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ABSTRACT OF THE THESIS 

Extremely Low Frequency Electromagnetic Field (ELF-EMF) Exposure Assessment 

and its Challenges 

 

by 
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University of California, Los Angeles, 2020 

Professor Shane S. Que Hee, Chair 

 

There are numerous factors that make ELF-EMF exposure assessment complex and difficult. A 

substantial amount of research has been published on the relationship between ELF-EMF and 

adult cancers, but the overall evidence of ELF-EMF health risks remains contradictory or 

inconclusive. Currently, there are no mandated standards for ELF-EMF exposure in the US, only 

recommended exposure limits at very high levels as ceiling values. The current exposure 

assessment methods do not measure all the characteristics needed to act as surrogates for 

possible adverse health effects suggestive of needs for better exposure assessments and for the 

development of standardized ELF-EMF measurement protocols. While the research continues on 

health effects and better exposure assessment design and metric for exposure assessments, 

concerned individuals, especially workers and employers who work directly with high intensity 

ELF-EMF sources, can use appropriate combinations of controls to limit exposure.   
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1. INTRODUCTION 

Extremely low frequency electromagnetic fields (ELF-EMF; 0 to 3000 Hz) are inherent in 

modern societies and are unavoidably produced wherever electricity is used. In the United States, 

electric power operates at a frequency of 60 Hz. ELF-EMF are produced during electric power 

generation, transmission, and use. Electric field strength increases with increasing voltage or 

electric potential, while magnetic field strength increases as current also increases. However, 

both electric and magnetic fields decrease quickly with distance from the source, as expected 

from the inverse-square law (NIOSH, 2016; California Public Utilities Commission, 2006). 

While individuals are regularly exposed to both electric and magnetic fields, scientists are most 

concerned about the health effects of long-term exposure to magnetic fields (NIOSH, 2016). 

Magnetic fields are not as easily shielded as electric fields and can easily penetrate the 

body (Miller & Green, 2010), since the human body is considered a conductor at low 

frequencies. Since electric fields can be easily mitigated and perturbed by conducting materials, 

ELF-EMF studies focus on the effects of magnetic fields and use measurements (often expressed 

in microtesla or µT, millitesla or mT, and milligauss or mG) to characterize ELF-EMF exposure 

(Bowman, 2014). 

However, the biological mechanisms and their effects are complex. The interaction 

mechanisms between ELF-EMF and the human body depend on the characteristics of the field 

(frequency, spatial uniformity, propagation, polarization direction, etc.) and the bodily 

characteristics of the person, such as posture, size, and morphology (Staebler, 2017). Magnetic 

fields are distributed non-homogenously, depending on the electric conductivity of the tissues for 

at frequencies below 10 MHz (Staebler, 2017). For ELF-EMF, the induced electric fields and 
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currents are weaker in the limbs (especially the hands) than in the trunk, and more significant on 

the edges than at the center of the exposed surface area (Staebler, 2017).  

 

1.1 ELF-EMF and Health 

ELF-EMF is a type of non-ionizing radiation that does not have sufficient energy to cause direct 

DNA damage. However, it has been suggested that it may act through several indirect pathways 

to increase cancer risks (Feychting, Ahlbom, & Kheifets, 2005).  The International Agency for 

Research on Cancer (IARC) has classified ELF-EMF as “possibly carcinogenic to humans” 

(Group 2B) based on epidemiological studies on childhood leukemia (IARC, 2002). ELF-EMF 

from electric utility power has been associated with an increased risk of childhood leukemia, but 

these epidemiologic findings have been controversial, and no clear biological mechanism has 

been identified (Schuz & Ahlbom, 2008). Many studies on the impact of ELF-EMF on adult 

cancers, including leukemia (Kheifets, Monroe, Vergara, Mezei, & Afifi, 2008), brain cancer 

(Kheifets, 2001), breast cancer (Caplan, Schoenfeld, O'Leary, & Leske, 2000), cardiovascular 

disease (Ahlbom, et al., 2004; Sahl, et al., 2002) have shown inconclusive health results. ELF-

EMF exposures have also been linked to increased risk of neurodegenerative diseases, including 

Alzheimer’s disease (Vergara, et al., 2013; Garcia, Sisternas, & Hoyos, 2008), Parkinson’s 

disease (Sorahan & Kheifets, 2007), and amyotrophic lateral sclerosis (Vergara, Mezei, & 

Kheifets, 2015; Fischer, et al., 2015).  Additionally, exposures to ELF-EMF on reproductive 

parameters and embryonic and fetal development, including adversely affecting sex hormones, 

female genital system, embryonic development, pregnancy outcome and fetal and offspring 

development, were investigated but the overall results were contradictory (Mansuori, 

Alihemmati, & Mesbanhi, 2020; Alekperov, Suetov, Efremov, Kimstach, & Lavrenenok, 2019; 
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Burcu, et al., 2020; Costa, Silva Araujo, Pereira Santos, & de Albuquerque Nogueira, 2020; 

Gholami, Riazi, Fathi, Sharafi, & Shahverdi, 2019). The potential effects of ELF-EMF on cells, 

including cell proliferation, differentiation, and antiapoptosis have been suggested; however the 

biological mechanisms underlying the interaction with cells are still not sufficiently understood 

(Qiu, et al., 2019). The human health risks that ELF-EMF is carcinogenic to adults remain 

controversial as discussed in several previous reviews (Zhang, et al., 2020; Gunes et al., 2020; 

Jalilian, Najafi, Khosravi, & Roosli, 2020; Bandara & Carpenter, 2020; Garcia, et al., 2020; 

Osunwusi, 2020, Kheifets, 1999, 2001; ACGIH, 2000; Caplan, et al., 2000; IARC, 2002; 

Feychting, et al., 2005; Blettner & Merzenich, 2006; Garcia, et al., 2008; Kheifets, et al., 

2008,2009; Vergara, et al., 2013; Bowman, 2014; Roosli & Vienneau, 2014).  

To this date, almost all government agencies and professional organizations, including 

the National Institute for Occupational Safety and Health (NIOSH), the Environmental 

Protection Agency (EPA), the National Institute of Environmental Health Sciences (NIEHS), the 

World Health Organization (WHO), and the International Radiation Protection Association 

(IRPA) do not consider ELF-EMF to be a proven health hazard. The only known interaction 

between ELF-EMF and the human body is the induction of an electric current that stimulates 

nerve and muscle cells (Blettner & Merzenich, 2006).  

 

1.2 Research Objectives 

ELF-EMF exposures are ubiquitous and have been linked to possible health risks. However, no 

clear biological mechanism for the interaction between ELF-EMF exposures and later health 

outcomes has been established. Epidemiological research on the biological effects of ELF-EMF 

exposure has been limited by inconsistent results. This review outlines existing exposure 
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guidelines, current exposure assessments and its challenges, details on epidemiological findings 

and highlights possible avenues for future research on the health effects of ELF-EMF. 

 

2. ELF-EMF EXPOSURE ASSESSMENTS AND STUDIES 

2.1 Exposure Limits 

Currently, there are no mandated federal standards for 60 Hz ELF-EMF exposure in the US. 

Several professional organizations, including the International Commission on Non-Ionizing 

Radiation Protection (ICNIRP), the Institute of Electrical and Electronics Engineers (IEEE), and 

the American Conference of Governmental Industrial Hygienists (ACGIH), have published ELF-

EMF recommendations for maximum exposure limits (also referred to as ceiling limits), 

exposure levels that should never be exceeded at any time (Table 1). 

The ICNRIP and IEEE have separate guidelines for the occupational and general 

populations. Since generally the health of the working population is better than that of the 

general public, the general public exposure limits are more stringent to protect the most sensitive 

populations (the very young, the elderly, pregnant women, and the immunocompromised). 

However, there are no guidelines that specially address the exposure of pregnant workers to 

ELF-EMF, and thus are the same for the occupational population. The ICNIRP (2010) 

recommends 1 mT and 0.2 mT for occupational and general public exposure, respectively. The 

IEEE (2019) has recommendations for ELF-EMF maximum exposure of the head & torso and 

limbs to protect against painful electrostimulation. The 60 Hz ELF-EMF maximum exposure 

limits for exposure of head and torso are 2.71 mT and 0.904 mT for persons in restricted and 

unrestricted environments, respectively.  The maximum exposure limits for the limbs (entire  
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Table 1. Recommended Maximum Exposure Limits for 60 Hz ELF-EMF 

Organization Exposure Environment Magnetic Fields (mT)  

ICNRIP (2010) 

 

Occupational  1 mT  

General public  0.2 mT  

IEEE (2019) 

 

Restricted a Head & torso: 2.71 mT 

Limbs (entire arm & legs): 63.2 mT 

Unrestricted b  Head & torso: 0.904 mT  

Limbs: 63.2 mT 

ACGIH (2000) Occupational  Whole or partial body: 1.0 mT 

Arms & legs: 5.0 mT 

Hands & feet: 10 mT 

Pacemaker users: 0.1 mT 

 

a Restricted (previously referred as “upper tier”, “controlled environment” or occupational 

exposure”) is an environment in which exposure may result in exceed the unrestricted 

environment exposure limits (IEEE, 2019). 

b Unrestricted (previously referred as “lower tier” “uncontrolled environment” or “general public 

exposure”) is an environment in which exposure does not result in a restricted environment 

exposure limit including living quarters, public areas or workplaces defined as unrestricted 

(IEEE, 2019). 
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arms and legs) are 63.2 mT for persons in both restricted environment and unrestricted 

environments. 

The ACGIH (2000) recommendations are for workers in the occupational environment. 

ELF-EMF exposures ceiling limits for exposure of whole or partial body are 1.0 mT, arms and 

legs are 5.0 mT, and hands and feet are 10 mT. Furthermore, ACGIH recommends a limiting  

exposure of 0.1 mT for workers wearing a pacemaker or other electronic medical devices due to 

a potential interference issue.  Similar to ICNRIP and IEEE, there are no guidelines for 

exposures to ELF-EMF of pregnant workers. These magnetic field exposure limits at the skin 

surface are based on an engineering model that found the internal body current density of 10 

mA/m2 (root mean square) was the maximum current density induced within the human body to 

prevent effects on the central nervous system as for ICNIRP (2010). 

The ICNRIP in 2011 updated its recommendations to be based on the electric field 

(V/m2) induced in internal tissues rather than the induced current (Netzer, 2011).  The 

recommendations for 60 Hz were: CNS tissue of the head for occupational exposure, 0.12; all 

tissues of the head and body for occupational exposure, 0.8; CNS tissue of the head for the 

general public, 0.024; and all tissues of the head and body for the general public, 0.4. There are 

no studies examining how these recommendations are related to skin exposure magnetic flux 

density in mT. 

The occupational situations where the maximum exposure limits might be approached 

include close approach or touching induction furnaces, high-power electrical equipment, and a 

conductive object.  

Compliance with these guidelines does not necessarily protect individuals against chronic 

diseases like cancer (Kavet, Stuchly, Bailey, & Bracken, 2001). Some contend that the current 
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exposure limits do not fully protect the public and occupational populations. It is common 

practice for exposure setting organizations to use “uncertainty”, “safety” and “modifying” factors 

integrated into their health risk assessments to derive “safe” exposure limits, but the magnitude 

of these factors and their use is controversial (Dankovic, Naumann, Maier, Dourson, & Levy, 

2015). Furthermore, because these exposure guidelines are expressed as ceiling values rather 

than time weighted averages (TWA), control measures may be limited, and time limitations of 

exposures may not be effective (Kavet, Stuchly, Bailey, & Bracken, 2001). Due to no clear 

adverse health effect for the interaction of ELF-EMF exposure and insufficient evidence for long 

term exposure to form the basis for exposure limits, current recommendations are precautionary 

safety guidelines to individuals against acute safety risks related to acute nerve, excitable tissue 

(e.g. retina) or muscle stimulation associated with induced currents or induced electric fields  

(IEEE, 2019; ACGIH, 2000; ICNIRP, 2010). 

 

2.2 ELF-EMF Exposure Assessments and Challenges 

Personal monitoring is usually the most accurate way to estimate an individual’s exposure for a 

given time and space, but it is problematic in case-control studies in residential and occupational 

settings (NIOSH, 1998). For ELF-EMF personal exposure assessment, a portable ELF-EMF 

meter is placed at one point on the body, typically placed in waist pouches and worn around the 

hip on the front side of the body, for a given amount of time (work shift).  

However, current exposure assessment methods do not measure all the ELF-EMF 

characteristics needed to predict the outcome of the most plausible biologic mechanisms 

(NIOSH, 1998). It is understood that there is a need for better exposure assessments and the 

development of standardized ELF-EMF measurement protocols, but there is uncertainty as to 
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how exposure should be measured, what attributes of the field should be measured or some other 

characteristics of the field, such as the magnitude, frequency, variation, and maximum levels.  

 

2.3 Spatial and Temporal Variability in ELF-EMF Exposure Assessments 

Nearly all of occupational exposure assessment studies for electrical utility workers to date have 

used portable meters, placed on the hip for convenience and safety (Bracken, 1993; Sahl, et al., 

2002; Smith, Sahl, Kelsh, & Zalinski, 1997; Olsen, et al., 1991). However, the hip placement 

may not be the most appropriate location to assess non-invasive personal exposure. A person’s 

occupational exposure depends on the strength of the ELF-EMF sources, as well as other 

determinants (e.g. distance, exposure time and the frequency of intermittent exposures), and 

individual ELF-MF exposure can widely vary, spatially and temporally, among occupational 

groups (Kheifets, et al., 2009). Therefore, proper anatomical placement of the meter in relation to 

the source exposure will affect the representativeness of exposure readings to any potential 

adverse health effects. 

There have been limited numbers of ELF-EMF studies that characterize the ELF-EMF 

spatial variation in personal exposure assessments. In these studies, participants wore multiple 

dosimeters simultaneously to measure for exposures at various locations on the workers’ body. 

Although not statistically significant, Kelsh (2003) found sensors placed on sewing operators’ 

heads measured slightly higher levels of exposure than those placed on the chest and waist.  The 

difference was most likely contributed to by the fluorescent lights located above the workers’ 

head. Additionally, in this study the variability of ELF-EMF exposures was dependent on several 

characteristics of the machine being used, including machine type and age.  
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Furthermore, Delpizzo (1993) found that the measurements at the hip consistently 

underestimated the “true” whole body exposure in various occupations, including office work, 

video display unit (VDU) operation, mechanical workshop, and electronics laboratory.  

 

2.4 Epidemiological Studies and Limitations 

One of the biggest challenges in epidemiologic studies of cancer and other chronic diseases is 

determining the historical exposure estimates for the subjects’ working lives between exposure 

and disease onset. Therefore, accurate exposure data are vital to identifying the occupational risk 

factors (Dopart & Friesen, 2017). However, the collection and analysis of these data are difficult, 

as measurements for ELF-EMF are not systematically collected and a lack of relevant exposure 

metric based on a plausible biologic mechanism (Vila, et al., 2016). Most common in 

epidemiologic research is the use of occupation as a proxy to classify exposures for job titles 

based on general job tasks in the absence of individual data (Roosli & Vienneau, 2014). In ELF-

EMF research, job-exposure matrices (JEMs) have been established for exposures to ELF-EMF 

among utility workers (Bowman, Touchstone, & Yost, 2007; Kheifets, 1999; Kelsh, Kheifets, & 

Smith, 2000; Bracken, Rankin, Senior, Aldredge, & Sussman, 1995) or to electrical shocks 

(Vergara, Kheifets, Silva, Bracken, & Yost, 2012). However, some exposures were significantly 

different within the same occupational classification, and commonly found to have inconsistent 

job titles with varying job responsibilities and tasks (Bowman, 2014). A person’s occupational 

exposure is influenced by other characteristics, such as industry, worker’s tasks, specific 

equipment used, the physical configuration of the workplace, and the proportion of time spent at 

different locations relative to various sources (Kelsh, Bracken, Sahl, Shum, & Ebi, 2003). By 

assigning a single average value to all subjects with the same job title when actual exposures can 
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be highly variable between workers can result in huge misclassification in epidemiological 

studies (Greenland, Fischer, & Kheifets, 2016).   

Instead of tasked-based job-exposure matrix (JEM), a source-based exposure 

measurement (SEM) was developed (Vila, et al., 2016). It addresses more individualized 

exposure assessment using estimation of typical exposures associated with each source identified 

(e.g., type of equipment) and/or tasks (e.g., sewing operators) in the workplace, independent of 

occupation. Unlike JEM, a source-based approach can provide quantitative estimates of 

exposures for studies without any exposure data, potentially increasing within-job variability 

among subjects and reduce misclassification and Berkson errors (Vila, et al., 2016). However, 

exposure measurements at different distances from the source and different anatomical locations 

of personal exposure assessment (e.g., head, chest or waist) are lacking in SEM.   

Some authors propose the use of combined estimates from a JEM together with 

information such as duration and location related to specific sources of exposure to estimate the 

average exposure for an occupational group and evaluate the health risks (Dopart & Friesen, 

2017; Friesen, et al., 2012). 

3. CONCLUDING REMARKS 

There are numerous factors that make ELF-EMF exposure assessment complex and difficult. A 

substantial amount of research has been published on the relationship between ELF-EMF and 

adult cancers, but the overall evidence of ELF-EMF chronic health risks remains contradictory or 

inconclusive. Currently, there are no mandated standards for ELF-EMF exposure in the US, only 

recommendations for acute exposure limits at very high levels as ceiling values. ELF-EMF has 

substantial spatial and temporal variability that makes conducting non-invasive exposure 

assessments challenging, particularly when exposures of interest have occurred years or decades 
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in the past. The current exposure assessment methods probably do not measure all the radiation 

characteristics that might be needed to evaluate ELF-EMF as a potential occupational hazard. 

While the research on ELF-EMF health effects and better exposure assessment design 

and metric continues, concerned individuals, especially workers and employers who work 

directly with high intensity sources, can use appropriate combinations of controls to limit 

exposure. NIOSH (2016) recommends to inform workers and employers about possible hazards 

of magnetic fields, increase the worker’s distance from the source, use low ELF-EMF designs 

wherever possible, and reduce exposure times wherever possible.  

Exposure to ELF-EMF has been increasing in previous decades in many occupational 

settings and has expanded to new industries and occupations; thus, potential adverse health 

effects will have a greater population impact. 

 

4. ELF-EMF PROPOSED PROJECT 

4.1 ELF-EMF Concerns Among Studio Electrical Lighting Technicians 

The estimation of ELF-EMF exposures can vary spatially and temporally, specifically for 

occupations that require individuals engaged in tasks in variable positions and work near 

multiple sources. Due to the nature of the job tasks, some workers cannot create “safe” distance 

from the sources.  

One industry with very high potential for ELF-EMF health concern is the film and 

television industry. Large amounts of electricity are used during motion picture and television 

production, and all people on set are potentially exposed to ELF-EMF. However, the most 

exposed are the studio electrical lighting technicians who work on or very close to electrical 

equipment, and work for prolonged work shifts, commonly 12 hours and over (IATSE, 2017). 
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Lighting technicians are responsible for the installation and removal of temporary electrical 

power systems, lighting control systems and lighting instruments necessary for the making of 

motion pictures and television productions. They are expected to work indoors or outdoors, in 

any kind of weather and temperature. In addition, a lighting technician may work above the 

stage/set or atop scaffolding, with elevations ranging from 15-80 feet above the floor, in confined 

space, intermittently and for varying periods of the time during production. The work dynamic is 

highly variable due to the nature and demand of the job, and daily exposure may be also highly 

variable. 

In addition, the lighting equipment and technology used, range in sizes and vary 

according to how they are used spatially. Lighting equipment used in film and television have 

gone through a variety of technological changes and advancements over the decades. For 

example, tungsten lights have long been used on sets, but are becoming less popular today, and 

instead light-emitting diode (LED) lighting has been widely used in recent years, as the 

technology has become more advanced with greater energy efficiency, longer life, and its ability 

to provide a more adjustable spectral power distribution, illuminance, and beam shape (Luo, 

2015). Various equipment unique to the film and television production is used (Luo, 2015), and 

not much is known about the potential exposure to ELF-EMF these workers face due to the lack 

of research in this industry. This industry deserves as much, if not more, attention as the other 

high intensity ELF-EMF occupational environment, the electric utility industry, due to the types 

and number of potential sources of ELF-EMF, as well as the time spent in these work settings.  
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4.2 ELF-EMF Measurements 

EMDEX II is the standard monitor widely used in epidemiology and personal exposure 

assessments. It measures the root-mean squared vector magnitudes along three orthogonal 

directions in the ELF band. The internal orthogonal induction coil sensors are located within the 

top right corner of the instrument case. Over the sampling intervals, the EMDEX measures the 

root-mean-squared (RMS) magnetic field component from each sensor coil sequentially, 

digitizes these three measurements, calculates the resultant, and stores the data. The EMDEX II 

exposure meter records broad band (40-800 Hz) and harmonic (100-800 Hz) resultant magnetic 

fields at 1.5 s – 5 m intervals. The range of RMS magnetic field of an EMDEX II is 0.1 – 3,000 

mG or 0.01 – 300 µT with a 1-2% accuracy.  

 

4.3 Pilot Study Proposal 

The proposed pilot study was be the first one to evaluate the TWA occupational exposure to 

ELF-EMF (60 Hz) that was to consider the magnetic field spatial variation and various potential 

sources and dynamic work tasks in electrical lighting technicians of the film and television 

industry, along with the evaluation of the burden of potential health hazards of ELF-EMF for this 

occupational population.  

In the field, a short questionnaire that included demographics and symptomology was to 

be administered in-person to the worker chosen by the Union on the basis of maximum past 

exposure to ELF-EMF.  Next, a time-and-motion study was to be performed to determine the 

appropriate anatomical placements of the meters on the body for each specific use of equipment 

or work task. Then, a TWA personal exposure assessment was to be conducted by placing the 

meters on the appropriate anatomical areas for each job task (based on the results of the time-
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and-motion study) to measure the TWA ELF-EMF exposure. This procedure was then to be 

repeated for two other workers. 

It was hypothesized that the TWA occupational exposure to ELF-EMF in lighting 

technicians would have the highest exposure levels compared to other identified high ELF-EMF 

occupations (electric utilities, transportation, manufacturing) due to its highly variable nature and 

demands of the job, use of multiple sources, prolonged exposure, long hours, and lack of 

worker’s distance from the various sources.  

Additionally, it was hypothesized that the sensitive areas of the body (head, chest, waist) 

would have higher exposure duration than the rest of the body (upper and lower limbs) based on 

lighting equipment used, which ranged in size and with exposures varying as to how they are 

used spatially. 

 

4.4 Internal Review Board (IRB) Materials 

Because workers in the movie/television studio had to wear the ELF-EMF meters, a Human 

Subjects submission was prepared for the UCLA IRB. The projected procedures had to be 

compatible with what the worker’s Union and the UCLA IRB wanted. The major components 

were:  Screening Questionnaire, Participant Informed Consent, Initial Contact, Script, Research 

Design and Methods. 

 

Unfortunately, the IRB review discussion between the investigators and the UCLA IRB was 

interrupted by the UCLA close-down in March 2020 due to the COVID-19 pandemic that also 

made any field study moot. 
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