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1 Executive Summary 

Electric energy is a beneficial and indispensable component of human society.  Over the past 30 

years, potential health risks of the use of electric energy have been studied because of the 

ubiquitous exposures of populations to fields associated with the transport and use of electricity.  

This report provides basic information on electric and magnetic fields (EMF) in the extremely 

low frequency (ELF) range, discusses standard methods for interpreting health research, and 

provides an up-to-date summary and assessment of current research on EMF and health. 

EMF are produced by both natural and man-made sources that surround us in our daily lives.  

The earth, for example, naturally produces a magnetic field that is used by compasses for 

navigation.  Man-made EMF is found wherever electricity is generated, transmitted, or used.  

Power lines, wiring in homes, workplace equipment, electrical appliances, and motors all 

produce EMF 

When evaluating if EMF may have an adverse impact on human health, it is important to 

consider the type and strength of research studies available for evaluation.  Human health 

studies vary in methodological rigor and, therefore, in their capacity to extrapolate findings to 

the population at large.  Furthermore, all studies in three fields (epidemiology, in vivo and in 

vitro research) must be evaluated to understand possible health risks.    

The World Health Organization (WHO) published a status report on EMF and human health in 

2007 critically reviewing the literature to date and taking into account the strength and quality of 

the studies.   

The WHO Report provided the following overall conclusions:1 

New human, animal, and in vitro studies published since the 2002 IARC 

Monograph, 2002 do not change the overall classification of ELF as a 

possible human carcinogen (p. 347). 

                                                 
1 More specific conclusions from the WHO report are provided in discussions of specific outcomes in the literature 

update (Section 5.2).   
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Acute biological effects [i.e., short-term, transient health effects such as a 

small shock] have been established for exposure to ELF electric and 

magnetic fields in the frequency range up to 100 kHz that may have 

adverse consequences on health.  Therefore, exposure limits are needed.  

International guidelines exist that have addressed this issue. Compliance 

with these guidelines provides adequate protection.  Consistent 

epidemiological evidence suggests that chronic low-intensity ELF magnetic 

field exposure is associated with an increased risk of childhood leukaemia.  

However, the evidence for a causal relationship is limited, therefore 

exposure limits based upon epidemiological evidence are not 

recommended, but some precautionary measures are warranted (p. 355). 

Studies published after the WHO report were also reviewed and these studies do not provide 

evidence to alter the opinion of the WHO and other national and international health and 

scientific agencies that electric or magnetic fields are not a cause of cancer or any other disease 

process at the levels we encounter in our everyday environment. 
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2 Introduction 

Electric energy is a beneficial and indispensable component of human society, but questions 

have been raised as to whether exposure to EMF, which are associated with the generation, 

transmission, and use of electricity, may in some way result in adverse health outcomes.  While 

there has been more than 100 years of biological research on EMF, largely for basic science and 

potential therapeutic purposes, the speculation that EMF could have adverse health effects, 

particularly relating to cancer, has arisen mainly from some epidemiologic studies conducted 

over the past 30 years.  The research literature on the possible health effects of EMF now 

includes more than 1,000 epidemiologic and experimental studies on a variety of health issues.  

In order to evaluate questions that have been raised regarding EMF and adverse health 

outcomes, this report provides basic information about EMF, describes the levels of EMF 

associated with the existing and proposed facilities, discusses relevant guidelines from 

regulatory authorities and the standard methodology used in the interpretation of health 

research, and provides an up-to-date summary and assessment of research on EMF and health. 

EMF is produced by both natural and man-made sources that surround us in our daily lives.  The 

earth itself produces a static magnetic field – it is this field that is used for compass navigation.  

Man-made EMF is found wherever electricity is generated, transmitted, or used.  Power lines, 

wiring in homes, workplace equipment, electrical appliances, and motors all produce EMF.  

Electric fields are the result of voltages applied to electrical conductors and equipment.  The 

electric field is expressed in measurement units of volts per meter (V/m) or kilovolts per meter 

(kV/m), where 1 kV/m is equal to 1,000 V/m.  Magnetic fields are produced by the flow of 

electric currents.  Electricity produced by generating stations flows through transmission and 

distribution lines and provides power to the many appliances and electrical devices we use in 

our homes, schools, and workplaces.  A magnetic field is produced only when current is flowing 

(e.g., when an appliance is turned on), while an electric field is produced whenever a voltage is 

present.  The strength of magnetic fields is expressed as magnetic flux density in units called 

gauss (G), or in milligauss (mG), where 1 G is equal to 1,000 mG.  Magnetic field 
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measurements may also be expressed as tesla (T) or microtesla (T), which are equivalent to 

10,000 G and 0.01 G, respectively.    
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3 Sources and Levels of EMF 

3.1 Typical sources of EMF 

Electrical power in the United States produces alternating current (AC) EMF that changes 

direction and intensity 60 times per second – a frequency of 60 Hertz (Hz).  These fields are in 

the ELF range (30-300 Hz) on the electromagnetic spectrum.  Fields at this frequency differ 

from higher frequency electromagnetic fields such as radio and television signals, microwaves 

from microwave ovens, and radiofrequency fields from cellular phones (which can have 

frequencies up to billions of Hz).   

An important characteristic of both electric and magnetic fields is that their strength diminishes 

as one moves away from the source of the field.  This is similar to the way that the heat from a 

candle or campfire will diminish farther from its source.  Intervening objects that conduct 

electricity (e.g., fences, shrubbery and buildings) can block electric fields.  In contrast, these 

ordinary objects do not block magnetic fields.  This is one of the reasons that assessments of 

health outcomes related to EMF have focused primarily on magnetic field exposure. 

With respect to electric fields, certain appliances within homes and workplaces are the major 

sources indoors, while overhead power lines and electric rail lines are the major sources 

outdoors.  The strongest sources of magnetic fields that people encounter indoors are electrical 

appliances.  Magnetic fields near appliances can vary over a wide range, from a fraction of a 

mG to a 1,000 mG or more.  For example, Gauger (1985) reported the maximum magnetic field 

at 3 centimeters from a sampling of appliances to be 3,000 mG for a can opener, 2,000 mG for a 

hair dryer, 5 mG for an oven, and 0.7 mG for a refrigerator.  These values vary with distance, 

the power being used, and the design and manufacturer of the device.  In most homes, 

background magnetic field levels measured away from sources such as appliances average about 

1 mG.  Higher, indoor average magnetic fields are measured in homes in the vicinity of 

distribution lines, sub-transmission lines, and transmission lines (Savitz et al., 1989). 
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Considering EMF from the perspective of specific sources or environments (i.e., indoor vs. 

outdoor) does not fully reflect the variations in an individual’s personal exposure.  To illustrate 

this concept, magnetic field measurements were recorded using a meter worn by one individual 

while going about daily activities in a Connecticut town for two hours.  The magnetic field 

measurements recorded are shown in Figure 1.  Activities included going to the post office, 

visiting the library, walking along the street, getting ice cream, browsing in a bicycle shop, 

stopping in a chocolate shop, going to the bank ATM, driving along streets, shopping in a 

supermarket, stopping for gas, and eating at a fast food restaurant.  The maximum magnetic 

field measured was 97.6 mG in the supermarket; however, the average magnetic field exposure 

was 4.6 mG and the median magnetic field exposure was 1.1 mG for the two-hour period.  

These observations show that, from moment to moment in everyday life, individuals encounter 

magnetic fields over a wide range of intensities and from a variety of sources.   
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Figure 1. Magnetic field exposure for one individual during a two-hour 
period of a typical day 
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3.2 Project EMF sources and levels 

Section 3.2 will describe existing and proposed facilities and summarize measurements and 

calculations of EMF to characterize pre- and post-construction levels of EMF. 

 



0701154.002 C0T0 0508 WHB3 
 8

4 Evaluation of Human Health Studies 

The scientific process entails looking at all the evidence on a particular issue in a systematic and 

thorough manner to see if the overall data presents a logically coherent and consistent picture.  

This is often referred to as a weight-of-evidence review, in which all studies are considered 

together, giving more weight to studies of higher quality and using an established analytic 

framework to arrive at a conclusion about a possible causal relationship.  Two steps precede a 

weight-of-evidence evaluation: a systematic review to identify the relevant literature and an 

evaluation of each study to determine its strengths and weaknesses.  The following sections 

discuss important considerations in the evaluation of human health studies of EMF, including 

exposure considerations, study design, methods for estimating risk, bias, and the process of 

causal inference. 

4.1 EMF exposure considerations 

To fully characterize any exposure, it is necessary to consider the nature, dose, and timing of 

exposure.  The nature of exposure relates to the specifics of that exposure (e.g., 60-Hz or 50-Hz 

and AC or direct current [DC] magnetic fields), including the ways in which persons may be 

exposed (e.g., occupationally or non-occupationally).  While there are many different 

characteristics of magnetic fields (such as direction, polarization and harmonic content), these 

characteristics are typically not considered in the exposure assessment in epidemiologic studies.  

The dose of the exposure is the amount of the biologically relevant aspect of the exposure in 

tissue.  Dose can be measured as the accumulated dose or as an exposure rate.  The biological 

dose of exposure in tissue is correlated to exposure outside the body as the available dose and 

the encountered dose.  The available dose of EMF is the maximum amount that a nearby source 

could emit.  The encountered dose is less than or equal to the available dose.  The amount of 

exposure that might possibly influence tissues in humans (i.e., the biological dose) is less than 

or equal to the amount of EMF that is available and encountered.  Ultimately, it is this biological 

dose that has the potential, if any, to influence disease risk.  The hierarchical nature of these 
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dose categories is illustrated in Figure 2.  The biological dose often cannot be measured, and 

most research studies measure the available or encountered dose.   

 

 

Figure 2. Relationship between dose categories, with an EMF-related example  

    (Source: Modified from Armstrong, White and Saracci, 2000, p. 12) 

 
Time of exposure is characterized as: (1) when the exposure first begins, (2) when, if at all, the 

exposure ends, and (3) whether the exposure is continuous or occurs intermittently.   Aspects to 

consider further when evaluating time of exposure are the duration of the exposure and whether 

there is a critical time window (i.e., an etiologically relevant exposure period) for the disease.  

This is particularly important for diseases that may have a long latency period between the start 

of the disease and when the disease is detected, e.g., cancer.  For example, if scientists 

hypothesize that a particular childhood cancer is the result of prenatal exposures (e.g., maternal 

drinking habits), then the child’s exposure history after birth is not relevant when considering 

disease etiology.  

Dose and time are usually considered jointly to create summary exposure measures.  Three 

common joint dose-time measures are: peak exposure, cumulative exposure, and average 

exposure.  These measures can be considered just during the etiologically relevant time period 

or in terms of total lifetime exposure.  Since it is often not known what the critical time window 

is for most diseases, these summary exposure measurements are often evaluated as: peak 

lifetime exposure, cumulative lifetime exposure, and average lifetime exposure.  Most studies of 

EMF have made calculations or taken measurements over a 24-hour or 48-hour period to be 

used as an estimate of average lifetime exposure, and some occupational studies have also used 

job-exposure matrices to estimate a cumulative or peak exposure, or both 

Another important consideration of EMF exposure is whether it has been measured directly or 

indirectly.  For example, personal exposure to magnetic fields can be measured directly when an 
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individual is wearing a device that records the amount of magnetic field encountered at frequent 

intervals (see example in Figure 1).  EMF can be estimated indirectly by assigning an estimated 

amount of EMF exposure to an individual based on calculations considering nearby power 

installations or a person’s job title.  For example, a relative estimate of exposure could be 

assigned to all machine operators based on historical information on the magnitude of the 

magnetic field produced by the machine.  Indirect measurements are not as accurate as direct 

measurements because they do not contain information specific to that person or the exposure 

situation.  In the example of machine operators, the indirect measurement may not account for 

how much time any one individual spends working at that machine or any potential variability 

in magnetic fields produced by the machines over time, in addition to residential magnetic field 

exposures.   

4.2 Types of health research studies 

Prior to presenting the summary of research findings related to EMF and health, an overview of 

design aspects of health research studies is provided to aid in the interpretation of these studies.  

Research studies can be broadly classified into two groups: 1) epidemiologic observations of 

people, which are not experimental, and 2) experimental studies on animals, humans, cells and 

tissues in laboratory settings.  Epidemiologic studies investigate how disease is distributed in 

populations and what factors influence or determine this disease distribution (Gordis, 2000).  

Epidemiologic studies attempt to establish causes for human disease while observing people as 

they go about their normal, daily lives.  Such studies are designed to quantify and evaluate the 

associations between reported exposures to environmental factors and disease.   

The most common types of epidemiologic studies in the EMF literature are case-control and 

cohort studies.  In case-control studies, people with and without the disease of interest are 

identified and potential causative exposures are evaluated.  Often, people are interviewed or 

their personal records (e.g., medical records or employment records) are reviewed in order 

establish the exposure history for each individual.  The exposure histories are then compared 

between the diseased and non-diseased populations to determine whether any statistically 

significant differences in exposure histories exist.  In cohort studies, on the other hand, 
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individuals within a defined cohort of people (e.g., all persons working at a factory) are 

classified as exposed or non-exposed and followed over time for the incidence of disease.  

Researchers then compare disease incidence in the exposed and non-exposed groups.    

Experimental studies are designed to test specific hypotheses under controlled conditions and 

are vital to assessing cause-and-effect relationships.  An example of a human experimental 

study relevant to this area of research would be studies that measure the impact of magnetic 

field exposure on acute biological responses in humans, such as hormone levels.  These studies 

are conducted in laboratories under controlled conditions.  In vivo and in vitro experimental 

studies are also conducted under controlled conditions in laboratories.  In vivo studies expose 

laboratory animals to very high levels of a chemical or physical agent to determine whether 

exposed animals develop cancer or other effects at higher rates than unexposed animals, while 

tightly controlling all other factors that could possibly affect disease rates (e.g., diet, genetics, 

etc.).  In vitro studies of isolated cells and tissues are also important because they can help 

scientists understand biological responses as they relate to the same exposure in intact humans 

and animals.  The results of experimental studies of animals, and particularly those of isolated 

tissues or cells, however, may not always be directly extrapolated to human populations.  In the 

case of in vitro studies, the responses of cells and tissues outside the body may not reflect the 

response of those same cells if maintained in a living system, so their relevance cannot be 

assumed.  Therefore, it is both necessary and desirable that agents that could present a potential 

health threat be explored by both epidemiologic and experimental studies.  

Both of these approaches – epidemiologic and experimental laboratory studies – have been used 

to evaluate whether exposure to EMF has any adverse effects on human health.  Epidemiologic 

studies are valuable because they are conducted in human populations, but they are limited by 

their non-experimental design and usual retrospective nature.  In epidemiologic studies of EMF, 

for example, researchers cannot control the amount of individual exposure to EMF, how 

exposure occurs over time, the contribution of different field sources, or individual behaviors 

that could affect disease risk, such as diet.  In valid risk assessments of EMF, epidemiologic 

studies have been considered alongside experimental studies of laboratory animals, while 

studies of isolated tissues and cells are generally acknowledged as being less relevant.   
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4.3 Estimating risk  

Epidemiologists measure the statistical association between factors and disease in order to 

estimate “risk.”  Risk is a multi-faceted term that includes several related components, beyond 

just a simple statistical association.  This brief summary of risk is included to provide a 

foundation for understanding and interpreting statistical associations in epidemiologic studies as 

risk estimates. 

Two common types of risk estimates are absolute risk and relative risk (RR).  Absolute risk, 

also known as incidence, is the amount of new disease that occurs in a given period of time.  For 

example, the absolute risk of invasive childhood cancer in children ages 0-19 years for 2004 

was 14.8 per 100,000 children (Ries et al., 2007).  RRs are calculated to evaluate whether a 

particular exposure (EMF, diet, genetics, race, etc.) is associated with a disease outcome.  This 

is calculated by looking at the absolute risk in one group relative to a comparison group.  For 

example, white children in the 0-19 year age range had an estimated absolute risk of childhood 

cancer of 15.4 per 100,000 in 2004, and African American children had an estimated absolute 

risk of 13.3 per 100,000 in the same year.  By dividing the absolute risk of white children by the 

absolute risk of African American children, we obtain a RR of 1.16.  This RR estimate can be 

interpreted to mean that white children have a childhood cancer risk that is 16% greater than the 

risk of African American children.  Additional statistical analysis is needed to evaluate whether 

this association is statistically significant.   

It is important to understand that risk is estimated differently in cohort and case-control studies 

because of the way the studies are designed.  Traditional cohort studies can provide a direct 

estimate of RR, while case-control studies can only provide indirect estimates of RR, called 

odds ratios (OR).  For this reason, among others, cohort studies usually provide more reliable 

estimates of the risk associated with particular exposures.  

Thus, the association between a particular disease and exposure is measured quantitatively in an 

epidemiology study as either the RR (cohort studies) or OR (case-control studies) estimate.  The 

general interpretation of a risk estimate equal to 1.0 is that the exposure is not associated with an 

increased incidence of the disease.  If the risk estimate is greater than 1.0, the inference is that 
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the exposure is associated with an increased incidence of the disease.  On the other hand, if the 

risk estimate is less than 1.0, the inference is that the exposure is associated with a reduced 

incidence of the disease.  The magnitude of the risk estimate is often referred to as its strength 

(i.e., strong vs. weak). 

4.4 Statistical significance  

Statistical significance testing provides an idea of whether or not a statistical association is 

caused by chance alone, i.e., is the association likely to be observed this way upon repeated 

testing or is it simply a chance occurrence.  The terms “statistically significant” or “statistically 

significant association” are used in epidemiologic studies to describe the tendency of the level 

of exposure and the occurrence of disease to be linked, with chance as an unlikely explanation.  

Statistically significant associations, however, are not automatically an indication of cause-and-

effect, because the interpretation of statistical associations depends on many other factors 

associated with the design and conduct of the study, including, for example, how the data were 

collected and the size of the study. 

 

Confidence intervals (CI) are typically reported along with RR and OR values.  A CI is a range 

of values for an estimate of effect that has a specified probability (e.g., 95%) of including the 

“true” estimate of effect.  A 95% CI indicates that, if the study were conducted a very large 

number of times, 95% of the measured estimates would be within the upper and lower 

confidence limits.     

The range of the CI is also important for interpreting estimated associations, including the 

precision and statistical significance of the association.  A very wide CI indicates great 

uncertainty in the value of the “true” risk estimate.  This is usually due to a small number of 

observations.  A narrow CI provides more certainty about where the “true” RR estimate lies.  

Another way of interpreting the CI is as follows: if the 95% CI does not include 1.0, the 

probability of an association being due to chance alone is 5% or lower and the result is 

considered statistically significant, as discussed above.  



0701154.002 C0T0 0508 WHB3 
 14

4.5 Bias in epidemiologic studies  

One key reason that results of epidemiologic studies cannot directly provide evidence for cause-

and-effect is the presence of bias.  Bias is defined as “any systematic error in the design, 

conduct or analysis of a study that results in a mistaken estimate of an exposure’s effect on the 

risk of disease” (Gordis, 2000, p. 204).  In other words, sources of bias are factors or research 

situations that can mask a true association or misrepresent an association that does not exist.  As 

a result, the extent of bias, as well as its types and sources, are important considerations in the 

interpretation of epidemiologic studies.  Since it is not possible to fully control human 

populations, perfectly measure their exposures, control for the effects of all other risk factors, 

etc., bias will exist in some form in all epidemiologic studies of human health.   

One important source of bias occurs when two groups differ in ways other than just the variable 

of interest.  An example of this is the relationship between diet and exercise.  People who 

exercise more may tend to also consume healthier diets.  Consider an example of a researcher 

whose study finds that people who exercise have a lower risk of diabetes compared to people 

who do not exercise.  If the researcher does not control for the impact of diet, it is not possible 

to say with certainty that the lower risk of diabetes is due to exercise and not a healthier diet.    

4.6 Cause vs. association and levels of evidence regarding 
causal associations 

Epidemiologic studies can help suggest risk factors that may contribute to a disease risk, but 

they are not used as the sole basis for drawing inferences about cause-and-effect relationships. 

Since epidemiologists do not have control over the many other factors to which people are 

exposed (e.g., genetics, pollution, infections, etc.) and diseases can be caused by a complex 

interaction of many factors, the results of epidemiologic studies must be interpreted with 

caution.  A single epidemiologic study is rarely unequivocally supportive or non-supportive of 

causation; rather, a weight is assigned to the study based on the validity of its methods.   

In 1964, the Surgeon General of the United States published a landmark report on smoking-

related diseases (U.S. Department of Health, Education and Welfare, 1964).  As part of this 
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report, nine criteria for evaluating epidemiology studies (along with experimental data) for 

causality were outlined.  In a more recent version of this report, these criteria have been 

reorganized into seven criteria.  In the earlier version, coherence, plausibility, and analogy were 

considered as distinct items, but are now summarized together because they have been treated in 

practice as essentially reflecting one concept (Department of Health and Human Services, 

2004).  Table 1 provides a listing and brief description of each of the criterion. 

Table 1. Criteria for evaluating whether an association is causal  

Criteria Description 

Consistency Repeated observation of an association between exposure and disease in 
multiple studies of adequate statistical power, in different populations, and at 
different times. 

Strength of the 
association 

The larger (stronger) the magnitude and statistical strength of an association is 
between exposure and disease, the less likely such an effect is the result of 
chance or unmeasured confounding. 

Specificity The exposure is the single (or one of a few) cause of disease.  

Temporality The exposure occurs prior to the onset of disease. 

Coherence, 
plausibility, and 
analogy 

The association cannot violate known scientific principles and the association 
must be consistent with experimentally demonstrated biologic mechanisms.   

Biologic gradient This is also known as a dose-response relationship, i.e., the observation that 
the stronger or greater the exposure is, the stronger or greater the effect. 

Experiment Observations that result from situations in which natural conditions imitate 
experimental conditions.  Also stated as a change in disease outcome in 
response to a non-experimental change in exposure patterns in population. 

(Source: Department of Health and Human Services, 2004) 

 
The criteria were meant to be applied to statistically significant associations that have been 

observed in the epidemiologic literature, i.e., if no statistically significant association has been 

observed for an exposure then the criteria are not relevant.  It is important to note that these 

criteria were not intended to serve as a checklist; rather, they were intended to serve as a guide 

in evaluating associations for causal inference.  Theoretically, it is possible for an exposure to 

meet all seven criteria, but still not be deemed a causal factor.  Also, no one criterion can 

provide indisputable evidence for causation, nor can any one criterion rule out causation.   

In summary, the judicious consideration of the above criteria are useful in assessing 

epidemiologic studies, but they cannot be used as the sole basis for drawing inferences about 
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cause-and-effect relationships.  In line with the criteria of “coherence, plausibility, and 

analogy,” epidemiologic studies are considered along with in vitro and in vivo studies in a 

comprehensive review.  Epidemiologic support for causality is usually based on high-quality 

studies reporting consistent results across many different populations and study designs that are 

supported by the experimental data collected from in vitro and in vivo studies. 

4.7 Biological response vs. disease in human health 

When interpreting research studies, it is important to distinguish between a reported biological 

response and an indicator of disease.  This is relevant because exposure to EMF may elicit a 

biological response that is simply a normal response to environmental conditions.  This 

response, however, may not be a disease or cause a disease.  There are many exposures or 

factors encountered in day-to-day life that elicit a biological response, but the response is neither 

harmful nor a cause of disease.  For example, when an individual walks from a dark room 

indoors to a sunny day outdoors, the pupils of the eye naturally constrict to limit the amount of 

light passing into the eye.  This constriction of the pupil is considered a biological response to 

the change in light conditions.  Pupil constriction, however, is neither a disease itself, nor is it 

known to cause disease.   
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5 Status of Research on EMF and Health 

Concerns regarding possible health effects have arisen in the context of electric transmission 

and distribution lines, which produce EMF in the ELF range.  The following sections describe 

the conclusions of a comprehensive WHO report of EMF exposure and health outcomes, 

including cancer, reproductive effects, and neurodegenerative diseases (WHO, 2007).  The 

conclusions and perspectives of reviews conducted by other scientific organizations are 

discussed, where appropriate, to highlight consistencies and inconsistencies in conclusions.  

Following the description of the WHO report (Sections 5.1-5.2), a summary of research 

published since the completion of the report is provided (Section 5.3) to determine whether 

recent research alters the conclusions of the WHO report.  Since the weight of the scientific 

evidence indicates that exposure to electric fields, below levels traditionally established for 

safety, does not cause adverse health effects (WHO, 2007) and safety concerns for electric fields 

are sufficiently addressed by adherence to the amended National Electrical Safety Code (NESC, 

2007), concerns regarding EMF have largely focused on magnetic, rather than electric, fields. 

5.1 The WHO: report methods and overall conclusions 

The WHO is a scientific organization within the United Nations system whose mandate includes 

providing leadership on global health matters, shaping the health research agenda, and setting 

norms and standards.  The WHO established the International EMF Project in 1996, in response 

to public concerns about exposures to EMF and possible adverse health outcomes.  The 

project’s membership includes 8 international organizations, 8 collaborating institutions and 

over 54 national authorities.  The overall purpose of the Project is to assess health and 

environmental effects of exposure to static and time varying fields in the frequency range 0-300 

GigaHertz (GHz).  A key objective of the Project was to evaluate the scientific literature and 

make a status report on health effects to be used as the basis for a coherent international 

response, including the identification of important research gaps and the development of 

internationally acceptable standards for EMF exposure.  The WHO published a Monograph in 

June 2007 as part of the WHO’s Environmental Health Criteria (EHC) Programme summarizing 

a review of health research in the ELF frequency range that includes 60-Hz power frequency 
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fields.  The Monograph used standard scientific procedures, as outlined in its Preamble, to 

conduct the review.  The Task Group responsible for the report’s overall conclusions consisted 

of 21 scientists from around the world with expertise in a wide range of disciplines.  The Task 

Group relied on the conclusions of previous weight-of-evidence reviews,2 where possible, and 

(with regard to cancer) mainly focused on evaluating studies published after an International 

Agency for Research on Cancer (IARC) review in 2002.  The Task Group and IARC use 

specific terms to describe the strength of the evidence in support of causality.  Limited evidence 

describes a body of research where the findings are inconsistent or there are outstanding 

questions about study design or other methodological issues that preclude making strong 

conclusions.  Inadequate evidence describes a body of research where it is unclear whether the 

data is supportive or unsupportive of causation because there is a lack of data or there are major 

quantitative or qualitative issues. 

The WHO Report provided the following overall conclusions:3 

New human, animal, and in vitro studies published since the 2002 IARC 

Monograph, 2002 do not change the overall classification of ELF as a 

possible human carcinogen (p. 347). 

Acute biological effects [i.e., short-term, transient health effects such as a 

small shock] have been established for exposure to ELF electric and 

magnetic fields in the frequency range up to 100 kHz that may have 

adverse consequences on health.  Therefore, exposure limits are needed.  

International guidelines exist that have addressed this issue. Compliance 

with these guidelines provides adequate protection.  Consistent 

epidemiological evidence suggests that chronic low-intensity ELF magnetic 

field exposure is associated with an increased risk of childhood leukaemia.  

However, the evidence for a causal relationship is limited, therefore 

                                                 
2  The term “weight-of-evidence review” is used in this report to denote a systematic review process by a multidisciplinary, 

scientific panel involving experimental and epidemiologic research to arrive at conclusions about possible health risks. The 
WHO Monograph on EMF does not specifically describe their report as a weight-of-evidence review. Rather, they describe 
conducting a health risk assessment. Although the two terms are similar, a health risk assessment differs from a weight-of-
evidence review in that it also incorporates an exposure and exposure-response assessment.   

3  More specific conclusions from the WHO report are provided in discussions of specific outcomes in the literature 
update (Section 5.2).   
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exposure limits based upon epidemiological evidence are not 

recommended, but some precautionary measures are warranted (p. 355). 

5.2 Outcome-specific WHO conclusions 

5.2.1 Cancer Overall  

The overwhelming majority of health research related to EMF has focused on the possibility of 

a relationship with cancer, including leukemia, lymphoma, breast cancer, and brain cancer.  The 

vast majority of epidemiologic studies in this field are case-control studies; i.e., they enrolled 

persons with a specific cancer type (cases); selected a group of individuals similar to the cancer 

cases (controls); estimated past magnetic or electric field exposures, or both; and compared the 

exposures of the cases and controls to test for statistical differences.  Some of these studies 

looked for statistical associations of these diseases with magnetic fields produced by nearby 

power lines or appliances (estimated through calculations or distance), while other studies 

actually measured magnetic field levels in homes or estimated personal magnetic field 

exposures from all sources.  In studies of adult cancers, occupational magnetic field exposures 

were estimated in some studies, as well.   

In vivo studies in this field exposed animals to high levels of magnetic fields (up to 50,000 mG) 

over the course of their entire lifetime to observe whether exposed animals had higher rates of 

cancer than unexposed animals.  Some of these studies exposed animals to magnetic fields in 

tandem with a known carcinogen to test whether magnetic field exposure promoted 

carcinogenesis.   

Researchers believe it is highly unlikely that electric or magnetic fields can directly damage 

DNA, because there is relatively low energy associated with ELF-EMF.  Therefore, in vitro 

studies in this field have focused largely on investigating whether ELF-EMF could promote 

damage from other known carcinogens or cause cancer through a pathway other than DNA 

damage (e.g., hormonal or immune effects).  
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The IARC is the division of the WHO with responsibility to coordinate and conduct research on 

the causes of human cancer and the mechanisms of carcinogenesis and to develop scientific 

strategies for cancer control.  The IARC convened a scientific panel in 2001 to conduct an 

extensive review and arrive at a conclusion about the possible carcinogenicity of EMF (IARC, 

2002).  The IARC has a standard method for classifying exposures based on scientific research 

in support of carcinogenicity.  Categories include (from highest to lowest risk): carcinogenic to 

humans, probably carcinogenic to humans, possibly carcinogenic to humans, unclassifiable, and 

probably not carcinogenic to humans.  As a result of two pooled analyses reporting an 

association between high, average magnetic field exposure and childhood leukemia, the 

epidemiologic data was classified as providing “limited evidence of carcinogenicity” in relation 

to childhood leukemia.  The epidemiologic evidence was classified as inadequate with regard to 

all other cancer types.  The IARC panel also reported that there was “inadequate evidence of 

carcinogenicity” in studies of experimental animals.  Overall, magnetic fields were evaluated as 

“possibly carcinogenic to humans.”  The IARC usage of “possible” denotes an exposure in 

which epidemiologic evidence points to a statistical association, but other explanations cannot 

be ruled out as the cause of that statistical association (e.g., bias and confounding) and, 

therefore, the experimental data does not support a carcinogenic risk. 

5.2.2 Childhood Leukemia  

The issue that has received the most attention is childhood leukemia.  Research in this area was 

prompted by a case-control study of children in the United States that reported a statistical 

association between childhood leukemia and a higher predicted magnetic field level in the home 

based on characteristics of nearby distribution and transmission lines (Wertheimer and Leeper, 

1979).  Subsequently, some case-control studies reported that children with leukemia were more 

likely to live closer to power lines or have higher estimates of magnetic field exposure 

(compared to children without leukemia), while other epidemiologic studies did not report this 

statistical association.  Of note, the investigators who performed the largest case-control studies 

of childhood leukemia that actually measured personal magnetic field exposure (as opposed to 

estimating exposure through calculations or distance) did not report a consistent statistical 
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association or a dose-response relationship with exposure to higher magnetic field levels (Linet 

et al., 1997; McBride et al., 1999; UKCCS, 1999).  

In 2000, researchers combined the data from a selection of previously published case-control 

studies of magnetic fields and childhood leukemia that met specified criteria (Ahlbom et al., 

2000; Greenland et al., 2000).  The researchers pooled the data on the individuals from each of 

the studies, creating a study with a much larger number of subjects and, as a result, greater 

statistical power to detect an effect (should one exist) than any single study.  In both pooled 

analyses, a weak association was reported between childhood leukemia and estimates of average 

magnetic field exposures greater than 3-4 mG.  The authors were appropriately cautious in the 

interpretation of their analyses, and noted the uncertainty related to pooling estimates of 

exposure obtained by different methods from studies of diverse design, as did other researchers 

(e.g., Elwood, 2006).  The results of the pooled analyses were not considered to provide strong 

epidemiologic support for a causal relationship because of the limitations associated with this 

epidemiologic data (e.g., a weak association, crude exposure assessments, and the unknown 

effects of confounding and selection bias4).  Furthermore, in vivo studies have not found that 

magnetic fields induce or promote cancer in animals exposed under highly controlled conditions 

for their entire lifespan, nor have in vitro studies found a cellular mechanism by which magnetic 

fields could induce carcinogenesis.  As discussed above, these findings resulted in the 

classification of magnetic fields as a possible carcinogen (IARC, 2002).  

The WHO evaluated two more recently published studies related to childhood leukemia and 

magnetic fields (Draper et al, 2005; Kabuto et al., 2006).  Draper et al. conducted a case-control 

study of childhood cancer, which included 9,700 children with leukemia (i.e., cases) and an 

equal number of children that did not have leukemia (i.e., controls).  The study compared the 

distance of home address at birth to 275-kV, 400-kV, and some 132-kV transmission lines 

among cases and controls and reported a weak association between childhood leukemia and 

home address at birth within 600 meters of high-voltage transmission lines.  No associations 

with central nervous system tumors, brain tumors or other types of childhood cancer and 

                                                 
4 Selection bias occurs when there are differences in the type of person who participates in the study compared to 

the type of person who doesn’t participate in the study.   



0701154.002 C0T0 0508 WHB3 
 22

distance were reported.  Kabuto et al. conducted a smaller case-control study in Japan that 

measured the average weekly magnetic field level in the bedrooms of 312 children with 

leukemia and 603 children without leukemia.  The investigators reported that children with 

leukemia were more likely to have average magnetic field levels >4 mG compared to children 

without leukemia.  

The WHO did not assign a high weight or significance to these studies in their overall 

evaluation, stating that the low participation rate in Kabuto et al. and the use of distance as a 

proxy for magnetic field exposure in Draper et al. were important limitations.  Less weight 

should be placed on these studies relative to studies that used good exposure assessment 

techniques and had high participation rates.  The WHO described the results of these two recent 

studies as consistent with the classification of limited epidemiologic evidence in support of 

carcinogenicity and, together with the largely negative in vivo and in vitro research, consistent 

with the classification of magnetic fields as a possible carcinogen.  

The WHO concluded that several factors might be fully, or partially, responsible for the 

consistent association observed between high, average magnetic fields and childhood leukemia, 

including misclassification of magnetic field exposure due to poor exposure assessment 

methods, confounding from unknown risk factors, and selection bias.  The WHO concluded that 

reconciling the epidemiologic data on childhood leukemia and the negative (i.e., no hazard or 

risk observed) experimental findings through innovative research is currently the highest 

priority in the field of ELF-EMF research.  Given that few children are expected to have average 

magnetic field exposures greater than 3-4 mG, however, the WHO stated that the public health 

impact of magnetic fields on childhood leukemia would be low if the association was 

determined to be causal.  

5.2.3 Breast Cancer  

Research on breast cancer has examined the possible effects of ELF-EMF from three sources: 

workplace exposures, residential exposure from power lines, and electric blankets.  Some of the 

early epidemiologic studies reported a weak association between breast cancer and higher 

magnetic field exposures, while others did not; however, the conclusions that could be drawn 
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from this initial body of research were limited because of study quality issues (e.g., poor 

exposure assessment, inadequate control for confounding variables, and small sample sizes 

within subgroups with reported associations).  Review panels evaluating this initial body of 

research concluded that the evidence in support of an association was weak, but should be 

evaluated further with higher quality studies (NRPB, 2001a; IARC, 2002; ICNIRP, 2003).  

A large number of studies on breast cancer and magnetic field exposure have been conducted 

since the publication of the IARC review in 2002.  These studies were systematically reviewed 

by the WHO and included seven studies that estimated residential magnetic field exposure, four 

studies evaluating associations with electric blanket usage, and nine studies that estimated 

occupational magnetic field exposure.  No consistent observations regarding associations 

between magnetic field exposure and breast cancer were reported in these studies.  The WHO 

concluded that this recent body of research was higher in quality compared with previous 

studies, and, for that reason, provides strong support to previous consensus statements that 

magnetic field exposure does not influence the risk of breast cancer.  In summary, the WHO 

stated “[w]ith these [recent] studies, the evidence for an association between ELF magnetic field 

exposure and the risk of female breast cancer is weakened considerably and does not support an 

association of this kind” (p. 9).  The WHO recommended no further research with respect to 

breast cancer and magnetic field exposure.   

5.2.4 Adult leukemia and brain cancer  

A large number of studies of varying quality and with a wide range of techniques have been 

conducted in both occupational and residential settings to explore the possible relationship 

between EMF exposure and adult brain cancer and leukemia.  The scientific committees 

assembled by the IARC, National Radiation Protection Board of Great Britain (NRPB)5 and the 

International Committee on Non-Ionizing Radiation Protection (ICNIRP) concluded that the 

evidence is weak and does not support a role for electric or magnetic fields in the etiology of 

brain cancer or leukemia among adults (NRPB, 2001a; IARC, 2002; ICNIRP, 2003).   

                                                 
5 The NRPB merged with the Health Protection Agency (HPA) of Great Britain in 2005. 
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The WHO reviewed the body of research published since the time of these reviews, including 

three cohort studies estimating residential exposure, four cohort studies estimating occupational 

exposures, and eight case-control studies reporting on occupation and brain cancer or leukemia 

risk.  The WHO concluded,  

In the case of adult brain cancer and leukaemia, the new studies published 

after the IARC monograph do not change the conclusion that the overall 

evidence for an association between ELF [EMF] and the risk of these 

disease remains inadequate (p. 307).   

 

The WHO panel recommended updating the existing cohorts of occupationally exposed 

individuals in Europe and then pooling the epidemiologic data on brain cancer and adult 

leukemia to confirm the absence of an association. 

5.2.5 In vivo and in vitro experimental research on carcinogenesis  

It is standard procedure to conduct studies of laboratory animals to determine whether exposure 

to a specific agent leads to the development of cancer (USEPA, 2005).  This approach is used 

because all known human carcinogens cause cancer in laboratory animals.  In the field of ELF-

EMF research, a number of research laboratories have exposed rodents with a particular genetic 

susceptibility to cancer to high levels of magnetic fields over the course of their lifetime and 

performed tissue evaluations to assess the incidence of cancer in many organs.  In these studies, 

magnetic field exposure has been administered alone (to test for the ability of magnetic fields to 

act as a complete carcinogen), in combination with a known carcinogen (to test for a 

promotional or co-carcinogenic effect), or in combination with a known carcinogen and a 

known promoter (to test for a co-promotional effect).  The WHO described four large-scale, 

long-term studies of rodents exposed to magnetic fields over the course of their lifetime that did 

not report increases in any type of cancer (Mandeville et al., 1997; Yasui et al., 1997; 

McCormick et al., 1999; Boorman et al., 2001a,b).  No directly relevant animal model for 

childhood acute lymphoblastic leukemia (ALL) currently exists; however, some animals 

develop a type of lymphoma similar to childhood ALL.   Studies exposing transgenic mice 

predisposed to this lymphoma to power-frequency magnetic fields have not reported an 
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increased incidence of lymphoma associated with exposure (Harris et al., 1998; McCormick et 

al., 1998; Sommer and Lerchel 2004).   

Studies investigating whether exposure to magnetic fields can promote cancer or act as a co-

carcinogen used known cancer-causing agents, such as ionizing radiation, UV radiation or other 

chemicals.  No effects were observed for studies on chemically-induced preneoplastic liver 

lesions, leukemia/lymphoma, skin tumors, or brain tumors; however, the incidence of 

chemicallyinduced mammary tumors was increased with magnetic field exposure in a series of 

experiments, suggesting that magnetic field exposure increased the proliferation of mammary 

tumor cells (Löscher et al., 1993, 1994, 1997; Mevissen et al., 1993a,b, 1996a,b, 1998; Baum et 

al., 1995; Löscher and Mevissen, 1995).  These results were not replicated in a subsequent series 

of experiments in another laboratory (Anderson et al., 1999; Boorman et al.1999; NTP, 1999), 

possibly due to differences in experimental protocol and the species strain (Fedrowitz et al., 

2004).  One study has reported an increase in genotoxic effects among exposed animals (e.g., 

DNA strand breaks in the brains of mice) (Lai and Singh, 2004), although the results have not 

been replicated.  

In summary, the WHO concluded with respect to in vivo research, “[t]here is no evidence that 

ELF exposure alone causes tumours.  The evidence that ELF field exposure can enhance tumour 

development in combination with carcinogens is inadequate” (p. 10, WHO, 2007).  

Recommendations for future research include the development of a rodent model for childhood 

ALL and the continued investigation of whether magnetic fields can act as a co-carcinogen.  

In vitro studies are widely used to investigate the mechanisms for effects that are observed in 

humans and animals.  As discussed in Section 4.2, the relative value of in vitro tests to human 

health risk assessment, however, is much less than that of in vivo and epidemiologic studies.  

Responses of cells and tissues outside the body may not always reflect the response of those 

same cells if maintained in a living system, so the relevance of in vitro studies cannot be 

assumed (IARC, 1992).  

The IARC and other scientific review panels that systematically evaluated in vitro studies 

concluded that there is no clear evidence indicating how ELF magnetic fields could adversely 
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affect biological processes in cells (IARC, 2002; ICNIRP, 2003; NRPB, 2004).  The WHO 

panel reviewed the in vitro research published since the time of these reviews and reached the 

same conclusion.  The WHO noted that previous studies have not indicated a genotoxic effect of 

ELF magnetic fields on mammalian cells, however, a recent series of experiments reported 

DNA damage in human fibroblasts exposed intermittently to 50-Hz magnetic fields (Ivancsits et 

al., 2002a,b, 2003a,b).  These findings have not been replicated by other laboratories (Scarfi et 

al., 2005), and the WHO recommended continued research in this area.  Research in the field of 

in vitro genotoxicity of magnetic fields combined with known DNA-damaging agents is also 

recommended, following suggestive findings from several laboratories.  As noted by the 

Swedish Radiation Protection Authority (SSI), the levels at which these effects were observed 

are much higher than the levels we are exposed to in our everyday environments and are 

therefore not directly relevant to questions about low-level, chronic exposures (SSI, 2007).  In 

vitro studies investigating other possible mechanisms, including gene activation, cell 

proliferation, apoptosis, calcium signaling, intercellular communication, heat shock protein 

expression and malignant transformation, have produced “inconsistent and inconclusive” results 

(p. 347, WHO, 2007).  

5.2.6 Reproductive effects  

Epidemiologic studies have been conducted to observe whether maternal or paternal EMF 

exposures are associated with adverse reproductive effects, including effects on fertility, 

reproduction, miscarriage, and prenatal and postnatal growth and development.  A body of in 

vivo literature is also available on this topic.  Early studies on the potential effect of EMF 

exposures on reproductive outcomes were limited because the majority of the studies used 

surrogate measures of exposure (including visual display terminal use, electric blanket use or 

wire code data) or assessed exposure retrospectively.  

Two recent studies related to miscarriage improved exposure assessment by directly measuring 

magnetic field exposure.  These two studies reported a positive association between miscarriage 

and exposure to high maximum, or instantaneous, peak magnetic fields (Lee et al., 2000, 2002; 

Li et al., 2002); however, no consistent associations were reported with high, average magnetic 
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field levels, the typical method for assessing magnetic field exposure.  The WHO noted a few of 

the issues that have been raised by other investigators and scientific review panels concerning 

the validity of these associations (HCN, 2004; NRPB, 2004; Feychting et al., 2005; Mezei et al., 

2005; Savitz et al., 2006).  First, the studies had a low response rate, which means that the case 

and control groups may not be comparable because those who participated in the study may 

have differed from those who declined (i.e., selection bias).  Second, in the study by Lee et al. 

magnetic field measurements were taken 30 weeks after a woman’s last menstrual period.  Some 

of these women had already miscarried at 30 weeks when magnetic field exposure was 

measured.  This introduces the possibility for bias because pregnancy may alter physical activity 

levels and physical activity may be associated with magnetic field exposure in pregnant women, 

as recently confirmed in a study by Savitz et al. (2006).  It is possible that the women who 

miscarried prior to 30 weeks in the study by Lee et al. (2002) subsequently increased their 

physical activity levels (i.e., returned to work or their normal routine), which resulted in greater 

opportunities to encounter higher peak magnetic field levels.  Furthermore, there is no biological 

basis to indicate that EMF increases the risk of reproductive effects.  The WHO report stated 

that in vivo studies exposing animals to high levels of EMF reported no significant, adverse 

developmental effects.  The WHO report further stated that in vivo studies on other reproductive 

outcomes are inadequate at this time.  

The WHO concluded that, overall, the body of research does not suggest that maternal or 

paternal exposures to ELF-EMF cause adverse reproductive outcomes.  The evidence from 

epidemiologic studies on miscarriage is inadequate, and further research on this possible 

association is recommended, although low priority was given to this recommendation.  

5.2.7 Neurodegenerative diseases  

Research into the possible effect of magnetic fields on the development of neurodegenerative 

diseases began in 1995, and the majority of research since then has focused on Alzheimer’s 

disease and a specific type of motor neuron disease called amyotrophic lateral sclerosis (ALS), 

which is also known as Lou Gehrig’s disease.  The inconsistency of the Alzheimer’s studies 

prompted the NRPB to conclude that there is “only weak evidence to suggest that it [extremely 
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low frequency magnetic fields] could cause Alzheimer’s disease” (p. 20, NRPB, 2001b).  Early 

studies on ALS, which had no obvious biases and were well conducted, reported an association 

between ALS mortality and estimated occupational magnetic field exposure.  The review 

panels, however, were hesitant to conclude that the associations provided strong support for a 

causal relationship.  The scientific panels felt that an alternative explanation (i.e., electric shocks 

received at work) may be the source of the observed association.  The NRPB concluded: “In 

summary, the epidemiological evidence suggests that employment in electrical occupations may 

increase the risk of ALS, possibly, however, as a result of the increased risk of receiving an 

electric shock rather than from the increased exposure to electromagnetic fields” (p.20, NRPB, 

2001b).  

The majority of recent studies reported associations between occupational magnetic field 

exposure and mortality from Alzheimer’s disease and ALS, although the design and methods of 

these studies were relatively weak (e.g., disease status was based on death certificate data, 

exposure was based on incomplete occupational information from census data, and there was no 

control for confounding factors).  There is currently no biological data to support an association 

between magnetic fields and neurodegenerative diseases.  The WHO concluded that there is 

inadequate data in support of an association between magnetic fields and Alzheimer’s disease or 

ALS.  The panel highly recommended that further studies be conducted in this area, particularly 

studies where the association between magnetic fields and ALS is estimated while controlling 

for the possible confounding effect of electric shocks. 

5.3 Studies published after the WHO report 

The WHO report was published in June 2007.  Because of the time needed to review newly 

published research critically, the WHO report only included studies published through 

approximately December 2005.  Since most of the uncertainty arises from epidemiologic studies 

in this area, this update systematically addresses epidemiology studies, but relies largely on 

reviews and the conclusions of other scientific panels with regard to in vivo studies and studies 

of mechanism.  The following sections provide a summary of epidemiologic studies published 

December 1, 2005 through April 23, 2008, to evaluate whether the findings of these recent studies 

alter the conclusions published by the WHO in 2007 report.  
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5.3.1 Childhood cancers  

Studies of childhood leukemia published since the WHO report have addressed a variety of new 

questions, including:6   

 Do magnetic fields contribute to the higher rate of childhood leukemia among 

genetically susceptible children? (Mejia-Arangure et al., 2007)  

 Do magnetic fields contribute to a worse prognosis among those already diagnosed 

with childhood leukemia? (Foliart et al., 2006, 2007; Svendson et al., 2007)   

 Is the association more strongly influenced by nighttime magnetic field exposures? 

(Schüz et al., 2007)   

Mejia-Arangure et al. evaluated whether higher estimated magnetic field exposure was 

associated with childhood leukemia in children with Down’s syndrome residing in Mexico City.  

Children with Down’s syndrome are at higher risk of developing acute leukemia than the 

general population.  Thus, the intent of this study was to assess the hypothesis that magnetic 

field exposure could enhance the risk for childhood leukemia among a genetically susceptible 

population.   

Exposure to magnetic fields was estimated with a spot measurement taken at the front door of 

the residence and compared between 42 children with acute leukemia and Down’s syndrome 

(cases) and 124 Down’s syndrome children without acute leukemia (controls) (Mejia-Arangure 

et al., 2007).  While taking into consideration other factors that may be linked to childhood 

leukemia, such as traffic density, location of residence, age, and sex, the authors observed that 

cases were more frequently observed in the group with exposures greater than 6 mG measured 

at the door, compared with the group with less than 1 mG measured at the door.  There was no 

association between case-control status and exposures between 1 and 6 mG.  Limitations of this 

study include its small sample size, use of spot measurements taken after the onset of disease as 

an estimate of exposure prior to diagnosis, and limited control for confounders.  The study 

provides a suggestion of an association in this genetically susceptible population, but given its 

limitations, further confirmatory research is needed before any conclusions can be drawn. 

                                                 
6  Lowenthal et al. (2007) also included cases of leukemia among children, although most cases were among adults 

so this study is included in the adult leukemia section (Section 5.3.2).  
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Two recent studies evaluated whether magnetic fields contribute to a worse prognosis among 

those already diagnosed with childhood leukemia (Foliart et al., 2006, 2007; Svendson et al., 

2007).  In a study of 386 children in the United States with ALL, adverse events (failure to 

attain remission, relapse, diagnosis with a secondary cancer, or death) were evaluated in relation 

to estimated magnetic field exposure (Foliart et al., 2006, 2007).  Exposure was categorized 

using a 24-hour personal exposure measurement.  The authors observed increased deaths (from 

all causes) in the highest exposure category ( 3 mG) compared to the lowest exposure category 

(< 1 mG), but the result was based on only four deaths and there was only borderline evidence 

for a dose-response relationship, i.e., increasing risk with increasing exposure.  A subsequent 

publication on the same study population reported that magnetic field exposure > 3 mG was not 

associated with markers of poorer ALL prognosis (e.g., particular chromosomal rearrangements, 

clinical factors such as platelet counts, etc.), suggesting that the association observed in the 

earlier study is not caused by a magnetic-field effect on these variables (Foliart et al., 2007).  

The studies were limited by a very low participation rate (29%), small numbers in the highest 

exposure categories, and a lack of prospective information on magnetic field levels among 

residentially mobile children.   

In follow-up to the observations of the Foliart et al. study, the risk of death in relation to 

magnetic-field exposure was evaluated in a cohort of 595 German children after diagnosis with 

ALL (Svendon et al, 2007).  Twenty-four hour measurements of magnetic field exposure were 

taken in the children’s bedrooms up to a few years after diagnosis.  Information about the 

prognostic risk category (standard, medium, or high) was available for 486 of the children.  

After taking into consideration this prognostic risk category, age at diagnosis, year of diagnosis, 

and sex, children with high exposure ( 2 mG) were at a 3-fold statistically significant increased 

risk of death from all causes, in comparison to children with low magnetic field exposure (< 1 

mG).  Children in the medium exposure category were at a 2.8-fold increased risk, but this was 

not statistically significant.  The interpretation of these results, similar to Foliart et al., is limited 

by low participation rates, small numbers in the highest exposure categories, and the lack of 

relevant and prospective information on magnetic field exposures (measurements were made in 

the house where the child lived the longest before diagnosis).  Furthermore, the associations 

reported in this analysis are puzzling because magnetic field exposures in the range of 1-2 mG 
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are common.  Given these limitations, neither of these authors concluded that there was a causal 

relationship between magnetic-field exposure and the risk of death following ALL diagnosis.  

It has been hypothesized that nighttime residential exposure may be a more biologically relevant 

measurement of magnetic field exposure in children.  This hypothesis was evaluated by Schüz et 

al. (2007) in a pooled analysis of previously published studies, in which magnetic field exposure 

was based on measurements obtained between 10:00 PM and 6:00 AM.  The authors observed 

similar associations between leukemia and nighttime exposures as in the original analyses of 

associations with 24- and 48-hour exposures (Ahlbom et al., 2000), leading them to conclude 

that the results “do not support the hypothesis that leukemia risk in children is more strongly 

associated with residential ELF-EMF exposure measurements taken at night” and that the 

similarity of risk estimates between measurements “indicates that the nighttime component 

cannot, on its own, account for the pattern observed.”  This finding is supported by a recent 

experimental study, which reported that mice exposed to magnetic fields only at night exhibit no 

increased risk of cancer (Sommer and Lerchl, 2006). 

The recent literature also includes a case-control study conducted in Iran (Feizi and Arabi, 

2007).  In this case-control study, interviews were conducted with the mothers of 60 children 

with leukemia and 59 children without leukemia to determine the distance from their home to 

any nearby power lines.  The authors reported that living within 500 meters of a transmission 

line or having estimated exposures greater than 4.5 mG (using crude formulas to calculate 

magnetic-field exposures from power lines) were associated with acute leukemia (ALL and 

AML combined) (Feizi and Arabi, 2007).  This study was based on consecutively diagnosed 

cases from hospitals in one city.  Its validity is significantly limited by its small size, possible 

selection bias, lack of assessment of confounding variables (such as socioeconomic status and 

mobility), and reliance upon distance as a proxy for exposure.  The results are similar to, but 

much more limited than, the much larger study by Draper et al. in 2005, which reported that 

birth addresses of leukemia cases were more likely to be within 600 meters of a high-voltage 

transmission line.  The WHO concluded the following, with respect to the Draper et al. findings:  

 

[the] observation of the excess risk so far from the power lines, both noted 

by the authors and others, is surprising.  Furthermore, distance is known to 
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be a very poor predictor of magnetic field exposure, and therefore, results 

of this material based on calculated magnetic fields, when completed, 

should be much more informative.  (p. 270) 

The same conclusions apply to Feizi and Arabi (2007).  Both the recent Iranian and Japanese 

case-control studies (Kabuto et al., 2006) reported results that are consistent with the previously 

observed association between magnetic field exposures greater than 3-4 mG and childhood 

leukemia.  When these studies are examined individually for methodological soundness, 

however, and then evaluated in the context of the entire body of literature, neither study 

provides evidence to change the conclusion that the observed association provides limited 

support for a causal relationship.  The uncertainty surrounding the impact of selection bias in 

Kabuto et al. (as discussed in Section 5.2.2) and the small study size and crude methods for 

estimating exposure in Feizi and Arabi suggest that less weight should be placed on these 

studies relative to studies of magnetic fields and childhood leukemia that were population based 

and also had good exposure assessments, but did not have low participation rates (e.g., Linet et 

al., 1997; McBride et al., 1999; UKCCS et al., 2000). 

A meta-analysis of studies on childhood brain tumors and residential magnetic field exposure 

was also published by Mezei et al. in 2008.  The goal of the analysis was to combine 

inconsistent results from previous studies to see if an association existed with larger sample 

sizes.  Thirteen epidemiologic studies were identified that used various proxies of magnetic field 

exposure (distance, wire codes, calculated magnetic fields, and measured magnetic fields).  For 

all of the exposure proxies considered, the combined effect estimate was close to 1.0 and not 

statistically significant, indicating no association between magnetic field exposure and 

childhood brain tumors.  The exception was a meta-analysis of five studies with information on 

childhood brain tumors and calculated or measured magnetic fields greater than 3-4 mG; the 

combined OR was elevated but not statistically significant (OR=1.68, 95% CI=0.83-3.43).  The 

authors suggested two explanations for this elevated OR.  First, they stated that an increased risk 

of childhood brain tumors could not be excluded at high exposure levels (i.e., >3-4 mG).  They 

also stated that the similarity of this result to the findings of the pooled analyses of childhood 

leukemia studies for exposures greater than 3-4 mG suggests that control selection bias is 

operating in both analyses.  Control selection bias means that there are important differences 
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between the control group used in the study and the population from which the controls came, 

such that we see an error in the estimate of risk.  Overall, the authors concluded that the analysis 

did not find a significant increase in childhood brain cancer risk using various proxies of 

residential exposure to magnetic fields.   

Conclusion  

The recently published studies reported an association between childhood leukemia and 

residence within 500 meters of a transmission line and magnetic field levels greater than 

approximately 4 mG, but there was no dose-response relationship and small numbers in the 

upper exposure categories limit inferences.  Several studies also suggest that there may be an 

association between overall survival after a diagnosis of leukemia and average magnetic field 

levels greater than 4 mG, although no associations were observed between clinical indices of 

poorer survival and magnetic field exposure.  None of these recent studies, however, are 

sufficiently strong methodologically to alter previous conclusions that the epidemiologic 

evidence on magnetic fields and childhood leukemia is limited.  Chance, confounding, and 

several sources of bias cannot be ruled out.   

It is also important to recognize these studies address just one of the many exposures being 

studied with respect to the etiology of childhood leukemia, including pesticides, benzene, 

paternal alcohol consumption, ionizing radiation and infections (McNally and Parker, 2006).   

5.3.2 Adult Leukemia and lymphoma 

Five studies have been published since the time of the WHO report that evaluate exposure to 

magnetic fields in relation to adult leukemia (Johansen et al., 2007; Roosli et al., 2007), 

lymphomas (Mester et al., 2006; Karipidis et al., 2007a; Roosli et al., 2007), or a combined 

category of leukemia and lymphoma (Lowenthal et al., 2007).  Mester et al. is not considered 

further because exposure was based solely on self-reported occupation and industry.   

In the two studies of leukemia, occupational exposure to EMF was evaluated in relation to 

leukemia risk in updates of previously published cohort studies; one cohort update was 

conducted among 28,000 Danish utility workers (Johansen et al., 2007) and the other cohort 
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update was conducted among 20,000 Swiss railway workers (Roosli et al., 2007).  In Johansen 

et al., the workers were followed for the incidence of cancer and classified into magnetic field 

exposure categories (high, medium and background) based on their first reported job title.  The 

authors reported that male employees in high exposure jobs were no more likely to be diagnosed 

with leukemia than persons in medium or background exposure jobs.   

Roosli et al. estimated cumulative magnetic field exposure by linking each cohort member’s 

occupational history with exposures based on measurements and modeling.  The previous 

publication on this cohort provided some evidence to support an association between leukemia 

mortality and increased magnetic field exposure (Minder and Pfluger, 2001).  The current study, 

however, which was based on 29 additional deaths due to leukemia, did not report an 

association between overall leukemia mortality and increasing magnetic field exposure.  

Leukemia and lymphoma mortality was also compared between stationmasters (who spent most 

of their time in the station and on the platforms) and train attendants (who were exposed to 

magnetic fields from the 16.7-Hz AC engines).  The authors noted more than a 3-fold greater 

risk among alpine train drivers, lowland train drivers, shunting yard engineers, and train 

attendants when compared with stationmasters, but the associations were not statistically 

significant.     

Thus, neither study found a statistically significant association between occupational EMF 

exposure and leukemia risk.  Roosli et al. was limited by the use of death certificate data7 and 

small numbers, while Johansen et al. was based on a relatively large number of incident cancer 

cases.  Neither cohort controlled for possible confounding factors.  Both cohorts, however, had a 

long period of follow-up and consisted of persons who were presumably occupationally exposed 

to high levels of magnetic fields.    

In an Australian case-control study, Lowenthal et al. (2007) grouped cases in five cancer 

diagnostic categories (including ALL) as lymphoproliferative disorders (LPD), and three 

                                                 
7 Death certificates may not always contain the diagnosis of interest because they may only report immediate, and 

not underlying, causes of death.  Furthermore, survival is increasing for many cancers and lymphomas. Thus, if a 
person survives their cancer, the cancer diagnosis will not be listed on their death certificate.  Both of these 
limitations result in an under-ascertainment of cases, which could bias risk estimates toward 1.0.  
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diagnostic categories (including some types of leukemia) as myeloproliferative disorders 

(MPD).  These groups included both adults and children of all ages.  The authors estimated 

exposure by obtaining a lifetime residential history and assessing distance of residences from 

88-kV, 110-kV, or 220-kV power lines.  An individual’s exposure was based on the closest 

distance ever having lived from a power line, grouped in categories of 0-50 meters, 51-300 

meters, and > 300 meters.  Lowenthal et al. reported elevated ORs for those who lived within 50 

meters of any of these power lines, and an indication of decreasing ORs with increasing 

distance.  The number of observed cases was small, however, and chance could not be ruled out 

as a factor in any of these results.  The authors also reported an increased OR when only 

considering exposures that occurred up to the age of 15; the authors presented the concept of a 

possible effect of childhood exposure on long-term disease risk as a “novel finding” deserving 

further study. 

This study of LPD and MPD by Lowenthal et al. included many limitations that may introduce 

bias, reduce validity, and detract from its findings.  For example, data was obtained from cases 

by interview, but information was obtained from controls by postal questionnaires, thus 

breaking a cardinal rule in epidemiology that information from cases and controls should be 

obtained in the same manner.  The distance measure, a poor surrogate for residential magnetic 

field exposure, is further reduced in value because the power lines in question were at three 

different voltages.  If, as is likely, these lines carried different loads, then magnetic fields at any 

given distance would differ among the lines.  

As the discussions above and previous sections illustrate, epidemiologic studies typically 

evaluate each different type of cancer individually.  There are reasons why studies of EMF have 

not combined different types of cancer, or adults and children, together, as Lowenthal et al. have 

done.  This is because differences among cancers in patterns of age at diagnosis, cell type, rate 

of growth and response to different treatments illustrate the unique aspect of each cancer 

diagnosis.  Therefore, studies of possible causes are studied separately for each type of cancer 

because each cancer has a distinct etiology.  The combination of different diseases and age 

groups, the highly imprecise exposure surrogate, the different methods for evaluating cases and 

controls, and the role of chance diminish the implications of the findings from this study.  
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In another Australian case-control study, occupational history was evaluated for associations 

with non-Hodgkin lymphoma (NHL) (Karpidis et al., 2007a).  The authors estimated cumulative 

exposure to magnetic fields based on reported occupations.  When considering other factors, 

including age, sex, place of residence, ethnic origin, and exposure to solvents (other than 

benzene) and to wood dust and particles, the authors observed a significant trend of more cases 

than controls classified with higher cumulative exposure to magnetic fields.  The highest 

category of exposure had a non-significant 1.3-fold increased risk of NHL occurrence.  In the 

study of Swiss railway workers, however, there was no association with EMF-exposed 

occupations and risk of death from NHL (Roosli et al., 2007).  Overall, the Australian study was 

well conducted, with its most significant limitation being the possibility of uncontrolled 

confounding because little is known about the causes of NHL.  This is one of the first 

population-based studies examining an association between NHL and magnetic field exposure 

using calculated exposure estimates.  Therefore, it is still a hypothesis-generating8 study, and 

further research is required before any conclusions can be provided.  

 

Conclusion 

In conclusion, the recently published updates of large cohorts occupationally exposed to 

magnetic fields are in line with the previous summary conclusions from IARC, ICNIRP, and 

WHO with regard to adult leukemia.  The cumulative body of evidence does not support an 

epidemiologic association between magnetic fields and adult leukemia.  Lowenthal et al. 

reported findings for distance from power lines that cannot be distinguished from a chance 

finding.  The reported association between early exposure and later cancer cannot be evaluated 

without additional testing. 

5.3.3 Adult brain cancer  

Four studies have been published since the time of the WHO report that evaluate exposure to 

occupational magnetic fields in relation to adult brain cancer, including the two cohort updates 

                                                 
8  Studies generate and test scientific questions, or hypotheses.  The first studies reporting results on a specific 

scientific question are called hypothesis-generating to highlight that there is little available data with which to 
compare the results.  In addition, certain study designs are useful for screening different hypotheses but are not 
specific enough to produce results definitive enough for assessing cause-and-effect.  Therefore, hypothesis-
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described above (Johansen et al., 2007; Roosli et al., 2007).  In these retrospective cohort 

studies of all brain tumors, Johansen et al. and Roosli et al. classify EMF exposure based on 

occupation in Danish utility workers and Swiss railway workers, respectively.  No associations 

of EMF were observed for brain tumor incidence in the Danish study or brain tumor mortality in 

the Swiss study.  Details of these studies are reported above in the adult leukemia/lymphoma 

Section 5.3.2. 

Two other studies evaluated specific brain cancer types, acoustic neuroma and glioma (Forssén 

et al., 2006; Karipidis et al., 2007b, respectively).  Forssén et al. is the first case-control study to 

report on the association between magnetic field exposure and acoustic neuroma, a benign (non-

cancerous) and rare brain tumor for which causes are unknown.  The large study consisted of all 

diagnoses of acoustic neuroma in Sweden over a 12-year period (N=793) and controls randomly 

selected from the entire Swedish population (N=101,762).  Time-weighted average and peak 

occupational magnetic field exposure were estimated using a job-exposure matrix9 based on 

actual measurements and occupations listed on the country’s census forms.  The authors did not 

find any evidence that magnetic field exposure increases the risk of acoustic neuroma, 

regardless of the exposure level or the time period considered.  This study was advanced 

because selection bias, recall bias, and participation bias were not an issue because no 

participation was required of the cases or controls; however, incomplete occupational data was 

an important limitation.  

Glioma risk was evaluated in a case-control study of men and women in Melbourne, Australia 

(Karipidis et al, 2007b).  Occupational history was obtained for each subject by an in-person 

interview, and magnetic field exposure was classified in three ways: self-reported exposure, 

exposure determined by an industrial hygienist, and a job-exposure matrix.  No statistically 

significant associations with glioma were observed for men or for women based on any of three 

exposure classifications.  This study had a number of significant limitations (low participation 

                                                                                                                                                            
generating studies cannot provide strong conclusions because the questions being considered require further 
study.   

9  A job-exposure matrix cross-classifies job titles and exposure estimates.  Job-exposure matrices are used to 
estimate cumulative occupational exposure (e.g., magnetic field exposure) based on an individual’s job history. 
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rates and a high percentage of proxy interviews among cases) that may have influenced the 

findings.   

Conclusion 

Overall, the results of these four studies do not support an association between occupational 

EMF exposure and brain tumor risk in adults.  Thus, recent studies add support to the previous 

weight-of-evidence review conclusions that the data does not indicate a cause-and-effect 

relationship between magnetic fields and brain cancer. 

5.3.4 Breast cancer 

Since the publication of the WHO report, two case-control studies have estimated the 

association between EMF exposure and breast cancer, both of which focused on occupational 

exposures (McElroy et al., 2007; Ray et al., 2007).10  Two additional studies evaluated 

occupational EMF exposure, but are not considered further in this report because the exposure 

assessment did not extend beyond job titles.  The excluded studies include a brief report of a 

proportionate mortality analysis conducted on a select group of occupational titles the authors 

believed to be associated with electric typewriter use (Milham and Ossiander 2007) and a case-

control study of female breast cancer reporting associations for a wide range of occupations and 

industries (Peplonska et al., 2007).     

In a large case-control study of female breast cancer in the United States, women were classified 

as having background, low, medium, or high occupational EMF exposure by industrial 

hygienists based on their reported occupational history (industry, job title, and job duties) 

(McElroy et al., 2007).  The authors reported increasing risk with increasing categories of 

exposure (low, medium and high), but the ORs were very small and not statistically significant 

(1.05, 1.11, and 1.17, respectively).  Although the overall sample size was large, only 1% of the 

                                                 
10  An additional case-control study was published post-2005 that examined residential magnetic field exposure and 

breast cancer (Davis and Mirick, 2007), although it was not fully evaluated in this report because it was a re-
analysis of a study published by the same investigators in 2001 (Davis et al., 2001a) with the addition of a few 
variables.  
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study population was classified as having high exposure, which the authors felt limited the 

power of the study.   

Ray et al. (2007) was a nested case-control study in a cohort of approximately 250,000 textile 

workers in China followed for breast cancer incidence; EMF exposure (yes/no) was estimated 

according to a job-exposure matrix and categorized according to years of exposure.  Breast 

cancer cases were no more likely than the women in the cohort who did not develop breast 

cancer to have EMF-exposed jobs.  The strength of the study was its large size and nested 

design, but, as noted by the authors, “duration of employment in EMF-exposed jobs was too 

crude a dose metric to detect a weak to modest association” (p. 390).  According to the authors, 

research will continue on this Chinese cohort to estimate exposure quantitatively.   

The previously discussed retrospective cohort of Danish utility workers also evaluated female 

breast cancer risk (Johansen et al., 2007); male breast cancer cases were excluded.  No increased 

risk for female breast cancer was observed in this study.  

Conclusion 

Neither of these two recently published studies provides strong evidence contradicting the WHO 

conclusion that an association between ELF-EMF exposure and breast cancer is not supported 

by the published evidence to-date. This conclusion is consistent with a recently published 

review of the literature by Feychting and Forssén (2006) in Sweden, which concluded the 

following:  

… considering the results of the latest well designed studies 

performed specifically to test the hypothesis that ELF magnetic 

field exposure increase breast cancer risk, one must conclude that 

the weight of the evidence available today suggest that power 

frequency magnetic field exposure most likely is not a risk factor 

for breast cancer development. (p. 557)  

  



0701154.002 C0T0 0508 WHB3 
 40

5.3.5 Reproductive and developmental effects  

No studies were identified that evaluated EMF exposure and adverse reproductive outcomes 

since the WHO review.  A study related to developmental outcomes and ELF-EMF exposure, 

however, was recently published (Fadel et al., 2006).  Fadel et al. (2006) was a cross-sectional 

study of 390 children living in Abu-Sultan, with residences within 50 meters of high-voltage 

power lines, and 390 children living in El-Shiekh Zayed, with residences not located near power 

lines.  The authors reported that children living in the region near power lines had a statistically 

significant lower weight at birth and a reduced head and chest circumference and height at all 

ages.   

There are three notable limitations of this study.  First, it is a cross-sectional study, meaning that 

the dynamic characteristics such as height and weight were measured at a single point in time. 

Second, although the authors noted that socioeconomic status was similar between the two 

regions, they did not collect or provide data to support this assertion, nor did they account for 

some key factors that might influence growth, such as nutrition, in their analyses.  The final 

limitation is that the authors observed statistically significant associations, but did not discuss 

the biological importance of their findings. 

The WHO concluded in 2007 that “Overall the evidence for developmental effects and for 

reproductive effects is inadequate” (p. 254).  This study does not provide sufficient evidence to 

alter that conclusion.     

5.3.6. Neurodegenerative diseases 

Garcia et al. (2008) conducted a systematic review and meta-analysis of studies of occupational 

EMF exposure and Alzheimer disease published through April 2006.  The authors identified 14 

epidemiologic studies with information on the risk of AD related to occupational exposure to 

ELF EMF; the majority of these studies were considered by the WHO in their 2007 review.  A 

statistically significant association between AD and occupational EMF exposure was observed 

for both case-control and cohort studies (OR =2.03, 95% CI=1.38-3.00 and RR =1.62, 95% 

CI=1.16-2.27, respectively), although the results from the individual studies were so different 
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that the authors cautioned against the validity of these combined results.  While some subgroup 

analyses had statistically significant increased risks and were not significantly heterogeneous 

between studies, the findings were contradictory between study design types (e.g., elevated 

pooled risk estimates were reported for men in cohort studies and elevated pooled risk estimates 

were reported for women in case-control studies).  The authors found no exposure-response 

patterns and publication bias was apparent.  The authors concluded that their work suggests an 

association between AD and occupational magnetic field exposure, but noted the numerous 

limitations associated with these studies, including the difficulty of assessing EMF exposure 

during the appropriate time period, case ascertainment issues due to diagnostic difficulties, and 

differences in control selection.  They recommended further research that uses more advanced 

methods.  

Three original studies on neurodegenerative diseases and magnetic field exposures have been 

published since the WHO report; none of these studies were included in the meta-analysis 

discussed above.  Davanipour et al. (2007) extended the early hypothesis-generating study by 

Sobel et al. by collecting cases from eight California Alzheimer’s Disease Diagnostic and 

Treatment Centers (Sobel et al. examined the 9th Center in 1996).  Occupational information 

(i.e., self-reported primary occupation) was collected from verified diagnoses of Alzheimer’s 

disease and compared to occupational information collected from persons diagnosed with other 

dementia-related problems at the Centers.  The results of this study were consistent with the 

previous studies by Sobel et al.; cases were approximately twice as likely to be classified as 

having medium/high magnetic field exposures, compared with controls.  When the authors 

analyzed the data for males and females separately, the association was statistically significant 

among females, but not among males.  The strengths of this study included its large size, self-

reported occupational information, and that disease status was based on expert diagnosis.  The 

main limitation was that the exposure assessment only considered a person’s primary 

occupation, classified as low, medium or high magnetic field exposure.  The WHO noted 

limitations of the 1996 publication that are relevant to this publication as well, including the use 

of controls with dementia (which some studies report have an increased risk of Alzheimer’s 

disease) and the classification of seamstresses, dressmakers and tailors as “high exposure” 

occupations, which drives the increase in risk. 
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Death from several neurodegenerative conditions was also evaluated in the cohort of more than 

20,000 Swiss railway workers described above (Roosli et al., 2007b).  Magnetic field exposure 

was characterized by specific job titles as recorded in employment records; station masters were 

considered to be in the lowest exposure category and were, therefore, used as the reference 

group, train drivers were considered to have the highest exposure, and shunting yard engineers 

and train attendants were considered to have exposure intermediate to these two groups.  

Cumulative magnetic field exposure was also calculated for each occupation using on-site 

measurements and modeling of past exposures.  The authors reported an excess of senile 

dementia disease among train drivers, compared to station masters, however, the difference was 

not statistically significant; the association was larger when restricted to Alzheimer’s disease, 

but was still not statistically significant (hazard ratio=3.15, 95% CI=0.90-11.04).  No elevation 

in mortality was reported for multiple sclerosis, Parkinson’s disease, or ALS among train 

drivers, shunting yard engineers, or train attendants, compared with stationmasters, nor were 

more deaths from these causes observed for higher estimated magnetic field exposures.  Similar 

to another recent Swedish study (Feychting et al., 2003), the authors reported that more recent 

exposure is more strongly associated with risk than earlier exposure.  

This study has several unique advantages relative to the existing body of data, as described by 

the study authors:  

Swiss railway employees are an appealing study population for several 

reasons. They are generally employed long-term, with limited job changes.  

The exposure circumstances at a given workplace are well characterized 

but vary greatly across different occupations, with train drivers being 

exposed to very high ELFMF levels, whereas exposure in other employees 

is comparable to the general population. Detailed company registers 

reduce the potential for selection bias and allow assessments of ELF-MF 

exposure that are based on individual job histories. Exposures to 

chemicals or electric shocks, which often occur in other occupational 

settings (for example in electric utility workers or welders) are rare. (p. 

198)  



0701154.002 C0T0 0508 WHB3 
 43

Sorahan and Kheifets (2007) followed a cohort of approximately 84,000 electrical and 

generation workers in the United Kingdom for deaths attributed to neurodegenerative disease on 

death certificates.  Cumulative magnetic field exposure was calculated for each worker, using 

job and facility information.  The authors reported that the cohort did not have a significantly 

greater number of deaths due to Alzheimer’s disease or motor neuron disease, compared to the 

general United Kingdom population.  They also reported that persons with higher estimated 

magnetic field exposures did not have a consistent excess of death due to Alzheimer’s disease or 

motor neuron disease, compared to persons with lower estimated magnetic field exposure.  A 

statistically significant excess of deaths due to Parkinson’s disease was observed in the cohort, 

although there was no association between calculated magnetic field exposure and Parkinson’s 

disease.  The authors concluded “our results provide no convincing evidence for an association 

between occupational exposure to magnetic fields and neurodegenerative disease” (p. 14).  This 

result is consistent with two other Alzheimer’s mortality follow-up studies of electric utility 

workers in the United States (Savitz et al., 1998) and Denmark (Johansen and Olsen, 1998).  

The findings may be limited by the use of death certificate data, but are strengthened by the 

detailed exposure assessment.   

As noted in Section 5.2.7, studies of neurodegenerative disease and magnetic field exposure 

have had significant methodological limitations that make them difficult to interpret.  The onset 

of Alzheimer’s disease occurs late in life and is difficult to define precisely because it is 

preceded by a period of dementia that is difficult to distinguish from other etiologies, such as 

cerebrovascular disease.  Since magnetic field exposure occurs throughout a person’s life, it is 

also a challenge to design studies that ascertain lifetime exposure accurately and at the 

etiologically relevant time period (Brown et al., 2005).  An advantage of the more recent cohort 

studies is that they estimated cumulative magnetic field exposure based on a person’s known job 

tasks in the electric or railway industries (Roosli et al., 2007b; Sorahan and Kheifets 2007).  A 

complication, however, is that these studies used death certificates to ascertain cases.  Use of 

death certificates or other mortality data is likely to result in a large number of missed cases, and 

therefore possible bias, because a large percentage of elderly Alzheimer’s patients die from 

other causes and Alzheimer’s disease may not be mentioned on the death certificate (Brown et 

al., 2005).  Furthermore, none of these studies estimated residential exposure and most did not 
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control for the possible confounding effect of other risk factors for Alzheimer’s disease 

(increasing age, family history, Down’s syndrome, and a genetic predisposition).   

Conclusion 

The WHO stated that there is inadequate data in support of an association between magnetic 

field exposure and Alzheimer’s disease or ALS; the recent studies do not alter this conclusion.  

The meta-analysis by Garcia et al. confirmed that the associations reported in these studies are 

highly inconsistent and the studies have many limitations.  Overall, the three recent, original 

studies contribute some valuable information to the growing body of literature regarding 

magnetic field exposure and neurodegenerative diseases, particularly the well-conducted cohort 

study by Roosli et al.  Further studies are still required, however, because of study design 

limitations.  Moreover, there are no consistent biological data that would support the plausibility 

of such an association.  The WHO panel highly recommended that further studies be conducted 

with regard to neurodegenerative diseases, particularly studies where the association between 

magnetic fields and ALS is estimated while controlling for the possible confounding effect of 

electric shocks.   
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6 Summary 

Nearly 30 epidemiologic studies have been published on electric and magnetic fields and health 

since December 2005.  Overall, very few of these studies used high quality methods, meaning 

there is little evidence available from these new studies that could alter previous conclusions.  

Many of the recent epidemiologic studies still used proxy measures for exposure and suffered 

from significant study design limitations.  A few epidemiologic studies tested new hypotheses 

that require further study, such as the reported statistical association between magnetic fields 

and childhood leukemia survival and the incidence of childhood leukemia in Down’s syndrome 

patients.  

The weak statistical association between high, average magnetic fields and childhood leukemia 

remains unexplained.  Recent research (which focused largely on occupational exposures) 

supports the conclusion that there is no association between magnetic fields and adult 

leukemia/lymphoma, brain cancer and breast cancer.  Although the current body of evidence 

does not provide strong evidence in support of a causal relationship, further research is required 

on Alzheimer’s disease and ALS to clarify the association observed in some studies.  In 

conclusion, the recent studies do not provide evidence to alter the conclusion that the body of 

research suggests that electric or magnetic fields are not the cause of cancer or any other disease 

process at the levels we encounter in our everyday environment 



0701154.002 C0T0 0508 WHB3 
 46

7 References 

Ahlbom A, Day N, Feychting M, Roman E, Skinner J, Dockerty J, Linet M, Michealis J, Olsen 
JH, Tynes T, Verasalo PK. A pooled analysis of magnetic fields and childhood leukaemia. 
British Journal of Cancer, 83(5):692-698, 2000.  

Anderson LE, Boorman GA, Morris JE, Sasser LB, Mann PC, Grumbein SL, Hailey JR, 
McNally A, Sills RC, Haseman JK. Effect of 13 week magnetic field exposures on DMBA-
initiated mammary gland carcinomas in female Sprague-Dawley rats. Carcinogenesis. 20:1615-
1620, 1999.  

Armstrong BK, White E, Saracci R.  Principles of Exposure Measurement in Epidemiology. 
Monographs on Epidemiology and Biostatistics 21, Oxford University Press, 2000. 

Baum A, Mevissen M, Kamino K, Mohr U, Löscher W. A histopathological study on alterations 
in DMBA-induced mammary carcinogenesis in rats with 50 Hz, 100 muT magnetic field 
exposure. Carcinogenesis. 16:119-125, 1995.  

Boorman GA, Anderson LE, Morris JE, Sasser LB, Mann PC, Grumbein SL, Hailey JR, 
McNally A, Sills RC, Haseman JK. Effects of 26-week magnetic field exposure in a DMBA 
initiation-promotion mammary glands model in Sprague-Dawley rats. Carcinogenesis, 20:899-
904, 1999. 

Boorman GA, McCormick DJ, Ward JM, Haseman JK, Sills RC. Magnetic fields and mammary 
cancer in rodents: A critical review and evaluation of published literature. Radiation Research, 
153(5), Part 2:617, 2001a.  

Boorman GA, Rafferty CN, Ward JM, Sills RC. Leukemia and lymphoma incidence in rodents 
exposed to low-frequency magnetic fields. Radiation Research, 153(5), Part 2:627, 2001b.  

Brown RC, Lockwood AH, Sonawane BR.  Neurodegenerative diseases: an overview of 
environmental risk factors.  Environ Health Perspect.  113:1250-1256, 2005. 

Connecticut General Assembly. Public Act No. 04-246.  Available: 
http://www.cga.ct.gov/2004/act/Pa/2004PA-00246-R00HB-05418-PA.htm, accessed November 
21, 2007. 

Davanipour Z, Tseng C-C, Lee, P-J, Sobel E. A case-control study of occupational magnetic 
field exposure and Alzheimer’s disease: results from the California Alzheimer’s Disease 
Diagnosis and Treatment Centers.  BMC Neurol 7:13, 2007. 

Draper G, Vincent T, Kroll ME, Swanson J. Childhood cancer in relation to distance from high 
voltage power lines in England and Wales: a case-control study. BMJ; 330 (7503):1290, 2005.  

Elwood JM. Childhood leukemia and residential magnetic fields: are pooled analyses more valid 
than the original studies? Bioelectromagnetics. 27:112-118, 2006.  



0701154.002 C0T0 0508 WHB3 
 47

 

Fadel RAR, Salem A-HA, Ali MH, Abu-Saif AN. Growth assessment of children exposed to 
low frequency electromagnetic fields at the Abu Sultan area in Ismailia (Egypt). Anthrop Anz 
2:211-226, 2006. 

Fedrowitz M, Kamino K, Löscher W. Significant differences in the effects of magnetic field 
exposure on 7,12-dimethylbenz(a)anthracene-induced mammary carcinogenesis in two 
substrains of Sprague-Dawley rats. Cancer Res. 64:243-251, 2004.  

Feychting M, Ahlbom A, Kheifets L. EMF and health. Annual Review of Public Health, 
26:165-89, 2005.  

Feizi AA, and Arabi MA. Acute childhood leukemias and exposure to magnetic fields generated 
by high voltage overhead power lines - a risk factor in Iran. Asian Pac J Cancer Prev 8 (1):69-
72, 2007. 

Foliart DE, Mezei G, Iriye R, Silva JM, Ebi KL, Kheifets L, Link MP, Kavet R, Pollock BH. 
Magnetic field exposure and prognostic factors in childhood leukemia. Bioelectromagnetics 
28:69-71, 2007. 

Foliart DE, Pollock BH, Mezei G, Iriye R, Silva JM, Ebi KL, Kheifets L, Link MP, Kavet R. 
Magnetic field exposure and long-term survival among children with leukaemia. Br J Cancer 
94:161-164, 2006. 

Forssén UM, Lönn S, Ahlbom A, Savitz DA, Feychting M.  Occupational magnetic field 
exposure and the risk of acoustic neuroma. Am J Industrial Med 49:112-118, 2006. 

García AM, Sisternas A, Hoyos SP. Occupational exposure to extremely low frequency electric 
and magnetic fields and Alzheimer disease: a meta-analysis. Int J Epidemiol, 37(2):329-40, 
2008.  
 
Gauger JR. Household appliance magnetic field survey.  IEEE Trans Power App Syst. 
104:2436-2444, 1985. 

Gordis L. Epidemiology, 2nd Edition, WB Saunders Company, 2000. 

Greenland S, Sheppard A, Kelsh M, Kuane W, Poole C, Kelsh MA. Childhood leukemia and 
power frequency magnetic fields: analysis from pooled data of thirteen epidemiologic studies. 
Epidemiology, 11:624-634, 2000. 

Harris AW et al.  A test of lymphoma induction by long-term exposure of E mu-Pim1 transgenic 
mice to 50 Hz magnetic fields. Radiat Res, 149:300-307, 1998.  

Health Council of the Netherlands (HCN).  ELF Electromagnetic Fields Committee. 
Electromagnetic fields: Annual Update 2003. The Hague: Health Council of the Netherlands. 
Publication No. 2004/1, 2004. 



0701154.002 C0T0 0508 WHB3 
 48

International Agency for Research on Cancer (IARC). IARC Monographs on the evaluation of 
carcinogenic risks to humans. Volume 80: Static and Extremely Low-Frequency (ELF) Electric 
and Magnetic Fields. IARC Press. Lyon, France, 2002.  

International Agency for Research on Cancer (IARC). Mechanisms of carcinogenesis in risk 
identification. No. 116. IARC Press, Lyon, France, 1992.  

International Commission on Non-Ionizing Radiation Protection (ICNIRP). Exposure to static 
and low frequency electromagnetic fields, biological effects and health consequences (0-100 
kHz) – review of the scientific evidence on dosimetry, biological effects, epidemiological 
observations, and health consequences concerning exposure to static and low frequency 
electromagnetic fields (0-100 kHz). Matthes R, McKinlay AF, Bernhardt JH, Vecchia P, Beyret 
B (eds.). International Commission on Non-Ionizing Radiation Protection, 2003.  

Ivancsits S et al. Induction of DNA strand breaks by intermittent exposure to extremely-low-
frequency electromagnetic fields in human diploid fibroblasts. Mutat Res, 519(1- 2):1-13, 
2002a.  

Ivancsits S et al. (2002b). Vanadate induces DNA strand breaks in cultured human fibroblasts at 
doses relevant to occupational exposure. Mutat Res, 519(1-2):25-35, 2002b.  

Ivancsits S et al. (2003a). Age-related effects on induction of DNA strand breaks by intermittent 
exposure to electromagnetic fields. Mech Ageing Dev, 124(7):847-850, 2003a.  

Ivancsits S et al. (2003b). Intermittent extremely low frequency electromagnetic fields cause 
DNA damage in a dose-dependent way. Int Arch Occup Environ Health, 76(6):431-436, 2003b.  

Johansen C, Nielsen OR, Olsen JH, Schüz J. Risk for leukaemia and brain and breast cancer 
among Danish utility workers: a second follow-up. Occup Environ Med 64(11):782-4, 2007. 

Kabuto M, Nitta H, Yamamoto S, Yamaguchi N, Akiba S, Honda Y, Hagihara J, Isaka K, Saito 
T, Ojima T, Nakamura Y, Mizoue T, Ito S, Eboshida A, Yamazaki S, Sokejima S, Kurokawa Y, 
Kubo O. Childhood leukemia and magnetic fields in Japan: a case-control study of childhood 
leukemia and residential power-frequency magnetic fields in Japan. Int J Cancer. Epub ahead of 
print, February 2006.  

Karipidis K, Benke G, Sim M, Frischi L, Yost M, Armstrong B, Hughes AM, Grulich A, Vajdic 
CM, Kaldar JM, Kricker A. Occupational exposure to power frequency magnetic fields and risk 
of non-Hodgkin lymphoma. Occup Environ Med 64:25-29, 2007a. 

Karipidis KK, Benke G, Sim MR, Yost M, Giles G. Occupational exposure to low frequency 
magnetic fields and the risk of low grade and high grade glioma. Cancer Causes Control 18:305-
313, 2007. 

Lai H, Singh NP. Magnetic-field-induced DNA strand breaks in brain cells of the rat. Environ 
Health Perspect. 112:687-694, 2004. 



0701154.002 C0T0 0508 WHB3 
 49

Lee G.M, Neutra RR, Hristova L, Yost M, Hiatt RA. The use of electric bed heaters and the risk 
of clinically recognized spontaneous abortion. Epidemiology, 11:406-415, 2000.  

Lee G.M, Neutra RR, Hristova L, Yost M, Hiatt RA. A nested case-control study of residential 
and personal magnetic field measures and miscarriages. Epidemiology 13:21-31, 2002. 

Li DK, Odouli R, Wi S, Janevic T, Golditch I, Bracken TD, Senior R, Rankin R, Iriye R. A 
population-based prospective cohort study of personal exposure to magnetic fields during 
pregnancy and the risk of miscarriage. Epidemiology, 13:9-20, 2002.  

Linet MS, Hatch EH, Kleinerman RA, Robinson LL, Kaune WT, Friedman DR, Seversch RK, 
Haines CM, Hartsock CT, Niwa S, Wacholder S, Tarone RE. Residential exposure to magnetic 
fields and acute lymphoblastic leukemia in children. New England Journal of Medicine, 337:1-
7, 1997.  

Löscher W, Mevissen M, Lehmacher W, Stamm A. Tumor promotion in a breast cancer model 
by exposure to a weak alternating magnetic field. Cancer Lett. 71:75-81, 1993.  

Löscher W, Mevissen M. Linear relationship between flux density and tumor co-promoting 
effect of prolonged magnetic field exposure in a breast cancer model. Cancer Lett. 96:175-180, 
1995.  

Löscher W, Mevissen M, Haussler B. Seasonal influence on 7,12-dimethylbenz[a]anthracene-
induced mammary carcinogenesis in Sprague-Dawley rats under controlled laboratory 
conditions. Pharmacol Toxicol. 81:265-270, 1997.  

Löscher W, Wahnschaffe U, Mevissen M, Lerchl A, Stamm A. Effects of weak alternating 
magnetic fields on nocturnal melatonin production and mammary carcinogenesis in rats. 
Oncology. 51:288-295, 1994.  

Lowenthal RM, Tuck DM, Bray IC. Residential exposure to electric power transmission lines 
and risk of lymphoproliferative and myeloproliferative disorders: a case-control study. Internal 
Med J 37(9):614-9, 2007. 

Mandeville R et al. Evaluation of the potential carcinogenicity of 60 Hz linear sinusoidal 
continuous-wave magnetic fields in Fisher F344 rats. FASEB-J, 11:1127-1136, 1997. 

McBride ML, Gallagher RP, Thériault G, Armstrong BG, Tamaro S, Spinelli JJ, Deadman JE, 
Fincham S, Robinson D, Choi W. Power-frequency electric and magnetic fields and risk of 
childhood leukemia in Canada. American Journal of Epidemiology, 149:831-842, 1999.  

McCormick DL, Boorman GA, Findlay JC, Hailey JR, Johnson TR, Gauger JR, Pletcher JM, 
Sill RC, Haseman JK. Chronic toxicity/oncogenicity evaluation of 60 Hz (power frequency) 
magnetic fields in B6C3F mice. Toxicologic Pathology, 27:279-285, 1999.  

McElroy JA, Egan KM, Titus-Ernstoff L, Anderson HA, Trentham-Dietz A, Hampton JM, 
Newcomb PA. Occupational exposure to electromagnetic field and breast cancer risk in a large, 



0701154.002 C0T0 0508 WHB3 
 50

population-based, case-control study in the United States. J Occup Environ Med 49:266-274, 
2007. 

McNally RJQ and Parker L.  Environmental factors and childhood acute leukemias and 
lymphomas.  Leukemia & Lymphoma 47:583-598, 2006. 

Mejia-Arangure JM, Fajardo-Gutierrez A, Perez-Saldivar ML, Gorodezky C, Martinez-Avaols 
A, Romero-Guzman L, Campo-Martinez MA, Flores-Lujano J, Salamanca-Gomaz F, 
Velasquaz-Perez. Magnetic fields and acute leukemia in children with Down Syndrome. 
Epidemiology 18:158-161, 2006. 

Mester B, Nieters A, Deeg E, Elsner G, Becker N, Seidler A. Occupation and malignant 
lymphoma: a population based case control study in Germany. Occup Environ Med 63:17-26, 
2006. 

Mevissen M, Stamm A, Buntenkotter S, Zwingelberg R, Wahnschaffe U, Löscher W. Effects of 
magnetic fields on mammary tumor development induced by 7,12-dimethylbenz(a)anthracene in 
rats. Bioelectromagnetics. 14:131-143, 1993a.  

Mevissen M, Wahnschaffe U, Löscher W, Stamm A, Lerchl A. Effects of AC magnetic field on 
DMBA-induced mammary carcinogenesis in Sprague-Dawley rats. In: Electricity and 
Magnetism in Biology and Medicine. Blank M (ed). San Francisco Press. 413-415, 1993b.  

Mevissen M, Lerchl A, Löscher W. Study on pineal function and DMBA-induced breastcancer 
formation in rats during exposure to a 100-mg, 50-Hz magnetic-field. J Toxicol Environ Health, 
48(2):169-185, 1996a.  

Mevissen M et al. (1996). Exposure of DMBA-treated female rats in a 50-Hz, 50-μT 
magneticfield: effects on mammary-tumor growth, melatonin levels, and T-lymphocyte 
activation. Carcinogenesis, 17(5):903-910, 1996b.  

Mezei G, Gadallah M, Kheifets L. Residential magnetic field exposure and childhood brain 
cancer: a meta-analysis. Epidemiology, 19(3):424-30, 2008.  
 
Mezei G, Bracken TD, Senior S, Kavet R. Analyses of magnetic-field peak-exposure summary 
measures. J Exposure Anal Environ Epidemiol 1-9, 2006. 

Mezei G, Bracken TD, Senior R, Kavet R. 2005. Examination of Magnetic-Field Peak-Exposure 
Measures. 27th Annual Meeting of The Bioelectromagnetics Society, Dublin, Ireland, June 19-
24, 2005.  

Milham S, Ossiender E. Electric typewriter exposure and increase female breast cancer 
mortality in typists. Med Hypo 68:450-451, 2007. 

Minder CE and Pfluger DH.  Leukemia, brain tumors, and exposures to extremely low 
frequency electromagnetic fields in Swiss railway employees.  Am J. Epidemiol 153, 825-325, 
2001. 



0701154.002 C0T0 0508 WHB3 
 51

National Radiological Protection Board (NRPB). Response statement of the NRPB: ELF 
electromagnetic fields and the risk of cancer. National Radiological Protection Board, Chilton, 
Dicot, Oxon, Volume 12, No.1, ISNB 0-859951-456-0, 2001a.  

National Radiological Protection Board (NRPB). ELF electromagnetic fields and 
neurodegenerative disease. National Radiological Protection Board. Volume 12, No 4, 2001b.  

National Radiological Protection Board (NRPB). Review of the Scientific Evidence for 
Limiting Exposure to Electromagnetic Fields (0-300 GHz) National Radiological Protection 
Board, Volume 15, No 3, 2004. 

National Toxicology Program (NTP). NTP technical report on the toxicology and 
carcinogenesis studies of 60-Hz magnetic fields in F344/N rats and B6C3F1 mice. Washington 
DC, National Toxicology Program. NTP TR 488, NIH Publication No. 99-3979. 1999.  

Peplonsk B, Stewart P, Szeszenia-Dabrowska N, Rusiecki J, Gracia-Closas M, Lissowska J, 
Bardin-Mikolajczak A, Zatonski W, Gromiec J, Brzeznicki S, Brinton L, Blair A. Occupation 
and breast cancer risk in Polish women: a population-based case-control study. Am J Industrial 
Med 50:97-111, 2007. 

Ray RM, Gao DL, Li W, Wernli K, Astrakianakis G, Seixas NS, Camp JE, Fitzgibbons ED, 
Feng Z, Thomas DB, Checkoway H. Occupational exposures and breast cancer among women 
textile workers in Shanghai. Epidemiology 18:383-392, 2007. 

Ries LAG, Melbert D, Krapcho M, Mariotto A, Miller BA, Feuer EJ, Clegg L, Horner MJ, 
Howlader N, Eisner MP, Reichman M, Edwards BK (eds). SEER Cancer Statistics Review, 
1975-2004, National Cancer Institute. Bethesda, MD, http://seer.cancer.gov/csr/1975_2004/, 
based on November 2006 SEER data submission, posted to the SEER web site, 2007. 

Röösli M, Lörtscher M, Egger M, Pfluger D, Schreirer N, Emanuel L, Locher P, Spoerri A, 
Minder C. Leukaemia, brain tumours and exposure to extremely low frequency magnetic fields: 
cohort study of Swiss railway employees. Occup Environ Med 64(8):553-9, 2007. 

Röösli M, Lörtscher M, Egger M, Pfluger D, Schreirer N, Lörtscher E, Locher P, Spoerri A, 
Minder C. Mortality from neurodegenerative disease and exposure to extremely low-frequency 
magnetic fields: 31 years of observations on Swiss railway employees. Neuroepidemiol 28:197-
206, 2007. 

Savitz DA, Herring AH, Mezei G, Evenson KR, Terry JW Jr, Kavet R. Physical activity and 
magnetic field exposure in pregnancy. Epidemiology. 17:222-225, 2006. 

Savitz DA, Pearce NE, Poole C. Methodological issues in the epidemiology of electromagnetic 
fields and cancer. Epidemiol Rev, 11:59-78, 1989. 

Scarfi MR et al. Evaluation of genotoxic effects in human fibroblasts after intermittent exposure 
to 50 Hz electromagnetic fields: a confirmatory study. Radiat Res, 164(3):270-276, 2005.  



0701154.002 C0T0 0508 WHB3 
 52

Schüz J, Svendsen AL, Linet MS, McBride ML, Roman E, Feychting M, Kheifets L, Lightfoot 
T, Mezei G, Simpson J, Ahlbom A. Nightime exposure to electromagnetic fields and childhood 
leukemia: an extended pooled analysis. Am J Epidemiol 166:263-269, 2007. 

Sommer AM, Lerchl A. The risk of lymphoma in AKR/J mice does not rise with chronic 
exposure to 50 Hz magnetic fields (1 microT and 100 microT). Radiation Research, 162(2):194-
200, 2004.  

Sorahan T, Kheifets L. Mortality from Alzheimer’s, motor neurone, and Parkinson’s disease in 
relation to magnetic field exposure: findings from the study of UK electricity generation and 
transmission workers, 1973-2004. Occup Environ Med, Jul 11, Epub ahead of print 

Svendsen AL, Weihkopf T, Kaatsch P, Schüz J. Exposure to magnetic fields and survival after 
diagnosis of childhood leukemia: a German cohort study. Cancer Epidemiol Biomakers Prev 
16:1167-1171, 2007. 

Swedish Radiation Protection Authority, SSI. 2007:04. Recent Research on EMF and Health 
Risks. Fourth annual report from SSI’s Independent Expert Group on Electromagnetic Fields, 
2006.  

United Kingdom Childhood Cancer Study Investigators (UKCCS). Exposure to power 
frequency magnetic fields and the risk of childhood cancer. The Lancet, 353(9194):1925-31, 
1999.  

U.S. Department of Health, Education, and Welfare. Smoking and Health: Report of the 
Advisory Committee to the Surgeon General of the Public Health Service. Washington: U.S. 
Department of Health, Education, and Welfare, Public Health Service, Center for Disease 
Control, 1964. PHS Publication No. 1103. 

U.S. Department of Health and Human Services. The Health Consequences of Smoking: A 
Report to the Surgeon General. Washington: U.S. Department of Health, Education, and 
Welfare, Public Health Service, Center for Disease Control, 2004.  

US Environmental Protection Agency (USEPA). Guidelines for carcinogen risk assessment and 
supplemental guidance for assessing susceptibility from early-life exposure to carcinogens. 
EPA/630/P-03/001F, 2005.  

Wertheimer N, and Leeper E. Electrical wiring configurations and childhood cancer. American 
Journal of Epidemiology, 109:273-84, 1979.  

World Health Organization (WHO). Environmental Health Criteria 238: Extremely Low 
Frequency (ELF) Fields. WHO, Geneva, Switzerland, ISBN 978-92-4-157238-5, 2007.  

Yasui M et al. Carcinogenicity test of 50 Hz sinusoidal magnetic fields in rats. 
Bioelectromagnetics, 18:531-540, 1997.  


