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Limitations
At the request of Northern Pass Transmission LLC, Exponent prepared this summary report on
the status of research related to alternating current and direct current electric and magnetic fields
and health. The findings presented herein are made to a reasonable degree of scientific certainty.
Exponent reserves the right to supplement this report and to expand or modify opinions based on
review of additional material as it becomes available, through any additional work, or review of
additional work performed by others.
The scope of services performed during this investigation may not adequately address the needs
of other users of this report, and any re-use of this report or its findings, conclusions, or
recommendations presented herein are at the sole risk of the user. The opinions and comments
formulated during this assessment are based on observations and information available at the
time of the investigation. No guarantee or warranty as to future life or performance of any
reviewed condition is expressed or implied.
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Executive Summary
The proposed Northern Pass Transmission (NPT) project includes transmission lines, converter
terminals, and additional equipment to be installed in existing substations. These are sources of
either 60-Hertz (Hz) alternating current (AC) electric and magnetic fields in the extremely-lowfrequency range, or direct current (DC) (i.e., static) electric and magnetic fields and space charge
(air ions and charged aerosols). The projected levels of exposure to these aspects of the
transmission line environment are presented in the companion report, Electrical Environment of
the Proposed Northern Pass Transmission Project: DC Electric Field, DC Magnetic Field, Air
Ion Density, AC Electric Field, AC Magnetic Field, Audible Noise, and Radio Noise (Exponent,
2015) contained in Appendix 38. The purpose of this assessment is to determine if the exposures
from the NPT AC and DC transmission lines are likely to have any adverse effects on humans,
livestock, wildlife, and plants in the project area. This assessment describes the methods and
considerations used by scientists to systematically evaluate research in which the strength,
limitations, and relevance of individual studies are a key component.

Alternating Current Transmission Lines
The combined operation of the proposed 345-kilovolt (kV) NPT line at full rating and the
existing 115-kV and lower voltage distribution lines at peak load would produce a maximum
value beneath the conductors on the right of way (ROW) of <1 milligauss (mG) to 366 mG . The
AC magnetic-field levels diminish quickly with distance away from the conductors so that at the
edges of the ROW these field levels are far lower—between 0.1 mG and 92 mG except for an
approximately 2,000-foot segment where the magnetic field on one side of the ROW is
calculated to be 127 mG. These levels in turn will fall still lower to background levels outside the
ROW. These levels are far below the limits on exposure of the general public, termed Basic
Restrictions, recommended by the International Commission on Non-Ionizing Radiation
Protection (ICNIRP) and the International Committee on Electromagnetic Safety (ICES)(12,420
mG and 9,146 mG, respectively).
Similarly, the combined AC electric field from the proposed NPT 345-kV Line and the existing
115-kV lines is greatest on the ROW, with values between 1.0 kilovolts per meter (kV/m) and
xi
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5.2 kV/m, which diminish with distance at the edge of the ROW (0.0 to 2.7 kV/m). These
electric-field levels are below the ICNIRP and ICES Basic Restrictions for 60-Hz electric fields
(36.6 kV/m and 26.8 kV/m, respectively). The presence of trees, shrubs, fences, buildings, and
other objects between the transmission lines and areas outside the ROW would reduce levels of
electric field to a considerable extent.
During the past 35-plus years, a large amount of research studies have been conducted to
investigate potential health effects associated with EMF exposure below currently existing
scientifically based exposure guidelines. These research studies include epidemiologic studies
conducted in human populations, and laboratory studies conducted in live animals (in vivo
studies) and in isolated cells and tissues (in vitro studies). A number of multidisciplinary expert
panels on behalf of national and international agencies have evaluated the existing evidence for
potential health effects by conducting health risk assessments employing the weight-of-evidence
scientific process. These agencies include, among others, the World Health Organization
(WHO), the International Agency for Research on Cancer, ICNIRP, the National Institute of
Environmental Health Sciences, and most recently, the European Union’s Scientific Committee
on Emerging and Newly Identified Health Risks, which published its health risk assessment in
2015. None of these agencies concluded that the available scientific evidence confirms the
existence of any adverse health effects of exposure to AC electric and magnetic fields at levels
below scientifically based exposure limits. As the WHO currently states on its website, “[b]ased
on a recent in-depth review of the scientific literature, the WHO concluded that current evidence
does not confirm the existence of any health consequences from exposure to low level
electromagnetic fields.”1 The WHO calls for the adoption of scientifically-based exposure
guidelines (such as those developed by ICNIRP and ICES) that are protective of all known
adverse health effects and for adoption of low or no cost measures that minimize fields without
jeopardizing electrical safety.
A review of the relevant available scientific literature does not suggest any consistent or
convincing effects of AC electric or magnetic fields on humans, livestock, wildlife, and plants.

1

http://www.who.int/peh-emf/about/WhatisEMF/en/index1.html
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Direct Current Transmission Lines
Unlike AC transmission lines, the static electric and magnetic fields from DC transmission lines
do not oscillate over time and, therefore, are sources of static fields. The geomagnetic field of
the earth is a static magnetic field. The intensities of the earth’s static magnetic field and that
from the NPT DC line are at least about 4,500 times lower than recommended limits on
continuous exposure of the public (ICNIRP, 2009). No scientific or health agencies have
recommended limits on static electric fields or space charge but the National Radiological
Protection Board of Great Britain (NRPB, 2004a) has noted that the likelihood of annoying
sensory perception of static electric fields increases above 25 kV/m. The levels of static electric
and magnetic fields and space charge associated with the NPT DC line are well within the range
of background exposures from natural and environmental sources. Considerable research has
been conducted on the mechanism of interaction of static magnetic fields with humans and
animals. This research shows that humans cannot detect these fields, except for very high fields
in experimental magnetic resonance imaging devices, and provides no scientific basis to project
adverse effects of the very low static magnetic fields associated with the NPT DC line. The
static electric fields from the NPT DC line will be below published thresholds for human
detection. Research on humans and laboratory animals exposed to static electric fields and space
charge was reviewed and does not indicate that the levels of these exposures around the NPT DC
line would pose any health hazard. Studies of cattle, wildlife, and crops in the environment of
±400-kV and ± 500-kV DC transmission lines have not reported adverse effects nor do
experimental studies of static fields or space charge suggest adverse effects on these populations.
None of the health and scientific agencies that have reviewed research relevant to the electrical
environment of the proposed NPT ±320-kV DC line concluded that exposures at the projected
levels would have an adverse effect on human health or the environment.

xiii
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Introduction
The Northern Pass Transmission (NPT) project’s infrastructure will bring 1,000 megawatts
(MW), (with a potential transfer capability of up to 1,090 MW) of clean, low-cost energy from
Hydro-Québec’s world-class hydroelectric plants in Canada to New Hampshire and other parts
of New England.
The NPT project will include a new direct current (DC) transmission line from the Canadian
border to Franklin, New Hampshire, where a newly built converter terminal will convert the
electricity from DC to alternating current (AC). From there, a new 345-kV AC transmission line
will carry electricity to an existing substation in Deerfield, New Hampshire, and into New
England’s power grid.
Electricity is transmitted as current from generating sources via high-voltage transmission lines
to substations, distribution lines, and then finally to our homes and workplaces for consumption.
The vast majority of electricity worldwide and in the United States is transmitted as AC. In the
transmission of AC electricity, the current flow changes direction at 60 full cycles per second
(i.e., a frequency of 60 Hertz [Hz]). In the transmission of DC electricity, the current flows in
only one direction (i.e., at a frequency of 0 Hz); for this reason, DC is commonly referred to as
static. DC transmission lines typically are used to transmit electricity over longer distances. All
electricity is associated with electric and magnetic fields (EMF).2
Potential effects associated with AC EMF in the extremely low frequency (ELF) range, as well
as with static fields, have been studied extensively by scientists over the past decades and these
scientific research results have been reviewed by a number of national and international expert
panels. Based on this research, scientifically-based guidelines have been developed by scientific
organizations to protect the health and safety of the general public and workers from the known
harmful effects of fields that may occur at high exposure levels. None of the expert reviews of
EMF and static fields concluded that there is convincing or conclusive evidence to link any

2

The acronym EMF is used in this report to refer exclusively to AC EMF (or ELF EMF) in the frequency range
associated with AC transmission lines; when we discuss DC transmission, we refer to these fields separately as
static electric and magnetic fields or DC fields to minimize confusion of these fields of different frequency.
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adverse health effects with electric- or magnetic-field exposure at levels that could be
encountered in the immediate vicinity of either AC or DC transmission lines.
This report provides an overview of the nature and common sources of ELF and static electric
and magnetic fields, the scientific research on potential effects, and the expert reviews that have
been conducted to evaluate research results in this area.
There are no national guidelines or standards in the United States to regulate exposure from
either AC or static electric and magnetic fields. The World Health Organization (WHO)
recommends adherence to guidelines that have been developed by the International Commission
on Non-Ionizing Radiation Protection (ICNIRP) or to those developed by the International
Committee for Electromagnetic Safety (ICES).

108144.000 - 2055

2

PART I – THE ELECTRICAL
ENVIRONMENT OF
ALTERNATING CURRENT AND
DIRECT CURRENT
TRANSMISSION LINES

3

The NPT infrastructure will include two main components; an AC transmission line and a DC
transmission line.3 In association with these two components, the following exposures are
considered and discussed in this report.
Exposures associated with operation of the AC transmission line include:


ELF electric fields; and



ELF magnetic fields.

Exposures associated with the operation of the DC transmission line include:

3



Static electric fields;



Static magnetic fields; and



Space charge (air ions and charged aerosols).

A terminal at which DC power will be converted to AC power is part of the proposed NPT project. The
exposures at the boundary of the proposed terminal site will be dominated by the AC and DC transmission lines
connecting to the terminal and so the evaluation of the fields from these lines also includes the terminal.

108144.001 - 2055
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Overview of Electric and Magnetic Fields
In modern environments, people are surrounded by both natural and man-made sources of
electric and magnetic fields. Among natural sources, the earth’s geomagnetic field and the
electric field present in the atmosphere due to weather events are common examples. The human
body itself represents a source of electric fields, as well, because the function of the heart,
muscles, and the brain are all driven by electrical impulses.
Man-made electricity is also a source of electric and magnetic fields as they both are properties
of the space near electrical sources. Forces are experienced by objects capable of interacting
with these fields; electric charges are subject to a force in an electric field, and moving charges
experience a force in a magnetic field.


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 = 1,000 V/m. Conducting objects including fences,
buildings, and our own skin and muscle easily block electric fields. Therefore, certain
appliances within homes and workplaces are the major source of electric fields indoors,
while power lines are the major source of electric fields outdoors.



Magnetic fields are produced by the flow of electric currents. Unlike electric fields,
however, most materials (including the earth) do not readily block magnetic fields. The
strength of a magnetic field is expressed as magnetic flux density in units of gauss (G) or
milligauss (mG), where 1 G = 1,000 mG.4 The strength of the magnetic field at any point
depends on characteristics of the source, including (in the case of power lines) the
arrangement of the conductors, the amount of current flow, and distance from the
conductors.

4

Scientists also refer to magnetic flux density in units of microtesla (µT). Magnetic flux density in mG units can
be converted to µT by dividing by 10(i.e., 1 mG = 0.1 µT).
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Electromagnetic Spectrum
Electricity and electromagnetic energy is characterized by frequency and wavelength. Frequency
is the number of times the electric current or the voltage changes direction or completes a full
cycle per second. Frequency is measured in Hz or its multiples, such as kilohertz (kHz),
megahertz (MHz), or gigahertz (GHz). Wavelength is inversely related to frequency; the higher
the frequency, the shorter the wavelength. The wavelength and frequency are key determinants
of the energy level of the fields and of the way electromagnetic energy interacts with physical
objects, including the human body and other living organisms. Very-high-frequency fields, such
as X-rays and gamma rays (millions of billion Hz) have high energy that can cause damage to
living tissues. Frequencies in the MHz and GHz range, belonging to the radiofrequency range
may, at high exposure levels, result in heating. ELF fields (typically designated between 3 ‒ 300
Hz, which include the 60-Hz fields associated with electric power used in North America) and
static fields (0 Hz) associated with DC electricity can be found at the lower end of the
electromagnetic spectrum. Neither ELF fields nor static fields associated with the proposed
Project have sufficient energy to produce effects like those caused by X-rays or result in heating
like microwaves.
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Sources and Exposure
The intensity of both electric fields and magnetic fields diminishes with increasing distance from
the source. For example, higher electric- and magnetic-field levels are measured close to the
conductors of distribution and transmission lines and decrease rapidly with increasing distance
from the conductors. Transmission line fields generally decrease with distance from the
conductors in proportion to the square of the distance, creating a bell-shaped curve of field
strength.

Extremely low frequency electric and magnetic fields
Since electricity is such an integral part of our infrastructure (e.g., transportation systems) and
our homes, schools, and businesses, people living in modern communities are surrounded by
these fields every day (Figure 1). Most electricity we use in our everyday environment is AC
electricity associated with ELF fields. While field levels decrease with distance from the source,
any home, school, office, or other location where electricity is present, tends to have background
ELF-field levels as a result of the combined effect of numerous ELF sources.
In this project, the dominant sources of ELF fields are the existing 115-kV AC transmission lines
and the proposed 345-kV line between Franklin and Deerfield, New Hampshire.

108144.001 - 2055
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Figure 1.

Common sources of EMF in the home
(appliances, wiring, currents running on water pipes, and
nearby distribution and transmission lines).

Figure 2 outlines typical EMF levels measured in residential settings and occupational
environments (all of which contribute to a person’s background EMF field level) compared to
typical levels measured near standard distribution and transmission line rights-of-way (ROW).
The fields from underground transmission lines are not included in this figure, as they are a rare
source of exposure. The magnetic field over buried conductors can be as high, or even higher,
than that of an overhead line, but the magnetic field will diminish more quickly with distance.
No electric field will be produced above ground by underground cables.
In general, the background AC magnetic-field level as estimated from the average of
measurements throughout a house away from appliances may range up to12 mG or so, while
levels can be hundreds of mG in close proximity to appliances. Background levels of electric
fields range up to 20 V/m, while appliances produce levels up to hundreds of V/m (NRPB,
2001).

108144.001 - 2055
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Figure 2.

Extremely low frequency magnetic- and electric-field levels in the
environment.
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Electric fields are easily blocked by conductive objects, building materials, and vegetation; thus,
indoor exposure is dominated by indoor sources, such as domestic electric appliances in homes,
or electric tools and equipment in workplaces. On the other hand, magnetic fields are not easily
shielded; therefore, indoor exposure is dependent on both indoor and outdoor sources. In
practice, magnetic fields are easier to measure compared to electric fields. The above factors
largely contribute to the focus of ELF health research studies on magnetic fields rather than on
electric fields.
Experiments have yet to show which aspect of exposure to ELF magnetic fields, if any, may be
relevant to biological systems. The current standard of exposure to these fields for health
research is long-term, average personal exposure, which is the average of all exposures from the
varied magnetic-field sources encountered in the many places we spend our days and nights. As
expected, this exposure is different for every person and is difficult to approximate. Exposure
assessment is a source of uncertainty in the epidemiologic studies of ELF magnetic fields and
health (WHO, 2007). Some basic conclusions drawn from surveys of the general public’s
exposure to magnetic fields are:


Residential sources of ELF magnetic-field exposure:
o Residential magnetic-field levels are caused by currents carried by nearby
transmission and distribution systems, internal electrical wiring in the homes, pipes or
other conductive paths, and electrical appliances and devices (Zaffanella, 1993).
o The highest magnetic-field levels are typically found directly next to appliances
(Zaffanella, 1993). The National Institute of Environmental Health Safety (NIEHS)
identified field levels at various distances from a number of common appliances in
the home—the highest reported measured values at 6-inches from selected appliances
were: can opener, 1,500 mG; dishwasher; 200 mG; electric range, 200 mG; and
washing machine, 100 mG; to name a few (NIEHS, 2002).
o Several parameters affect personal magnetic-field exposures at home: residence type,
residence size, type of water line, and proximity to overhead power lines. Persons
living in small homes, apartments, homes with metallic piping, and homes close to

108144.001 - 2055

10

three-phase electric power distribution and transmission lines tend to have higher athome magnetic-field levels (Zaffanella and Kalton, 1998).


Personal ELF magnetic-field exposure:
o A survey of 1,000 randomly selected persons in the United States who wore a
magnetic-field meter that recorded the magnetic field twice each second reported that
the average of all measurements taken over 24-hours (i.e., their time-weighted
average [TWA] exposure), was less than 2 mG for the vast majority of persons, but
magnetic fields up to 1,000 mG were encountered in school, home, work, and travel
environments (Zaffanella and Kalton, 1998).5
o In general, personal magnetic-field exposure is greatest at work and when traveling
(Zaffanella and Kalton, 1998).



Workplace ELF magnetic-field exposure
o Some occupations (e.g., electric utility workers, sewing machine operators,
telecommunication workers, industrial welders) have higher exposures due to work
near equipment with high ELF magnetic-field levels (NIEHS, 2002).



Magnetic-field exposure from AC power lines
o The ELF magnetic-field levels associated with power lines vary substantially
depending on their configuration and current load, among other factors. At a distance
of 300 feet and during average electricity demand, however, the magnetic-field levels
from many transmission lines are often similar to the background levels found in
most homes (Savitz et al., 1989).

5

TWA is the average exposure of a person to a chemical or physical agent over a given specified time period (i.e.,
an 8-hour workday or a 24-hour day). The average is determined by sampling the exposure of interest throughout
the time period.
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Static magnetic fields
There are natural and artificial sources of static magnetic fields. The natural geomagnetic field
of the earth originates from its metallic core and the electrical current existing in the upper layer
of its crust. The strength of this field varies; it is highest at the magnetic poles (~700 mG), and
lowest at the equator (~200 mG). In addition to this natural geomagnetic field, static magnetic
fields are produced artificially by unvarying electric currents and by permanent magnets.
Manmade sources of static magnetic fields include electric transportation (up to 10 G inside
high-speed trains), industrial processes (e.g., workers during aluminum production may be
exposed up to several hundred G), and medical equipment (e.g., magnetic resonance imaging
[MRI] scanners may be associated with static magnetic fields up to 30,000 G or more). Artificial
static magnetic fields also are produced by battery-powered toys and appliances, magnets in
appliances (e.g., ear phones and telephone speakers), energy technologies, and various industries
(Table 1). DC transmission lines are another source of static magnetic fields, and calculated
contributions of the proposed NPT DC line to the ambient environment are referenced for
comparison. Depending on the orientation of a DC transmission line with respect to the
geomagnetic field of the earth, the static magnetic field from the DC transmission line can either
add to or subtract from the strength of the earth’s geomagnetic field.

108144.001 - 2055
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development of charged particles. This corona activity may occur in the immediate vicinity
(within about an inch) of the conductor. Suspended particles in the air (e.g., dust, water droplets,
and insects) that deposit on a conductor form point sources for corona by increasing the local
electric fields on the immediate surface, thus, increasing the formation of air ions. Corona is
strongly affected by the environment, weather conditions (especially those that are associated
with humidity, precipitation, or droplet formation), and the season of the year. Corona occurs to
a lesser degree when the conductors are clean and smooth.
Corona results in the generation of positive and negative air ions of the same polarity as the
conductor producing corona. Since the voltage on DC conductors does not change polarity as it
does on an AC transmission line, air ions of the same polarity as the conductor continuously
move away from it to the opposing conductor or to the ground and are neutralized. This
movement of air ions is also influenced by the wind. Experimental measurements have
determined that the chemical components of air ions produced under DC lines are similar to
those that are naturally occurring, but they persist for a shorter time because of the electric field
from the conductors (Eisele, 1989a, 1989b).

Air ions
Air ions are either individual or small clusters of atoms or molecules in the air carrying a net
imbalance of electric charges, resulting in either positive or negative air ions. Air ions are
ubiquitous in our environment. For example, clean rural air typically contains about 500 to
2,000 small positive air ions/cm3 and slightly fewer small negative air ions (Kotaka, 1978). Air
ions have diameters of around 1 to 10 nanometers (nm). As described below, many common
man-made and natural processes are sources of air ions. Typical air ion concentrations measured
in several environments are listed in Table 3.

108144.001 - 2055
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Table 3. Air ion levels from a variety of background sources
Ions/cm3

Conditions
Air humidified by boiling water (e.g., from a
tea kettle)*
In large towns†
In a candlelit room†
Near an open flame†
200 feet from a small waterfall†
§

66 feet from a small waterfall
20 feet from a highway (30 vehicles/minute)†
5 feet downwind of vehicle exhaust†
4 feet from a negative air ion generator†

1,000,000 – 10,000,000
Up to 80,000
Up to 27,600
200,000 – 300,000
1,500 – 2,000
5,000 -20,000
6,900 – 15,000
34,500 – 69,000
-26,000

Overhead NPT DC line – the edge of the
ROW‡
Fair weather
-15,254, +25,247
Foul weather
-32,738, +32,755
Overhead NPT DC line - on the ROW‡
Fair weather
-59,524, +102,646
Foul weather
-142,032, +138,651
Source: *Carlon, 1980; †Johnson, 1982; ‡Maximum median values (Exponent,
2015); §Laakso et al., 2007. Negative values refer to negative ion polarity

Charged aerosols
When small air ions are attached to ambient particles suspended in the air, which occurs very
shortly after the formation of air ions, they form charged aerosols. The most common size of
charged aerosols is in the range of 20 to 200 nm. Although the concentration of aerosols is
commonly measured and reported by scientists, limited data are available on the concentration of
charged aerosols. In Table 4, reported ambient measurements of charged aerosols are shown.
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Table 4.

Measured fraction of aerosols (0.65-1.0 micrometers [µm])
carrying charges in various locations
Fraction charged
(% ± s.d.)

Location
Chicago and Environs
N. Downtown

9±1

S. Downtown

11 ± 1

Wood Dale, suburb

11 ± 4

Rural

9±1

Manitoba
Downtown Winnipeg

9±1

Upwind of ± 450 kV & ± 500 kV DC lines

8±2

Downwind of ± 450 kV & ± 500 kV DC lines

8±2

Source: Bailey et al., 2012
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PART II - METHODS FOR
EVALUATING SCIENTIFIC
RESEARCH

18

Introduction
Science is more than a collection of facts. It is a method of obtaining information and of
reasoning to ensure that the information and conclusions are accurate and correctly describe
physical and biological phenomena. Many misconceptions in human reasoning occur when
people casually interpret their observations and experience. Therefore, scientists use systematic
methods to conduct and evaluate scientific research and assess the potential impact of a specific
agent on human health. This process is designed to ensure that more weight is given to those
studies of better quality and studies with a given result are not selected out from all of the studies
available to advocate or suppress a preconceived idea of an adverse effect. Scientists and
scientific agencies and organizations use these standard methods to draw conclusions about the
many exposures in our environment.
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Weight-of-Evidence Reviews
The scientific process entails looking at all the evidence on a particular issue in a systematic and
thorough manner to evaluate 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. Weight-ofevidence reviews are typically conducted within the larger framework of health risk assessments
or evaluations of particular exposures or exposure circumstances that qualitatively and
quantitatively define health risks. Weight-of-evidence and health risk assessment methods have
been described by several agencies, including the International Agency for Research on Cancer
(IARC), which routinely evaluates drugs, food, chemical and physical agents, and exposure
environments for their ability to cause cancer; the WHO International Programme for Chemical
Safety; and the US Environmental Protection Agency, all of which set guidance for public
exposures (USEPA, 1993; WHO, 1994; USEPA, 1996; IARC, 2002). 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 in a weight-of-evidence review, including exposure considerations, study design,
methods for estimating risk, bias, and the process of causal inference. The purpose of discussing
these considerations here is to provide context for the weight-of-evidence evaluations by
scientists and health agencies discussed in later sections of the report.
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EMF Exposure Considerations
Exposure assessment methods range widely in studies of ELF EMF, including: the classification
of residences based on the relative capacity of nearby power lines to produce magnetic fields
(i.e., wire code categories); occupational titles; calculated magnetic-field levels based on job
histories (a job-exposure matrix [JEM]); residential distance from nearby power lines; spot
measurements of magnetic-field levels inside or outside residences; 24-hour and 48-hour
measurements of magnetic fields in a particular location in the house (e.g., a child’s bedroom);
calculated magnetic-field levels based on the characteristics of nearby power installations; and
personal 24-hour and 48-hour magnetic-field measurements.
Each of these methods has strengths and limitations (Kheifets and Oksuzyan, 2008). Since
magnetic-field exposures occur virtually everywhere and vary over a lifetime as the places we
frequent and the sources of EMF in those places change, making valid estimates of personal
magnetic-field exposure is challenging. Furthermore, without a biological basis to define a
relevant exposure metric (e.g., average, peak) and a defined critical period for exposure (e.g., in
utero, shortly before diagnosis), relevant and valid assessments of exposure are problematic.
Exposure misclassification is one of the most significant concerns in epidemiologic studies of
ELF EMF.
In general, long-term personal measurements are the metric recommended by epidemiologists to
estimate exposure in their studies. Other methods are generally weaker because they may not be
strong predictors of long-term exposure and do not take into account all magnetic-field sources.
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
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machines over time, and occupational measurements do not take into account the worker’s
residential magnetic-field exposures.
While an advance over earlier methods, JEMs still have some important limitations, as
highlighted in a review by Kheifets et al. (2009) summarizing an expert panel’s findings.6 A
person’s occupation provides some relative indication of the overall magnitude of his or her
occupational magnetic-field exposure, but it does not take into account the possible variation in
exposure due to different job tasks within occupational titles, the frequency and intensity of
contact to relevant exposure sources, or variation by calendar time. This was highlighted in a
study of 48-hour magnetic-field measurements of 543 workers in Italy in a variety of
occupational settings, including ceramics, mechanical engineering, textiles, graphics, retail, food,
wood, and biomedical industries (Gobba et al., 2011). There was significant variation in this
study between the measured TWA magnetic-field levels for workers in many of the International
Standard Classification of Occupations’ (ISCO) job categories, which the authors attributed to
variation within the industry task-defined ISCO categories.
Since exposure to high levels of static fields cannot be expected in residential environments,
epidemiologic studies of static fields have focused primarily on occupational settings, where
equipment operating with large DC currents is used. Welders, workers in the aluminum
industry, workers in chloralkali plants, and more recently, health care workers working with MRI
scanners were included in these types of epidemiologic studies. There are, however, severe
methodological limitations in these studies that affect their interpretation. Most of the
epidemiologic studies of these worker populations lack proper exposure assessment. Exposure
to static fields is identified and measured by job titles and by years of employment in these
occupations. In addition, workers in these examined occupations are potentially exposed to other
agents, including exposure at other frequencies (e.g., radiofrequency fields from MRIs) and
exposure to various chemical substances (e.g., heavy metals in welding fumes).

6

Kheifets et al. (2009) reported on the conclusions of an independent panel organized by the Energy Networks
Association in the United Kingdom in 2006 to review the current status of the science on occupational EMF
exposure and identify the highest priority research needs.
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Methods of Health Research Studies
Research studies relevant for potential health effects can be broadly classified into two groups: 1)
epidemiologic observations of people and 2) experimental studies of 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 disease and reported exposures to environmental factors.

Epidemiologic studies
The most common types of epidemiologic studies in the EMF literature are case-control and
cohort studies. In case-control studies, the exposures of people with and without the disease of
interest are compared. 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 of the diseased and non-diseased populations are compared to
determine whether any statistically significant differences in exposure histories exist. A
difference in the exposure of the case and control persons may suggest an association between
the exposure and the disease. In cohort studies, on the other hand, individuals within a defined
cohort of people (e.g., all persons working at a utility company) are classified as exposed or nonexposed and followed over time for the incidence of disease. Researchers then compare disease
incidence in the exposed and non-exposed groups and so can directly estimate exposure-related
risks.
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 a study that measures 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
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physical agent to determine whether exposed animals develop cancer or other effects at higher
rates than unexposed animals, while attempting to control other factors that could possibly affect
disease rates (e.g., diet and genetics). In vitro studies of isolated cells and tissues are also
important because they can help scientists understand biological mechanisms 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 these 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 to explore agents that could present a potential health threat in
animal and epidemiologic studies as well.
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 typically retrospective nature. In epidemiologic studies of
EMF, for example, researchers cannot control the amount of individual exposure to EMF, the
contribution from different field sources, how exposure occurs over time, or individual behaviors
that could affect disease risk, such as diet or smoking. In valid risk assessments of EMF,
epidemiologic studies are considered alongside experimental studies of laboratory animals, while
studies of isolated tissues and cells are generally acknowledged as being supplementary.

Estimating risk
Epidemiologists measure the statistical association between exposures and disease in order to
estimate risk. In this context, risk simply refers to an exposure that is associated with a health
event and does not imply that a causal relationship has been established.7 This brief summary of
risk is included to provide a foundation for understanding and interpreting statistical associations
in epidemiologic studies as risk estimates.

7

The following definition is provided of a risk factor in a dictionary of epidemiology terms: “…an aspect of
personal behavior or lifestyle, an environmental exposure, or an inborn or inherited characteristic, that, on the
basis of epidemiological evidence, is known to be associated with health-related condition(s) considered
important to prevent” (Last, 2001, p. 160).
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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). RR estimates are calculated to evaluate
whether a particular exposure or inherent quality (e.g., EMF, diet, genetics, race) 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
estimate of 1.16. This RR estimate can be interpreted to mean that white children have a risk of
childhood cancer that is 16% greater than the risk of African American children. Additional
statistical analysis is needed to evaluate whether this association is statistically significant, as
defined in the following sub-section.
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). The OR is calculated as the ratio of the odds of being exposed among the cases to
the odds of being exposed among the controls (where the odds of being exposed are the ratio of
the probability of being exposed divided by the probability of not being exposed within the
specific case or control groups). ORs approximate the RRs well, but only under certain
conditions (e.g., if the disease of interest is relatively rare in the population). For this reason,
among others, cohort studies usually provide more reliable estimates of the risk associated with
particular exposures. Case-control studies are more common than cohort studies, however,
because of they are less costly and more time efficient.
Thus, the association between a particular disease and exposure is measured quantitatively in an
epidemiologic study as either the RR estimate (cohort studies) or OR (case-control studies). The
general interpretation of a RR estimate equal to 1.0 is that the exposure is not associated with the
occurrence of the disease. If the RR estimate is greater than 1.0, the inference is that the
exposure is associated with an increased incidence of the disease. On the other hand, if the RR
estimate is less than 1.0, the inference is that the exposure is associated with a reduced incidence
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of the disease. The magnitude of the RRestimate is often referred to as its strength (i.e., strong
vs. weak). Stronger associations are given more weight because they are less susceptible to the
effects of bias.

Statistical significance
Statistical significance testing provides an idea of whether or not a statistical association is
caused by chance alone, i.e., whether the association is likely to be observed this way upon
repeated testing or whether it is simply a chance occurrence. The term statistically significant or
statistically significant association is 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 statistically significant associations depends on
many other factors associated with the design and conduct of the study, including 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; CIs evaluate statistical significance, but do not address the role of bias, as
described further below. 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 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. Statistical variation, however, while easily estimated, is just one
of the sources of uncertainty in the characterization of epidemiological associations. Additional
uncertainties may result from bias (e.g., participation, selection or recall biases) and confounding
by alternative exposures. These additional uncertainties are not quantified by statistical testing
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and the assessment of their influence on the overall interpretation requires expert evaluation of
information from outside the studies themselves.

Meta-analysis and pooled analysis
In epidemiologic research, the results of studies with a smaller number of participants may be
difficult to distinguish from normal, random variation. This is also the case for sub-group
analyses where few cases are estimated to have high exposure levels, such as in case-control
studies of childhood leukemia and TWA ELF magnetic-field exposure greater than 3-4 mG.
Meta-analysis is an analytic technique that combines the published results from a group of
studies into one summary result. A pooled analysis, on the other hand, combines the raw,
individual-level data from the original studies and analyzes all of the data from the studies
together. These methods are valuable because they increase the number of individuals in the
analysis, which allows for a more robust and stable estimate of association. Meta- and pooled
analyses are also important tools for qualitatively synthesizing the results of a large group of
studies.
The disadvantage of meta- and pooled analyses is that they can convey a false sense of
consistency across studies if only the combined estimate of effect is considered (Rothman and
Greenland, 1998). These analyses typically combine data from studies with different study
populations, methods for measuring and defining exposure, and disease definitions. This is
particularly true for analyses that combine data from case-control studies, which often use very
different methods for the selection of cases and controls and exposure assessment. Therefore, in
addition to the synthesis or combining of data, meta- and pooled analyses should be used to
understand what factors cause the results of the studies to vary (e.g., publication date, study
design, possibility of selection bias), and how these factors affect the associations calculated
from the data of all the studies combined (Rothman and Greenland, 1998).
Meta- and pooled analyses are valuable techniques in epidemiology; however, in addition to
calculating a summary RR, they should follow standard techniques (Stroup et al., 2001) and
analyze the factors that contribute to any heterogeneity between the studies.
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Bias in epidemiologic studies
One key reason that results of non-experimental 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 cause an association that does not truly
exist. As a result, the extent of bias, as well as its types and sources, is one of the most important
considerations in the interpretation of epidemiologic studies. Since it is not possible to fully
control human populations, perfectly measure their exposures, or control for the effects of all
other risk factors, bias will exist in some form in all epidemiologic studies of human health.
Experimental studies, on the other hand, more effectively manage bias because of the tight
control the researchers have over most study variables.
One important source of bias occurs when a third variable, a confounder, confuses the
relationship between the exposure and disease of interest because of its relationship to both.
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. It is known that people who exercise
more also tend to consume healthier diets and healthier diets may lower the risk of diabetes. 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 to a healthier diet. In this example, diet is
the confounding variable.

Cause vs. association and evaluating epidemiologic studies
Epidemiologic studies can help suggest factors that may contribute to the risk of disease, 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 in
their studies (e.g., chemicals, pollution, infections) and diseases can be caused by the 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, and all studies
(epidemiologic, in vivo, and in vitro) must be considered together in a weight-of-evidence review
to arrive at a conclusion about possible causality between an exposure and disease (Rothman and
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Greenland, 2008.
Scientific guidance for assessing the overall epidemiologic evidence for causality was formally
proposed by Sir Austin Bradford Hill (Hill, 1965). Hill put forth nine criteria for use in an
evaluation of causality for associations observed in epidemiologic studies. These criteria
included strength of association, consistency, specificity, temporality, biological gradient,
plausibility, coherence, experiment, and analogy. Hill cautioned that, while none of these criteria
are sine qua non of causality, the more the epidemiologic evidence meets these guidelines, the
more convincing the evidence is for a potential causal interpretation. The use of these guidelines
is recommended after chance is ruled out with reasonable certainty as a potential explanation for
the observed epidemiologic association.
In 1964, the Surgeon General of the United States published a landmark report on smokingrelated diseases (HEW, 1964). As part of this report, nine criteria, similar to those proposed by
Hill for evaluating epidemiologic 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 (HHS, 2004). Table 5 provides a listing and brief description of each
criterion.
Table 5.

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 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

Supporting experimental data may strengthen a causal hypothesis. For example, when a
change in disease outcome is observed in response to either an experimental or nonexperimental change in exposure patterns in a population.

Source: Department of Health and Human Services, 2004
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The criteria were meant to be applied to statistically significant associations that have been
observed in the cumulative epidemiologic literature; if no statistically significant association has
been observed for an exposure, then the criteria are not relevant. Similar to Hill’s criteria noted
above, the criteria developed by the Department of Health and Human Services were intended to
serve as a guide in evaluating associations for causal inference, rather than as a checklist.
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 single criterion, aside from temporality, rule out causation.
In summary, the judicious consideration of these criteria is useful in evaluating epidemiologic
studies, but they cannot be used as the sole basis for drawing inferences about cause-and-effect
relationships. In line with the criteria of “coherence, plausibility, and analogy,” epidemiologic
studies are considered along with in vivo and in vitro studies in a comprehensive weight-ofevidence 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 vivo and in vitro studies.

Experimental laboratory studies
Critical evaluations of experimental laboratory studies
Experimental laboratory studies of humans, animals, and cells and tissues complement
epidemiologic studies. While epidemiologic studies investigate people, which are the species of
primary interest, human populations have large variations in genetics, diet, the exposure being
studied, and other health-related exposures. In laboratories, these variables (e.g., the intensity
and duration of exposure) can be controlled to provide precise information regarding biological
effects on cells or animals. Very few variables can be controlled in epidemiologic studies
because scientists are merely observing individuals going about their ordinary lives; it is neither
ethical nor feasible to conduct a controlled experiment testing the effect of high levels of a
potentially harmful exposure on humans. Taken together, epidemiologic, animal, and cellular
studies provide a more complete picture of a possible disease etiology than any one of these
study types alone.
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A wide variety of methods are available for assessing possible harm or toxicity associated with
exposures to EMF in experimental studies. The two general types of experimental studies are
studies of human volunteers or whole animals (called in vivo studies), and studies of isolated
cells and tissues obtained from human or animal sources (called in vitro studies). In vivo
laboratory studies in which animals receive high exposures provide an important basis for
evaluating the safety of environmental exposures, chemicals, and medicines. From a public
health perspective, long-term (chronic) studies in which animals are exposed over most of their
lifetime are of high importance in assessing potential risks of cancer and chronic disease and are
widely used by health agencies to assess health risks to humans from medicines, chemicals, and
physical agents (USEPA, 1993; WHO, 1994; IARC, 2002 preamble; USEPA, 2002).
In vitro studies are widely used to investigate the mechanisms for effects that are observed in
living organisms. The relative value of in vitro tests to human health risk assessment, however,
is less than that of in vivo and epidemiologic studies. Responses of cells and tissues outside the
body may not reflect the response of those same cells if maintained in a living system and so
their relevance cannot be assumed (IARC, 1992). The mechanism underlying effects observed
in vitro may not correspond to mechanisms underlying complex processes like nervous system
activity and carcinogenesis (the progression of normal cells to cancerous cells). It may be
difficult to extrapolate from simple cellular systems to complex, higher organisms to predict
risks to health. In addition, the results of in vitro studies cannot be interpreted in terms of
potential human health risks unless they are performed in a well-studied and validated test
system. For these reasons, IARC and other agencies treat data from in vitro studies as
supplementary to data obtained from epidemiologic and in vivo animal studies. In vitro studies
are not used by any health agency to directly assess risks to human health. Effects that are
observed in vitro may or may not be observed in intact animals or humans, and vice versa.
Specific methods are used to reduce subjectivity and avoid systematic error (also called bias), in
experimental scientific experiments. These are summarized in Table 6. The methods used in
experiments that are designed to test hypotheses about cause-and-effect include the random
assignment of subjects to control or comparison groups, the unbiased collection of information
(e.g., blind to the exposure), and replication of results. Again, as with Hill’s criteria, each
criterion for evaluating causation in experimental studies is not met with a simple yes or no
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answer; rather, they serve as guidance for weighing the evidence to reach a decision about cause
and effect. The more firmly these criteria are met by the studies, the more convincing the
evidence. These principles of science apply to experimental studies in the laboratory (NAS,
1977) and, with some modification, to observational epidemiologic studies in humans with
regard to EMF. Similar guidelines for the review and evaluation of experimental studies and
clinical trials that are not specific to electric and magnetic fields have been recommended by
other agencies (AHRQ, 2002; OHAT, 2015).
Table 6. Criteria for evaluating experimental studies
Avoiding unwanted
effects

The experimental techniques should be chosen to avoid effects of such intervening factors as
microshocks, noise, corona discharges, vibrations and chemicals

Exposure
classification

Extreme care should be taken to determine the effective EMF field, voltage, or current in the
organism

Sensitivity

The sensitivity of the experiments should be adequate to ensure a reasonable probability that
an effect would be detected if it existed

Objectivity

The experimental and observational techniques, methods and conditions should be objective.
“Blind” scoring (where the investigator making the observations is unaware of the
experimental variable being tested) should be used whenever there is a possibility of
investigator bias. “Double-blind” protocols (where neither the investigator making the
observations nor the experimental subject are aware of the experimental variable being
tested) should be used in studies of people when the experimental subjects’ perceptions may
be unwittingly influenced by suggestions.

Statistical
significance

If an effect is claimed, the result should be demonstrated at a level where chance is an
unlikely explanation

Consistency

The results of a given experiment should be internally consistent among different ways of
analyzing the data, and consistent across studies with respect to the effects of interest

Quantifiable results

The results should be quantifiable and replicable. In the absence of independent
confirmation, a result should not be viewed as definitive

Appropriateness of
methodologies

The biological and engineering methodologies should be sound and appropriate for the
experiment

Quality and characteristics of experimental research studies
The overall weight the individual studies contribute to a comprehensive scientific assessment of
the potential effect of an exposure on specific outcomes is greatly determined by the quality of
the studies, which is further influenced by the characteristics of the individual studies and their
design. Study subject characteristics (e.g., age, gender, health status) have substantial influence
on whether the specific findings from the study can be extrapolated to the general population as a
whole or just to a certain segment of the population. The number of study subjects included in
the individual treatment groups influences the statistical uncertainties related to any observed
effects. Studies with a small number of subjects have substantial statistical uncertainties, while
studies with large populations have fewer statistical uncertainties. Randomization of study
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subjects to individual treatment groups, as well as into positive and negative control groups,
helps to limit, or at least reduce, the likelihood of systematic bias due to confounding by
balancing the distribution of extraneous factors potentially influencing the investigated
outcomes. Blinding of the study subjects (single blinding) and blinding of both the study
subjects and the investigators (double blinding) as to the exposure assignment of the study
subjects reduces the potential for bias due to subject or investigator anticipation of potential
effects. Thorough characterization of the exposure scenarios and measurement of actual
exposures as well as inclusion of multiple exposure categories contributes to the assessment of
whether any observed effect is related to the actual exposure under consideration. Careful and
methodological definition of the examined outcomes in a study is also a key factor in the
evaluation.

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
might not be a disease, cause a disease, or otherwise be harmful. There are many exposures or
factors encountered in day-to-day life that elicit a biological response that are neither harmful,
nor cause a 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 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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PART III - EVALUATION OF
ALTERNATING CURRENT
ELECTRIC AND MAGNETIC
FIELDS AND HEALTH
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Guidelines for Extremely Low Frequency Electric and
Magnetic Fields
There are currently no federal regulations in the United States or state regulations in New
Hampshire to limit exposure to ELF electric and magnetic fields.
Exposure guidelines and standards are established by scientific organizations or regulatory
agencies to limit human exposure to physical and chemical agents. The initial step in setting
guidelines and standards is a properly conducted health risk assessment using the weight-ofevidence approach, to determine whether the exposure in question poses a potential health risk to
the general public or occupationally exposed workers. As described in earlier sections of this
report, a health risk assessment comprises a systematic evaluation of findings from scientific
research, including epidemiologic studies of humans, in vivo laboratory studies of animals, and
in vitro laboratory studies of cells and tissues. These scientific approaches provide
complementary information on various aspects of potential effects for the overall risk assessment
process. Multi-disciplinary expert panels that are typically assembled by health agencies or
scientific organizations to conduct health risk assessments include scientists with expertise in the
relevant scientific disciplines.
The objective of standards and guidelines is to ensure that human exposures are kept below the
level at which any established potentially adverse effect is known to occur. Following the health
risk assessment, the scientists aim to identify the lowest exposure level at which research
suggests that an effect could occur, that is, the lowest observable adverse effect level. Exposure
guidelines are typically set well below this level, using safety factors to ensure that unrecognized
limitations in the research and exposure assessment, and any potential varying sensitivity within
the population are accounted for. The safety factor is the ratio of the lowest known effect level
and the exposure limit set by the guideline or standard.
Exposure guidelines for ELF EMF have been set by ICNIRP and ICES, among others. The
exposure limits established by these organizations are shown in Table 7. The WHO has
recommended the implementation of these guidelines as a protection against known adverse
acute effects involving stimulation of the nervous system.
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Table 7. Exposures corresponding to Basic Restrictions (limits) for public exposure to 60Hz electric and magnetic fields
Exposure Calculated to Meet Basic
Restriction*

Organization (Year)

Category

Basic
Restriction
in tissue
(V/m)

Magnetic Field
(mG)

Electric Field
(kV/m)

ICES (2002)

General public

0.01767

9,146

26.8

ICNIRP (2010)

General public

0.024

12,420

36.4

* Exposures calculated according to Kavet et al. (2012) as producing an internal electric field corresponding to
the Basic Restriction cited in the public exposure guideline.
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World Health Organization Assessment of Extremely Low
Frequency Electric and Magnetic Fields
The WHO is a scientific organization within the United Nations system whose mandate includes
providing leadership on global health matters, shaping health research agendas, 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 GHz. A key
objective of the EMF Project is 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.
As part of their Environmental Health Criteria Programme, the WHO published a Monograph in
2007 summarizing health research on exposures in the ELF range. The Monograph used
standard scientific procedures, as outlined in its Preamble and described above to conduct the
review. The Task Group responsible for the report’s overall conclusions consisted of scientists
from around the world with relevant expertise in a wide range of disciplines. The Task Group
relied on the conclusions of a previous weight-of-evidence review (i.e., IARC, 2002),8 where
possible, and mainly focused on evaluating new studies published after the IARC review of ELF
EMF (with regard to cancer) in 2002.
The WHO Task Group and IARC use specific terms to describe the strength of the evidence in
support of causality between specific agents and cancer. These categories are described here

8

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 ELF EMF does not specifically describe their report as a
weight-of-evidence review. Rather, they describe conducting a health risk assessment. A health risk assessment
differs from a weight-of-evidence review in that it also incorporates an exposure and exposure-response
assessment.
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because, while they are meaningful to scientists who are familiar with the IARC process, they
can create an undue level of concern with the general public.
Sufficient evidence of carcinogenicity is assigned to a body of epidemiologic research if a
positive association has been observed in studies in which chance, bias, and confounding can be
ruled out with reasonable confidence. Limited evidence of carcinogenicity describes a body of
epidemiologic research where the findings are inconsistent or there are outstanding questions
about study design or other methodological issues that preclude making a conclusion.
Inadequate evidence of carcinogenicity describes a body of epidemiologic research where it is
unclear whether the data are supportive or unsupportive of causation because there is a lack of
data or there are major quantitative or qualitative issues. A similar classification system is used
for evaluating in vivo studies and mechanistic data for carcinogenicity.
Summary categories are assigned by considering the conclusions of each body of evidence
(epidemiologic, in vivo, and in vitro) together (Figure 3). In vitro research is not described in
Figure 3 because it provides ancillary information and, therefore, is used to a lesser degree in
evaluating carcinogenicity and is classified simply as strong, moderate, or weak. 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.
These categories are intentionally meant to err on the side of caution, giving more weight to the
possibility that the exposure is truly carcinogenic and less weight to the possibility that the
exposure is not carcinogenic. The category possibly carcinogenic to humans denotes exposures
for which there is limited evidence of carcinogenicity in epidemiologic studies and less than
sufficient evidence of carcinogenicity in studies of experimental animals.
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Figure 3.

Basic IARC method for classifying exposures based on potential carcinogenicity.

The IARC has reviewed over 900 substances and exposure circumstances to evaluate their
potential carcinogenicity. Over 80% of exposures fall in the categories of possibly carcinogenic
to humans (29%) or not classifiable as to its carcinogenicity (52%). This occurs because it is
nearly impossible to prove that something is completely safe and few exposures show a clear-cut
or probable risk, so most agents will end up in either of these two categories. Throughout the
history of the IARC, only one agent has been classified as probably not carcinogenic to humans,
which illustrates the conservatism of the evaluations and the difficulty in proving the absence of
an effect beyond all doubt.
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The WHO report published in 2007 provided the following overall conclusions with regard to
ELF EMF:
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 (WHO, 2007, p. 355).
With regard to specific diseases, the WHO concluded the following:
Childhood cancers. The WHO report paid particular attention to childhood leukemia because
the most consistent epidemiologic association in the area of ELF EMF and health research has
been reported between this disease and long-term exposure to higher than average magnetic-field
levels. Two pooled analyses reported a statistical association between childhood leukemia and
TWA magnetic-field exposure greater than 3 ‒ 4 mG (Ahlbom et al., 2000; Greenland et al.,
2000); it is this data, categorized as limited epidemiologic evidence, that resulted in the
classification of ELF magnetic fields as possibly carcinogenic by the IARC in 2002.
The WHO report systematically evaluated several factors that might be partially, or fully,
responsible for the consistent association, including: chance, misclassification of magnetic-field
exposure, confounding from hypothesized or unknown risk factors, and selection bias (Figure 4).
The authors concluded that chance is an unlikely explanation since the pooled analyses had a
large sample size and decreased variability due to chance. Control selection bias probably
occurs to some extent in these studies and would result in an overestimate of the true association,
but would not necessarily explain the entire observed association. It is less likely that
confounding occurs, although the possibility that some yet-to-be identified confounder is
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responsible for the association cannot be fully excluded. Finally, exposure misclassification
would likely result in an underestimate of the true association, although that may not always be
the case. The WHO concluded that reconciling the epidemiologic data on childhood leukemia
and the negative experimental findings (i.e., no hazard or risk observed) 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
likely be minimal, if the association was determined to be causal.

Figure 4.

Possible explanations for the observed association between ELF
magnetic fields and childhood leukemia.

Fewer studies have been published on magnetic fields and childhood brain cancer compared to
studies of childhood leukemia. The WHO Task Group described the results of these studies as
inconsistent and limited by small sample sizes and recommended a meta-analysis to clarify the
research findings.
Breast cancer. The WHO concluded that the more recent published studies on breast cancer and
ELF EMF exposure that they evaluated were higher in quality compared with earlier studies, and
for that reason, they provide 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
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risk of female breast cancer is weakened considerably and does not support an association of this
kind” (WHO, 2007, p. 9). The WHO recommended no further research with respect to breast
cancer and magnetic-field exposure.
Adult leukemia and brain cancer. 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 diseases
remains inadequate” (WHO, 2007, p. 307). The WHO panel recommended updating the existing
cohorts of occupationally-exposed individuals in Europe and pooling the epidemiologic data on
brain cancer and adult leukemia to confirm the absence of an association.
In vivo research on carcinogenesis. The WHO concluded the following 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” (WHO, 2007, p. 10). Recommendations for future research included the
development of a rodent model for childhood acute lymphoblastic leukemia (ALL) and the
continued investigation of whether magnetic fields can act as a co-carcinogen.
In vitro research on carcinogenesis. The WHO concluded that magnetic-field exposure below
50,000 mG was not associated with genotoxicity in vitro. There was some evidence, however, to
suggest that magnetic fields above these levels might interact with other genotoxic agents to
induce damage. Evidence for an association between magnetic fields and altered apoptosis or
expression of genes controlling cell cycle progression was considered inadequate.
Reproductive and developmental effects. The WHO concluded that, overall, the body of
research does not suggest that maternal or paternal exposures to ELF EMF cause adverse
reproductive or developmental outcomes. The evidence from epidemiologic studies on
miscarriage was described as inadequate and further research on this possible association was
recommended, although it was designated as low priority.
In vivo research on reproductive and developmental effects. The WHO Task Group concluded
that the available in vivo studies were inadequate for drawing conclusions regarding the potential
effects of magnetic fields on the reproductive system. Furthermore, the Task Group concluded
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that studies conducted in mammalian models showed no adverse developmental effects
associated with magnetic-field exposure.
Neurodegenerative disease. The WHO reported that the majority of epidemiologic studies have
reported associations between occupational magnetic-field exposure and mortality from
Alzheimer’s disease and amyotrophic lateral sclerosis (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). 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.
In vivo research on neurological effects. The WHO stated that various animal models were
used to investigate possible field-induced effects on brain function and behavior. Few brief,
transient responses had been identified.
Cardiovascular disease. It has been hypothesized that magnetic-field exposure reduces heart
rate variability, which in turn increases the risk for acute myocardial infarction (AMI). With one
exception (Savitz et al., 1999), however, none of the studies of cardiovascular disease morbidity
and mortality has shown an association with exposure. Whether a specific association exists
between exposure and altered autonomic control of the heart remains speculative and the overall
evidence does not support an association. Experimental studies of both short- and long-term
exposure indicate that, while electric shock is an obvious health hazard, other hazardous
cardiovascular effects associated with ELF EMF are unlikely to occur at exposure levels
commonly encountered environmentally or occupationally.
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Reviews by Other Scientific Organizations
While the health risk assessment reports published by the WHO were perhaps the most
comprehensive reviews of the available literature at the time, other national and international
health and scientific organizations have also published reviews of the available science on
potential health effects related to ELF EMF.

National Institute of Environmental Health Sciences
The National Institute of Environmental Health Sciences (NIEHS) of the United States, one of
the research institutes of the National Institutes of Health, conducted a comprehensive review of
the scientific literature on potential ELF EMF health effects in 1998, as part of the Electric and
Magnetic Fields Research and Public Information Dissemination (RAPID) Program mandated by
the U.S. Congress in the 1992 Energy Policy Act. The expert working group assembled by
NIEHS conducted a thorough weight-of-evidence review of the literature on both cancer and
non-cancer outcomes using the procedures and evaluation methods of IARC. From
epidemiologic studies of humans, the NIEHS working group found only limited evidence of a
statistical association from studies of residential exposure to ELF EMF and childhood leukemia
and from occupational studies of ELF EMF and chronic adult leukemia. As the NIEHS working
group report explains, however, limited evidence means that systematic errors, such as bias,
confounding, and exposure or outcome misclassification could not be ruled out as an explanation
for the observed findings. Based on this limited evidence, the NIEHS working group classified
ELF EMF as possibly carcinogenic, in a decision that the NIEHS called “conservative” (NIEHS,
1998, p. 402). For all other cancer and non-cancer adverse health outcomes, the NIEHS expert
working group found only inadequate, weak, or no evidence from human epidemiologic and
laboratory animal studies. Following its own review and research, the National Toxicology
Program of NIEHS has not described magnetic fields as “reasonably anticipated to be [a] human
carcinogen” (NTP, 2014).

International Agency for Research on Cancer
The IARC, the cancer research agency of the WHO, and a leading scientific and health authority
on cancer research and cancer causation, reviewed the literature to evaluate potential
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carcinogenic effects of ELF EMF in 2002. The IARC expert working group classified ELF
magnetic fields as possibly carcinogenic (Group 2B) based on limited statistical evidence from
childhood leukemia epidemiologic studies. The evidence was classified as inadequate for all
other childhood and adult cancers from human epidemiologic studies and for all cancers from
laboratory animal studies for ELF magnetic fields. Evidence for all cancers from both
epidemiologic studies and laboratory animal studies was inadequate for ELF electric fields.

International Commission on Non-Ionizing Radiation Protection
ICNIRP is a leading scientific organization for setting guidelines to protect the public from
potential harmful effects of ELF EMF exposure. ICNIRP is also the formally recognized
organization for providing guidance on standards for non-ionizing radiation exposure for the
WHO. ICNIRP conducted its most recent review in 2010. It concluded that the existing ICNIRP
guidelines are protective of the well-established acute effects of ELF EMF exposure, which are
due to direct stimulation of nerves and muscles, induction of retinal phosphenes, and surface
electric charges that may occur at field levels much higher than those the general public may
encounter. In agreement with conclusions from IARC and WHO, ICNIRP also concluded that
other than the limited epidemiologic evidence from studies of childhood leukemia and residential
exposure to ELF magnetic fields, the evidence for other diseases are inconclusive or not in
support of a potential causal association. With respect to the childhood leukemia literature,
ICNIRP reached the following conclusion:“[t]he currently existing scientific evidence that
prolonged exposure to low frequency magnetic fields is causally related with an increased risk of
childhood leukemia is too weak to form the basis for exposure guidelines” (ICNIRP, 2010, p.
824).
Based on the epidemiologic evidence on cancer development, ICNIRP concluded as follows:
“[i]n general, the initially observed associations between 50–60 Hz magnetic fields and various
cancers were not confirmed in studies designed to see whether the initial findings could be
replicated ” (ICNIRP, 2010, p. 823).
Based on research on laboratory animals, ICNIRP concluded: “… the animal cancer data,
particularly those from large-scale lifetime studies, are almost universally negative” (ICNIRP,
2010, p. 823)
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Scientific Committee on Emerging and Newly Emerging Health
Risks
Scientific Committee on Emerging and Newly Emerging Health Risks (SCENIHR) is an
independent group of scientific experts with the mandate to provide advice on public health and
risk assessments to the Department of Health and Consumer Protection of the European
Commission. SCENIHR provides opinions on emerging or newly-identified health and
environmental risks and on broad, complex, or multidisciplinary issues requiring a
comprehensive assessment of risks to consumer safety or public health and related issues not
covered by other community risk assessment bodies. SCENIHR has conducted periodic reviews
on the health literature related to EMF as well, in 2007, 2009, and 2015.
SCENIHR released its most recent review and opinion on potential health effects of EMF in
March 2015 (SCENIHR, 2015). The report updates and reviews relevant scientific peerreviewed literature published since the previous report issued in 2009. Overall, the conclusions
are consistent with those of earlier SCENIHR opinions and IARC and WHO reviews. The
SCENIHR conclusions recognize the indication of a statistical association in some of the
epidemiologic literature on childhood leukemia, for which, however, chance, bias, and
confounding cannot be ruled out as explanation. With respect to childhood leukemia and
exposure to ELF EMF, SCENIHR reiterates that “no mechanisms have been identified and no
support is existing [sic] from experimental studies that could explain these findings, which,
together with shortcomings of the epidemiological studies prevent a causal interpretation”
(SCENIHR, 2015, p. 16). The SCENIHR opinion also concludes that existing studies “do not
provide convincing evidence of an increased risk of neurodegenerative diseases, including
dementia, related to ELF MF [magnetic field] exposure” (SCENIHR, 2015, p. 186). SCENIHR
also found no evidence for adverse pregnancy outcomes or effects on reproductive function in
humans in relation to ELF fields.
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Current Status of Extremely Low Frequency Electric and
Magnetic Field Research on Health
Since the publication of the 2007 WHO report, scientific interest in various aspects of a potential
effect of ELF EMF on human health continued and research results have continued to be
published. The subsequent relevant scientific literature published up to July 2012 was
systematically reviewed in previous documents submitted by Exponent to the Connecticut Siting
Council (CSC) as part of applications filed by Northeast Utilities, the parent company of the
Public Service Company of New Hampshire.9 These two reviews were judged by the CSC in its
2014 EMF Best Management Practices “as consistent with the scientific consensus articulated by
the WHO and other scientific organizations” (CSC, 2014, p. 5).
This section provides a brief summary of recent results on selected health outcomes with a
particular focus on the more recent literature following 2012. New studies published in English
were identified by a structured literature search using PubMed, a search engine provided by the
National Library of Medicine and the National Institutes of Health, which includes over 23
million up-to-date citations from the MEDLINE database of scholarly journals, as well as “ahead
of print” citations, and life science journals that submit full text articles to PubMed Central. A
well-defined search strategy was used to identify literature published from August 1, 2012
through February 1, 2015.10 Overall, the results of the scientific studies published following the
WHO evaluation have not provided sufficient new evidence to alter the WHO conclusion.

9

10

Exponent, Inc. “Current Status of Research on Extremely Low Frequency Electric and Magnetic Fields and
Health: Interstate Reliability Project, June 10, 2011”; Exponent, Inc. “Update of Research on Extremely Low
Frequency Electric and Magnetic Fields and Health, May 1, 2011 – July 31, 2012, Stamford Reliability Cable
Project, August 30, 2012” (Connecticut Siting Council Dockets No. 424 and 435).
PubMed contains an extensive database of publications; however, some studies are indexed well after their
publication date. For that reason, there may be studies included in this report that were actually published prior to
August 1, 2012, but indexed after that date. While extensive efforts were made to identify relevant studies, it is
possible that some studies reporting on the association between a disease and some measure of EMF exposure
were missed. Many occupational and environmental case-control studies of cancer are published, some of which
examine a large number of possible exposures; if no reference to EMF is made in the abstract, title, or keywords,
for example, these studies may not have been identified using our search strategy. The most informative studies
in this field, however, will be identified by our search strategy.
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Childhood leukemia
Childhood leukemia remained the main focus of ELF EMF related epidemiologic research. This
was primarily motivated by the “limited” statistical association observed in childhood leukemia
studies summarized in the 2002 IARC and the 2007 WHO health risk assessments. As a follow
up to the two pooled analyses conducted by Ahlbom et al. (2000) and Greenland et al. (2000),
Kheifets et al. (2010a) conducted a pooled analysis that combined data from seven childhood
leukemia studies published between 2000 and 2010. They included close to 11,000 cases and
13,000 controls in their analysis. Similar to the two pooled analyses from 2000, it did not show
an association between ELF EMF exposure and childhood leukemia at exposure levels below 0.3
microtesla (µT) (i.e., 3 mG). At exposure levels above 0.3 and 0.4 µT (3 and 4 mG), the authors
reported a moderate risk increase, but unlike in the previous studies, it was weaker (OR 1.4) and
statistically non-significant.
More recently, three large case-control studies from France, Denmark, and the United Kingdom
have assessed the risk of childhood leukemia in relation to residential proximity to high-voltage
power lines (Sermage-Faure et al., 2013; Bunch et al., 2014; Pedersen et al., 2014). The French
study used geocoded information on residential addresses and power line locations to examine
the risk of childhood leukemia in association with distance to power lines between 2002 and
2007. Overall, the study included 2,779 cases of childhood leukemia and 30,000 control children
(Sermage-Faure et al., 2013) and reported no statistically significant increase in leukemia risk
with distance to power lines. The authors, however, noted a statistically non-significant risk
increase in a sub-analysis within 50 m of 225 ‒ 400 kV lines, but this was based on a small
number of cases (n=9). A similar study from Denmark included 1,698 cases of childhood
leukemia and 3,396 healthy control children (Pedersen et al., 2014). The authors reported no risk
increases for childhood leukemia with residential distance to power lines.
In the third publication, Bunch et al. (2014) reported on a study that updated and extended the
2005 study conducted by Draper et al. (2005) in the United Kingdom. The update extended the
study period by 13 years, included Scotland in addition to England and Wales, and included 132kV lines in addition to 275-kV and 400-kV transmission lines. Bunch et al. is the largest study to
date—it included over 53,000 childhood cancer cases, diagnosed between 1962 and 2008, and
over 66,000 healthy children as controls. Overall, the authors reported no association with
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residential proximity to power lines with any of the voltage categories. In the overall analysis of
the updated data, the statistical association that was reported in the earlier study (Draper et al.,
2005) was no longer apparent. An analysis by calendar time indicated that the association was
evident only in the earlier decades (1960s and 1970s) but not present in the later decades starting
from the 1980s (Bunch et al., 2014). This weakens the argument that the associations observed
earlier are due to magnetic-field effects.
The strengths of these three studies include their large size and their population-based design that
minimized the potential for selection bias. All of these studies, however, relied on distance to
power lines as their main exposure metric, which is known to be a poor predictor of actual
residential magnetic-field exposure. The limitations of distance as an exposure proxy also have
been discussed by several observers in the scientific literature in the context of the French study
(Bonnet-Belfais et al., 2013; Clavel et al., 2013). Chang et al. (2014) recently provided a
detailed discussion of the limitations of exposure assessment methods based on geographical
information systems. Swanson et al. (2014a) have provided additional empirical data to
demonstrate the limitations of distance assessments in childhood cancer epidemiologic studies
basing the exposure assessment on distance from power lines. They concluded that reliance on
postcode without the exact address, which may be the case for some of the study subjects in
epidemiologic studies, is probably not acceptable for accurate magnetic-field assessment in the
subjects’ homes.
A hospital-based case-control study of EMF and childhood leukemia included 79 cases and 79
matched controls in the Czech Republic (Jirik et al., 2012). Exposure was measured in the
participants’ homes, in the vicinity of the residences, and at the participants’ schools. No
association was reported between the measured magnetic field and leukemia risk. The study was
small and provided insufficient information on the methods of case ascertainment, control
selection, subject recruitment, and exposure assessment to fully assess its quality.
A recent pooled analysis (Schüz et al., 2012) included magnetic-field exposure and clinical data
on more than 3,000 cases of childhood leukemia from Canada, Denmark, Germany, Japan, the
United Kingdom, and the United States. The authors reported no association between magneticfield exposure and overall survival or relapse of disease in children with leukemia after

108144.001 - 2055

49

diagnosis. This large study failed to confirm suggestions of an association based on a much
smaller number of cases in two earlier studies (Foliart et al., 2006; Svendsen et al., 2007).
Researchers also examined the association between occupational exposures of fathers and the
risk of childhood leukemia in their children in the United Kingdom (Keegan et al., 2012). The
study included a total of 15,785 cases of childhood leukemia diagnosed between 1962 and 2006
and a similar number of matched controls in the analyses. EMF exposure was among the 33
investigated occupational exposures. Occupational EMF exposure of the fathers was not
statistically significantly related to leukemia in their children when all types of leukemia,
lymphoid leukemia (the most common type), or myeloid leukemia were considered. The authors
reported a statistically significant increase for leukemia classified as “other types,” which
included but 7% of the leukemia cases.
Zhao et al. (2014a) conducted a meta-analysis of nine case-control studies of EMF exposure and
childhood leukemia published between 1997 and 2013. The authors reported a marginal
statistically significant association between average exposure above 4 mG and all types of
childhood leukemia (OR 1.57, 95% CI, 1.03-2.4). The meta-analysis relied on published results
from some of the same studies included in previous pooled analyses, and thus provided little new
insight.
Swanson et al. (2014b) investigated the potential role of corona ions from AC power lines in
childhood cancer development in the largest-to-date epidemiologic study of childhood cancer
conducted in the United Kingdom. This investigation followed up a hypothesis suggesting that
charging of aerosols generated by corona activity might increase exposure to ambient airborne
substances leading to increased risk of certain cancers, including childhood cancers. The authors
used an improved model to predict exposure to corona ions using meteorological data on wind
conditions and power line characteristics and proximity to residential address. The authors
concluded that their results provided no empirical support for the corona ion hypothesis.
Several methodological studies have also examined the potential role of causal and alternative,
non-causal explanations for the reported epidemiologic associations. Swanson and Kheifets
(2012) proposed that if the biological mechanism explaining the epidemiologic association
involves free radicals then, due to the small timescale of the reactions, the effects of ELF EMF

108144.001 - 2055

50

and the earth’s geomagnetic fields would be similar. Thus, to test this hypothesis the authors
evaluated whether the magnitude of the earth’s geomagnetic field modifies the effects reported
by ELF EMF childhood leukemia studies from various parts of the world. The results were not
in full support of the hypothesis. Swanson (2013) examined differences in residential mobility
among residents who lived at varying distances from power lines in order to assess if these
differences in mobility may explain the statistical association of leukemia with residential
proximity to power lines. The study reported some variations in residential mobility, “but only
small ones, and not such as to support the hypothesis” (Swanson, 2013, p. N9). A third study
evaluated whether selection bias may play a role in the association between childhood leukemia
and residential magnetic-field exposure (Slusky et al., 2014). The authors used wire code
categories to assess exposure among participant and nonparticipant subjects in the Northern
California Childhood Leukemia Study. While the authors reported systematic differences
between participant and nonparticipant subjects in both wire code categories and socioeconomic
status, these differences did not appear to influence the association between childhood leukemia
and exposure estimates. The limitations of the study include the use of wire code categories to
assess exposure, which is known to be a poor predictor for actual magnetic-field exposure, and
that the study showed no association between magnetic fields and childhood leukemia among the
participant subjects.
Recent reviews continue to highlight that the observed epidemiologic association between EMF
and childhood leukemia remains unexplained and there are no supportive data from laboratory
animal studies or known biophysical mechanisms that could explain a carcinogenic effect
(Ziegelberger et al., 2011; Teepen and van Dijck, 2012; Grellier et al., 2014).
Grellier et al.(2014) estimated that, if the association was causal, approximately 1.5% to 2% of
leukemia cases might be attributable to ELF EMF in Europe. They conclude that “… this
contribution is small and is characterized by considerable uncertainty” (Grellier et al., 2014, p.
61). Authors continue to emphasize that further understanding may be gained by studies of
improved methodology and reduced potential for bias and by international and interdisciplinary
collaborations (Teepen and van Dijck, 2012; Mezei et al., 2014).
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Assessment
In summary, while some of the recently published large and methodologically advanced studies
showed no association (e.g., Bunch et al., 2014; Pedersen et al., 2014), the association between
childhood leukemia and magnetic fields observed in some other studies remains unexplained.
Thus, the results of recent studies do not change the classification of the epidemiologic data as
limited, which is also the assessment by the SCENIHR (2015) panel.
It should be noted that magnetic fields are just one small area in the large body of research on the
possible causes of childhood leukemia. There are many other hypotheses under investigation
that point to possible genetic, environmental, and infectious explanations for childhood
leukemia, which have similar or stronger support in epidemiologic studies (Ries et al., 1999;
McNally and Parker, 2006; Belson et al., 2007; Rossig and Juergens, 2008; Eden, 2010).

Childhood brain cancer
Following the WHO research recommendations, both meta- and pooled analyses were
conducted summarizing the childhood brain cancer literature (Mezei et al., 2008; Kheifets et al.,
2010b). Mezei et al. (2008) included published results from 13 epidemiologic in their metaanalysis. Overall, no statistically significant associations were reported regardless of the
exposure assessment methods used in the studies. Kheifets et al. (2010b) included primary data
from 10 studies on a total of over 8,000 children diagnosed with brain cancer. No consistent
risk increase or exposure-response relationship was observed regardless of the type of exposure
metrics, cutpoints, adjustment for confounders, exclusion of particular studies, and analytical
methods used.
The previously described case-control epidemiologic study by Bunch et al. (2014) also included
cases of brain cancer (n=11,968) and other solid tumors (n=21,985) among children in the
United Kingdom between 1962 and 2008. No overall associations were reported for childhood
brain cancer or other childhood cancers. The results of the methodological study that
investigated the accuracy of distance assessment in childhood cancer studies (Swanson et al.,
2014a) are also relevant for childhood brain cancer. The study that investigated the role of
corona ions in childhood cancer development, similarly to childhood leukemia, reported no
consistent associations for childhood brain cancer (Swanson et al., 2014b).
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Assessment
The most recent publication by Bunch et al. (2014), similarly to previous studies, did not report
an association between estimated magnetic-field exposure and brain tumors among children.
This is in line with the previous assessment that the weight of the recent data does not support an
association between magnetic-field exposures and the development of childhood brain cancer
(SCENIHR, 2015). The recent data do not alter the classification of the epidemiologic data in
this field as inadequate.

Breast cancer
Researchers in the United Kingdom published a large case-control study that investigated risk of
adult breast cancer, leukemia, brain tumors, and malignant melanoma in relation to magneticfield exposure and residential distance to high-voltage power lines (Elliott et al., 2013). The
study included incident cancer cases, including 29,202 female breast cancer cases, from England
and Wales diagnosed between 1974 and 2008, and a total of over 79,000 controls between the
age of 15 and 74 years. Location of power lines and residential addresses were identified based
on data from geographical information systems. Magnetic-field exposure was calculated for
each control address and for each case address for the year of and 5 years prior to diagnosis.
Risk of female breast cancer showed no association with distance to power lines or with
estimated magnetic fields. Following publication, the study received criticism regarding its
exposure assessment, exposure categorization, and the potential for confounding (de Vocht,
2013; Philips et al., 2013; Schüz, 2013).
Sorahan (2012) studied cancer incidence among more than 80,000 electricity generation and
transmission workers in the United Kingdom between 1973 and 2008. Standardized registration
rates were calculated among the workers compared to rates observed in the general population.
No statistically significant increases were reported for breast cancer among either men or
women. There was no trend for breast cancer incidence with year of hire, years of being
employed, or years since leaving employment. The strengths of the study include its prospective
nature and its large size. It is, however, limited in exposure assessment because risk was not
calculated by magnetic-field exposure levels, and incidence rates were compared to an external
reference group.
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Koeman et al. (2014) investigated occupational exposure to ELF magnetic fields and cancer
incidence in a cohort of about 120,000 men and women in the Netherlands Cohort study. The
researchers used a case-cohort approach to analyze their data and identified 2,077 breast cancer
cases among women and no breast cancer among men in the cohort. Exposure to ELF magnetic
fields was assigned based on job title using a JEM. Breast cancer showed no association with the
level of estimated ELF magnetic-field exposure, or the length of employment, or cumulative
exposure in the exposed jobs.
Li et al. (2013) conducted a nested case-cohort analysis of breast cancer incidence among more
than 267,000 female textile workers in Shanghai. The researchers identified 1,687 incidence
breast cancer cases in the cohort between 1989 and 2000 and compared their estimated exposure
to 4,702 non-cases. Exposure was assessed based on complete work history and a JEM
specifically developed for the cohort. No association was observed between cumulative
exposure and risk of breast cancer regardless of age, histological type, and whether lag period
was used or not. An accompanying editorial opined that this well-designed study further adds to
the already large pool of data not supporting an association between ELF EMF and breast cancer
(Feychting, 2013). The editorial suggests that further breast cancer studies “have little new
knowledge to add,” following the considerable improvement in study quality over time in breast
cancer epidemiologic studies, and with the evidence being “consistently negative” (Feychting,
2013, pp. 1046, 1049).
Meta-analyses for breast cancer were conducted by Chinese investigators for both female (Chen
et al., 2013; Zhao et al., 2014b) and male breast cancers (Sun et al., 2013). Chen et al. (2013)
included 23 case-control studies published between 1991 and 2007. Based on all 23 studies, the
authors estimated a slight, but statistically significant association between breast cancer and ELF
magnetic-field exposure (OR 1.07; 95% CI 1.02-1.13), which was slightly higher for estrogen
receptor positive and premenopausal cancer (OR 1.11). The conclusion of the authors that ELF
magnetic fields might be related to breast cancer is contrary to the conclusion of the WHO and
other risk assessment panels, which may be due to the reliance of the meta-analysis on earlier
and methodologically less advanced studies in the meta-analysis. Zhao et al. (2014b) reported
the results of their meta-analysis of 16 case-control epidemiologic studies of ELF EMF and
breast cancer published between 2000 and 2007. They reported a weak but statistically
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significant association, which appeared to be stronger among non-menopausal women. The
conclusion of the authors that ELF magnetic fields might be related to breast cancer is contrary
to the conclusion of the WHO and other risk assessment panels. Similar to the previous metaanalysis, this may be due to the inclusion of earlier and methodologically less advanced studies
in the meta-analysis. Sun et al (2013) conducted a meta-analysis of male breast cancer including
7 case-control and 11 cohort studies. The combined analysis showed a statistically significant
association between male breast cancer and exposure to ELF EMF (OR 1.32, 95% CI, 1.141.52). Methodological limitations, the small number of cases in the individual studies, and the
potential for publication bias may contribute to the findings.

Assessment
The recent large case-control and cohort studies, which report no association with female breast
cancer, add to growing support against a causal role for magnetic-field exposure in breast cancer
development, both in residential and occupational settings. A recent review by SCENIHR
concluded that, overall, studies on adult cancers “show no consistent associations” (SCENIHR,
2015, p. 158).

Adult leukemia and brain cancer
Leukemia and brain cancer have been the most studied diseases among adult cancer in EMF
epidemiologic studies. Following the WHO research recommendations contained in the EHC
report, Kheifets et al. (2008) conducted a meta-analysis that combined relevant published studies
on occupational ELF EMF exposure and adult leukemia and brain cancer. The meta-analysis
updated previous meta-analyses conducted by some of the same researchers on adult leukemia
and brain cancer (Kheifets et al, 1995; Kheifets et al., 1997). While the new analysis showed a
small statistically significant risk increase for leukemia and brain cancer, the risk increase was
smaller in more recent and higher quality studies, no consistent patterns were observed within
diseases subtypes, and no exposure-response pattern was observed in studies with multiple
exposure categories. Based on their findings, the authors concluded that “the lack of a clear
pattern of EMF exposure and outcome risk does not support a hypothesis that these exposures
are responsible for the observed excess risk” (Kheifets et al., 2008, p. 677).
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Case-control studies in Brazil and the United Kingdom investigated the association between
estimated residential exposure due to high-voltage power lines and risk of adult leukemia and
brain cancer (Marcilio et al., 2011; Elliott et al., 2013). Brazilian epidemiologists used death
certificates in their case-control study to identify leukemia and brain cancer deaths registered in
the metropolitan region of São Paulo between 2002 and 2005 (Marcilio et al., 2011). The
researchers reported no association between residential proximity to high-voltage transmission
lines or calculated magnetic-field exposure from high-voltage transmission lines and brain
cancer mortality. For adult leukemia deaths, a statistically significant association was reported
for residences within 50 m of a transmission line at the time of death, but the association was
limited to lower voltage lines, which does not support the causal role of magnetic fields in the
associations. Adult leukemia showed a non-significant association with calculated exposures
greater than 3 mG from these transmission lines. The Brazilian study conducted no subtype
analyses for either leukemia or brain cancer. The reliance on death certificates, as opposed to
inclusion of newly diagnosed cases, is a major limitation of the study. Epidemiologists in the
United Kingdom included newly diagnosed leukemia and brain cancer cases using the National
Cancer Registry in their case-control study (Elliott et al., 2013). No risk increases or statistical
trends were reported for leukemia and brain cancer either with residential distance from the
nearest high-voltage power lines or with calculated magnetic fields.
Several large cohort studies also have assessed occupational exposure to ELF EMF and adult
leukemia and brain cancer development. Dutch epidemiologists followed a cohort of more than
120,000 men and women aged 55-69 years at the time of enrollment for an average of 17 years
in the Netherlands as part of the Netherlands Cohort Study (Koeman et al., 2014). Cancer
incidence was examined in association with estimated occupational exposures to ELF EMF. The
authors identified 233 brain cancer cases and 1,228 cases of hematopoietic malignancies among
cohort members during the follow up period. For brain cancer, no statistically significant risk
increase or trend was observed for cumulative ELF magnetic-field exposure either among men or
women. For all leukemia combined, no overall increases in risk or trend were observed in
association with cumulative exposure to ELF magnetic fields among either men or women. In
some of the sub-analyses, however, statistically significant associations were noted for acute
myeloid leukemia and follicular lymphoma.
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Sorahan published several analyses that examined cancer incidence among more than 70,000
electricity generation and transmission workers in the United Kingdom between 1973 and 2010
(Sorahan, 2012, 2014a, 2014b). Both internal (within the cohort of workers) and external (to the
general population) comparisons of cancer registration rates were conducted to assess the
potential effects of EMF exposure on cancer development. The studies reported no consistent
association between brain cancer risk and estimated cumulative, recent, and distant occupational
exposure to ELF EMF. When compared to the general population in the United Kingdom, no
increasing risk of leukemia with higher exposure to ELF EMF was observed either among men
or women. Based on internal comparisons within the cohort, no overall association or trend was
observed for leukemia with cumulative, recent, or distant occupational exposure to magnetic
fields. In some sub-analyses, however, the author reported a statistically significant association
for ALL.
Rodriguez-Garcia and Ramos (2012) reported inverse correlations between acute myeloid
leukemia, ALL, and the distance to thermoelectric power plants and high-density power line
networks in their study of hematologic cancers in a region of Spain from 2000 to 2005. This
study, however, has severe limitations due to the use of aggregated data, rudimentary methods of
exposure assessment, and the lack of an adequate comparison group.
Turner et al. (2014) reported results from the INTEROCC study, which is an international casecontrol study of brain cancer and occupational exposure to ELF EMF. A total of 3,761 cases of
brain cancer and 5,404 controls were included from Australia, Canada, France, Germany, Israel,
New Zealand, and the United Kingdom between 2000 and 2004. Exposure was assessed based
on individual job history and a JEM. There was no association with lifetime cumulative
exposure, average exposure, or maximum exposure for either glioma or meningioma. The
authors, however, reported an association for both brain cancer types with exposure in the 1 to 4
year time-window prior to diagnosis. A statistical decrease in risk for glioma was also reported
in the highest maximum exposure category.

Assessment
Recent studies did not provide substantial new evidence for a risk increase of adult brain cancer
or leukemia risk with either occupational or residential exposure to ELF EMF. The data remain
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inadequate as reported earlier (EHFRAN, 2012). As mentioned above, the most recent
SCENIHR report states that, overall, studies on adult cancers “show no consistent associations”
(SCENIHR, 2015, p. 158).

Reproductive/developmental effects
Early epidemiologic studies and laboratory studies of miscarriage in mammals did not provide
support for an association between ELF EMF and pregnancy outcomes. According to the
NIEHS expert panel, the evidence for an association was inadequate (NIEHS, 1998). According
to review of the epidemiologic literature by the ICNIRP Standing Committee on Epidemiology
in 2001, the existing evidence suggested that there is no association. In 2002, two studies
received considerable attention because of a reported association between peak magnetic-field
exposure greater than approximately 16 mG and miscarriage: a prospective cohort study of
women in early pregnancy (Li et al., 2002) and a nested case-control study of women who
miscarried compared to their late-pregnancy counterparts (Lee et al., 2002).
Although these two studies included improved exposure assessment methods, they received
criticism for other methodological shortcomings. The Li et al. study (2002), for example, was
criticized by the National Radiological Protection Board of Great Britain (NRPB) inter alia
because of the potential for selection bias, a low compliance rate, measurement of exposure after
miscarriages, and the selection of exposure categories after inspection of the data (NRPB, 2002).
Following the publication of these two studies, however, a hypothesis was put forth that the
observed association may be the result of behavioral differences between women with “healthy”
pregnancies that went to term (less physically active) and women who miscarried (more
physically active) (Savitz, 2002). It was proposed that physical activity is associated with an
increased opportunity for peak magnetic-field exposures, and the nausea experienced in early,
healthy pregnancies and the cumbersomeness of late, healthy pregnancies would reduce physical
activity levels, thereby decreasing the opportunity for exposure to peak magnetic fields.
Furthermore, nearly half of women who had miscarriages reported in the cohort by Li et al.
(2002) had magnetic-field measurements taken after miscarriage occurred, when changes in
physical activity may have already occurred, and all measurements in Lee et al. (2002) occurred
post-miscarriage.
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The scientific panels that have considered the two pregnancy outcomes studies concluded that
the possibility of this bias precludes making any conclusions about the effect of magnetic fields
on miscarriage (NRPB, 2004; FPTRPC, 2005; WHO, 2007). The WHO concluded, “[t]here is
some evidence for increased risk of miscarriage associated with measured maternal magneticfield exposure, but this evidence is inadequate” (WHO, 2007, p. 254) and recommended further
epidemiologic research. Later methodological studies demonstrating correlation between
mobility and peak EMF exposures provided support for the mobility hypothesis (Mezei et al.,
2006; Savitz et al., 2006; Lewis et al., 2015).
Since 2012, a small number of epidemiologic studies investigated the relationship between ELF
EMF exposure and miscarriage or stillbirth, overall, providing no strong new evidence for an
association. A study in China (Wang et al., 2013), identified 413 pregnant women at 8 weeks of
gestation between 2010 and 2012. The researchers measured magnetic-field levels at the front
door and the alley in front of the participants’ homes. No statistically significant association was
seen with average exposure at the front door, but the authors reported an association with
maximum magnetic-field values measured in the alleys in front of the homes. Magnetic-field
levels measured at the front door or at the street are very poor predictors of home and personal
exposure, thus the study provides a fairly limited contribution to current knowledge.
A study from Iran (Shamsi Mahmoudabadi et al., 2013) reported results of a hospital-based casecontrol study that included 58 women with spontaneous abortion and 58 pregnant women. The
measured magnetic-field levels were reported as statistically significantly higher among the
cases than among controls. The study provides little weight to an overall assessment, however,
due to limited information provided on subject recruitment, exposure assessment, type of metric
used and potential confounders, and the small number of subjects.
A Canadian study (Auger et al., 2012) investigated the association between stillbirth and
residential proximity to power lines. The authors identified over 500,000 births and 2,033
stillbirths in Québec and determined distance between postal code at birth address and the closest
power line. No consistent association or trend was reported between stillbirth and residential
distance. Reliance on distance to power lines and using the postal code for address information
is a major limitation of the study’s exposure assessment.
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Two studies examined various birth outcomes in relation to ELF EMF exposure. A study from
the United Kingdom investigated birth outcomes in relation to residential proximity to power
lines during pregnancy between 2004 and 2008 in northwest England (de Vocht et al., 2014).
The researchers examined hospital records of over 140,000 births and distance to the nearest
power lines were determined using geographical information systems. The authors reported
moderately lower birth weight within 50 m of power lines, but observed no statistically
significant increase in risk of any adverse clinical birth outcomes (such as preterm birth, small
for gestational age, or low birth weight). The limitations of the study include its reliance on
distance for exposure assessment and the potential for confounding by socioeconomic status as
also discussed by the authors. A study from Iran reported no association between ELF EMF and
pregnancy and developmental outcomes, such as duration of pregnancy, birth weight and length,
head circumference, and congenital malformations (Mahram and Ghazavi, 2013). The study,
however, provided little information on subject selection and recruitment, thus it is difficult to
assess its quality.
An Italian study reported that blood melatonin levels statistically significantly increased among
28 newborns 48 hours after being removed from incubators with assumed elevated ELF EMF
exposure, but not among 28 control newborns who were not in incubators (Bellieni et al., 2012).
Neither the before nor the after values were statistically different from each other in the two
groups (incubator vs. control), thus the clinical significance of the findings, if any, is unclear.
Su et al. (2014) conducted a cross-sectional study in Shanghai to examine correlations between
magnetic-field exposure and embryonic development. The authors identified 149 pregnant
women who were seeking induced termination of pregnancy during the first trimester. Personal
24-hour measurements were conducted for women within four weeks of the termination.
Ultrasound was used to determine embryonic bud and sac length prior to the termination. The
authors reported an association with maternal daily magnetic-field exposure and embryonic bud
length. The study has a number of severe limitations, including the cross-sectional design, which
cannot distinguish if exposure measured after termination described exposure during the first
trimester and so it is impossible to assess causality; in addition, there is a lack of careful
consideration of gestational age, which is a major determinant of embryonic bud length. Thus,
the study provides little, if any weight in a weight-of-evidence assessment.
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Assessment
The recent epidemiologic studies on pregnancy and reproductive outcomes provided little new
insight in this research area and do not change the classification of the data from earlier
assessments as inadequate (EFHRAN, 2012). SCENIHR concluded that “recent results do not
show an effect of the ELF fields on the reproductive function in humans” (SCENIHR, 2015, p.
185).

Neurodegenerative diseases
The WHO EHC concluded that the evidence was inadequate to link any of the neurodegenerative
diseases to EMF exposure; however, the WHO research recommendations for ELF EMF
included further scientific work in this area. Following up on these recommendations, several
epidemiologic studies have been published investigating neurodegenerative diseases, primarily
Alzheimer disease and ALS.
A potential association between residential proximity to high-voltage transmission lines and
neurodegenerative diseases has been investigated in Switzerland, Brazil, Denmark, and the
Netherlands. Huss et al. (2009) evaluated mortality between 2000 and 2005 due to
neurodegenerative disease in relation to distance from residence to the nearest high-voltage
power lines within a cohort of the entire Swiss general population with age above 30 years.
Overall, no statistically significant increase in mortality due to Alzheimer’s disease was observed
among those who lived within 50 m of the nearest 220 ‒ 380 kV transmission line. The
association was stronger with longer duration of residence within 50 m, and was statistically
significant for those who lived for at least 10 years within this distance. No associations were
reported for Alzheimer’s disease beyond 50 m or for Parkinson’s disease, ALS, or multiple
sclerosis at any distance. While the study was large, reliance on distance for exposure
assessment (a source of potentially large exposure misclassification) and reliance on death
certificates for case verification (known to be prone to underreport Alzheimer’s disease) are
serious limitations of the study.
Brazilian epidemiologists investigated the association between magnetic-field exposure from
overhead transmission lines and ALS (Marcilio et al., 2011). The study included 367 adult cases
(40 years of age or older) of ALS and 308 controls. The authors estimated risk for four different
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distances from power lines and found no increase in risk in any of the categories after adjusting
for race, education, and marital status.
A population-based case-control study (Frei et al., 2013) examined the relationship between
residential distance to power lines and neurodegenerative diseases covering the entire population
of Denmark between 1994 and 2010. Distance from the nearest power line to the residential
address for all newly-reported cases and matched controls were determined using geographical
information systems. Overall, none of the investigated diseases, including Alzheimer’s disease
and other types of dementia, ALS, Parkinson’s disease, or multiple sclerosis was related to
residential proximity to power lines. The inclusion of newly-diagnosed cases from hospital
discharge records represents a significant methodological improvement over mortality studies.
The study, however, was limited by the methods used for the exposure assessment.
Seelen et al. (2014) conducted a population-based case-control study including 1,139 ALS cases
diagnosed in the Netherlands between 2006 and 2013 and 2,864 frequency-matched controls.
Case and control addresses were geocoded and the shortest distances to the nearest high-voltage
power line (50 ‒ 380 kV) were determined. No statistically significant associations were
reported for ALS with residential proximity to power lines with any of the included voltages. An
ad hoc meta-analysis for ALS that included the current results along with two previously
published studies (Marcilio et al., 2011; Frei et al., 2013) yielded an overall OR of 0.9 (95% CI,
0.7 ‒ 1.1) for living within 200 m of a high-voltage power line. Reconstruction of lifetime
residential history represents a methodological improvement. The main limitation of the current
study, similarly to previous power-line studies, is the use of distance to power lines as a
surrogate for magnetic-field exposure. Distance to power lines is a poor predictor of actual
magnetic-field levels and known to be subject to substantial measurement errors (Chang et al.
2014).
Weak to no evidence of an association was presented in two recent meta-analyses of
occupational exposure to ELF magnetic fields and neurodegenerative disease (Zhou et al., 2012;
Vergara et al., 2013); hence, the authors concluded that potential within-study biases, evidence
of publication bias, and uncertainties in the various exposure assessments greatly limit the ability
to infer an association, if any, between occupational exposure to magnetic fields and
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neurodegenerative disease. In sum, these recent meta-analyses provide no convincing evidence
of a relationship between ELF EMF and neurodegenerative disease.
It has been hypothesized that the weak and inconsistent association between ELF EMF and ALS
might be explained by electric shocks. Following up on this hypothesis, several recent studies
addressed the issue of the potential role of electric shocks in the development of
neurodegenerative and neurological diseases, but none of them presented convincing evidence
for an association (Das et al., 2012; Grell et al., 2012; Vergara et al., 2013; Huss et al., 2014; van
der Mark et al., 2014). .

Assessment
The recent studies continue to be limited by uncertainties about the estimates of magnetic-field
exposure. Further research in this area will be needed to address the limitations of research to
date on neurodegenerative disease (SSM, 2010; EHFRAN, 2012). The SCENIHR report
concluded that newly published studies “do not provide convincing evidence of an increased risk
of neurodegenerative diseases, including dementia, related to ELF MF exposure” (SCENIHR,
2015, p. 7).

Cardiovascular disease
It has been hypothesized that magnetic-field exposure reduces heart rate variability, which in
turn is considered to be a risk factor for acute cardiac death, including AMI (Sastre, 1999). In a
large cohort of utility workers, Savitz et al. (1999) reported an increased risk of arrhythmiarelated deaths and deaths due to AMI. Subsequent studies that specifically followed up on this
hypothesis did not report a statistically significant increase in cardiovascular disease mortality or
incidence related to occupational magnetic-field exposure, and were not able to confirm the
initial findings (Sahl et al., 2002; Johansen et al., 2002; Ahlbom et al., 2004). Based on these
results, the WHO concluded that “[o]verall, the evidence does not support an association
between ELF exposure and cardiovascular disease” (WHO, 2007, p. 220). Since the WHO
research agenda did not include any further recommendations for research related to
cardiovascular disease, there was limited interest in this area following the publication of the
WHO EHC in 2007.
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One recent study from the Netherlands evaluated the relationship between occupational exposure
to ELF EMF and cardiovascular disease mortality (Koeman et al., 2013). The study identified
more than 8,000 cardiovascular deaths among the more than 120,000 men and women in the
Netherlands Cohort Study during a 10-year period. Occupational exposure was determined by
linking occupational histories to an ELF-magnetic-field JEM. The authors reported no
association between cumulative occupational ELF-magnetic-field exposure and cardiovascular
mortality or death due to any of the subtypes of cardiovascular disease. The authors concluded
that their results add “… to the combined evidence that exposure to ELF-MF [magnetic fields]
does not increase the risk of death from CVD [cardiovascular disease]” (Koeman et al, 2013, p.
402).

Assessment
The recent study (Koeman et al., 2013) reported no association between ELF magnetic fields and
cardiovascular disease, thus confirming earlier conclusions of the WHO and other health
agencies about the lack of an association between magnetic fields and cardiovascular disease.

In vivo studies related to carcinogenesis
In the field of ELF EMF research, a number of research laboratories have exposed rodents,
including those with a particular genetic susceptibility to cancer, to high levels of magnetic fields
over the course of the animals’ 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-carcinogenetic effect), or in combination with
a known carcinogen and a known promoter (to test for a co-promotional effect).
The WHO review 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., 1999a,
1999b). No directly relevant animal model for childhood ALL existed at the time of the WHO
report. Some animals, however, develop a type of lymphoma similar to childhood ALL and
studies exposing predisposed transgenic mice to ELF magnetic fields did not report an increased
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incidence of this lymphoma type (Harris et al., 1998; McCormick et al., 1999; Sommer and
Lerchl, 2004).
Studies investigating whether exposure to magnetic fields can promote cancer or act as a cocarcinogen used known cancer-causing agents, such as ionizing radiation, ultraviolet radiation, or
other chemicals. No effects were observed for studies on chemically-induced preneoplastic liver
lesions, leukemia or lymphoma, skin tumors, or brain tumors; however, the incidence of 7,12dimethylbenz[a]anthracene (DMBA)-induced mammary tumors was increased with magneticfield exposure in a series of experiments in Germany (Löscher et al., 1993, 1994, 1997;
Mevissen et al., 1993a, 1993b, 1996a, 1996b, 1997, 1998; Baum et al., 1995; Löscher and
Mevissen, 1995; Mevissen et al., 1996a, 1996b, 1998; Mandeville et al., 1997), suggesting that
magnetic-field exposure increased the proliferation of mammary tumor cells. These results were
not replicated in a subsequent series of experiments in a laboratory in the United States
(Anderson et al., 1999; Boorman et al., 1999a; Boorman et al., 1999b), possibly due to
differences in experimental protocol and the species strain. In Fedrowitz et al. (2004), exposure
enhanced mammary tumor development following exposure to DMBA in one sub-strain (Fischer
344 rats), but not in another sub-strain that was obtained from the same breeder, which argues
against a promotional effect of magnetic fields.11
Some studies have 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 the following with respect to in vivo research: “[t]here is no
evidence that ELF [EMF] exposure alone causes tumours. The evidence that ELF field exposure
can enhance tumour development in combination with carcinogens is inadequate” (WHO, 2007,
p. 322). Recommendations for future research included the development of a rodent model for
childhood ALL and the continued investigation of whether magnetic fields can act as a promoter
or co-carcinogen.

11

The WHO concluded with respect to the German studies of mammary carcinogenesis, “[i]nconsistent results were
obtained that may be due in whole or in part to differences in experimental protocols, such as the use of specific
substrains” (WHO, 2007, p. 321).
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No new animal bioassays of tumor development due to magnetic-field exposure alone or in
combination with known cancer initiators have been identified since the study by Bernard et al.
(2008), which was the first study to use an animal model of ALL, the most common leukemia
type in children, and was reviewed in a previous update. Our literature search, however, did
identify various in vivo studies examining potential mechanisms that could precipitate cancer
development.
As discussed above, some studies reported that DMBA-initiated mammary tumors were
increased in a particular strain of rats exposed to magnetic fields in a single laboratory. To
further investigate this phenomenon, Fedrowitz and Löscher (2012) evaluated gene expression in
pooled samples of mammary tissue from both Fischer 344 (F344) rats (magnetic-field
susceptible) and Lewis rats (magnetic-field insensitive) following 2 weeks of continuous
exposure to 1,000 mG, 50-Hz magnetic fields. Control rats of both strains were sham exposed
and analyses were conducted in a blinded manner. Based on a 2.5-fold change in gene
expression as the cut-off for establishing an exposure-related response, only 22 of 31,100 gene
transcripts were found to be altered with magnetic-field exposure in the two rat strains combined.
Genes showing the greatest change in expression in response to magnetic-field exposure in F344
rats (with no change in gene expression observed in Lewis rats) were α-amylase (a 832-fold
decrease), parotid secretory protein (a 662-fold decrease), and carbonic anhydrase 6 (a 39-fold
decrease). To follow-up on these findings, Fedrowitz et al. (2012) examined α-amylase activity
in mammary tissues collected from the two rat strains in previous experiments. In initial
experiments using tissues collected in 2005 through 2006, magnetic-field exposure was
associated with increased α-amylase activity in cranial mammary tissues, but not caudal
mammary tissues, from both F344 and Lewis rats. Thus, the response did not appear to correlate
with the observed rat strain susceptibility to magnetic-field exposure. In later experiments using
tissues collected in 2007 through 2008, α-amylase activity in the cranial tissues was unaffected
by magnetic-field exposure, but increased in the caudal tissues of F344 rats (and not the tissues
of Lewis rats) in response to magnetic-field treatment. Additional experiments looked at αamylase protein expression and its correlation with tissue differentiation following treatment
with diethylstilbestrol. Overall, the findings of this study are contradictory, making
interpretation difficult regarding the potential role of α-amylase expression in the observed
sensitivity of F344 rats to magnetic-field exposure.
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Another study investigated the therapeutic potential of high magnetic-field exposures in the
treatment of tumors. El-Bialy and Rageh (2013) injected female mice with Ehrlich ascites
carcinoma cells, then treated them with 3 mg/kg cisplatin on days 1, 4, and 7, or exposed them to
100,000 mG, 50-Hz magnetic fields for 14 days (1 hour per day), or both. A control group was
saline-treated, but not sham exposed to magnetic fields, and analyses were not reported to have
been conducted in a blinded manner. Both magnetic-field exposure and cisplatin treatment,
alone or in combination, were associated with reduced tumor volume; the strongest response was
observed with the combination treatment. This response appeared to be associated with reduced
cell proliferation, but also increased DNA damage (as assessed using the Comet and
micronucleus assays). These results suggest that magnetic-field exposure may have therapeutic
applications in the treatment of tumors; however, because the field strength was relatively high,
it is possible that the observed response was due to an induced electric field.
Two recent animal studies examined the ability of magnetic-field exposure to cause DNA
damage. Saha et al. (2014) exposed pregnant mice to one of three different magnetic field (50Hz) exposure conditions: 1,000 mG for 2 hours on day 13.5 of gestation, 3,000 mG (continuous)
for 15 hours on day 12.5 of gestation, or 3,000 mG (intermittent: 5 minutes on, 10 minutes off)
for 15 hours on day 12.5 of gestation. Controls were either untreated or sham-exposed under
these same conditions, but with the exposure equipment turned off. Additional animals were
exposed to either 10 or 25 Gray of X-irradiation on day 13.5 of gestation; however, the amount
of time for which these treatments were given is not known. Although X-irradiation was
associated with increased DNA double strand breaks and cell apoptosis in the embryonic brain
cells of the ventricular and subventricular zones, none of the magnetic-field conditions had a
significant effect on these parameters. These analyses were not conducted in a blinded manner;
however, the potential influence of the animal litter was taken into account in the statistical
analysis. In a related study, Korr et al. (2014) continuously exposed mice for 8 weeks to 1,000
mG or 10,000 mG, 50-Hz magnetic fields. Controls were not sham-exposed, but maintained in
the same room as the magnetic-field-exposed animals. At the end of the exposure period, the
animals were injected with radiolabeled thymidine to look for DNA single-strand breaks and
unscheduled DNA synthesis in the liver, kidneys, and brain using an autoradiographic method.
A slight reduction in mitochondrial DNA synthesis was observed in the epithelial cells of the
kidney collecting ducts at 1,000 mG, but no increase in DNA single-strand breaks was observed.
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At 10,000 mG, a slight reduction in unscheduled DNA synthesis (likely related to reduced
mitochondrial DNA synthesis) was observed in the epithelial cells of the choroid plexus of the
brain’s fourth ventricle and the kidney collecting duct, but again, there was no difference in the
degree of DNA single-strand breaks observed between treated and control animals. These
investigations were conducted in a blinded manner.
Two studies examined the genotoxic potential of magnetic-field exposures. Miyakoshi et al.
(2012) continuously exposed 3-day old rats to 100,000 mG, 50-Hz magnetic fields for 72 hours,
treated them with 5 or 10 milligrams per kilogram (mg/kg) bleomycin, or both; control animals
were sham exposed (with the exposure system turned off). Brain astrocytes were then examined
in culture for the presence of micronuclei. In other experiments, the animals were treated as just
described, but also administered tempol, an antioxidant. Magnetic-field exposure alone or in
combination with 5 mg/kg bleomycin appeared to have no effect on micronuclei formation, but
was reported to increase the frequency of micronuclei resulting from co-treatment with 10 mg/kg
bleomycin. Tempol co-exposure was reported to reduce micronuclei formation, suggesting a
role for activated oxygen species in their formation. In a study by Villarini et al. (2013), male
mice were exposed to 1,000 to 20,000 mG, 50-Hz for 7 days (15 hours per day), then sacrificed
immediately after exposure or 24 hours later. The striatum, hippocampus, and cerebellum were
evaluated for DNA damage using the Comet assay. Control mice were sham-exposed (with the
exposure system turned off), mice exposed to whole-body X-irradiation served as DNA damage
positive controls, and the Comet assay data were evaluated in a blinded manner. Mice exposed
to 10,000 or 20,000 mG, but not lower strength magnetic fields, showed evidence of DNA
fragmentation in the brain tissues when sacrificed immediately following exposure. By 24 hours
post-exposure, however, the levels of DNA fragmentation were back to baseline, indicating
either that any associated DNA damage was reversible or the fragmentation was an indicator of
apoptosis (as observed in Focke et al., 2010), which disappeared as the apoptotic cells were
removed during the 24-hour recovery period. In other investigations in this same study,
magnetic-field exposures had no effect on the expression of heat shock proteins.12

12

The WHO report described the results of in vitro studies on the expression of heat shock genes as “inconsistent or
inconclusive” (WHO, 2007, p. 347).
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Oxidative stress is a condition in which oxygen free radical levels in the body are elevated and is
one mechanism by which DNA damage, as well as other forms of cellular damage, may occur.
Numerous recent in vivo studies have evaluated whether magnetic-field exposure may be
associated with oxidative stress, with mixed results.
Seifirad et al. (2014) examined the expression of various markers, including the lipid
peroxidation markers malondialdehyde, conjugated dienes, and total antioxidant capacity, in the
blood following exposure of rats to a 5,000 mG, 60-Hz magnetic fields for either 4 hours (acute)
or 14 days (chronic). The acute exposure was associated with increased total antioxidant
capacity, while the chronic exposure was associated with increased malondialdehyde levels and a
reduced total antioxidant capacity. Although the controls were reportedly sham-exposed, it is
not known if this was for the acute or chronic exposure condition, making interpretation difficult.
Blinded analyses and control of environmental conditions also were not reported.
In another study, Glinka et al. (2013) examined the expression of various antioxidant markers in
the blood and liver of male rats following 30 minutes of exposure to 100,000 mG, 40-Hz
magnetic fields, for 6, 10, or 14 days. The purpose of this analysis was to examine the potential
role of magnetic fields in the treatment of wounds; thus, the rats were first wounded surgically
prior to exposure. Controls were sham exposed, but blinded analyses were not reported.
Further, no details on the preparation of liver homogenates or the methods used to analyze the
various samples were reported. Differences from control in the expression of the antioxidant
markers superoxide dismutase, glutathione peroxidase, and malondialdehyde were reported in
either the blood or the liver on various days, but no clear pattern of expression was apparent. No
differences in the expression of glutathione S-transferase was observed. It should be noted,
however, that control values varied considerably across the different study days, which may be
related to a confounding effect associated with the wound healing process.
Hassan and Abdelkawi (2014) exposed male rats to 100,000 mG, 50-Hz magnetic fields for
1 hour per day for 30 days. Other groups of rats were treated with cadmium chloride or both
cadmium chloride and magnetic-field exposure. Although it was reported that the controls were
sham-exposed, based on the methods description, this does not appear to be the case; also,
analyses were not conducted in a blinded manner. Both magnetic-field exposure and cadmium
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treatment were reported to increase the total oxidant status and protein carbonyls present in the
blood; both exposures combined results in an increased response over either single condition
alone. Deng et al. (2013) conducted a similar study in which mice were exposed to 20,000 mG,
50-Hz magnetic fields for 4 hours per day, 6 days per week for 8 weeks. In this case, other
treatment groups were exposed to aluminum or both magnetic fields and aluminum. Control
mice were not reported to have been sham-exposed and analyses were not reported to have been
conducted in a blinded manner. Both brain and serum levels of superoxide dismutase were
reported to be lower in all exposure conditions compared to controls. In contrast,
malondialdehyde levels were increased in all exposure groups. Other analyses looking at
behavior and brain pathology were also conducted in this study, but are not reported here.
Cui et al. (2012) exposed male mice (n=24/group) to 1,000 or 10,000 mG, 50-Hz for 4 hours per
day for 12 weeks, after which the expression of oxidative stress markers was evaluated in the
hippocampus and striatum. Control mice were sham-exposed. Although exposure to 1,000 mG
was not reported to have produced any differences from control mice, 10,000 mG increased
levels of malondialdehyde (MDA), a marker of lipid peroxidation, and reduced levels of the antioxidant enzymes catalase (CAT) and glutathione peroxidase (GSH-Px). The total anti-oxidant
capacity (TAC) of these tissues was also reported to be reduced. In a similar study, Deng et al.
(2013) exposed male mice (n=15/group) to 20,000 mG, 50-Hz for 4 hours per day (6 days per
week) for 8 weeks. Other groups of mice were treated with aluminum or both aluminum and
magnetic fields; control mice were not reported to have been sham-exposed. Following
magnetic-field exposure, levels of the anti-oxidant enzyme superoxide dismutase (SOD) were
reduced and MDA levels increased in both brain tissue and serum.
Duan et al. (2013) examined the expression of oxidative stress markers in the hippocampus and
serum of male mice (n=10/group) continuously exposed to a higher intensity magnetic field of
80,000 mG, 50-Hz for 28 days. Control mice were reported to have been sham-exposed.
Additional groups of mice were co-exposed to lotus seedpod procyanids to evaluate their antioxidant potential; only the findings associated with magnetic-field exposure alone are discussed
here. As in the above studies, MDA levels were increased and antioxidant enzymes (SOD, CAT,
and GSH-Px) were reduced with exposure. Nitric oxide (NO), an important intracellular
messenger molecule and free radical compound, and NO synthase were also increased with

108144.001 - 2055

70

treatment. It is interesting to note that the magnetic-field-exposed animals also weighed
approximately 10 grams less than controls by the end of study.
Using the rat (n=6/group), Manikonda et al. (2014) examined the effects of 90 days continuous
exposure to 500 or 1,000 mG, 50-Hz on markers of oxidative stress in the hippocampus,
cerebellum, and cortex. Controls were sham-exposed. Results were similar across tissues, but
the cortex was a bit less responsive than the other two tissues. No significant changes were
observed at 500 mG. At 1,000 mG, reactive oxygen species were increased and GSH levels
reduced. In contrast with the other studies described here, however, SOD and GSH-Px levels
were increased. It was also observed that the animals in both magnetic-field-exposed groups
were more physically active than controls; how this increased activity may have contributed to
the observed alterations, however, is not known.
To examine the possible acute effects of magnetic-field exposure, Martínez-Sámano et al. (2012)
exposed rats (n=8/group) that were either restrained or unrestrained to a 24,000 mG, 60-Hz
magnetic field for 2 hours only. Control animals were sham-exposed (with the exposure system
turned off), but analyses were not reported to have been conducted in a blinded manner. None of
the examined markers of oxidative stress were affected by magnetic-field exposure in the liver.
Kidney and heart tissues showed decreases in GSH levels; plasma and brain exhibited reduced
SOD activity. CAT enzymes were also reduced and lipid peroxidation increased in the brain
following magnetic-field exposure. No effects on brain NO, lipid content, or plasma
corticosterone levels were observed. In another study, Akdag et al. (2013a) examined the effects
of 1,000 and 5,000 mG, 50-Hz exposure for 2 hours per day over 10 months on the rat brain.
Control rats were sham-exposed (with the magnetic-field generator turned off) and investigators
were blinded as to the exposure status of the animals. Exposure to both 1,000 and 5,000 mG
magnetic fields (n=10/group) was associated with increased levels of MDA and protein carbonyl,
an oxidative product. In another study by the same group of investigators (Akdag et al., 2013b)
and using the same exposure regimen, markers of oxidative stress were unaffected by magneticfield exposure in the testes; these markers included MDA, myeloperoxidase, CAT, TAC, total
oxidant status (TOS), and the oxidative stress index (OSI). The higher exposure of 5,000 mG,
however, was associated with increased levels of apoptosis compared to controls. Finally, Kiray
et al. (2013) exposed rats (n=14/group) to a 30,000 mG, 50-Hz magnetic field for 4 hours per day
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for 2 months. From the study report, it is not clear if control rats were sham exposed and blinded
analyses were not reported. Lipid peroxidation was reported to be increased and levels of antioxidative enzymes (SOD and GSH-Px) decreased in the heart. Markers of apoptosis
(programmed cell death) were increased and morphological changes in the heart were also
observed.
One study looked at the effects of electric-field exposures on antioxidant status in the brain and
retina of rats (Akpinar et al., 2012). Rats (n=10/group) were exposed to electric fields at either
12 kV/m or 18 kV/m for 1 hour per day for 14 days. The magnetic fields associated with these
exposures were not reported. From the study report, it is not clear if controls were sham exposed
or if blinded analyses were conducted. Both electric-field strengths were associated with
increased lipid peroxidation in the brain and retina of exposed rats. Total antioxidant status
levels were reduced and TOS and OSI levels increased in both tissues; these three markers,
however, are interrelated and likely represent separate measurements of the same phenomenon.
Overall, it is hard to draw any firm conclusions from these studies of oxidative stress markers
because the numbers of animals per group were generally small, the exposure parameters and
oxidative stress markers examined varied across the studies, negative controls (i.e., unexposed
animals) were not always sham-exposed, positive controls (i.e., animals treated with agents
known to cause the response being investigated) were not included in the study, and only a few
of the analyses were reported to have been conducted in a blinded manner. Although markers of
oxidative stress were generally increased with higher rather than lower magnetic-field exposures,
it is not known if this effect is reversible or even biologically relevant. Independent replication
of findings in studies with greater sample sizes and blinded analyses is needed.
The immune system is thought to play an important role in the immunosurveillance against
cancer cells. Further, ALL, one of the cancers of concern for EMF exposures in children, arises
in cells of the immune system. Thus, there is an interest in the potential effects of EMF
exposures on immune function. To address this, Salehi et al. (2013) examined the effects of
long-term magnetic-field exposure on the expression of various cytokines (including certain
interleukins and interferon-γ [IFN-γ]), which are important factors in regulating immune
function. Male rats were exposed to a 100 mG, 50-Hz magnetic field for 2 hours per day for
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3 months. Control rats were sham exposed (with the exposure system turned off), but analyses
were not reported to have been conducted in a blinded manner. No differences in body weight,
or weights of the spleen and thymus (two important immune system organs) were noted between
the two groups. Serum concentrations of interleukin (IL)-12 were reduced with exposure, but
levels of IFN-γ, IL-4, and IL-6 were unaffected. Spleen and blood cells were also collected from
the animals after exposure to measure in vitro cytokine production. IL-6 production, but not
production of the other cytokines, was increased in both cell types in response to
phytohemagglutinin stimulation. In another study, Selmaoui et al. (2011) examined the effects
of both continuous and intermittent exposure to a 100 mG, 50-Hz magnetic field on interleukins
in human subjects. The control subjects were sham exposed, but in a separate room from that of
the exposed group. In the intermittent condition, the exposure apparatus was 1 hour on and
1 hour off, with the magnetic field switched on and off over a 15-second cycle during the on
operation. No exposure-related changes were observed with continuous exposure. In the
intermittent condition, IL-6 expression was increased while the expression of four other
interleukins (IL-1β, IL-1RA, IL-2, and IL-2R) was unaffected. The study authors cautioned that
further study was required before any firm conclusions could be drawn from these findings.
A well-designed double-blind study (Kirschenlohr et al., 2012) examined gene expression in the
white blood cells of 17 pairs of human subjects following exposure to a 620 mG, 50-Hz
magnetic field on four different days (2 hours per day) over 2 weeks. On each exposure day, one
member of each pair was exposed to the magnetic field and the other either exposed to sham
conditions (with the current passing through the two coils of the exposure apparatus in opposing
directions so that the magnetic field was cancelled, but the total current remained the same) or
not exposed. On the next day, the exposures were reversed (the previously exposed subject was
sham exposed or not exposed, and vice-versa). Blood samples were collected just prior to and
following exposures, as well as at multiple times throughout the exposure period. Gene
expression in one set of the collected blood samples (collected in week 1) was determined via
microarray analysis with an emphasis on genes previously reported to respond to EMF exposure
(i.e., immediate early genes involved in stress, inflammatory, and proliferative and apoptotic
responses). The samples collected just prior to exposure were used as reference samples. Any
indications of a possible positive finding were verified using the second set of collected blood
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samples. Based on their analyses, the study investigators reported that no genes showed a
consistent response to magnetic-field exposure.
In a similarly well-conducted study, Kabacik et al. (2013) looked for changes in the expression
of genes in the bone marrow of juvenile mice exposed to a 1,000 mG, 50-Hz magnetic field for
2 hours. The premise for conducting this research was that many types of leukemia are derived
from cells in the bone marrow; thus, changes in gene expression in the bone marrow may relate
to the development of these cancers. Control mice were sham-exposed and the experiment
repeated in multiple groups of exposed and unexposed mice. In order to confirm consistent
changes with exposure, gene expression in these replicate samples was analyzed in a blinded
manner using multiple methods and in different laboratories. Again, no consistent changes in
gene expression in response to magnetic-field exposure were found.

Assessment
As previously noted, no new animal bioassays of long-term magnetic-field exposure or of ELF
EMF as a possible carcinogen or co-carcinogen have been identified since the publication by
Bernard et al (2008). Rather, various shorter-term, mechanistic studies have been conducted to
investigate potential mechanisms related to carcinogenesis, including genotoxicity, oxidative
stress, alterations in gene expression, and immune-function changes. Many of these studies
suffer from various methodological deficiencies, including small samples sizes, the absence of
sham-exposure treatment groups, and analyses that were not conducted in a blinded manner.
Further, consistency across the body of studies is commonly lacking, with some studies reporting
effects and other studies showing no change. These studies do not change the WHO conclusion
that the overall evidence from in vivo studies does not support a role of EMF exposures in direct
genotoxic effects; however, the potential for non-genotoxic effects remains inconclusive. Two
particularly well-conducted studies evaluated potential differences in gene expression resulting
from magnetic-field exposure. These studies employed sham exposures, replicate samples, and
blinded analyses using multiple experimental methods of measuring gene expression in multiple
laboratories; they also took into consideration the potential statistical power of the studies.
Neither of these studies reported consistent changes in gene expression due to magnetic-field
exposure. Another study looked at the possible anti-carcinogenic therapeutic potential associated
with high magnetic-field strengths, an area for which more research is still warranted to address
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the influence of potential confounding variables on observed outcomes. One particularly wellconducted study on genotoxicity found no effect of magnetic-field exposure on DNA double
strand breaks. This study employed positive control X-irradiation, sham exposure of negative
controls, and blinded analyses. Further, the results are generally consistent with those of another
recent investigation that found no influence of magnetic-field exposure on the induction of DNA
single strand breaks in the brain, liver, or kidneys of exposed mice.
Overall, the in vivo studies published since the last update do not alter the previous conclusion of
the WHO that there is inadequate evidence of carcinogenicity due to ELF EMF exposure.
Further, the limited recent investigations suggest that DNA single and double strand breaks do
not occur as a result of magnetic-field exposure.

Research on livestock, wild animals, and plants
Although less systematic compared to research on potential human health effects, economic and
environmental considerations have also resulted in a substantial amount of scientific research on
the potential effects of ELF EMF on livestock, and some research on wild animals and plants.
The research studies on livestock mostly focused on species with sizable economic impact, such
as cattle and sheep, and concentrated on outcomes of reproduction, milk production, and growth.
ELF EMF research related to wild animals and plants has been of less interest. Overall, while
sporadic associations were reported for various measures from some of the studies on animals
and plants, no consistent or convincing evidence of any harmful effects of ELF EMF has
emerged in either animal or plant research that would have relevance to farm operations or
wildlife around high-voltage transmission lines. The following sections provide a brief summary
of the research that has been conducted on the possible effects of exposure to ELF EMF on
livestock, wildlife, and plants. Some research in this area has been previously reviewed for
ICNIRP (Sheppard, 2000).

Livestock
Among farm animals, cattle have been the most extensively investigated species in the ELF EMF
literature. Early farm surveys and field observation of grazing cattle near 765-kV and 400-kV
transmission lines in the United States and Sweden reported no consistent differences in
behavior, fertility, or productivity on farms intersected by high-voltage transmission lines
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compared to farms away from transmission lines (Busby et al., 1974; Ware, 1974; Amstutz and
Miller, 1980; Algers et al., 1982; Hennichs, 1982; Algers and Hennichs, 1985; Algers and
Hultgren, 1986, 1987).
A few observational studies with severe methodological limitations examined cattle orientation
in relation to the earth’s geomagnetic field and EMF from power lines, but reported no consistent
or independently replicated findings (Begall et al., 2008; Burda et al., 2009; Hert et al., 2011;
Slaby et al., 2013).
Researchers at McGill University and the Hydro-Québec Research Institute in Québec, Canada,
conducted a series of controlled experiments using standardized methods to estimate potential
influence of EMF exposure on various physiological parameters of dairy cows. The investigated
outcomes included measures of reproductive function (e.g., oestrus cycle and gestational
hormone concentrations), quantity and quality of milk production, feed intake, blood
concentrations of pineal gland and thyroid hormones, and circadian rhythm (e.g., Rodriguez et
al., 2002, 2003, 2004; Burchard et al., 2003, 2004, 2007). The experiments were designed to
assess the potential effects of exposure to EMF that the cows would experience standing directly
beneath 735-kV AC (60 Hz) transmission lines. Electric fields up to 10 kV/m and magnetic
fields up to 300 mG were generated separately and in combination. While in some of the
investigated parameters small differences (a few percent) were observed (e.g., feed intake, length
of oestrus cycle), these differences appeared to be within physiological ranges and showed no
consistent pattern. There were no consistent differences in various measures of milk yield (e.g.,
fat-corrected milk yield, fat yield, protein yield), hormone concentrations (e.g., melatonin,
prolactin, thyroxine), or neurotransmitter concentrations in the cerebrospinal fluid. As the
researchers concluded in their most recent paper, “[t]he absence of abnormal clinical signs and
the absolute magnitude of the significant changes detected during MF [magnetic field] exposure,
make it plausible to preclude any major animal health hazard” (Burchard et al., 2007, p. 471).
A number of studies evaluated sheep and the potential effects of ELF EMF from high-voltage
transmission lines on their hormone levels (melatonin, cortisol), weight gain, wool production,
behavior, onset of puberty, and immune function (Stormshak et al., 1992; McCoy et al., 1993;
Lee et al., 1993; Thompson et al., 1995; Hefeneider et al., 2001). While some variability was
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reported in some of the parameters, no changes were consistently observed or replicated in these
studies.

Wildlife
Observational studies on movement patterns of large mammals in the vicinity of high-voltage
transmission lines were conducted by two research teams in the United States. One study was
conducted in Montana and observed elk near a 500-kV transmission line (Picton et al., 1985).
The study did not report any abnormal movements of elk. Although no effects of electric or
magnetic fields were evident in the study, Picton et al. (1985) reported that during periods of
high noise attributable to corona effects, elk chose to move through timbered terrain located
away from the 500-kV transmission line, as opposed to moving through open grasslands near the
line. While the authors attributed this movement pattern to the higher noise levels above
background , alternative explanations, such as less exposure to meteorological events and lower
accumulations of snow, cannot be excluded as reasons for the elk’s altered movement patterns.
Another study, conducted by the Bonneville Power Administration of the U.S. Department of
Energy, examined the effects of another 500-kV transmission line on big game species (deer and
elk) in Northern Idaho (Goodwin, 1975). The authors did not report any abnormal movement
patterns within the right-of-way, where the measured electric fields were 2 ‒ 7 kV/m and the
calculated magnetic fields were up to 100 mG. Goodwin’s observations suggested that the deer
and elk were not adversely impacted by audible noise. Goodwin concluded that most wildlife is
able to “adapt easily to any constant or rhythmic noise provided it is below their threshold for
pain” (Goodwin, 1975, p. 43). For example, deer are often found grazing on the side of a noisy
highway and are typically only disturbed by sudden sounds, such as the braking of a car. Rogers
et al. (1980) reported that cattle grazing under a 1,100-kV transmission line were startled when
the line was first energized, apparently from the quick burst of audible noise; however, the cattle
resumed grazing or resting in the area underneath the line within a few minutes, suggesting that
audible noise does not have long-term effects. Other research studies also did not report that
audible noise caused any long-term changes in the movement of animals (Schrieber et al., 1976;
Rogers et al., 1982).
Several studies investigated the potential effects of transmission lines on reindeer behavior. A
Norwegian study of migration, range use, and grazing patterns of wild reindeer that used aerial
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surveys and ground observations concluded that transmission lines transecting reindeer habitat
resulted in no aversion effects, represented no barriers for reindeer migration, and that reindeer
were not displaced by power lines (Reimers et al., 2007). Another Norwegian study investigated
the potential influence of high-voltage power lines on the area use and behavior of domestic
reindeer kept in enclosures (Flydal et al., 2009). The authors concluded in their study that power
lines were not likely to influence pasture use and the activity cycle of reindeer. They also
concluded that power line load (i.e., the source of the magnetic field) has no effect on reindeer
behavior. A study that assessed noise perception of reindeer from power lines reported that
reindeer are able to hear noise from power lines at frequencies above 250 Hz (Flydal et al.,
2003); however, based on audiogram results, the authors concluded that humans are better able
to perceive noise from power lines than reindeer. Overall, based on albeit a limited literature,
there is no consistent or convincing indication of any negative or harmful effects from power
lines on health and behavior of reindeer.

Plants
Field experiments near high-voltage transmission lines investigated plant responses in a number
of species. Researchers examined several farm crops (such as barley, field corn, soybeans,
wheat, alfalfa, and tobacco) growing in the vicinity of an operating 765-kV transmission line and
reported that the plants developed normally (Hodges et al., 1975; Hodges and Mitchell, 1984). A
comprehensive study performed under a 1,100 to 1,200-kV experimental transmission system
reported that barley and peas grown directly under the line were not affected by exposures from
the line (Rogers et al., 1980; Lee and Clark, 1981; Warren et al., 1981; Rogers et al., 1982).
Additional studies reported no effects on the growth of onion roots grown in containers near an
ultra-high-voltage line in Indiana (Greene, 1983) and no effects on wheat grown outdoors in
electric fields of 5 and 12 kV/m (Conti et al., 1989). Two studies reported reduced crop growths
near 500-kV lines in Tennessee and Arkansas, although the reductions were only observed for
one of several crops under investigation and the authors concluded that the results were not
definitive (Hilson et al., 1983; Parsch and Norman 1986).
Researchers at Pennsylvania State University conducted a series of laboratory experiments, in
which they exposed over 70 species of plants, including food, fiber, and feed crops, weeds,
native plants, and several tree species, to 60-Hz electric fields up to 50 kV/m intensities
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(Bankoske et al., 1976; McKee et al., 1978; Reed and McKee, 1985). No statistically significant
differences were found between control and exposed plants for responses such as seed
germination, seedling emergence, seedling growth, leaf area per plant, flowering, seed
production, germination of the seeds produced under the electric fields, longevity, and biomass
production. Other laboratory studies on plant growth reported conflicting results, with some
studies reporting reduced growth and other studies reporting increased growth among plants
exposed to high levels of electric or magnetic fields (Miller et al., 1979; Marino et al., 1983;
Brulfert et al., 1985; Krizaj and Valencic, 1989; Ruzic et al., 1992; Mihai et al., 1994; Smith et
al., 1993; Davies, 1996; De Souza et al., 2008). The levels of EMF exposure in many of these
studies, however, were much higher than the levels encountered near high-voltage transmission
lines.
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Guidelines for Static Electric and Magnetic Fields
Several organizations have set or discussed exposure guidelines for public and occupational
exposure to static electric and magnetic fields, including ICNIRP, NRPB in the United Kingdom,
and the Food and Drug Administration (FDA) in the United States. Exposure values published
by these organizations are shown in Table 8.
Table 8. Exposure values for static electric and magnetic fields
Organization (Year)

Category

Value

FDA (2003)

MRI scanners, age > 1 month

80,000 G

FDA (2003)

MRI scanners, age ≤ 1 month

40,000 G

ICNIRP (2009)

General public

4,000 G

Static magnetic field exposure limits

Static electric field exposure value (not a limit)
NRPB (2004)

General public

*Annoyance reported above this value.
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25 kV/m*

WHO Assessment of Static Electric and Magnetic Fields
The WHO report published in 2006 provided a comprehensive review of potential health and
biological effects of static fields as an Environmental Health Criteria report (WHO, 2006). The
conclusions were:
Short-term exposure to static magnetic fields in the tesla range
[i.e., above 10,000 G] and associated field gradients revealed a
number of acute effects (WHO, 2006, p. 216).
With regard to static magnetic fields, the available evidence from
epidemiological and laboratory studies is not sufficient to draw any
conclusions about chronic and delayed effects. IARC (2002)
concluded that there was inadequate evidence in humans for the
carcinogenicity of static magnetic fields, and no relevant data
available from experimental animals. They are therefore not at
present classifiable as to their carcinogenicity to humans (WHO,
2006, p. 216).
This conclusion is the same as the earlier report by IARC (2002) on potential effects of static
magnetic fields, but the context for these conclusions is clearer in the WHO document. The
exposure range for which the WHO identified scientific uncertainty and insufficient evidence is
above 0.01 Tesla (T) (i.e., 100 G). Based on these findings, the WHO recommended additional
research at higher exposure levels. The WHO further recommended cost-effective precautionary
measures that would apply to high field exposures resulting from the industrial and scientific use
of DC magnetic fields (WHO, 2006)
In their discussion of studies on the effects of static electric field in animals, the WHO concluded
“[n]o evidence of adverse health effects have been noted, other than those associated with the
perception of the surface electric charge” (WHO, 2006, p. 5). The WHO also noted that the
IARC had not identified any studies of long-term exposure to static electric fields from which
any conclusions on chronic or delayed effects could be made, which rendered the evidence
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insufficient to determine the potential carcinogenicity of static electric fields. On the whole, the
WHO concluded that “the only adverse acute health effects [related to static electric fields] are
associated with direct perception of fields and discomfort from microshocks” (WHO, 2006b, p.
8).
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Reviews by Other Scientific Organizations
Static electric and magnetic fields
International Agency for Research on Cancer
The IARC, which is a research agency of the WHO responsible for cancer research and a leading
scientific and health authority on cancer causation, published it review of the scientific literature
on potential carcinogenic effect of static electric and magnetic fields in 2002. The IARC
concluded in their monograph that the evidence does not support a cause-and-effect relationship
between static electric fields or static magnetic fields and cancer. The IARC Working Group
classified static fields as “… not classifiable as to their carcinogenicity to humans (Group 3),”
because of inadequate evidence from both human and in vivo animal studies (IARC, 2002, p.
338). The Group 3 classification is reserved for agents where “… studies cannot be interpreted as
showing either the presence or absence of carcinogenic effects because of major qualitative or
quantitative limitations, or no data on cancer in experimental animals [in vivo] are available”
(IARC, 2002, p. 25).

National Radiological Protection Board
The NRPB of the United Kingdom published a review of scientific evidence on limiting
exposure to electromagnetic fields (0-300 GHz), which also included evaluation of the scientific
literature of static electric and magnetic fields. For static electric fields, avoidance of direct
perception and annoyance due to microshocks were recommended for limiting exposure at 20
kV/m and 25 kV/m, respectively. No adverse health effects were identified. The following
conclusions were reached by the NRPB from epidemiologic studies of static magnetic fields
(NRPB, 2004, p. 22):
Studies of workers exposed to static magnetic fields up to several tens
of millitesla do not overall demonstrate raised health risks. However,
the number of studies, their size and the information on exposure levels
are generally limited.
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From human experimental studies, the following conclusions were reached about static magnetic
field effects (NRPB, 2004, p. 25):
Vertigo, nausea, a metallic taste and phosphenes can be induced during
movement in static magnetic fields larger than about 2 T [20,000 G]. In
addition, flow potentials induced in a magnetic field of this value have
been calculated to generate electric fields near the sino-atrial node of
the heart of about 200 mV m-1 during the relative refractory period of
the cardiac cycle, when cardiac excitability is relatively low.
Based on laboratory animal studies, the following conclusions were reached (NRPB, 2004, p.
30):
Apart from possible field dependent changes on localized blood flow in
the skin, and on neuroendocrine effects associated with behavior, no
consistent effects have been reported using fields below 2 T [20,000
G], although the possibility of biological effects increased with
exposure to fields of 5-8 T [50,000-80,000 G] and above. There is little
information regarding possible effects of chronic exposure.

Advisory Group on Non-Ionizing Radiation
The Advisory Group on Non-Ionizing Radiation (AGNIR) conducted a weight-of-evidence
review on static magnetic fields in 2008 for the Health Protection Agency of the United
Kingdom. In their review of the literature on static fields, the AGNIR concluded:
Overall, the available evidence shows … at levels of static magnetic
field exposure above about 2 T [20,000 G], transient sensory effects
occur in some individuals; these effects relate at least in part to
movement in the field. No serious or permanent health effects have
been found from human exposure at levels up to 8T [80,000 G], but
scientific investigation has been limited.

The effects of human

exposure to fields above 8 T are unknown, but some cardiovascular and
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sensory effects would be expected to increase with stronger fields
(AGNIR, 2008, p. 3).

Scientific Committee of Emerging and Newly Identified Health Risks
Periodic updates on the recently published relevant scientific literature related to possible human
health effects of electromagnetic fields (including radiofrequency, intermediate frequency,
extremely low frequency, and static fields) were published by SCENIHR in 2007, 2009, and
2015. Regarding epidemiologic studies of static fields, the 2007 report (SCENIHR, 2007, p. 38)
states:
… the available evidence from epidemiological studies is not sufficient
to draw any conclusions about potential health effects of static
magnetic field exposure.
Known effects of magnetic fields are orientation of forces applied on
biological molecules with magnetic properties: hemoglobin, rhodopsin
(visual pigment), free radicals, nitric oxide; these effects are detectable
at field levels of about 1 T [10,000 G], without known health
consequences (SCENIHR, 2007, p. 38).
On static magnetic fields, the 2009 update states:
Although fair numbers of studies have been published since the last
opinion, the conclusion drawn there stands; there is still a lack of
adequate data for proper risk assessment of static magnetic fields.
Short term effects have been observed primarily on sensory functions
for acute exposure. However, there is no consistent evidence for
sustained adverse health effects from short term exposure up to several
teslas (SCENIHR, 2009, p. 10).
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On static magnetic fields, the 2015 update states:
Observational studies have shown that movement in strong SMF [static
magnetic fields] may cause effect such as vertigo and nausea. These
can be explained by established interaction mechanisms and are more
likely to occur in fields above 2 T [20,000 G] (SCENIHR, 2015, p. 7).

Air ions
The Advisory Group on Non-Ionizing Radiation
In 2004, AGNIR reviewed research results for the NRPB on potential health effects of air ions
and charged aerosols in relation to the hypothesis that corona ions may increase the dose of
airborne pollutants in various target tissues by attaching electric charge to these pollutants. The
conclusion of AGNIR was that “[t]he additional charges on particles downwind of power lines
could also lead to deposition on exposed skin. However, any increase in deposition is likely to
be much smaller than increases caused by wind” (AGNIR, 2004, p. 47). Their conclusion
identified uncertainties about the inhalation of charged particles, but stated, “However, it seems
unlikely that corona ions would have more than a small effect on the long-term health risks
associated with particulate pollutants, even in the individuals who are most affected” (AGNIR,
2004, p. 48)). This assessment has been reaffirmed by the WHO (2007).

Ministry of Health of the Russian Federation
Since low levels of air ions in buildings have been alleged as symptomatic of poor indoor air
quality, the Ministry of Health of the Russian Federation has recommended that (+) and (-) air
ion levels be maintained between a minimum level of 400 ions/cm3 and a maximum level of
50,000 ions/cm3 for public and industrial quarters (MHRF, 2003). The basis for the guideline
was not described in this hygienic norm and so is not cited here as an exposure guideline.
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Current Status of Static Electric and Magnetic Field
Health Research
Static magnetic fields
All magnetic fields have the movement of electric charges in common, but all magnetic fields are
not the same. The magnitude and direction of static magnetic fields do not vary (or vary very
little) over time. In contrast, a time-varying magnetic field is produced by AC sources; these
fields vary in both magnitude and direction. This distinction between static and AC magnetic
fields has implications for the ways in which fields from these sources interact with objects,
including biological organisms. Unlike AC magnetic fields, static magnetic fields do not induce
voltages and currents in nearby stationary conductive objects.

Mechanisms of interaction
Static magnetic fields interact with living tissue by a number of well-established mechanisms,
including those involving electrodynamic, magnetomechanical, or atomic and subatomic forces
(WHO, 2006; AGNIR, 2008; Yamaguchi-Sekino et al., 2011). Electrodynamic effects involve
the interaction of magnetic fields with electrolyte flows, leading to the induction of electrical
potentials and currents. These have been measured in the aorta and the heart as well as
specialized organs of some organisms, and currents can also be induced by movements of the
body in gradient fields. Magneto-mechanical effects involve the orientation of macromolecular
assemblies in homogenous fields, and the translation or torque on paramagnetic or ferromagnetic
molecular species in strong gradient fields. Another type of interaction of static fields with tissue
occurs at the atomic or subatomic level. These mechanisms are not applicable to very weak
static-magnetic field exposure because of the very low magnetic susceptibility of tissues and the
absence of significant amounts of ferromagnetic material in the body. High intensity magnetic
fields (e.g., 100 – 1,000 G) have been reported to influence certain chemical reactions, such as
free radical reactions, and these potentially could influence biological reactions as well. None of
these mechanisms, however, is known to predict harm from exposures at the low intensities of
static magnetic fields associated with a DC transmission line.
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Research summary on static magnetic fields
MRI scanners, which make use of very strong static magnetic fields, radiofrequency
electromagnetic fields, and time-varying gradient magnetic fields in the visualization of the body
interior for medical diagnostic purposes, have been the main impetus for research on static
magnetic fields. The focus of this research is the effect of static magnetic fields on humans and
animals to assess safety parameters. For this reason, reviews of research on potential static
magnetic field effects by the WHO (2006) and SCENIHR (2009, 2015) are of interest to health
practitioners who, along with their patients, have exposure to fields from MRI scanners.
Human studies

As summarized in comprehensive reviews over the past decade, there is no evidence that
exposure to static magnetic fields at environmental levels poses health or safety risks (WHO,
2006; AGNIR, 2008; SCENIHR, 2009, 2015). This conclusion is supported by recent reviews of
human studies that indicate exposure to static magnetic fields at the lower level found in an MRI
scanner more than 15,000 times greater than the total potential static magnetic field (530 mG in
New Hampshire) plus the NPT DC line (177 ‒ 355 mG on the ROW) have no direct adverse
effects.13
Heinrich et al. (2011) evaluated human studies published between 1992 and 2007 in a metaanalysis of five studies in the area of neuropsychology because of previous reports that strong
magnetic fields associated with MRI devices affect cognitive functions. The static magnetic flux
densities in the studies ranged from 0.7 T to 8 T [7,000 G ‒ 80,000 G]. The authors describe no
significant effects on vital physiological signs (e.g., heart rate and blood pressure). On
neuropsychological tests, reports of cognitive effects could not be conclusively related to the
strength of the magnetic field, but on sensory tests, modest effects on sensory perception,
particularly visual contrast sensitivity and dizziness were consistently reported. The review by
Yamaguchi-Sekino et al. (2011) had a broader scope and included mechanisms of interaction,
dosimetry, and biological and therapeutic applications of strong magnetic fields in medicine

13

Magnetic fields at the high field strengths near MRI magnets pose safety risks from the attraction of iron or steel
objects to the magnet. In MRI facilities, the area around the magnet where the static magnetic field is
> 5,000 mG is a controlled access area to prevent such objects from being subject to strong attractive forces
(FDA, 1998)
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including cancer treatment, and a review of 11 studies on brain electric activity, sensor and
motor responses, cognitive function, electrocardiogram (ECG), blood pressure, heart rate, and
skin temperature. No responses outside the normal range were reported in eight studies that
tested effects of static magnetic fields from 0.05 – 9.4 T (500 – 94,000 G) for periods of 5
minutes to 1 hour. Three studies reported short-term changes in sensation, electroencephalogram
(EEG), or neuronal activity monitored by glucose utilization for exposures from 1 ‒ 7 T (10,000
– 70,000 G) for longer time periods. Studies of subjects exposed to high fields but not included
in the above reviews reported no effect of 1.5 T and 7 T (15,000 – 70,000 G) exposures on tests
of cognitive function in 25 subjects (Schlamann et al., 2010). Increases and decreases in brain
regional blood flow were reported in 14 subjects that had 0.3 T (3,000 G) commerciallyavailable permanent magnets placed against the head (Kim et al., 2010). More recent human
studies are reviewed in the recently-released review by SCENIHR (2015).
Animal studies

To address gaps in static magnetic field research regarding exposure to strong (1 ‒ 5 T [10,000 –
50,000 G]) and ultra-strong (> 5 T[> 50,000 G]) static magnetic fields, AGNIR made
recommendations regarding high-strength static magnetic fields (AGNIR, 2008). Specific to
laboratory animal research on this topic, they proposed that studies of long-term exposures be
conducted; in particular, lifetime bioassays to address the carcinogenic potential of static
magnetic-field exposures were considered a high priority. In addition, studies on the possible
developmental effects (particularly on the brain) of static magnetic-field exposure in utero were
recommended. Finally, AGNIR indicated that additional research should be conducted to
address the neurobehavioral responses observed with exposure to strong magnetic fields above 7
T [70,000 G]. It was noted by AGNIR that much of the research regarding immediate and
delayed neurobehavioral effects with high static magnetic-field exposures comes from a single
laboratory; as such, replication and confirmation of these data in other laboratories was
considered a research priority. To address all of these research needs, AGNIR recommended
that studies using genetically modified animal models (transgenic and knockout animals) be
considered to help delineate any observed subtle effects.
Since publication of the 2008 AGNIR report, additional animal research on static magnetic-field
exposure has been conducted. These include studies on neurobehavior (László et al., 2009;
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Antal and László, 2009; László and Gyires, 2009; Elferchichi et al., 2011a; Houpt et al., 2010,
2011, 2012, 2013; Maaroufi et al., 2013), developmental studies in mice (László and Pórszász,
2011; Hoyer et al., 2012), studies on oxidative stress and DNA damage (Amara et al., 2009a,
2009b, 2011; Politański et al., 2010), studies on metabolic disorders (Lahbib et al., 2010;
Elferchichi et al., 2010, 2011b; Ghodbane et al., 2011a, 2011b; László et al., 2011), beneficial
effect of magnetic fields on healing processes (Jing et al., 2010; Jaberi et al., 2011; Aydin and
Bezer, 2011; Ekici et al., 2012), studies on cardiovascular function (Gmitriv, 2010, 2013),
studies on bone (Leesungbok et al., 2013; Xu et al., 2011), and studies on other minor topics (Lin
et al., 2009; Monfared et al., 2009; Miryam et al., 2010; Narinyan et al., 2012; Aïda et al., 2013;
2014). These studies were conducted at high static magnetic-field exposures as discussed below.
In addition, two reviews were published. Ghodbane et al. (2013) reviewed studies of static
magnetic fields on indicators of oxidative stress, damage to cellular genetic material, and
therapeutic enhancement of cancer therapies by static magnetic fields. Almost all of the studies
regarding oxidative stress involved static magnetic fields of 128 mT (1,280 G) or greater. These
studies reported changes in enzymatic activity, antioxidant status, and other indicators although
not always consistently. Moderate (128 mT [1,280 G]) to strong (> 1 T [10,000 G]) static
magnetic fields had little or no effect on indictors of DNA damage but showed increased
apoptosis (the process by which cells shut down and are eliminated). The studies reviewed
suggest that moderate to strong static magnetic fields have biological effects but did not indicate
any direct adverse effects. The review noted several studies in which static magnetic fields
combined with anti-cancer drugs enhanced the survival of mice with experimenter-induced
tumors. Yu and Shang (2014) surveyed 39 studies on 6 mouse and rat models that had been used
to study effects of static magnetic fields on cardiovascular, skeletal, endocrine, reproductive,
neural, lymphatic, muscular, and digestive systems. The magnetic flux densities in these studies
ranged from 2.8 mT (28 G) to 8 T (80,000 G). Few adverse effects were reported and those were
at magnetic flux densities about 100,000-fold greater than the earth’s geomagnetic field (or that
of the NPT DC line). Where effects were reported, the effects were short-lived.
The vast majority of these studies do not address the research priorities proposed by AGNIR in
2008. Four studies on animal neurobehavior (László et al., 2009; Antal and László, 2009; László
and Gyires, 2009; Elferchichi et al., 2011a) were conducted at relatively low magnetic-field
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strength—much lower than the 7 T (70,000 G) threshold proposed for study by AGNIR. Two
studies conducted by the laboratory of Houpt and colleagues (Houpt et al., 2010, 2011) report on
behavioral responses to strong static magnetic fields previously addressed by this laboratory and
require replication and confirmation in other laboratories. The two latest studies by Houpt
(2012, 2013) did investigate effects of ultra-strong static magnetic fields (> 5 T [> 50,000 G]).
Rats and mice exposed to 14.1 T (14,100 G) static magnetic fields exhibited head deviation, and
circling locomotor and swimming behavior that depended upon orientation to the magnetic field
consistent with stimulation of the vestibular system by a Lorenz-force mechanism. This
phenomenon has also been observed in zebra fish exposed to 11.7 T (11,700 G) static magnetic
fields and is believed to result from magneto hydrodynamic interactions with lymph flow in the
vestibular system (Ward et al., 2014; 2015).
Comprehensive studies published by a German research group investigated pre- and postconception development of mice (Hoyer et al., 2012; Zaun et al., 2013; Zahedi et al., 2013) with
exposures to static magnetic fields at 1.5 T and 7 T (15,000 G and 70,000 G). No adverse effects
on behavioral indicators of development fertility, pregnancy endpoints, or post-natal
development were reported. Another study reported that daily magnetic-field exposure may
prevent or postpone preterm birth in mice exposed to lipopolysaccharide (László and Pórszász,
2011). Other animal studies in addition to those summarized above are reviewed in the recently
released review by SCENIHR (2015).
Only a few of the studies addressed research topics recommended by AGNIR. Studies of
neurobehavioral outcomes and reproduction and development have been published by several
research groups but none of the studies examined the long-term effects of exposure or utilized
genetically modified animal models. The recent SCENIHR review also contained
recommendations for research on strong magnetic fields that assign priority to studies relating to
occupational exposures from MRI devices (SCENIHR, 2015).

Relevance of static magnetic fields to human health
The earth’s geomagnetic field and the static magnetic fields under the conductors of the NPT DC
line are about 4,000-fold lower than the recommended maximum exposure for the general
public. No comprehensive review, including the SCENIHR (2015) review of studies published
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since AGNIR’s 2008 review or the previous SCENIHR (2009) review, has reported that static
magnetic fields at environmental levels have adverse effects on people or animals. The
uncertainty identified in reviews concerns potential for effects of long-term exposure to very
high levels of magnetic fields (in the several T [10,000 G] range) produced by MRI devices.
The design and aims of the recent human and animal studies are not very relevant to static
magnetic field levels at or close to either that of the earth’s geomagnetic field or that produced
by a DC transmission line. These studies do demonstrate, however, that short-term exposures to
static magnetic fields even far above the ICNIRP environmental guideline for public exposure of
400 mT (4,000 G) are not capable of producing adverse biological effects. Consideration of this
new research does not to change the overall weight-of-evidence regarding the potential health
effects of static magnetic-field exposure.

Static electric fields
The conductors of the proposed NPT DC transmission line will operate at a constant voltage of
± 320 kV, i.e., the (+) pole will maintain a (+) potential of 320 kV with respect to the ground,
while the (-) pole will maintain a (-) potential of 320 kV with respect to the ground. The voltage
on each of the poles is a source of a static electric field, which is identical to naturally-occurring
static fields. The intensity of the electric field is greatest at the conductor surface and decreases
rapidly with distance away from the conductor. In addition, in some weather conditions corona
on conductors will increase levels of space charge under the conductors that will increase the
total electric field measured at ground level.

Mechanisms of interaction
The potential direct interaction of static electric fields with humans and animals is limited to the
movement of surface charges on the surface of the body; the electric field does not enter the
body (IARC, 2002). At sufficiently high levels, an electric field can be perceived by the
movement of hair on the body. This is most likely to occur while standing in a vertical electric
field in which the body will distort the field and enhance the strength of the field at the top of the
head to levels above that of the rest of the body’s surface. A psychophysical study of the ability
of human subjects under carefully controlled conditions in a laboratory to detect a static electric
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field reported a range of perception thresholds, but the average critical detection value was
40.1 kV/m. The threshold for a standing person in this study was estimated to be 20% lower.
When the ion current density, which is jointly determined by the electric field and air ion
concentration and mobility, was simultaneously raised to 120 nanoamperes per meter squared
(1.33 x 105 ions/cm3), the threshold was lowered to 25 kV/m (Blondin et al., 1996). Testing
done outdoors under DC transmission lines indicates that most persons would not detect electric
fields at levels less than about 25 kV/m (Clairmont et al., 1989; NRPB, 2004a). Under
conditions in which a static field is directed to a local portion of the body such as a hand or arm,
it cannot be detected at fields up to 65 kV/m (Chapman et al., 2005). While it has been reported
that the perception of a static field is enhanced by simultaneous exposure to an AC field when
both lines are on the same structure, the distance between the NPT DC line and adjacent AC
circuits in this project is sufficient to minimize this potential interaction (Clairmont et al., 1989;
Chartier, 1981).
Unlike AC electric fields, static electric fields are not capable of coupling effectively to
conductive objects and so the current density intercepted by a person under a DC transmission
line is on the order of a few microamperes, which is below the threshold for detection of DC
currents (Bracken, 1980). Even for large vehicles parked underneath a DC transmission line or
long parallel fences, the charge collected is limited by leakage current to the ground so the
possibility of perception is minimal; under experimental worst-case conditions, the only
noticeable effect of touching a large, well-grounded vehicle would be a microshock, weaker than
what a person might experience after shuffling across a carpet and touching a metal object. This
finding has been confirmed for DC transmission lines operating at higher voltages (Maruvada et
al., 1982) and DC test lines (EPRI, 1978; Bracken, 1980). The presence of shrubbery and trees
on and off the ROW, and other electrically-conducting materials, including buildings and cars,
can effectively block exposure to the electric field.
Overall, independent of the ability to perceive the field by the mechanical stimulation of sensory
receptors on the body (e.g., hair and skin), there is no biophysical mechanism to explain how
exposure to static electric fields could directly influence biological processes.
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Research summary on static electric fields
Apart from studies of perception, scientists have expressed little interest in pursuing research on
biological responses to static electric fields in human subjects apart from those referenced above.
This is because in the presence of an electric field, the free charges in any conducting object will
redistribute themselves in order to cancel (for a good conductor like copper) or significantly
reduce (for a poor conductor) the electric field at the surface of the object. Therefore, no electric
field (or only a minimal one for poor conductors) will enter the object itself.
Substantially more research has been conducted on the responses of laboratory animals to static
electric fields, particularly because static electric fields have been included in research studies of
space charge (discussed in the next section) to determine whether any effects of exposure to air
ions were the result of the air ions per se or just a response to the static electric field created by
the presence of electric charges in the air. And, unlike the static magnetic-field studies, which
are numerous and have been frequently reviewed for health and scientific agencies, static
electric-field studies are fewer in number and were last reviewed by Bailey et al. (1996).
A comprehensive search of the literature was performed to identify studies of static electric fields
on laboratory animals published in English language scientific journals after 1982 using
PubMed, a search engine provided by the National Library of Medicine and the National
Institutes of Health, which includes over 23 million up-to-date citations from the MEDLINE
database of scholarly journals, as well as “ahead of print” citations, and life science journals that
submit full text articles to PubMed Central. A well-defined search strategy was used to identify
relevant indexed literature.14 Studies published before 1982 also were identified from the
Minnesota Environmental Quality Board review of the literature published in 1982. The studies
identified from these sources are listed in Annex 1, which summarizes the findings along with
information on the species, strain sex, number of animals per group, whether the control animals
were administered sham exposures, whether confounders were addressed, whether the
investigators were blinded as to the exposure status of the animals during testing and analyses,
and whether the animals were randomly assigned to control and exposed groups.

14

In addition, many of the early studies were identified through a search of an extensive personal database on this
subject maintained by Dr. Bailey, and additional studies were identified by reviewing the reference lists in all the
studies obtained through the PubMed literature search.
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Six studies examined the behavior and learning of animals exposed to static electric fields.
Several studies reported that exposure of rats to static electric fields affected the indicators of
behavior or arousal, likely due to direct perception of the field. At low field levels (< 16 kV/m),
no or minimal responses were reported (Lott and McCain, 1973; Mayyasi and Terry, 1969;
Bailey and Charry, 1986; Gromyko and Krivodaeva, 1992). At higher field intensities,
particularly those well above 30 kV/m, effects on both activity and performance were reported,
most clearly tied to the rats’ avoidance of exposure to fields at levels sufficient to move the body
hair (Creim et al., 1993). Movement of cat body hair by static electric fields ≥ 17 kV/m also has
been shown to stimulate sensory hair receptors but no direct effects on internal nerve afferents
were reported (Kato et al., 1986; listed under Other in Annex 1). The avoidance by rats of areas
of a cage associated with exposures > 30 kV/ is not mediated by sensations of nausea or systemic
illness, as Creim et al. (1995) demonstrated no response to 55 kV/m static electric fields of either
polarity in a testing paradigm that is very sensitive to aversive ingested foods and chemicals.
Two studies reported no effect of static electric fields on levels of the neurotransmitter serotonin,
the rate of serotonin utilization as indexed by the ratio of 5-hydroxyindole acetic acid/ 5-5hydroxytryptamine (5HIAA/5HT), or the levels of norepinephrine and dopamine
neurotransmitters in the brain (Charry and Bailey, 1985; Bailey and Charry, 1987). Other studies
examined the effect of static electric fields on susceptibility to infection or reproduction and
growth of mice and rats (Krueger and Levine, 1967; Krueger et al., 1970, 1974; Marino et al,
1974a; Fam, 1981; Kellogg et al., 1985a, 1985b; Kellogg and Yost, 1986). A unique study in
which two generations of rats were continuously exposed to electric fields of 340 kV/m found no
effects of exposure on reproduction, growth, blood parameters, or organ histology (Fam, 1981).
Several laboratories investigated biochemical responses of guinea pigs and mice exposed to
static electric fields at or below 16 kV/m (Krueger and Smith, 1958a; Marino et al, 1974a,
1974b; Mitchell et al., 1978; Güler and Atlay, 1996; Güler et al., 1996, 2004, 2006). Either no or
minor responses were reported. At higher electric field strengths, >25 kV/m and 200 kV/m,
other minor physiological changes were reported (Cieslar et al., 2008; Arzruny et al., 1999;
Harutyunyan and Artsruni, 2013). At much higher field level of 450 kV/m, it was reported that
an anti-tumorigenic chemical had increased effectiveness in reducing the growth of implanted
tumors in mice (Gray et al., 2000). This same laboratory reported in an unpublished (and

108144.001 - 2055

96

therefore, non-peer reviewed) study that 201 kV/m and 378 kV/m fields enhanced growth of
another type of implanted tumor in mice (Gray et al., 2004). Most of the above studies have
serious exposure and methodological limitations.
Despite the recognition over 25 years ago that studies of static electric fields must be carefully
designed and performed to avoid artifacts and confounding effects (MEQB, 1982; Charry, 1987),
methods to avoid these problems have not been commonly implemented. It is unclear from the
design of some of the studies whether reported effects are due to static electric field exposure per
se or these artifacts. Altogether, the literature provides little evidence that static electric fields
have direct biological effects of potential health significance in animals, even when the field
exposures are over 100 kV/m.

Relevance of static electric fields to human health
The lack of direct exposure of internal tissues to static electric fields effectively precludes any
significant direct biological effects. Indirect effects, including perception and spark discharges,
would be weak and limited to areas on the ROW, if they occurred at all.
Scientific reviews have considered both human and animal studies that involved exposures to
static electric fields over a wide range of intensities. The literature is limited in its breadth and
depth because of the recognition by scientists that interactions with organisms are limited by
physical principles (i.e., no induction of currents and voltages in the body), and because no
research has emerged to suggest important biological effects not related to overt perception of
the field.
Some laboratory studies of static electric fields have reported behavioral or biological responses,
while others have not. It is unclear in some of the studies whether reported effects in humans or
animals are due to field exposure or artifacts. The experiments that have been done with humans
and animals do not indicate any consistent response to static electric-field exposures over a wide
range of intensities except for perception, and provide no basis to conclude that exposure to
electric fields, such as those associated with a DC transmission line, pose health risks. The
reported physiological responses of laboratory animals are consistent with the observation that
the sensory perception of high levels of electric fields is likely the cause of the variety of
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physiological responses reported. This conclusion is consistent with assessments of the research
by other reviewers (MEQB, 1982; IARC, 2002; NRPB, 2004a, b; WHO, 2006; SCENIHR,
2015).
To reduce the possibility of perception of static electric fields and annoying stimulation of hair
and skin, the NRPB has recommended keeping exposures of the general public below 25 kV/m
(NRPB,2004a). A higher value of 42 kV/m was recommended as an upper limit (basic
restriction) in an earlier Comité Européen de Normalisation Électrotechnique pre-standard
(CENELEC, 1995).
In fair weather, the calculated static electric field of the NPT line will be well below 25 kV/m,
even underneath the conductors, and so likely will be imperceptible. In foul weather, during
which persons are less likely to be on the ROW, the static electric field will be higher but still
will not exceed this value. Moreover, the likelihood of field perception from the movement of
hair on the head and surface of the body would be reduced because of wind and clothing worn in
wet or other foul weather.
The experiments that have been done with humans and animals do not indicate any reliable
response to static electric-field exposures over a wide range of intensities except for perception,
and provide no basis to conclude that exposures to electric fields, such as those associated with
the electric field of a DC transmission line, pose health risks.
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Space Charge
Space charge in the form of air ions and charged aerosols is encountered at varying levels in
everyday natural environments and in environments altered by human development. A DC
transmission line is one of the man-made sources of space charge. When the electric field at the
surface of a conductor becomes large enough to dislodge one or more electrons from the air
molecules in the immediate vicinity (i.e., corona), usually within 2 to 3 centimeters of the
conductor, air ions are formed. Suspended particles, dust, liquid droplets, and insects that
deposit on a conductor enhance the electric field at its surface, and become sources of corona,
and thus form air ions. Corona occurs to a lesser degree when transmission line conductors are
clean and smooth. Corona production from DC conductors, therefore, is strongly affected by the
environment, particularly weather conditions (i.e., humidity, temperature, and precipitation) and
the season of the year. In fair weather, with little debris on the conductors, corona occurs to a
lesser degree than in foul weather; however, all DC transmission lines in operation generally
produce corona to some degree because of deposits on their surfaces.
Corona on a conductor results in the generation of positive and negative ions of the same polarity
as the conductor. Thus, a positive conductor in corona acts as a source of positive air ions, while
a negative conductor in corona acts as a source of negative air ions. Since the voltage on the DC
conductors does not change polarity as it does on an AC line, the air ions of the same polarity as
the conductor continuously move away from the conductor.15
Many of the air ions generated from DC conductors migrate away from the conductor where they
are produced towards the conductor of opposite polarity; the ions are then neutralized by
recombination with air ions of the opposite polarity en route or by contacting the conductor of
opposite polarity. The static electric field primarily drives the remainder of the electrically
charged air ions toward the conductor of the opposite polarity or toward the ground, with a few
being driven upward above the conductors. Movements of air ions are also influenced by the
wind.
15

When an AC line is in corona, air ions formed in the process are alternately repelled and attracted as voltage
polarity changes on the conductors at 60 Hz. Therefore, there is little movement of air ions away from AC
conductors that are in corona.
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One process that eliminates air ions is the transfer of charge to ambient airborne aerosols. The
charges on aerosols in many locations around DC transmission lines have not been extensively
measured, nor have methods been perfected to calculate charged aerosol levels around DC
transmission lines. Carter and Johnson (1988) measured charged aerosol concentrations at
70 m, 150 m, and 300 m downwind of a ±500-kV monopolar test line in fair weather by
measuring the charge concentration within a wire cage (small air ions were excluded by a
potential on the cage). The level was highest at 70 m downwind and was markedly reduced at
150 m and 300 m. To estimate an upper limit on aerosol charging, Johnson and colleagues
subsequently took measurements around a test line designed to produce air ion levels two to
three times greater than those of a typical DC transmission line. They found that the distribution
of charges was bipolar with a slight predominance of negative charges out to 200 m downwind,
with the most common number of charges (charge/aerosol) being a single charge. Johnson and
Carter also took some spot measurements downwind of the Pacific Intertie ±500-kV transmission
line in California, which showed similar results (GE/DOE, 1989). Overall, while a small effect
of these DC sources could be measured, the fraction of aerosols with charges was similar to
levels measured in other environments, although levels were sometimes slightly higher or lower.
Charged particles can be attracted to and deposited on the skin and in the respiratory system by
electrostatic forces. This route of interaction of air ions and charged aerosols with the body has
been given less attention because ambient aerosols are already charged to some degree, and for
particles up to 1 micrometer (μm) in diameter, multiple charges up to 5 Q or 10 Q (Q = the
charge on a single electron) are quite likely (Kunkel, 1950).
Several studies have been conducted to determine the concentrations of charged particles that
may have an effect on the respiratory system. Laboratory studies by Melandri et al. (1977, 1983)
have demonstrated that deposition in the respiratory tract is increased when there is a high
density of charge on aerosol particles. These researchers determined the particle charge
threshold that enhanced deposition in the human respiratory tract above that of uncharged
particles—9 Q for 0.3 μm diameter particles and as high as 21 to 49 Q for 0.6 μm and 1.0 µm
diameter particles.16 The Melandri et al. studies were confirmed by Prodi and Mularoni (1985)
16

For comparison, dust and pollen are generally composed of particles with a diameter of 1.0 µm or larger, while
fumes and smoke generally are composed of particles with a diameter less than 1.0 μm.

108144.001 - 2055

100

who reported that 29 Q was required to enhance deposition of 0.6 μm diameter particles. In a
report on conditions that simulated a room ionizer operating in a closed room, Scheuch et al.
(1990) found particle concentrations of 50 Q, but the deposition of particles in the human
respiratory tract was increased by less than 2% for 0.5 μm diameter particles and by less than
6.4% for 1.4 μm particles.
In a study on aerosol particles carried downwind of a DC transmission line, Hoppel (1980)
calculated the upper bound for the median charge on particles of different sizes as a function of
particle concentration and charging time. Hoppel’s results suggest that few aerosol particles with
a diameter less than 1.0 μm would acquire a charge greater than 10 Q, which is within the range
of a Maxwell-Boltzman distribution that describes the charge on aerosols under equilibrium
conditions (AGNIR, 2004). Therefore, these results indicate that a DC transmission line would
not add sufficient charge to aerosols beyond that already present.
Despite these studies, speculation arose based on theoretical grounds as to whether the addition
of electrical charge from corona on AC transmission lines increases respiratory exposure to
ambient aerosols. No experimental evidence in humans, however, has been put forth to support
this specific claim (Fews et al., 1999, 2002). Several assessments have criticized this hypothesis
on multiple grounds including the lack of established relevance to health (IARC, 2002; AGNIR,
2004; Jeffers, 2005; WHO, 2007). Modeling of aerosol charging by a DC transmission line
conducted in 2007 confirmed that a DC transmission line could not add sufficient additional
charges to aerosols to cause enhanced deposition in the respiratory tract (Jeffers, 2007).
Bailey et al. (2012) measured charges on aerosols around a ±463 and a ±500-kV DC
transmission line in Manitoba and in a variety of other environments. The prevalence of charged
aerosols was less than approximately 12% in all environments and was similar both upwind and
downwind of the DC transmission lines. Measurements of the charge on single aerosols
indicated that upwind and downwind of these lines the charge on almost all aerosols was ≤ 10
Q/aerosol. This confirms the reasonableness of the modeling by Jeffers (2007) and Hoppel
(1980) and indicates that corona activity on the proposed ±320 kV NPT line, which will be less
than on the ±463 and a ±500-kV DC lines, would not increase exposure to ambient aerosols.
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Human studies
Since the early 20th century, it has been hypothesized that air molecules or small particles
suspended in the air with acquired electric charges (i.e., air ions with either positive or negative
charges) may exert biological and potential health effects. The primary outcomes hypothesized
to be associated with air ion exposures were various psychological outcomes, such as alterations
in mood states and mental well-being, and physiological outcomes related to the respiratory
system. Most studies in this research area were conducted in experimental settings, while one
observational study assessed the health experience of people living near a DC transmission line.
A cross-sectional epidemiologic study sponsored by the Vermont Department of Public Service
was conducted in the densely-populated community of Saugus, California, that is located along
the ROW of the Pacific Intertie DC transmission line (Nolfi and Haupt, 1982). The study
assessed the health experience of people living close to the ROW compared to a similar
population living away from the transmission line. At the time of the study, the transmission line
had been operating at ±400 kV for almost 12 years (in 1984 it was upgraded to ±500 kV).
The study participants were divided based on distance from the transmission line corridor into
near groups (within 0.14 miles) and far groups (between 0.65 to 0.85 miles). Data were collected
from door-to-door interviews at 128 households, and the survey was conducted in a blinded
manner. All members of the household over the age of 2 were included for a total of 438
interviews. The interviews included questions to ascertain the person’s assessment of their
general overall health, specific data such as number of illness days and doctor visits in a
prescribed time period, and various health outcomes and symptoms such as respiratory
congestion, headaches, rashes, tension, dizziness, and drowsiness.
The responses from the near and far groups were compared; the researchers observed no
differences for any of the endpoints measured, indicating no acute health impacts. Although the
study was conducted in a blinded manner, study quality could have been improved by better
exposure measurements and a higher response rate. Nevertheless, the study is consistent with the
results of human experimental and clinical studies reviewed below.

108144.001 - 2055

102

Over the decades, a number of human experimental and clinical studies have looked for effects
of exposure to air ions on neurobehavioral responses and the respiratory system. The quality of
these studies varies greatly in several important aspects: 1) the experimental design (e.g., the
number of study subjects and inclusion of randomization and blinding), 2) the method of
exposure assessment and exposure characterization, and 3) the investigated outcome measures.
Two comprehensive papers recently reviewed the human experimental air ion literature on
neurobehavioral responses (Perez et al., 2013) and the respiratory system (Alexander et al.
(2013). These two reviews are summarized below and included in their entirety in Annexes 2
and 3, respectively.

Human experimental studies of mood related outcomes
Perez et al. (2013) provided a comprehensive review and meta-analysis of human experimental
studies of exposure to negatively or positively charged air ions and various outcomes related to
mood and mental well-being. The researchers relied on the structured literature review
conducted by the Minnesota Environmental Quality Board to identify relevant historical
literature up to 1982. They then conducted their own structured literature search using PubMed
and ProQuest search engines to identify relevant scientific literature between 1982 and 2012,
reviewing peer-reviewed publications in the English language. In total, the authors identified 33
studies that met their inclusion criteria and provided sufficient detail for a qualitative assessment
or quantitative meta-analysis. The included studies were grouped into four outcome categories
based on the investigated parameters; these were activation, anxiety and mood; relaxation and
sleep; personal comfort ratings; and depression. The studies varied greatly in sample size,
ranging between 4 and 124 participants.
Four studies investigated the effects of positive and negative air ions on activation, anxiety, and
mood. A study of 10 healthy adults and 2 subjects with chronic neurologic conditions reported
reduced alpha activity on EEGs of 10 subjects, which was considered a nonspecific response,
during exposure to positive or negative air ionization, or both (Silverman and Kornbleuh, 1957).
A study of 85 adults reported increased tension and irritability after exposure to positive air ions
(Charry and Hawkinshire, 1981) compared to ambient exposure. A double-blind study of nine
subjects with bronchial asthma reported no changes in mood scores after exposure to either
positive or negative air ions (Dantzler et al., 1983). Another double-blind study of healthy

108144.001 - 2055

103

volunteers reported increased anxiety and excitement after exposure to positive air ions, with
decreased level of excitement after exposure to negative air ions (Gianinni et al., 1986).
Fifteen studies evaluated the effect of negative air ions only on activation, anxiety, and mood.
The number of subjects in the individual studies varied between 8 and 112, and the study designs
included unblinded, single-, and double-blind studies of either healthy volunteers or psychiatric
patients. Overall, these studies reported mixed results; while some observed decreases in anxiety
and depressive symptoms with exposure to negative air ions, others observed no change.
Four studies examined the impact of both negative and positive air ionization on relaxation and
sleepiness and reported conflicting results. One study (Hawkins, 1981) examined the influence
of negative and positive air ionization in an office environment on personal ratings of thermal
comfort, alertness, and well-being in a double-blind, crossover experiment. The author reported
higher subjective ratings of alertness, atmospheric freshness, and environmental and personal
warmth with negative ionization. Of the twelve studies that examined the effects of negative air
ions only on relaxation and sleepiness, about half reported some increase in relaxation and
alertness, while the rest reported no effect on relaxation, drowsiness, or sleep patterns.
Personal comfort rating of negative and positive air ionization was examined in three studies,
while three more recent studies examined the influence of negative ionization only. An early
single-blind study of 10 young male adults reported more pleasant feelings with exposure to
negative ionization and increased unpleasantness with positive ionization (McGurk, 1959). More
recent studies by Finnegan et al. (1987) and Watanabe et al. (1997) reported no association with
ionization, while Lips et al. (1987) reported increased subjective well-being and improved
comfort with exposure to enhanced negative air ions.
Changes in depression and depressive symptoms were examined in nine studies. In all of these
studies, the relationship to negative air ion exposure was studied. Deleanu and Stamatiu (1985)
reported improvement in over 50% of the 45 patients with depression. Several double-blind
randomized clinical trials by Terman and Terman (1995, 2006), Terman et al. (1998), and Goel
et al. (2005) with sample sizes between 21 and 124, and single-blind experiments by Goel and
Etwaroo (2006) and Flory et al. (2010) observed significant improvements in depressive
symptoms with high-density exposure to negative air ions. A few other studies by Dauphinais et
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al. (2012) and Harmer et al. (2012) reported no significant changes. The authors of the
systematic review also performed a meta-analysis combining data from five of the studies of
exposure to negative air ions and depression symptoms severity scores as measured by the 29item Structured Interview Guide for the Hamilton Depression Rating Scale, Seasonal Affective
Disorders (SIGH-SAD). High-density and low-density exposure to negative air ions was
associated with a statistically significant decrease on the SIGH-SAD scale of 14 points and 7
points, respectively, on average. When the dose-response relationship was examined by length
of exposure, however, no statistical trend was observed. There was no statistical indication of
publication bias.
Overall, the authors of this systematic and comprehensive review concluded that the existing
scientific evidence does not point to a consistent beneficial or detrimental effect of negative or
positive air ionization on mental well-being based on studies of anxiety, mood, relaxation and
sleep, and personal comfort (Perez et al., 2013). The meta-analysis of studies on depression,
however, indicated a statistically significant decrease in depression scores (i.e., improvement in
the subjects’ depressive states) in association with exposure to negative air ions. A causal basis
for this association was not corroborated by the dose-response analysis, which showed no
association between length of exposure and the decrease in symptoms. The authors called for
cautious interpretation of the observed association and pointed out several limitations of these
findings. Most of the included studies did not control for or report environmental factors (e.g.,
electric fields, air flow, humidity, temperature) that may influence subjective well-being. Most
studies were conducted by the same research group; thus, the results are lacking truly
independent confirmation. The exposure assessment methods and air ion concentration also
varied greatly in the individual studies, and most studies on mood indicators had fairly low
scientific quality. The authors also pointed out that the actual air ion concentrations expressed in
parts per trillion in the studies are vanishingly small and well-controlled animal studies show no
changes in neurotransmitter levels at these exposure levels.

Human experimental studies of respiratory function outcomes
Alexander et al. (2013) provided a comprehensive review of the available scientific literature on
human experimental studies of exposure to air ions and respiratory function outcomes. The
authors systematically reviewed the English language literature published up to 2011. They
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relied on the comprehensive review of the subject area conducted for the Minnesota
Environmental Quality Board to identify relevant literature published up to 1982. A systematic
search using PubMed and DIALOG search engines was conducted to identify relevant
publications between 1982 and 2011. Human experimental studies were included if the study
subjects were exposed to negatively or positively charged small air ions and reported respiratory
function outcomes (e.g., forced expiratory volume [FEV]), metabolic or other physiological
measures [blood pressure], or asthmatic or subjective symptoms [wheezing]. In total, the
researchers identified 23 studies, published between 1933 and 1993, that met the inclusion
criteria. To quantify the associations, meta-analyses were conducted, where relevant, for similar
exposure and outcome groupings. Studies varied in their included population characteristics, ion
polarity evaluations, and investigated outcome measures; thus, the authors grouped and reported
studies in three main categories: 1) pulmonary and ventilation measures, 2) metabolic and other
physiologic measures, and 3) subjective sensation and symptom relief. The sample size in the
individual studies varied between 7 and 123.
Seventeen studies examined various pulmonary and ventilatory outcomes in relation to negative
or positive air ion exposure. The earliest studies by Herrington (1935) and Winsor and Beckett
(1958) showed no associations for respiratory rate and maximum breathing capacity among 11
adult subjects and 5 adult subjects, respectively, with exposure to either positive or negative air
ions. A number of experiments that involved patients with various pulmonary conditions (mild
obstructive lung disease, allergic respiratory conditions, bronchial asthma) reported no
statistically significant associations between exposure to air ions for various lengths of time and
different pulmonary and ventilatory measures such as FEV, histamine threshold, forced vital
capacity, oxygen uptake, and maximum mid-expiratory flow rate (Lefcoe, 1963; Blumstein et al.,
1964; Motley and Yanda, 1966; Jones et al., 1976; Dantzler et al., 1983; Nogrady and Furnass,
1983; Wagner et al., 1983; Kirkham et al., 1984). In other experimental studies, the authors
reported varied results among different study populations for a number of investigated outcomes.
Palti et al. (1966) reported that exposure to negative air ions resulted in reduced respiratory
spastic attacks in 13 infants with bronchial asthma and exposure to positive air ions was
associated with increased spastic attacks in 6 normal infants. Albrechtsen (1978) reported
conflicting results from two separate experiments: in one experiment, the author reported
increased FEV with exposure to both positive and negative air ions among 15 patients with
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bronchial asthma, but in the second experiment, no obvious changes were observed. Osteballe et
al. (1979) reported small, but statistically significant, improvements in lung function in 9 of 15
patients with bronchial asthma. Ben Dov et al. (1983) observed reductions in exercise-induced
bronchial reactivity in 10 of 11 asthmatic children in a double-blind experiment when exposed to
negative air ions, but reported no appreciable effects on resting lung function. In a randomized
double-blind experiment, Lipin et al. (1984) reported a significantly greater fall in FEV
following exercise, but no changes in ventilation and oxygen consumption, in 12 asthmatic
children when exposed to positive air ions. Reilly and Stevenson (1993) examined the effects of
negative air ions in a crossover experiment in eight healthy adult males. The authors reported
reductions in mean oxygen uptake and minute ventilation during rest, but no significant
differences were noted during exercise. Warner et al. (1993) evaluated the effect of air ionizers
on airborne house dust mite concentrations in a double-blind, placebo-controlled crossover trial
in the homes of 20 children with allergic asthma. The authors reported a significant decrease in
allergen concentration, but no changes in peak expiratory flow rate, symptom scores, and
treatment usage among the children.
Several of the studies that investigated some measures of respiratory function also investigated
other physiological measures. The investigated outcome measures included total metabolism,
pulse rate, blood pressure, body temperature, and red and white blood cell count. While most
studies reported no statistically significant differences in these measures, some studies reported
various associations. For example, Motley and Yanda (1966) reported slightly lower pulse rate
when exposed to negative versus positive air ions; however, the authors performed no statistical
analyses to ascertain the reliability of the reported differences. Dantzler et al. (1983) reported a
statistically significant increase in blood pressure after two hours of exposure to positive air ions
in a double blind experiment with nine adults. Reilly and Stevenson (1993) reported significant
decreases in resting rectal temperature, heart rate, and metabolic rate in study subjects while
exposed to negative air ions, but no changes were observed during exercise. A small number of
studies reported conflicting results on subjective sensations and symptomatic relief in asthmatic
subjects in association with exposure to positive or negative air ions.
The review authors pooled the results and conducted a meta-analysis with data from three studies
that evaluated peak expiratory flow rate in association with exposure to negative air ions. The
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weighted difference in group means after exposure to negative air ions was not statistically
significant either in the morning (mean differences of 2 L/min, 95% CI, -16 to 19 L/min) or in
the evening hours (mean differences of 6 L/min, 95%CI, -12 to 24 L/min) compared to values
before exposure.
Overall, the authors of this comprehensive review concluded that the available scientific
evidence, in spite of its limitations and numerous differences in the individual studies, is not in
support of the hypothesis that either negative or positive air ions play an appreciable role in, or
have an influence on, human respiratory function. The literature does not support the beneficial
role of exposure to negative air ions in symptomatic relief of asthmatic symptoms. Similarly,
there is no support for detrimental effects of positive air ions on respiratory measures.

Animal studies
As discussed above, and in major reviews (MEQB, 1982; Bailey et al., 1996) a large number of
human experimental studies have investigated the potential effects of space charge on behavior
and physiology. To expand upon the scope of those studies, experimental animal studies
identified in these reviews and other more recent studies identified by a search of the literature
were reviewed in depth and summarized below by topic for this report. Data from experimental
animal studies are important for addressing potential health risks to humans for several reasons.
First, in many of these studies, laboratory animals were exposed to air ions at much higher levels
and for a longer duration (particularly in terms of an animal’s lifespan) than in the human
studies. For exposure to aerosol particles lower than 2 µm, the inhaled dose to the
tracheobronchial region of the respiratory tract of the rat is 3 ‒ 4 times greater than that of a
human (USEPA, 2004). In addition, a wider range of behavioral and physiological measures
were examined in the animal studies than in human studies. Since there are substantial
similarities between humans and other mammals in terms of how their physiological systems
function, responses observed in laboratory animals are generally considered in the assessment of
potential responses in humans, particularly in regard to health and safety.
Studies evaluated here were identified from the latest review of experimental animal literature on
the effects of positive and negative air ion exposure (Bailey et al., 1996) and from a systematic
search of the literature for studies of air ion exposure published from 1982 through 2014. A total
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of 58 studies published in English were identified and grouped into 9 research topics: behavior
measures; learning and memory; effects on serotonin and other neurotransmitters; tracheal
function; respiratory infection; cardiovascular function; reproduction and growth;
carcinogenesis; and other health endpoints.
Details regarding the species, strain, sex, number of animals per group, exposures, source of ion
generation, control for confounders, random allocation of subjects to treatment groups,
prevention of experimental bias, and findings are summarized in Annex 4.
Certain aspects of animal research studies are important indicators of study quality. In addition
to the criteria described by NAS (1997), the study quality was evaluated by looking at key
indicators of appropriate experimental design and control for potential systematic bias in each
study, as recommended in the “ARRIVE” (i.e., Animals in Research: Reporting In Vivo
Experiments) guidelines for reporting animal laboratory research (Kilkenny et al, 2010). These
key indicators include the use of sham controls and the statistical power to detect an effect of
exposure at the 0.01 confidence level. The potential for systematic bias was assessed by looking
at randomization of subjects to treatment groups and the blinding of investigators during data
collection. Similar recommendations have been published by Festing and Altman (2002).

Quality of Experimental Design and Methods
Scientists seek to test the findings of previous research, and in modern science, independent
replication of scientific findings remains critical to good science. Confidence in the validity of
published findings is a key to acceptance of those findings as representing scientific fact, and for
the most part, scientists are careful not to plan new research based on unreliable or false findings.
Recently, however, many new journals have appeared that conduct little or no peer review of the
scientific studies they publish, which is due, in part, to the increased demand for scientists to
publish their research to gain advancement in their field; nevertheless, the quality of much of this
published research is problematic (Butler, 2013). This, and a small but growing number of
reports of scientific misconduct, has led to widespread concern by scientific and health agencies
as well as top-tier scientific journals, and an ensuing attempt to improve the depth and quality of
published studies to minimize barriers that prevent reproducible study results. This concern
regarding study quality is justified by evidence supporting the allegation that “most published
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research findings are false” (Ioannidis, 2005).Prinz et al., 2011; Begley and Ellis, 2012; Iorns,
2012) provide evidence supporting this allegation. To address these problems, scientists who
review and evaluate research for authoritative scientific and health agencies have developed
guidelines for that review and evaluation, including consideration of study design practices
related to randomization, blinding, and the reporting of a dose-response relationship, as
discussed below (AHRQ, 2002; OHAT, 2015). The goal is to improve the reproducibility of
published scientific studies and the quality of the scientific evidence used in evaluating health
outcomes.
Randomization

Randomization of subjects to treatment and control groups is one of the key concepts of these
guidelines. Since the conditions of treated and control animals may differ (e.g., light, availability
of food, prevalence of viral and bacterial infections, and other factors), allocating all animals
from one cage to control conditions and all animals from another cage to a treatment group may
lead to differences between these groups that reflect conditions extraneous to the experimental
variable of interest. Hence, all studies included in this review of animal research were evaluated
for evidence that the investigators selected and assigned subjects to control and treated groups by
a randomization process to minimize factors that could systematically bias the outcome of the
experiment.
Blinding

Guidelines dictate that, because knowledge of exposure history can be another source of
systematic bias, the experiment must be designed so that the investigators are blind to the
subjects’ exposure history when collecting data and conducting preliminary analyses.
Knowledge of the exposure history of the subject is recognized to affect the investigator’s
attitude, perception, and handling of the animals during the experiment (Rosenthal, 1966;
Schultz and Grimes, 2002). Studies that report methods to blind the investigator to information
about the test animals, including to which experimental groups they belong, until the conclusion
of the final data analysis are judged to be of higher quality than those that have not reported such
methods to safeguard against this source of bias.
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Dose Response Relationship

Generally, a response that is causally related to treatment will increase as the treatment
intensifies (i.e., as the dose increases) or as the duration of exposure increases. In contrast,
responses that occur in an experiment without a clear relationship to the treatment may be due to
the influence of other, extraneous factors in the experiment or result from the inherent variability
of that response. Since a greater response to exposure with increasing intensity or duration of
exposure (i.e., the dose-response relationship) can be a strong indicator that the exposure of
interest is causal, particular attention was focused on this aspect of the studies discussed below.

Summary of animal studies
For ease of visualization, the magnitude of a response for the groups exposed to air ions reported
in each study was expressed as the standardized deviation from the mean of the unexposed
control group (i.e., the standardized mean difference [SMD]), which was computed by applying
the Hedges’ g with correction for small sample bias (Lakens, 2013). Since the measures reported
in the literature vary widely, expressing the results of the experimental tests in a uniform way
allows for more direct comparison of results and an appreciation of the relative magnitude of the
reported effects. The data reported in studies of respiratory infection were expressed as a
proportion of the exposed and control groups affected and the results are summarized by the
mean proportional difference (MPD) in animal response. The data are voluminous and so are
included in Annex 5, Figures 5-1 through 5-9. In each figure, the SMD values are shown by
circles opposite each response reported in the paper. The SMDs and MPDs are presented
separately for exposure to negative and positive air ions. A SMD or MPD equal to 0 indicates
that the response of the exposed and control groups do not differ. If the SMD or MPD has a
value greater than 0 then the response of the exposed group is greater than the control group; a
SMD or MPD less than 0 indicates that the response of the exposed group is less than the
response of the control group. The calculated CIs about the mean SMD or MPD values assumed
p = 0.05. Whether or not the lower CI includes 0, a wide CI reflects considerable imprecision in
the estimated mean value; conversely, a narrow CI reflects greater precision. If there is no
difference between the mean values of the exposed and control groups, then less than 5% of the
values obtained by repeated sampling of this population would be expected to fall outside the
95% CI around the mean value (shown around the mean value in the figure).
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A difference, however, at the p = 0.05 level provides little protection against incorrectly rejecting
the null hypothesis (Goodman, 1999), so those SMDs or MPDs where the differences were less
than p = 0.01 were identified by blue color coding to indicate moderate to strong statistical
evidence that exposed and control group mean values differed.
In some studies, the publications provided insufficient information to determine the SMDs or
MPDs. The studies in each research topic that therefore could not be included in the SMD or
MPD analyses are listed in the legend at the bottom of each figure. The results of the studies
summarized in SMDs and MPDs in Annex 5 are discussed below as well as those studies that
were not assessed in Annex 5 (but are summarized in Annex 4). Details regarding studies for
which SMDs or MPDs could and could not be extracted are summarized in tables contained in
Annex 4.
Behavioral measures

Fifteen studies were reviewed in which rats, mice (1 study), and hamsters (1 study) were exposed
to positive or negative air ions over periods from 20 minutes to 300 days. Figure 5-1 in Annex 5
summarizes the SMDs for 106 tests performed in 8 of these studies, including wheel running
(Herrington and Smith, 1935; Olivereau and Lambert, 1981); brain electrical activity (Olivereau
et al., 1981; Lambert et al., 1981), multiple measures of spontaneous behavior (Olivereau and
Lambert, 1981; Dabrowska et al., 1990; Lenkiewicz et al., 1989), response to aversive stimuli
(Beardwood and Jordi, 1990), altered sleep patterns (Lambert and Olivereau, 1987). On very
few of the 106 measures evaluated in Figure 5-1 in Annex 5 did the investigators report that
animals exposed to positive or negative ions differed from control animals (i.e., where the lower
CIs were greater or less than 0). The findings of other studies for which SMDs were not
calculated included increased motor activity (Bachman et al., 1965), no effect of ion exposure on
spontaneous motor activity (Bailey and Charry, 1986), reduced pain response to aversive
stimulation following positive ion exposure (Beardwood et al., 1986, 1987), and no evidence for
avoidance of high ion exposures of either polarity (Creim et al., 1993), and prevention of an
acute stress response in immobilized rats (Livanova et al., 1999). Exposure to higher levels of
air ions did not produce greater responses (see also Annex 6, Table 1 in Figure 6-1).
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Learning and memory

Ten studies evaluated effects of air ion exposure on learning and memory in rats. Only three
studies permitted calculation of SMDs. Jordan and Sokoloff (1959) reported improved maze
performance of older rats when exposed to negative air ions (Jordan and Sokoloff, 1969). Two
other studies reported on the results of three experiments that included 24 tests of air ion
exposure on learning and memory tests in rats (Figure 5-2 in Annex 5). One study described the
results of two different experiments that examined short and long-term exposure on responses to
noxious stimuli (Olivereau and Lambert, 1981)17 and another study examined the animal’s
ability to remember the taste of a bitter solution in 10 different tests (Creim et al. 1995). Neither
study suggested a persuasive effect of ion exposure, as the confidence intervals of the SMDs all
cluster around zero. Other studies for which SMDs were not extracted reported no or
inconsistent effects on learning of various tasks (Bauer, 1955; Duffee and Koontz, 1965; Frey,
1967; Nazzaro et al., 1967; Terry et al., 1969; Falkenberg and Kirk, 1977). Exposure to higher
levels of air ions did not clearly produce greater responses (see also Annex 6, Table 2 in Figure
6-1).
Serotonin, other neurotransmitters, and brain development

One of the main foci of air ion research has been on neurobiological functions. The SMDs of
tests reported from 12 studies of living animals are summarized in Figure 5-3 in Annex 5. The
laboratory of Alfred Krueger reported that positive and negative air ions increased or decreased,
respectively, the levels of serotonin in blood (Krueger et al., 1963, 1966) and in the brain
(Krueger and Kotaka, 1969) of mice. The results of these studies were by no means as
statistically significant or as consistent as the authors reported. One reason that some results
appeared statistically significant was that the authors mistakenly considered the animals exposed
as a group as individuals in the statistical analysis. For example, the individuals in groups tested
by the Krueger laboratory shared many similar characteristics and any aspect of the testing
environment that affects one animal of the group was likely to have affected the others as well.
Hence, there was a high degree of interdependence in the responses of the animals within the
group that would not have existed had the animals been tested as individuals. Without the
inflated number of subjects per group and a lowered variation in the responses because of the
17

The same result also was reported in Olivereau, 1980.
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similarity of the animals’ experience, the few small and inconsistent differences reported would
not likely have been judged to be different at the p = 0.05 or p = 0.01 significance level. A
similar criticism applies to the studies by Diamond et al. (1980) and Gilbert (1973), both of
which reported that groups of rats exposed to negative air ions had lowered levels of serotonin in
the brain. In Diamond et al., the reductions occurred only in rats living in an enriched
environment, showing lower serotonin and cyclic adenosine monophosphate (AMP) in one part
of the brain cortex, but no effect of air ions was reported for rats living in an impoverished
environment. Bailey and Charry (1987) reported no effect of positive or negative air ion
exposure on the concentrations of serotonin in any of six brain regions examined or on a measure
of neurotransmitter turnover (the ratio of serotonin [5HT] to its metabolite [5HIAA]) in these
regions.
Charry and Bailey (1985) also tested to see if exposure to negative or positive air ions at high
levels (500,000 ions/cm3) affected the levels of two other neurotransmitters—dopamine and
norepinephrine—in five different brain regions of rats. No effects of exposure were reported.
In other studies, investigators attempted, without success, to replicate the finding that positive air
ions increased the serotonin levels in the blood of mice (Krueger et al., 1968; Kellogg et al,
1985a, 1985b)18 and rat (Dowdall and DeMontigny, 1985) or the brains of rats (Dowdall and
DeMontigny, 1985), although the report of Beardwood et al. (1987) supports Krueger’s
hypothesis. In addition, Dowdall and DeMontigny (1985) did not find that air ions affected the
response of hippocampal neurons to applied norepinephrine, serotonin, or acetylcholine.
Altogether, the results of 280 tests of air ions in these studies summarized in Figure 5-3 in Annex
5 provided no reliable or consistent evidence to suggest that air ion exposure affects levels of
serotonin in blood or tissues. Another 158 tests in Annex 5 did not demonstrate that exposure to
static electric fields at levels of 3 kV/m that were part of two studies (Charry and Bailey, 1985:
Bailey and Charry (1987) had any effect on serotonin, dopamine, or norepinephrine
neurotransmitter systems in brain. Also, exposure to higher levels of air ions did not produce
greater responses (Annex 6, Table 3 in Figure 6-1).

18

Results also summarized in Kellogg and Yost (1966).
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Tracheal function

Another principal interest of the Krueger laboratory was mucus flow and the movement of cilia
that line the trachea in anesthetized rabbits, rats, and mice and their potential relationship to
levels of the neurotransmitter, serotonin. Although the Krueger laboratory reported that positive
and negative air ions have opposite effects of small magnitude on mucous flow and ciliary rate in
anesthetized rats, mice, rabbits, and guinea pigs, a quantitative assessment of these claims could
not be performed due to the lack of sufficient information about the experimental design and
results, including the absence of statistical analyses (Krueger and Smith, 1958a, 1958b, 1959,
1960b). Krueger also claimed that air ions had similar effects on isolated tracheal tissues
exposed in vitro (Krueger and Smith, 1957) but others have not been able to replicate this claim
(Badré et al., 1966; Guillerm et al, 1966; Kensler and Battista, 1966).
The studies on this topic did not report sufficient information to compute SMDs but the means of
control and experimental measures and other data reported in the whole animal studies by
Krueger’s laboratory and in subsequent publications of whole animals by other investigators are
summarized in Annex 5, Figure 5-4. It should be noted that the relevance of the studies to
unanesthetized rats is unknown because the normal exposure pathway that would trap and
neutralize air ions entering the nose and mouth was bypassed by applying air ions directly to the
trachea. Nevertheless, despite differences in the species, exposure duration, and intensity, and
the limitations noted above, the Krueger publications indicate that ciliary activity and mucous
flow are lower when positive air ions were applied in 15 of 20 tests, whereas these measures are
increased in 19 of 22 tests by the application of negative air ions. In contrast, another researcher
(Andersen, 1972) found that ciliary activity was highly variable and sensitive to small changes in
temperature and humidity. Furthermore, neither negative nor positive air ion exposure caused
alternations in the ciliary beat frequency or mucous flow compared to controls.
A more recent study by Sirota et al. (2006) reported that daily exposure of unanesthetized rats to
concentrations of negative air ions at 100,000 – 600,000 ions/cm3 produced by the Lustre ionizer
caused histological damage to the trachea and biochemical changes suggestive of oxidative
stress. These authors report, however, that similar levels of negative air ions produced by two
other ionizers did not damage the trachea. The inconsistency of effects for similar air ion
exposure suggests that other unmeasured factors influenced the outcomes of the Sirota et al.
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(2006) study. These investigators later reported that exposures of rats at similar levels to those
used in their earlier study did not produce histological damage, but did alter indicators of reactive
oxygen species (Sirota et al., 2008). Because most studies on this topic did not provide
measurements of ion concentrations, no dose response assessment was possible.
Respiratory infection

The Krueger laboratory also reported extensive studies of the responses of mice infected with a
fungus, a bacterium, or influenza to negative and positive air ions in five studies (Krueger and
Levine, 1967; Krueger et al., 1970, 1971, 1974; Krueger and Reed, 1972). Since the results are
presented as the number of mice that died at varying times after infection, the results summarized
in Figure 5-5 in Annex 5 are presented as the proportional difference in mortality between
groups exposed to air ions and those in control groups for 21 air ion and 6 static electric field
tests from the 5 studies published by this laboratory. Some of the largest effects reported in any
study from the Krueger laboratory were reported in one of these studies (Krueger et al., 1970).
Here again, as in the Krueger studies of serotonin, 10 ‒ 12 animals were exposed simultaneously
in a group, yet the statistical analysis treated each as an independently-tested subjects, which,
inflated the apparent statistical differences between groups. In response to such criticism,
Krueger admitted that “[c]onsidering the conflicting evidence, we must grant the likelihood that
our results involved a combination of environmental factors of which air ions were only one
element” (Krueger, 1972, p. 313).
While increased mortality from fungi, pneumonia, and influenza was reported by Krueger and
Levine (1967), Krueger et al. (1970), and Krueger and Reed (1972) for mice exposed to positive
air ions, negative air ion exposure was reported as having no effect on mortality (Krueger et al.,
1971, 1974; Krueger and Reed, 1972), or reduced mortality in a few cases (Krueger and Reed,
1972). A role for positive air ions in increasing mortality after infection to influenza cannot be
supported by the data because groups of animals exposed to ion depleted air had similarly
increased mortality relative to sham-controls. Specifically, Kruger and Reed (1972) reported that
the absence of air ions (ion-depleted test conditions) was associated with the same mortality from
influenza virus as positive ions, negative ions, or a mixture of positive and negative ions.
Krueger et al. (1974) argued that the failure in this study to replicate any of their previous
findings for positive ion, negative ion, or ion-depleted exposure conditions of similar duration
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and ion density levels was because the influenza virus was administered by disbursing the virus
as an aerosol rather than by direct application to the nose as in all previous studies. It is also
possible, however, that the high concentration of air ions caused the aerosolized virus to be
removed from the air, thus reducing exposure of the animals to the virus and mortality. It is well
known that high concentrations of air ions are capable of reducing levels of aerosols and
particles in confined spaces (e.g., Grinshpun et al., 2005). Overall, exposure to higher levels of
air ions did not produce greater mortality from respiratory infections (Annex 6, Figure 6-1).
Cardiovascular function

Four studies reported on 25 separate tests in which heart rate, respiration, and blood pressure
were measured in rats exposed to positive or negative air ions, as summarized in Figure 5-6 in
Annex 5. Three studies of animals exposed to positive and negative air ions for periods of
30 minutes to 8 weeks reported no large or consistent effects of exposure on heart rate,
respiration rate, or blood pressure (Bachman et al., 1965; McDonald et al., 1965; Ju and Kubo,
1997). The fourth study (Suzuki et al., 2008) measured the heart rate and blood pressure
responses of anesthetized rats to negative air ions and reported no reliable effects. Additionally,
Suzuki et al. measured levels of c-fos protein, a marker of neuronal activity, in brain regions that
receive input from peripheral sensory autonomic nerves. They reported that small responses in
heart rate, blood pressure, and brain activity were abolished when the vagus nerve was cut,
which suggests that these physiological responses were produced by sensory stimulation by air
ions presented to the nose of the rat. Further, the concentrations of air ions presented to the rat’s
nose through a tube from the ion generator as described by Suzuki et al., would be far higher
than the concentration measured in the open air. Whether physiological responses of
anesthetized rats to air ions might predict those of unanesthetized rats is unknown.
Reproduction and growth

The data presented in several studies permitted calculation of SMDs for studies of the
reproduction and growth of rats and mice exposed to positive and negative air ions. The results
of these studies included 52 measures of blood constituents and growth with short- and long-term
exposure, as summarized in Figure 5-7 in Annex 5. In an early investigation, Herrington and
Smith (1935) reported no effects on rat development in a study lasting almost a year. Adult rats
and their progeny exposed over four generations to negative air ions were reported to have the
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same growth and reproductive outcomes overall as did control rats (Hinsull et al., 1981, 1984;
Hinsull and Head, 1986; Hinsull 1988). The results, however, were confounded by respiratory
disease in the colony. Opposite effects of positive air ion exposure on growth and development
of rats over two generations (decrease in F0 males; increase in F1 males) at 50 weeks of age
were reported by Hinsull and Head (1986). Additionally, Hinsull (1988) followed male and
female rats exposed to negative air ions or control conditions over their lifetime; no clear effects
of negative air ions on growth were noted and no statistical analysis was reported.
Kellogg et al. (1985a, 1985b) and Kellogg and Yost (1986) studied mice exposed to positive or
negative air ions at two intensities for 2 years. No effects on body weight were observed or on
multiple measures of blood constituents, except for slightly lower levels of blood glucose. The
survival of mice in this study was greatest for groups exposed to static electric fields and lowest
for those exposed to negative ions. In the negative ion group, the survival was similar for mice
exposed to high and low levels of air ions. For groups exposed to positive air ions, those
exposed to higher levels of positive air ions survived longer than those exposed to lower levels.
Overall, the survival of mice exposed to air ions was about 7% lower than mice not exposed to
air ions. The significance of this difference is unclear because of the large number of
comparisons, none of which met or exceeded a high statistical confidence level of p = 0.01.
More important, however, is that the findings were confounded by a mild vitamin deficiency and
intestinal infections in the rat colony. The latter prevents any clear interpretation of the survival
data. As described by the authors:
By 6/7/83 we had diagnosed this disease as resulting from proteus vulgaris.
Animals dying from this infection had the salient features of severe
gastroenteritis, splenic hypertrophy, and occasional purulent salpingitis. Sections
showed the small intestines filled with pus, with the mucosal surface having
various degrees of liquefaction necrosis, and marked infiltration of the muscularis
mucosa by reactive cells, notably polymorphonuclear leucocytes. Occasionally
animals showed marked salpingitis with grossly enlarged fallopian tubes filled
with purulent materials. Final autopsies at the end of the experiment revealed
animals with some degree of proteus infection from all cage conditions.
Obviously, the prevalence of proteus infections markedly complicates the
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interpretation of the cause of death for affected experimental animals (Kellogg et
al., 1985b, p. 271).
Finally, recent study from Japan reported that the body weight, food consumption, uterine
weight, and bone development of male and female mice exposed to high levels of air ions
(8,500,000 ions/cm3) at both polarities for the first 20 days of pregnancy were no different from
those of sham-exposed controls (Yamamoto et al., 2014).
Carcinogenesis

Two studies examined the response of rats and mice exposed to negative air ions on 30 measures
related to carcinogenesis, as summarized in Figure 5-8 of Annex 5. The first study reported that
air ions generated by water shearing (i.e., water-generated negative air ions [WNI]) increased the
activity of natural killer cells, which protect against cancer, during 48-hour testing (Yamada et
al., 2006). The study further examined the development of tumors in mice injected with a
cancer-causing chemical and then exposed to WNI or WNI and an anti-tumor drug, TS-1. At 7
weeks, the tumor volumes in the mice treated with WNI only or with WNI + TS-1 and the tumor
weights of the WNI-treated rats were much lower than in the control group. During the next 67
weeks, the survival of mice was observed and tumor weight and body weight measured at death.
Survival was significantly longer and tumor weight was lower; these factors were associated
with an increase in the body weight of mice treated with WNI or with WNI + TS-1. Important
experimental details, however, including the concentration of air ions, animal exposure
conditions, and statistical analyses were not reported. The beneficial effects of treatment,
however, were large and statistically significant at the p = 0.01 level.
The second study (Takasawa et al., 2011) investigated whether air ions were capable of
damaging the DNA of cells in the lung or blood obtained from rats and mice. Damage to DNA
is relevant to cancer because damaged DNA, if not repaired by cellular repair mechanisms, can
lead to the development of cells with aberrant growth. Rats were exposed for 48 hours and blood
and tissues collected for analysis. Neither of two indices of DNA damage as detected by the
comet assay (length of DNA in comet tail and percent of DNA in comet tail) indicated that air
ions were capable of damaging DNA of blood cells or lung.
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Other health endpoints

Two additional studies reported on effects of negative air ions on 29 miscellaneous measures and
are summarized in Figure 5-9 of Annex 5. (For a third study, no SMD could be calculated, and
its results were not plotted in the figure.) Wehner et al. (1983) exposed rats to negative air ions
for 90 ‒ 140 minutes and then analyzed blood for 23 different blood components included in
general blood work-ups for humans. One of these measures was reported to differ significantly
from the control group and the authors considered this finding likely an occurrence due to
chance.
The second study (Bordas and Deleanu, 1989) tested the hypothesis that negative air ions might
reduce the incidence of ulcers of the stomach that developed in rats in which the part of the
intestine immediately below the stomach was constricted for 24 hours. Rats in one group were
exposed to negative air ions for 3 ‒ 120 minutes for 10 days prior to the induction of ulcers and
then examined 5 days after intestinal constriction. Another group was exposed in the same
manner as the previous group, but air ion treatment continued after ulcer induction for another 5
days, for a total of 15 days, until examination for ulcers. The mean number of ulcers in these
treated groups was compared to control groups examined 24 hours after constriction of the
intestine or 5 days after constriction of the intestine. Although not discussed in the paper, it
appears that the animals were exposed in groups, which reduced the variability and inflated the
number of animals considered in the statistical analysis. In the group treated with negative air
ions for 15 days the total number of ulcers was reduced. The concentrations of air ions were not
reported.
A third study reported that exposure of wounds to the back of rats to negative accelerated healing
whereas exposure to positive air ions slowed healing (Jaśkowski and Myśliwski, 1986). No
sham controls were used in this study or in the Bordas and Deleanu (1989) study.
Dose Response

The evidence for dose-response trends in the measures reported within the studies was examined.
None of the 12 studies (Terry et al., 1989; Creim et al., 1993; Krueger et al., 1963a, 1966, 1974;
Krueger and Kotaka, 1969; Kellogg et al., 1985a, 1985b; Kellogg and Yost, 1986; Krueger and
Reed, 1972; Sirota et al., 2006; Takasawa et al., 2011) that reported exposures to multiple levels
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of ion densities reported a dose-related increase or decrease in measured responses or had any
effect at different levels, except Krueger et al. (1963a) and Kellogg and Yost, (1986). Krueger et
al. (1963a) reported that an increase from 4,500 to 51,000 ions/cm3 comprised of positively
charged carbon dioxide (CO2) air ions increased blood serotonin levels, whereas a similar
increase in negatively charged CO2 air ions decreased blood serotonin levels. Kellogg and Yost
(1986) reported that an increase in positive air ions from 2,000 to 200,000 ions/cm3 decreased
mortality in mice. Among other studies that varied the duration of exposure to air ions
(Herrington and Smith, 1935; Dabrowska et al., 1990; Bauer, 1955; Hinsull et al., 1981; Krueger
et al, 1968, 1970, 1971; Krueger and Kotaka, 1969; Krueger and Smith, 1960b; Bailey and
Charry, 1985; Kellogg and Yost, 1986; Bailey and Charry, 1986, 1987; Lenkiewicz et al., 1989;
Sirota et al., 2006), responses measured by the investigators were not present or, if present, did
not increase or decrease with longer exposure durations.
Since few studies evaluated dose-response relationships within studies (the ideal study design),
the SMDs in Annex 6 were plotted for all the responses of studies with quantitative data reported
in topic areas summarized above (except for tracheal function). The graphs in Annex 6 show the
relationship of the magnitude of the change in the exposed group from the control group as a
function of the ion density concentration. Ordinarily, this would not be very useful data, but the
range of ion densities reported in the animal studies is very large, spanning five orders of
magnitude (i.e., the highest exposures are up to 100,000 times or more greater than the lowest
exposures). This large range of exposure intensities justifies looking for global evidence of a
dose-response relationship across studies within the topic areas. The SMDs are plotted as a
function of the log10 of the ion density. For example, in Figure 1 the intensities range from just
below 4 (104 or 10,000 ions/cm3) to just below 6 (106 or 1,000,000 ions/cm3). The figures in
Annex 6 do not provide visual evidence for any apparent trend for the SMDs or proportional
response (Figure 5-2) to differ as a function of positive or negative ion density levels.
The quality of the design and reporting of air ion studies was highly variable. While 49 studies
(80%) reported that sham exposure groups were included in the study design, the subjects were
randomly allocated to control or treatment groups in only 33%, and still fewer studies (20%)
reported collecting data under procedures that would prevent bias by blinding the investigators as
to the identity of the exposed and control groups during the collection and initial analyses of the
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data. Failure to randomize subjects to study groups is a potential source of bias. Subjects that
differ with respect to health, environment, and other factors within the colony can be aggregated
within a treatment or control group, creating differences in the measures independent of the
exposure under study. Comparing a group exposed to air ions in a specialized exposure chamber
to controls kept in some other location allows confounding by extraneous factors, including the
stress of handling. Good quality studies make an extraordinary effort to ensure that all
conditions of exposure except for air ions are the same for the exposed and sham-control groups.
In addition, good quality studies attempt to minimize or control potential confounders associated
with the generation of air ions. Depending upon the response under study, the production of an
electric field, ozone, noise, or light from corona discharge systems may confound any potential
effect that might be otherwise attributed to air ions. As evident from study summaries in Annex
4, few studies attempted to minimize such potential effects.
As summarized in Annex 5, very few studies in any topic group provided moderate to strong
evidence (p ≤ 0.01) that a reported effect of air ions was not just due to sampling error. Further,
there was no consistency for the direction of effects reported across studies within topic groups.
A generic weakness of the studies in the animal air ion research literature is that the number of
subjects in the control and exposed groups is often ≤ 10, which means that the power of a study
to detect a difference greater than expected by chance alone is likely to be less than 80%. In
some studies, particularly those from the Krueger laboratory, the number of independent
experimental units is far less than the number of subjects reported because the animal subjects
were exposed in groups ranging in size from 3 to 40, and so even if the total number of subjects
is over 200, the effective number of experimental units will be far smaller and the appropriate
calculated p-values will be greater than stated by the investigators.

Research on livestock, wild animals, and plants
Since DC transmission lines typically are utilized to transmit power over long distances, by their
nature, they tend to traverse forested and woodland locations with substantial wildlife and rural
farmlands with livestock, dairy cattle, and other farm animals. Small mammals and grounddwelling species such as mice, salamanders, snakes, rabbits, and foxes are largely shielded from
electric fields by surrounding vegetation. Other species such as moles and woodchucks that live
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underground are totally shielded from the electric field by the soil. Only larger species, such as
deer, elk, and moose, and domestic livestock, such as dairy cattle and sheep, have potential
exposure since typically they stand higher than surrounding vegetation. Their duration of
exposure, however, tends to be limited to foraging or the time it takes to cross under the
transmission line. Since static electric fields do not couple with the body, interactions with
animals near the lines would be limited to the perception of fields and charges on the surface of
the body. Several studies of exposure to electrical phenomena resulting from DC transmission
lines have been conducted to investigate potential effects in various species, as discussed below.
Some of this research was reviewed by Sheppard (2000).

Livestock
In response to the concerns of farmers near the ±400-kV CPA/UPA DC transmission line in
Minnesota, researchers examined possible effects of the electrical environment of this DC
transmission line on dairy cattle. Martin et al. (1983) at the University of Minnesota used the
records of the Dairy Herd Improvement Association to study the health and productivity of about
24,000 cows (approximately 500 dairy herds) from farms located near the transmission line.
They examined 6 years of veterinary records that spanned a period from 3 years before the line
was energized in 1979 to 3 years after energization. The herds were grouped according to
distance of the farm from the transmission line, with the closest herds less than 0.25 miles from
the line and the farthest between 6 and 10 miles away.
Endpoints selected for study included milk production per cow, herd average of milk production,
milk fat content, and measures of reproductive efficiency. The health and productivity of the
herds was found to be the same before and after energization and also was found to be unrelated
to distance of the herds from the transmission line.
Investigators at Oregon State University compared the health and productivity of 200 cow-calf
pairs randomly assigned to pens directly under the ±500 kV DC Pacific Intertie transmission line
or 615 m away from it. The average electric-field exposure of the animals in the pens under the
line was about 5 kV/m and the average exposure to air ions was about 13,000 ions/cm3. The
exposure and control groups were evaluated for breeding activity, conception rate, calving,
calving interval, body mass of calves at birth, body mass at weaning, or mortality over a 3-year
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period. No differences between the animals in the exposed and control pens were noted for any
of these categories (Angell et al., 1990).
The investigators also monitored the activities of the exposed and control cattle at 15-minute
intervals during a 24-hour period each month (Ganskopp et al., 1991). The distribution of cattle
along feed troughs in the exposed and control pens was similar and unrelated to measures of the
static electric field and there were no major differences in the time spent in various behaviors.
Although small differences in the distribution of cattle within the pens were noted, the
investigators reported that the differences were not correlated with fluctuations in the static
electric field or audible noise levels.
Analyses of Google Earth aerial photographs attempted to determine whether the orientation of
cattle in fields was oriented to the earth’s geomagnetic field. These studies have severe
methodological limitations and the data are not consistent or independently replicated (Begall et
al., 2008; Burda et al., 2009; Hert et al., 2011; Slaby et al., 2013).

Wild animals
Griffith performed a study to investigate the effect of the DC Pacific Intertie transmission line in
Oregon on the plant and animal communities when operating at ±400 kV (Griffith, 1977). He
performed systematic sampling of these populations with primary emphasis on crops, natural
vegetation, songbirds, raptors, small mammals, pronghorn antelope (Antilocapra americanca),
and mule deer (Odocoileur hemionus). Some of the species were influenced, either positively or
negatively, by the presence of the transmission line. Overall, species that were negatively
influenced were those that needed undisturbed plant species, or have some specialized type of
behavior with which transmission line structures interfere, such as robins, Brewer’s sparrows,
and pinon mice. Those species that were positively affected used the transmission line structures
as part of their feeding, hunting, or resting habitats, including certain types of raptors and
Townsend’s ground squirrels. The observed impacts were believed to be related to the physical
presence and construction of the transmission line rather than the electrical environment
associated with the transmission line. It is not possible, however, to conclude from this study
alone that all observed differences were the result of the physical change to habitat by
construction of the transmission line.
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Several studies have examined the sensitivity of organisms to the earth’s geomagnetic field.
Blakemore and colleagues demonstrated that certain anaerobic bacteria swim to the North Pole
in the northern hemisphere, the South Pole in the southern hemisphere, and in both directions at
the equator (Blakemore, 1975; Blakemore et al., 1982). Kirschvink and colleagues conducted a
number of studies to evaluate the effects of the earth’s geomagnetic fields on a variety of
organisms. In 1982, Kirschvink demonstrated that the earth’s geomagnetic field could be
detected by a variety of organisms ranging from bacteria to homing pigeons. In addition, a
change in the intensity or orientation of the earth’s geomagnetic field was reported to affect
orientation or navigational clues that are used by some animals (Kirschvink, 1982).
Homing pigeons have a magnetic compass sense and honeybees perform a waggle dance
oriented to the earth’s geomagnetic field. A recent study reported that shifting the orientation of
the geomagnetic field or reducing its strength by 98% did not change the ability of bees to
inform the hive by their waggle dance about the direction of food sources (Lambinet et al, 2014).
The mechanism allowing for this magnetic sensitivity appears to be a receptor for magnetic
fields—chains of iron oxide (i.e., Fe3O4), known as magnetite. The presence of magnetite has
been described for a number of species including birds, bees, bacteria, and recently, humans.
Kirschvink and associates are the only investigators that have reported observing magnetite in
humans (Kirschvink et al., 1992) and there is no behavioral or physiological evidence that
humans can detect static magnetic fields.
While there is evidence that static magnetic fields can be detected by some avian species and
bats (Holland et al., 2006) and used as a navigational aid, the research does not suggest that the
behavior of birds or other species would be adversely affected by the change in the static
magnetic field around the proposed NPT DC line.

Plants
As mentioned in the discussion of the electrical environment and fauna, DC transmission lines
tend to traverse forested and woodland locations, so a number of studies have been conducted on
the effects of DC phenomena on plant life and crops, in both in the natural environment and in
laboratory settings. Research in this area has been previously reviewed for ICNIRP (Sheppard,
2000).
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The studies performed on plants exposed to static magnetic fields focus predominantly on
genetics, growth, and enzymatic activities. No adverse genetic effects were reported (McCann et
al., 1993) and the results of studies on growth were inconsistent (Simon, 1989). Recent studies
have reported early germination and growth of wheat and bean seeds to 40,000 to 70,000 mG
static magnetic fields (Cakmak et al, 2010); increased growth of maize following exposure of
seeds to 1,000,000 and 2,000,000 mG static magnetic fields and improved germination and
growth of soybeans exposed to1,500,000 and 2,000,000 mG static magnetic fields (Shine et al,
2011); and that 100 ‒ 300 mT [1,000,000 ‒ 3,000,000 mG] static magnetic fields protect
pumpkin plants against high intensity light (Hakala-Yatkin et al., 2011). A static magnetic field
at 70,000 mG was reported to affect aspects of the antioxidant system in shallot leaves that may
relate to the increased growth observed (Cakmak et al., 2012). No effect of a 3,000,000 mG
static magnetic field on gene expression by the Tuber borcehii mycelium fungi was reported
(Potenza et al., 2012).
A substantial amount of laboratory research has been performed on the effect of air ion exposure
on plants, which similar to the air ion research on animals and humans consists of responses that
have not been replicated and that are conducted with methodology of questionable quality.
Much of the early work was conducted by Krueger and colleagues on the effect of air ions on
several types of plants, including oats and barley. They reported a significant increase in the
plants’ dry weight (Krueger, et al., 1962, 1963b) when exposed to concentrations ranging from
5,000 ions/cm3 to 13,000 ions/cm3. Other investigators found that plants grown in ionized air
showed enhanced fresh weights along with enhanced growth, but no change in dry weights
(Wachter and Widmer, 1976). An explanation for this observation is that the increase in growth
was at the expense of the existing plant mass. Similar reports of enhanced growth, fruit yield,
and quality are reported for tomato plants exposed to air ions at levels in the range of 10,000
ions/cm3 (Yamaguchi and Krueger, 1983).
When seedlings of barley are cultivated in an iron-deficient nutrient medium, they eventually
develop an iron deficiency. Krueger et al. (1963b, 1964) reported that iron deficient seedlings
cultivated in an atmosphere of positive- or negative-charged air ions increased the biochemical
indicators associated with iron deficiency. This increase, however, may reflect that the seedlings
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rapid growth due to air ion exposure, which also was reported, created a greater demand for iron
(Krueger et al., 1963b).
The most recent study of air ion effects on plants reported that cucumbers exposed to negative
ions at a concentration of 3,000,000 ions/cm3 for 28 days inhibited a variety of indicators
affected during storage resulting in fresher texture (appearance and quality) (Li et al., 2014).
The research on plants in the laboratory provides some indication that they may exhibit enhanced
growth in response to varying levels of air ions or high strength static magnetic fields, but further
research is needed to confirm such observations and to determine the potential mechanism. The
evidence for responses of plants to these aspects of the DC transmission environment (i.e., the air
ions and static magnetic field), is not sufficient to conclude that exposures at the low levels
associated with the proposed NPT line would have any reliable influence on plants. Some early
laboratory studies examined grass and other plants exposed to high static electric fields and
reported damage to pointed leaf tips (Murr, 1963, 1964) but no major differences in the
concentrations of nitrogen, phosphorus, and other major elements in the leaves at exposures of
30, 50 and 75 kV/m (Murr, 1964). The polarity of the field was suggested to influence seed
growth and exposures of barley point tips to static fields above 80 kV/m were reported to give
rise to corona phenomena including air ions and ozone (Bachman et al., 1971).
Several studies have examined the effect of electrical phenomena relating to the exposure of
plants to static fields and space charge in a natural setting near DC transmission lines, which may
be more relevant to real world circumstances than observations made in an experimental setting.
An outdoor experimental test facility in Japan was designed to examine the possible effects of a
±100-kV DC transmission line on the growth of wheat plants positioned at 3, 4.5, and 6 m below
the conductors of a +100-kV and a -100-kV test line above ground (Endo et al., 1979).
Although, the investigators concluded overall that there were no significant differences between
the control and exposed plants with regard to development and differentiation, in the last month
of the growing season the height of the plants under the conductors was 5% lower than control
plants and 12 to 26% fewer tillers were measured on exposed plants.
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Differences among plants in the exposed group, however, were not clearly related to
differences in the strength of the applied electric field. Even with these observed differences
between exposed and control plants, the investigators did not report that the harvest yield or
composition of the stems or seeds was affected. It appears that the electric fields produced
under this test line may be higher than the maximum calculated electric field produced by the
NPT line, but there are inconsistencies in the reporting of field levels.
Krupa and Pratt (1982) surveyed the growth, condition, and disease incidence in crops grown in
25 plots located 30.5 m from the centerline of a ±400-kV DC transmission line. No effects
attributable to the presence of the transmission line (including exposure to ozone, Nitrous
Oxidesair ions, or to electric or magnetic fields) were detected based upon reference data of the
local Animal and Plant Health Information System.
The most comprehensive study of effects of a DC transmission line was performed by scientists
from Oregon State University for the Bonneville Power Administration at a site in central
Oregon near Madras (Raleigh, 1988). Simulated farming and assessments of plots of wheat and
alfalfa directly under the Pacific DC Intertie transmission line while operating at ±500 kV,
compared to identical plots 2,000 feet away, were carried out for two growing seasons. The
study concluded that there were no differences in the yield or quality of crops harvested from
these two sites or evidence of differential deposition of dust, wheat tip desiccation, or plant
disease incidence. The maximum average electric field and ion density during the study under
the positive pole was 9 kV/m and 36,000 ions/cm3, respectively, and under the negative pole, -17
kV/m and 44,000 ions/cm3, respectively.
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PART V – SUMMARY AND
CONCLUSIONS
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Alternating current 345-kV and 115-kV transmission lines
The scope of this assessment considered the potential health and environmental effects of electric
and magnetic fields and related phenomena associated with the operation of the proposed NPT
project. The evaluation of the proposed 345-kV AC transmission line included exposures
associated with this line, and for some sections of the proposed route, the exposures associated
with the operation of the existing 115-kV and lower voltage distribution lines as well.
The combined AC magnetic field resulting from the combined operation of the proposed 345-kV
line and the existing 115-kV lines has a maximum value beneath the conductors on the ROW of
< 1 ‒ 366 mG. The AC magnetic-field levels diminish quickly with distance away from the
conductors so that at the edges of the ROW these field levels are far lower (about <1 ‒ 127 mG),
and fall still lower to background levels outside the ROW. These levels are far below the Basic
Restrictions set by ICNIRP and ICES that are their exposure limits.
Extensive research have been conducted during the past more than 35 years to investigate
whether there are potential adverse effects of AC magnetic field exposure at levels found in
community or occupational settings, i.e., below the guideline limits. These research studies
include epidemiologic studies conducted in human populations, and laboratory studies conducted
in live animals (in vivo studies) and in isolated cells and tissues (in vitro studies). Human
epidemiologic studies and laboratory animal studies contribute the most weight to the human risk
assessment process. Epidemiologic studies include the species of main interest, i.e., humans.
However, epidemiologic studies are observational in nature, which means that the investigators
are not in control of all aspects of the study (e.g., they cannot influence exposure assignment and
cannot control extraneous, potentially confounding variables). In laboratory animal studies, on
the other hand, the investigators are in control of exposure assignment and can, in principle,
eliminate the potential confounding effects of extraneous variables. Thus, animal studies,
particularly those that expose animals during most of their entire lifetime to potentially high
levels of exposure, are key to human risk assessment, even though they require interspecies
extrapolation. In vitro studies can help us understand potential exposure effects and mechanisms
on a cellular level, and these studies also contribute to risk assessment. However, isolated cells
and tissues maintained in vitro are not subject to regulatory processes operating in the intact
organisms, therefore, findings from these studies need to be interpreted with caution. Thus, in
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vitro studies play a secondary role in scientific human health risk assessment.
To draw an objective and valid scientific conclusion, the weight-of-evidence scientific method is
used by authoritative health, scientific and government agencies. This scientific risk assessment
method is based on the identification and evaluation of available studies as to their strengths and
limitations before incorporating them in an overall assessment. Studies vary greatly in their
scientific quality, thus they contribute differing weight to a scientific evaluation. A number of
multidisciplinary expert panels on behalf of national and international agencies have conducted
weight of evidence reviews. These agencies include, among others, the WHO, the IARC,
ICNIRP, NIEHS, and most recently, in 2015, by the European Union’s SCENIHR. None of
these agencies concluded that the available scientific evidence confirms the existence of any
adverse health effects of exposure to AC magnetic fields at levels below scientifically based
exposure limits. While these agencies recognized that some of the epidemiologic studies
suggested a statistical association with childhood leukemia, they also concluded that this
association is not supported by the results of laboratory animal studies, which report no reliable
effect of magnetic fields on cancer processes, and that currently no known mechanism exists to
explain such an association. For all other health outcomes, the evidence is judged inadequate
from epidemiologic and in vivo animal studies. As the WHO currently states on its website,
“[b]ased on a recent in-depth review of the scientific literature, the WHO concluded that current
evidence does not confirm the existence of any health consequences from exposure to low level
electromagnetic fields.” The WHO calls for the adoption of scientifically based exposure
guidelines (such, for example those of ICNIRP) that are protective of all known adverse health
effects.
In addition to the reviews performed for national and international agencies, human
epidemiologic research on childhood and adult cancer, reproductive and developmental effects,
neurodegenerative disease, and cardiovascular disease published since 2012 were identified and
evaluated. Studies of carcinogenic processes in animals exposed in vivo to magnetic fields
published since 2012 were also evaluated to assess whether new biological research had
provided support for some of the associations reported in the human epidemiological studies.
These reviews did not find that recent epidemiologic and in vivo studies provided a basis to
change the conclusion of the WHO that there is inadequate evidence to conclude that magnetic
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fields are a cause of cancer or of any other health effect.
Substantial scientific literature exists, although less voluminous compared to studies on human
exposures, on potential EMF effects on health, productivity and reproduction of animals and
growth and development of plants. A review of the relevant scientific literature does not suggest
any consistent or convincing effects of AC electric or magnetic fields on livestock, wildlife and
plants.
Similarly, the combined AC electric field from the proposed 345-kV line and the existing 115kV lines is greatest on the ROW (1.0 - 5.2 kV/m) and diminishes with distance to the edge of the
ROW (0.0 - 2.7 kV/m). On some sections of ROW the levels are marginally higher than the
ICNIRP reference level for electric fields19 but the electric field levels on all sections would
comply with the ICNIRP and ICES Basic Restrictions that correspond to higher allowed
exposures. The presence of trees, shrubs, fences, and buildings between the transmission lines
and persons would reduce exposure to the electric field to a considerable extent.
While most of the AC EMF related health research focuses magnetic field exposure, the more
limited epidemiologic and animal literature on electric fields has not identified any consistent or
confirmed health effects.

Direct current ±320 kV transmission line
For static electric and magnetic fields, two organizations have developed guidance that applies to
short- and long-term exposures. The geomagnetic field of the earth is a static magnetic field
with an intensity of about 530 mG in New Hampshire but the intensity of this field can be much
greater in the use of battery-powered devices, rail systems, and MRI scanners. ICNIRP
published guidelines on exposure to static magnetic fields that included a limit for exposure of
the general public of 400 millitesla (mT), which is equivalent to 4,000,000 mG (ICNIRP, 2009).
The ICNIRP exposure limits as they apply to occupational exposure have been adopted by the
European Council to apply to member nations of the European Union (EU, 2013). In the United
States, the FDA has developed exposure limits on static magnetic fields for children (40,000 G)

19

The reference levels for AC electric fields have been set to “limit indirect effects of contact with electrical
conductors in the field” (Matthes R., 1998 for ICNIRP).
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and adults (80,000 G) for short-term exposures based on clinical studies in which no significant
short-term or persisting effects of exposures to static magnetic fields up to 80,000 G were
reported and in more than 100,000,000 MRI exams that have been performed safely since the
1980s (FDA, 2003).
The magnetic field contributed by the overhead DC line at full rating to the background
geomagnetic field is a very, very small fraction of this limit; on the ROW the magnetic field
contributed by the line is ≤ 355 mG. At the edge of the ROW it is calculated to be ≤ 79 mG. A
higher magnetic field will be produced over the sections of underground DC line, but it will
diminish more rapidly than the magnetic field from the overhead line to ≤ 58 mG at 25 feet.
Besides the earth’s geomagnetic field, the public commonly encounters static magnetic fields of
considerably higher intensity from battery-powered devices and land-line phones (3,000 –
10,000 mG), electric railways (<10,000 mG) and MRI scanners (15,000,000 -30,000,000 mG).
Static magnetic fields interact with living tissue by a number of well-established mechanisms,
including those involving electrodynamic, magneto-mechanical, and atomic or subatomic forces
(WHO, 2006; AGNIR, 2008; Yamaguchi-Sekino et al, 2011). As summarized in recent
comprehensive reviews over the past decade, there is no reliable evidence that exposure to static
magnetic fields at environmental levels poses health or safety risks (IARC, 2002; WHO, 2006;
AGNIR, 2008; SCENIHR, 2009, 2015).
Exposure to static electric fields varies with the weather, environmental sources, and common
activities in daily life and so encompasses a wide range from about 0.1 to 500 kV/m. The
NRPB, now part of Public Health England, has noted that exposure of the general public to static
electric fields in excess of 25 kV/m may be a source of annoying perceptions (NRPB, 1994) but
this was based on field observations. A higher value of 42 kV/m was recommended as an upper
limit in a Comité Européen de Normalisation Électrotechnique pre-standard (CENELEC, 1995).
The latter value is much closer to the median detection level of 40.1 kV/m measured in a large
group of subjects under controlled conditions (Blondin et al., 1996). The static electric fields of
the NPT DC line are calculated to be about 11 to 15 kV/m in fair weather and 21 to 23 kV/m in
foul weather; both below the 25 kV/m level referenced by the NRPB. In foul weather, persons
are less likely to be on the ROW and will likely be wearing weather-protective garments and
have low electrical resistance of exposed skin, so the likelihood of detecting the field by
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movement of hair would be much lower than in fair weather.
A review of studies published between 1969 and 2013, in which laboratory animals of four
species were exposed to static electric fields ranging in intensity from1.8 to 620 kV/m for
periods as short as 1 minute or as long as 2 years, reported few responses except at levels above
sensory perception associated with the movement of body hair at about 30 kV/m. At
progressively higher levels of exposure, rats will move to areas away from the field and a variety
of physiological responses have been reported, likely secondary to annoying perception and
methodological factors.
Space charge is a natural component of the air. Small air ions are found at varying levels in the
everyday environment and typically exist for only a few minutes before being neutralized or the
charge transferred to aerosols. No scientific or regulatory agency has determined that space
charge (air ions and charges on aerosols) pose a threat to the environment or health, so no healthbased exposure guidelines have been proposed (AGNIR, 2004; MEQB, 1982; Bailey et al,
1996). Since low levels of air ions in buildings have been alleged as symptomatic of poor indoor
air quality, the Ministry of Health of the Russian Federation has recommended that (+) and (-) air
ion levels be maintained between a minimum level of 400 ions/cm3 and a maximum level of
50,000 ions/cm3 for public and industrial quarters (MHRF, 2003). The basis for the guideline
was not described in this hygienic norm. The levels of air ions on the ROW exceed this range
but fall well within this range outside the ROW and are similar to those found in environments
not near a DC transmission line. Two comprehensive reviews including a meta-analysis have
evaluated research on human subjects exposed to air ions for research and potential therapeutic
purposes. Perez et al. (2013) found that exposures to air ions (and associated charges on
aerosols) did not produce consistent beneficial or detrimental effect of negative or positive air
ionization on mental well-being based on studies of anxiety, mood, relaxation and sleep, and
personal comfort. Some studies reviewed suggested that very high concentrations of negative air
ions in the range of 2,000,000 to 27,000,000 ions/cm3 might have an anti-depressant effect in
some patients but the response was not related to the duration of treatment. Alexander et al.
(2013) reported that clinical research studies did not show that negative or positive air ions play
an appreciable role in, or have an influence on, human respiratory function or produce beneficial
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or detrimental effects on respiratory measures. The range of air ion exposure levels tested in
these studies extended to 6,000,000 ions/cm3.
To complement this analysis of the human studies, a comprehensive review of 58 studies in
which laboratory animals were exposed to air ions was performed. These studies tested for
effects in nine different areas. Altogether, the research provided no consistent or reliable
evidence of air ions and associated space charge caused important biological responses or
adverse effects on health. Many of the available studies suffer from various reporting and
methodological deficiencies. These include failure to control for the influence of confounding
variables associated with operation of the air ion generating system, the absence of sham
exposure for study controls, randomization of animals to exposed and control groups, and
potential investigator bias due to the lack of blinded analyses. Additionally, few studies
incorporated multiple air ion concentrations or exposure durations to investigate possible doseresponse relationships. Most well-controlled studies, however, consistently reported no effects
of exposure on any of the health endpoints examined. In conclusion, the available experimental
animal studies do no provide clear evidence of any adverse or beneficial effects of air ions
exposure on health. This conclusion is consistent with the recent comprehensive reviews and
meta-analyses of human experimental studies described above
Several comprehensive experimental studies evaluated multiple indicators of health,
performance, and behavior of cattle living under and near DC transmission lines operating at
voltages greater than NPT and did not find any adverse effects. A related experimental study of
crops planted around this DC line also reported no adverse effect on growth and performance.
Distinctly beneficial but not entirely consistent effects of strong magnetic fields have been
reported in laboratory studies of plants exposed at intensities ranging from about 40 to 250 times
greater than the magnetic field under the proposed NPT line. A comprehensive observational
study of crops, natural vegetation, songbirds, raptors, small mammals, pronghorn antelope, and
mule deer around a ±400 kV DC transmission line reported some increases and decreases in
population measures but these were attributed to the physical presence of the transmission line
and ROW not the electrical environment. Other studies in the literature have report that birds,
bees, and other species can make use of the earth’s geomagnetic field for orientation and
navigational purposes. Given the weak effect of the NPT DC line on the geomagnetic field over
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a very limited area and the reliance of these species on a multiplicity of other environmental cues
no impact of the magnetic field is projected.
Laboratory research on plants exposed to static magnetic or electric fields or air ions does not
indicate that these exposures at the levels associated with the proposed DC transmission line
would have any effects of either a beneficial or adverse nature.
The above conclusions are consistent with that of the Draft Environmental Impact Statement
prepared by the US Department of Energy:
EMFs generated by underground portions of the Project would be below
accepted limits. Overhead portions of the line, including HVDC and
HVAC portions, would generate EMFs which would have no impact
outside of the transmission route, and minimal impacts within the
transmission route. There is no authoritative evidence that exposure to
EMFs could increase or create a public health risk (USDOE, 2015, p. 245).
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AQQH[ 1
Experimental animal studies
of static electric fields

Study
Mitchell et al.,
1978

Güler and
Atalay, 1996

Güler et al.,
1996

Species, Strain,
Sex, n
Mouse, Swiss
Ha/ICR, F, 8-12

Guinea pig,
unknown, M, 10-20

Guinea pig,
unknown, M, 10-20
hydroxyproline
analysis, 5-10 for
histological analysis

Exposures
8-16 kV/m, 2-15
weeks

Sham
Exposures
Used?
No

1.9 kV/m in vertical
or horizontal
orientation, 9
hours/day, 3 days

Yes

0.9 kV/m or
1.9 kV/m in vertical
or horizontal
orientation, 9
hours/day, 3 days

Yes














Confounders
Addressed?
Air Ions – No
Ozone, gaseous
by-products – No
Noise – No
Light – No
Air Ions – No
Ozone, gaseous
by-products – No
Noise – No
Light – No
Air Ions – No
Ozone, gaseous
by-products – No
Noise – No
Light – No

Blinded /
Randomized?
No/No


No/No



Increased hydroxyproline levels in liver, lung, and
kidney in both vertical and horizontal exposed groups
(data for liver appear to be same as reported by Güler
et al., 1996)

No/No



Decreased hydroxyproline level in liver at 0.9 kV/m in
vertical and horizontal exposure groups
Increased hydroxyproline level in liver at 1.9 kV/m in
both horizontal and vertical exposure groups (data
appear to be same as reported by Güler and Atalay,
1996)
Decreased liver collagen fibers in 0.9 kV/m vertical
exposure group; increased liver collagen fibers in
1.9 kV/m group with vertical exposure
No effect of 0.9 kV/m or 1.9 kV/m on collagen fibers in
horizontal exposure groups
Increased phospholipase activity in erythrocyte
membranes but not mitochondrial membranes of
hepatic cells





Arzruny et al.,
1999

Rat, unknown,
unknown, 20

200 kV/m, 1 hour

Yes

Gray et al.,
2000

Mice, B6C3F1, F,
11-12

450 kV/m (-) and (+)
alternating at 5
second intervals ,17
days +
electromagnetic
switching pulse at
switch over (Group
B); 450 kV/m
constant for 4 hours
(Group C) for 4
hours, 17 days
48 kV/m, 201 kV/m,
378 kV/m (animal fur
rubbing carpet), 9
days

Yes

Gray et al.,
2004
(not peer
reviewed)
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Mice, B6C3F1, F, 11

No




Air Ions – No
Ozone, gaseous
by-products – No

Noise – No

Light – No

Air Ions – No

Ozone, gaseous byproducts – No

Noise – No

Light – No






Air Ions – No
Ozone, gaseous byproducts – No
Noise – No
Light – No

1-4

Findings
No overall effect of vertical field or horizontal field on
chromosome aberrations of injected Ehrlich ascites
tumor cells

No/No



Yes/Yes




Yes/Yes





Enhanced effectiveness of Adriamycin in limiting rate
of mammary tumor growth in animals for 14-21 days
after injection of tumor cells
Another group D exposed to 114 mT [1,140 G] static
magnetic field showed greatest reduction in tumor
growth

Animals injected with 16/C murine tumor and exposed
to 201 kV/m and 378 kV/m had greater tumor growth
than unexposed controls.
Mice exposed to 48 kV/m had tumor growth rates no
different than untreated controls
Electric-field treatment did not change body weights,
depending on specific tissues evaluated

Study
Güler et al.,
2004

Güler et al.,
2006

Species, Strain,
Sex, n
Guinea pig,
unknown, M,10

Guinea pig,
unknown, M, 10 (20
controls)

Exposures
0.3, 0.9, 1.8 kV/m
with horizontal or
vertical orientation, 8
hours/day, 3 days
0.3, 0.6, 0.8, 1, 1.35,
1.5, 1.8 kV/m, 8
hours/day, 3 days

Sham
Exposures
Used?
Yes

Yes










Cieslar et al.,
2008

Rat, Wistar, M, 8

16, 25, 35 kV/m, 8
hours/day, for 14,
28, or 56 days

Yes






Harutyunyan
and Artsruni,
2013

Rat, albino, F,
unknown

200 kV/m, 1 hour or
6 hours/day for 6
days

No






Confounders
Addressed?
Air Ions – No
Ozone, gaseous byproducts – No
Noise – No
Light – No
Air Ions – No
Ozone, gaseous byproducts – No
Noise – No
Light – No

Blinded /
Randomized?
No/No


No/No




Air Ions – No
Ozone, gaseous byproducts – No
Noise – No
Light – No

No/Yes




Air Ions – No
Ozone, gaseous byproducts – No
Noise – No
Light – No

No/No






†Confirmed by author.
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Findings
Increased malondialdehyde (indicator of lipid
peroxidation) and superoxide dismutase levels in
spleen and testis tissue at two higher exposure levels
Similar effects of vertical and horizontal field exposure
Thiobarbituric acid indicator of lipid peroxidation and
superoxide dismutase were increased at ≥1 kV/m in
liver and kidney and at ≥0.8 kV/m in plasma
Thiobarbituric acid reactive substances increased at
≥1.35 kV/m and superoxide dismutase increased at
≥1 kV/m in lung
Similar effects of vertical and horizontal field exposure
Increases and decreases in hormone levels were most
common at exposure levels of 25 and 35 kV/m. After
56 days of exposure and 28 days after exposure
ended, few differences were noted. Rats exposed in
groups so assumption for statistical analysis of
independent observations not fulfilled.
Cage controls and groups exposed for 1 hour and 6day exposure frequently differed in protein expression
patterns of rat plasma/serum; not duration-dependent
patterns evident. Differences likely explained by
handling stress of treated but not control groups.
One hour, but not 6-day exposure reduced blood
clotting time
Both 1-hour and 6-day exposure increased serum, but
not plasma, lysozyme activity

AQQHx 2
Air ions and respiratory
function outcomes: a
comprehensive review

Alexander et al. Journal of Negative Results in BioMedicine 2013, 12:14
http://www.jnrbm.com/content/12/1/14
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to negative air ions [6-8]. In contrast, a few researchers
have suggested that exposure to positively charged air
ions may be associated with decreased pulmonary performance and may exacerbate asthmatic symptoms and
other respiratory irritations [8-10]. Yet, the constellation
of scientific evidence relating to either a beneficial or
detrimental respiratory effect after exposure to charged
air ions remains unclear and has not been systematically
reviewed in the past 30 years. Further, there is
skepticism that concentrations of air ions in the range of
100,000 ions/cm3 (i.e., 15/10-19), for example, would have
biological effects at concentrations similar to one of the
most toxic chemicals (e.g., botulism at 10-14) [11]. The
published scientific studies on this topic span over 80
years, and vary by differences in research methodology,
clinical and laboratory technology, statistical techniques
and capabilities, study population dynamics, and changes
in environmental factors.
Although published research on air ion exposure and
respiratory outcomes span numerous decades, to our
knowledge, there are no current reviews on this topic,
aside from a recent Cochrane Collaboration evaluation
of air ionizers and asthma, for which the researchers did
not recommend the use of room air ionizers to reduce
symptoms in patients with chronic asthma [1]. Thus,
our objectives were to summarize and review the published human experimental studies of exposure to negatively and positively charged air ions and respiratory
function and outcomes, such as clinical pulmonary
measures and asthmatic symptoms. In addition, where
appropriate, we quantified results for similar exposure
and outcome groupings using meta-analytic methods
and forest plot illustrations of the data.

articles. We then incorporated terms in the title and abstract which referenced the exposure (air ions, charged
aerosols, corona ions, atmospheric ions, ionization, ionized air, heavy ions, or light ions) and outcomes (respiration, asthma, lung cancer, chronic obstructive pulmonary
disease, allergy, or rhinitis) of interest. The literature review was supplemented by hand searching the reference
lists of all retrieved studies on this topic. In addition, we
checked the recent Cochrane Collaboration [1] review on
ionizers and chronic asthma to identify English language
studies1.
Articles were restricted to studies among human populations published in the English language. We included
experimental studies of subjects exposed to negatively or
positively charged (or both) small air ions in a controlled
or uncontrolled environment. Specifically, studies were
required to report exposure to air ions with respect to
their relationship (typically involving data on individual
or group mean comparisons) on respiratory function
outcomes (e.g., forced expiratory volume [FEV]), metabolic or other physiologic measures (e.g., blood pressure),
or asthmatic or subjective symptoms (e.g., wheezing). We
excluded studies for which only fitness or physical performance was evaluated (unless data on respiratory function was documented), and we excluded articles based on
human survey data as well as experimental studies of animals and isolated cells and tissues. No restrictions on the
number of subjects evaluated in each study were imposed
because of the wide variation in publication dates and
experimental methodologies. Twenty-three studies, published between 1933 and 1993, on the acute and chronic
respiratory effects of air ions were identified that met our
inclusion criteria. Some non-respiratory outcomes of air
ion exposure were described in these 23 studies and these
outcomes were also reviewed to insure that any potentially
relevant related effects were not overlooked.

Materials and methods
Literature search and study identification

A structured literature search was conducted to identify
the cumulative literature on the effects of charged air
ions on acute and chronic respiratory function measures
in humans. An earlier comprehensive review of possible
biological and health effects of DC transmission lines
commissioned by the Minnesota Environmental Quality
Board [12] was used to identify the relevant historical literature through 1982. To update and supplement these
earlier studies, a literature search using the Medline
(PubMed) bibliographic database was conducted to identify
articles indexed between January 1, 1982 and July 1, 2011.
The DIALOG search service also was used to retrieve
studies from relevant life, environmental and behavioral
sciences, engineering, and other technical databases, including El Servier Biobase and Embase. Both the PubMed
and DIALOG searches employed the same search strings.
For our PubMed search, we used Medical Subject Heading
(MeSH) terms for air ionization, which yielded 518

Data extraction and statistical methods

Qualitative information (e.g., characteristics of study population, study design) and quantitative data (e.g., group mean
data for peak expiratory flow rate [PEFR], changes in blood
pressure) were extracted and tabulated from each experimental study that met the inclusion criteria for further review (Table 1). Studies varied by population characteristics,
evaluation of ion polarity, and outcome measures. Thus,
in an effort to harmonize research findings across studies,
we created narrative summaries based on three general
study outcome groupings: 1) pulmonary and ventilatory
measures, 2) metabolic and other physiologic measures,
and 3) subjective sensations and symptom relief. Moreover, because of the considerable variation in study parameters (e.g., negative vs. positive air ions), study populations
(e.g., children with asthma, adult subjects), and outcomes
measured (e.g., heart rate, subjective symptoms), we could
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Table 1 Descriptive characteristics of experimental studies on air ions and respiratory outcome measures
Study author Study objective
and year

Study design Study population

Sample size

Primary outcomes of
interest

Double blind

Infant patients aged 2 12
months with bronchial
asthma.

19 (13 with bronchial
asthma and 6 without
asthma); 19 additional
subjects at different
hospital with same
diagnosis.

Respiratory rate and scored
degree of bronchospasm
severity.

Infants
[8]

Measure effects of ion
exposure to bronchial
asthma subjects and
comparison to conventional
treatment.

Child adolescent (up to 20)
[6]

Measure therapeutic effect of
negative air ions on exercise
or inhaled histamine induced
asthma.

Double blind
randomized

Asthmatic children aged 10
20 yrs recruited from patient
population.

11 (for exercise
challenge); 9 (for
histamine challenge)

FEV1

[15]

Measure efficacy of negative
ion treatment for asthma
patients.

Double blind

Asthmatic male students
aged 8.8 to 12.6 years at a
special school for asthmatics

24

Lung function (whole body
plethysmorgraph and
nitrogen washout)

[16]

Measure respiratory effects
Double blind
of positive ions on asthmatic randomized
children under physical
exertion; follow up study
from [6].

Asthmatic children aged 9
15 yrs recruited from patient
population.

12; 7 M and 5 F

Lung function (FEV1 and
minute ventilation), oxygen
consumption, heart rate, and
respiratory heat loss.

[14]

Measure effects of air ions
Double blind
on concentration of airborne crossover
dust mite allergen in air and
asthmatics

Asthmatic children aged 3
11 yrs recruited from clinic's
patient population who's
home environments have
elevated dust mite allergen
air concentration.

20

Peak expiratory flow rate
(PEFR) morning and night;
self reported symptom
scores; self medication scores;
air concentration of Der p I
allergen.

Overlapping child adult
[7]

Measure efficacy of negative
ion treatment for asthma
patients.

Subject blind

Asthma patients aged 10 54
yrs; Male=6, Female=1.

7

Peak expiratory flow rate
(PEFR); self reported
symptoms.

[17]

Measure efficacy of negative
ion treatment for patients
suffering from respiratory
symptoms

N.S.

Patients male and female
aged 7 to 59 years

27

Relief from hay fever,
bronchial asthma, neurogenic
asthma, acute rhinitis, allergic
rhinitis, subacute rhinitis,
urticaria, neurodermatitis

[18]

Measure effects of positive
and negative ions on hay
fever symptoms

N.S.

Patients male and female
aged 4 to 59

123

Relief from hay fever and
asthma

[10]

Measure physiological and
subject effects of breathing
ionized air.

N.S.

60 subjects, 25 F and 35 M,
aged 10 68 yrs. 45 were
normal, 15 had arthritis, 1
had pulmonary tuberculosis,
1 had hypertension, 2 with
extreme nervousness, 1 with
anemia, and 2 with
undernutrition.

60

Pulse rate, blood pressure,
respiration rate, mouth
temperature, metabolism
(oxygen consumption),
arterial and finger blood,
subjective sensation,
subjective impression

[19]

Measure therapeutic effects
of negative ions on
asthmatics

Double blind

Chronic asthma patients from 16
hospital aged 15 53 yrs

Severity (scored from mild,
moderate, or severe) of
wheezing, dyspnea,
coughing, and septum, and
side effects in nose and
throat

[20]

Measure pulmonary effects
of negative and positive
ions.

Subject blind

Patients (7 F & 8 M) aged 16
to 48 yrs with bronchial
asthma who were
hospitalized for an extended
allergy testing.

Lung function (FEV1),
histamine threshold for 25%
reduction in FEV1, and
subjective scoring (air quality,
breathing comfort,
temperature).

15

Alexander et al. Journal of Negative Results in BioMedicine 2013, 12:14
http://www.jnrbm.com/content/12/1/14

Page 4 of 16

Table 1 Descriptive characteristics of experimental studies on air ions and respiratory outcome measures (Continued)
Adult
[21]

Measure physiological effects Subject blind
of negative and positive
ions.

Experiment 1: Six healthy
Experiment 1: 6
women (age range: 20 to 30 women Experiment 2:
years) chosen at random and 5 women and 7 men
Experiment 2: 5 women and
7 men (age range: 19 to 45
years) selected from 125
subjects because they
appeared to be most
sensitive to ionization

Experiment 1: skin
temperature, rectal
temperature, comfort
temperature, pulse rate,
respiratory rate, mental
performance, and subjective
feelings of comfort
Experiment 2: same as in
Experiment 1 except for
comfort temperature

[22]

Measure pulmonary,
biochemical, emotional, and
physical symptom effects of
positive and negative ions
on asthma.

Double blind
controlled

Asthmatic patients aged 35
64 (8 female and 1 male).

9

Pulmonary (FEV1), pulse and
blood pressure, serum
theophylline, urinary
serotonin metabolite (5HIAA),
symptom, response to three
questionnaires designed to
elicit somatic response and
mood changes (Sharav #1
and 2, Adjective check)

[23]

Measure perception of
environment, personal
comfort, and physical
symptom effects of negative
ions on workers in a "sick
building" office setting

Subject blind

Workers in five rooms of
office building

26

Linear analogue scores on
environment and personal
comfort; physical symptom.

[3]

Measure effects on
physiological parameter and
subjective state from
exposure to positive and
negative ions.

Subject blind

Male medical student paid
volunteers aged 18 25 yrs;
"morning" group N = 6 and
"afternoon" group N = 5 to
represent different metabolic
states during the day.

11

Basal or total metabolism/
oxygen consumption
(depending on morning or
afternoon group), blood
pressure, pulse rate,
respiratory rate, oral
temperature, urine volume,
and self reported subjective
state.

[24]

Measure effects of negative
ion on physiological
parameters and circadian
rhythm at rest and during
exercise.

Subject blind
cross over

Male aged 19 25 yrs
experienced in physical
training and without
respiratory ailments.

8

Rectal temperature, heart
rate, oxygen uptake (VO2)
and minute ventilation (VE),
state anxiety per Spielberger
(1970), and perception of
effort per Borg (1970).

[25]

Measure effects of weather
related positive ions on
pulmonary functions of
asthmatics

N.S.

6 F and 6 M aged 41 69 yrs
recruited from advertisement
for subjects with weather
related asthmatic condition

12

Mean peak flow at four times
a day measured by subjects
using Mini Wright Peak Flow
Meter

[26]

Measure physiologic effects
and subjective impressions
after exposure to light
positive and negative air
ions.

Subject blind 17 M and 8 F, aged 22 51 yrs 25
recruited from University
research students, lab
technicians, and faculty
members. Secondary
experiments among arthritic
patients and infants.

Physiological observations
such as, heart rate, blood
pressure, metabolic rate,
respiration; subjective
sensations

Unspecified adult populations
[2]

Measure adverse effect of
positive air ions and
beneficial effect of negative
air ions on respiratory
allergies.

Double blind
randomized

"Reversible" condition (e.g.,
hay fever), "partially
reversible" condition (e.g.,
asthma), and "Irreversible"
condition (e.g., pulmonary
emphysema) patients; N =
12, 10, and 4, respectively.

26

Six pulmonary functions (VC,
total VC1, total VC3, MEFR,
MBCR, SBT)

[27]

Measure effects of positive
and negative ions on
asthmatic, bronchitis, and
hay fever patients

N.S.

Patients with mild to
moderate asthma, mild
bronchitis, or hay fever

24

Lung function (FVC, FEV1,
and MMFR)
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Table 1 Descriptive characteristics of experimental studies on air ions and respiratory outcome measures (Continued)
[28]

Measure pulmonary effects
of negative and positive
ions.

Not blinded
nor
randomized

Subjects with severe
emphysema/chronic
pulmonary disease and/or
fibrosis

46; 26; 79

VC, FEV0.5, FEV1, FEV3, MBC,
MPFR

[13]

Measure efficacy of negative
ion treatment for asthma
patients.

Double blind
crossover

Men and women with
asthma; 1/20 subject
dropped out.

20

Peak expiratory flow rate
(PEFR); self reported
symptoms; self medication.

[9]

Measure whether the body
is a collector of air ions and
biological effects of air ions.

N.S.

77 individuals (half had
cardiovascular disease.
Various experiments
conducted

77

Body as ion collector
experiment: electrical current
developed between body
and ionizer; biological effects
study: clinical symptoms
(headache, nasal obstruction,
husky voice, sore throat, itchy
nose, dizziness, congested
throat), maximum breathing
capacity, and feeling of
exhilaration.

N.S. not specified, FEV forced expiratory volume, VC vital capacity, PEFR peak expiratory flow rate, MBC Maximum breathing capacity, MPFR Maximum peak flow
rate, MMFR maximum midexpiratory flow rate; 5HIAA 5 hydroxyindole acetic acid.

not justify the combining of data across studies to be evaluated meta-analytically, aside from one exception. We
meta-analyzed data from three studies on negative air ion
exposure and PEFR [7,13,14].
Random effects meta-analysis models were used to estimate weighted group mean differences in PEFR, 95%
confidence intervals (CI), and corresponding p-values
for heterogeneity. This type of model assumes that the
study-specific effect sizes come from a random distribution of effect sizes according to a specific mean and variance [29]. The group means of the individual studies
were weighted based on the inverse of the variance,
which is related to the sizes of the study populations.
Tests for heterogeneity were conducted and sensitivity
analyses were generated to discern any potential sources
of between-study variability. Analyses were conducted
using Comprehensive Meta-Analysis (version 2.2.046;
Biostat, Englewood, NJ).
Exposure considerations

Some important exposure considerations should be kept
in mind in the assessment of the literature on the respiratory effects of air ions. First, except for one or two
of the studies reviewed, air ions were generated by concentrating the electric field at the tips of metal needles
to produce corona such that the air is ionized and
charges are removed and added to gas molecules. Only
rarely do studies of air ions consider that this process
also generates small quantities of ozone and oxides of
nitrogen to varying degrees. In the open air, the concentrations of these gasses to which people might be exposed are vanishingly small, being at the limits of
detection even very close to the source [30-32]. The operation of ionizers, however, if not properly designed,
can lead to concentrations of these gases that are

irritating to the respiratory tract in indoor environments.
Indeed, the Food and Drug Administration became involved in the regulation of air ionizers because of concerns
about excess ozone production and the lack of a scientific
basis for medical device claims in the absence of “well
controlled and valid scientific studies” [33,34]. Second, the
investigators in these studies also assume that the only
exposures produced are to air ions. The lifetime of air ions
is quite variable, but generally less than a few minutes in
most environments [35]. Many air ions are neutralized by
ambient air ions of opposite charge.2 Others are neutralized by contact with objects onto which the excess charge
is transferred. After neutralization, air ions cease to exist
but the charge transferred to aerosols may persist for
many minutes or hours. While the essential character of
an aerosol is not changed by the addition of electrical
charges, it does enhance its susceptibility to forces from
other charges. For example, one group of physicists have
suggested that when even a single charge is acquired by an
aerosol in the size range of 25–125 nm, the deposition of
that aerosol on the respiratory tract is enhanced because
of the attraction to charges of opposite polarity on its surface [36,37]. Actual studies of the deposition of charged
aerosols in human subjects, however, do not support this
notion; only when nine or more charges are on such aerosols does deposition begin to increase [38]. Third, all of
the experiments reviewed involved the use of air ion generators in indoor laboratory or home settings in which the
air ionizers might increase the charge on aerosols above
10 Q per particle [39]; a result that would not occur in
well-ventilated rooms or outdoors.
Summary of studies

The salient characteristics of individual studies including
the objectives, study design, population, sample size, and
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primary outcomes of interest are summarized in Table 1.
Table 2 summarizes the ion polarity and concentration
of air ions to which subjects were exposed and the study
results. The literature on air ion exposure in a controlled
environment and respiratory function outcomes spans
many decades, with studies published in the English
language between 1933 and 1993. Thus, expectedly, the
studies vary considerably in terms of study populations
being evaluated, experimental design, and outcomes
measured, among other factors. Some studies were randomized double-blind experiments, some studies were
single blinded or did not incorporate randomization and
investigator blinding, and some studies used a crossover design with variations in experimental methods.
The therapeutic effects of air ions, primarily negative polarity, were evaluated in most of the studies. As such,
several studies examined the beneficial effect of negative
air ions on study populations consisting of children and
adults with pre-existing asthma and related respiratory
conditions. A wide range of respiratory measures were
studied, including respiratory rate, multiple measures of
pulmonary function, and respiratory symptoms, after
exposure to ionized air particles. Collectively, air ion
exposure levels generally between 1,600 ions/cm3 and
1,500,000 ions/cm3 were measured in the majority of
these studies, and the duration of exposure varied
considerably across experiments from less than an hour
in some studies to weekly intervals. The literature is
summarized by general outcome categorizations in the
following sub-sections.

bronchitis patients, and 4 patients with a history of hay
fever) on forced vital capacity (FVC), FEV1, and maximum mid-expiratory flow rate (MMFR) measurements.
No significant effects on respiratory function between
exposure to positive, negative, and no ionization were
reported. Blumstein et al. [2] conducted a double-blind
randomized study to investigate the influence of positive
and negative air ion treatment on allergic respiratory
conditions in 26 adults (12 hay fever cases, 10 asthma
cases, and 4 pulmonary emphysema cases) and found no
significant changes in patients’ conditions when subjectively or objectively assessed by vital capacity, timed vital
capacity (TVC1 and TVC3), MBC, the maximum expiratory flow rate, and the single breath test.
In a cross-over experiment conducted by Reilly and
Stevenson [24], oxygen uptake (VO2) and minute ventilation (VE) were examined in eight healthy adult males
(age range: 19–25 years) exposed to negative air ions.
Measurements were taken both at rest and during two
consecutive 20-minute sessions of physical activity. The
authors observed a significant reduction in mean V02
levels and VE between non-ionized and ionized conditions
in resting subjects. In contrast, no significant impact of air
ions on V02 levels and VE were identified during physical
activity. When the authors examined differences between
conditions in the delta (exercise minus rest) values of
these outcomes, a significant elevation in both V02 levels
and VE was noted in the ionized compared to non-ionized
conditions.
Motley and Yanda [28] conducted multiple experimental, non-randomized studies among different adult populations to examine the influence of negative and positive
air ions on pulmonary function as determined by TVC,
FEV, MBC, and mean peak flow rates. In one study of 46
adults with severe emphysema or fibrosis, or both, 13
patients were exposed to negative air ions for 1 hour
and 33 patients were exposed to negative air ions for
3 hours, and no significant effect on lung volume
measurements were observed. Similarly, the authors
reported no significant effect of negative air ion exposure (7 to 12 hours daily for 2 weeks) on lung volume
measurements in 19 patients with severe pulmonary
emphysema; no significant differences between these 19
patients and 7 unexposed control subjects; and no significant alterations in blood gas exchange measurements (after exposure to negative and positive air ions)
or chronic pulmonary disease in 44 and 35 cases,
respectively.
Jones et al. [7] performed an experiment during a
16-week period to determine the efficacy of negative air
ion treatment for bronchial asthma in seven patients (six
males and one female) aged 10 to 54 years. Monthly measurements of lung function included FEV1, PEFR, forced
mid-expiratory flow, FVC, and static lung volumes. The

Pulmonary and ventilatory measures

Herrington [3] exposed 11 healthy male volunteers aged
18 to 25 years (6 subjects in the morning group and 5
subjects in the afternoon group) to positive and negative
air ions to examine the effects on subjects’ respiratory
rate and found that no study participant exhibited
significant changes attributed to air ion exposure. The
author further confirmed this in a group analysis,
whereby no meaningful difference overall in subjects’ respiratory rate was observed. Winsor and Beckett [9]
conducted several experimental studies and the overall
objectives were to determine if the human body acted as
a collector of atmospheric ions and to examine the biologic effects of positive and negative air ion exposure.
Only one of their experiments, however, evaluated the
respiratory effects of air ion exposure (n = 5 adults). In
this study, the maximum breathing capacity (MBC)
dropped from 35 L/min to 25 L/min following positive
air ion exposure. In contrast, no significant change was
observed following negative air ion exposure. Lefcoe [27]
evaluated the impact of positive and negative air ion
exposure among 24 adults with mild obstructive lung
disease (15 mild to moderate asthma patients, 5 mild
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Table 2 Experimental design and respiratory outcomes
Study author Ion polarity Ion concentration
and year

Results

Infants
[8]

Negative or
positive

Calibrated to deliver 1 × 104 ions on 1 cm2 area 10 cm
away; negative or positive ions.

Negative ion exposure severity of bronchospasm
decreased from 3 to 0.3 after negative ion exposure.
Average of 7.5 hrs between start of exposure and effects.
Respiratory rate decreased on average 27% after first
exposure period. Severity of bronchospasm returned in 7/
16 subjects who were followed with cessation of ion
exposure; increase in respiratory rate returned in 6/10
subjects who were followed. Positive ion exposure
severity of bronchospasm increased from about 0 to
average of 2 after positive ion exposure. Respiratory rate
(measured in only 2 subjects) increased on average 20 25%
after 3 hrs. Response to positive ion exposure "disappeared
spontaneously" after 10 to 50 hrs despite continued
exposure. Positive and negative ion exposures effects are
lost when ion concentrations were reduced by a factor of
10 to 20. Control group (at different hospital)
bronchospasm decreased from N.S. to 0 or increased from
0 to 1 after 6 to 7 days of conventional asthma treatment.

Child Adolescent (up to 20)
[6]

Negative

5 × 105 10 × 105 ion/cm3; negative; 4 × 105 5 × 105
ion/cm3; negative

Pre exercise mean FEV1 before ion exposure 1.36 L/min
(SEM 0.07) and after ion exposure 1.35 L/min (SEM 0.08)
not significantly different. After exercise challenge mean
delta FEV1: Controls 29% of baseline (SE 5%), Exposed 21%
(SE 3%) was significantly different (t test, p<0.015).
Histamine challenged mean delta FEV1 before ion
exposure was 70% (SE 6%) and after ion exposure was 69%
(SE 5%) not significantly different; median provocative dose
of histamine was higher with ion exposure than control
but difference was not significant, and some patients
became more and some less sensitive to histamine
challenge after ion exposure.

[15]

Negative

Concentration N.S.; negative

No significant difference in lung function when comparing
exposed vs unexposed groups (unpaired t test) or prior to
exposure vs post exposure for the exposed group (paired t test).

[16]

Positive

5 × 105 10 × 105 ion/cm3; positive

Mean delta FEV1 = 35.3% (SEM 5%) with positive ion
exposure; 24.7% (SEM 5.3%) control; the difference was
significant (paired t test, p<0.04); other parameters showed
no significant change.

[14]

Not
specified

N.S.

Difference between active ionizer vs placebo ionizer was
significant for airborne allergen concentration (reduction
during active ionizer; p<0.0001 Mann Whitney U test;
p<0.01 Chi Square test), but non significant for PEFR,
symptom scores, and medication scores. Authors noted
increased nighttime cough but difference did not reach a
standard significance (p=0.055).

Concentration N.S.; negative

Individual results Four patient's mean morning PEFR during
treatment period significantly improved when comparing to
control period (Mann Whitney U test; p<0.05). Three
patient's mean evening PEFR during treatment period
significantly improved when comparing to control period
(p<0.01). Three patient's mean morning and evening PEFR
significantly decreased when in transition from exposure to
control period (p<0.001). Two patients reported subjective
improvement during exposure period. Group results Lung
function measurements (from self and investigator
administered) & diary card scored by investigator showed no
significant difference during exposure and control periods
(two way analysis; p>0.4). Lung function measurements (from
self and investigator administered) alone scored by
independent physicians showed no significant difference
during exposure and control periods (p>0.7).

Overlapping child adult
[7]

Negative
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Table 2 Experimental design and respiratory outcomes (Continued)
[17]

Negative

Concentration N.S.; negative

Hay fever patients (n=17) = 35.3% relief, 47.06% complete
relief, 17.64% no relief. All patients (n=27) = 29.63% relief,
33.33% complete relief, 37.04 no relief.

[18]

Negative or
positive

Negative 1,200 to 2,600 ion/cm3;
Positive 2,000 6,500 ion/cm3.

Negative ion exposure (n=54) = 62.9% relief; positive ion
exposure (n= 5) = 0% relief; control (n = 15) = 6.6% relief.
Asymptomatic of hay fever prior to exposure but
developed symptoms during exposure: negative ion = 0/
37; positive ion = 6/10; control = 1/2.

[10]

Negative or
positive

1 50% of generated 5,000 1,500,000 ion/cm3;
positive or negative

Effects of ion exposure similar regardless of polarity or ion
concentration. Tabular summary of averages of measured
parameters with ion exposure during basal, 2 4 hrs after
breakfast, and 3 5 hrs after lunch. Positive ion exposure
resulted in a group of individuals reporting subjective
sensation of dryness and irritation of the nose and throat,
and frontal headache. Negative ion exposure led to
relaxation, and decrease in physiological parameters.
Freshness of air felt during negative ion exposure but
preference was not strong enough to be significant.

[19]

Negative or
positive

N.S. (rate of 1 × 10-10 amp); negative
and positive

35/40 experiments saw no effects, and 5/40 experiments
with negative or positive ion exposure saw mild to
moderate wheezing and dyspnea.

[20]

Negative or
positive

~30,000 ion/cm3; negative or positive.

Group 1 significant differences in FEV1 over the 4 ion and
no ion exposures (Friedman's test, p<0.04). Individual FEV1
higher during both negative (20/27 values) and positive
(21/27 values) ion exposure intervals. No significant
difference (Friedman's test) in subjective scoring of
temperature (p=0.2), air quality (p=0.3), and breathing
comfort (p=0.7). Group 2 no significant difference in
histamine threshold after exposure to either ion exposures
(Friedman's test, p<0.4) and no change was
"demonstrated" (Wilcoxon match pair) in FEV1 from no ion
to either positive or negative ion exposure.

[21]

Negative or
positive

300

[22]

Negative or
positive

60,000 110,000 ion/cm3; negative
or positive

Mean FEV1 and pulse not significantly different between
positive and negative ion exposure or from baseline
(paired two tail t test); blood pressure significantly higher
with negative ion exposure (p <0.01; paired two tail t test)
and after 2 hours of positive ion exposure (p <0.05; paired
two tail t test); no significant difference between positive
and negative ion exposure in serum theophylline, urinary
5HIAA, or in questionnaire results.

[23]

Negative

1841 ion/cm3; negative

No significant effects observed, except for slightly more
complaints of upper respiratory tract infection and nausea
that may have been attributable to mild flu like disorder in
this study population.

[3]

Negative or
positive

5 × 106 6 × 106 ion/cm3; positive
or negative

Results for group level data: basal or total metabolism/
oxygen consumption, systolic and diastolic blood pressure =
no significant difference between positive, negative, and
control exposures. Self reported subjective state if 13
comment types are grouped as undesirable or desirable
state, "slight difference" (higher) in frequency of reported
undesirable state during positive ion than negative ion or
control exposures (no statistical comparison shown).

[24]

Negative

172,000 ion/cm3; negative ions

With negative ion exposure and at rest, core (rectal)
temperature, heart rate, VO2, and VE averaged over four
times during the day is reduced significantly in comparison
to neutral (no ion exposure) condition (three way ANOVA,
p<0.05). At both 90W and 180W exercise trials, rectal
temperatures during the day with negative ion exposure
averaged over four times were significantly different from
no ion exposure (three way ANOVA, p<0.05); differences
between exposure and no exposure in heart rate (absolute

Adult
9,000 ions/cm3

No significant effects of ionization were observed in either
experiment except in certain partial means for the mental
performances in Experiment II.
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Table 2 Experimental design and respiratory outcomes (Continued)
or difference from rest) were insignificant; differences in
absolute VO2 and VE between exposure and no exposure
were insignificant; differences in the change from rest in
VO2 and VE were significant (three way ANOVA, p<0.05).
Differences between exposure and no exposure in the
modeled circadian rhythm acrophase amplitude of rectal
temperature was significantly during rest (t test, p<0.05)
but not during both exercises. Differences between
exposure and no exposure in the modeled circadian
rhythm for VO2 and VE were not significant. Differences
between exposure and no exposure in perceived exertion
during exercise were not significant.
[25]

Negative or
positive

Positive and negative ions were measured. Positive ion
peak concentration defined as >=2,000 ion/.

Difference between mean peak flow prior to weather
fronts and during peak positive ion concentration versus
same times during normal days were non significant
(paired t test).

Unspecified adult populations
[2]

Negative or
positive

100,000 ion/cm3; negative, positive, or placebo

No significant pulmonary function differences comparing
treatments and clinical conditions. Data on grading
presented in Figure 1. Results comparing patient grouped
by clinical conditions as percentages for each pulmonary
function presented.

[27]

Negative or
positive

125,000 or greater ion/cm3; positive and negative

Mean and S.D. of % change in FVC, FEV1, and MMFR with
positive, negative, or control exposure tabulated for each
comparison. No significant changes or differences with
positive, negative, or no ionization.

[28]

Negative or
positive

500,000 ion/cm3

1 hour exposure: no significant change with negative ion
exposure, 9 subjects; 3 hour exposure: ventilation Factor =
52.2% (S.D. 4.3%) with negative ion exposure; subjectively,
10/33 felt better, 1 worse, and 22 no effect. No correlation
between subjective improvement and pulmonary function
measurements, 22 subjects; 2 week exposure: ventilation
Factor =41.8% (S.D. 5%) with negative ion exposure;
subjectively, 10/33 felt better, 1 worse, and 22 no effect.
No correlation between subjective improvement and
pulmonary function measurements, 15 subjects.

[13]

Negative

±150,000 ion/cm3; measured monthly. Group 1 mean =
203,000 ion/cm3; Group 2 mean = 183,000 ion/cm3.

No significant differences in PEFR, symptom scores, and
medication scores were found between active ionizer vs
placebo or no ionizer use (paired t test).

[9]

Negative or
positive

Body as ion collector experiment: 32,000 positive ion/cm3 Biological effects study: Study I 16 with positive ion
or 80% of 32,000 (approx 26,000) negative ions/cm3;
exposure had symptoms; Study II 4/13 with negative ion
biological effects study 32,000 ion/ positive or negative.
exposures had symptoms; Study III 2/7 during negative
ion exposure and 7/7 during positive ion exposure; Study
IV 3/20 with symptoms during second no ion period, 17/
20 with symptoms during positive ion exposure, and 6/20
with persistent symptoms during last no ion exposure
period; Study V 1/21 with symptoms during no ion
exposure and 5/21 during placebo ion exposure; Maximum
breathing capacity study reduced from 35 L/min to 25 L/
min after positive ion exposure, no reduction after
negative ion exposure; Effects of grounding study 5/11
developed symptoms with positive ion exposure and
grounding, 9/11 developed symptoms with positive ion
exposure and no grounding; Temperature and humidity
study no difference in symptoms, during low humidity the
symptoms were more frequent and more severe than
comparison.

N.A. not applicable; N.S. not specified. Forced expiratory volume FEV; forced vital capacity FVC; peak expiratory flow rate PEFR; standard error of mean SEM;
standard deviation S.D.; 5 hydroxyindole acetic acid 5HIAA; oxygen consumption VO2; minute volume VE.

authors observed that four subjects experienced a significant increase in morning PEFR during the exposure
period, but this effect was no longer present in two of
these subjects during the subsequent non-air-ion exposure

period. In a two-way group analysis, however, they
reported that the patients as a whole showed no statistically significant differences between the placebo,
treatment, and no treatment periods. Albrechtsen [21]

Alexander et al. Journal of Negative Results in BioMedicine 2013, 12:14
http://www.jnrbm.com/content/12/1/14

Page 10 of 16

examined pulmonary changes (FEV1, histamine threshold)
after exposure to positive and negative air ions in 15
patients (8 males and 7 females) aged 16 to 48 years
with bronchial asthma. All patients underwent extended
allergy testing. In group 1, the researchers identified
significant alterations in FEV1 between air ion and nonair-ion conditions and individual FEV1 levels were significantly greater during both negative and positive air ion exposure periods. Group 2, however, showed no significant
change in histamine threshold following air ion exposure
and no obvious difference was observed in FEV1 levels
when subjects were exposed to either positive or negative
air ions. The same authors Osterballe et al. [20] reported
small, but statistically significant, improvements in lung
function in nine of 15 patients with bronchial asthma, and
no change in the histamine threshold of the airways in six
patients after exposure to ions. Dantzler et al. [22] examined the effect of moderately extended positive and
negative air ion exposure in nine adult patients (age range:
35–64 years) with bronchial asthma in a double-blind controlled study, and found that patients’ mean FEV1 did not
significantly differ between exposures or from baseline.
Nogrady and Furnass [13] evaluated 19 adults (10 men
and 9 women, mean age 36 years) in a double-blind
crossover study to examine the impact of negative air
ion exposure on bronchial asthma. In their 6-month
study, the authors found no statistically significant differences in PEFR between active ionization and either
placebo or no ionizer environments. Wagner et al. [25]
conducted an experimental study to investigate the association between positive or negative air ions, random variations in meteorological factors (ambient temperature,
barometric pressure, wind velocity, precipitation, and air
pollution), and mean peak flow rates in six male and six
female patients (age range: 41–69 years, mean age 54
years) with moderate to severe asthma. The authors found
that mean peak flow rates did not differ significantly with
alterations in air ion levels or other meteorological parameters linked to the occurrence of two weather fronts
during the study.
Palti et al. [8] examined the effects of air ion exposure
among 13 infants diagnosed with bronchial asthma and
6 comparison infants free of respiratory symptoms. The
authors summarized that negative air ion exposure
resulted in reduced respiratory spastic attacks while
positive air ion exposure increased spastic attacks in
normal infants, however, statistical significance testing
was not performed to estimate the reliability of the
reported effects. Lipin et al. [16] measured respiratory
effects of positive air ions on 12 asthmatic children
under physical exertion. Exercise tests were undertaken
with and without exposure to positively charged inspired
air using a randomized, double-blind design. The authors reported that the post-exercise fall in FEV1 was

significantly greater (p = 0.04) during exposure to positive air ions compared with the control group, but no
significant effects were observed for other comparisons
(e.g., ventilation, oxygen consumption). In a previous
analysis from this study group, Ben Dov et al. [6] evaluated the effect of negative ionization on bronchial reactivity among 11 asthmatic children. The experiment
was double-blind and the children were challenged twice
by exercise and by histamine inhalation. Exercise induced bronchial reactivity was reduced in all but one
study subject, at concentrations of air ions in the mouthpiece approximately 100 to 1,000 times greater than typical background levels. No appreciable effects on resting
lung function were observed, and the effect of ionized
air on the sensitivity of inhaled histamine was equivocal.
In another study of asthmatic boys ages 8 to 12 (n = 24),
Kirkham et al. [15] analyzed the effects of negative air
ionizers on lung mechanics. They found no significant
differences in initial or post-study period lung function
values between the groups. Warner et al. [14] evaluated
the effect of ionizers on airborne concentrations of
house dust mite allergen Der p I in a double-blind,
crossover, placebo controlled trial. The study was carried
out in the homes of 20 children with allergic asthma. Although there was a significant decrease in airborne Der
p I concentrations, no significant changes were observed
for PEFR, symptom scores, or treatment usage. The authors observed a trend in increased night time cough
during the active ionizer period, but the association did
not reach formal statistical significance.
Other physiologic measures

The studies included in this review were selected based
on their analyses of respiratory effects; however, many of
these studies also evaluated other measures as well.
Thus, we evaluated other physiological measures in this
group of respiratory studies to investigate other potential
relationships with air ions. Yaglou et al. [10] performed
an experimental study to evaluate metabolic changes
(total metabolism, pulse rate, blood pressure, body
temperature) during exposure to positive or negative air
ions in 60 subjects (25 females and 35 males, age range:
10–68 years) under basal and routine dietary conditions.
The study found comparable changes between positive
and negative air ion exposure despite the concentration
level used, and no noteworthy metabolic alterations attributable to ionization were identified. In a subsequent
experimental study conducted by Yaglou [26], 25 healthy
adults (17 males and 8 females, age range: 22–51 years)
were exposed to positive or negative air ions for 1 to 2
hours in between pre- and post-test control periods. No
significant differences in subjects’ metabolic rate, blood
pressure, oral temperature, and red and white blood cell
counts were found. The authors also conducted an
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experiment in six arthritic adult patients exposed to
positive or negative air ions and observed no major
changes in metabolism, heart rate, and blood pressure,
except in anxious patients experiencing air ion treatment
for the first time. In addition, they examined if negative
air ion therapy was beneficial to the growth and development of five infants, and found that babies’ weight gain,
heart rate, and body temperatures did not significantly
change when exposed for 2 hours during a 2 week
ionization period compared to non-ionization periods.
Summarized in the previous pulmonary section, Motley
and Yanda [28], Dantzler et al. [22], Reilly and Stevenson
[24], Herrington [3], and Lipin et al. [16] also examined
metabolic parameters. Motley and Yanda [28] reported the
pulse rate per minute between positive and negative air
ion exposure in their blood gas exchange study (n = 44)
and found that the average pulse rate was slightly lower
when exposed to negative versus positive air ion therapy
(77 vs. 81) but the authors did not conduct statistical
significance testing. The Dantzler et al. [22] double-blind
controlled study of nine adult patients showed no significant changes in the elimination of catecholamine metabolites or in pulse rate between positive and negative air ion
exposures, but reported that mean blood pressure rose
significantly between baseline and 2 hours of positive air
ion exposure. In the cross-over study of eight healthy adult
males performed by Reilly and Stevenson [24], negative air
ion exposure resulted in statistically significant decreases
in rectal temperature, heart rate, and metabolic rate at
rest; however, no effects on metabolism and heart rate
remained while subjects exercised. In the aforementioned
experimental study conducted by Herrington [3], no study
participant exhibited significant changes in basal or total
metabolism, blood pressure, pulse rate, oral temperature,
and total urine volume that were attributable to air ion
exposure. Furthermore, no meaningful group differences in metabolic rate or blood pressure were observed. In a randomized, double-blind study of 12
asthmatic children, no significant differences were observed for heart rate or respiratory heat loss after exposure to positive air ions [16].

exposure did not impact subject’s perception of the quality
of the air of 25 adult subjects, although positive air ion
exposure appeared to increase upper respiratory tract irritation. The author noted that the majority of the experiments were conducted during the winter, when such
sensations were more prevalent. In addition, reported joint
symptoms did not improve when the arthritic patients
under study were exposed to negative air ion therapy,
while positive air ion exposure appeared to result in
unfavorable symptomatic effects. The extremely small
sample size greatly limits any possible inferences that
could be made, however.
Zylberberg and Loveless [19] conducted a doubleblind, controlled study on 16 asthmatic men and women
(aged 15–53) during two 120-minute exposure periods
to ionized air. No differences in the biologic effect of
positive or negative air ions were observed, although
dryness of the nose or throat was reported for both ion
polarities. Kornblueh and Griffin [17] measured the efficacy of negative air ion treatment among an adult and
child patient population (n = 27) who suffered from
respiratory symptoms. The majority of patients were
previously diagnosed with hay fever, while a few were diagnosed with asthma or variants of rhinitis. The authors
indicated that the majority of subjects reported complete
or partial relief for hay fever symptoms, but there was
no appreciable effect for patients with asthma or rhinitis.
In a subsequent publication by Kornblueh and colleagues
[18], the effects of positive and negative air ions on hay
fever symptoms were evaluated among 123 children and
adults aged between 4 and 59. Exposure to negative air
ions was associated with hay fever symptom relief among
symptomatic subjects, but did not result in symptoms
among asymptomatic subjects. Positive air ion exposure
did not result in symptom alleviation, but was associated
with the development of symptoms in asymptomatic subjects. Of note, the sample size of the positive air ion group
was considerably smaller than the negative air ion group.
Statistical testing was not performed. In the Dantzler et al.
[22] study previously discussed, no statistically significant
differences in reported somatic symptoms among eight
study participants were observed between positive and
negative air ion exposures. In a double-blind, crossover,
placebo controlled trial of ionizers in the homes of asthmatic children, Warner reported no significant differences
between groups for night/day wheeze, night time cough,
or daytime activity [14].
“Sick building syndrome” has been described as discomfort within office buildings, and a deficiency of negative air
ions has been hypothesized as contributing to symptoms.
Thus, Finnegan et al. [23] conducted a survey in a “sick
building” whose occupants had a high prevalence of symptoms to test for beneficial effects of negative air ion generators. Twenty-six subjects completed a questionnaire daily

Subjective sensations and symptom relief

In the earlier Yaglou et al. [10] study discussed previously, the most prevalent sensation effects reported in
the positive air ion experiments were dryness and irritation of the nose (13.5%), headache (13.5%), and an invigorating, stimulating sensation (10.8%), while others
reported feeling no change (21.7%). On the other hand,
the most prevalent sensations reported in the negative
air ion experiments were relaxation (21.6%), a general
cooling effect (12.9%), and sleepiness (12.9%), while a
group reported feeling no change (27.6%). In their later
experiment [40], Yaglou reported that negative air ion
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for 12 weeks to rate the environment and their physical
comfort. There were no significant effects on environment
or personal comfort factors. There were slightly more
complaints of upper respiratory tract infections and
nausea, but these may have been attributable to mild
flu-like disorder.

a statistically significant effect of negative air ion exposure
on PEFR measures.

Meta-analysis of PEFR

We were able to combine data from three studies (eight
unique parameter estimates) in a meta-analysis that
evaluated negative air ion exposure and PEFR [7,13,14].
The studies reported group mean values for PEFR in the
morning and evening (Figure 1). The weighted difference in group means (i.e., PEFR after negative air ion
exposure [post-test]; PEFR before negative air ion exposure [pre-test]) for the morning testing was 5.97 but this
difference was not statistically significant (95% CI: -11.91 –
23.84). For the evening testing, the weighted difference in
group mean values was attenuated and also not statistically significant (1.87, 95% CI: -15.72 – 19.46). When data
for both morning and evening tests were combined, the
weighted difference in group mean values was 3.88 (95%
CI: -8.65 – 16.42) with virtually no statistical heterogeneity
present (p-heterogeneity = 0.998). Blumstein et al. [2]
reported group results for the maximum expiratory flow
rate (L/min) in a bar chart, but did not report actual group
data. Based on their bar chart, there does not appear to be
an appreciable difference between group mean values
comparing negative ionization with the control group.
Overall, the meta-analysis findings were not supportive of

Discussion
Over several decades, the effects of artificially generated
air ions on humans have been studied for both experimental and therapeutic purposes, and attempts have
been made to investigate naturally occurring variations
in air ion levels in relation to a variety of physiological
conditions. To our knowledge, this is the first comprehensive review to summarize human studies of air ion
exposure and respiratory outcomes other than those that
were designed to test for potential therapeutic effects.
Air ions are simply air molecules that have gained or lost
electrical charges based on the displacement of an electron
from a neutral gas molecule. In terms of physiological aspects, the interactions of air ions with the body are similar
to interactions with other components of the air, such as
oxygen and nitrogen, except that charged molecules and
atmospheric aerosols carrying charges can be attracted to
and deposited on the skin and respiratory tract by electrostatic forces. In regard to the respiratory tract, most of the
air ions are retained in the nose and bronchi with few
reaching the deep alveoli of the lung [12]; however, no
mechanism has been established or confirmed to explain
how air ions could exert any significant biological effect
on respiratory or other systems [12]; NRPB, [41]. This is
not surprising when one considers that even 100,000
ions represent an infinitesimal concentration in the air
(100,000/1019 molecules in 1 cm3). Should air ions be
deemed toxic, the threshold for effect would be lower

Figure 1 Difference in group means for PEFR (L/min) testing after exposure to negative air ions.
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than some of the most potent toxins (e.g., botulism)
[11]. In fact, no scientific or regulatory agency has
determined that small air ions pose a threat to the environment or health and no exposure guidelines have
been proposed. The only guidelines for air ions have
been published by the Ministry of Health of the Russian
Federation for maintenance of optimal levels in indoor
environments (i.e., maintaining levels of air ions at or
above levels in clean outdoor air) because low levels of
air ions in buildings have been alleged as symptomatic
of poor indoor air quality [MHRF, [42]].
Synthesizing and examining the scientific evidence on a
topic such as this is a challenging undertaking, which is
complicated by the considerable variation in experimental
methodology, study populations being evaluated, and
differing outcome measures. A major strength across the
majority of studies is the controlled experimental design,
whereby the investigators or study participants, or both,
may have been blinded to the exposure (i.e., ion polarity)
parameters. In addition, the random allocation of subjects
to exposed and control groups theoretically reduces the
confounding influence of extraneous factors. Not all
studies utilized blinding or randomization techniques,
however, and approximately half of the studies examined
sample sizes of less than 20, potentially resulting in diminished statistical power to observe a statistically significant
effect in these studies. For example, the studies did not
control for the reduction in particulate levels by air ionizers, and if a beneficial effect was reported, the result may
have been due to the reduction of particulate levels, such
as dust or allergens, in the room. Across studies, there is
considerable variation in the way outcome information
and data were analyzed, reported, and tested for significance. This heterogeneity may be due, in part, to the varying levels of scientific rigor and sophistication of statistical
techniques available, given the expansive time frame and
historical context in which the studies were published. For
example, some studies simply reported data using graphical illustrations, some reported group averages, some
reported clinical parameters for selected subjects, and
some did not report data. In addition, the utilization of
significance testing varied as did the reporting of variance
data, such as standard deviations or confidence intervals.
The lack of uniformity in terms of exposure factors (e.g.,
positive vs. negative air ions, group mean change in respiratory function vs. individual effect), outcome measure
(e.g., PEFR, body temperature), and data reporting limits
the feasibility to conduct a quantitative evaluation of the
available literature, such as a meta-analysis.
Meta-analyses are becoming more and more prevalent
in the peer-reviewed literature, and serve as a useful tool
in weight-of-evidence evaluations and public policy and
regulatory decision making. An important function of a
meta-analysis is to estimate the collective strength of an

association, examine the consistency of study findings,
identify potential sources of between-study heterogeneity,
and appraise the likelihood of publication bias. Although
numerous studies on air ion exposure and respiratory outcomes have been published, as mentioned, considerable
variation (e.g., study population differences, positive vs.
negative polarity) across studies exists, precluding a formal
comprehensive quantitative assessment. We were, however, able to combine data on negative air ion exposure
and PEFR in a meta-analysis. This analysis indicated slight
improvement in PEFR after exposure to negative air ions
but the effect was not statistically significant. To more
appropriately explore collective quantitative evaluations
on air ion exposure and respiratory outcomes, any future
studies should transparently document all analytical and
statistical methods and data to facilitate a more uniform
comparison of findings across studies. Indeed, in the
aforementioned Cochrane Collaboration publication of
effectiveness of positive and negative air ion generators among persons with asthma, the authors indicated
that they could not reliably pool data together across
studies [1].
Despite the limitations indicated above, the experimental studies reviewed here provide no persuasive evidence
for an effect of charged air ions on respiratory effects,
including pulmonary and ventilatory measures (Table 3),
metabolic and physiologic parameters, and subjective
symptom alleviation and sensations. This interpretation is
largely based on fundamental factors that include the
strength of effect and whether any effect is statistically
significant and free from bias, confounding, or chance;
evidence of dose–response relationships; and consistency
of findings across studies. Collectively, in the majority of
studies, the effects were relatively weak in magnitude
(irrespective of the outcome evaluated), inconsistent as
to the direction of the response, and not indicative of a
dose–response trend. This observation is in concert
with the aforementioned MEQB review, which stated
that only minor symptoms (e.g., throat dryness) were
related to experimental air ion exposures, with limited
evidence of any dose–response relationships [12]. Further, in the MEQB review it was reported that shortand long-term exposures to positive and negative air
ions do not affect persons with pre-existing allergies,
asthma, or respiratory disease, or persons more sensitive
to respiratory irritants. As mentioned, Blackhall et al.
[1] also concluded that research has failed to demonstrate any benefit of air ionizers in the treatment of
chronic asthma in children and adults.
Based on the constellation of literature spanning numerous decades and in light of variations in experimental
study designs, study populations, outcome measurements,
and analytical techniques, exposure to negative or positive
air ions and any associated exposures to charged aerosols
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Table 3 Reported overall study conclusions for air ions and pulmonary and ventilatory measures
Study Ion polarity evaluation

Conclusions reported in article

Negative Positive Both
[27]
[6]

X

“It is concluded that negative ionization of inspired air can modulate the bronchial response to exercise but the
effect on the response to histamine is much more variable.” [Note: no effect seen in non exercise challenge]

X

[16]

“It is concluded that we have not shown any effect of highly ionized air upon these ventilator tests.”

“It is concluded that positive ionization aggravates the bronchial response to exercise.” [Note: only significant
difference was for post exercise FEV comparisons]

X

[22]

X

“…exposure to positive or negative small air ions did not influence the clinical condition…findings do not
support a significant role of small air ions in exacerbation or treatment of bronchial asthma.”

[21]

X

“A slight but significant (at the 5% level) improvement in the lung function was demonstrated during positive as
well as negative ion exposure…”

[20]

X

“A slight but significant (at 5% level) improvement in the lung function was demonstrated in nine patients
during positive as well as negative ion exposure…”

[28]

X

“No significant changes were observed in the lung volume measurements…after breathing the negative ions.”
[Note: no effect for short or long exposure] “To date our work has failed to demonstrate any significant objective
changes which can be measured from breathing of negative or positive ions either favorable or unfavorable.”

[13]

X

“There were no significant differences in PEFR…between the periods that active ionizers and either no ionizers
or placebo ionizers were in operation…study has failed to show a statistically significant benefit in asthmatic
subjects from the use of negative ion generators.”

[7]

X

“…it is unlikely that exposure to negative ions will be of significant benefit in the majority of patients with
asthma…the effects of negatively ionized air on such patients remains to be determined.”

[2]

X

[25]
[14]

“…failed to show any significant effects when judged by subjective clinical appraisal or evaluated by objective
pulmonary function…ionization should not be recommended as a therapeutic adjuvant in the treatment of
these diseases.”
“The mean peak flow rates in this group of patients did not vary significantly with the changes in ion levels or
other meteorologic factors which resulted from the passage of these weather fronts.”

X

“This study indicates that the use of ionizers cannot be recommended in the homes of asthmatic subjects to
improve their symptoms.”

X*

[10]

X

“No significant changes were found in…exposures of between one and two hours to either positive or negative
ions, compared to changes which occurred in control experiments.” “As in our previous work, nothing definite
was found to justify the use of artificial ionization in ventilation or air conditioning.” [Note: upper respiratory
irritation increased after exposure to positive ions, based on subjective responses but may be due to weather
effects.]

[9]

X

“…positive ions produce irritation of the respiratory tract especially when the humidity is low, the patient is
grounded and high ion densities are employed.” [Note: primarily based on subjective symptom responses, not
objective clinical measurements.]

10]

X

“…under the conditions of the present experiments nothing definite was found to justify the use of artificial
ionization in general ventilation.”

[3]

X

“They [the experiments] certainly do tend to justify the opinion that, so far as normal subjects are concerned,
such effects are unproven and improbable.”

[8]

X

“It was demonstrated that atmospheric ions have an effect on infants, especially those suffering from asthmatic
(spastic) bronchitis.” [Note: in some subjects, negative ions had a beneficial impact on bronchial spasms and
respiration rate, and positive ions had a deleterious impact in spastic attacks in some normal infants.]

[15]

X

“We concluded that nocturnal administration of negative air ionization has no significant effect upon lung
function in the asthmatic child using the above tests.”

[24]

X

“…negative air ions significantly reduced resting values of all physiological variables…these effects tended to
disappear under exercise conditions.”

[19]
[17]

X

[23]

“…twenty seven patients were exposed to the influence of negative ionization in an experimental room. Many
patients with hay fever and asthma responded favorably to the physical alteration of the environment.”

X

[17]

X
X

“…no difference in the biologic effect of positive and of negative atmospheric ions…the negative (like the
positive) ions did not appear to influence the patient’s typical pattern of wheezing and remission.”

“Favorable responses were elicited by the negative polarity. Positive ionization caused either no relief or
increased distress.”
“Negative ion generators are not to be recommended for this problem [sick building syndrome], especially as
the data on temperature and humidity provided a good 'internal control' that real effects were being measured.”

*not stated explicitly presumed negative.
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does not appear to play an appreciable role in respiratory
function. Although some studies have reported a variety of
pulmonary benefits after exposure to negatively charged
air ions, and some studies have reported a few mildly unfavorable pulmonary responses after exposure to positively
charged air ions, collectively, the literature does not provide any reliable evidence for effects of negative or positive
air ions on pulmonary, respiratory, or metabolic measures.
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Endnotes
1
An examination of English abstracts of studies published in foreign languages did not suggest conclusions
different from those based on studies published in
English.
2
About 1/3 of aerosols are positively charged, 1/3
negatively charged, and 1/3 without charge in a
Boltzman equilibrium [NRPB, [41]].
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anxiety [15-17]; while some have found no mood alterations associated with air ionization [18,19].
Historically, evidence of psychological measures and
air ionization has been equivocal because research findings use heterogeneous experimental protocols evaluating diverse study populations; use various methods to
measure mood-related outcomes; and use inadequate experimental design and procedures including control over
relevant exposures [20]. Diagnostic trends for classifying
mood disorders and technological advancements in
environmental therapies (e.g. air ionization systems)
have likely influenced study findings. Furthermore, most
studies have tested relatively small study populations. To
the best of our knowledge, no current review has summarized the possible effects on mood and well-being
attributed to air ionization. We therefore conducted a
structured literature review to evaluate human experimental studies on positive and negative air ion exposure
and ratings of depression, anxiety, mood states, and
subjective feelings of mental well-being. In addition, we
quantitatively examined negative air ionization and
depression symptom severity using meta-analysis.

Methods
Literature search and study identification

A structured literature review performed for the Minnesota
Environmental Quality Board on the biological/health
effects attributed to air ions and direct current transmission
lines was used to identify the historical literature up to
1982 [21]. We further conducted a structured literature
search using Medline (PubMed) to identify experimental
studies published between 1 January 1982 and August,
2012 on air ionization and depression, anxiety, mood states,
and subjective feelings of mental well-being in humans.
ProQuest DIALOG was used to retrieve studies from the
environmental and behavioral sciences, engineering, and
other technical databases, including Elsevier, Biobase, and
Embase.
Identical search strings for PubMed and ProQuest
DIALOG referenced the exposure (air ions, charged
aerosols, corona ions, atmospheric ions, ionization,
ionized air, heavy ions, light ions) and outcomes of interest
(depression, anxiety, mood, activation, personal comfort, relaxation, sleepiness). We manually reviewed reference lists
in all retrieved articles for related publications. Thirty-three
English-language studies published between 1957 and 2012
met our inclusion criteria (Table 1).
Inclusion criteria consisted of experiments among
subjects exposed to negatively- or positively-charged
small air ions, or both; studies published in the English
language; and studies that reported associations between
ionization and mood indicators (e.g., depression, anxiety,
mood states, and reports of mental well-being). No
restrictions on the number of subjects evaluated in each
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study were required. Animal studies, letters to the editor
and editorials, references not reporting original data,
and studies with no relevant exposure or outcome were
excluded.
Data extraction and statistical methods

Qualitative information (study population/design, ion
polarity/concentration, exposure duration) and quantitative data (mood indicator effects) were extracted. Studies
were consolidated qualitatively into four outcome categories: activation, anxiety, and mood; relaxation/sleep;
personal comfort ratings; and depression.
A meta-analysis was performed on five studies [4,6-8,22]
of negative air ionization and depression symptom severity
as measured using the 29-item Structured Interview Guide
for the Hamilton Depression Rating Scale, Seasonal
Affective Disorders (SIGH-SAD), which consists of the
21-item Hamilton Depression Rating Scale and the 8-item
Atypical Scale. Forest plots from random effects modeling
[23] were generated to estimate weighted group mean
differences in depression scores, 95% confidence intervals
(CIs), and corresponding p-values for heterogeneity. Of
note, using the random effects analysis, the weighted
mean is defined as the sum of each study effect size multiplied by its weight (i.e., the inverse of the within-study
variance plus the between-studies variance) divided by the
sum of the weights. The variance of the weighted group
mean difference is defined as the reciprocal of the sum of
the weights. The data from Terman and Terman [6] were
extracted from their Figure one; exact values have been
requested from the authors. Depression score data before
and after exposure to low density ions were also requested
from Dauphinais et al. [24] for possible inclusion. Sensitivity analyses were performed to examine data robustness.
Publication bias was assessed using funnel plots, the Begg
rank correlation test, and Egger’s regression analysis. All
analyses were performed using the Comprehensive MetaAnalysis software (version 2.2.046; Biostat, Englewood,
NJ). Additional dose–response relationships were evaluated by plotting exposure duration by depression score
mean differences and their corresponding 95% CIs in
Microsoft Excel (2010).

Results
Studies meeting inclusion criteria are summarized in
Table 1. All studies included adults only and sample
sizes ranged from 4 to 124 participants. Apart from the
studies that evaluated ion effects on patients with some
form of depression, six studies [11,14,19,25-27] also evaluated the influence of ions on mood states of persons
with varying health conditions. Collectively, the findings
from these six studies did not provide contrasting results
from those studies that included only healthy subjects.
Most studies examined negative air ionization only

Author and year

Study objective

Study design

Blinding

Study population

Total sample size

Silverman and
Kornblueh 1957[27]a,b

Evaluate effect of negative and positive ions on
the human electroencephalogram and sleep

Crossover experiment

Not reported

10 healthy adults and 2 additional subjects with
chronic stationary neurologic conditions

12

McGurk, 1959[17]c

Evaluate effect of negative and positive ions on
self reported feelings of comfort

Crossover experiment

Single blind (subjects)

10 college aged males

10

Yaglou, 1961[19]b

Evaluate effect of negative and positive ions on
relaxation

Crossover experiment

Single blind (subjects)

25 healthy adults (age range: 22 51)

25

Yaglou, 1961[19]b

Evaluate effect of negative and positive ions on
relaxation and sleepiness

Crossover experiment

Single blind (subjects)

6 arthritic patients (age range: 30 62)

6

Assael et al., 1974[11]b Evaluate effect of negative ions on human
electroencephalogram

Crossover experiment

Double blind

10 healthy participants (age range: 20 65) and
10 subjects receiving tranquilizers

20

Albrechtsen et al.,
1978[37]b,c

Evaluate effect of negative and positive ions on
human well being and mental performance

Crossover experiment

Single blind (subjects)

Study 1: six women (age range: 20 30) chosen
at random; study 2: 12 subjects (age range: 19
45) selected because they appeared to be most
sensitive to ionization

Study 1: 6 Study 2:
12

Evaluate effect of negative and positive ions on
Charry and
Hawkinshire, 1981[15]a mood

Crossover experiment

Single blind (subjects)

85 adults (age range: 18 60; mean age: 30)

85

Hawkins, 1981[38]b, c

Evaluate effect of negative and positive ions on
subjective well being and comfort

Crossover experiment

Double blind

Study groups based on three areas of variable
air ionization levels within the building (area 1:
20 women; area 2: 32 adults; and area 3: 54
adults)

Area 1: 20

Evaluate effect of negative ions on human
performance and mood

Randomized controlled
trial

Double blind

56 adults (age range: 17 61; mean age: 23)

56

Randomized controlled
trial

Double blind

Two groups of 12 paid male volunteers
matched on age, education, physical condition,
and smoking habits (age range: 20 30; mean
age: 22.8)

24

Tom et al., 1981[34]a,b

Buckalew and Rizzuto, Evaluate effect of negative ions on subjective
1982[12]a,b
feelings of mood and psychological state
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Table 1 Study characteristics

Area 2: 22
Area 3: 54

Evaluate effect of positive and negative ions on
somatic symptoms and mood changes

Crossover experiment

Double blind

9 patients with bronchial asthma (age range:
35 64)

9

Baron et al., 1985[28]a

Evaluate effect of negative ions on self reported
affect/mood

Crossover experiment

Single blind (subjects)

71 male undergraduate students

71

Deleanu and
Stamatiu, 1985[29]a,b,d

Evaluate effect of negative ions on psychiatric
symptoms

Experimental (no control
group)

Not reported

112 patients with neurasthenias, psychoses, or
personality disorders

112

Gianinni et al.,
1986[16]a

Evaluate effect of negative and positive ions on
anxiety, excitement, and suspicion

Crossover experiment

Double blind

14 university affiliated volunteers

14

Gianinni et al., 1986/
1987[30]a

Evaluate effect of positive ions on anxiety and
excitement

Crossover experiment

Double blind

12 adult male volunteers

12

Finnegan et al., 1987
[40]c

Evaluate effect of negative ions on personal
comfort rating

Crossover experiment

Single blind (subjects)

26 adults working within 5 different rooms of
an office building

26

Hedge and Collis,
1987[18]a

Evaluate effect of negative ions on mood

Crossover experiment

Double blind

28 healthy women (age range: 19 58)

28
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Dantzler et al.,
1983[25]a

Lips et al., 1987[13]b,c

Evaluate effect of negative ions on well being
and comfort

Crossover experiment

Double blind

18 normal, healthy employees working in one
of two rooms, whereby room 1 had windows
providing air ventilation and room 2 was
mechanically ventilated

18

Misiaszek et al.,
1987[14]a,b

Evaluate effect of negative ions on manic
behavior and sleep

Experimental (phase I: no
control group; phase II:
with in subjects, repeated
measures)

Phase I: No Blinding
Phase II: Double blind

8 manic patients (age range: 22 49)

Phase I: 4 Phase II: 4

Reilly and Stevenson,
1993[33]a

Evaluate effect of negative ions on anxiety

Crossover experiment

Single blind (subjects)

8 healthy men (age range: 19 25)

8

Terman and Terman,
1995[6]d

Evaluate effect of negative ions on seasonal
depression

Randomized controlled
trial

Double blind

25 patients (mean age: 38.2 ± 11) with winter
depression

Low density negative
ion group: 13 High
density negative ion
group: 12

Watanabe et al.,
1997[35]a,c

Evaluate effect of negative ions on mood and
pleasantness

Crossover experiment

Single blind (subjects)

13 healthy adults (age range: 21 49; mean
age: 26.4)

13

Terman et al.,
1998[8]b,d

Evaluate effect of negative ions on sleep and
seasonal depression

Crossover experiment

Double blind

124 subjects (age range: 18 59; mean age: 39.4
± 9.8) with seasonal affective disorder

124 (20 randomized
to high density
negative ionization
and 19 randomized
to low density
negative ionization)

Crossover experiment

Not reported

12 female undergraduates (age range: 18 22)

12
95

Nakane et al., 2002[10]a Evaluate effect of negative ions on anxiety
b

Evaluate effect of negative ions on tension

Randomized controlled
trial

Double blind

44 patients randomized to the control and 51
patients randomized to receive treatment
(mean age among men: 37 ± 18; mean age
among women: 43 ± 20)

Goel et al., 2005[22]b,d

Evaluate effect of negative ions on sleep and
chronic depression

Randomized controlled
trial

Double blind

32 patients (age range: 22 65; mean age: 43.7 ± 32 (22 randomized to
12.4) with non seasonal chronic depression
low or high density)

Goel and Etwaroo,
2006[5]a,b,d

Evaluate effect of negative ions on depression,
total mood disturbance, and anger

Randomized controlled
trial

Single blind (subjects)

118 mildly depressed and non depressed
college students (mean age: 19.4 ± 1.7)

118 (59 randomized
to low or high
density)

Terman and Terman,
2006[7]b,d

Evaluate effect of negative ions on sleep and
seasonal depression

Randomized controlled
trial

Double blind

99 adults with seasonal depression (94 cases)
and bipolar II disorder (five cases) (age range:
19 63; mean age: 40.4 ± 10.4)

99 (39 randomized to
low or high density)

Gianinni et al.,
2007[26]a

Evaluate effect of negative ions on manic states

Crossover experiment

Double blind

24 manic male patients (age range: 23 29;
mean age: 26.7)

24 (20 analyzed)

Malcolm et al.,
2009[32]a,b

Evaluate effect of negative ions on positive
affective memory

Randomized controlled
trial

Single blind (subjects)

30 healthy subjects (age range: 18 28)
randomized to either receive high density
negative air ion exposure or to a control
condition

30

Flory et al., 2010[4]d

Evaluate effect of negative ions on seasonal
depression

Randomized controlled
trial

Single blind (subjects)

73 university affiliated women (age range:
18 51; mean age: 20.8 ± 5.69) with seasonal
affective disorder

73 (38 randomized to
low or high density)
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Iwama et al., 2004[39]
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Table 1 Study characteristics (Continued)

Malik et al., 2010[9]a

Evaluate effect of negative ions on
psychological stress

Crossover experiment

Single blind (subjects)

20 regular users of computers as part of their
job (age range: 24 35; mean age: 28.9)

20

Dauphinais et al.,
2012[24]d

Evaluate the effect of negative air ions on
seasonal depression

Randomized controlled
trial

Double blind

44 adult patients (20 in the low density group)
with bipolar depression

20

Randomized controlled
trial

Double blind

21 adult patients with seasonal depression;
21 controls. Mean ages of groups between
30 35 years

42

Harmer et al., 2012[31] Evaluate the effect of high density negative air
ions on emotional processing in patients with
seasonal depression

a,b,d

a

Activation, anxiety, mood.
Relaxation and sleep.
c
Personal comfort rating.
d
Depression.
b
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(n=24); one examined positive air ionization only; and
eight studied the effects of both. Blinding of study
subjects was not reported in three experiments, nor was
it obvious upon review of the study methodology.
Among the 30 studies that conducted blind experiments,
18 were double-blind. All but one study [19] was
published in a peer-reviewed journal.
Air ion intensities and duration are summarized in
Table 2. Air ion intensities were reported in 29 studies
(range: 1000 ions/cm3 (ambient levels) to 27,500,000
ions/cm3). Air ionization duration ranged from 10 minutes
at a single time point, to daily treatment periods administered for multiple days, to successive weeks at a time where
air ion generators were switched on continuously. Collectively, many studies reported a mood-related response
after exposure to ionized air; however, considerable
variation by outcome, statistical significance testing, and
degree of precision across the reported data was noted.
For reporting purposes, we have organized our review
of studies by outcome, ascending year of publication,
and the first author’s last name.
Activation, anxiety, and mood outcomes

Four studies examined the effects of negative and positive
air ions on activation, anxiety, and mood [15,16,25,27].
Silverman and Kornbleuh [27] conducted an experiment
to examine the effect of negative and positive air
ionization on the human electroencephalogram (blinding
not reported). Ten healthy adults and two subjects with
chronic stationary neurologic conditions participated in
the study. Findings indicated a consistent decrease in
alpha activity, a non-specific response, ranging from 0.5 to
1.5 cycle decrements during negative or positive air
ionization, or both, in 10 subjects (9 healthy; 1 neurologically impaired).
Charry and Hawkinshire [15] examined the effect of positive air ions on mood in 85 subjects (age range: 18–60;
mean age: 30) in contrast to ambient conditions in a singleblind experiment and found significantly greater tension
and irritability in subjects’ mood states. In particular,
‘ion-sensitive’ subjects showed that activation decreased
and reaction times increased during exposure to positive
air ions while non-sensitive subjects showed increased activation and no effects on reaction time.
Dantzler et al. [25] reported that ratings of mood on
three questionnaires by nine subjects with bronchial
asthma (age range: 35–64) were unaffected by exposure
to negative and positive ions for 6-hour exposure
periods in a double-blind crossover study. In contrast,
Gianinni et al. [16] used a double-blind crossover design
to evaluate the influence of negative and positive air ions
in 14 university-affiliated volunteers and found that
positive air ionization significantly increased anxiety,
excitement, and suspicion. In contrast, negative air
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ionization significantly lowered subjects’ extent of suspicion and excitement to those levels attained prior to
positive air ion exposure.
Fifteen studies on activation, anxiety, and mood
examined the effects of negative air ions only
[5,9,10,12,14,18,26,28-35]. Tom et al. [34] utilized a
double-blind randomized controlled study to determine
the impact of negative air ions on mood in 56 adults
(age range: 17–61; mean age: 23). No significant differences were observed between experimental and control
conditions. On the other hand, Buckalew and Rizzuto
[12] conducted a double-blind randomized controlled
trial (RCT) and identified a significant improvement in
mood attributed to negative air ionization between
experimental (n=12 men) and control (n=12 men)
groups (age range: 20–30; mean age: 22.8).
Baron et al. [28] examined the effect of negative air
ionization on mood, memory, and aggression as mediated
by personality type among 71 male undergraduate students in a single-blind experiment. The authors found that
exposure to moderate/high concentrations of negative air
ions significantly heightened aggression among subjects
classified as Type A, but not Type B. In addition, the
authors reported that negative air ionization produced
positive shifts in mood when not provoked by an accomplice, but negative shifts in mood when incited.
Deleanu and Stamatiu [29] conducted an experiment of
112 patients with mental disorders (blinding not
reported). The overall study goal was to mitigate patients’
symptoms by exposing them to negative aeroionotherapy
for 10 to 30 days. The findings suggested that in the majority of treated patients, attenuation or the complete disappearance of anxiety and depressive reactions, including
insomnia and general disposition, were identified. In contrast, Hedge and Collis [18] examined the impact of negative air ionization on mood in a double-blind study
conducted among 28 healthy women and found no significant benefit of exposure.
Misiaszek et al. [14] explored the influence of negative
air ions on eight manic patients (age range: 22–49) in an
experimental pilot study conducted in two phases of
four subjects each. The first phase was non-blind and
the second was double-blind involving collection of data
using anxiety and psychiatric metrics. In phase two,
three of the four subjects showed score reductions consistent with clinical improvement; however, inference of
these findings was impossible due to the limited number
of subjects examined. A more recent single-blind experiment by Reilly and Stevenson [33] evaluated anxiety
levels among eight healthy men (age range: 19–25) who
were exposed to negative air ionization. The results
showed no significant effect of air ions on state anxiety
pre- or post-exercise [33]. In a single-blind study conducted by Watanabe et al. [35], 13 healthy adults (age

Author and year

Air ion exposure (Duration) Ion concentration

Silverman and
Kornblueh 1957[27]a,b

Negative air ion (30 minutes)

McGurk, 1959[17]c

Negative air ion (5 hours)

Not reported

Positive air ion (30 minutes)

Metrics used for mental health outcomes

Primary findings

Human electroencephalogram

Decrease in alpha frequency in most subjects; half of the
subjects reported relaxation and sleepiness with ionization
(slightly more frequent for ( ) than (+) ion exposure); one
consistent finding was a decrease in alpha frequency
during negative or positive ionization (or both) in all but
two subjects. Findings reported as “transient.”

Activations by hyperventilation, apnea, photic stimulation
and sleep (natural)

8.0 × 103 ions/cm3

Self reported feelings of comfort, ease by which subjects
worked on a cognitive task, and reactions to the test room
atmosphere

Positive air ion (2 hours)
Yaglou, 1961[19]b

Negative air ion (1 2 hours)

Regarding positive ionization, subjects reported more
unpleasant feelings.
5,000 to 10,000
ions/cm3 air

Self reported impressions (indifference, relaxation, air
freshness, headache, respiratory irritation, restlessness)

Positive air ion (1 2 hours)

Yaglou, 1961[19]b

Negative air ion (1 2 hours)

Subjectively, positive air ions seemed to increase the
incidence of upper respiratory irritation in the winter,
while negative air ions had little or no effect on the
quality of air.
5% of subjects reported feeling relaxed when exposed to
positive air ions; 17% reported feeling relaxed when
exposed to negative air ions; and 21% of subjects
reported feeling relaxed under control conditions

105 106 ions/cm3 air

Self reported impressions (indifference, relaxation, air
freshness, headache, respiratory irritation, restlessness)

Subjectively, negative air ions did not alleviate joint
symptoms, while positive air ions seemed to make the
symptoms worse; a higher frequency of patients reported
feeling relaxed or sleepy, or both when exposed to
negative versus positive air ions

3.5 × 105 ions/cm3

EEG parameters:

Decrease in alpha frequency manifestation of general
relaxation induced by negative air ions. Increase of
amplitude interpreted as improvement of perception and
apperception. Subjectively, all patients experienced initial
relaxation followed by alertness connected with moving
of alpha waves from occipital to frontal areas.

Positive air ion (1 2 hours)

Assael et al., 1974[11]b Negative air ion (45 minutes)

Regarding negative ionization, a significant percent of
subjects appeared to detect ionization condition despite
blinding and reported more pleasant feelings.
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Table 2 Air ion exposure assessment, psychological measures, and study findings

frequency (Hz)
amplitude (μV)
spreading of alpha waves area
synchronization of right and left hemispheres
Self reported relaxation, alertness, working capacity, relief
Albrechtsen et al.,
1978[37]b,c

Negative air ion (Experiment
I: 8 hours; Experiment II: 15
minutes) Positive air ion
(Experiment I: 8 hours;
Experiment II: 15 minutes)

300 9,000 ions/cm3

Mental performance:
number of tasks per hour

No significant effects of positive or negative air ions
found.

Subjective voting based on % scale:
extent of exertion
perception on air quality
perception of tasks
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current feeling (sleepy vs. alert)

Charry and
Positive air ion (1.5 hours )
Hawkinshire, 1981[15]a

Hawkins, 1981[38]b, c

Tom et al., 1981[34]a,b

Positive air ions: 2.0
3.0 × 104 ions/cm3

Mood Adjective Check List

Ambient condition
(contained both) (1.5 hours)

Ambient:
3.0 × 102 ions/cm3

Sharav Questionnaire (mood)

Negative air ion (Weeks 5 to
12 on continuously)

Negative air ion:
Personal ratings of thermal comfort, stuffiness, alertness,
2.0 3.5 × 103 ions/cm3 well being

Positive air ion (Weeks 5 to
12 on continuously)

Positive air ion: 50
125 ions/cm3 air

Negative air ion (15 minutes)

Negative air ion:
16,160 ions/cm3

Dantzler et al.,
1983[25]a

Negative air ion (6 hours)

Baron et al., 1985[28]a

Negative air ion (20 minutes)

Positive air ion (6 hours)

Not reported

Subjects reported being more energetic and finding it
easier to concentrate under the experimental condition
than the control condition. Negative air ion exposure had
a positive effect on certain aspects of human performance
and mood.

Taylor Manifest Anxiety Scale (TMAS)

Mood index data showed significant changes in the
subjective perception of both physiological state
(relaxation increased) and psychological state (irritability,
depression, and tenseness decreased while calmness and
stimulation increased).

Self report Mood Index

Negative and positive
air ions: 60,000
110,000 ions/cm3

Sharav Questionnaires 1 and 2 Mood Adjective Check List

Ambient condition:
Self reported affect (Profile of Mood States survey)
2.0 3.0 × 102 ions/cm3
Moderate condition:
4 × 104 ions/cm3

Negative air ion exposure associated with higher
subjective ratings of alertness, atmospheric freshness,
environmental/personal warmth, and a reduction in the
overall complaint rate by 50%. Night shift working was
associated with discomfort and ill health. Positive air ion
effects were not explicitly discussed.

Likert scale survey for psychological state (difficulty of
concentration, energetic, mood state, sociable, relaxed)

Control (natural
environment):
204.4 ions/cm3
Buckalew and Rizzuto, Negative air ion (6 hours)
1982[12]a,b

For most subjects, mood changes induced by air ion
exposure characterized by increased tension and
irritability.

Aggression measured by mean level of heat selected by
subjects on each of the 20 occasions when the red light
appeared
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Table 2 Air ion exposure assessment, psychological measures, and study findings (Continued)

Patients’ mood did not differ significantly between the
two ion exposures.
Exposure to moderate or high levels of negative air ions
significantly enhanced aggression by Type A subjects, but
not among others. Negative air ions produced positive
shifts in reported moods in the absence of provocation,
but negative shifts in moods in the presence of
provocation.

Memory measured by the number of traits and the
High condition:
7.0 8.0 × 104 ions/cm3 number of behaviors subjects could recall about the
accomplice
Negative aeroionotherapy
(daily treatment of 15 50
minutes for 10 30 days)

1 1.5 × 104 ions/cm3

Amelioration of asthenia, depressive reactions, anxiety,
excitability and irascibility, cephalea, insomnia, and general
disposition in patients with various psychiatric disorders

In most treated patients, a diminution or even the
disappearance of the target symptoms was obtained
(asthenia, depressive reactions, anxiety, irascibility,
cephalea, insomnia, and general disposition).

Gianinni et al.,
1986[16]a

Negative air ion (20 minutes)

Negative air ion: not
reported

Brief Psychiatric Rating Scale

Cations were found to increase anxiety, excitement, and
suspicion. Anions reversed the effects of cations and, in
addition, reduced suspicion and excitement to levels
below those occurring before cationization.

Brief Psychiatric Rating Scale

Symptoms of anxiety and excitement significantly
increased. During the time of exposure, serum serotonin
levels also increased significantly.

Positive air ion (20 minutes)

Positive air ion:
2.9 × 103 ions/cm3
Gianinni et al.,
1986/87[30]a

Positive air ion (2 hours)

2,050 2,300 ions/cm3
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Deleanu and
Stamatiu, 1985[29]a,b,d

Finnegan et al.,
1987[40]c

Negative air ion (6 8 weeks)

1.84 × 103 ions/cm3

Personal comfort rating

No significant effect on personal comfort found. Effects
on symptoms were non significant except for URTI and
nausea in the high negative air ion period.

Hedge and Collis,
1987[18]a

Negative air ion (7 hours)

2 × 104 ions/cm3

Mood Adjective Check List

Evidence for beneficial effects of negative air ions on
mood and performance could not be demonstrated.

Two cognitive tasks:
naming 24 different colors printed on card
Stroop Colour Word test

Lips et al., 1987[13]b,c

Negative air ion Weeks 2 and
4 on continuously; Week 3
mornings only

5 × 104 ions/cm3

10 linear scales (rated 0 to 10) on which each subject was
asked to assess his or her well being and the quality of the
environment

After their exposure to enhanced negative air ion
concentrations, the subjects' assessments of both their
own well being and the quality of the environment
improved significantly: neither harmful effects of exposure
to enhanced levels of negative air ions nor changes in
perceived thermal comfort were detected.

Misiaszek et al.,
1987[14]a,b

Negative air ion Phase I: 1
hour; Phase II: 1.5 hours

Phase I: 40,000 60,000
small,
50 1000 medium,
50 4,000 large ions/
cm3

State Trait Anxiety Inventory and Inpatient
Multidimensional Psychiatric Scale

Phase I: All subjects fell to sleep, reported being calm
afterwards; manic behavior reappeared 5 10 minutes after
treatment
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Table 2 Air ion exposure assessment, psychological measures, and study findings (Continued)

Phase II: 3/4 subjects fell to sleep, 1 subject appeared less
agitated; manic behavior reappeared 5 10 minutes after
treatment

Phase II: 50,000 70,000
small,
50 3,200 medium,
50 7,000 large ions/
cm3
Reilly and Stevenson,
1993[33]a

Negative air ion (30 minutes
pre test + 40 minutes during
test)

1.72 × 105 ions/cm3

Measurements were made of state anxiety according to
Spielberger et al. (1970)

There was no significant effect of air ions on state anxiety
pre or post exercise or on the perception of effort.

Terman and Terman,
1995[6]d

Negative air ion (30 minute
sessions for 20 days)

Low density:
1.0 × 104 ions/cm3

SIGH

The severity of depressive symptoms decreased selectively
for the group receiving high density treatment. When a
remission criterion of 50% or greater reduction in
symptom frequency/severity was used, 58% of subjects
responded to high density treatment while 15%
responded to low density treatment.

SAD

Clinical Global Impressions Scale

High density:
2.7 × 106 ions/cm3
Negative air ion (10 minutes)

2.0 × 104 ions/cm3

Self reported feelings of temperature, pleasantness, fatigue,
and sweating

There were no differences in the moods of these persons
or changes in their blood pressures between the two
saunas.

Terman et al.,
1998[8]b,d

Negative air ion (30 minutes
per day for 10 14 days)

Low density:
1.0 × 104 ions/
cm3High density:
2.7 × 106 ions/cm3

SIGH SADSelf rating version of the SIGH SADSleep
patterns

Improved depression rating of 42 50% and 20 40%
remission rate. Described as a "small effect" in period 1
and "large effect" in period 2. Analysis of depression scale
percentage change scores showed low density air ion
response to be inferior to all other groups, with no other
group differences. Sleep measures subjects given morning
light awakened 0.62 ± 0.62 hours earlier than at baseline;
negative air ions, 0.41 ± 0.37 hours earlier; and evening
light, 0.09 ± 0.58 hours earlier.
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Watanabe et al.,
1997[35]a,c

Nakane et al.,
2002[10]a

Negative air ion (40 minutes
during task or 30 minutes
post task)

5.5 7.3 × 103 ions/cm3 Japanese version of the State Trait Anxiety Inventory,
Anxiety StateSalivary cortisol and chromogranin A like
immunoreactivityTask performance

The increase in the CgA like IR level was attenuated by
the exposure to negative air ions during the task. The
exposure to air ions during the recovery period following
the task was effective for rapidly decreasing the CgA like
IR level that had increased after the task. These effects by
negative air ions were also observed using STAI S. Task
performance was slightly but significantly improved by
the presence of negative air ions.

Iwama et al.,
2004a[39]b

Negative ion (not reported)

3000 parts/cm3f

Degree of tension: 1 = relaxed; 2 = normal tension;
3 = mild tension; 4 = moderate tension; and
5 = severe tension

Degree of tension decreased significantly and more
rapidly in the negative ion rich environment.

Low density:
1.7 × 1011 ions/s
[1 × 104 ions/cm3]e

SIGH

SIGH SAD score improvement was 51.1% for high density
ions v. 17.0% for low density ions. Remission rates were
50% and 0%, respectively.

High density:
4.5 × 1014 ions/s
[2.7 × 107 ions/cm3]e

Evening saliva samples obtained before and after treatment
for ascertainment of circadian melatonin rhythm phase

Low density:
1.7 × 1011 ions/s
[1 × 104 ions/cm3]
e
High density:
4.5 × 1014 ions/s
[2.7 × 107 ions/cm3]e

BDI

Goel et al., 2005[22]b,d Negative ion (1 hour upon
wakening for 5 weeks)

Goel and Etwaroo,
2006[5]a,b,d

Negative ion (30 minutes for
three consecutive evenings)

SAD

The Profile of Mood
States Questionnaire
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Table 2 Air ion exposure assessment, psychological measures, and study findings (Continued)

The three active stimuli (bright light, auditory stimuli, or
high density negative ion exposure), but not the low
density placebo, reduced depression, total mood
disturbance and/or anger within 15 30 min.

The Karolinska Sleepiness Scale
Likert scales assessed four aspects of stimulus perception
using a 7 point scale. Subjects rated stimulus hedonics and
intensity, as well as its effects on mood and on alertness

Terman and Terman,
2006[7]b,d

Negative ion (93 minutes
before waking up)

Low density:
1.7 × 1011 ions/s
[1 x 104 ions/cm3]e

SIGH

SAD

High density:
4.5 × 1014 ions/s
[2.7 x 107 ions/cm3]e

Emergence or exacerbation of depression, sleep, appetite/
weight, headache

Post treatment improvement results were high density
ions, 47.9%; and low density ions, 22.7% (significantly
different).

Gianinni et al.,
2007[26]a

Negative ion (1 hour)

3 × 103 ions/cm3

Brief Psychiatric Rating Scale

A significant anti manic effect was observed: total rating
scores declined with anion treatment.

Malcolm et al.,
2009[32]a,b

Negative ion (30 minutes
pre test and 60 minutes
during test)

Not reported

Subjective state measured by six visual analogue scales for
happiness, sadness, hostility, alertness, anxiety and
calmness.

Association between BDI score and treatment; increased
recall and recognition of positive terms versus negative
terms; findings indicate that HDNI treatment produces a
positive bias in emotional recall and recognition.
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The emotional test battery consisted of an emotional
categorization task with surprise emotional recall and
recognition, a facial expression recognition test, and a dot
probe task of attention with masked and unmasked
conditions.

Flory et al., 2010[4]d

Negative ion (30 minutes for
12 days)

Low density:
4.0 × 103 ions/cm3

SIGH

High density:
≥ 2.0 × 106 ions/cm3

BDI

SAD Self Rating:

Diagnostic and Statistical Manual of Mental Disorders
(DSM IV) criteria for SAD

Subjects in all four groups showed significant score
decreases on the SIGH SAD SR and on the BDI. For raw
scale scores, neither main effects of treatment nor
interactions between treatment and time were significant.
When remission outcome criteria were used, exposure to
high density negative ions was more effective than either
of the two placebo conditions, although the difference
was not significant.

Malik et al., 2010[9]a

Negative ion (2 hours)

>1,000,000 counts/
cm3

Self reported computer oriented stress, physiological and
psychological stress

A significant decline in computer oriented stress and
psychological stress was noticed post computer
operations in presence of negative ions.

Dauphinais et al.,
2012[24]d

Negative ion (7.5 min/day or
15 min/day if tolerable for 8
weeks)

1.7 × 1011 ions/s
[1 × 104 ions/cm3]e

SIGH SAD

No significant difference in SIGH SAD scores between
light therapy and low density negative ion groups at
study end or in the proportions of responders or remitters
in these groups.

Harmer et al.,
2012[31]a,b,d

Negative ion (30 minutes
pre test and 60 minutes
during test)

Not reported

Subjective state measured by six visual analogue scales
(happiness, surprise, sadness, fear, anger, and disgust), BDI,
and State Trait Inventory

No effect on anxiety, depression (BDI), alertness, and recall
of emotional words. HDNI treatment decreased
recognition of faces showing disgust and increased
recognition of happy faces, and increased recognition of
and vigilance to positive words. HDNI increased
recognition memory of positive words only in the SAD
group. The findings indicate that HDNI treatment
produces a positive bias in emotional recall and
recognition.

The emotional test battery consisted of an emotional
categorization task with surprise emotional recall and
recognition, a facial expression recognition test, and a dot
probe task of attention with masked and unmasked
conditions.
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Table 2 Air ion exposure assessment, psychological measures, and study findings (Continued)

a

Activation, anxiety, mood.
Relaxation and sleep.
Personal comfort rating.
d
Depression.
e
Ions/s converted to ions/cm3 for ionizers used in this laboratory based on Terman et al. [8].
f
Ion concentration in ion/cm3 based upon Iwama et al. [41].
BDI beck depression inventory; CgA like IR chromogranin A like immunoreacitivity; HDNI high density negative ions; SR self rating; STAI S state trait anxiety inventory scale; SIGH SAD structured interview guide for the
hamilton depression rating scale, seasonal affective disorder.
b
c

Page 11 of 20

Perez et al. BMC Psychiatry 2013, 13:29
http://www.biomedcentral.com/1471 244X/13/29

range: 21–49; mean age: 26.4) rated their mood after
entering a sauna system on two occasions—one with
negative air ionization, the other without. The authors
observed no significant difference in reported mood
states between experimental and control conditions.
Nakane et al. [10] conducted a crossover study (blinding not reported) among 12 female undergraduates (age
range: 18–22) to examine the effect of negative air
ionization on anxiety and salivary chromogranin A-like
immunoreactivity (CgA-like IR), a protein indicator of
sympathetic nerve activity. The findings showed that
exposure to negative air ions significantly reduced anxiety compared to the positive control while performing a
computer-oriented task, but negative air ionization in
the post-task period was associated with a non-significant
reduction. Similar results were reported for CgA-like IR.
Goel and Etwaroo [5] performed a single-blind RCT to
determine the immediate effects of bright light, auditory
stimulus, and high-density (n=29) and low-density negative air ionization (n=30) on mood and attentiveness in
118 mildly depressed and non-depressed college students
(mean age: 19.4). The results showed that exposure to
high-density negative air ionization decreased depressive
symptoms, total mood disturbance, or anger within 15 to
30 minutes of exposure; however, low-density exposure
did not produce significant effects.
A double-blind crossover experiment by Gianinni et al.
[26] exposed 24 manic men (age range: 23–29; mean age:
26.7) to high levels of ambient negative air ions and found
a statistically significant reduction in subjects’ manic states.
In contrast, Malcolm et al. [32] conducted a single-blind
experiment among 30 healthy subjects (age range: 18–28)
randomized to receive either high-density negative air ions
or a control condition and found no effect of exposure on
anxiety. Of note, the clinic that performed the Malcolm
et al. [32] study subsequently performed a double-blind
RCT of adults (21 patients with SAD and 21 controls)
exposed to high-density negative air ions and also reported
no effect on measures of visual analogue (mood) or StateTrait Anxiety Inventory ratings [31]. When Malik et al.
[9] induced stress in 20 adults (age range: 24–35; mean
age: 28.9) in a single-blind study by performing a computer-oriented task, the subjects reported a significant
decrease in computer-oriented stress and psychological
stress following negative air ionization.
Gianinni et al. [36] researched the effects of positive
air ions only in a double-blind crossover study conducted
among 12 adult male volunteers and found that anxiety,
excitement, and serum serotonin levels significantly
increased when exposed.
Relaxation and sleep

Several studies examined the impact of negative and
positive air ionization on relaxation and sleepiness. In
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the study by Silverman and Kornbleuh [27], more than
half of their 12 subjects reported one or more symptoms of
dryness of the mouth/upper respiratory tract, relaxation, or
sleepiness when exposed to either negative or positive air
ionization; however, these responses were more prevalent
during negative air ionization. Yaglou [19] conducted a
single-blind crossover study in 25 healthy adults (age range:
22–51) and a separate study in 6 arthritic patients (age
range: 30–62) to examine the effects of negative and
positive air ionization on relaxation. In the first study of
25 adults, 5% reported feeling relaxed when exposed to
positive air ions; 17% reported feeling relaxed when exposed to negative air ions; and 21% reported feeling
relaxed under control conditions [19]. In the second
study, a higher frequency of patients reported feeling
relaxed or sleepy, or both, when exposed to negative versus positive air ions [19].
Albrechtsen et al. [37] conducted two single-blind
experiments to evaluate the influence of negative and
positive air ionization on subjective feelings among two
groups: 6 randomly-selected women (age range: 20–30)
and 12 adults (age range: 19–45) who appeared to be
most sensitive to ionization. Outcomes included subjective
assessments on feelings of self-exertion, stuffiness, the
unpleasantness of cognitive tasks performed, and sleepiness. Across both studies, no significant effects were identified. Hawkins [38] examined the influence of negative
and positive air ionization in an office environment on
personal ratings of thermal comfort, stuffiness, alertness,
and well-being in a double-blind crossover experiment
conducted over 12 weeks. Subjects (n=106) were divided
into groups based on areas of variable ionization levels.
Hawkins observed that negative air ionization was associated with higher subjective ratings of alertness, atmospheric freshness, environmental/personal warmth, and a
reduction in the overall complaint rate by 50%. Positive air
ion effects were not explicitly discussed.
Twelve studies examined the association of negative air ions only with relaxation and sleepiness
[5,7,8,11-14,22,29,32,34,39]. Assael et al. [11] conducted
a double-blind crossover study to examine the effects of
negative air ions on relaxation and alertness among 10
healthy participants (age range: 20–65) and 10 subjects on
tranquilizers. The authors found that all patients reported
an initial relaxation followed by alertness when exposed to
negative air ions.
Three previously mentioned studies on air ions and
mood associations also evaluated ion effects on relaxation or sleepiness, or both [12,29,34]. The double-blind
experiment conducted by Tom et al. [34] of 56 adults
assessed the impact of negative air ions on relaxation
(very tense versus very relaxed). Although reported
feelings of relaxation were slightly elevated in the experimental compared to the control group, the findings were
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statistically non-significant. On the other hand, Buckalew
and Rizzuto [12] identified a significant increase in relaxation attributed to negative air ionization between experimental and control groups in their double-blind
study. In the work of Deleanu and Stamatiu [29], sleep
normalization was achieved in 53 of 67 patients with
insomnia who were exposed to negative air ions (blinding
not reported).
Lips et al. [13] performed a double-blind crossover trial
to examine the effect of negative air ions on alertness in
18 healthy adults. Subjects worked in either room one
with windows (natural ventilation) or room two with no
windows (mechanically ventilated). Lips et al. [13] observed that following exposure to enhanced negative air
ions, subjects’ feelings of drowsiness were significantly
reduced within both rooms. In the pilot study by Misiaszek
et al. [14], all four subjects fell asleep and reported feeling
calm following negative air ionization in the first phase of
the study (non-blind). In the second phase (double-blind),
three of the four subjects fell asleep and one subject
appeared less agitated. In both phases, patients’ manic
behavior reappeared 5 to 10 minutes post-treatment [14].
Terman et al. [8] conducted a double-blind crossover
experiment to examine the effects of timed bright light
and negative air ionization on sleep timing in 124 subjects (age range: 18–59; mean age: 39.4), with 20 subjects
randomized to high-density and 19 subjects randomized
to low-density negative air ionization. The findings
showed that exposure to high-density versus low-density
negative air ionization did not result in statistically
significant differences in sleep patterns. On the other
hand, Iwama et al. [39] conducted a double-blind experiment with 44 patients randomized to the control and 51
patients randomized to receive negative air ion treatment (mean age: 40). Five degrees of tension were
defined: 1=relaxed; 2=normal tension; 3=mild tension;
4=moderate tension; and 5=severe tension. The authors
found that treated patients’ tension reduced significantly
and quicker.
Goel et al. [22] conducted a double-blind RCT to
evaluate the efficacy of bright light and high-density
negative air ionization for non-seasonal chronic depression and sleep in 32 patients (age range: 22–65; mean
age: 43.7). The findings showed no significant change in
sleep onset between high-density (n=12) and low-density
(n=10) negative air ionization; but a significant alteration
in sleep offset was noted among the high-density
subjects. Similarly, in a single-blind study of light and air
ion treatment for depression, Goel and Etwaroo [5]
found no significant differences in subjects’ feelings of
sedation, pleasantness, or intensity. In a double-blind
RCT by Terman and Terman [7], 99 adults with SAD
(age range: 19–63; mean age: 40.4) were followed to
examine the effects of high- and low-density negative air
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ionization and light therapy during subjects’ final hours
of sleep. Sleep disturbances in 3 of 16 patients in the
low-density group were observed, but none in the
high-density group.
In a single-blind experiment of 30 healthy subjects (age
range: 18–28) randomized either to receive high-density
negative air ionization or to a control condition, Malcolm
et al. [32] found no effect of air ionization on subjects’
feelings of alertness or calmness. A subsequent doubleblind RCT of SAD patients and controls reported no effect
on patient alertness and found that negative air ion treatment increased vigilance to unmasked positive items in
the visual dot-probe task regardless of patient group [31].
Personal comfort ratings

Three studies evaluated the impact of negative and positive air ionization on personal comfort [17,37,38].
McGurk [17] examined the effects of negative and positive air ions on self-reported feelings of comfort, ease of
working on cognitive tasks, and reactions to the test
room environment in 10 college-aged males undergoing
a single-blind experimental assessment. All subjects were
informed that on some days the air would be ionized; however, subjects remained uninformed about polarity. The
findings showed that negative air ion exposure resulted in a
notable increase in the proportion of subjects reporting
more pleasant feelings, while positive air ion exposure versus the control condition resulted in a significantly higher
reporting of unpleasantness.
Findings in the Albrechtsen et al. [37] study found no
significant relationship between exposure to high concentrations of negative and positive air ions and feelings
of self-exertion, stuffiness, or the unpleasantness of
cognitive tasks among 25 healthy subjects or 6 arthritic
patients. In contrast, Hawkins [38] observed that negative air ion exposure was associated with higher subjective ratings of alertness, atmospheric freshness, and
environmental/personal warmth among office employees
working in three different areas of variable air ionization
levels (double-blind study).
Several more recent studies [13,35,40] examined the
influence of exposure to negative air ions only on personal comfort among adults. Finnegan et al. [40]
conducted a single-blind experiment and found no significant effect of negative air ionization on personal
comfort among 26 adults working within 5 different
rooms of an office building. On the other hand, Lips
et al. [13] examined the effects of negative air ion exposure on personal comfort and well-being in a doubleblind study of 18 healthy adults who worked in either a
room with windows (normal environment) or one mechanically ventilated (ion-depleted environment). The findings showed that following exposure to enhanced
negative air ions, subjects’ assessments of both their own

Perez et al. BMC Psychiatry 2013, 13:29
http://www.biomedcentral.com/1471 244X/13/29

well-being and their environments (room pleasantness
and comfort) improved significantly at both sites, but
failed to result in a significant difference in personal
thermal comfort scores. In addition, subjects in the iondepleted environment failed to experience an improvement in air freshness during negative air ion exposure.
In the single-blind, ion-enhanced sauna study by Watanabe et al. [35], no significant differences in the reported
feelings of pleasantness between exposure settings were
observed.
Depression

All depression studies evaluated potential alterations
only from exposure to negative air ions [4-8,22,24,29,31].
In the study of 112 psychiatric patients by Deleanu and
Stamatiu [29], the findings showed that in over 50% of
45 treated patients diagnosed with depression, depressive
reactions attenuated or completely disappeared with
exposure to negative air ions (blinding not reported).
Terman and Terman [6] performed a double-blind RCT
among 25 patients (mean age: 38.2) to examine the effects
of negative air ions on SAD. Subjects were randomized to
low-density (n=13) or high-density (n=12) treatment. The
authors found that depression severity decreased (determined using SIGH-SAD) more notably for the high- than
the low-density treatment group. Applying a remission
criterion of ≥50% reduction in symptom severity, 58% of
patients reacted to high-density and 15% reacted to lowdensity air ion exposure. Terman et al.’s [8] double-blind
study of the effects of timed bright light and negative air
ionization on SAD in 124 adults showed that exposure to
high-density air ionization provided subjects with clinically
significant relief by producing a 50% reduction in depressive symptoms from baseline. In addition, the remission
rate associated with high-density negative air ionization
rose substantially with an additional 10 to 14 days of treatment after the first period, but low-density exposure
showed no significant effect [8].
In their double-blind study evaluating the efficacy of
bright light and high-density negative air ion exposure for
non-seasonal chronic depression in 32 adults, Goel et al.
[22] observed a score improvement on the SIGH-SAD of
51% for high-density exposure (remission rate 50%) compared to 17% for low-density exposure (remission rate 0%).
Similarly, Goel and Etwaroo’s [5] single-blind study of the
immediate effects of bright light (n=29), auditory stimulus
(n=30), high-density (n=29), and low-density negative air
ionization (n=30) in mildly depressed and non-depressed
adults indicated that exposure to high-density negative air
ions decreased depressive symptoms within 15 to 30 minutes; however, low-density exposure did not produce any
significant effects.
In a double-blind RCT by Terman and Terman [7], 99
adults with SAD or bipolar II disorder were followed to
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examine the effects of high- and low-density negative air
ionization and light therapy during the final hours of
sleep. Study findings based on SIGH-SAD indicated that
exposure to low-density negative air ions resulted in a
significantly lower improvement (22.7%) in depression
scores compared to improvement with high-density
exposure (47.9%). Flory et al. [4] also investigated the
effects of high- and low-density negative air ionization
and light therapy on SAD among 73 university-affiliated
women (age range: 18–51; mean age: 20.8) in a singleblind RCT and found that subjects in all study groups
showed significant score decreases on the SIGH-SAD
self-rating scale and the Beck Depression Inventory
(BDI) scale. Dauphinais et al. [24] performed a doubleblind RCT of adult patients with bipolar depression to
examine the effect of negative air ions. Subjects were
randomized to low-density (n=20), high density (n=2),
or bright light (n=18) treatment for 8 weeks. Of note,
the low-density group was considered the control and
too few data were available for the high-density group to
allow for a meaningful analysis; therefore, data among
the high-density group were not reported. The authors
found no significant difference between the depression
severity scores (determined using SIGH-SAD) of the
light and low-density treatment groups (52% vs. 47%
reduction, respectively) or between the proportion of
responders and remitters (light group—50% of subjects
were either responders or remitters; low density ion
group—55.6% of subjects in the low-density treatment
group were either responders or remitters).
Harmer et al. [31] exposed 21 SAD patients and 21
controls in a double-blind RCT to high levels of negative
air ions for 1.5 hours. Post-exposure measures of depression, as measured by the BDI scale, were unaffected by
treatment. Additionally, SAD patients, but not controls,
exhibited an increased recognition memory for positive
words. The overlap in the results of this study with those
of Malcolm et al. [32], and parallels between air highdensity negative ion treatment and single-dose antidepressant administration on negative affective bias
[41,42], suggest a link between emotional processing of
certain stimuli and depressive states.
Meta-analysis of depression studies

The forest plots and overall weighted differences in
group means (i.e. pre- minus post-ion exposure mean
scores) by ion concentration (high/low) are shown in
Figures 1 and 2. Estimates of treatment effects for studies with multiple follow-up times [6-8] were examined
by time point also. Utilizing the later post-baseline mean
score where applicable, the weighted differences in group
means for the Atypical symptom subscale, Hamilton subscale, and composite SIGH-SAD scale were 5.64 (95% CI:
4.44-6.85), 9.23 (95% CI: 8.52-9.94), and 14.28 (95% CI:
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Figure 1 High Density Negative Air Ion Exposure and Depression. *Includes data from studies at the last follow up time point where
applicable [6 8]; p for heterogeneity (composite SIGH SAD) = 0.94. CI: Confidence Interval; SIGH SAD: Structured Interview Guide for the Hamilton
Depression Rating Scale, Seasonal Affective Disorders.

12.93-15.62), respectively (p for heterogeneity (SIGHSAD) = 0.94); thus, the results were indicative of a beneficial effect of high-density negative air ion treatment on
SAD and treatment effects were comparable between
studies (Figure 1). The weighted differences in group
means in the low-density negative air ion analysis for the
Atypical symptom subscale, Hamilton subscale, and composite SIGH-SAD scale were 1.98 (95% CI: 0.57-3.40), 4.87
(95% CI: 0.96-8.77), and 7.23 (95% CI: 2.62-11.83), respectively (p for heterogeneity (SIGH-SAD) < 0.0001);

thus the results were also statistically significant, but smaller in magnitude and were significantly different between
studies (Figure 2).
The findings were similar when utilizing the earlier
post-baseline mean score reported by Terman and
Terman [6,7] and Terman et al. [8] (results not shown);
however, the magnitude of effect by subscale and overall
was consistently smaller than those shown in Figures 1
and 2. Furthermore, the weighted group mean difference
for the Atypical symptom subscale was statistically non-

Figure 2 Low Density Negative Air Ion Exposure and Depression. *Includes data from studies at the last follow up time point where
applicable [6 8]; p for heterogeneity (composite SIGH SAD) < 0.0001. CI: Confidence Interval; SIGH SAD: Structured Interview Guide for the
Hamilton Depression Rating Scale, Seasonal Affective Disorders.
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significant in the low-density negative ionization analysis
(mean=1.54 (95% CI: -0.31-3.39)).
Sensitivity analyses were performed by removing the
Terman and Terman [6] study since the data were
presented in a figure and not explicitly reported. These
analyses showed no alteration in the findings. An additional assessment of exposure duration (hours), within
high- and low-density air ion levels, and each study’s
score mean difference indicated no evidence of a dose–
response relationship (Figure 3).
Publication bias was examined visually with funnel
plots, which allow for a visual assessment of the estimated
intervention effects from the individual studies plotted
against a measure of treatment effect size. Separate plots
were done for SIGH-SAD composite scores and SIGHSAD subscales combined since Terman and Terman [6]
reported estimates by subscale only and Terman et al. [8]
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reported estimates for the composite scale only. A clustering indicative of publication bias was not observed
(Figure 4) (i.e., no marked asymmetry was evident). Statistical evidence of publication bias was not found (Begg rank
correlation p=0.71; Egger regression p=0.37). These findings
were supported by those observed when combining the
Atypical and Hamilton subscales.

Discussion
This review and meta-analysis examined the relationship
between negative/positive air ion exposure and emotional
state in 33 human experimental studies published from
1957 to August, 2012. To our knowledge, this is the first
comprehensive review to summarize the literature on air
ionization and psychological outcomes. Also, no studies
have previously meta-analyzed the influence of high- and
low-density negative air ions on subjects’ depression

Figure 3 Dose response Assessment Between Exposure Duration as Measured by Hours, within High Density Air Ion Levels, and Each
Study’s Score Mean Difference. *Terman, 1998 [8] only provided data for the composite SIGH SAD scale and not by subscale; Terman and
Terman [6] only provided data by subscale and not for the composite SIGH SAD scale.
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Figure 4 Visual Assessment of Publication Bias Using a Funnel
Plot (SIGH SAD composite scores). *A clustering indicative of
publication bias around the mean treatment effect was not
observed (i.e., no marked asymmetry was evident). In the absence of
publication bias we would expect the studies to be distributed
symmetrically about the combined treatment effect.

symptom severity. Our main findings were two-fold. First,
we failed to identify a consistent beneficial or detrimental
effect of negative or positive air ionization on mental wellbeing based on studies of anxiety, mood, relaxation/sleep,
and personal comfort. Second, our meta-analysis of five
studies [4,6-8,22] on negative air ionization and depression suggested a decreased severity of symptom scores in
subjects with exposures to high air ion levels. Specifically,
we observed a decrease in depression scores, thus corresponding to an improvement in subjects’ depressive state,
in comparisons of low- to high-density negative air ion
exposure (weighted mean score decrease of 7.23 and
14.28, respectively). A causal basis for this finding, however, was not presumed as the durations of exposure and
depression scores were not dose-related.
Exposures to air ions in low dose conditions slightly,
but significantly, reduced depression scores measured on
the SIGH-SAD. Indeed, no study reported that low dose
exposure produced a clinically significant reduction in
depression (criterion applied by Terman et al. [8]; Flory
et al. [4]; Terman and Terman [6]) of greater than 50%.
In fact, it appears that low dose ionization may be
regarded by these investigators as an inactive exposure
condition [22,24].
Although our meta-analysis showed that exposures to
high levels of negative ions was associated with a significant improvement in rated depression severity as measured using SIGH-SAD, a primary metric for both
seasonal and non-seasonal depression [4,43-46], and a
lack of statistical heterogeneity across study results in
the high-density analysis was observed, the findings
should be cautiously interpreted. First, this body of work
typically did not control for or failed to report on environmental factors affecting exposure including the
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electric field, air flow, humidity, and temperature. It is
well known that the spatial distribution and numbers of
air ions vary considerably due to differences in these factors [47]. Hence, the findings summarized herein are
likely impacted by unmeasured variables within the
available studies and the extent of this impact remains
unknown. Second, air ion concentrations for high- and
low-density were different across studies, ranging from
4.0 × 103 ions/cm3 to 1.0 × 104 ions/ cm3 for lowdensity and from 2.7 × 106 ions/cm3 to 2.7 × 107 ions/
cm3 for high-density (except for Flory et al. [4], who
defined high-density as ≥2.0 × 106 ions/cm3). Our finding
of statistically significant heterogeneity across studies in
the low-density analysis is likely impacted by these varying
exposure levels, whereas the effect of high-density air ion
treatment may occur independently of the range of exposure levels if an effective exposure threshold is exceeded.
Given that at most two studies reported the same air ion
concentrations for high- and low-density, however, we
could not justify performing separate meta-analyses by ion
concentration. However, when hours of exposure were
considered as a surrogate for dose within the high- and
low-density analyses, repeated or longer exposure durations to negative air ions failed to produce a greater effect
on depression scores than did shorter durations. Third, all
studies included in the meta-analysis except Flory et al. [4]
were conducted by a single research group, which provides little independent replication and may explain, in
part, the low between-study variance observed in the
high-density analysis. Fourth, differential effects, if any, between men and women were not examined. Genderstratified analyses are important to consider given that the
pharmacokinetics, pharmacodynamics, and hormonal
effects between men and women differ and likely influence depression severity [48]. Finally, some depression
studies [5,24,29,31] included in our narrative review were
unable to be meta-analyzed because of the heterogeneous
reporting of available data and the use of different metrics
for assessing depression (e.g., BDI and subjective assessments on the amelioration of ‘depressive reactions’). Additional experiments are warranted to clearly understand
the impact of negative air ionization on depression severity and how findings may be influenced by variable concentration levels and different metrics for symptom
measurement. Future studies should aim to determine the
efficacy of high-density air ion therapy for treating depression among men and women. Studies should also aim to
evaluate the specificity of any response(s) to negative air
ions by testing positive air ions as well.
Based on our review, there is no scientific basis for
concluding that air ions have a beneficial or adverse
effect on measures of anxiety, mood, relaxation/sleep,
and personal comfort in the range of exposures reviewed
(200–300 ions/cm3 (ambient levels) to 106 ions/cm3).
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The quality of many studies, however, is low and there
are several important inconsistencies across studies (e.g.
differential study settings/populations, follow-up periods,
exposure/outcome measurement and assessment, and
unmeasured confounders such as temperature). Of particular importance is the heterogeneity observed in the
frequency, duration, and intensity of air ionization evaluated. Presumably, the greater the ion concentration,
combined with longer exposure durations at greater
frequency, the greater the likelihood for air ion exposure
to produce a biological response in exposed subjects, if
in fact a real association is present. While there is no
consistent support in animal studies for effects of
negative or positive air ion treatment on central nervous
system neurotransmitter systems linked to depression
[21,49,50], Dowdall and De Montigny [51] have reported
that continuous exposure of rats to negative air ions at
a density of 1.5 × 106 ions/cm3 for 21 days increases the response of hippocampal pyramidal neurons
to iontophoretically applied serotonin as do several
antidepressant drugs. Nonetheless, human studies to
date on the relationship between exposure duration,
within high and low air ion concentrations, and
depression symptom severity do not support such a
relationship. In addition, variable distances between
subjects and the location at which ion generators
were situated likely influenced the number of air ions
reaching the subjects. Based on the exposure assessment alone, proper comparison across studies is
therefore quite difficult due to the varying exposure
assessments, differences in air ion systems used, and
disparate monitoring of ion levels. A disparity in the
measurement and assessment of the outcomes evaluated also renders a comparison across studies difficult. In this regard, instruments other than the SIGHSAD to measure depression severity (e.g., the BDI
[52], the Center for Epidemiological Studies Depression Scale [53], the Zung Self-Rating Depression Scale
[54]) might be considered in future studies since different depression scales may vary in sensitivity and
specificity for depression severity, may differ in the
measurement of different construct(s) based on the
inclusion of specific survey items (i.e., items may discriminate between different dimensions of depression),
and may be more suited over others in specific target
populations (e.g., young adults vs. elderly patients). Furthermore, no study reported responses to air ion therapy
by gender. Specific tests for differential responses, however, would have been of interest given that gender
specific-differences are reported in the literature for many
emotional parameters [55-57].
Though major limitations of the studies reviewed have
been discussed, we acknowledge certain strengths. Since all
studies were experimental, most, but not all, observations
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were made within a controlled environment and prospectively. In addition, participants in 2830 studies remained
blind to exposure and ion density, thus mitigating potential
bias. Blinding of the experimenters was less common
(1618 of 2830). Such precautions should be taken in future
studies to minimize introducing possible bias by subjects
and investigators. In our review, subject expectations in
some studies were compared with depression ratings at the
study end. Some studies found no association between
expectations and the outcome, suggesting minimal bias
[5,8], while other more recent studies reported a significant
relationship [4,7].
The World Health Organization conducted a communitybased study in 14 countries on the prevalence and severity
of mood disorders and found that the 1-year prevalence of mood and anxiety disorders in developed
nations ranged from 3.1%-5.3% in Japan to 9.6%-18.2%
in the US [58]. Kessler et al. [59] used the National
Comorbidity Survey Replication to estimate the lifetime prevalence of DSM-IV disorders and reported lifetime prevalence estimates for mood (20.8%) and anxiety
disorders (28.8%). An earlier report by Kessler et al. [60]
found that lifetime prevalence for clinical depression
among US adults was 16.2% and 1-year prevalence was
6.6%. Globally, the burden of mood disorders such as
depression is on the rise, with only 30% of cases worldwide receiving appropriate care for depression [61].
Hence, mood and anxiety disorders present a global crisis
that heavily burdens society with serious implications for
daily quality of living, economic costs, and the need for
individually-tailored treatment.

Conclusions
Our narrative review provides no basis for further investigation of a variety of emotional state indicators and air
ionization. Our meta-analysis, however, strengthens the
rationale for further study of high dose negative
ionization (>2.7 × 106 ions/cm3) on depression severity,
an effect, if real, that remains to be fundamentally
understood. Such studies should apply a double-blind
design with rigorous control over air ionization and
potential confounding, including placebo effects. In addition, using validated metrics for outcome assessment
in large study populations; determining justifiable thresholds to delineate between sham, low, and high air ion
concentrations; and implementing an adequate exposure
duration and follow-up period are recommended. Given
that longer or repeated exposures to negative air ions
were not observed to strengthen the response of
subjects, additional investigation of the biological plausibility is warranted. The concentrations of air ions expressed as parts per trillion are vanishingly small and
well-controlled animal studies do not report changes in
catecholamine neurotransmitter levels [50] or the levels
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and turnover of serotonin in the brain [49] even though
opposing effects of longer-term exposure to negative
and positive air ions on the responsiveness of hippocampal neurons to serotonin have been reported [51].
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AQQHx 4
Experimental animal studies
of air ions

Table 4-1. Experimental animal studies of exposure to air ions and behavior

Study
Herrington and
Smith, 1935

Bachman et al.,
1966

Olivereau and
Lambert, 1981

Olivereau et al.,
1981

Lambert et al.,
1981

1008144.001 - 2055

Species,
Strain, Sex, n
Rat, unknown,
M, 8

Rat, Sprague
Dawley, M, 11

Rat, unknown,
M, 12

Rat, Wistar, M,
6

Rat, Wistar, M,
6

Exposures
1,200,000
negative air
ions/cm3, ~23
hours/day, 300
days

100,00-450,000
negative air
ions/cm3;
100,000250,000
positive air
ions/cm3, 45
minutes
750,000
positive or
negative air
3
ions/cm , 20
minutes
(Experiment 3)
80,000 positive
or negative air
ions/cm3, 3
weeks

80,000 positive
or negative air
3
ions/cm , 3
weeks

Source for Ion
Generation
Corona discharge
system

Sham
exposures
Used?


No



Kr-85 ion
generator

Yes








Corona discharge
system

Corona discharge
system

Corona discharge
system

Yes

Yes

Yes

4-1

Confounders
Addressed?
Electric field –
No
Ozone, gaseous
by-products –
No
Noise – No
Light – No
Electric field –
No
Ozone, gaseous
by-products –
No
Noise – N/A
Light – N/A

 Electric field –
Yes
 Ozone, gaseous
by-products –
Yes
 Noise – Yes
 Light – No
 Electric field –
No
 Ozone, gaseous
by-products –
Yes
 Noise – No
 Light – No

 Electric field –
No
 Ozone, gaseous
by-products –
Yes
 Noise – No
 Light – No

Blinded /
Randomized?
No/No




No/No




No/No




Yes/No






Yes/No





Findings
No effect on wheel running at <175 days;
Increased wheel running in exposed rats
after >175 days
Visible light from ion source noted

Exposure-related increase in motor
activity to both ion polarities
Indicators of fear (urination and
defecation) differed with exposure to
positive and negative air ions (described
but not analyzed)
Small reductions in spontaneous activity
of rats exposed to positive air ions
Small increase in spontaneous activity of
rats exposed to negative air ions

At low brain stimulation intensities, both
positive and negative air ions reduced
brain electrical activity in reticulocortical
region of rats brains
At high brain stimulation intensities,
positive air ions reduced brain electrical
activity in reticulocortical region
At high brain stimulation intensities, brain
electrical activity in reticulocortical region
was similar in control and negative air iontreated animals
Increased amplitude of EEG readings in
the rat brain frontal and occipital regions
with positive air ions
Increased amplitude and reduced
frequency of theta hippocampal rhythm
with positive air ions
No significant effect of negative air ions

Study
Bailey and
Charry, 1986

Lambert and
Olivereau, 1987

Beardwood et
al., 1986, 1987

Lenkiewicz et
al., 1989

Beardwood and
Jordi, 1990;
Beardwood et
al., 1987

Species,
Strain, Sex, n
Rat, SpragueDawley
(outbred
Holtzman), M,
6-19

Rat, Wistar, M,
6

Rat, LongEvans, M, 5-8

Hamster,
Syrian
Waterhouse, M,
14

Rat, LongEvans, M, 6-18

Exposures
500,000
positive or
negative air
ions/cm3, 2-66
hours

80,000 positive
or negative air
ions/cm3, 3
weeks

700,000
positive air
ions/cm3, 4+
days

14,000
negative air
ions/cm3, 10-30
minutes

700,000
negative air
ions/cm3, 4+
days

Source for Ion
Generation
Corona discharge
system

Sham
exposures
Used?
Yes




Corona discharge
system

Yes






Corona discharge
system





No



Corona discharge
system (BION 78Medicor minitype
ionizer)

Corona discharge
system





No



Yes








1008144.001 - 2055

4-2

Confounders
Addressed?
Electric field –
Yes
Ozone, gaseous
by-products –
Yes
Noise – Yes
Light – No
Electric field –
No
Ozone, gaseous
by-products –
Yes
Noise – No
Light – No
Electric field –
No
Ozone, gaseous
by-products –
No
Noise – No
Light – No
Electric field –
No
Ozone, gaseous
by-products –
No
Noise – No
Light – No
Electric field –
No
Ozone, gaseous
by-products –
No
Noise – No
Light – No

Blinded /
Randomized?
Yes/Yes†




Findings
No effect on locomotor or rearing activity
of rats
Controlled and well-characterized
exposure set-up described in Charry et
al., 1986

Yes/Yes



Altered sleep patterns in rats with both
treatments

No/No




Delayed response of rats to noxious
stimuli
Response concluded to involve the
serotonergic system, but not the opioid
signaling pathway

No/No




Altered motor activity in hamsters
The smell of ozone was reported

No/Yes



No effect on response of rats to noxious
stimuli
Reduced analgesic effect of morphine



Study
Dabrowska et
al., 1990

Creim et al.,
1993

Livanova et al.,
1999

Species,
Strain, Sex, n
Mouse, CBA
inbred, M, 10

Rat, LongEvans, M, 2040

Rat, Wistar, M,
5-6

Exposures
14,000
negative air
ions/cm3, 10-40
minutes/day for
14 days

<2,000 positive
or negative air
ions/cm3,
10,000 positive
or negative air
ions/cm3, or
250,000
positive or
negative air
ions/cm3, 60
minutes
31.6/second
negative air
ions
(concentration
not reported),
60 minutes

Source for Ion
Generation
Corona discharge
system (BION BJ6
Minitype ionizer)

Corona discharge
system

Sham
exposures
Used?
Yes



Yes








Corona discharge
system

 Electric field –
No
 Ozone, gaseous
by-products –
No
 Noise – No
 Light – No

No

†Confirmed by author.

1008144.001 - 2055



Confounders
Addressed?
Electric field –
No
Ozone, gaseous
by-products –
No
Noise – No
Light – No
Electric field –
Yes
Ozone, gaseous
by-products –
No
Noise – Yes
Light - Yes

4-3

Blinded /
Randomized?
No/Yes





No/No






No/No




Findings
Increased exploratory activity and
reduced fear with 20-minute exposures;
similar findings with 30-minute exposures,
but to a lesser extent
Minimal effects with 10- and 40-minute
exposures
No effect of air ions on response to static
electric fields as to amount of time rats
spent in exposure or sham compartment
of shuttle box apparatus
Assessed multiple air ion exposure levels
Used a carefully controlled and wellcharacterized exposure system described
in Weigel et al., 1987

Prevention of acute stress response in
immobilized rats
No effect on non-immobilized animals

Table 4-2. Experimental animal studies of exposure to air ions and learning and memory
Study
Bauer, 1955

Species,
Strain, Sex, n
Rat, derived
from Wistar, M,
5-6

Rat, derived
from Wistar, M,
5-6

Jordan and
Sokoloff, 1959

Duffee and
Koontz, 1965

Frey, 1967

1008144.001 - 2055

Rat, unknown,
M, 75

Rats, Wistar, M,
3

Rat, Wistar, M,
10-18

Exposures
6,000 positive
3
air ions/cm or
3,000 negative
air ions /cm3,
36 days

6,500 positive
air ions or
3,000 negative
air ions, 15
days

8,000-9,000
negative air
ions/cm3, 3
hours/day,15
days

290,000
positive or
140,000
negative air
ions/cm3, 23+
hours/day, 33
days
Negative air
ions producing
body currents
of 5 x 10-10
amperes, 60
minutes/day,13
days

Source for Ion
Generation
Polonium ion
generator

Sham
exposures
Used?
No




Polonium ion
generator

No






Polonium ion
generator

No






Krypton-85 ion
generator

No






Wesix Co, tritium
generator

No








4-4

Confounders
Addressed?
Electric field –
No
Ozone, gaseous
by-products –
Yes
Noise – No
Light – N/A
Electric field –
No
Ozone, gaseous
by-products –
Yes
Noise – No
Light – N/A
Electric field –
No
Ozone, gaseous
by-products –
No
Noise – No
Light – N/A
Electric field –
No
Ozone, gaseous
by-products –
No
Noise – N/A
Light – N/A
Electric field –
No
Ozone, gaseous
by-products –
No
Noise – N/A
Light – N/A

Blinded /
Randomized?
No/No

Findings
 No effect of air ion exposure on ability of
rats submitted to electroconvulsive shock
treatment to learn a water maze

No/No

 No effect of air ion exposure on ability of
rats submitted to electroconvulsive shock
treatment to build nests

No/No

 No effect on water maze performance of
young rats with negative air ions, but
young rats seemed slightly more excited
and less coordinated
 Improved water maze performance of
elderly rats with negative air ions

No/Yes

 Exposure to air ions, particularly negative
ions, improved maze performance of older
rats

Yes/No

 Ion-exposed rats showed less reduction in
lever pressing for food when presented a
tone previously paired with shocks to tail
(inhibited the buzzer-induced conditioned
emotional response)

Study
Nazzaro et al.,
1967

Species,
Strain, Sex, n
Rat, Sprague
Dawley, M, 6

Terry et al.,
1969

Rat, KingHoltzman
hybrid, M/F, 10

Falkenberg and
Kirk, 1977

Rat, SpragueDawley, M, 10

Olivereau and
Lambert, 1981

Rat, unknown,
M, 60

(Experiment 2
was reported in
Lambert and
Olivereau, 1980
as well)

1008144.001 - 2055

Rat, unknown,
M, 6-7

Exposures
25,304 positive
3
air ions/cm or
31,349
negative air
ions/cm3, 8
days

Source for Ion
Generation
Tritium ion
generator

Sham
exposures
Used?
Yes
(cross
over)






Confounders
Addressed?
Electric field –
No
Ozone, gaseous
by-products –
No
Noise – N/A
Light – N/A

Blinded /
Randomized?
No/No

Findings
 Inconclusive results regarding effects of air
ions on anxiety and lever-pressing

7,000,000
negative air
ions/cm3 and
70,000,000
negative air
3
ions/cm ,
duration not
reported
100,000
positive or
negative air
ions/cm3, 2hour periods, 4
days

Beta ion generator
(Dynamic Ionaire
Mark VII ion
generator)

No

 Electric field –
No
 Ozone, gaseous
by-products –
Yes
 Noise – Yes
 Light – N/A

Yes/Yes

 No effect on errors or time completing
water maze in female rats
 Male rats exposed to negative air ions
made significantly less errors in a water
maze

Corona discharge
system (Philco ion
generator)

No

No/Yes

 Rats exposed to negative air ions
exhibited greater avoidance performance
than rats exposed to positive air ions


Experiment 1:
600,000650,000
positive or
negative air
ions/cm3, 30
minutes
Experiment 2:
80,000 positive
or negative air
ions/cm3, 3
weeks

Corona discharge
system

Yes

No/No

 Reduced time to escape and success in
escaping a noxious stimulus in mice with
negative air ions
 Increased time to escape and success in
escaping a noxious stimulus in mice with
positive air ions

Corona discharge
system

Yes

 Electric field –
No
 Ozone, gaseous
by-products –
No
 Noise – No
 Light – No
 Electric field –
Yes
 Ozone, gaseous
by-products –
Yes
 Noise – Yes
 Light – No
 Electric field –
Yes
 Ozone, gaseous
by-products –
No
 Noise – Yes
 Light – No

Yes/No

 Reduced step-through latency in
successive passive avoidance retention
tests in rats with exposure; response
greater with positive ions than with
negative air ions
 Increased activity index and exploratory
behavior with negative air ions
 Reduced activity index with positive air
ions
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Study
Creim et al.,
1995

Species,
Strain, Sex, n
Rat, SPF LongEvans, M, 14

Exposures
200,000
positive or
negative air
3
ions/cm , 4
hours/day with
+ 75/kV/m or –
75 kV/m
electric field

Source for Ion
Generation
Corona discharge
system

Sham
exposures
Used?
Yes

Confounders
Addressed?
 Electric field –
Yes
 Ozone, gaseous
by-products –
No
 Noise – Yes
 Light – No

Blinded /
Randomized?
Yes/No

Findings
 No learned taste aversion in rats
associated with either positive or negative
air ions and concomitant static electric field
exposure
 Used a carefully controlled and wellcharacterized exposure system described
in Weigel et al., 1987

Table 4-3. Experimental animal studies of exposure to air ions and serotonin or other neurotransmitters
Study
Krueger et al.,
1963

Species,
Strain, Sex, n
Mouse,
NAMRU, M, 20

Exposures
4,500 positive
3
air ions/cm or
51,000 positive
air ions/cm3, 7
days

Source for Ion
Generation
Tritium ion
generator and
Krypton-84 ion
generator

Sham
exposures
Used?
No






Confounders
Addressed?
Electric field –
No
Ozone, gaseous
by-products –
No
Noise – N/A
Light – N/A

Blinded /
Randomized?
No/Yes

Krueger et al.,
1966

Mouse,
NAMRU, M, 10

430,000
positive air
ions/cm3 or
500,000
positive air
ions/cm3, 12-23
days

Tritium ion
generator

No
(not within
same
experiment
)

 Electric field –
No
 Ozone, gaseous
by-products –
No
 Noise – N/A
 Light – N/A

No/Partial

Krueger et al.,
1968

Mouse,
NAMRU, M, 5080

400,000500,000
positive or
negative air
ions/cm3, 1-12
days

Tritium ion
generator

No

 Electric field –
No
 Ozone, gaseous
by-products –
No
 Noise – N/A
 Light – N/A

No/No
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Findings
 Increased blood serotonin concentrations
in mice after 3 days of positive air ion
exposure
 Response thought to be associated with
exposure to CO2 positive air ions
 Results confounded by significant illness
in animals exposed to CO2 positive air
ions
 Increase in blood serotonin at 48 hours in
mice exposed to 430,000 positive
ions/cm3 in 2% CO2; smaller response at
14 days with exposure to 500,000
ions/cm3
 In 4% CO2, the drop in blood serotonin
levels observed in the controls was
overcome and peaked at 10 days of
treatment
 Reliability of differences not assessed by
statistical analyses
 Increased blood serotonin concentrations
in mice with positive air ions
 Reduced blood serotonin concentrations
in mice with negative air ions
 Overlapping confidence intervals of
exposed and control mice indicate no
reliable effect of ion exposure

Study
Krueger and
Kotaka, 1969

Species,
Strain, Sex, n
Mouse,
NAMRU, M, 3056

Gilbert, 1973

Rat, SpragueDawley, M, 5-6

Diamond et al.,
1980

Rat, LongEvans, M, 8-18

Charry and
Bailey, 1985

Rat, SpragueDawley
(outbred
Holtzman), M,
6-14
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Exposures
2,000-4,000
positive or
negative air
3
ions/cm ,
30,000-40,000
positive or
negative air
ions/cm3, or
350,000500,000
positive or
negative air
ions/cm3, 12-72
hours
30,000
negative air
ions/cm3, 8
hours/day
intermittent or
continuous

Source for Ion
Generation
Tritium ion
generator

Sham
exposures
Used?
No






Tritium ion
generator

No

100,000
negative air
ions/cm3, 21
days

Corona discharge
system

No

500,000
positive or
negative air
ions/cm3, 2-66
hours

Corona discharge
system

Yes
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Confounders
Addressed?
Electric field –
No
Ozone, gaseous
by-products –
No
Noise – N/A
Light – N/A

 Electric field –
No
 Ozone, gaseous
by-products –
No
 Noise – N/A
 Light – N/A
 Electric field –
No
 Ozone, gaseous
by-products –
No
 Noise – No
 Light – No
 Electric field –
Yes
 Ozone, gaseous
by-products –
Yes
 Noise – Yes
 Light – No

Blinded /
Randomized?
No/Yes

Findings
 Reduced brain serotonin concentrations in
mice with both positive and negative air
ions

No/Yes

 Reduced handling reactions in
individually-housed rats
 Reduced brain serotonin concentrations

Yes/No

 Increased brain serotonin concentrations
in rats

Yes/Yes

 No effect on brain regional concentrations
of norepinephrine or dopamine in rats
 Controlled and well-characterized
exposure set-up described in Charry et al.,
1986

Study
Dowdall and
DeMontigny,
1985

Species,
Strain, Sex, n
Rat, SpragueDawley, M, 1780

Exposures
1,500,000
positive or
negative air
3
ions/cm , 21
days

Source for Ion
Generation
Corona discharge
system

Sham
exposures
Used?
No






Kellogg et al.,
1985a,1985b;
Kellogg and
Yost, 1986

Mouse,
NAMRU, F, 447

Beardwood et
al., 1987

Rat, LongEvans, M, 8-19

Bailey and
Charry, 1987

Rat, SpragueDawley
(outbred
Holtzman), M,
6-15

2,000 positive
or negative air
ions/cm3 or
200,000
positive or
negative air
ions/cm3, 2
years
700,000
positive or
negative air
ions/cm3, 7
days

500,000
positive or
negative air
ions/cm3, 2-66
hours

Blinded /
Randomized?
Yes/No

Tritium ion
generator

No

 Electric field –
No
 Ozone, gaseous
by-products –
No
 Noise – N/A
 Light – N/A

No/No

Corona discharge
system

No

No/No

Corona discharge
system

Yes

 Electric field –
No
 Ozone, gaseous
by-products –
No
 Noise – No
 Light – No
 Electric field –
Yes
 Ozone, gaseous
by-products –
Yes
 Noise – Yes
 Light – No

† Confirmed by author.
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Confounders
Addressed?
Electric field –
No
Ozone, gaseous
by-products –
No
Noise – No
Light – No

4-8

Yes/Yes†

Findings
 No effect on brain serotonin, tryptophan,
or 5-hydroxyindoleacetic acid
concentrations in rats
 No effect on blood serotonin or plasma
tryptophan concentrations
 No effect on CA1 and CA3 pyramidal
neuron responsiveness to norepinephrine
or acetylcholine
 Increased (negative air ions) or decreased
(positive air ions) CA1 and CA3 pyramidal
neuron responsiveness to serotonin
 No effect on blood serotonin
concentrations in mice with positive or
negative air ions

 Increased whole brain serotonin
concentrations in rats with positive air ion
exposure; no effect on lung serotonin
concentrations
 Reduced whole brain and lung
concentrations in rats with negative air ion
exposure
 No effect on brain regional concentrations
of serotonin or serotonin turnover in rats
 Controlled and well-characterized
exposure set-up described in Charry et al.,
1986

Table 4-4. Experimental animal studies of exposure to air ions and tracheal function
Study
Krueger and
Smith, 1958a

Krueger and
Smith, 1958b

Krueger and
Smith, 1959

Species,
Strain, Sex, n
(range)
Mouse,
NAMRU/aguout
i, M/F, 10;
rat, unspecified,
M/F, 20; rabbit;
unspecified,
M/F; 20
Rabbit,
unknown,
unknown,
unknown

Mouse,
NAMRU, M/F, 6

Krueger and
Smith, 1960b

Guinea pig,
unspecified,
M/F, 4 mouse;
NAMRU; M/F; 4

Andersen, 1972

Rabbit;
unspecified,
unspecified,
unspecified, 5-6
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Exposures
1 x 109 positive
or negative air
ions/cm2/second
(concentrations
not reported),
15-20 minutes
(exposure
before and after
tracheotomy)
Negative and
positive air ions
(concentrations
not reported),
15-20 minutes
(anesthetized)

Source for Ion
Generation
Tritium ion
generator

Sham
exposures
Used?
Yes
(cross
over)






Tritium ion
generator

Yes (cross
over)




1 x 107 positive
or negative air
ions/cm2/
second
(concentrations
not reported), 10
minutes to 3
days
Negative air
ions
(concentrations
not reported), 114+ hours

Tritium ion
generator

Tritium ion
generator

Yes
(cross
over)

200,000 positive
3
air ions/cm ,
190,000
negative air
ions/cm3 or
bipolar (200,000
negative +
210,000 positive
ion/cm3), 90
minutes

Tritium generator

Yes
(cross
over)

Yes
(cross
over)
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Confounders
Addressed?
Electric field –
Yes
Ozone,
gaseous byproducts – No
Noise – N/A
Light – N/A
Electric field –
No
Ozone,
gaseous byproducts – No
Noise – N/A
Light – N/A
Electric field –
No
Ozone,
gaseous byproducts – No
Noise – N/A
Light – N/A

 Electric field –
No
 Ozone, gaseous
by-products –
No
 Noise – N/A
 Light – N/A
 Electric field –
Yes
 Ozone, gaseous
by-products –
No
 Noise – NA
 Light – N/A

Blinded /
Randomized?
No/No

Findings
 Positive air ions reduced ciliary rate and
mucus flow, and caused vascular irritability
and muscle contraction in tracheal tissues
of mice, rats, and rabbits
 Negative air ions increased ciliary rate and
mucus flow, and caused muscle relaxation
in tracheal tissues of mice, rats, and
rabbits

No/No

 Negative air ions increased ciliary rate in
O2 enriched atmosphere but not in N2, or
CO2 enriched atmospheres
 Positive air ions decreased ciliary rate in
CO2 enriched atmosphere but not in N2 or
O2 enriched atmospheres

No/No

 Effects on mouse tracheal function present
for at least 4 weeks post-exposure to air
ions
 Effects on mouse tracheal function present
with as little as 20 minutes of air ion
exposure

No/No

 Negative air ions reduced tracheal tissue
concentrations of serotonin of mice
 Effect of negative air ions on 5-HIAA
excretion of guinea pigs, was inconclusive

No/No

 No effect on ciliary beat frequency or
mucous flow rates (visual analysis)
 Sensitivity of ciliary beat frequency to
temperature and humidity

Study
Sirota et al.,
2006

Species,
Strain, Sex, n
(range)
Rat, Wistar, M,
3-5

Exposures
25,000-600,000
negative air
ions/cm3, 30
minutes daily for
1-8 days

Source for Ion
Generation
Corona discharge
system (Elion
131M, Elion 132S,
Elion 132R)

Sham
exposures
Used?
Yes






Sirota et al.,
2008
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Rat, Wistar,
M/F,
unspecified

320,000350,000
negative air
3
ions/cm , 60
minutes

Corona discharge
system
(Elion 132Sh)

No
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Confounders
Addressed?
Electric field –
No
Ozone, gaseous
by-products –
Yes
Noise – No
Light – No

 Electric field –
No
 Ozone, gaseous
by-products –
Yes
 Noise – No
 Light – No

Blinded /
Randomized?
No/No

No/No

Findings
 Lustre ionizer (100,000-600,000 negative
3
air ions/cm ) caused histological damage
to trachea, reduced SOD, GPx, GSH
reductase and NADPH oxidative enzyme
activities and increased phagocytic blood
cell activity
 Bioionizer (50,000 and 500,000 negative
3
air ions/cm ), Elion-132S (320,000
negative air ions/cm3, 60 min) and Elion3
132R (500,000 negative air ions/cm , 4
days) did not damage trachea
 No histological damage to trachea
 Increased protein secretion in lavage
mucous
 Spontaneous production of reactive
oxygen species (ROS) by lavage cells
unaffected
 Increased response of female, but not
male, blood cells to ROS stimulant
 Superoxide dismutase and glutathione
reductase lower in blood lysate of males,
but not females

Table 4-5. Experimental animal studies of exposure to air ions and respiratory infection
Study
Krueger and
Levine, 1967

Species,
Strain, Sex, n
Mouse,
NAMRU, F, 40

Exposures
300,000400,000
positive air
3
ions/cm , 30+
days

Source for Ion
Generation
Tritium ion
generator

Sham
exposures
Used?
Yes






Krueger et al.,
1970

Mouse,
NAMRU, F, 40196

100,000410,000
positive air
ions/cm3, ≤16
days

Tritium ion
generator

Yes

Krueger et al.,
1971

Mouse,
NAMRU, F,
220-237

200,000500,000
negative air
ions/cm3, ≤11
days

Tritium ion
generator

Unknown

Krueger and
Reed, 1972

Mouse,
NAMRU/Swiss
HaM/1 cr., F,
40-215

2,700 positive
air ions/cm3,
17,000 positive
air ions/cm3,
3,500 negative
air ions/cm3,
20,000 negative
air ions/cm3,
220,000370,000
negative air
ions/cm3,
2,000-3,500
mixed air
3
ions/cm , or
ion-depleted
air, 12-13 days

Tritium ion
generator, corona
discharge system

Yes
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Confounders
Addressed?
Electric field –
No
Ozone, gaseous
by-products –
No
Noise – N/A
Light – N/A

 Electric field –
No
 Ozone, gaseous
by-products –
No
 Noise – N/A
 Light – N/A
 Electric field –
No
 Ozone, gaseous
by-products –
No
 Noise – N/A
 Light – N/A
 Electric field –
No/No
 Ozone, gaseous
by-products –
No/Yes
 Noise – N/A;/No
 Light – N/A;/No

Blinded/Rand
omized?
No/Yes

No/Yes

Findings
 Increased mortality of mice due to
Coccidioidomycosis infection with
treatment
 Reduced fungal particles in pulmonary
tissues with treatment and no difference in
histopathology
 No effect of treatment applied before or
much later after infection
 Increased mortality of mice due to
bacterial (K. Pneumoniae) and viral
(influenza) pulmonary infection with
treatment

No/Yes

 No effect on mortality from influenza
infection with treatment

No/No

 Increased mortality from influenza in mice
at low positive and negative air ion
concentrations, mid-range positive air ion
concentrations, and in ion-depleted air
 No effect on mortality rates from influenza
at mid-range negative air ion
concentrations
 Reduced mortality rates from influenza at
high negative air ion concentrations and at
background air ion concentrations of clean
outdoor air

Study
Krueger et al.,
1974

Species,
Strain, Sex, n
Moue, SPF
NAMRU, F, 90220

Exposures
2,700-5,000
positive or
negative air
3
ions/cm ,
230,000500,000
positive or
negative air
ions/cm3, or
ion-depleted
air, 11+ days

Source for Ion
Generation
Tritium ion
generator

Sham
exposures
Used?
Yes






Confounders
Addressed?
Electric field –
Yes
Ozone, gaseous
by-products –
No
Noise – N/A
Light – N/A

Blinded/Rand
omized?
No/No

Findings
 No effect of low or high positive or
negative air ion concentrations or iondepleted air on mortality in mice from
influenza aerosol exposure (no measures
of variability or any statistical analysis)

Table 4-6. Experimental animal studies of exposure to air ions and cardiovascular function
Study
Bachman et al.,
1965

McDonald et
al., 1965
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Species,
Strain, Sex, n
(range)
Rat,
unspecified, M,
17

Rat,
unspecified, M,
17

Exposures
531,000
positive air
ions/cm3 or
510,000
negative air
3
ions/cm , 30
minutes
350,000
positive air
ions/cm3 or
360,000
negative air
3
ions/cm , 30
minutes
(inhalation of
air ions
blocked)

Source for Ion
Generation
Krypton-85 ion
generator

Sham
exposures
Used?
Yes




Krypton-85 ion
generator

Yes
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Confounders
Addressed?
Electric field –
No
Ozone, gaseous
by-products –
No
Noise – N/A
Light – N/A
Electric field –
No
Ozone, gaseous
by-products –
No
Noise – N/A
Light – N/A

Blinded /
Randomized?
No/Yes

No/No

Findings
 Increased heart rate in rats with positive
and negative air ions
 Increased respiration rate with positive
ions; no effect of negative air ions

 Reduced heart rate in rats with positive air
ions; no effect of negative air ions
 Possible increase in respiration rate after
exposure to negative air ions; no effect
with positive ions
 Responses could not have been produced
by inhalation of air ions because exposure
was limited to the rest of the body

Study
Ju and Kubo,
1997

Suzuki et al.,
2008

Species,
Strain, Sex, n
(range)
Rat, SHR, M/F,
30

Rat, Wistar, M,
4-6

Exposures
200 negative
3
air ions/cm , 8
weeks

5,000-8,000
negative air
ions/cm3, 60
minutes

Source for Ion
Generation
Tourmaline ionizer

Sham
exposures
Used?
No




Water ion
generator

Yes








Confounders
Addressed?
Electric field –
N/A
Ozone, gaseous
by-products –
N/A
Noise – N/A
Light – N/A
Electric field –
No
Ozone, gaseous
by-products –
N/A
Noise – No
Light – N/A

Blinded /
Randomized?
No/No

No/No

Findings
 Decreased blood pressure in rats
 Decreased low frequency and increased
high frequency of the heart rate variability
power spectrum

 Decreased mean blood pressure and
heart rate in rats
 Increased high frequency in the heart rate
variability power spectrum in rats
 No effect on vagotomized rats
 Increased c-Fos expression in PVN and
LC, reduced c-Fos expression in NA

Table 4-7. Experimental animal studies of exposure to air ions and reproduction and growth
Study
Herrington and
Smith, 1935

Hinsull et al.,
1981

Species,
Strain, Sex, n
Rat, unknown,
M, 8

Rat, inbred
WAB, M,
unclear

Exposures
1,200,000
negative air
ions/cm3, ~23
hours/day, 300
days

10,000 positive
or negative air
3
ions/cm ,
gestation to
adulthood

Source for Ion
Generation
Corona discharge
system

Sham
exposures
Used?
No




Corona discharge
system

No
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Confounders
Addressed?
Electric field –
No
Ozone, gaseous
by-products –
No
Noise – No
Light – No
Electric field –
No
Ozone, gaseous
by-products –
No
Noise – No
Light – No

Blinded /
Randomized?
No/No

No/Yes

Findings
 No effect on body weight, growth, or
hemoglobin concentrations
 Visible light from ion source noted.

 No effect on embryonic development or
post-weaning growth in rats
 No effect of positive air ions on neonatal
development
 Reduced neonatal survival with negative
air ions
 Results confounded by presence of
respiratory disease in colony

Study
Hinsull et al.,
1984

Kellogg et al.,
1985a,1985b;
Kellogg and
Yost, 1986

Species,
Strain, Sex, n
Rat, inbred
WAB, M/F, 20

Mouse,
NAMRU, F, 448

Exposures
10,000 positive
3
air ions/cm ,
two
generations of
animals

Source for Ion
Generation
Corona discharge
system

Sham
exposures
Used?
No



2,000 positive
or negative air
ions/cm3 or
200,000
positive or
negative air
ions/cm3, 2
years

Tritium ion
generator

Yes








Hinsull and
Head, 1986

Rat, inbred
WAB, M/F, 20

10,000
negative
ions/cm3, four
generations of
animals

Corona discharge
system

No

Hinsull et al.,
1988

Rat, inbred
WAB, M/F, 25

10,000
negative air
ions/cm3,
lifetime
exposure
starting at 5
weeks of age

Corona discharge
system

No
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Confounders
Addressed?
Electric field –
No
Ozone, gaseous
by-products –
No
Noise – No
Light – No
Electric field –
Yes
Ozone, gaseous
by-products –
No
Noise – N/A
Light – N/A

 Electric field –
No
 Ozone, gaseous
by-products –
No
 Noise – No
 Light – No
 Electric field –
No
 Ozone, gaseous
by-products –
No
 Noise – No
 Light – No

Blinded /
Randomized?
No/No

No/No

No/No

No/No

Findings
 No effect on reproduction or growth of rats
over two generations of animals

 No effect on body weights, organ weights
(liver, kidney, spleen, adrenals), blood
serotonin, or serum globulin levels in mice
 Reduced serum glucose concentrations in
mice with positive and negative air ions;
no dose response
 Effects on serum cholesterol, urea
nitrogen concentrations with positive and
negative air ions in first year of study; not
seen in second year of study
 Reduced survival with positive and
negative air ions; no dose-response
 Results confounded by mild vitamin
deficiency and serious intestinal infection
in colony
 No effect on reproduction or growth of rats
over four generations of animals

 No effect on growth of rats over lifetime of
animals
 Suggested increased lifespan with
exposure

Study
Yamamoto et
al., 2014

Species,
Strain, Sex, n
Rat, Crl:CD
(SD), F, 10

Exposures
8,500,000 air
3
ions/cm of
both polarities,
6 hours/day,
during 20 days
of pregnancy

Source for Ion
Generation
Bipolar corona
discharge system

Sham
exposures
Used?
Yes






Confounders
Addressed?
Electric field –
No
Ozone, gaseous
by-products –
Yes
Noise – No
Light - No

Blinded /
Randomized?
No/No

Findings
 No effect on body weight, food
consumption or clinical signs of dams
 No effect on embryo fetal development (12
parameters) and fetal morphology (20
parameters)

Table 4-8. Experimental animal studies of exposure to air ion exposure and carcinogenesis
Study
Yamada et al.,
2006

Takasawa et
al., 2011
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Species,
Strain, Sex, n
Mouse,
unknown, sex
not known, 10

Rat, Crl:CD
(SD), M, 5
Mouse, Crlj:CDI (ICR), M, 5

Exposures
Negative air
ions, quantity
and duration
not clearly
reported

Negative and
positive air ions
at 1,420,000,
5,630,000 and
7,520,000
ions/cm3, 48
hours

Source for Ion
Generation
Water ion
generator and
corona discharge
system

Bipolar corona
discharge system

Sham
exposures
Used?
No




Yes
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Confounders
Addressed?
Electric field –
No
Ozone, gaseous
by-products –
No
Noise – No
Light – No
Electric field –
No
Ozone, gaseous
by-products –
No
Noise – No
Light – No

Blinded /
Randomized?
No/No

No/Yes

Findings
 Enhanced cytotoxic NK cell response
 Inhibited carcinogenesis
 Results confounded by unclear reporting
of exposures

 No change in body weight, clinical signs,
 No DNA damage (comet assay tail length
and % DNA) in lung or blood
 No histopathological abnormalities in lung

Table 4-9. Experimental animal studies of exposure to air ions and other health endpoints
Study
Wehner et al.,
1983

Jaśkowski and
Myśliwski, 1986

Bordas and
Deleanu, 1989
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Species,
Strain, Sex, n
(range)
Rat, SpragueDawley, M, 10

Rat, Wistar,
M/F, 10

Rat, “mixed,” M,
5

Exposures
Negative air
ions
(concentrations
not reported),
90-140 minutes
2 x 1010
positive air
ions/ second or
5 x 1011
negative air
ions/second
(concentrations
not reported), 3
hours
12,000-15,000
negative air
ions/cm3, 10-15
days

Source for Ion
Generation
Electro aerosol
generator

BION 80 ion
generator

Sham
exposures
Used?
Yes, but
not
exposed to
water
aerosol
(only air
exposed)
No










Corona discharge
system

No
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Confounders
Addressed?
Electric field –
No
Ozone, gaseous
by-products –
N/A
Noise – No
Light – N/A
Electric field –
No
Ozone, gaseous
by-products –
No
Noise – No
Light – No

 Electric field –
No
 Ozone, gaseous
by-products –
No
 Noise – No
 Light – No

Blinded /
Randomized?
No/Yes

Findings
 No effect on 9 hematologic parameters,
12 serum clinical chemistry
 No effect on CSF calcium concentrations
or pH
 Variable exposure period

No/Yes

 Skin wounds on rats healed more quickly
with negative air ions and more slowly
with positive air ions

No/No

 Improved healing of ulcers in rats with
prophylactic and therapeutic treatment

AQQHx 5
Quantitative assessment of
animal studies and air ions

Figure 5-1.

Standardized Mean Differences - Air Ion Behavior Studies

Abbreviations: Hz, Hertz; hr, hours; kg, kilograms; mg, milligrams; min, minutes; neg, negative; pos, positive; wks,
weeks.
Excluded: SMDs could not be calculated for Beardwood et al., 1986, 1987; Bailey and Charry, 1986; Creim et al.,
1993; and Livanova et al., 1999.
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Figure 5-1 (cont’d). Standardized Mean Differences - Air Ion Behavior Studies
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Figure 5-1 (cont’d). Standardized Mean Differences - Air Ion Behavior Studies
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Figure 5-1 (cont’d). Standardized Mean Differences - Air Ion Behavior Studies
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Figure 5-2.

Standardized Mean Differences Air ions - Learning and Memory

Abbreviations: hrs, hours; ml, milliliter; min, minutes; neg, negative; pos, positive; wks, weeks.
Excluded: SMDs could not be calculated for Bauer, 1955; Duffee and Koontz, 1965; Frey, 1967; Nazzario et al.,
1967; Terry et al., 1969; and Falkenberg and Kirk, 1977.
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Figure 5-3.

Standardized Mean Differences Air Ions - Serotonin or Other Neurotransmitter
Studies

Abbreviations: 5HT, 5-hydroxytryptamine (serotonin); 5HIAA, 5-hydroxyindoleacetic acid; AMP, adenosine 3’, 5’monophosphate; AMPT, d,1 a-methyl-p-tyrosine methyl ester; CI, confidence interval; CO2, carbon dioxide; GMP,
guanosine 3’, 5’-monophosphate; hr, hours; MFEC, multifamily enriched condition; N2, nitrogen; neg, negative; O2,
oxygen; pos, positive; UFIC, unifamily impoverished condition.
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Figure 5-3 (cont’d).

Standardized Mean Differences - Air Ions Serotonin or Other
Neurotransmitter Studies
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Figure 5-3 (cont’d).

Standardized Mean Differences - Air Ions Serotonin or Other
Neurotransmitter Studies
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1008144.001 - 2055

Figure 5-3 (cont’d).

Standardized Mean Differences - Air Ions Serotonin or Other
Neurotransmitter Studies
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Figure 5-3 (cont’d).

Standardized Mean Differences - Air Ions Serotonin or Other
Neurotransmitter Studies
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Figure 5-3 (cont’d).

Standardized Mean Differences - Air Ions Serotonin or Other
Neurotransmitter Studies
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Figure 5-3 (cont’d).
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Figure 5-3 (cont’d).
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Figure 5-3 (cont’d).

Standardized Mean Differences - Air Ions Serotonin or Other
Neurotransmitter Studies
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Figure 5-3 (cont’d).

Standardized Mean Differences - Air Ions Serotonin or Other
Neurotransmitter Studies
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Figure 5-3 (cont’d).

Standardized Mean Differences - Air Ions Serotonin or Other
Neurotransmitter Studies
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Figure 5-3 (cont’d).

Standardized Mean Differences - Air Ions Serotonin or Other
Neurotransmitter Studies
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Figure 5-3 (cont’d).
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Neurotransmitter Studies
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Figure 5-3 (cont’d).

Standardized Mean Differences - Air Ions Serotonin or Other
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Figure 5-3 (cont’d).

Standardized Mean Differences - Air Ions Serotonin or Other
Neurotransmitter Studies
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Figure 5-3 (cont’d).

Standardized Mean Differences - Air Ions Serotonin or Other
Neurotransmitter Studies

5-21
1008144.001 - 2055

Study
Krueger
and
Smith,
1958a

Krueger
and
Smith,
1958b

Exposure
Duration
15-20 min

Time of
Measurement
Following
Exposure Initiation
180 min

Exposure Type
(in order of
exposure)
Pos

Control
Mean
2.0*

Exposure
Mean
0

15-20 min

180 min

Pos

1000*

484

Rabbit;
Tracheotomized

15-20 min

80 min
40 min

Pos
Neg

900
900

250
952

Rabbit;
Tracheotomized

15-20 min

Mouse;
Tracheotomized

15-20 min

Respiratio
ns
(per min)

Rat;
Tracheotomized,
1 mg
chlorpromazine
hydrochloride

15-20 min

Mouse;
Tracheotomized

15-20 min

Pos
Neg
Pos
Pos
Neg
Pos
Neg
Neg
Pos
Neg
Pos
Neg
Pos
Neg
Pos
Pos

958
961
959
1002
947
997
998
76*

Ciliary
Rate
(beats/min)
Ciliary
Rate
(beats/min)
Ciliary
Rate
(beats/min)

60 min
60 min
60 min
30 min
30 min
30 min
30 min
30 min
30 min
30 min
30 min
30 min
30 min
30 min
30 min
120 min

897

602
1043
603
755
1193
0
1255
61
74
14
72
60
90
59
74
602

Mouse;
Tracheotomized

15-20 min

120 min

Neg

897

1148

Rabbit;
Tracheotomized;
20 min rotations
N2, CO2, and O2
Rabbit;
Tracheotomized;
20 min rotations
N2, CO2, and O2

20 min
40 min
60 min

20 min
40 min
60 min

Neg, N2
Neg, CO2
Neg, O2

850*

856
1064
856

20 min
40 min
60 min

20 min
40 min
60 min

Pos, N2
Pos, CO2
Pos, O2

850*

850
850
600

Outcome
Mucus flow
(mm/min)
Ciliary
Rate
(beats/min)
Ciliary
Rate
(beats/min)
Ciliary
Rate
(beats/min)
Ciliary
Rate
(beats/min)

Ciliary
Rate
(beats/min)

Figure 5-4.

Species;
Special
Conditions
Rabbit;
Tracheotomized
Rabbit;
Tracheotomized

Mean Values - Air Ions Tracheal Function Studies

*Indicates mean of baseline measurements for exposed animals used as control.
Abbreviations: µg, micrograms; 5HT, 5-hydroxytryptamine (serotonin); 5HIAA, 5-hydroxyindoleacetic acid; mg,
milligrams; min, minutes; mm, millimeters; neg, negative; pos, positive; SOD, superoxide dismutase; wks,
weeks.
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Study
Krueger
and
Smi h,
1959

Krueger
and
Smi h,
1959

Krueger
and
Smi h,
1960b

Outcome
Ciliary
Rate
(beats/min)
Ciliary
Rate
(beats/min)
Ciliary
Rate
(beats/min)
Ciliary
Rate
(beats/min)
Ciliary
Rate
(beats/min)
Ciliary
Rate
(beats/min)
Ciliary
Rate
(beats/min)
Ciliary
Rate
(beats/min)
Ciliary
Rate
(beats/min)
5-HT in
respiratory
tract (µg/g)
5-HT in
respiratory
tract (µg/g)
5-HIAA
(µg/day)
5-HIAA
(µg/day)
5-HIAA
(µg/day)
5-HIAA
(µg/day)

Exposure
Duration
3 days

Time of
Measurement
Following
Exposure Initiation
4 wks

Exposure Type
(in order of
exposure)
Pos

Control
Mean
900

Exposure
Mean
600

Rat

3 days

4 wks

Neg

900

1100

Rat

24 hrs

30 min

Neg

850

950

Rat

24 hrs

60 min

Neg

850

1050

Rat

24 hrs

10 min

Pos

850

850

Rat

24 hrs

20 min

Pos

850

600

Rat

24 hrs

30 min

Pos

850

0

Rat

24 hrs

60 min

Pos

850

600

Rat

24 hrs

120 min

Pos

850

0

Mouse

14 hrs

4 days

Neg

5.0

3.1

Mouse

Continuous

4 days

Neg

5.4

3.3

Guinea pig; No
previous (-)
exposure
Guinea pig; No
previous (-)
exposure
Guinea pig; No
previous (-)
exposure
Guinea pig;
Previous (-)
exposure

24 hrs

24 hrs

Neg
Neg

151*
118*

172
95

24 hrs

24 hrs

Neg
Neg

99*
73*

187
99

24 hrs

24 hrs

Neg
Neg

104*
131*

221
125

24 hrs

24 hrs

Neg
Neg

119*
104*

119
111

Species;
Special
Conditions
Rat

Figure 5-4 (cont’d). Mean Values - Air Ions Tracheal Function Studies
*Indicates mean of baseline measurements for exposed animals used as control.
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Study
Anderson,
1972

Outcome
Ciliary
Rate
(beats/min)
Ciliary
Rate
(beats/min)
Ciliary
Rate
(beats/min)
Ciliary
Rate
(beats/min)
Ciliary
Rate
(beats/min)
Ciliary
Rate
(beats/min)
Ciliary
Rate
(beats/min)
Ciliary
Rate
(beats/min)
Ciliary
Rate
(beats/min)
Ciliary
Rate
(beats/min)
Mucus
Flow
(cm/min)
Mucus
Flow
(cm/min)

Figure 5-4 (cont’d).

Exposure
Duration
90 min

Time of
Measurement
Following
Exposure Initiation
120 min

Exposure Type
(in order of
exposure)
Neg

Control
Mean
295*

Exposure
Mean
1137

Rabbit

90 min

120 min

Neg

945*

860

Rabbit

90 min

120 min

Neg

824*

897

Rabbit

90 min

120 min

Neg

791*

869

Rabbit

90 min

120 min

Neg

849*

846

Rabbit

90 min

120 min

Pos

295*

705

Rabbit

90 min

120 min

Pos

945*

838

Rabbit

90 min

120 min

Pos

824*

867

Rabbit

90 min

120 min

Pos

791*

872

Rabbit

90 min

120 min

Pos

849*

828

Rabbit

90 min

120 min

Neg

0.27

0.19

Rabbit

90 min

120 min

Pos

0.27

0.22

Species;
Special
Conditions
Rabbit

Mean Values - Air Ions Tracheal Function Studies

*Indicates mean of baseline measurements for exposed animals used as control.
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Study
Sirota
et al.,
2006

Sirota
et al.,
2008

Sirota
et al.,
2008

Outcome
SOD
activity
(units/min/
mg)
SOD
activity
(units/min/
mg)
Phagocytic
activity of
blood
(amplitude)
Phagocytic
activity of
blood
(amplitude)
Phagocytic
activity of
blood
(amplitude)
ROS
activity
(arbitrary
units)
ROS
activity
(arbitrary
units)
ROS
activity
(arbitrary
units)
ROS
activity
(arbitrary
units)
SOD
activity
(units/min/
mg)
SOD
activity
(units/min/
mg)
GR activity
(nmol/min/
mg)
GR activity
(nmol/min/
mg)

Species;
Special
Conditions
Rat; Lustre

Exposure
Duration
30 min

Time of
Measurement
Following
Exposure Initiation
Unspecified

Exposure Type
(in order of
exposure)
Neg

Control
Mean
5604

Exposure
Mean
2737

Rat; Lustre

30 min/day
(8 days)

Unspecified

Neg

5604

2585

Rat; Lustre

30 min

Unspecified

Neg

0.52

1.49

Rat; Lustre

30 min/day
(5 days)

Unspecified

Neg

0.52

0.75

Rat; Lustre

30 min/day
(8 day)

Unspecified

Neg

0.52

0.38

Rat; Opsonized
zymosan,
females

60 min

Unclear

Neg

0.25

0.75

Rat; Opsonized
zymosan, males

60 min

Unclear

Neg

0.98

0.94

Rat; Females

60 min

Unclear

Neg

0.013

0.017

Rat; Males

60 min

Unclear

Neg

0.01

0.02

Rat; Females

60 min

Unclear

Neg

745

855

Rat; Males

60 min

Unclear

Neg

1269

1122

Rat; Females

60 min

Unclear

Neg

5.7

5.7

Rat; Males

60 min

Unclear

Neg

4.3

2.6

Figure 5-4 (cont’d).

Mean Values - Air Ions Tracheal Function Studies

*Indicates mean of baseline measurements for exposed animals used as control.
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Figure 5-5.

Proportional Differences - Air Ions Respiratory Infection Studies

Abbreviations: dep, depleted of ions hrs, hours; mix, mixture of pos and neg ions neg, negative; pos, positive.
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Figure 5-6.

Standardized Mean Differences - Air Ions Cardiovascular Function Studies

Abbreviations: Amb, nucleus ambiguus; DBP, diastolic blood pressure; HF, power high-frequency; HFP, highfrequency power; HR, heart rate; LC, locus coeruleus; LFP, low-frequency power; MBP, mean blood pressure; neg,
negative; pos, positive; PVN, paraventricular nucleus of the hypothalamus; SBP, systolic blood pressure.
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Figure 5-7.

Standardized Mean Differences - Air Ions Reproduction and Growth Studies

Abbreviations: hrs, hours; F0, initial breeding stock; F1, first generation; F2, second generation; neg, negative; pos,
positive; wks, weeks;.
Excluded: SMDs could not be calculated for Herrington and Smith, 1935; Hinsull et al., 1981; Hinsull and Head, 1986;
Yamada et al., 2006; and Takasawa et al., 2011.
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Figure 5-7 (cont’d).

Standardized Mean Differences - Air Ions Reproduction and Growth
Studies
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Figure 5-8.

Standardized Mean Differences - Air Ions Carcinogenesis Studies

Abbreviations: DNA, deoxyribonucleic acid; hr, hours WNI, water-generated negative ions; neg, negative; pos,
positive;TS-1, Titanium silicate.
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Figure 5-9.

Standardized Mean Differences Air Ions Other Health Endpoints Studies

Abbreviations: Ca, calcium; CSF, cerebrospinal fluid; GOT, glutamic oxaloacetic transaminase; GPT, glutamic pyruvic
transaminase; MC, mean corpuscular; MCH, mean corpuscular hemoglobin; min, minutes neg, negative; pH,
potential of hydrogen; pos, positive; VPRC, volume of packed red blood cells.
Excluded: SMDs could not be calculated for Jaśkowski and Myśliwski, 1986.
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AQQHx 6
Magnitude of reported effects
in animals as a function of ion
density

Figure 6-1. Standardized mean differences by ion density (Log10) by outcome.
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6-1

Figure 6-1 (cont’d). Standardized mean differences by ion density (Log10) by outcome.
In Table 8, Yamada et al. (2006) was excluded and in Table 9, Wehner et al (1983) was excluded, both because air ion exposure levels were not
reported.
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Figure 6-2.
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Standardized mean differences by ion density (Log10) for results
shown in Figure 6-1.
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