
Chapter 14
The Biological Effects of Long-Term Static
Magnetic Field Exposure

Hanxiao Chen and Xin Zhang

Abstract Although in most cases, people are exposed to static magnetic fields
(SMFs) for just a short period of time, there are increasing situations where
long-term exposure becomes inevitable, including magnets implanted in patients,
magnetic therapy, and occupational exposure of magnetic resonance imaging
staff. Consequently, the potential beneficial and/or harmful effects of such exposure,
as well as its underlying mechanism, have triggered research endeavors. In
this chapter, we have collected reported experimental data on animals and humans
that were subjected to SMFs for more than 2 weeks, either continuously or inter-
mittently. In animal models, it is found that long-term exposure to moderate
SMFs can influence multiple aspects, including blood pressure and glucose
regulation, the relief of pain, the promotion of bone formation, etc. Differences
between continuous vs. intermittent exposure, human experimental
results vs. epidemiological studies are discussed. Although most animal and
human studies so far have suggested little/no risk of long-term exposure, or even
beneficial effects for most moderate SMFs, there are still some exclusions that need
attention. More research is still needed to comprehensively assess the exact long-
term biological effects of various SMFs on different physiological and pathological
conditions before we can make the best use of them.
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14.1 Introduction

Magnetic fields can be divided into different types depending on their parameters. A
constant magnetic field, which does not change in magnetic flux density or direction
over a certain period of time, is called static magnetic field (SMF). For example, the
earth is surrounded by quasi-SMFs of 25 μT (tesla) and 65 μT, which are static for a
certain period of time, but can also be affected by solar wind. Aside from this, there
are many applications of SMFs such as the core part of magnetic resonance imaging
(MRI) machines, the nuclear magnetic resonance (NMR) spectrometer, and the
MagLev trains. Due to the increased exposure to SMFs in the last few decades, the
interaction between SMF and organisms has become a rapidly developing
research area.

Up to now, researchers have identified several biophysical mechanisms of SMF
in organisms, including electrodynamic interactions with ionic conduction currents,
the orientation of magnetically anisotropic structures in uniform fields, the transla-
tional force exerted on a paramagnetic or ferromagnetic substance placed in a
magnetic field gradient, and modification of chemical reactions (Maret and
Dransfeld 1977; World Health Organization 2006; Torbati et al. 2022). Although
the theories are relatively straightforward, due to the complexity of the biological
systems and the variability of magnetic fields in independent studies, the interpreta-
tions of the various experimental observations have been very complicated and
inconsistent, which was discussed in Chap. 1 of this book.

Currently, there are largely two groups of people that could have long-term and/or
repeated SMF exposures. One group includes workers in MRI examinations in
hospitals, as well as in magnet factories, who are occupationally exposed to mag-
netic fields. The other group includes people who use magnetic fields to alleviate
disease symptoms or improve health. For example, a magnet can be implanted on the
sternum and is paired with an external magnetic brace to treat patients with pectus
excavatum (Jamshidi and Harrison 2007) or implanted around the distal esophagus
in patients with gastroesophageal reflux disease (GERD) (Bortolotti 2021)
(Fig. 14.1), both of which fall in the category of magnetic surgery. There are also
many people who use SMF-based magnetic mattress and bracelet, etc. Therefore, it
is important to find out the exact long-term biological effects of magnetic fields and
their potential actions on human bodies.

Here we have collected recent studies of long-term SMF exposure (over a
period of 2 weeks or longer, continuously or intermittently) in animals and humans,
with a special focus on the detailed magnetic field parameters, which has been
proved to be very critical in the previous chapters of this book. We analyze their
results in the hope of providing better understandings of the long-term biological
effects of SMF on living organisms so that we can take the best advantage of them in
the future.

https://doi.org/10.1007/978-981-19-8869-1_1
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Fig. 14.1 Magnetic sphincter augmentation device that has been used on human bodies for years.
(LINX Reflux Management System, Torax Medical, Shoreview, MN, USA) (a) Device in closed
position; (b) device in open position. [Reprinted with permission from (Ganz et al. 2016). Copyright
© 2015 The AGA Institute]

14.2 Animal Studies

In this review, we screened studies that were exposed to SMFs for longer than
2 weeks, which are further classified into continuous (SMF exposure 24 h/day for
over 2 weeks) and intermittent (SMF exposure for several minutes or hours a day for
over 2 weeks) exposure. Most relevant animal studies used rodents, while other
animal models, such as zebrafish, medaka fish, and marine benthic animals, were
also used.

14.2.1 Continuous Exposure

In this type of experiment, animals are exposed to SMFs 24 h/day for more than
2 weeks, either non-implanted or implanted.

14.2.1.1 Non-implanted

Non-implanted refers to the situations that the magnetic devices were not placed into
the animal or human bodies. The magnetic devices, either permanent magnets or
electromagnets, are placed outside of the animal or human bodies so that the SMF
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Fig. 14.2 Examples of SMF exposure set-ups for non-implanted SMF studies. Two permanent
magnets were placed on opposite sides of (a) the mice cage (Taniguchi and Kanai 2007). Copyright
© 2006 The Authors (open access); and (b) dishes with the fish embryos (Sun et al. 2019).
Copyright © 2019 The Authors (open access); (c) device used to produce electromagnetic fields.
[Reprinted with permission from (Loghmannia et al. 2015). Copyright © 2014 Elsevier Inc.]

can penetrate the whole body or the specific target area (Fig. 14.2). This is actually
the most common way to perform magnetobiology studies. The results of continuous
long-term SMF exposure by non-implanted magnet on animals are summarized,
including the influence on reproductive system, blood pressure, pain relief, etc.
(Table 14.1).

From Table 14.1, we can see that there are multiple studies about the reproductive
system. In fact, there has always been a concern about the influence of environmental
conditions on the reproductive system because it is much more sensitive and
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vulnerable to external stimuli compared with other systems. A research about marine
benthic animals demonstrated that when Mussels M. edulis was kept in a 3.7 mT
SMF for 3 months during their reproductive period in spring, the gonad index and
condition index revealed no significant differences from the control group (Bochert
and Zettler 2004). The embryo development in medaka fish in vivo with long-term
SMF exposure did not reveal any impact on embryo development with 15-day
exposure of up to ~100 mT (Sun et al. 2019). Tablado et al. exposed mice to a
0.7 T SMF for 35 days, and no changes were observed in their testicular or
epididymal weights, and the size of sperm heads was also unaffected (Tablado
et al. 1996, 1998). However, an increase in percentage of sperm head abnormality
(lack of hook) was observed (Tablado et al. 1998). Tablado et al. also showed that
the exposure of pregnant mice to a 0.5–0.7 T SMF did not change the body or testis-
epididymis weight gain in pups (Tablado et al. 2000). Although not much abnor-
malities have been reported in this aspect, since the number of relevant studies is too
limited, we still need more investigations to make sure the exact influence of long-
term SMF exposure on reproductive system. We have also published a review about
the SMF effect on reproductive system, including various exposure conditions (Song
et al. 2022).

There are also several studies that have explored the effects of SMFs in blood
pressure regulation. In 2003, Okano et al. found that 3.0–10.0 mT or 8.0–25.0 mT
SMF exposure for 12 weeks can suppress and retard the development of hyperten-
sion in spontaneously hypertensive rats (Okano and Ohkubo 2003). In addition,
lower field of 5 mT produced the same effect of reducing blood pressure but 1 mT
did not have such effect (Okano et al. 2005a). This conclusion was confirmed in
2017 by Tasić et al. (2017). Besides, it was shown that a loop-shaped flexible rubber
magnet adjusted to the neck region of a rat with intraperitoneal phenylephrine and
dobutamine for 10 weeks can significantly depressed agonist-induced hypertension
(Okano and Ohkubo 2007). However, it is interesting that Okano et al. have
compared the effect of a 25 mT SMF on normotensive (having normal blood
pressure) vs. hypotensive rats. They found that the 25 mT SMF did not cause any
cardiovascular changes during an exposure period of 3 months (Okano et al. 2005b)
but can significantly inhibit the reserpine-induced hypotension (Okano et al. 2005b).
These indicate that SMFs may not affect normotensive animals, but could affect
blood pressure in pathological conditions. It is very interesting and also puzzling that
SMFs seem to be able to “properly” regulate blood pressure in these animals, by
raising or lowering blood pressure to bring it back to the normal level. However, it
should be mentioned that many of these studies were performed by the same group
of researchers. Therefore, more research is needed to unravel these intriguing
regulation effects of SMFs on blood pressure regulation.

Other aspects of SMF influences were also investigated, including pain relief,
skeleton system, wound healing, and other diabetic complications. For example,
adjuvant arthritis rats exposed to 30 mT SMF for 12 weeks not only had a pain relief
effect, but also increased bone mineral density (BMD) (Taniguchi et al. 2004). Using
the same experiment conditions, Taniguchi et al. found that the ovariectomized
(OVX)-induced BMD reduction could also be inhibited by SMF treatment,
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indicating its potential to be used to reduce menopausal symptoms in postmeno-
pausal women (Taniguchi and Kanai 2007). Chen et al. proposed that the magnetic
fields influence bone formation by affecting the differentiation of bone marrow
mesenchymal stem cells (Chen et al. 2020). And the pain relief is probably due to
the improvement of blood flow induced by SMF (Kanai and Taniguchi 2012). The
chronic SMF exposure can also increase ATPases, AChE (acetylcholinesterase)
activities, and MDA (malondialdehyde) level in rat synaptosomes (Dinčić et al.
2018). Moreover, it has also been shown that the long-term SMF treatment can have
positive effects on diabetic wound healing and other diabetic complications (Jing
et al. 2010; Yu et al. 2021; Feng et al. 2022).

It should be pointed out that most long-term SMF exposure studies have used
SMFs of<1 T, which is mainly because of experimental setup limitations. However,
there is one study that has addressed the biological effects of high SMF (2–12 T)
exposure on mice continuously for 28 days. They used a large bore, superconducting
magnet to perform this study. The results showed that there were no differences in
the body weight, organ coefficients, or histomorphology of major organs in mice
after exposure (Wang et al. 2019), which provides essential biosafety information for
the future development of high-field SMFs in medicine.

14.2.1.2 Implanted

With the development of magnetic surgery technology, long-term magnet implan-
tation has been shown to be useful in treating multiple diseases, such as pectus
excavatum (Jamshidi and Harrison 2007; Bortolotti 2021), gastroesophageal reflux
disease (Bortolotti 2021), etc. Moreover, numerous studies have reported the posi-
tive effects of moderate SMF on bone system, immune system, and the nervous
system, which has been discussed in Chaps. 11, 12, and 13 of this book. It is
therefore necessary to explore the safety and biological effects of long-term magnet
implantation so that we can take the best advantage of the SMF in medicine in the
future.

There are multiple studies using implanted magnets to examine their effects on
skeleton system (Table 14.2). In 1998, Yan et al. implanted tapered rods with
magnetization in bilateral femurs of rats and measured their BMD and bone calcium
content 12 weeks after implantation, which revealed that the values increased
compared with unmagnetized group (Yan et al. 1998). The same SMF intensity
but with a treatment time of 21 days also leads to an improved osteogenesis (Nagai
et al. 2000). A small disc magnet (max. 180 mT) implanted to OVX rats for 6 weeks
statistically significantly increased BMD value and improved clinical effect on
osteoporotic lumbar vertebrae (Xu et al. 2011) (Fig. 14.3). Some researchers think
that the improved collateral circulation and blood circulation are the root cause of
promoting bone formation. Ischemic rats whose femoral artery was ligated had
reduced BMD and weight, and these can be reversed at the third week post-
implantation of 180 mT magnets (Xu et al. 2001).

https://doi.org/10.1007/978-981-19-8869-1_11
https://doi.org/10.1007/978-981-19-8869-1_12
https://doi.org/10.1007/978-981-19-8869-1_13
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Fig. 14.3 Examples of SMF exposure with implanted magnets. Implanted magnet in lumbar
vertebrae (a) and its spatial distribution (b). [Reprinted from (Xu et al. 2011), open access]

Studies have also indicated that SMFs can affect hemodynamics. In 2005, Okano
et al. investigated the combined effects of a moderate SMF and nicardipine and
found that the SMF induced a significant increase in the nicardipine-induced hypo-
tension (Okano and Ohkubo 2005). Their subsequent research shows that the SMF
may enhance nicardipine-induced hypotension by antagonizing the Ca2+ influx more
effectively through the Ca2+ channels, or due to the upregulation of inducible nitric
oxide (NO) synthase (Okano and Ohkubo 2006). Since blood vessel ingrowth is a
pre-requisite for bone formation, a magnetized rod implantation for 3–7 weeks was
shown to increase not only hemodynamics but also vasomotion (Xu et al. 2013).
Therefore, although the studies are still very limited, these current results suggest
that magnetic rod implantation may increase bone mineral density by altering
hemodynamics, Ca2+ influx, and vasoconstriction. It is not clear why the permanent
magnets in these studies, regardless of the rod or disk-like shape, all had a maximum
magnetic field density of ~180 mT. We think it was probably the maximum flux
density they can get at that time, being limited by the magnet size. More studies with
different magnetic field conditions are encouraged for validation and/or improve-
ment, which seems to be a promising future development for the application of
SMFs, especially permanent magnets, in medicine.

There are also some researches about magnetic fields and immune response using
implanted ways, which have been discussed in more details in Chap. 12 of this book.
It should be mentioned that, theoretically, the movement of animals in SMFs can
generate electrical currents leading to more bioeffects (Crozier et al. 2007). How-
ever, we did not find significant difference between the non-implanted and the
implanted experiments, which may be due to the fact that SMF in most of these
studies is not strong enough, and/or the animals are not actively moving.

https://doi.org/10.1007/978-981-19-8869-1_12
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14.2.2 Intermittent Exposure

Since intermittent SMF exposure over a period of time is more feasible in reality than
continuous exposure, many studies have been carried out this way (Table 14.3).
People have used different types of SMF devices in their research, including regular
electromagnet and permanent magnet for lower SMF intensities, as well as
superconducting and water-cooled magnets for higher SMF intensities.

The experiments with permanent magnets used magnetic flux densities of ~0.5 T.
László et al. found that a max. 476 mT SMF is useful for chronic pain. They found a
30 min daily magnetic treatment for 2 weeks did not prevent the development of
mechanical allodynia but can inhibit the increased sensitivity in neuropathic pain
(Antal and László 2009). Besides, exposure for 6 weeks in the same experimental
conditions significantly reduces plasma glucose level as compared to control in
diabetic mice (László et al. 2010). They also demonstrated that daily 40-min
whole body exposure to SMF prevented lipopolysaccharide (LPS)-induced preterm
birth (PTB) in mice (László and Pórszász 2011). Tian et al. used permanent magnets
with max. surface intensity of 0.5 T with upward direction, 6 h a day for 38 days,
which inhibited GIST-T1 tumor growth in nude mice by 19.3% (Tian et al. 2018).
No adverse effects were found in these studies.

For electromagnet-produced SMFs of varying strength, the effects are more
diverse. It was shown that a 4 mT SMF exposure for 16 weeks (2 h/day) prevented
bone architectural deterioration and strength reduction in type 1 diabetic rats (Zhang
et al. 2018). And 2 h/day 5 mT SMF exposure for 14 days had no damage to noise-
induced hearing loss. The author proposed that although SMFs promoted the
reactive oxygen species (ROS) level in the first, they also accelerate antioxidative
enzymes activation later. This combined actions finally caused negligible changes in
hearing loss (Politański et al. 2010). The oxidative stress in rat cortex brain and
hippocampus also increased under the combined effect of SMF and cadmium
(Cd) (Amara et al. 2011). Moreover, although a 128 mT SMF exposure had no
effect on epididymal sperm count, spermatozoa motility, or genital organ weight
after 30-day exposure (Amara et al. 2006a), zebrafish exposed to 2.5, 5, 7.5 mT had
increased levels of cortisol and decreased sex hormone concentrations (Sedigh et al.
2019). Therefore, as we have discussed recently, more research is needed on the
effects of electromagnets on the reproductive system (Song et al. 2022). Moreover,
the effects of SMFs on hematological parameters are also inconsistent. For both
128 mT SMFs, Amara et al. found that subacute exposure (1 h/day, 5 days) did not
change hematological parameters but 30-day consecutive exposure significantly
increased hemoglobin, red blood cells, white blood cells, and platelet number
(Amara et al. 2006b). While Elferchichi et al. found that SMF 1 h/day for 15 con-
secutive days decreased red blood cell count, hemoglobin, and hematocrit values
(Elferchichi et al. 2016).

The effects of SMFs generated by MRI were also different. Pregnant mice were
exposed at the bore entrance (1.5 T and 7 T, 75 min/day, 18 days) during the entire
period of pregnancy, and no effect was observed with pregnancy rate,
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malformations, sex distribution, or postpartum death of offspring (Zahedi et al.
2014), neither in emotional behavior, spatial or emotional learning (Hoyer et al.
2012). However, there are also some adverse biological effects. Chronically exposed
to 16.4 T SMFs (3 h/day, 2 times a week) for 4 weeks and 8 weeks both result in
impairment of the vestibular system in mice (Tkáč et al. 2021). And the night period
exposure (12 h/day, 8 weeks) in the position that 50 cm from the bore opening of the
magnet in 1.5 T MRI devices (about 200 mT) deteriorates bone microstructure and
vitamin D metabolism, for the mean cortical thickness, the mean trabecular wall
thickness, number of trabeculae per 1 mm2, and the mean vitamin D level were lower
in SMF exposure group (Gungor et al. 2015).

14.3 Human Studies

Because of experimental limitation, ethical restriction and regulations, there are only
a few studies available on human SMF long-term exposure (Table 14.4), including
orthodontic tooth movement and pain relief, both of which showed no harmful, and
even beneficial effects. For example, Bondemark et al. have studied the effects of
SMF on human dental pulp and gums. First in 1995, they found that the first
maxillary premolar and adjacent gingival tissue exposed to a bonded magnet with
a max. magnetic flux density of 0.09 T did not cause any histologically detectable
changes in human pulp or gums after 8-week exposure in seven individuals
(Bondemark et al. 1995). In 1998, they bonded magnets with slightly higher
intensities to the buccal surface of the upper premolars of eight subjects for 9 months
and found SMFs did not influence human buccal mucosa (Bondemark et al. 1998).
In 2003, Weintraub et al. randomly assigned 375 patients with II or III stage of
diabetic peripheral neuropathy (DPN) into the experimental group wearing contin-
uous magnetized insoles (45 mT) for 4 months. Their results showed that the
magnetized insoles can reduce numbness, tingling, and exercise-induced foot pain
(Weintraub et al. 2003). However, other researchers evaluated 11 subjects with
vertebral deformity and back pain and found that repeated 30-min local exposure
(10 times a week) to non-uniform SMF has no clinically significant effect on pain
perception (Mészáros et al. 2013).

In fact, for the long-term exposure of SMF on human bodies, one of the best
examples is magnetic sphincter augmentation device (MSAD), an implantable
device that is used in treating gastroesophageal reflux disease (Fig. 14.1) (Ganz
et al. 2016). It has been used world widely. Besides its clinical benefits for effec-
tively treating GERD, there are also several studies conducted on the safety of this
type of treatment. For example, a survey in 100 patients during a 6-year period
showed that MSAD provides safe and long-term reduction of esophageal acid
exposure and substantial symptom improvement (Bonavina et al. 2013). Another
safety analysis of the first 1000 patients treated with MSAD also confirms the safety
of this device and the implantation technique itself (Lipham et al. 2015). Moreover, a
study in 85 subjects that have been implanted with this magnetic device reported no
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Table 14.4 Laboratory studies on humans using permanent magnets

SMF flux
density

The premolar
and adjacent gin-
gival tissue in
seven
individuals

0.01–0.09 T 8 weeks,
continuously

No histologically detect-
able changes in human
pulp and gums

Bondemark
et al. (1995)

The buccal sur-
face of maxillary
premolars in
eight individuals

0.08–0.14 T 9 months,
continuously

No increase in keratiniza-
tion or other signs of sur-
face abnormalities

Bondemark
et al. (1998)

Feet of patients
with diabetic
peripheral neu-
ropathy (DPN)

0.045 T 4 months, mag-
netized insoles,
intermittently

Reduce numbness, tin-
gling, and exercise-
induced foot pain

Weintraub
et al. (2003)

Patients with
vertebral defor-
mities and back
pain

0.192 T 30 min/week,
10 weeks,
intermittently

No clinical effect on pain Mészáros
et al. (2013)

100 patients with
GERD

N/A Median implant
duration was
3 years (range
378 days–
6 years)

Reduce distal esophageal
acid exposure, improve
sustained symptom and
had no substantial or new
safety issues

Bonavina
et al. (2013)

1000 patients
with GERD

N/A Median implant
duration was
274 days

No intraoperative compli-
cations, no device migra-
tions or malfunctions

Lipham
et al. (2015)

85 patients with
GERD

N/A 5 years No device erosions,
migrations, or
malfunctions and improve
the anti-reflux barrier

Ganz et al.
(2016)

new safety risks in 5 years and it works efficiently in improving the anti-reflux
barrier (Ganz et al. 2016).

14.4 Epidemiological Studies

Although most animal and human studies showed no effects, or even beneficial
effects of long-term SMF exposure, it is interesting and worrisome that some
research in the form of questionnaires indicates some potential risks (Table 14.5).
For example, a survey on the relationship between MRI-generated SMF exposure
and hypertension shows that the occurrence of hypertension may be related to SMF
exposure (Bongers et al. 2018). Schaap et al. also observed a positive correlation
between the magnetic field strength of MRI scanner and the reported symptoms
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Table 14.5 Epidemiological studies with occupational exposure to MRI

Research objects SMF flux density Effects References

361 employees of
14 clinical and
research MRI
facilities

1.5 T, 3.0 T and
7.0 T

Observe a positive association
between scanner strength and
reported symptoms, such as vertigo

Schaap
et al. (2014)

Male workers of an
MRI-manufacturing
facility

Cumulative SMF
exposure ≥7.4 K
tesla minutes

The occurrence of hypertension may
be related to SMF exposure

Bongers
et al. (2018)

120 MRI personnel As high as 0.5 T Had a higher proportion of symp-
toms such as headaches, sleep prob-
lems, palpitations, fatigue, and
attention problems

Ghadimi-
Moghadam
et al. (2018)

(mainly vertigo) among the workers using MRI scanners of 1.5 T, 3.0 T, and 7.0 T
(Schaap et al. 2014). Ghadimi et al. designed a questionnaire to collect information
from 120 MRI personnel, the study showed increased frequencies of adverse effects
in MRI workers, who had a higher proportion of symptoms, such as headaches, sleep
problems, palpitations, fatigue, and attention problems than control group (Ghadimi-
Moghadam et al. 2018). These surveys indicate that occupational exposure to SMFs
might have some correlations to the appearance of health problems, and magnetic
flux density seems to be a main influencing factor compared with exposure time.
However, these studies did not consider other confounding variables including
environmental contaminants, as well as the potential bias of the MRI workers.

14.5 Discussions

We have summarized the reported studies of long-term SMF effects by the exposure
method. It is interesting that there are some differences between continuous exposure
and intermittent exposure. Continuous SMFs exposure mostly showed either negli-
gible or even beneficial effects while the results of intermittent exposure are highly
variable. We think there are mainly two reasons.

Firstly, due to the limitations of experimental set up, most continuous SMF
exposure experiments have used permanent magnets. However, the intermittent
exposure experiments have used various magnets. It is interesting that the adverse
effects are usually correlated with electromagnets, but not permanent magnets.
Considering the fact that electromagnetic devices may cause additional heat, noise
and weak electric field, it is difficult so far to determine whether some of the reported
adverse effects were generated by these confounders. Also due to the limitations of
experimental setup, most continuous SMF exposure experiments have used moder-
ate SMF while the SMFs of intermittent exposure are highly variable. It is not
surprising that higher SMF intensity could generate more effects compared to
lower field.
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Secondly, we hypothesize that maybe the general adaptation syndrome (GAS) is
involved. It has been shown that the intensity of an organism’s response to a stressful
stimulus fluctuates with time, which was described as GAS. The stimulus occurs
only once in continuous exposure, but in intermittent exposure the stimulations
occur repeatedly, which may make the biological system very difficult to return to
homeostasis. We propose this hypothesis because we found it interesting that even
using the same type of magnetic field device and same magnetic field intensity, it
was shown that the effects of continuous and intermittent exposure to alternating
magnetic fields are also different. A study showed that the intermittent electromag-
netic fields (1 min ON/OFF cycles, repeated 10 times every 2 h, 6 times/day during
48 h) in combination with NO increased cell death, but the continuous exposure
(48 h) in combination with NO did not induce significant increase in cell death
(Boland et al. 2002). In 1993, researchers studied the influence of 45-Hz magnetic
fields on the brain functions. Ten volunteers were exposed to a continuous field and
ten received an intermittent exposure (1 s ON/OFF cycles) for 1 h. Most of the
changes in the measurements of electroencephalograph (EEG) were observed after
intermittent exposure. Continuous exposure with the same amplitude and frequency
produced no significant changes (Lyskov et al. 1993).

For human studies, it is interesting that although current experimental results
showed no adverse effects, the epidemiological studies using questionnaires for MRI
workers have reported the appearance of hypertension, headaches, sleep problems,
and other health problems. We think there are at least four reasons. First of all, the
magnetic field in MRI is higher than most experimental studies, and MRI workers
standing by the machine are exposed to gradient SMFs. These both could cause more
significantly effects. Secondly, most MRI workers take the survey have worked with
the MRI machines for years so that the exposure time is much longer. Thirdly, since
MRI workers are repeatedly and intermittently exposed to magnetic fields, the
general adaptation syndrome that we mentioned above may contribute to the symp-
toms reported. Last but not the least, the questionnaires cannot exclude psycholog-
ical factors.

However, it should be mentioned that although reported studies showed that most
long-term SMF treatment did not cause serious harmful effects to animals or
humans, we still need to pay extra attention and perform a lot more investigation.
In fact, we recently found that even moderate SMF of some specific parameter
generated by permanent magnets may also produce harmful effects at some special
conditions. For example, we recently found that the health condition of mice that
have consumed a large amount of alcohol (heavy drinking) was deteriorated by
weeks of continuously exposure to upward SMFs of ~0.1 T with magnetic flux of
~4.5 × 10-3 Wb provided by permanent magnet plate, but not by the downward
direction (Song et al. Our lab unpublished data). In contrast, when using healthy
mice and the same sets of SMF devices, their health conditions are not harmed even
after years of continuous exposure. In fact, their health conditions are even improved
(Fan et al. Our lab unpublished data). The health conditions of mice drinking lower
amount of alcohol were also improved by these SMF devices. Moreover, as men-
tioned before, the SMF effects on mice with different blood pressure level before
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exposure are totally different. Therefore, the subject’s status is a very important
factor that determines the SMF exposure consequences. Moreover, it was reported
that 0.7 T SMF exposure for 35 days could cause sperm heads abnormality, which
should also cause some attention and more investigations (Tablado et al. 1998).

14.6 Conclusion

In this chapter, we have reviewed the biological effects of animals and humans that
are exposed to SMFs for over 2 weeks, either continuously or intermittently. Most
studies were carried out in animals, which indicate that long-term moderate SMF
exposure could positively function in pain relief, bone formation promotion, blood
pressure, and blood glucose regulation. Although the reported studies for humans are
not very abundant, current studies focused on moderate SMFs, which seem to have
some positive effects too. However, epidemiological studies, most of which used
questionnaires, indicate potential mild negative effects although the influence of
psychological factors was not ruled out. More double-blinded studies are encouraged
to investigate the effects of long-term exposure, which will help to promote the safe
application of SMFs in health and medicine.

References

Amara S, Abdelmelek H, Garrel C, Guiraud P, Douki T, Ravanat J-L, Favier A, Sakly M, Rhouma
KB (2006a) Effects of subchronic exposure to static magnetic field on testicular function in rats.
Arch Med Res 37(8):947–952

Amara S, Abdelmelek H, Salem M, Abidi R, Sakly M (2006b) Effects of static magnetic field
exposure on hematological and biochemical parameters in rats. Braz Arch Biol Technol
49:889–895

Amara S, Douki T, Garrel C, Favier A, Ben Rhouma K, Sakly M, Abdelmelek H (2011) Effects of
static magnetic field and cadmium on oxidative stress and DNA damage in rat cortex brain and
hippocampus. Toxicol Ind Health 27(2):99–106

Antal M, László J (2009) Exposure to inhomogeneous static magnetic field ceases mechanical
allodynia in neuropathic pain in mice. Bioelectromagnetics 30:438–445

Bochert R, Zettler ML (2004) Long-term exposure of several marine benthic animals to static
magnetic fields. Bioelectromagnetics 25(7):498–502

Boland A, Delapierre D, Mossay D, Dresse A, Seutin V (2002) Effect of intermittent and
continuous exposure to electromagnetic fields on cultured hippocampal cells.
Bioelectromagnetics 23(2):97–105

Bonavina L, Saino G, Bona D, Sironi A, Lazzari V (2013) One hundred consecutive patients treated
with magnetic sphincter augmentation for gastroesophageal reflux disease: 6 years of clinical
experience from a single center. J Am Coll Surg 217(4):577–585

Bondemark L, Kurol J, Larsson A (1995) Human dental pulp and gingival tissue after static
magnetic field exposure. Eur J Orthod 17(2):85–91

Bondemark L, Kurol J, Larsson A (1998) Long-term effects of orthodontic magnets on human
buccal mucosa—a clinical, histological and immunohistochemical study. Eur J Orthod 20(3):
211–218



394 H. Chen and X. Zhang

Bongers S, Slottje P, Kromhout H (2018) Development of hypertension after long-term exposure to
static magnetic fields among workers from a magnetic resonance imaging device manufacturing
facility. Environ Res 164:565–573

Bortolotti M (2021) Magnetic challenge against gastroesophageal reflux. World J Gastroenterol
27(48):8227–8241

Chen G, Zhuo Y, Tao B, Liu Q, ShangW, Li Y, Wang Y, Li Y, Zhang L, Fang Y, Zhang X, Fang Z,
Yu Y (2020) Moderate SMFs attenuate bone loss in mice by promoting directional osteogenic
differentiation of BMSCs. Stem Cell Res Ther 11(1):487

Crozier S, Trakic A, Wang H, Liu F (2007) Numerical study of currents in workers induced by
body-motion around high-ultrahigh field MRI magnets. J Magn Reson Imaging 26(5):
1261–1277

Dinčić M, Krstić DZ, Čolović MB, Nešović Ostojić J, Kovačević S, De Luka SR, Djordjević DM,
Ćirković S, Brkić P, Todorović J (2018) Modulation of rat synaptosomal ATPases and acetyl-
cholinesterase activities induced by chronic exposure to the static magnetic field. Int J Radiat
Biol 94(11):1062–1071

Elferchichi M, Mercier J, Ammari M, Belguith H, Abdelmelek H, Sakly M, Lambert K (2016)
Subacute static magnetic field exposure in rat induces a pseudoanemia status with increase in
MCT4 and Glut4 proteins in glycolytic muscle. Environ Sci Pollut Res Int 23(2):1265–1273

Feng C, Yu B, Song C, Wang J, Zhang L, Ji X, Wang Y, Fang Y, Liao Z, Wei M, Zhang X (2022)
Static magnetic fields reduce oxidative stress to improve wound healing and alleviate diabetic
complications. Cell 11(3):443

Ganz RA, Edmundowicz SA, Taiganides PA, Lipham JC, Smith CD, DeVault KR, Horgan S,
Jacobsen G, Luketich JD, Smith CC, Schlack-Haerer SC, Kothari SN, Dunst CM, Watson TJ,
Peters J, Oelschlager BK, Perry KA, Melvin S, Bemelman WA, Smout AJPM, Dunn D (2016)
Long-term outcomes of patients receiving a magnetic sphincter augmentation device for gas-
troesophageal reflux. Clin Gastroenterol Hepatol 14(5):671–677

Ghadimi-Moghadam A, Mortazavi SMJ, Hosseini-Moghadam A, Haghani M, Taeb S, Hosseini
MA, Rastegariyan N, Arian F, Sanipour L, Aghajari S, Mortazavi SAR, Soofi A, Dizavandi MR
(2018) Does exposure to static magnetic fields generated by magnetic resonance imaging
scanners raise safety problems for personnel? J Biomed Phys Eng 8(3):333–336

Gungor HR, Akkaya S, Ok N, Yorukoglu A, Yorukoglu C, Kiter E, Oguz EO, Keskin N, Mete GA
(2015) Chronic exposure to static magnetic fields from magnetic resonance imaging devices
deserves screening for osteoporosis and vitamin D levels: a rat model. Int J Environ Res Public
Health 12(8):8919–8932

Hoyer C, Vogt MA, Richter SH, Zaun G, Zahedi Y, Maderwald S, Ladd ME, Winterhager E,
Grummer R, Gass P (2012) Repetitive exposure to a 7 Tesla static magnetic field of mice in
utero does not cause alterations in basal emotional and cognitive behavior in adulthood. Reprod
Toxicol 34(1):86–92

Jamshidi R, Harrison M (2007) Magnet-mediated thoracic remodeling: a new approach to the
sunken chest. Expert Rev Med Devices 4(3):283–286

Janković BD, Marić D, Ranin J, Veljić J (1991) Magnetic fields, brain and immunity: effect on
humoral and cell-mediated immune responses. Int J Neurosci 59(1–3):25–43

Janković BD, Jovanova-Nesić K, Nikolić V (1993a) Locus ceruleus and immunity. III.
Compromised immune function (antibody production, hypersensitivity skin reactions and
experimental allergic encephalomyelitis) in rats with lesioned locus ceruleus is restored by
magnetic fields applied to the brain. Int J Neurosci 69(1–4):251–269

Janković BD, Jovanova-Nesić K, Nikolić V, Nikolić P (1993b) Brain-applied magnetic fields and
immune response: role of the pineal gland. Int J Neurosci 70(1–2):127–134

Jing D, Shen G, Cai J, Li F, Huang J, Wang Y, Xu Q, Tang C, Luo E (2010) Effects of 180 mT static
magnetic fields on diabetic wound healing in rats. Bioelectromagnetics 31(8):640–648

Kanai S, Taniguchi N (2012) Efficacy of static magnetic field for pain of adjuvant arthritis rats. Adv
Biosci Biotechnol 3:511–515

László JF, Pórszász R (2011) Exposure to static magnetic field delays induced preterm birth
occurrence in mice. Am J Obstet Gynecol 205(4):362–331



14 The Biological Effects of Long-Term Static Magnetic Field Exposure 395

László J, Szilvási J, Fényi A, Szalai A, Gyires K, Porszasz R (2010) Daily exposure to inhomoge-
neous static magnetic field significantly reduces blood glucose level in diabetic mice. Int J
Radiat Biol 87:36–45

Lipham JC, Taiganides PA, Louie BE, Ganz RA, DeMeester TR (2015) Safety analysis of first 1000
patients treated with magnetic sphincter augmentation for gastroesophageal reflux disease. Dis
Esophagus 28(4):305–311

Loghmannia J, Heidari B, Rozati SA, Kazemi S (2015) The physiological responses of the Caspian
kutum (Rutilus frisii kutum) fry to the static magnetic fields with different intensities during
acute and subacute exposures. Ecotoxicol Environ Saf 111:215–219

Lyskov EB, Juutilainen J, Jousmäki V, Partanen J, Medvedev S, Hänninen O (1993) Effects of
45-Hz magnetic fields on the functional state of the human brain. Bioelectromagnetics 14(2):
87–95

Maret G, Dransfeld K (1977) Macromolecules and membranes in high magnetic fields. Physica B+
C 86:1077–1083

Mészáros S, Tabák AG, Horváth C, Szathmári M, László JF (2013) Influence of local exposure to
static magnetic field on pain perception and bone turnover of osteoporotic patients with vertebral
deformity—a randomized controlled trial. Int J Radiat Biol 89(10):877–885

Nagai N, Inoue M, Ishiwari Y, Nagatsuka H, Tsujigiwa H, Nakano K, Nagaoka N (2000) Age and
magnetic effects on ectopic bone formation induced by purified bone morphogenetic protein.
Pathophysiology 7(2):107–114

Okano H, Ohkubo C (2003) Effects of static magnetic fields on plasma levels of angiotensin II and
aldosterone associated with arterial blood pressure in genetically hypertensive rats.
Bioelectromagnetics 24(6):403–412

Okano H, Ohkubo C (2005) Exposure to a moderate intensity static magnetic field enhances the
hypotensive effect of a calcium channel blocker in spontaneously hypertensive rats.
Bioelectromagnetics 26(8):611–623

Okano H, Ohkubo C (2006) Elevated plasma nitric oxide metabolites in hypertension: synergistic
vasodepressor effects of a static magnetic field and nicardipine in spontaneously hypertensive
rats. Clin Hemorheol Microcirc 34(1–2):303–308

Okano H, Ohkubo C (2007) Effects of 12 mT static magnetic field on sympathetic agonist-induced
hypertension in Wistar rats. Bioelectromagnetics 28(5):369–378

Okano H, Masuda H, Ohkubo C (2005a) Decreased plasma levels of nitric oxide metabolites,
angiotensin II, and aldosterone in spontaneously hypertensive rats exposed to 5 mT static
magnetic field. Bioelectromagnetics 26(3):161–172

Okano H, Masuda H, Ohkubo C (2005b) Effects of 25 mT static magnetic field on blood pressure in
reserpine-induced hypotensive Wistar–Kyoto rats. Bioelectromagnetics 26(1):36–48

Politański P, Rajkowska E, Pawlaczyk-Łuszczyńska M, Dudarewicz A, Wiktorek-Smagur A,
Sliwińska-Kowalska M, Zmyślony M (2010) Static magnetic field affects oxidative stress in
mouse cochlea. Int J Occup Med Environ Health 23(4):377–384

Schaap K, Christopher-de Vries Y, Mason CK, de Vocht F, Portengen L, Kromhout H (2014)
Occupational exposure of healthcare and research staff to static magnetic stray fields from 1.5 to
7 tesla MRI scanners is associated with reporting of transient symptoms. Occup Environ Med
71(6):423–429

Sedigh E, Heidari B, Roozati A, Valipoor A (2019) The effect of different intensities of static
magnetic field on stress and selected reproductive indices of the zebrafish (Danio rerio) during
acute and subacute exposure. Bull Environ Contam Toxicol 102(2):204–209

Song C, Yu B,Wang J, Zhu Y, Zhang X (2022) Effects of moderate to high static magnetic fields on
reproduction. Bioelectromagnetics 43(4):278–291

Sun W, He Y, Leung S-W, Kong Y-C (2019) In vivo analysis of embryo development and
behavioral response of medaka fish under static magnetic field exposures. Int J Environ Res
Public Health 16(5):844

Tablado L, Pérez-Sánchez F, Soler C (1996) Is sperm motility maturation affected by static
magnetic fields? Environ Health Perspect 104(11):1212–1216



396 H. Chen and X. Zhang

Tablado L, Pérez-Sánchez F, Núñez J, Núñez M, Soler C (1998) Effects of exposure to static
magnetic fields on the morphology and morphometry of mouse epididymal sperm.
Bioelectromagnetics 19(6):377–383

Tablado L, Soler C, Núñez M, Núñez J, Pérez-Sánchez F (2000) Development of mouse testis and
epididymis following intrauterine exposure to a static magnetic field. Bioelectromagnetics
21(1):19–24

Taniguchi N, Kanai S (2007) Efficacy of static magnetic field for locomotor activity of experimental
osteopenia. Evid Based Complement Altern Med 4(1):99–105

Taniguchi N, Kanai S, Kawamoto M, Endo H, Higashino H (2004) Study on application of static
magnetic field for adjuvant arthritis rats. Evid Based Complement Altern Med 1(2):187–191

Tasić T, Djordjević DM, De Luka SR, Trbovich AM, Japundžić-Žigon N (2017) Static magnetic
field reduces blood pressure short-term variability and enhances baro-receptor reflex sensitivity
in spontaneously hypertensive rats. Int J Radiat Biol 93(5):527–534

Tengku BS, Joseph BK, Harbrow D, Taverne AA, Symons AL (2000) Effect of a static magnetic
field on orthodontic tooth movement in the rat. Eur J Orthod 22(5):475–487

Tian X, Wang D, Zha M, Yang X, Ji X, Zhang L, Zhang X (2018) Magnetic field direction
differentially impacts the growth of different cell types. Electromagn Biol Med 37(2):114–125

Tkáč I, Benneyworth MA, Nichols-Meade T, Steuer EL, Larson SN, Metzger GJ, Uğurbil K (2021)
Long-term behavioral effects observed in mice chronically exposed to static ultra-high magnetic
fields. Magn Reson Med 86(3):1544–1559

Torbati M, Mozaffari K, Liu L, Sharma P (2022) Coupling of mechanical deformation and
electromagnetic fields in biological cells. Rev Mod Phys 94:025003

Wang S, Luo J, Lv H, Zhang Z, Yang J, Dong D, Fang Y, Hu L, Liu M, Liao Z, Li J, Fang Z, Wei Y,
Han W, Shaikh AB, Yin D, Shang P (2019) Safety of exposure to high static magnetic fields
(2–12 T): a study on mice. Eur Radiol 29(11):6029–6037

Weintraub MI, Wolfe GI, Barohn RA, Cole SP, Parry GJ, Hayat G, Cohen JA, Page JC, Bromberg
MB, Schwartz SL (2003) Static magnetic field therapy for symptomatic diabetic neuropathy: a
randomized, double-blind, placebo-controlled trial. Arch Phys Med Rehabil 84(5):736–746

World Health Organization (2006) Static fields. World Health Organization, Geneva
Xu S, Tomita N, Ohata R, Yan Q, Ikada Y (2001) Static magnetic field effects on bone formation of

rats with an ischemic bone model. Biomed Mater Eng 11(3):257–263
Xu S, Tomita N, Ikeuchi K, Ikada Y (2007) Recovery of small-sized blood vessels in ischemic bone

under static magnetic field. Evid Based Complement Altern Med 4:59–63
Xu S, Okano H, Tomita N, Ikada Y (2011) Recovery effects of a 180 mT static magnetic field on

bone mineral density of osteoporotic lumbar vertebrae in ovariectomized rats. Evid Based
Complement Alternat Med 2011:620984

Xu S, Okano H, Nakajima M, Hatano N, Tomita N, Ikada Y (2013) Static magnetic field effects on
impaired peripheral vasomotion in conscious rats. Evid Based Complement Alternat Med
2013:746968

Yan QC, Tomita N, Ikada Y (1998) Effects of static magnetic field on bone formation of rat femurs.
Med Eng Phys 20(6):397–402

Yu B, Liu J, Cheng J, Zhang L, Song C, Tian X, Fan Y, Lv Y, Zhang X (2021) A static magnetic
field improves iron metabolism and prevents high-fat-diet/streptozocin-induced diabetes. Inno-
vations 2:100077

Zahedi Y, Zaun G, Maderwald S, Orzada S, Pütter C, Scherag A, Winterhager E, Ladd ME,
Grümmer R (2014) Impact of repetitive exposure to strong static magnetic fields on pregnancy
and embryonic development of mice. J Magn Reson Imaging 39(3):691–699

Zhang H, Gan L, Zhu X, Wang J, Han L, Cheng P, Jing D, Zhang X, Shan Q (2018) Moderate-
intensity 4mT static magnetic fields prevent bone architectural deterioration and strength
reduction by stimulating bone formation in streptozotocin-treated diabetic rats. Bone 107:36–44


	Chapter 14: The Biological Effects of Long-Term Static Magnetic Field Exposure
	14.1 Introduction
	14.2 Animal Studies
	14.2.1 Continuous Exposure
	14.2.1.1 Non-implanted
	14.2.1.2 Implanted

	14.2.2 Intermittent Exposure

	14.3 Human Studies
	14.4 Epidemiological Studies
	14.5 Discussions
	14.6 Conclusion
	References




