamental frequency of the main power supply) in LF1 and 100 Hz (second harmonic of the main power supply) in LF2. In the 2G, the frequency peaks were mostly observed at 5.6 Hz, 5.86 Hz, and 8.3 Hz in LF1 and 100 Hz, 217 Hz and 225 Hz in LF2 for both the listening and speaking modes. For the 3G mode, the frequency peaks were mostly observed at 5.37 Hz, 7.5 Hz, 8 Hz and 50 Hz for the listening mode, 5.86 Hz, 8.5 Hz, and 50 Hz for the speaking mode in LF1 and 100 Hz, 125 Hz, and 195 Hz for both the listening and speaking modes in LF2.
TABLE 2 | The frequencies at which the highest MF values were detected in each mode.
[image: Table 2]The MF was simulated using the highest measured value (70.03 µT) was set as the “worst-case scenario” for each simulated area (Figure 2). The values of the B-field (1 A/m = 1.25 µT), were 8.45 µT, 7.5 µT and 6.09 µT for the middle of the head (midbrain), 3.89 µT, 3.98 µT and 2.83 µT for the middle of the thorax (heart), and 2.03 µT, 1.96 µT and 1.56 µT for the middle of the pelvis (scrotum) at 10 Hz, 50 Hz, and 200 Hz, respectively. The MF would certainly be higher on the skin surface in comparison to what has been found in the middle of the head, thorax, and pelvis.
[image: Figure 2]FIGURE 2 | The figure shows the magnetic field distribution in the human body simulated in CST studio. The highest measured value (70.03 µT) was set as “worst-case scenario” for each simulated area. The first row (A–C) displays field distribution in the head, the second row (D–F) display field distribution in the thorax, and third row (G–I) display field distribution in the pelvis area. The first column shows the coil placement, and the second, third and fourth columns show results for the 10 Hz, 50 Hz, and 200 Hz, respectively.
4 DISCUSSION
It is well known that the 2G technology uses higher maximal RF radiation power (2 W) to ensure proper connection with base transceiver stations (BTS). For the first time, our results revealed that the 2G phones also emit higher ELF MF as compared to the 3G phones. In particular, while the LF2 MF of 2G and 3G phones were comparable, the LF1 field values were approximately 2-4-fold higher.
When comparing the LCD “on” and LCD “off” modes, the MF fields were comparable to the background in both LF1 and LF2. As expected, almost all MF values (LF1/LF2) were significantly higher with the charger plugged in comparison to the “no charger” mode. While the charger serves as a source of DC current, the 50 Hz signal from the main power supply can also be delivered to the cell phone and the user. However, these 50 Hz MF were approximately 20- to 60-fold lower as compared to the active phone use (listening and speaking mode).
The previously published study by [9] focused on the MF measurements of five phones. All phones showed the maximum B-field on the back side with pulse heights between 35 and 75 μT (measured 5 mm from the phone surface). The front side B-field varied between 8 μT and 20 μT. These results are in line with our study, where the maximum B-field was 70.03 μT and 51.93 µT on the front and back sides, respectively. [7] measured B-field in 5 older cell phone models and found a maximum of 94.8 µT on the back surface of the phone. This value is higher as compared to our results probably due to better technology in the newer cell phone models. According to the ELF assessment by [10], MF at 217 Hz used in GSM and 100 Hz used in UMTS are the most distinctive component for the 2G and 3G mode, respectively. Our results have also revealed the 217 Hz/100 Hz component in the LF2 band of 2G/3G. In addition, we recorded the 8.3 Hz component in the 2G LF1, which corresponds to the periodicity of the GSM source. The B-field ranged from 0.021 to 1.178 μT at 25 mm from the center of the front side of the phone in the study by [8]. These values were lower in comparison to our results measured at the distance of 10 mm. However, Calderon et al. focused mainly on the 217 Hz component, while our measurements recorded the values through the whole frequency band, either LF1 or LF2 (i.e., more spectral components were included). The subsequent study by the same authors [12] reported the 100 Hz and 50 Hz signals, which were observed independently of RF radiation.
ICNIRP established the ELF-MF guidelines in 1998 [41] and revised them in 2010 [1]. For the frequency band of 1 Hz–10 kHz, the limit value of the B-field is 40 mT—27 µT (200 µT for frequency range 25–400 Hz). Our results are far below these guidelines. However, the BioInitiative report defined the ELF limits in the range of 0.2–0.4 µT for the general population and 0.1 µT for children and pregnant women [42]. Similarly, the EUROPAEM recommends that the averaged ELF MF should not exceed 0.1 µT for daytime and nighttime exposures [43]. Of note, the BioInitiative/EUROPAEM precautionary guidance values are based on the scientific evidence and not on the induced current density, as the ICNIRP guidelines. It should be mentioned that all ELF values measured by us in all 2G modes, LF1 3G modes, as well as the MF values resulting from simulations (midbrain, heart, and scrotum) exceeded the BioInitiative/EUROPAEM precautionary guidance values.
4.1 Effects of the ELF fields
Cell phones can expose significant parts of the human head (mostly parietotemporal areas) and other parts of the body by ELF MF. These fields are in the range of those that have been reported to induce biological and health effects, including carcinogenesis. The International Agency for Research on Cancer (IARC) classified ELF MF as a 2B carcinogen (possibly carcinogenic to humans) based on consistent data showing increased risks of childhood leukemia (ChL) in children exposed to ELF MF greater than 0.3 μT [21]; [44] found that the hazard ratio of Alzheimer’s disease (AD) of employees exposed to ELF above 0.2 μT was 2.30 as compared to employees exposed to lower ELF. [45] found that in chronically exposed train drivers (average exposure 21 µT with major component 16.7 Hz), the hazard ratio was 1.96 for senile dementia and 3.15 for AD in comparison to station masters (average exposure 1 µT). [46] reported health risks related to the CNS in workers exposed to ELF (>1.0 µT). The incident rate ratios were 1.44, 1.78, 1.40, and 1.34 for dementia, motor neuron disease, multiple sclerosis, and epilepsy, respectively, as compared to the population not employed in electric utilities.
The results of a cross-sectional study of power plant workers exposed to 0.85 μT ELF MF indicated that occupational exposure to ELF is associated with DNA single-strand breaks [47]. As reported by Wertheimer and Leeper, children living near power lines have an increased risk of ChL [48]. The maximal ELF MF measured 75 cm above ground under the power lines was 3.5 µT. Recent meta-analyses concluded that there is evidence of elevated risk of ChL with respect to residential proximity to high-voltage power lines [49]. Other pooled analysis has concluded that exposure to ELF MF at 0.4 μT increases the risk of ChL twofold [50]. The maximum MF measured in our study in standby mode was 3.1 µT (in LF1, no charger: LCD “off”). Therefore, it should be recommended not to keep a cell phone on the body or in its proximity at any time.
[51] investigated the relationship between occupational exposure to MF and brain cancer in men. They observed a positive association for all brain tumors at average ELF exposure ≥0.6 μT vs. < 0.3 μT. Our data showed that the highest B-field in the middle of the brain was 8.45 µT. These results suggest that the MF in the range of those emitted by cell phones may be sufficiently high for the effect to occur.
[52] proposed the inhibitory action of melatonin on the growth of human breast cancer cells in vitro (MCF-7) under exposure to the MF of 1.2 μT RMS at 60 Hz. This study was later replicated by [53] with the same result, suggesting that ELF MF may represent a risk factor for breast cancer. [54] observed an elevated risk of breast cancer in men exposed to ELF ≥0.6 μT. Our simulations revealed that the highest value observed in the middle of the thorax was 3.98 µT. This result warrants further investigation whether holding a cell phone near the chest may increase the risk of breast cancer.
[55] reported that long term exposure to 50 Hz MF at approximately 25 µT could have adverse effects on mammalian fertility and reproduction. Our simulation results have shown that the MF in the middle of the scrotum is 1.96 μT at 50 Hz by applying approximately 70 µT 10 mm from the body surface. These results indicate that keeping a cell phone in the trouser pocket can potentially affect reproduction and fertility.
Cell phones emit relatively high values of ELF MF, which have been reported to induce a variety of biological and health effects, including cancer. These data, along with high variability in ELF from different cell phone models, call manufacturers to provide values of ELF in the manuals for cell phones along with the SAR values for RF radiation. The previously published data [36–38] along with our results indicate that the combined effects of ELF MF and RF emitted by phones may also differ significantly from the effects of RF exposure alone. This circumstance should be considered when analyzing the biological and health effects of cell phone exposures.
4.2 Limitations
A limitation of this study is the dimensions of the sensing antenna, which did not allow a detailed MF mapping. The authors are also aware that our short-term measurements did not consider the changes in a BTS radiation power in-between full and base load, which can possibly affect the ELF MF values. However, this limitation was partially eliminated by controlling the signal level on the cell phone screens. For future studies, it would be worthwhile to perform ELF measurements in the 4G and 5G modes. It will also be interesting to perform the same measurements with the applied smartphone case or any type of a smartphone shielding tool (EMF protection).
5 CONCLUSION
Cell phones expose significant parts of the human head and other parts of the body to ELF MF classified by the IARC as a 2B carcinogen. The MF values measured in the LCD “off” mode were slightly higher compared to the LCD “on”. However, the MF in both modes were comparable to the background. The standby MF were approximately 20- to 60-fold lower compared to active phone use (listening and speaking mode). For the 2G, the highest RMS values were detected in the listening mode, front side (70.03 µT) within the range of 5 Hz–200 Hz and in the speaking mode, front side (12.67 µT) within the range of 120 Hz—10 kHz. For 3G, the highest RMS values were detected in the speaking mode, front side (16.82 µT) within the first range and the listening mode, front side (12.31 µT). The 3G cell phones consistently emitted a lower ELF MF as compared to the 2G ones. The measured and also simulated ELF MF were comparable with MF values that have been reported to induce biological and health effects, including those related to carcinogenesis.
A possible detrimental effect can occur under chronic ELF exposure even in standby mode. Therefore, it should be recommended to not keep cell phone on the body or in its proximity at any time. We also do not recommend charging the phones while using them as far as the charger can increase the exposure to MF ELF in the standby mode. According to our simulations, about 35 cm distance between body surface and a cell phone is needed to ensure the ELF MF values recommended by the EUROPAEM.
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