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GAPS IN KNOWLEDGE RELEVANT TO THE “GUIDELINES FOR LIMITING
EXPOSURE TO TIME-VARYING ELECTRIC AND MAGNETIC

FIELDS (1 HZ–100 KHZ)”

International Commission on Non-Ionizing Radiation Protection (ICNIRP)1

Abstract—Sources of low-frequency fields are widely found in
modern society. All wires or devices carrying or using electricity
generate extremely low frequency (ELF) electric fields (EFs) and
magnetic fields (MFs), but they decline rapidly with distance to
the source. High magnetic flux densities are usually found in the
vicinity of power lines and close to equipment using strong electri-
cal currents, but can also be found in buildings with unbalanced
return currents, or indoor transformer stations. For decades,
epidemiological as well as experimental studies have addressed
possible health effects of exposure to ELF-MFs. The main goal of
ICNIRP is to protect people and the environment from detrimental
exposure to all forms of non-ionizing radiation (NIR). To this
end, ICNIRP provides advice and guidance by developing and dis-
seminating exposure guidelines based on the available scientific re-
search. Research in the low-frequency range began more than
40 years ago, and there is now a large body of literature available
on which ICNIRP set its protection guidelines. A review of the lit-
erature has been carried out to identify possible relevant knowl-
edge gaps, and the aim of this statement is to describe data gaps
in research that would, if addressed, assist ICNIRP in further de-
veloping guidelines and setting revised recommendations on lim-
iting exposure to electric and magnetic fields. It is articulated in
two parts: the main document, which reviews the science related
to LF data gaps, and the annex, which explains the methodology
used to identify the data gaps.
Health Phys. 118(5):533–542; 2020
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INTRODUCTION

SOURCES OF LOW-FREQUENCY fields are widely found in mod-
ern society. All wires or devices carrying or using electricity
generate extremely low frequency (ELF) electric fields (EFs)
and magnetic fields (MFs) (1–100 Hz), but they decline rap-
idly with distance to the source. High magnetic flux densi-
ties are usually found in the vicinity of power lines and
close to equipment using strong electrical currents, but they
can also be found in buildings with unbalanced return cur-
rents or indoor transformer stations. For decades, epidemio-
logical as well as experimental studies have addressed
possible health effects of exposure to ELF-MFs.

Research in the low-frequency range began more than
40 years ago, and there is now a large body of literature that
has focused on the effects of MFs in this range, while only a
few papers have investigated the effects related to EFs.More-
over, since few sources commonly found in society use fre-
quencies of between 100 Hz and 100 kHz, fewer studies of
these frequencies have been conducted.

There are scientifically substantiated acute effects on
the functioning of the nervous system which can occur at
high ELFMF levels aswell as perception and annoyance relat-
ing to exposure to ELF-EFs. Exposure guidelines published
by the International Commission on Non-Ionizing Radiation
Protection (ICNIRP 2010) have been set to protect against
such effects. Some epidemiological data suggest a possible as-
sociation between exposure to ELF-MFs below guideline
levels and health effects, although they are inconclusive. The
International Agency for Research on Cancer (IARC) has
classified ELF-MFs as a “possible carcinogen” (IARC class
2B; IARC 2002). This classification is based on epidemio-
logical findings without support from experimental data
(see below).

Comprehensive reviews of the scientific evidence
and health risk assessments have been published by dif-
ferent international bodies, such as the World Health Or-
ganization (WHO) in its Environmental Health Criteria
(EHC) monograph (WHO 2007) and more recently by the
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European Commission’s Scientific Committee on Emerging
and Newly Identified Health Risks (50,51). The main objec-
tives of these documents are to review the scientific literature
on the biological effects of exposure to ELF-MF in order to
assess any health risks, and to make recommendations to na-
tional authorities on health protection measures. Although
the low frequency guidelines from ICNIRP were based
on the WHO monograph (WHO 2007), ICNIRP recognized
that there were some gaps in knowledge when formulating
its guidelines (ICNIRP 2010), which had to be accounted
for through the use of reduction factors.

Purpose
The aim of this document is to identify data gaps in re-

search that would, if addressed, assist ICNIRP in further de-
veloping guidelines and setting revised recommendations
on limiting exposure to electric and magnetic fields.

An algorithm was elaborated to identify the research
needs; the details and the structure are described in the Appen-
dix. The evaluation of certain research areas identified either a
lack of knowledge in the literature or of inconclusive datawhere
further research would be needed to improve knowledge about
the biological effects of exposure from which guideline restric-
tions can be derived. Other areas provided sufficient informa-
tion and were not considered to be in need of further research.
Therefore, the topics that were considered not to be relevant
are only briefly summarized, while the effectswith potential rel-
evance for setting guidelines are reported in specific sections.

Summary of research areas where further research is
not considered necessary for guideline development

The ICNIRP 2010 guidelines indicated that effects of
ELF-MFs on neurobehavior could be explained by sci-
entifically substantiated mechanisms of induction of reti-
nal phosphenes and nerve-stimulation. Other effects were
not consistently shown. Since then, a limited number of
methodologically heterogeneous studies have investi-
gated brain electrical activity, cognition, sleep, and mood
in volunteers and human populations. With the exception
of nerve stimulation due to contact currents (see below),
researchwith volunteers continues to indicate no substantiated
neurobehavioral effects below the existing guideline values,
nor does it point to any significant data gaps that require fur-
ther research.

Very few studies since the publication of the ICNIRP
2010 guidelines have directly addressed the potential for ef-
fects of ELF-MF exposure on inflammation and the im-
mune system. The ICNIRP 2010 guidelines concluded
that therewas no evidence for such effects. The few subsequent
studies have been heterogeneous with respect to exposure
conditions, biological model systems, and end-points (Rosado
et al. 2018), and give no basis for drawing any different con-
clusions. No additional research is necessary on compo-
nents of the endocrine system.

There have only been a few epidemiological studies
since 2010 investigating whether exposure to ELF-MFs af-
fects reproduction and development, the majority of
which investigated maternal exposure and risk of miscar-
riage. Subsequent studies do not support the hypothesis that
ELF-MFs are related to adverse pregnancy outcomes, and
the older laboratory studies did not find an association be-
tween ELF-MFs and reproduction and/or development.
There has been a lack of animal or mechanistic studies
looking into this area since 2010. Overall, the evidence
gathered so far does not indicate any data gaps that require
research for guideline development. Also for cardiovascu-
lar disorders the research available at the time the ICNIRP
2010 Guidelines were drafted provided convincing null
findings, which suggest there are no data gaps in this area
that require research. Finally, looking at the knowledge on
various health effects from co-exposure with ELF-MF,
a meta-analysis concluded that the majority of the studies
reviewed were positive, suggesting that ELF-MFs did interact
with other chemical and physical exposures (Juutilainen et al.
2006). On the other hand, the review by SCENIHR (2015)
concluded that more recent experimental studies indicated that
findings from co-exposures to physical or chemical agents
with ELF-MFs lacked consistency. Overall, ICNIRP does not
seemerit in further research in this area for developingguidelines.

Finally, it has been reported thatmagnetite deposits in
the beaks of homing pigeons, combined with an intact tri-
geminal nerve, are essential for navigation (Mora et al.
2004). Deposits of magnetite have also been identified in
most other animals, including humans (Hautot et al. 2003).
However, their function is unknown, and whether there could
be a response to ELF-MF fields below 5 mT (WHO 2007)
has not been established (see Mouritsen 2012 for a commen-
tary). There is thus no indication that further research in this
area would be useful for guidelines development.

PROPOSED RESEARCH AREAS

Several areas of research were identified and evaluated
using the algorithm (Appendix) as being potentially relevant
for setting guidelines. These data gaps, namely, pain asso-
ciated with touching conducting objects in a magnetic or
electric field; neurodegeneration; childhood leukemia; in-
teraction mechanisms; and further refinements in dosimetry
are outlined in Table 1 in terms of robustness of the avail-
able data and the consistency of the published results (as
defined in the Appendix), and are expanded upon in the
following sections.

Pain perception
Strong contact currents may result when a person

touches a conducting object that is within an electric or
magnetic field. This is caused by current flow between the
person and object, which, depending on frequency, can
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result in nerve stimulation or heating (Kavet et al. 2014).
There is only one published study that assessed the relation
between contact current strength and pain (Chatterjee et al.
1986). Although useful, it was only able to assess a limited
range of contact configurations, and did not test the relation
between the contact duration and pain. Significantly, it has
not yet been replicated. These limitations are particularly
important at the upper end of the low frequency spectrum,
where the effects of contact currents on nerve stimulation
are decreased, and heating plays a larger role. ICNIRP rec-
ommends that further research is conducted to replicate
the study of Chatterjee et al. (1986), as well as to ascertain
more clearly the thresholds at which contact currents cause
pain as a function of both the frequency of the current and
the duration of exposure. Further dosimetry research recom-
mendations for contact currents are provided below.

Neurodegenerative disorders
The 2015 SCENIHR report reviewed new studies and

several systematic reviews and meta-analyses on ELF-MF
exposure and neurodegenerative disease published since

the 2009 evaluation (50,51). Weak associations between
ELF-MF and the risk of amyotrophic lateral sclerosis (ALS)
and Alzheimer’s disease were reported in meta-analyses,
but with evidence of publication bias, and statistically
significant heterogeneity between studies. For ALS, asso-
ciations were weaker with estimates of ELF fields than
with assessments based on job-titles, which was not seen
for Alzheimer’s disease. Since the SCENIHR 2015 re-
port, additional large cohort and case-control studies have
been published on ALS, with contradictory results, and
new meta-analyses have been published. All of these
studies reported slight risk increases for both ALS and
Alzheimer’s disease, again with considerable heterogeneity
between results (e.g.,Gunnarsson andBodin 2019;Huss et al.
2018; Jalilian et al. 2018; Koeman et al. 2017; Bozzoni et al.
2016). The majority of the available studies have focused on
occupational exposure and have often had limitations in ex-
posure assessment and lack of control of confounding from
other occupational exposures. For instance, some ALS stud-
ies found associations with electric shocks but not for expo-
sure to ELF-MF whereas others found the opposite (Peters

Table 1. Data gaps in knowledge related to low frequency electric and magnetic fields and health.

Topic Robustness Consistency Comments

Pain perception In general, limited and heterogeneous
human research showing no effect
for most endpoints. Contact current
literature is limited to 1 study.

Inconsistent results between
human and animal data in
general. Contact current
literature on pain consists
of only one single study.

Data gap only identified in relation to
contact currents. Further studies
on contact currents are therefore
recommended.

Neurodegenerative
disorders

Research in this area is not robust. Inconsistent results. Further epidemiological and
experimental studies on
Alzheimer’s disease and ALS
would be useful.

Childhood
leukemia

Limited research using adequate
animal models is not robust.
Substantial number of
epidemiological studies of
ELF-MF and childhood
leukemia.

Generally no support for
cancer induction or
promotion from animal
models. Consistent results
from epidemiological studies
on childhood leukemia
indicate increased risk, but
weaker findings over time.

Further studies on mechanisms and
biological data from childhood
leukemia experimental models
are recommended. No further
epidemiological studies unless a
biologically based hypothesis can
be formulated.

Neural network
firing patterns

Well established phenomena. Wide range of estimates
of sensitivities.

Uncertainties in precise mechanism
and derivation of tissue E-fields
implies that actual thresholds
could be lower (or higher) than
current levels.

Free radical
lifetimes

Effect of magnetic fields on free
radical lifetimes well-established,
but at higher field values than
reference levels.

The radical pair mechanism
is the only physically plausible
way in which biological
systems may be sensitive to
low intensity magnetic fields.
Observations are far from
sufficient to explain predict
health effects and to require
consideration in terms
of guidelines.

Ongoing research outcomes may
motivate revision of conclusions
regarding relevance to
standard-setting.

Dosimetry &
modelling

A certain number of reports on MF
exposure, but not robust in some
cases. Limited research on ELF
exposure, contact current and
non-sinusoidal wave exposures.

Some inter-comparison between
models, but more needed.
More critical examination of
assumptions made required

Considerable gaps remain
(see text for specific details)
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et al. 2019; Huss et al. 2015; Fisher et al. 2015; Vergara et al.
2015). The systematic reviews and meta-analyses have, to a
varying degree, made efforts to combine risk estimates based
on comparable exposure levels and disease induction pe-
riods. However, comparability has not always been possible
to achieve because of differences in choices made by the
original investigators, which may increase influence of pub-
lication bias. Clinically-based studies have been prone to se-
lection bias, whereas population-based studies often have
had incomplete information on occupational history. In
summary, it remains unclear whether occasionally observed
increased risks for ALS and Alzheimer’s disease reflect a
true causal association or are due to bias.

Only a small number of laboratory studies (in vivo/in
vitro) since 2010 have investigated mechanistic pathways
for an association between ELF-MF and neurodegenerative
diseases. The evidence from these studies suggests that
short-term ELF-MF exposure causes mild oxidative stress
(resulting in modest ROS increases and changes in anti-
oxidant levels) and possibly activates anti-inflammatory
processes (with a decrease in pro-inflammatory and
an increase in anti-inflammatory cytokines). In general,
however, the existing experimental studies are not adequate
in answering whether there is a causal relationship between
ELF-MFs and neurodegeneration. More recently, since
2013, laboratory experiments have investigated the effect
of ELF-MFs on animal models of Alzheimer’s disease. In
some cases, however, the model was inadequate, such as in
those studies that used normal adult animals. The results avail-
able are so far inconclusive as various outcomes (protective,
neutral or aggravating effects) have been reported (Jiang
et al. 2013; Liebl et al. 2015; Liu et al. 2015; Zhang et al.
2013, 2015; Hu et al. 2016; Sakhaie et al. 2017; Akbarnejad
et al. 2018; Bobkova et al. 2018; Zuo et al. 2018).

Thus, it still remains unclear whether exposure to
ELF-MFs may affect the development or progression of
ALS and Alzheimer's disease and further epidemiological
and experimental studies are required. For a rare disease
such as ALS, pooling of available population-based stud-
ies could be a way forward, to harmonize exposure defini-
tion, exposure cut-points, induction periods, and investigation
of sensitive subgroups, while for Alzheimer’s disease addi-
tional population-based cohort studies or nested case-control
studies are recommended.

Childhood leukemia
Childhood leukemia is the only disease consistently re-

ported in epidemiological studies to be associatedwith envi-
ronmental exposure to ELF-MFs. This association was the
principal motivation for the classification of ELF-MFs as
“possibly carcinogenic to humans” by the IARC in 2002.
This classification is based on epidemiological findings of
an increased risk of childhood leukemia in domestic settings

with ELF-MF-levels higher than commonly found (daily
averages exceeding 0.3–0.4 mT). However, there is no sup-
port from animal experiments and there are no mechanistic
data that can provide an explanation for any effect on bio-
logical structures at the exposure levels that have been iden-
tified in epidemiological studies. Furthermore there is still a
lack of adequate animal models of acute B-lymphoblastic
leukemia (B-ALL), the main form of childhood leukemia.
One study used an animal model (WKAH/Hkm male rats)
for chemically-induced B-ALL (Bernard et al. 2008). In this
study, exposure to a 50 Hz MF at 100 mT (with or without
harmonics at 150, 250 or 350 Hz) did not significantly alter
the incidence or the type of leukemia induced by the chemical.

Within theEUSeventhFrameworkProgramARIMMORA
project, a transgenic mouse model expressing the human
ETV6-RUNX1 (formerly TEL-AML1) fusion gene was
engineered to develop B-ALL. This model, when fully
characterized, will be valuable for further investigations of
a potential effect of ELF-MFs on childhood leukemia.
Moreover, data on other pathological processes identified
in B-ALL are also missing, such as epigenetic changes and
angiogenesis, especially in the bone marrow.

More recently, three studies were performed on rats ex-
posed during gestation (12th day of pregnancy) to natural
death, to 50 Hz MFs from 2 to 1,000 mT either alone (Bua
et al. 2018) or combined with a single dose of g radiation
(0.1Gy) when the pups were 6 mo old (Soffritti et al.
2016a), or formaldehyde in drinking water (50 mg L−1) be-
ginning at 6 wk of age (Soffritti et al. 2016b). The exposure
groups consistently showed no effect when exposed to MFs
alone, but an increase of tumor incidence was reported in
co-exposure scenarios. The type of tumors differed according
to the inducer agent: mammary gland in both males and fe-
males, lymphoma, leukemia andmalignant heart Schwannoma
in males with g radiation and thyroid C-cell carcinomas and
hemolymphoreticular neoplasias (lymphoma, leukemia, and
histiocytic sarcomas) in males with formaldehyde.

Finally, a literature review published in 2016 evaluated
a large data set and reported both negative and positive re-
sults for genetic damage on human cell lines after exposure
to ELF-MFs (Maes and Verschaeve 2016). However, the
human cytogenetic biomonitoring studies that were con-
ducted in the past showed predominantly positive re-
sults, and it was reported that the observed cytogenetic
damage correlated with increased cancer risk (Maes and
Verschaeve 2016).

Epidemiological studies of residential exposure to
power frequency magnetic fields have consistently found a
modestly increased risk of childhood leukemia associated
with ELF-MF levels in children’s homes above 0.3–0.4 mT,
but chance, confounding or other bias cannot be ruled out
as alternative explanations. Furthermore, the size of the re-
ported association has been decreasing in more recent
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studies (Kheifets et al. 2010; Crespi et al. 2019; Swanson
et al. 2019) and in re-analyses of older results (Bunch
et al. 2016; Crespi 2016). A recent large pooled analysis
of childhood leukemia and distance to power lines indicated
that a small and imprecise risk increase in close proximity to
highest voltage line is unlikely to be explained by magnetic
field exposure (Amoon et al. 2018). Childhood leukemia is
a very rare disease. Additional epidemiological studies of the
same design are therefore unlikely to advance the knowledge,
as they will potentially be affected by the same types of biases
as the existing studies. Until further knowledge from other
lines of research has provided evidence that gives insight into
potential biological mechanisms, thereby providing the basis
for hypothesis-driven research, identification of potentially
susceptible subgroups and improved assessment of relevant
exposure metrics, new epidemiological studies are unlikely
to change the overall conclusion. The same argument applies
regarding the potential effects of ELF-MFs on cancer in
adults. Should epidemiological studies nevertheless be
conducted, it is important that they report results for the ex-
posure levels used in the published pooled analyses, i.e.,
≥0.3 mT and ≥0.4 mT for residential exposure (Ahlbom
et al. 2000; Kheifets et al. 2010), to allow pooling of risk
estimates. Development of specific models for in vivo
and in vitro studies to test the epidemiological data and to
help in the identification of the possible transformation
mechanisms should be promoted.

Interaction mechanisms
At the Task Group meeting for the WHO EHC mono-

graph (WHO 2007) there was much discussion regarding
plausible mechanisms for low-level effects (i.e., those that
may occur within ICNIRP guideline levels). This discussion
was reflected in the final text of the monograph, where three
candidatemechanismswere reviewed. Theywereweak electric
field effects on synaptic transmission in neural networks; mag-
netic field effects on radical pairs altering reaction rates; and
magnetite crystals present inminute amounts in animal and hu-
man tissue (already described in the summary of the area
where no further research is required). No additional hypothe-
ses have been suggested since publication of that monograph.

Neural network firing patterns. The EHC Mono-
graph stated: “A lower bound of 1mVm−1 on neural network
discrimination was suggested, but based on current evidence
threshold values around 10-100 mV m−1 seem more likely”
(WHO 2007). Thus, additional data had suggested the possibil-
ity of effects below the basic restrictions recommended in the
ICNIRP guidelines (100 mVm−1). This appeared to be a fruit-
ful area for closing a data gap, but little has been done to follow
up [some references in addition to those in (WHO 2007) were
considered in (Wood 2008), but these did not provide a defini-
tive resolution]. The phenomenon of magnetophosphenes,
which are thought to arise from magnetic induction of electric

fields in the neural networks of the retina, continues to be stud-
ied experimentally (Legros et al. 2012; Souques et al. 2014)
and theoretically (Laakso and Hirata 2012a and b). However,
the precise locus, frequency dependence, and mechanism of
the generation of this phenomenon are still unclear.

Radical pair mechanism (including those putatively
involving cryptochromes)

The view stated in the EHC monograph (WHO 2007)
was that if these effects are involved in bird navigation
and other magneto-sensatory phenomena, it would be un-
likely that static and ELF-MFs much less than 50 mTwould
have biological significance for the radical pair mechanism
since the Earth’s magnetic field is about 50 mTand such ef-
fects produced by static and ELF-MFs are similar in nature.
The work of several research groups on the possible role of
retinal cryptochromes and associated free radical lifetimes
in avian magneto-reception continues to provoke debate
(Kattnig et al. 2016), and a link to reactive oxygen species
(ROS) has been identified (Solov'yov and Schulten 2009).
The relevance of this experimental work to possible ELF-MF
interactions in mammals is less clear, while more work sug-
gests that biological systems may be sensitive to lower static
exposure levels (Maeda et al. 2008), and a very recent study
has investigated magneto-reception in fish (Fitak et al. 2017).
‘The radical pair mechanism is the only physically plausible
way in which these observations can be reconciled with mag-
netic interactions that are more than 6 orders of magnitude
weaker than the thermal energy’ (Kattnig et al. 2016). How-
ever, no substantiated health effect has yet been demonstrated.

Overall, of these possible interaction mechanisms, only
further study of magnetophosphenes would seem to hold
promise for guidelines development.

Dosimetry and modeling
A number of uncertainties relating to modeling and do-

simetry that were mentioned in the ICNIRP 2010 Guidelines
(ICNIRP 2010) have not yet been clarified, and dosimetric
uncertainties have also been highlighted in related publica-
tions. These uncertainties are considered below.

The estimate of the threshold in terms of the internal
electric field strength for neural stimulation effects in the
retina (between 50 and 100 mV m−1) could usefully be clari-
fied. Since the basic restriction for the central nervous system
of the head (1 Hz–1 kHz) is derived from this estimate, the sta-
tistical distribution of the thresholds obtained experimentally
should be assessed, together with a computational approach.
A review of the experimental data on both electro-phosphenes
and magneto-phosphenes reported a value of 56 mV m−1,
but with a wide confidence interval of 2–1,330 mV m−1.
From that review, a model based on the classical excitable
membrane physiology was suggested as one of the best
candidates from available data (Wood 2008).
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There is also uncertainty regarding the derivation of
reference levels of external magnetic field strength from
the basic restrictions in the ICNIRP 21010 guidelines
(ICNIRP 2010). Kavet (Kavet 2015) has estimated an “im-
plicit” conversion factor (or coupling coefficient) for inter-
nal electric field in the peripheral nervous system (PNS)
and has suggested that the reference level values are overly
conservative in the ICNIRP 2010 guidelines. It was found
that at the general public reference level, the “Head and
Body” exposure is far less than the basic restriction by a fac-
tor of 2.5 or more. The disparity exists across the frequency
range and is due, in most part, to the different body models
used. The precision of voxel modeling has improved over
time, with early differences across research groups approx-
imately 200% (Stuchly and Gandhi 2000), reducing more
recently to approximately 20–30% (Hirata et al. 2010).
One of the most significant sources of uncertainty associ-
ated with the use of anatomical models is the electrical con-
ductivity values used in the models (including anisotropy
and age dependency) (Gabriel et al. 2009; Wake et al. 2016).
However, the available data are not sufficiently compre-
hensive to detail the uncertainty in dielectric properties of
tissues, and further studies are necessary in order to improve
the accuracy and validity of relevant dosimetry studies.
Inter-comparison between models by experts would be par-
ticularly useful for determining the conversion factors.

The external electric field reference level in the low fre-
quency guidelines is derived using numerical calculations.
The relation between the internal and external electric field
strength has been investigated only at 50/60 Hz (Hirata et al.
2001; Dimbylow 2005), and contains a large uncertainty. In
order to improve the reference levels of the external electric
field at 1 kHz or higher, it is recommended that detailed nu-
merical calculations considering variations in the target
population and tissues be performed.

The issue of nerve excitation modeling has been re-
cently compared in (Reilly 2016) for the PNS and sub-
stantial variability has been found for pulses shorter than
100 ms. This is mostly attributable to variation in the chron-
axie values, characterizing the frequency dependency of the
threshold, and it would be useful to determine the most
appropriate values to use. It is recommended that excita-
tion modeling as well as threshold assessment be con-
ducted in order to improve the accuracy of restrictions
at frequencies where actual threshold data have not yet
been determined.

Further research is also required to better clarify the
most appropriate averaging volumes and distances for set-
ting basic restrictions. A related issue is the choice of per-
centiles in deriving these values. The 99th percentile value
used in the definition of the basic restrictions was originally
introduced by Dawson and Stuchly (2001) for uniform
exposures to spheres and then applied to anatomical

models (Hirata et al. 2001), where the main purpose was
to derive the relationship between the basic restrictions
and the reference levels. Recently, the weakness of the
metric has been suggested, especially for non-uniform expo-
sure (e.g., Kos et al. 2011; Laakso and Hirata 2012a and b),
and it is recommended that further research be conducted to
clarify this issue.

The relationship between internal electric fields and
contact currents also requires further clarification. The poor
understanding of this indirect coupling phenomenon is one
reason that no basic restriction has been developed for the
contact current stimulation effect. That is, since stimulation
effects are assumed to be related to internal electric field,
and there are only data relating the contact current (and not
internal electric field) to health effects, it is not possible to de-
termine the relation between health effects and the internal
exposure itself. The issue of non-uniform distribution of cur-
rent over the area of contact (which was not addressed in the
ICNIRP 2010 guidelines) also needs clarification through
additional experimental data.

The method of evaluation for non-sinusoidalwaves, in-
cluding pulses, is also an important topic worth investigat-
ing. In the low frequency guidelines, the Fourier transform
analysis has been introduced based on the assumption that
the interaction between internal fields and the nervous sys-
tem can be represented with a simplified model. The relative
conservativeness and appropriateness of this approximation
have not been determined, and data gaps remain that could
usefully be addressed in order to assist future development
of guidelines.

It is also noted that the evaluation method for non-
sinusoidal waves is applicable up to 100 kHz in the
ICNIRP 2010 guidelines, while the restrictions are set
up to 10 MHz in the same guidelines. Because the evalu-
ation method is based on the Fourier transform analysis or
pure mathematics, the evaluation method can be expanded
to frequencies higher than 100 kHz. The degree of conser-
vativeness and appropriateness of the evaluation method
for non-sinusoidal waves should therefore be investigated
up to 10 MHz.

CONCLUSION AND REMARKS

Although some areas provide sufficient information
and do not suggest that any specific deficiencies exist related
to low frequency electric and magnetic fields and health,
there are clear gaps in knowledge in other areas. This paper
has provided a list of these gaps in knowledge for which ad-
ditional research would greatly assist ICNIRP and others in
the future development of low-frequency exposure guidelines.
These research needs were identified using a predefined al-
gorithm, but they were not classified with respect to priority.
They have been presented with the explicit intention that
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researchers and relevant funding bodies will consider ad-
dressing these important issues with the overall goal of
helping to improve non-ionizing radiation protection.
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APPENDIX

INTRODUCTION AND PURPOSE

The main goal of ICNIRP is to protect people and the
environment from detrimental exposure to all forms of
non-ionizing radiation (NIR). To this end, ICNIRP pro-
vides advice and guidance by developing and disseminating
science-based exposure guidelines that provide a frame-
work to limit exposure. Where necessary, ICNIRP uses de-
tailed reviews of the scientific evidence and health risk
assessments from other expert groups to help it form a con-
sensus opinion regarding established and potential health
effects. This ensures the robustness of its guidelines. How-
ever, relevant knowledge gaps can be identified during this
process, and ICNIRP recognized that there were some gaps
in knowledge when formulating its previous guidelines
(ICNIRP 2010, 2013, 2014) but gave few specifics. Thus
ICNIRP has now organized a project group that is charged
with drafting a research agenda that highlights the gaps in
knowledge that have been identified during the development
of its guidelines for each frequency range of the NIR spectrum.

This Appendix describes the structured approach that
was developed by the project group in order to encourage
both transparency in methodology and consistency across
NIR domains. This methodology provides a means to select

the issues considered relevant to guidelines when the results
are considered weak or not strong enough or when there are
no data with which to characterize a particular phenomenon.

METHOD FOR DETERMINING “RESEARCH
NEEDS OF RELEVANCE FOR GUIDELINE

DEVELOPMENT”

ICNIRP sees merit in highlighting NIR research needs
so that studies may be conducted that would be beneficial for
future guideline development (as distinguished from benefitting
science more generally). The Data Gaps Project Group
(DG-PG) was formed to identify such research gaps in the
different frequency regions of the NIR spectrum, starting
with low frequency fields (see main text).

In considering how the process should best operate to
identify data gaps, it was decided that a structured approach
would be useful. For this purpose, a two-step algorithm was
developed to identify research needs (Fig. A1). The algo-
rithm was intended to maximize transparency, consistency
with other NIR guidelines, relevance to guidelines setting
and to avoid recommending research that does not benefit
guidelines. However, no attempt has been made to prioritise
the recommendations.

Step 1 shows how to evaluate issues related to biolog-
ical endpoints that have been assessed for the current guide-
lines (Fig. A1), while Step 2 questions whether there are
biological endpoints related to thresholds and dosimetry
(Fig. A2); in Fig. A3 the last Step allows to evaluate the rel-
evance of endpoints that have not yet been considered, but
might be important to explore for future guidelines.

The main goal of these steps is to better identify and
so clarify biological endpoints or mechanisms from which
guidelines restrictions are derived. In this context, the term
“relevant to health” is only used to signify that the biological
endpoints or mechanisms have some known association to
an adverse health outcome or have been used as a biomarker
for a particular disease.
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Fig. A3. Step 3 of the algorithm used to identify research needs; assessing relevance of endpoints that are currently not used as basis for the guide-
lines.Note, BE: Biological endpoints/mechanisms. It is important to note that although this algorithm will provide the direction and justification for
the process, it was not intended to do so at the expense of the primary objective, which is to encourage research that will inform guideline devel-
opment. Thus, the members of the DG-PGwere also encouraged to think outside of this structure, and to include research recommendations even if
they did not precisely fit within the algorithm. However, should any inconsistencies between the algorithm and research recommendations be iden-
tified, the DG-PG required that justification should be provided as to why the research recommendations are given despite not satisfying the algo-
rithm, and a reconsideration of the algorithm would be considered to improve its applicability for future use.

Fig. A1. Step 1 of the algorithm used to identify research needs; assessing relevance of currently included endpoints. Note, BE: Biological end-
points/mechanisms.

Fig. A2. Step 2 of the algorithm used to identify research needs; assessing data gaps related to thresholds and dosimetry.Note, BE: Biological end-
points/mechanisms; BR: Basic restrictions; RLs: Reference levels.
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