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8.1 Introduction

In ancient times, magnetism, especially permanent magnets, were a symbol of mystique
because of the magnetic force that remains even after numerous attractions of iron.
Although William Gilbert was called the pioneer of modern magnetics, he was surprised
by the magnetism associated with living organisms. Magnetism, in contrast to transient
static electricity, has been used as an explanation for various invisible effects and is expected
to possess miraculous healing powers. Although people have been using magnetism for
healing purposes without any scientific evidence, there have not been significant problems
concerning the side effects of magnetism. As permanent magnets have improved in quality
and achieved higher magnetic strength, magnetism has become more commonly used in
modern medicine. For example, magnetism is commonly used in the correction of dentures.

In the society today there are many sources of electromagnetic fields. Humans are
exposed daily to man-made and naturally originated fields. During the past decade,
questions about whether the exposure to electromagnetic fields may be linked to adverse
health effects have been raised. Although the interaction of electromagnetic fields with
biological systems has been investigated, there are no biophysical mechanisms that can
explain many of the observed biological effects of low-level of magnetic fields. Proposed
mechanisms include effects on currents, direct forces on biomagnetic materials, effects on
free radicals, ion cyclotron resonance, charge transfer processes, stochastic resonance, etc.

Recent developments in medical instrumentation such as magnetic resonance imaging
(MRI) and transcranial magnetic stimulation (TMS) have raised questions as to whether
or not strong (in the tesla range) magnetic fields influence human health. Medical
applications of weak (1-200mT) magnetic fields for the purpose of pain reduction and
tissue healing have also been studied for many years. Therapeutic applications of per-
manent magnets and other magnetic devices have recently been expanded to various
areas such as treatment of pain and diseases like rheumatoid arthritis and cancer.

The objective of this chapter is to describe some of the more recent information on
biological effects and medical applications of static magnetic fields. This chapter consists
of four sections. Each section has a comprehensive review of a recent topic of interest.
A short summary of the mechanism of static magnetic field action on biological systems is
described in the second section, which includes a brief review of well-known mechanisms
that are discussed before mentioning the interactions of weak static magnetic fields with
biological systems. The third section reviews and summarizes more recent in vivo and
in vitro experimental results of the effects of static magnetic fields, including near-zero
magnetic fields, geomagnetic fields, and MRI fields. The fourth section covers special
topics including magnetic sensing, magnetite, and plant response to magnetic fields. In
parallel with the comprehensive review of biological effects, the development and medical
application of the static magnetic field phenomena are introduced in the fifth section and
reviewed with emphasis on the applications that are currently under investigation.

8.2 Mechanisms of Biological Effects of Static Magnetic Fields

The biological effects of static magnetic fields are not well understood. Magnetic fields
exert a force on moving charged particles at rlght angles to both the field and the velocity,
F= qu x B, where F is the force, qis the charge, 7 is the velocity, and Bi is the magnetic flux
density. In vacuum, the magnetic flux density is given by B = o H, where H is the
magnetic field strength and u, is the magnetic permeability of a vacuum. (In this section
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we will be careful to distinguish between B and H, although in subsequent sections we
will be less careful, using ““magnetic field”” as a general term that often is used to describe
flux density.) Additionally, these fields exert a torque on particles with both fixed and
induced magnetic dipole moments. This torque tends to align the dipoles along the
magnetic flux density and is given by T = M x H where M is the magnetic dipole
moment. For paramagnetic and dlamagnehc materials, M is proportional to the magnetic
flux density. The magnetic susceptibility, , is given by the equation, M = x H, where H is
the local value of the magnetic field strength and y is dimensionless. All materials may be
mainly divided into three categories based on their susceptibility values. Materials with
negative susceptibility are called diamagnetic. Materials with positive values are referred
to as paramagnetic. Materials with large susceptibility include both ferro- and ferrimag-
netic materials. Recognition of the role of diamagnetic, paramagnetic, and ferro- or ferri-
magnetic materials in the body helps in the understanding the underlying mechanisms of
biomagnetic effects.

Table 8.1 shows three types of well-known mechanisms of the biological effects of
magnetic fields including time-varying magnetic fields. As shown in Table 8.1, there are
two basic mechanisms of static magnetic fields: first, the magnetic torques on objects and
second, the mechanical force effects. A radical pair mechanism is also proposed.

When biological materials or systems are exposed to a spatially homogenous magnetic
field, they tend to rotate to a stable direction, which is determined by the anisotropy of
magnetic susceptibility of the materials and magnetic torque acting on the materials, as
described by the following equation:

1
T = ——B*Aysin26
21

where B is the magnetic flux density, Ay is the anisotropy of magnetic susceptability of the
materials, 6 is the angle between the direction of the magnetic field and the long axis of
the materials, and w is the magnetic permeability of a vacuum. The magnetic orientation
of diamagnetic materials such as fibrin and collagen can be observed and explained by
this principle (Torbet et al., 1981).

Next, when biological materials or systems are exposed to a spatially inhomogenous
magnetic field, the materials or systems tend to move along the direction of the steepest

TABLE 8.1
Well-Known Mechanisms of the Biological Effects of Magnetic Fields

1. Time-varying magnetic field

Eddy currents | = —o ? Nerve stimulation
EZ
Heat SAR = 0 — Thermal effects
p
2. Static magnetic fields
a. Homogenous magnetic field Magnetic orientation of biological cells
Magnetic torque
1
T=-—DB"Ayxsin26
n
b. Inhomogeonous magnetic field Parting of water by magnetic fields (Moses effect)

Magnetic force
F = X (grad B) B
Mo
3. Multiplication of magnetic fields and other energy Yield effect of cage product and escape product

Photochemical reactions with radical pairs
Singlet-triplet intersystem crossing
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gradient of magnetic force. The magnetic force acting on the materials is proportional to
the multiplication of the magnetic flux density B, the gradient of the magnetic flux density
B (grad B), and the magnetic susceptability y of the materials, as described by the
following equation:

F=2X (gradB)B
Mo

where p is the magnetic permeability in a vacuum.

Dramatic demonstrations of these forces can be seen when water is parted by magnetic
fields using magnetic field exposures of 4-8T with a gradient of 50T/m (Ueno and
Iwasaka, 1994a,b). Magnetic levitation of diamagnetic materials such as wood and other
organic materials, is realized in magnetic fields of more than 20 T (Beaugnon and Tournier,
1991). This phenomenon can also be explained by the principles of magnetic force.

Oxygen is a paramagnetic molecule, and its behavior under magnetic field gradients
has an important role both as a gas and when dissolved in solution. The blockage and
disturbance of gas flow by magnetic fields have been observed (Ueno and Harada, 1987).
This phenomenon, called a magnetic curtain, can be explained by the action of magnetic
force on a paramagnetic molecule. The magnetic curtain in this example is a wall of
oxygen or air. Experimentation with this principle has demonstrated the quenching of
burning candle flames (Ueno, 1989), where the interception of oxygen by the magnetic
curtain has a quenching effect on the flames. As a second example, when a human subject
is positioned inside a space shielded by the magnetic curtain, one may expect the
respiratory function, evaporation of water molecules, body temperature, blood circula-
tion, and other physiological functions to be disturbed or modulated.

The effect of static magnetic fields on water vaporization rate was investigated (Nakagawa
et al., 1999). This study demonstrated that the water vaporization rate was found to be
significantly influenced when both air and oxygen were in the presence of magnetic fields,
and the observed effect was dependent on the field—field gradient product rather than on the
B field itself. It should be noted that this magneto-enhancement of vaporization might be the
indirect cause of certain physiologic effects on living organisms.

For example, skin temperature decreases in rats exposed to magnetic fields have been
observed (Ichioka et al., 2003). This observation can be explained in terms of the effects of
the magnetic field on air convection. That is, high magnetic field gradients (135-140 T?/m)
push the diamagnetic water molecules toward the magnet bore. This increases the
movement of water molecules in the air around the animal body and the vaporization
rate. The heat of vaporization leads to a decrease in skin temperature. The decrease in the
blood flow of the skin microcirculation is assumed to be a secondary change to the
decrease in skin temperature.

Oxygen dissolved in water is also affected by magnetic fields. Changes in dissolved
oxygen concentration were observed for magnetic field exposures on the order of 1T
(Ueno and Harada, 1982; Hirota et al., 2000; Kishioka et al., 2000). The changes in oxygen
concentration are accelerated or regulated by gas transport of oxygen and water mol-
ecules inside and outside the water surface.

The magnetic field effects for large fields can be explained by these well-known
mechanisms. With ever-increasing evidence indicating that weak static magnetic fields
have profound effects on biological systems, a number of mechanisms for the action of
these static magnetic fields, including geomagnetic fields, on biological systems have been
proposed.

Possible biomagnetic and chemical effects can be expected when biological systems are
exposed to both static magnetic fields and other forms of energy such as light and
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radiation (Ueno and Harada, 1986). Photochemical reactions produced by a radical pair
intermediate can be expected to show magnetic field effects that arise from an electron
Zeeman interaction, electron-nuclear hyperfine interaction, or a hyperfine interaction
mechanism including an electron-exchange interaction in a radical pair intermediate
(Hata, 1976; Schulten et al.,, 1976; Tanimoto et al., 1976; Nagakura and Molin, 1992;
Natarajan and Grissom, 1996, Hayashi, 2004).

The magnetic field effect observed with radical pair recombination is one of the well-
known mechanisms by which magnetic fields interact with biological systems. Through-
out the past decades there have been several experimental results describing the effects of
magnetic fields on radical pair recombination. Mohtat et al. (1998) examined the behavior
of radical pairs derived by hydrogen abstraction of triplet benzophenone and some of its
derivatives from bovine serum albumin, human serum albumin, and calf thymus DNA.
The magnetic field strength was as high as 150 mT with durations as long as 10 ps. This
result indicated that radical pair behavior is sensitive to magnetic fields, and this effect
can be interpreted by using the theory of free radical recombination. Using the triplet state
of benzophenone as a convenient source of pairs, Eveson et al. (2000) examined the effects
of weak (>1mT) magnetic fields on radical recombination reactions in micells. They
found that the concentration of free radicals escaping from the micelle was both affected
and depended on the conditions surrounding the radical pair.

Timmel and Till discussed the weak magnetic field effects on free radical recombination
reactions (Till et al., 1998; Timmel et al., 1998). Vink and Woodward (2004) described the
effects of a weak magnetic field, 21 mT, on the recombination reaction of neutral free
radicals in isotropic solution.

Ritz et al. (2002) reviewed the physiological basis of animal magnetoreception. They
suggested that there was a link between photoreception and magnetoreception, from their
findings in behavioral and theoretical studies. Migratory birds have the ability to sense
the geomagnetic field and use it as a source of compass information. The candidates for
a biophysical mechanism of this magnetoreception are magnetite and magnetically
sensitive chemical reactions in animals. Ritz et al. (2000) postulated the possibility that
magnetoreception involves radical pair processes as a biophysical mechanism.

8.3 Experimental Studies on Static Magnetic Field Effects

This section focuses on in vivo and in vitro studies of the effects of static magnetic fields. It
covers the field effects observed on behavior, the cardiovascular system, reproductive
system, cellular and tissue development, the neuroendocrine system, and the magneto-
mechanical system, utilizing molecular, cellular, tissue, and cell-free systems.

8.3.1 In Vivo Studies

8.3.1.1 Animal Behavior: Recognition and Analgesia

Scientific interest in behavioral changes has led to the development of a psychology of
learning that studies the effects of various external stimuli, and this research has further
led to the development of behavioral pharmacology to observe the effects of drugs on the
central nervous system. There have been several investigations for studying the effects of
magnetic fields on behavior and the central nervous system using techniques developed
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specifically in these research fields. Behavioral research directed toward the effects of
magnetic exposure of living organisms mainly addresses two questions: whether mag-
netic fields are sensed and avoided and whether magnetic fields have any influence on
the functions of leaning and memory. Magnetic field experiments designed to address
both questions have been conducted using several indicators, such as open-field behavior,
operant behavior, and spontaneous motor activity, as tools of observation and measure-
ment. (See also Chapter 4 on behavioral effects by Johnston and D’Andrea.)

8.3.1.1.1 Animal Behavior and Recognition

Nikolskaya et al. (1996) investigated the influence of inhomogeneity of natural magnetic
fields on rat cognition with regard to whether or not magnetic fields could serve as an
informational factor for cognition. Under three natural magnetic field conditions, 37 +
2 uT (condition 1; horizontal component (N-S) is 14 uT, and vertical 34 wT), 16-118 uT
(condition 2), and 55-240 p T (condition 3), rats were subjected to a food-operant behavior
study. All rats in conditions 2 and 3 were unable to form operant behavior, while rats in
condition 1 demonstrated the behavior. Using the combination of an original behavioral
model and a multiple alternative maze, an impact of Opilong, which is an analog of
dermorphine and p-receptor agonist, on rat sensitivity to 38 + 2pT, in the static
magnetic field has been investigated by the same authors (Nikolskaya et al., 1999). They
concluded that chemical modulation of the opioid system in rats induced both an in-
creased magnetic field sensitivity and an allowed perception of magnetic field param-
eters. In the following study (Nikolskaya and Echenko, 2002), it was reported that
cognitive activity in the natural magnetic field of 38 uT caused an increase of ethanol
intake in 34.8% of rats.

During the 1980s, Liboff (1985) argued favorably for the combined effects of static (DC)
with extremely low-frequency (ELF) magnetic fields (see also Chapter 9 resonance
phenomena by Liboff on). A surprising effect was observed at the ELF magnetic field
frequency close to the cyclotron frequency of a calcium ion. Thomas et al. (1986) reported
the disruption of operant behavior in rats after exposure to low-intensity magnetic fields.
The protocol developed by them in the report has been reexamined by Stern et al. (1996)
in a two-part experiment. In the first part, the vertical component of the static field was
reduced to 0.0261 pT. In the second part, both the horizontal and the vertical components
were matched to those used by Thomas et al. The results obtained in these experiments
were found to be inconsistent with the results reported by Thomas et al. Effects of the
combination of static (DC) and AC magnetic fields at the cyclotron frequency on rat open-
field behavior have been investigated (Zhadin et al., 1999). Levels of locomotor and
exploratory activities were decreased after exposure to DC and AC magnetic fields at
the calcium cyclotron frequency, whereas field exposure at the magnesium cyclotron
frequency increased levels of these activities.

Studies have been conducted to determine whether rats could acquire a two-choice
discrimination based on a specified discrimination stimulus (Creim et al., 2002). The
specified discriminative stimulus used in this study was tested both in ambient illumin-
ation as well as in a combination of an oscillatory field of 50 uT at 60 Hz and a static field
of 26 p.T. The results demonstrated that rats were able to discriminate between two-choice
tasks easily during the period of changing illumination and that the presence or absence
of the static and oscillatory fields had no observed effect on these findings.

Tsuji et al. (1996) evaluated physiological consummatory behavior by observing intakes
of food and water and changes in the body weight using BALB/c mice exposed to
magnetic field levels of 5T for a period of 24 and 48 h. Exposure to a 5-T magnetic field
for 48h suppressed eating and drinking behavior. The decreased body weight, the
increased blood urea nitrogen (BUN) level, and the slightly increased BUN-Cr ratio
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observed in this experiment might be attributed to the loss of body fluid secondary to
decreased food and water intake.

For the purpose of observing changes caused by magnetic field exposure, MRI systems
and application of their high-strength static magnetic fields have been useful and widely
used to obtain intact images. There have been three reports describing the behavioral
effects observed as a result of high-strength static magnetic field exposure of rats and
mice. Using a conditioned taste aversion technique, it was shown that rats developed a
conditioned taste aversion after exposure to a high magnetic field of 9.4 T for 30 min
(Nolte et al., 1998). Following this report, similar experiments were carried out.
Restrained rats and both unrestrained and restrained mice were exposed to magnetic
fields of 7 and 14T generated by superconducting magnets (Houpt et al., 2003). In the
report, it was found that exposure of rats to high magnetic fields suppressed rearing and
locomotor circling and induced conditioned taste aversion and expression of c-Fos in
vestibular neclei. The rat’s orientation in magnetic fields is a key factor for the direction of
circling. Similar results were obtained with mice (Lockwood et al., 2003). All tested mice
showed development of conditioned taste aversion, and a significant number showed
tight circling and rearing suppression. Effects were observed more significantly in unre-
strained mice than in restrained mice. Snyder et al. (2000) have identified brain stem
regions that were activated by exposure to static magnetic field levels of 9.4 T for 30 min,
of restrained rats, by using a c-Fos immunohistochemisty detection assay. Increased
expression of c-Fos and neural activation in visceral and vestibular nuclei by magnetic
field exposure have been reported. It has been suggested that the neural activation
response might be a factor in promoting conditioned taste aversion learning.

Superconducting high magnetic field exposures of 7T have been reported to have
reduced the trehalase enzyme activity in honey bees (Kefuss et al., 1999). There were no
changes found in the level of fatty acids, triacyglycerols, and steroids in this study.

8.3.1.1.2 Analgesia

Effects of a hypogeomagnetic environment with a flux density of 4 uT inside a Mu-metal
box on stress-induced analgesia in C57 male mice have been investigated (Del Seppia
et al., 2000). This study consisted of three consecutive parts: (1) maintaining the mice
under various magnetic exposure conditions: hypogeomagnetic, altered magnetic field,
and Earth’s geomagnetic field of 46 pT for 90 min; (2) immobilizing the animals in a tube
for 30 min under each exposure condition; and (3) recording nociceptive responses of the
restraint-stressed mice as the latency of front-paw lifting to hot-plate stimulus. Stress-
induced analgesia was significantly reduced in the animal group exposed to the hypo-
geomagnetic field, and this result was comparable with that in the mice exposed to altered
magnetic fields or treated with prototypic opiate antagonist naloxone. It has been sug-
gested that the exposure period in a hypogeomagnetic environment might be responsible
for the inhibition of stress-induced analgesia. They also demonstrated that exposure to
altered magnetic fields induce more rapid habituation to a novel environment (open field)
(Del Seppia et al., 2003). The experiment was carried out to investigate effects of irregu-
larly varying (<1Hz), 20-70-puT or regular 37-Hz, 80-wT,., magnetic fields with a 2-h
exposure of mice. The nociceptive response was measured by a hot-plate test and showed
that the nociceptive sensitivity was significantly greater in magnetically treated mice than
in controls.

Various sensing-transduction mechanisms have been proposed to explain the bio-
logical effects of magnetic fields. Prato et al. (1996a). showed inhibitory effects of 60-Hz
magnetic fields at levels of 299 + 1 uT,., and static magnetic fields at levels of 78 + 1T
on opioid-mediated analgesia in the land snail, Cepaea nemoralis. It has been reported that
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the effects were dependent on the relative direction of both the weak static and the 60-Hz
magnetic field, as well as on the presence of light. In a following study, indirect and direct
mechanisms of ELF magnetic fields on an endogenous opioid peptide-mediated analgesic
response have been proposed. It was shown that the energy transduction mechanism did
not involve induced electric currents or magnetite (Prato et al., 1996b), and the results
indicated that a direct magnetic field detection mechanism was consistent with the
parametric resonance model. In a later study to reexamine the results obtained and
further clarify the role of light, it was found that reduction of the opioid-induced anal-
gesia by magnetic field exposure was enhanced by the presence of light. It was reported
that the reduction rate of analgesia was not dependent on ELF frequency; however, the
effect of the ELF magnetic field was in fact mediated by direct magnetic field detection.

In order to detect static magnetic field-induced functional changes in brain tissue,
Veliks et al. (2004) carried out an investigation to identify the effects of static magnetic
fields on rat brain structures using heart rate and heart rhythm as physiologic indicators.
Rats put under ketamine—xylazine anesthesia were exposed to magnetic field levels of
100 mT for 15 min. Before and after the exposure, an electrocardiogram was recorded for
analysis of heart rate and heart rhythm. Static magnetic fields were found to evoke
changes in both heart rate and heart rhythm in 80% of the subject animals.

McLean et al. (2003b) examined the effects of inhomogenous static magnetic fields, alone
or in combination with the chemical agent phenytoin (PHT), on audiogenic seizures (AGS)
in DBA /2 mice. In experimental studies where the static magnetic fields ranged from 0.26 to
10.5mT, with a field gradient ranging between 0.012 and 0.48 T/m, seizure severity de-
creased as the magnetic flux density and exposure duration period increased. It was found
that the magnetic field pretreatment enhanced the effect of PHT, and it was also found thata
static magnetic field alone had some anticonvulsant effects as well. Further investigation is
required to clarify the anticonvulsant effects of magnetic fields in AGS.

8.3.1.2 Reproduction and Development

The effects of static magnetic fields, including MRI fields (static, gradient, and RF), on
fertility, the developing embryo, and the fetus have been investigated. There have been a
series of reports describing the effects of 10- and 35-day exposures to a magnetic field level
of 0.7 T on mice, in terms of sperm motility, maturation, and production and morphological
and developmental changes (Tablado et al., 1996, 1998, 2000). In the first report, mice were
exposed to a magnetic field level of 0.7 T for time periods between 1 and 24 h/d, over 35d. It
was found that sperm motility, maturation, and production were not affected. Two years
later, it was reported that the size of sperm heads was still intact; however, the animals that
had undergone continuous exposure demonstrated increased sperm head abnormality. In a
study by Tablado et al. of magnetic effects during developmental changes, experiments
were carried out to investigate the in utero exposure effects from magnetic field levels of 0.5
to 0.7 T on testis and epididymis development in mice. After mating, female mice were
exposed from day 7 of gestation until the day of birth. Results showed that there were no
significant differences between exposed and sham-exposed animals in terms of body
weight gain of dam, litter size, body weight of male pups, and testis—epididymus weight
gain of pups up to 35 d of age. In addition, there were no detectable changes found during a
histopathological evaluation of the testis and epididymis of pups.

Narra et al. (1996) reported the biological effects of a static magnetic field on sperm-
atogenesis and embryogenesis in Swiss Webster mice. Male and pregnant female mice
were exposed to a magnetic field level of 1.5 T for 30 min. There was no increase in sperm
head shape abnormality and no reduction in testicular sperm numbers; however, a
decreased survival rate of preimplantation embryos was indicated.
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It has been reported that there were no harmful effects detected in a static magnetic
field of 4.7 T on ICR mice (Okazaki et al., 2001). Pregnant ICR mice were exposed to the
field from days 7.5-9.5 of gestation and sacrificed on day 18.5 of gestation. There were no
significant differences in the incidence of prenatal death or malformations between the
exposed and control groups. The investigation has been conducted for potential adverse
effects of a 10-week exposure to a 9.4-T magnetic field on the development of male and
female rats as well as their offspring (High et al., 2000). All rats were exposed to 9.4 T for
3h twice a week with an intermittent duration of 5week on, 2week off, and 5week on.
The results demonstrate hematological, biochemical, pathological, and behavioral
changes in both adults and their offspring; however, there were no adverse effects
observed in either male or female adult rats, as well as in their offspring.

Effects of long duration and high magnetic field exposure on fetal growth and postnatal
development in mice have been investigated (Magin et al., 2000). One group of mice was
exposed for 9h on day 9 or on day 12 postcoitus (or both) to MRI conditions (static
magnetic field of 4 T with 5-T/s gradient and whole-body SAR of 0.2 W/kg at 170 MHz).
A second group was exposed to a combination of ultrasound and MRI fields. There were
no significant changes in fetal growth in animals exposed to MRI or ultrasound fields
individually. The average fetal weight of animals exposed to combined fields was lower
than that of the other group. Carnes et al. (1996) investigated the effects of static magnetic
field levels of 4.7 T, which is equivalent to the level used in MRI, on fetus, adult growth,
and testicular development in mice.The 8-h exposure was carried out on day 9 or day 12
of gestation (or both). Effects of the combined application of 1 MHz ultrasound on day
9 and MRI on day 12 was also investigated. The average fetal weight of the exposed
groups was found to be less than that of the control groups. It was found that the
postpartum death rate was higher after the MRI exposure, and sperm production was
reduced; however, no changes were detected in embryonic death rate, sex ratio, body
weight at day 50, spleen weight, and seminal vesicle weight.

Jove et al. (1999) studied the effects of static magnetic field levels of 18 and 36 mT on the
development of chick embryo, including the pineal gland. They found that static mag-
netic fields affected the development and growth of embryos, and this effect was depen-
dent not only on the intensity but also on the length of exposure time. Ruggiero et al.
(2004) reported the effects of a 3-h exposure to a magnetic field level of 0.2 T generated by
a clinically used MRI system on the angiogenesis of chick embryo. Angiogenesis was
evaluated using a chick embryo chorioallantoic membrane assay. Results indicated that
static magnetic field exposure inhibited angiogenesis in chick embryo. Effects of a uni-
form static magnetic field of 29 mT on cell migration and differentiation in the cerebellum
of chick embryo have been studied (Espinar et al., 1997). The cerebella of chick embryos
was exposed to the magnetic field on 6d of incubation and sacrificed at day 13 of
incubation. Results showed that static magnetic field exposure could induce irreversible
developmental effects on cell migration and differentiation. Clear signs of cell degenera-
tions and delay in the process of neuronal differentiation were indicated.

There have been a series of reports describing the effects of static magnetic field on fish
embryos (Formicki and Winnicki, 1996, 1998; Winnicki et al., 1996; Formicki et al. 1997;
Formicki and Perkowski, 1998). First, it was reported that during a prolonged transpor-
tation of fertilized salmonid eggs and trout (Salmo trutta L. and Oncorhynchus mykiss), a
magnetic field of 4mT lowered the mortality rate and enhanced the conservation condi-
tion (Winnicki et al., 1996). Effects of static magnetic fields ranging from 50 to 70mT on
the cardiac muscle activity of carp (Cyprinus carpio L.) embryos and larvae have been
investigated (Formicki and Winnicki, 1996). An increase in heart rate was observed after
exposure to these fields. Effects from both the strength and the direction of the geomag-
netic field and static magnetic fields of 0.5 and 1 mT on the orientation of trout embryo
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(S. trutta) and rainbow trout (O. mykiss) have also been investigated. Results have shown
that the embryos were sensitive to the static magnetic fields, with a preference for a
certain field direction. Further investigation has been conducted to clarify the response of
fish embryos and larvae from the same type of trout to a static magnetic field (Formicki
and Winnicki, 1998). Eggs were placed in magnetic fields during the period from fertil-
ization to hatching. The exposure of eggs resulted in slower embryonic development;
thus, eggs were incubated for a prolonged period of time. Embryos of rainbow trout
(O. mykiss) and trout (S. trutta) exhibited orientation both in the natural magnetic field and
in artificial magnetic fields of 0.5 and 1mT. In a supplementary paper, Formicki and
Perkowski (1998) showed the effects of static magnetic fields of 5 and 10mT on the gas
exchange in rainbow trout (O. mykiss) embryos. An increase of oxygen uptake was
observed. It was determined that the impact of magnetic field exposure on the respiratory
system was significant in the periods of advanced morphogenesis.

It has been reported that the exposure to static magnetic fields of 10-100 mT could alter
the early embryonic development in two species of sea urchin embryo, Lytechinus pictus
and Strongylocebtrotus purpuratus (Levin and Ernst, 1997). Results suggested that static
magnetic fields delayed the onset of mitosis in both species. A static magnetic field of
30mT caused an eightfold increase in the incidence of exogastrulation in one species.
Static magnetic field effects of 4 and 8 mT and effects of exposure to 60-Hz AC magnetic
fields of 6 and 8mT on the first division of two sea urchin embryos, Sphaerechinus
granularis and Paracentrotus lividus, have been studied (Pagnac et al., 1998). No differences
were found in the time of the first cleavage in both exposures.

In a static magnetic field of 35mT, the fruit fly (Drosophila melanogaster) was reared
through several generations to investigate the width and length variability of both wings
(Stamenkovic-Radak et al., 2001). In the second-generation exposure, there was a signifi-
cant difference between sexes in the context of directional change of wing size variability.
In the sixth generation, the differences in wing size between the magnetic field exposure
group and control groups showed the same directional pattern in both sexes. Pan and Liu
(2004) reported the effects of high static magnetic fields of 9.4 and 14.1T on the hatching
behavior of fresh mosquito eggs. Hatching was delayed, and the delay time depended on
the intensity of the magnetic field.

Effects of exposure to high static magnetic field with levels up to 16.7 T on the first three
cleavages of Xenopus laevis embryos have been investigated (Denegre et al., 1998). Results
have indicated that cleavage furrows aligned parallel to the magnetic field. The most
significant effects on the second and third cleavages have been observed in homogenous
fields, not in the gradient fields. It has been suggested that this phenomenon was caused
by interactions between the magnetic fields and the diamagnetic materials in the Xenopus
embryo. Further studies have shown that after exposure to static magnetic fields of 17—
22T during either or both of the first two cell cycles, the third cell cycle mitotic apparatus
at metaphase could be induced, and the third cleavage furrows aligned perpendicular to
their nominal orientations (Valles, 2002; Valles et al., 2002). Valles et al. (1997) investigated
the magnetic field gradient levitation (MFGL) as a technique for simulating low gravity
for biological systems.They levitated living biological specimens, embryos of the frog
X. laevis, using a large inhomogenous magnetic field. MFGL of embryos reduced the body
forces and gravity-induced stress on them.

8.3.1.3 Circulatory System Effects

Recently, effects of static magnetic field applications on the circulatory system have been
reviewed in experimental animals (Tenforde, 2005) and in humans (Chakeres and de
Vocht, 2005; Crozier and Liu, 2005; van Rongen, 2005). Most of the studies have been
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related to MRI systems, and it has been reported that in MRI-related studies using
strengths of up to 8T, there were little or no significant changes in cardiovascular and
circulatory parameters. In contrast, it was found that moderate-intensity static magnetic
fields ranging from 1 to 350mT can have significant circulatory system effects, most
notably on cutaneous microcirculation and arterial blood pressure.

8.3.1.3.1 Microcirculation

Ohkubo and Xu (1997) studied the acute effects of 1-10-mT static magnetic fields applied
for 10 min on the microcirculatory changes in conscious rabbits using a rabbit ear chamber
(REC) and microphotoelectric plethysmography (MPPG). The static magnetic fields
induced biphasic changes in vasomotion in a non-dose-dependent manner. Static mag-
netic fields suppressed vasomotion when the vascular tone was high, while the same level
fields enhanced vasomotion when the tone was low. To clarify these effects, the same
group, Okano et al. (1999), investigated the effect of a 1-mT static magnetic field for 10 min
on microcirculation in conscious rabbits using pharmacological manipulation together
with REC and MPPG. The results showed that the static magnetic field enhanced vaso-
dilatation and increased vasomotion under norepinephrine, which induced high vascular
tone and, in contrast, induced vasoconstriction and decreased vasomotion under acetyl-
choline, which induced low vascular tone.

These studies are strongly supported by another independent study that examined the
effect of a moderate-intensity static magnetic field on microcirculation, suggesting that
the static magnetic field could modulate the biphasic responses of relatively smaller-
diameter blood vessels (arterioles). Morris and Skalak (2005) studied the acute effect of a
70-mT static magnetic field for 15min on the diameter of microvessels in rat skeletal
muscle placed under pentobarbital anesthesia, using intravital microscopy. This study
suggested that the static magnetic field could modulate microvascular tone in a restora-
tive fashion, thereby acting to normalize the tone.

Gmitrov and colleagues reported the acute effects of 250-350 mT static magnetic field
exposures for a time period of up to 80 min on microcirculation within cutaneous tissue of
the rabbit ear lobe placed under pentobarbital anesthesia using REC and MPPG (Gmitrov
and Ohkubo, 1999a,b; Gmitrov et al., 2002). They demonstrated that application of static
magnetic fields to the carotid sinus baroreceptor region for a period of 65-80min
increased microcirculation. The static magnetic fields suppressed or recovered a Ca**
channel blocker, verapamil, which reduced microcirculation.

Xu et al. (1998) observed the subchronic effects of a 180-mT static magnetic field, with
length of exposure times for up to 4 weeks, on cutaneous microcirculation in conscious
rabbits, using REC and MPPG. The static magnetic field significantly increased the long-
lasting vasodilatation and enhanced the vasomotion. The same authors found that expos-
ure to static magnetic fields at 1mT or higher for 10 min enhanced microcirculation and
increased peak blood velocity (Xu et al., 2000).

Mayrovitz et al. (2001, 2005) investigated the effects of static magnetic fields with
strengths as high as 100 mT and exposure periods of up to 36 min on skin blood flow in
humans, using a laser-Doppler flowmeter. They showed that the static magnetic fields have
no significant effect on the normal, unstressed circulation or vasoconstrictive response
in conjunction with skin temperature. Steyn et al. (2000) also indicated that there are no
effects observed on blood flow in horses after exposure to static magnetic fields.

In a series of studies that observed the effects of ultrastrong (>5T) static magnetic field
exposure, Ichioka et al. (1998, 2000) investigated the acute effect of an 8-T static magnetic
field exposure for a period of 5min on blood flow in rat by using a laser-Doppler
flowmeter and thermistor-derived measurements.They demonstrated that blood flow
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and skin temperature decreased during the field exposure, through the movement of
water vapor over the animal and the decreased humidity in the air.

8.3.1.3.2 Blood Pressure

Gmitrov and colleagues studied the influence of both a 350-mT static magnetic field
and geomagnetic field activity on mean arterial blood pressure (MAP) in pentobarbital-
anesthetized rabbits (Gmitrov and Ohkubo, 2002; Gmitrov et al., 2002). Application of the
static magnetic field to the baroreceptor region for 65-80 min decreased MAP. In testing
geomagnetic field applications, they found that there was a positive correlation of this
field’s activity with MAP, and this result implied that magnetic storms could increase the
incidence of severe cardiovascular events.

Okano and Ohkubo (2001) examined the acute effect of a 1-mT static magnetic field
applied for 30 min on pharmacologically altered blood pressure in conscious rabbits. It
was found that (1) the static magnetic field reduced the vasodilatation effect from
enhanced vasomotion and antagonized the reduction of blood pressure under a Ca**
channel blocker, nicardipine, which induced low vascular tone, and (2) the static magnetic
field attenuated vasoconstriction and suppressed the elevation of blood pressure while
under the influence of a nitric oxide (NO) synthase inhibitor, .L-NAME, which induced
high vascular tone. However, two of their experiments, which were carried out under
normal conditions without pharmacological drugs, showed that static magnetic fields
did not induce any significant effects on hemodynamics and blood pressure (Okano
and Ohkubo, 2001, 2003a). With regard to these undetectable effects, Muehsam and
Pilla (1996) speculated that physiologically significant bioresponses to therapeutic
signals appear to occur only when the physiologic state of the target system is far from
homeostasis.

In contrast to the experiments done without pharmacological manipulation, Okano and
Ohkubo (2003a) found that exposure to a 5.5-mT static magnetic field for 30 min caused
the suppression of norepinephrine- or .-NAME-induced vasoconstriction and hyperten-
sion in rabbits. Furthermore, they tested exposures of 5-10-mT static magnetic fields for a
period of several weeks on the development of hypertension in spontaneously hyperten-
sive rats (Okano and Ohkubo, 2003b; Okano et al., 2005a). Experimental results indicated
that the static magnetic fields suppressed and retarded the development of hypertension
because of the reduction in plasma levels of both angiotesin II and aldosterone together
with lower levels of NO metabolites (NO,).

In addition, the antihypotensive effects of static magnetic fields on reserpine-induced
hypotensive rats were investigated (Okano et al., 2005b). The result suggested that expos-
ure to a 25-mT static magnetic field for several weeks suppressed the reserpine-induced
hypotension and bradykinesia through the inhibition of norepinephrine depletion.

Saunders (2005) commented that most of these studies were undertaken in the
context of the potential therapeutic effects of static magnetic field on various disorders.
Further studies with some independent replications are required even if the effects of
static magnetic field on both blood flow and blood pressure indicate possible medical
applications.

8.3.1.4 Neuroendocrine, Visual, and Neurophysiological Systems

Effects of static magnetic field exposures of 0.05puT to 80mT, and 7 T on the level of
melatonin in rat have been examined (Kroeker et al., 1996). The first experimental
exposure using field strengths of up to 80mT for 12h/d and 8d showed no significant
changes in night-time pineal and serum melatonin levels, as did the second experimental
exposure using 7 T for 45min. The visual system of the fruit fly (D. melanogaster) was
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investigated after an exposure to a zero magnetic field (Creanga et al., 2002). Adults from
pupae maintained in a zero magnetic field for 20h were used for the electroretinogram.
A significant increase in sensitivity of neural cells from the first optic ganglion was
indicated.

Osuga and Tatsuoka (1999) tested the effects of a 1.5-T static magnetic field by using an
MRI system application on neuroconduction in a partially active nerve in the bullfrog
(Rana catesbeiana). The action potential and nerve impedance measurements indicated that
a field strength of 1.5T had no effect on neuroconduction; therefore, it was determined
that neuroconduction in damaged nerves was not affected by the exposure.

8.3.1.5 Magneto-Mechanical Systems

Testorf et al. (2002) studied the influence of homogenous static magnetic fields of 8 and
14T on melanophore aggregation in black tetra (Gymmnocorymbus ternetzi). The result
showed no significant field effects on the aggregation after exposure to magnetic fields.

Effects of a 0.2-T static magnetic field on a normal human neuronal cell culture, FNC-
B4, has been investigated with MCF-7 and WEHI-3 cells as controls (Pacini et al., 1999b).
FNC-B4 cells changed their morphology after the exposure. Cells became elongated and
formed vortexes, while controls did not show any alteration. The morphological changes
in MRC-5 fibroblasts were evaluated as well (Pate et al., 2003). The cells were screened for
cell mobility, cell distribution, and cellular morphology (size, shape, lysis, and back-
ground). These cells were exposed to both a static magnetic field and a pulsating magnetic
field for a period of 0, 24, 48, and 72h. Although the static magnetic field-exposed cells
showed cell membrane damage and morphological change, as well as other interesting
findings that were included in the report, this report may not be useful because it did not
provide essential dosimetric data, such as strength of the field.

Danielyan et al. (1999) examined the effects of a 0.2-T static magnetic field on binding of
ouabain-H?, which is a specific inhibitor of Na*-K "-ATP-ase, in normal glandular breast
tissue and in cancerous breast tissue. The static magnetic field-induced decrease of
binding was considered as evidence for the dehydration effect of the field. This study
has indicated that the static magnetic field tested could influence the cancer cell’s metab-
olism through cell hydration changes. They investigated the effects of a 0.2-T static
magnetic field on the hydration of rat tissues (Danielyan and Ayrapetyan, 1999). They
assumed that the target for magnetic field action was the structured water of the cell.
Decreases in hydration and adaptation of brain, liver, and spleen and an increase in the
case of kidney were observed.

8.3.1.6 Musculoskeletal System

Yan et al. (1998) investigated the effects of static magnetic fields on bone formation of rat
femurs. They implanted magnetized samarium cobalt rods with a field strength of 180 mT
into rat femurs. The bone mineral density (BMD) and bone calcium content were meas-
ured 12weeks after implantation. Results indicated that the femurs adjacent to the
magnetized specimens had significantly higher BMD and calcium content. However,
BMD and calcium content levels were found to be normal in both magnetized and
unmagnetized specimen groups. The same research group further studied the effects of
a 180-mT static magnetic field on bone formation, using an ischemic rat femur model (Xu
et al., 2001). It was reported that the enhancement of the femoral bone formation was due
to the improved blood circulation in the femur.

Satow et al. (2001) observed the effect of a 0.65-T static magnetic field on muscle tension
in the neuromuscular preparation of the sartorius muscle of bullfrog (R. catesbeiana). The
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tension development was obtained by stimulation of the sciatic nerve or of the sartorius
muscle itself for a duration of 30 min. A decrease in muscle tension was observed. The
results indicated that application of the static magnetic field was responsible for tension
development.

8.3.2 Tissue, Molecular, and Cellular Studies

8.3.2.1 DNA and Chromatin

The exposure of isolated rat lymphocytes to a static magnetic field of 7mT for 3h did
not increase the number of damaged cells (Zmyslony et al, 2000). Although incubation
with 10 wg/ml FeCl, did not cause DNA damage, the number of damaged cells increased
when the FeCly-incubated lymphocytes were simultaneously exposed to the field.
A hypothesis for these observations was that the number of reactive oxygen species
generated by iron ions in cells might increase after the exposure to the magnetic field
(Jajte et al., 2002).

Binhi et al. (2001) have reported the effect of a weak static magnetic field on Escherichia
coli K12 AB1157 cells, by using anomalous viscosity time dependence (AVTD) assay
methods. The AVTD changes were found when the cells were exposed to static magnetic
field levels up to 110 uT. These results were consistent with the calculations of individual
rotations of the ion—protein complexes Ca%t, Mg”, and Zn%*, provided that all complexes
rotated at the same speed. They suggested that the rotation for all ion—protein complexes
is on the same carrier, such as DNA.

The effect of a zero magnetic field on the conformation of chromatin in human VH-10
fibroblasts and lymphocytes was investigated by the AVID method (Belyaev et al., 1997).
A decrease in the AVTD peaks was observed within 40-80 min of exposure to fibroblasts,
and this decrease was transient, disappearing 120 min after the beginning of exposure.
A similar effect of zero field was observed when cells were exposed for 20 min and kept at
an ambient field. They concluded that both zero field and +y-rays caused hypercondensa-
tion and decondensation of chromatin. Zero field effects were more significant in the
beginning of the G;-phase than in the Gy-phase in human lymphocytes.

Okuda et al. (1998) evaluated the effects of a 6.34-T static magnetic field on the
instability of microsatellite repetitive sequences in DNA mismatch repair (MMR)-
proficient and MMR-deficient cell lines, HeLa S3, and HCT116, respectively. After
exposure to the field, both cell lines exhibited no significant microsatellite sequence
changes. This result suggested that the static magnetic field might not induce the genetic
changes in microsatellite sequences.

8.3.2.2 Cell Growth, Cell Proliferation, and Cell Cycle

Potenza et al. (2004b) showed that E. coli cell growth and gene expression were affected by
a static magnetic field exposure level of 300 mT. Cell proliferation at the stationary phase
was increased by exposure to those cells growing in a modified medium culture contain-
ing glutamic acid; however, cell proliferation was not affected in those cells growing in
traditional Luria-Bertani (LB) medium. Gene expression differences were estimated by
differential display assays using arbitrary primers, and four genes were found to be
responsive to the static magnetic field. One clone, expressed only in the exposed cells,
corresponded to a putative transposase. Potenza et al. suggested that the static magnetic
field exposure might stimulate transposition activity.

Stansell et al. (2001) reported that antibiotic (piperacillin) resistance of the clinically
isolated E. coli was increased by the heterogenous static magnetic field exposure level of
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8-60 mT for 45 min. They suggested the observation may be unique to the particular strain
of E. coli or the specific antibiotic used. They did not suggest any mechanistic implication
for this observation.

Poiata et al. (2003) reported zero magnetic field effect on the antibiotic resistance of
E. coli strains isolated from human subjects. They used 26 E. coli strains and 5 different
antibiotics, ampicillin, ceftazidine, tetracycline, ofloxacin, and kanamycin. Approximately
one third of the tested strains was sensitive to the zero field treatment. Minimum
inhibitory concentrations (MICs) of each antibiotic for some strains were decreased by
zero magnetic field exposure, while the MICs for other strains were increased by the
exposure. Their mechanistic hypothesis, based on magnetic particles, did not support
these observations.

Ruiz-Gomez et al. (2004) showed that growth of the haploid yeast strain Saccharomyces
cerevisiae, a eukaryotic cell, was not affected by exposure to static magnetic field levels of
0.35 and 2.45mT.

Effects of a 0.2-T static magnetic field, generated by MRI alone or in combination with
vitamin D treatment, on cell damage and proliferation in the human breast cancer cell
MCF-7, human neuronal cell FNC-B4, and murine leukemia cell WEHI-3 have been
investigated (Pacini et al., 1999a). Three-hour exposures to the 0.2 T field had no effect
on the cell colony formation number in all three cell lines. Results demonstrated that [’H]
thymidine incorporation level decreased in MCF-7 and FNC-B4 cells, while no changes
were observed in WEHI-3. It was also demonstrated that the treatment of cells using
vitamin D had a permanent antiproliferative effect.

Long-term effects on proliferation of human fetal lung fibroblast (HFLF) cells of repeti-
tive exposure to a 1.5-T static magnetic field with exposure periods of 1h/d for 3 weeks
have been investigated (Wiskirchen et al., 1999). Results showed no changes in clonogenic
activity, DNA synthesis, cell cycle, and proliferation kinetics. In a following paper, effects
of static magnetic field levels of 0.2, 1.0, or 1.5 T on the cell cycle in both synchronized and
nonsynchronized HFLF cells were evaluated (Wiskirchen et al., 2000). The exposure
condition was 1h/d for 5 consecutive days. Results showed no significant differences
in cell cycle events between synchronized and nonsynchronized cells.

A series of research studies on growth enhancement by strong inhomogenous static
magnetic fields have been reported. Tsuchiya et al. (1996) showed that the growth of
E. coli was affected by both a strong homogenous static magnetic field strength of 7T and
inhomogenous field strengths of 5.2-6.1 or 3.2-6.7 T. In the stationary phase, the cell
number under a high magnetic field was about two to three times higher than that of a
control. The effect of the inhomogenous field was much stronger than that of the homo-
genous field. They also showed that the transcription activity of E. coli was enhanced by
the strong inhomogenous static magnetic field levels of 5.2-6.1T (Tsuchiya et al., 1999).
The transcription levels of the rpoS, gene which encodes sigma factor of RNA polymerase,
was increased in the stationary phase by the static magnetic field exposure. This tran-
scription factor is specifically activated during the stationary phase and plays an import-
ant role in the transcription control of other genes in the stationary phase.

Horiuchi et al. (2001) showed that E. coli cell death in the stationary phase was
suppressed by strong inhomogenous static magnetic field levels of 52-6.1T with a
gradient of 24 T/m and that the suppression was dependent on the addition of amino
acids to the LB medium. The addition of glutamic acid enhanced cell death as pH
increased in the stationary phase, and cell death was dramatically suppressed by the
field exposure. At the same time, rpoS gene expression was increased 20% by the field
exposure. They suggested that the increase of rpoS gene expression in the stationary phase
by the field exposure might be related to the base resistance because the rpoS-disrupted
strain showed a lower base resistance than the wild-type strain (Ishizaki et al., 2001). It has
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been shown that the medium supernatant, when used after the static magnetic field
exposure, could enhance the suppression of cell death (Horiuchi et al., 2002). The pH of
the medium after the static magnetic field exposure was only slightly different from that
of the control (by a factor of 0.07 pH), and pH-adjusted medium from both exposed and
control supernatants still had the suppression effect characteristics from the exposure to
static magnetic fields. It has been suggested that other factors also were involved in the
full suppression effect of cell death by the field exposure.

The growth advantage in stationary phase (GASP) phenomenon is described as follows.
When E. coli cells grown for 10d (aged culture) and E. coli cells grown only for 1d
(young culture) were mixed, the cell number of the young culture decreased, and the
population of the young culture was taken over by the aged culture, and eventually only
aged cells predominantly survived in the system. It has been found that the GASP
phenomenon disappeared with the exposure to strong inhomogenous static magnetic
field levels of 5.2-6.1T (Okuno et al., 2001). They suggested that the disruption of the
GASP phenomenon might be related to an effect on the rpoS gene by the static magnetic
field exposure.

Gray et al. (2000) evaluated static electric and magnetic field effects on the action
enhancement of the chemotherapeutic agent adriamycin in transplanted mammary ade-
nocarcinoma in female B6C3F1 mice. Treatment consisted of using 10 mg/kg of adriamy-
cin in combination with a 4-h exposure to a 110-mT field. Tumor regression in the
groups exposed to a static magnetic field was greater than in the group treated with
adriamycin only.

Tanioka et al. (1996) evaluated the effects of a 6.34-T static magnetic field on prolifer-
ation and metastatic activity in the B16 melanoma and EL-4 T-lymphoma cell lines. Cell
cultures were incubated in the presence of magnetic fields for 12, 24, 36, or 48 h at 37°C. It
was found that the proliferative and the metastatic activities of both cell lines were
promoted under certain conditions.

Tofani et al. (2003) exposed immunocompetent mice bearing either the murine Lewis
lung carcinoma or the B16 melanotic melanomas to static field levels of 3 and 4 mT and
treated them with two commonly used anticancer drugs, cisplatin and cyclophospha-
mide, respectively. The survival time of mice treated with cisplatin and exposure to the
magnetic fields was significantly longer than that of mice treated only with cisplatin or
only exposed to the magnetic fields, surpassing that of mice treated with 10 mg/kg i.p. of
the drug and showing that the magnetic field acts synergically with the pharmacological
treatment. When mice treated with cyclophosphamide were exposed to the magnetic
field, no synergic effects were observed. No clinical signs or toxicity were seen in any of
the mice exposed to the magnetic field alone or along with cisplatin or cyclophosphamide
treatment.

Raylman et al. (1996) studied the effects of exposure to a static magnetic field of 7 T for
64h on cell viability in three malignant human cell lines, melanoma (HTB 63), ovarian
carcinoma (HTB 77IP3), and lymphoma (Raji; CCL86). It has been reported that the static
field exposure reduced the viable cell count and appeared to inhibit cell growth.

Using two types of mammalian cells, mouse leukemia cells P388 and Chinese hamster
fibroblast cells V79, Sakurai et al. (1999) tested the effects on cell growth patterns of
exposure to a 7-T static magnetic field for up to 5d. No significant magnetic field effects
on cells were found.

In a series of papers (Kula, 1996; Kula and Drozbz, 1996a,b), the magnetic field effects
on cultured fibroblasts isolated from the BALB/c mouse have been investigated. The
fibroblast cultures were exposed to a static magnetic field of 0.49T and a 50-Hz AC
magnetic field of 0.02T for a time period of 2-64 min/d over four consecutive days. The
following parameters were studied: the dynamics of culture growth; protein content;
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thymidine incorporation; Zn, Fe, and Cu ion content; the activity of superoxide dismutase
(SOD) and catalase (CT); and glycosaminoglycan metabolism. The static magnetic field
exposure had no effect on both the vital functions and glycosaminoglycan metabolism
and did not show any changes in the free-radical process in fibroblasts. Kula et al. (2000)
further evaluated the activities of SOD, CT, glutathione peroxidase, and malondialdehyde
(MDA) in the livers and kidneys of rats exposed to a static magnetic field of 0.49T and a
50-Hz AC field of 0.018 T. While the 50-Hz magnetic field was found to influence free-
radical processes in both liver and kidney tissue, the static magnetic field showed no
effects. Magnetic field effects on the lipid peroxidation product, MDA, in mouse sub-
cellular fibroblast have been evaluated by the same protocol in a previous report (Kula
et al., 2002). It was found that exposure to a static magnetic field caused no changes in
peroxidation of membrane structures.

Effects with a combination of static and alternating magnetic fields on cell attachment
and induction of apoptosis in rat tendon fibroblast and rat bone marrow (RBM) osteo-
progenitor cells have been reported (Blumenthal et al., 1997). Experiments utilized
60-and 1000-Hz AC magnetic fields of up to 0.25mT_, and static magnetic fields of up
to 0.25mT. It was found that AC fields and static magnetic fields tested with various
combinations of field strengths and frequencies resulted in extensive detachment of
preattached cells and prevented the normal attachment of cells not previously attached
to substrates. Results suggested significant alterations in cell metabolism and cytoskel-
eton structure after the exposure.

Blanchard and Blackman (1994) proposed the ion parametric resonance (IPR) model for
the prediction of the interaction between magnetic fields and biological systems (see also
Chapter 9 on resonance phenomena by Liboff). According to the IPR model, the relation-
ships among the strength of a static magnetic field, the AC magnetic field frequency, and
the charge-to-mass ratio of ions of biological relevance were important key factors. Black-
man et al. (1996) tested the influence of magnetic fields on neurite outgrowth in PC-12
cells and showed that the PC-12 cell response to perpendicular AC and static magnetic
fields was distinct and predictably different from that found for parallel AC and static
magnetic fields. It has been reported that the response to perpendicular fields was
dominant in an intensity-dependent nonlinear manner.

The effects of the combination of AC and static magnetic fields on the behavior of
Friend erythroleukemia cells have been studied (Eremenko et al., 1996). The combined
fields were a geomagnetic field of 45 pT, together with a 70-.T field at 50 Hz which was
produced in a solenoid coil, and 20-nT DC and 2.5-pT AC fields in a magnetically
shielded room. It was found that the culture growth cycle of cells was slightly accelerated
inside the solenoid, and the degree of acceleration appeared to depend on sensitivity of
the cell cycle to the magnetic field. On the other hand, it was found that the culture
growth cycle of cells inside the magnetically shielded room was slightly decreased.

Effects of a static magnetic field exposure of 10 T for up to 4d on the rate of cell growth
or cell cycle distribution in Chinese hamster ovary (CHO-K1) cells have been investigated
(Nakahara et al., 2002). The exposure to the static magnetic field alone did not affect
micronucleus formation. In x-ray irradiated cells, exposure to the 10-T static magnetic
field resulted in a significant increase in micronucleus formation. Buemi et al. (2001)
examined the effects of a 0.5-mT static magnetic field on the cell proliferation and cell
death balance in monkey renal cells (VERO) and in rat cortical astrocyte cells. After 6 d of
exposure to the magnetic field, they observed the effects on cell proliferation and cell
death balance and suggested that the effects might vary depending on the cell type.
Magnetic fields may also have a nephropathogenic effect.

Tofani et al. (2001) investigated the role of magnetic field characteristics on the
growth of WiDr human colon adenocarcinoma, MCF-7 human breast adenocarcinoma,
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and MRC-5 embryonal lung fibroblast. Cell death induction was observed with a
magnetic field exposure of greater than 1 mT when the combined static magnetic field
and 50-Hz magnetic field was applied. The report showed that significant tumor growth
inhibition appeared when the total field strength was greater than 3.59 mT.

Schiffer et al. (2003) studied the effects of four different types of magnetic field appli-
cations on the cell cycle progression in two different tumor cell lines, the human acute
myeloid leukemia cell HL-60 and the mouse lymphoma cell EA2. The four types of
magnetic field applications used were (1) the static magnetic field of 1.5 and 7.05T, (2)
the magnetic gradient field with +10 and +100mT/m at 100 Hz; (3) the pulsed high
frequency magnetic field (5.8 uT at 63.6 MHz); and (4) the combination of (1)—(3). The
exposure duration ranged from 1 to 24h. Cell cycle fractions at Go/Gy, S, and G,/M
phases were analyzed by flow cytometry. Cell cycle analysis did not show differences
between the exposed and control cells. In conclusion, during MRI, no influence of
magnetic field on cell cycle progression was observed in these cell lines.

8.3.2.3 Cell Membrane and Cell Metabolic Activity

Chignell et al. (1998) studied the effects of static magnetic fields of 25-150mT on the
photohemolysis of human erythrocytes by ketoprofen. An application of a static magnetic
field during UV (>300nm) irradiation of ketoprofen and erythrocytes significantly
decreased the time required for photohemolysis. It has been suggested that the magnetic
field increases the concentration and lifetime of free radicals that escape from the radical pair.

Chionna et al. (2005) investigated the effects of a 6-mT static magnetic field, applied for
24 h, on cell shape, cell surface sugar residue, cytoskeleton, and apoptosis in the hepatic
transformed cell line Hep G2. Significant modifications of cell shape and surface by the
field exposure have been observed. The exposed cells were found to be elongated, with
many irregular microvilli randomly distributed on the cell surface. The shape of the cells
was found to be less flat at the end of the exposure, although the morphology of the
organelles remained unmodified throughout the exposure period. It has been reported
that cell proliferation was partially affected. Results suggested that the static magnetic
field caused a time-dependent biological effect on Hep G2 cells.

Sonnier et al. (2000) found that there were no effects from the exposure of static
magnetic field levels of 0.1, 0.5, 5, or 7.5mT, applied for 5sec, on resting potential in
cultured neuroblastoma cells. They also used the patch-clamp technique to measure
transmembrane Na®, K* currents in neuroblastoma cells SH-Sy5Y exposed to static
magnetic fields of up to 7.5mT (Sonnier et al., 2003). The magnetic field exposure did
not result in detectable changes in any of the action potential parameters.

Trabulsi et al. (1996) measured the excitatory postsynaptic potential (EPSP) after the
exposure of a mouse hippocampal slice to static magnetic field levels of 2-3mT and
8-10mT for a period of 20 min. They observed biphasic effects at 2-3 mT and depression
of EPSP at 8-10 mT. It has been suggested that changes in intracellular Ca®* concentration
were responsible for these effects. Isolated Helix aspersa neurons were exposed to static
magnetic field levels of 0.07-0.7 T, and their action potential was measured (Azanza and
del Moral, 1996). A decrease in the spike depolarization voltage has been observed, and it
has been attributed to desensitization of the membrane Na"-K*-ATP-ase pumps through
an anisotropic diamagnetism reorientation.

Wieraszko (2000) studied the effect of 2-3-mT static magnetic fields applied for 20 min
on the evoked potential response in B57/]56 mice hippocampal slices. Results, which
were based on measurements of hippocampal function, showed both an alteration of the
evoked potential and an effect on the influence of dantrolene, an inhibitor of intracellular
Ca*" channels.
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The voltage-activated calcium channel function in cultured GH3 cells has been inves-
tigated (Rosen, 1996). A static magnetic field of 120 mT was applied for 150 sec. Reversible
changes in calcium channel function were observed and were found to be temperature
dependent. Results indicated that these changes were a result of alterations in the
membrane proper because of the magnetically induced deformation.

Using the whole-cell patch-clamp technique, voltage-activated Na™ channels in GH3
cells were examined (Rosen, 2003). The effects of exposure to a static magnetic field
of 125mT for 150sec on voltage-gated Na* channel kinetics included a slight shift in
the current-voltage relationship, a 5% reduction in peak current, and an increase in the
activation time constant, T, during and at least 100 sec after the exposure to the field.
Significant changes were only observed at 35°C and 37°C. It was suggested that the
temperature dependence factor that affected this process was probably due to the greater
ease with which the liquid crystal membrane was deformed. Results suggested that the
changes might be due to the reorientation of diamagnetic anisotropic molecules in the
membrane. Hinch et al. (2005) showed the effects of static magnetic fields on action
potential propagation and excitation recovery in nerve. At a field level of 125mT, which
was the same condition previously used by Rosen, they did not observe major changes in
the electrical functioning of neurons.

Aldinucci et al. (2003a,b) investigated the effects of a 4.75-T static magnetic field
exposure applied for 1h, and also a 1-h exposure using combined fields of 4.75T with a
pulsed field of 0.7 mT, on proinflammatory cytokines, in human peripheral blood mono-
nuclear cells (PBMCs) and Jurkat cells. They measured Ca2+, proliferation, and the
eventual production of proinflammatory cytokines. The static magnetic field exposure
alone did not show any effects on the physiologic behavior of normal lymphocytes;
however, the combined static and alternating magnetic field exposure contributed syner-
gistically to the increase of [Ca*"],. The exposure of PBMCs was carried out in a static
magnetic field of 10T (Onodera et al., 2003). It was reported that the magnetic field
exposure reduced the viability of phytohemagglutinin (PHA)-activated T cells in both
CD4+ and CD8+ subclasses. Sabo et al. (2002) observed a decrease in the metabolic
activity of human promyelocytic leukemic cells HL-60 when exposed to a field of 1T
for 72 h. The decrease was also observed in the presence of antineoplastic drugs, which
included 5-fluorouracil, cisplatin, doxorubicin, and vincristine.

Miyamoto et al. (1996) studied the effects of strong 6-T homogenous magnetic fields on
both active and passive Rb" influx into HeLa cells. Using field exposures of 1.6T and
lower, and of 2.0 T, at various temperatures did not cause any changes in active or passive
Rb™ influxes.

Mouse islet of Langerhans cells have a very regular oscillation of calcium concentration.
Madec et al. (2003) showed no effects of combined AC and static magnetic fields on these
calcium oscillations in mouse islet of Langerhans.

8.3.2.4 Gene Expression and Signal Transduction

Fanelli et al. (1999) found a decrease of apoptosis in the human cell lines U937 and CEM,
following exposure to a static magnetic field of 600 pT. It was suggested that the protective
antiapoptotic effect was due to cellular modifications from the static field exposure, which
affected the ability of the cell to enhance Ca** influx from the extracellular medium. Cohly
et al. (2003) examined the effects of a 0.618-mT static magnetic field on a human osteoblast
cell line (MG-63) culture, in terms of proliferation, proline uptake, and gene expression.
Results showed that the exposure might be detrimental to bone formation.

Mnaimneh et al. (1996) investigated the effects of static magnetic field levels from 1 to
100mT and also an AC field of 1.6 mT delivered at 1 Hz on NO production by murine
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BCG-activated macrophages. No significant differences were observed in NO levels after
a 14-h exposure.

Brief exposure effects from a static magnetic field of 100 mT for 15 min on protein expres-
sion in cultured rat primary hippocampal cells have been reported (Hirai et al., 2002).
Expression of DNA binding activator protein-1 (AP-1), neural marker protein (MAP2), and
neural differentiation marker protein (GAP-43, c-Fos, Fos-B, Fra-2, c-Jun, Jun-B, and Jun-D)
were examined. Cytoplasmic Ca*" and lactate dehydrogenase activities were also analyzed.
It was found that exposure to the static field increased AP-1 DNA binding through expres-
sion of Fra-2, c-Jun, and Jun-D in immature cultured hippocampal neurons.

Flipo et al. (1998) examined in vitro effects of the static magnetic field levels of
2.5-150 mT applied for 24h on the mitogen response to concanavalin A, phagocytosis,
apoptosis, and Ca®" influx in C57Bl/6 murine macrophages, spleen lymphocytes, and
thymic cells. The exposure resulted in a decrease of phagocytosis, an inhibition of
mitogenic response in lymphocytes, and a marked increase of apoptosis in thymic cells.

Salerno et al. (1999) measured in vitro expressions of activation markers and interleukin
release in human PBMCs after exposure to a static magnetic field of 0.5T for 24 h. They
observed that the expression of CD69 at 0.5T was reduced after PHA stimulation.
Increases in interferon-y and interleukin 4L (IL-4L) releases were observed; however, no
changes in tumor necrosis factor a (TNF-a), IL-6, and IL-10 releases were observed.

Effects of a static magnetic field of 1.5 T applied for 240 min on human L-132 cells have
been investigated (Guisasola et al., 2002). Heat shock proteins hsp70, hsp27, and their
corresponding messenger RNAs (mRNAs), along with cyclic AMP and Ca”" ions were
analyzed. No field exposure effects were observed.

Effects of the exposure of HL-60 cells to a 6-T spatially inhomogenous magnetic field
with a strong gradient of 41.7 T/m and to a spatially homogenous magnetic field of 10T
have been studied (Hirose et al., 2003b). The expression of c-Jun protein increased in
HL-60 cells after exposure to the 6-T static magnetic field for 24, 36, 48, and 72 h.

Using budding yeast (S. cerevisiae) as a model for an in vitro biological test system,
Ikehata et al. (2003) examined the genome-wide gene expression profile of yeast cells after
exposure to 5- and 10-T fields for periods of 2 and 24 h. Exposure to static magnetic fields
did not affect gene expression. Slight changes in the expression of several genes were
observed after exposure to 14T for 24 h.

8.3.2.5 Genotoxicity

Previous studies have shown that static magnetic fields alone did not have a lethal effect
on cell growth and survival under normal culture conditions, regardless of the strength of
the magnetic field applied. Effects of 5-h exposures of HL-60 cells to 6-mT static magnetic
fields, with or without camptothecin, which is a DNA topoisomerase I inhibitor, have
been investigated (Teodori et al., 2002). Results indicated that the field exposure did not
cause apoptogenic or necrogenic effects. It was reported that exposure to the static
magnetic field alone or with camptothecin did not affect cell viability.

Potenza et al. (2004a) showed that the conformation of plasmid DNA was altered by
exposure to static magnetic fields of 250 mT. Various DNA point mutations were found,
while no DNA degradation was observed. It was shown that the DNA degradation from
H,0O, was accelerated by simultaneous field exposure; however, the plasmid DNA in
E. coli cells exposed to the same static magnetic field did not show any alteration. They
suggested that the magnetic field could change DNA stability directly or by activating the
reactivity of oxidant radicals. It has also been suggested that the genotoxic effect could be
minimized in living organisms by the presence of protective cellular responses, such as
the DNA repair system and the buffering action of heat shock proteins.
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In order to reveal the genetic effects of a 0.6-T static magnetic field, mutagen-sensitive
mutants of the fruit fly (D. melanogaster) were used for the somatic cell test (Koana et al.,
1995). It was shown that the exposure resulted in damaging effects in larval cellular DNA,
and somatic cells without normal DNA repair functions failed to continue cell division,
which resulted in developmental lethality of mutant larvae. The genotoxic activity of
the field exposure was estimated to be the same as that of UV irradiation with 0.14m]/
m?”/sec. Further study has been conducted with D. melanogaster using a wing spot test to
estimate possible mutagenic or carcinogenic activity of the static magnetic field (Koana
et al., 1997). A DNA repair defective mutation mei-41”° was introduced into the conven-
tional mwh/flr test system to enhance mutant spot frequency. Third-instar larvae were
exposed to a field of 5T for 24 h. It was shown that the exposure significantly enhanced
the somatic recombination, and the recombination was found to be suppressed by
supplementation of vitamin E. Results indicated that the magnetic field enhanced the
genotoxic effects of spontaneously produced free radicals (Takashima et al., 2004).

In a report describing the investigations of whether static magnetic fields have cyto-
genetic effects in BALB/c AnNCrj male mouse bone marrow cells, Suzuki et al. (2001)
indicated that the frequency of micronuclei was significantly increased by exposure to a
3-T field for 48 and 72 or a 4.7-T field for 24, 48, and 72 h. The increase in micronucleus
frequency was shown to be dose dependent.

Micronuclei in cells have been used as an indicator of DNA damage. A study for in vitro
assessment of the effects of a 4.7-T static magnetic field on the frequency of micronucleated
cells in the Chinese hamster CHL/IU cell line with preexisting damage induced by
exposure to mitomycin C (MMC) has been carried out (Okonogi et al., 1996). Results
indicated a decrease in the frequency of micronuclei formation after 6 h of exposure and
also the influence of the static magnetic field on the DNA damage stage produced by MMC.

An E. coli mutation assay has been carried out to assess the mutagenic effects of strong
static magnetic fields (Zhang et al., 2003). Results obtained with a wild-type E. coli strain
GC4468 and several derivatives, which were defective in DNA repair enzymes or redox-
regulating enzymes, showed no effects of the exposure in terms of the survival rate of cells.
On the other hand, the mutation frequency was significantly increased by exposure to the
9-T static magnetic field for 24 h in soxR and sodAsodB mutants, which were defective in
their defense mechanism against oxidative stress. Results indicated that static magnetic
fields induced mutations by increasing the production of intracellular superoxide radicals.

Ikehata et al. (1999) reported that 2- and 5-T static magnetic fields did not have
mutagenic potential in a bacterial mutation test using Salmonella typhimurium (TA9S,
TA100, TA1535, and TA1537) and E. coli (WP2 uvrA) strains. They also reported that
the exposure resulted in an increased mutation rate of the WP2 uvrA strain when
induced by the agents N-ethyl-N'- nitro-N-nitrosoguanidine (ENNG), N-methyl-N'-nitro-
N-nitrosoguanidine (MNNG), ethylmethanesulfonate (EMS), 4-nitroquinoline-N-oxide
(4NQO), 2-amino-3-methyl-3H-imidazo-[4,5-f]-quinoline (IQ), and 2-(2-furyl)-3-(5-nitro-2-
fulyl) acrylamide (AF-2). The mutagenicities of 2-aminoanthracene (2-AA), 9-aminoacridine
(9-AA), N-4-aminocytidine, and 2-acetoamidofluorene (2-AAF) were not affected by
the exposure. The bacterial growth did not change after the exposure. They suggested
that the mechanism of these effects might be related to in vitro interactions between the
chemicals and DNA and to repair systems in the test strains.

8.3.2.6 Cell-Free System, Free Radical, Enzyme Activity

Markov and Pilla (1994, 1997) studied the Ca”>"/calmodulin-dependent myosin phos-
phorylation and observed magnetic field effects of 44-u.T, ambient, and 200-w.T vertical
fields for 5min on the Ca®* binding property. Phosphorylation increased up to at 200 uT
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depending on the [Ca®'] concentration. The magnetic field effect disappeared as [Ca®"]
approached saturation for calmodulin. They emphasized that very small alterations in
ambient level static magnetic fields are sufficient to have a profound effect on a cell-free
enzyme system. In an attempt to replicate the results of Markov and Pilla, Coulton et al.
(2000) saw no effects on myosin phosphoration in a cell-free system in vertical static
magnetic fields up to 400 wT. As a result, in this experiment, no effects of static magnetic
fields on the calcium/calmodulin binding property were observed. Engstrom et al. (2002)
investigated the effects of nonuniform static magnetic fields of 0.7-87 mT with a gradient
of 0.4-20T/m for a period of 5min on myosin phosphorylation and reported that the
magnetic field exerted an influence on the rate of myosin phosphorylation. Increased
phosphorylation was observed. It can be seen that the magnetic field gradients played a
specific role in this experiment. Liboff et al. (2003) investigated the effect of a 30-min
exposure to a static magnetic field of 20 wT on calmodulin-dependent cyclic nucleotide
phosphodiesterase activity in cell-free systems and reported that the activity was altered
in comparison to zero magnetic field exposures.

After studying the theoretical background of a cell-free system—Ca>"/calmodulin-
dependent myosin light chain phosphorylation reaction—Markov (2004a,b) designed
experiments to test the effects of a pulsed radio frequency (RF) field, pulsating magnetic
fields, gradient magnetic fields, and homogenous static magnetic fields on this cell-free
system. He suggested that the magnetic fields affect the cell-free enzyme system by
modulating ion—protein interactions.

Watanabe et al. (1997) measured and evaluated lipid peroxidation in the liver, kidneys,
heart, lung, and brain of 8-week-old male BALB/c mice. The mice were exposed to 3.0-
and 4.7-T fields for 3-48h. The lipid peroxidation level in the liver was increased after
exposure to the 4.7-T field. In kidney, heart, lung, and brain, no changes in the level of
lipid peroxidation were observed compared to the control. The exposure to the 3.0-T field
showed no alteration of the lipid peroxide level in all the tissues. The combination of CCl,
administration and 4.7-T field exposure increased the lipid peroxidation level in the liver.
It was concluded that the exposure to high static magnetic fields could induce the increase
of lipid peroxidation levels in the liver of mice and could enhance the hepatotoxicity
caused by CCly injection.

Using fireflies, Hotaria parvula and Luciola cruciata, as bioluminescence systems,
Iwasaka and Ueno (1998a) studied the effects of 8- and 14-T static magnetic fields on
the emission of light. They showed that changes in the emission intensities under a
magnetic field were related to the change in certain biochemical systems of the firefly,
systems such as the enzymatic process of luciferase and the excited singlet state respon-
sible for subsequent light emission.

Zhadin et al. (1998) have undertaken experiments that investigated the combined action
of static and AC magnetic fields on ionic current in aqueous glutamic acid solution.
Results showed that the combined parallel static and AC magnetic field causes a rapid
change in the ionic current flow when the AC frequency is equal to the cyclotron
frequency.

During the last few years, Brocklehurst and McLauchlan (1996) discussed the free
radical mechanism involved in the observed effects of environmental electromagnetic
fields on biological systems. Grissom and Natarajan (1997) summarized the theory of
magnetic field effects on chemical and enzymatic reactions. Magnetic field effects
have been used as a powerful technique to study enzymatic and chemical reactions
with radical pair intermediates. They suggested that the coenzyme B;,-dependent
enzymes with radical pair intermediates are well suited for the study of this effect.
Taoka et al. (1997) tested the magnetic field effects on coenzyme Bi,-dependent
enzymes. The end point was that ethanolamine ammonia lyase and human enzyme
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methylmalonyl-coenzyme A mutase catalyze coenzyme Bi,-dependent rearrangement
reactions. While the end point was affected, the authors speculate that the change
would have little physiological significance.

Eichwald and Walleczek (1996) showed a model for magnetic field effects on radical
pair recombination in enzyme kinetics. The magnetic field effects in radical pair chemistry
have been reviewed (Grissom, 1995; Brocklehurst, 2002; see also Chapter 6 on free radicals
by Engstrom).

8.4 Miscellaneous

8.4.1 Biological Sensing and Magnetite

Many studies have suggested that the magnetic field is an important marker for animal
navigation and spatial discrimination (Wiltschko and Wiltschko, 1995). The blind mole-
rat (Spalax ehrenbergi) was used as a model to examine the possibility of the perception
and use of magnetic fields in their orientation in space (Kimchi and Terkel, 2001).
Experiments were performed in an eight-arm maze under Earth’s natural and artificial
magnetic fields. Results showed that the blind mole-rat was able to perceive and use
Earth’s magnetic field to orient in space. Kimchi and Terkel showed that blind mole-rats
spontaneously preferred to place their nests toward the south of the magnetic North.
Deutchlander et al. (2003) showed that Siberian hamsters (Phodopus sungorus) used direc-
tional information from the magnetic field to set a position for their nests. In contrast to
blind mole-rats, the directional preference for nest position demonstrated by Siberian
hamsters appeared to be a learned response.

Since the neural substrate subserving magnetic orientation is not known, the combin-
ation of two techniques, a behavioral test for magnetic compass orientation and an
immunocytochemical visualization of the transcription factor c-Fos as a neuronal activity
marker, has been used to investigate magnetoreception in the mole rat (Crytomys anselli)
(Nemec et al., 2001). Nemec et al. found that the superior colliculus of the hypothalamus
contained neurons that would respond to magnetic stimuli, and thus determined the
involvement of a specific mammalian brain structure in magnetoreception.

Edmond (1996) showed that a very sensitive magnetic compass is formed by the
incorporation of a small quantity of ferromagnetic, single-domain crystals, such as mag-
netite, within a nematic liquid crystal. Winklhofer et al. (2001) localized high concentra-
tions of Fe>" in the upper-beak skin of homing pigeons (Columba livia), and identified the
materials of magnetite nanocrystals as the core of a magnetic field receptor.

Lohman et al. (2001) found that hatchling loggerhead sea turtles (Caretta caretta), when
they were exposed to magnetic fields found in three widely separated oceanic regions,
swam in the direction that would help to keep them within the currents of the North
Atlantic gyre and facilitate their migratory pathway. It was found that young loggerheads
used a guidance system of magnetic fields to assist in their navigation.

Although the mechanism of magnetoreception has not been clearly identified, geomag-
netic orientation has been well recognized. A biophysical model has shown that changes
in the wavelength of light can influence magnetic field orientation through the interaction
between the geomagnetic field and photoreceptors. Deutschlander et al. (1999a) found
that light-dependent orientation in the newt (Notophthalmus viridescens), was mediated by
extraocular photoreceptors located in the pineal complex or deeper in the brain. Using
newts, Phillips et al. (2001, 2002b) showed the role of photoreceptors in magnetic compass
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orientation and the magnetic inclination for deriving map information. They investigated
the possibility that the fixed-axis response of the newts was mediated by a magnetorecep-
tion mechanism involving single-domain particles of magnetite (Phillips et al., 2002a).

There are several explanations for the magnetic sensitivity in fish. The aquatic animal
might perceive an electric voltage induced by the water current or by its own movement
in the geomagnetic fields. Elasmobranch fish such as sharks, skates, and rays are known
to possess a sensitivity to the induced electric field through the sensory organs called the
ampullae of Lorenzini.

Yano et al. (1997) studied the migrating behavior of the chum salmon (Oncorhynchus
keta) fitted with a magnet to investigate the role of magnetic compass orientation in the
North Pacific off the coast of Kushiro, Hokkaido. The magnetic field strength was about
0.6 mT around the head area, with polarity changes every 11.25 min. There were no effects
observed on the movement of salmon.

Effects of electric and magnetic fields have been observed in the behavior of marine
animals and freshwater and terrestrial species. In addition, there are a growing number of
questions concerning the effect on aquatic ecosystems of the growing spread of artificial
techniques such as underwater sea DC cables. There are many underwater DC cables
under various seas all over the world, which carry electrical currents (see also Chapter 1
on fields in the environment by Mild and Greenebaum). These electric currents induce
static magnetic fields with intensities up to 3.5mT around cables on the sea bottom, where
there are many invertebrate and vertebrate species. Research has been carried out to
examine whether the exposure to magnetic fields of 3.7mT for several weeks could
influence the survival rate and fitness of common benthic animals of the Baltic Sea
(Bochert and Zettler, 2004). The investigation was carried out on the crustacean (Crangon
crangon, Rhithropanopeus harrisii, and Saduria entomon); the mussel (Mytilus edulis); and the
flounder (Planthichthys flesus). Results showed no differences between experimental and
control animals. Since this is the first study for investigating the effects of static magnetic
fields generated by sea-positioned DC cables, on aquatic organisms and marine benthic
animals, further studies are required.

In a study to confirm the magnetite-based detection mechanism in rainbow trout
(O. mykiss), magnetic crystals in the area of olfactory lamellae were found, and the
arrangement of several magnetic crystals in a chain of about 1 wm has been confirmed
(Diebel et al., 2000).

It was shown that magnetizable material abolishes the behavior of bobolink (Dolichonyx
oryzivorus) by blocking the ophthalmic branch of the trigeminal nerve (Beason and Semm,
1996). The result was consistent with the hypothesis that magnetite is a constituent of the
magnetoreceptors associated with the ophthalmic nerve.

It is suggested that migratory birds, amphibians, and reptiles may have the ability to
sense the geomagnetic field and use it as a source of compass information. Phillips (1996)
presented a graphical model that predicts qualitatively the changes in the direction of
homing orientation. Munro et al. (1997) investigated the effect of pulse remagnetization
on the orientation of inexperienced, juvenile migrant birds, such as the Australian silver-
eye (Zosterops I. lateralis). The ability of juvenile birds to maintain their normal magnetic
orientation after pulse application indicated that the pulse does not impair the magnetic
compass. On the other hand, the deflection observed in adult birds after pulse treatment
appeared to reflect ““false”” map information, which leads to a change in course. This is
consistent with evidence that the magnetic compass involves light-dependent magnetor-
eception mechanisms.

Wiltschko and Wiltschko (2001) studied the behavior of European robins (Erithacus
rubecula), under monochromatic light of various wavelengths and intensities to investi-
gate magnetoreception. At a quantal flux of 7 x 10" quanta/sec/m?, the birds were well
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oriented in their migratory direction under 424 nm blue, 510nm turquoise, and 565nm
green, whereas they were disoriented under 590nm yellow. Changes in behavior
depended on increasing the light intensity. This finding suggested that light-dependent
magnetoreception may involve receptors and a neuronal pathway of its own.

Ritz et al. (2000) postulated the possibility that magnetoreception involves radical pair
processes as a biophysical mechanism. They first considered a system of radical pairs as a
model for the magnetic sensory organ and evaluated the influence of the geomagnetic
field on radical pair systems. European robins (E. rubecula), were used in this study, and
the results showed the disruption of magnetic orientation behavior of robins when
exposed to a vertically aligned broadband field of 0.1-10 MHz and 0.085 u.T or the single
frequency of 7MHz and 0.47 uT, together with the geomagnetic field (Ritz et al., 2004).
The disorientation observed was found to depend on the angle between the 7-MHz
oscillating field and the geomagnetic field. The robins oriented in the migratory direction
when the oscillating field was parallel to the geomagnetic field. The author suggested a
magnetic compass based on a radical pair mechanism, due to the resonance effect on
singlet-triplet transitions in the oscillating fields.

Fuller suggested the significance of the time constants of magnetic field sensitivity in
animals (Fuller and Dobson, 2005). Conditioning experiments have had great success in the
analysis of animal sensory physiology. Wiltschko and Wiltschko (1996) commented that
the conditioning technique did not appear to be suitable for testing magnetic sensitivity.

Some insects are able to respond to magnetic fields, especially the geomagnetic field.
Mosquitoes were tested for the presence of remanent ferromagnetic material and their
behavioral response to magnetic fields. Most mosquitoes, when placed in a uniform static
magnetic field of 0.1 mT, moved around until they were oriented parallel to the field. It
was reported that a significant remanence found on the surface of both living and dead
mosquitoes might be due to attraction of ferromagnetic dust onto the body (Strickman
et al., 2000). It is well-known that magnetic fields influence honey bee behavior, moth
navigation, beetle larvae, the behavior of hatchling loggerhead sea turtles, migration of
birds, etc. Slowik et al. (1997b) speculated that the red imported fire ant (Solenopsis invicta)
might use magnetic field information in their nesting activities and in orientation, since
their first observation suggested that fire ant workers moved as a colony toward the
magnetic field. In a second paper, Slowik et al. (1997a) suggested the presence of small
amounts of ferromagnetic material in fire ants.

Many review papers have been published during the last few years. Deuschlander et al.
(1999b) and Wiltschko and Wiltschko (2002) reviewed the light-dependent magnetorecep-
tion in animals. Lohmann and Johnsen (2000) described the difference between a mag-
netic directional sense and a magnetic map sense and reviewed the three hypotheses of
vertebrate magnetoreception.

8.4.2 Plant Growth, Response, and Magnetotropism

The enhancement of plant growth using various magnetic field applications has been
reported by many researchers (Phirke et al., 1996). Effects of magnetic fields on seed
germination, crop growth, physiological response, sporulation, water uptake, and rate of
seed have been studied; however, there has been no consistency in results among the
various reports.

Studies directed toward investigating the effects of magnetic field treatment on seeds
and water in terms of the rate and percentage of germination of rice (Oryza sativa L.) and
on the length and weight of germinating barley (Hordeum vulgare L.) and wheat (Triticum
aestivum L.) have been carried out (Carbonell et al., 2000; Martinez et al., 2000, 2002). The
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field strength ranged from 125 to 250 mT depending on the research strategies. Results by
Carbonell et al. showed that the rate and percentage of germination increased after chronic
exposure to 150-mT fields. Magnetically treated water was found to improve the germin-
ation of rice seeds. Martinez et al. (2000) showed that the magnetic field increased the
length and weight of barley seed, and the degree of this effect depended on the duration of
exposure. Effects of magnetic biostimulation on the initial growth stages of wheat, with an
exposure duration of 0, 1, 10, 20min, 1h, 24h, and chronic exposure were investigated
(Martinez et al., 2002). In the report, they defined the magnetic doses in terms of magnetic
field energy density (J/m®). An increase in plant height had been observed as the magnetic
dose increased; thus, it was suggested that the stimulatory effects might be related to the
amount of magnetic field energy. Florez et al. (2004) investigated the effects of 125- and
250-mT static magnetic fields on the germination and the initial growth stages of rice seeds
(O. sativa L.). The seeds were exposed to the magnetic fields for various time durations, and
the germination time was found to be shortened when the seeds were exposed to these
fields. The seeds’ maximum length and weight were obtained for the chronic exposure. It
was shown that magnetic treatments, when applied under specific conditions, affected
germination and the first stage of growth.

Piatti et al. (2002) investigated the effects of inhomogenous static magnetic fields ranging
between 6 and 10mT on the growth and viability of the plant-growing bacteria Serratia
marcescens, barley callus cells (Hordeum vulgare), and blackberry (Rubus fructiosus). While
there was no field effect observed on blackberry cells, it was found that the exposure
reduced the number of bacterial cells and lowered both the number and the viability of
barley cells. Diamagnetic susceptibility and root growth response to magnetic field expos-
ure on three plant species, Lens culinaris, Glycine soja, and T. aestivum were investigated
(Penuelas et al., 2004). Magnetic fields of 17.6 mT reduced root growth in all three plants.
The field strength of 2.1 mT had no significant effect on reduction in the cereal T. aestivum.

Among the many studies that examined gradient magnetic field effects on various engin-
eering, biological, and physicochemical phenomena, a study of effects of gradient magnetic
fields of up to 10 T on the germination and growing process of cucumber (Cucumis sativus L.)
was carried out (Hirota et al., 1999). It was found that the shoot germinated toward the field
center, whereas the root grew in the opposite direction of the shoot. This observation seemed
to be a result of the magnetic force influencing the geotaxis of the cucumber.

After calculating the magnetic field dependence of the ionic current density across the
cellular membrane, Reina and colleagues examined the effects of 0-10mT static magnetic
fields on the amount and rate of water absorption in the lettuce seed cell membrane (Lactuca
sativa) in order to compare the calculated and experimental results (Reina and Pascual,
2001; Reina et al., 2001). Theoretical calculations showed that the static magnetic field
induced changes in the ionic concentration and in the osmotic pressure, which regulates
the entrance of water into the seeds. The magnetic field exposure was 10 min in a Helm-
holtz coil, and this was carried out immediately before placing the seeds in water inside a
climatized room. The investigators demonstrated a close correlation between their theor-
etical calculations and the actual experimental results. It was shown that exposure to the
static magnetic fields altered the water absorption in seeds, which may possibly explain the
change of germination rate. Adair (2002) discussed and questioned these results. Amyan
and Ayrapetyan (2004) investigated changes in the wet and dry weight of barley seed after
treatment by static magnetic field levels of 1.25, 2.50, and 3.75mT. Seed treatment was
carried out in cold (4°C) and warm (20°C) distilled water. After pretreatment by the fields,
the seeds were incubated for 72 h. Results suggested that effects depend on not only the
field strength but also the incubation time period.

Growth and sporulation of phytopathogenic microscopic fungi have been investigated
under exposure to a static magnetic field that ranged from 0.1 to 1 mT (Nagy, 2004). It was
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shown that the growth was decreased by the magnetic field exposures. Increases in the
number of developed conidia of Alternaria alternata and Curvularia inaequalis and a
decrease in the number of Fusarium oxysporum conidia have been observed as well.

Effects of combined AC and DC magnetic fields on the germination of hornwort seed
(Cryptotaenia japonica Hassk) have been reported by Kobayashi et al. (2004). They tested
three directions of the AC magnetic field, which were vertical, parallel, and perpendicular
to the direction of total geomagnetic field (DC). The frequency and strength of the AC
magnetic fields ranged between 3.5 and 14 Hz and 500 and 750 wT. The total geomagnetic
field was 50 uT. The seeds were exposed to the fields for 16d at 24h/d. The vertical AC
magnetic field applied simultaneously with the DC field was found to promote the
germination of seeds. Field level applications of 7 Hz, 750 T and 14 Hz, 500 pT showed
the maximum effects.

Effects of static magnetic fields ranging from 0 to 350 wT on gravitropic bending in the
apical stem segments of flax seedlings (Linum bienne) have been investigated (Belova and
Lednev, 2001). In comparison with the control group kept in a geomagnetic field of
46.5 i T, stimulation of the gravitropic bending was observed at 0 < Bpc < 2T and 200
< Bpc < 350 wT, and inhibition was observed at 100 < Bpc < 170 u.T.

Investigations of static magnetic field effects on the curvature of primary roots of radish
seedling (Raphanus sativus L.) have been carried out (Yano et al., 2001). When radish roots
were exposed to an inhomogenous static magnetic field, they responded to the south pole
of the magnet. Trophic response was found at a field level of 13-68 mT with a gradient of
1.8-14.7T/m. A small response to the north pole of the magnet was found as well.

Jovanic and Sarvan (2004) studied the effects of static magnetic fields on fluorescence
spectra and leaf temperature in intact plant bean (Phaseolus vulgaris L.) The field strengths
were as high as 160mT, and the plant was grown for 3weeks. It was reported that
significant changes in fluorescence spectra and leaf temperature were induced after the
field exposure. An increase of fluorescence intensity ratio and changes in leaf temperature
AT were observed in parallel with increase in field intensity.

8.4.3 Magnetotaxis

There have been many studies reporting that magnetic fields affect the swimming behav-
ior of Paramecium. A decrease in swimming velocity and an increase in the frequency of
directional changes were observed after exposure to a magnetic field of 0.126 T during a
motility study of Paramecium (Rosen and Rosen, 1990). Nakaoka et al. (2002) found that a
typical ciliated protozoan, Paramecium, swam perpendicular to a static magnetic field of
0.68 T. It was suggested that the diamagnetic anisotropy of cellular components cilia and
trichocysts was important for the magnetic orientation of their swimming.

Effects of horizontal magnetic fields on the movement of Euglena gracilis (ca. 50 um in
length) have been reported (Tanimoto et al., 2001). When the horizontal magnetic field with
a gradient of ca. 400 T?/m was applied, living E. gracilis moved to the higher field (positive
magnetotaxis), whereas dead E. gracilis moved to the opposite, lower field. E. gracilis was
found to be oriented perpendicularly to the magnetic field regardless of whether they were
alive or dead. Thus, magnetotaxis of living E. gracilis may be explained by taking into
account both the environmental inhomogenous magnetic forces and the magnetic orienta-
tion of E. gracilis. In contrast, magnetotaxis was not observed in a uniform magnetic field of
8 T. Effects of strong magnetic field gradient (max. 8 T, ca. 400 T?>/m) on the movement of
E. coli have been investigated (Tanimoto et al., 2005). E. coli cells were placed in a 5mm
(diameter) x 150 mm (length) glass tube containing viscous media that flowed in the tube.
The speed at zero field was 0.65 cm/h. The observed velocities of the movement from a
high field (8 T) to a low field (1.5T) and the movement in the opposite direction around
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were 1.35 and 0.49 cm/h, respectively. Diamagnetic E. coli experienced a repulsive behav-
ior to magnetic forces of increased magnetic gradient. Therefore, it has been speculated that
the velocity of E. coli would be accelerated toward the direction of the lower-strength field,
while it would be decelerated in the direction of the stronger fields. Results suggested the
magnetic force specifically, could be an important mechanism of magnetic field effects
when a low-frequency high magnetic field was applied, since the microorganism might
respond to mechanical stress due to alternating magnetic forces.

8.4.4 Others

As an initial study for investigating the relationship between magnetic fields and amoe-
bae, Berk et al. (1997) examined the inhibitory effects of static magnetic fields on the
population growth of amoebae. They tested three species, Acanthamoeba hatcheii, Acantha-
moeba castellanii, and Acanthamoeba polyphaga. Amoebae were exposed to magnetic field
strengths of 71 and 106.5 mT with an exposure duration up to 72h. Results showed that
magnetic fields decreased the growth of all three potentially pathogenic ameba popula-
tions significantly within 72 h. It was reported that the inhibitory effect did not depend on
the field strength, and it was shown that this research would be important and advanta-
geous in the development of disinfection strategies for surface material, such as the
surface of contact lenses.

Rai et al. (1997) investigated the effects of a 0.1-T static magnetic field on the electrical
parameters of goat eye lens. Under magnetic field application, the complex impedance
between real and imaginary parts was obtained in the form of a Cole-Cole plot. It was
reported that the static magnetic field altered the current flow in the tissue.

Iwasaka and Ueno (1998b) investigated the effects of a static magnetic field of up to 14 T
on the near-infrared spectrum of water molecules and glucose solutions. They demon-
strated the possibility that the static magnetic field affected the formation of hydrogen
bonds of water molecules and the hydration of glucose molecules.

Morariu et al. (2000) exposed human blood samples to zero magnetic fields for 72 h in
order to observe the aging process of erythrocytes. The control samples were kept in a
normal geomagnetic field. In a zero magnetic field, increases in the rate of Na™ and Ca*"
influx, in the rate of K" outflow, and in homolysis were observed. Reduction in Na*-K*-
ATPase and Ca?"-ATPase activities has been observed in a zero magnetic field; thus, zero
fields significantly accelerated the aging of erythocytes. Effects of zero magnetic fields
were further investigated on Zn and Cu concentrations in the human blood serum during
in vitro aging of blood with a 48-h exposure (Ciortea et al., 2001). Blood samples were
collected from both healthy donors and chronic bronchial asthma (BA) patients. While the
Zn concentration was not found to be affected by the zero magnetic field exposure, Cu
concentration was found to be sensitive to this field. It was also reported that the aging
effect appeared to be decelerated for most BA types.

8.5 Medical Applications
8.5.1 Biomagnetic Phenomena

Biomagnetic phenomena for different intensities of magnetic fields and their frequency
are shown in Figure 8.1. It is important to know the intensities and frequencies of
magnetic fields involved in biomagnetic phenomena while discussing the relationship
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FIGURE 8.1
Biomagnetic phenomena for medical and therapeutic application.

between magnetism and living organisms. Regarding the effects of magnetism on living
organisms, it should be realized that the actions of static and variable magnetic fields
differ from each other in terms of the fundamental mechanism.

Studies on the biological effects of electromagnetic fields have resulted in significant
developments in medical applications for electromagnetic fields, after the development of
high-strength superconducting magnets. TMS, measurement of biomagnetic fields with
the superconducting quantum interference device (SQUID), and MRI are the three main-
stays of these medical applications. These techniques have also been leading the amazing
progress in the understanding of the brain function. TMS locally stimulates the human
cerebral cortex with millimeter-order spatial resolution from a figure-eight coil placed
on the skull. A three-dimensional imaging of the brain neuron function has been enabled
by utilization of SQUID in magnetoencephalography (MEG), functional magnetic
resonance imaging (fMRI), and current-distribution MRI. Results from TMS and imaging
studies indicate potential applications of biomagnetics in brain science and clinical
neuropsychiatry.

In TMS, when a strong electric current is applied to a figure-eight coil positioned over the
head for 0.1-0.2 ms, a pulsed magnetic field of 1 T is produced. This pulsed magnetic field
generates eddy currents in the brain, which excite the targeted area of the nervous system.

Incidentally, unconscious and uncontrolled exposure of the brain to high-frequency
electromagnetic waves has been increasing with the recent, rapid widespread use of
cellular phones by the general public. Cellular phones in Japan are designed for operation
with a frequency of 800 MHz and a microwave of 1.5 GHz (see Chapter 1 on environmental
exposures by Mild and Greenebaum).
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In biomagnetic measurements, MEG associated with auditory brain stem response is of
the order of 10" T (1fT), and it can be measured on the extremum of the sensitivity
limitation of the SQUID gradiometer (Erne et al., 1988; Iramina and Ueno, 1995). In 10712T
(1pT)-order measurements, while a-wave spontaneous MEG can be detected without a
signal-averaging technique, the technique is required to increase a signal-to-noise ratio
(SNR) in order to detect various evoked responses and brain stem responses.

The recent development of noninvasive brain function measurement technologies, such
as MEG and fMRI, has been contributing to the rapid progress in brain science research.
Scientific discussions of mental problems such as thinking and psychomotor activities
(e.g., joy, anger, sadness, and happiness) in terms of brain function became possible with
the development of these new technologies.

In static magnetic fields of a few tesla, fibrin polymers, which are involved in blood
coagulation, orient parallel to the magnetic fields in the course of polymerization (Yamagishi
et al., 1989; Ueno et al., 1993). Furthermore, magnetic alteration of blood coagulation and
dissolution processes by magnetic fields and magnetic orientation of biopolymers, such
as fibrin and collagen, have been observed. These findings introduce a new aspect of
biomagnetic applications in the regulation of living systems and biological materials.

8.5.2 Transcranial Magnetic Stimulation

TMS is the technique of locally applying magnetic stimulation by a strong pulsed mag-
netic field on the order of 1T transcranially to the brain. When a strong electric current is
applied to a figure-eight coil placed over the head for 150 ws, a pulsed magnetic field on
the order of 1T is produced that generates eddy currents in the brain, which excite the
nervous system. The first study of magnetic stimulation in a human brain by Barker et al.
(1985) utilized single coils; thus, localized magnetic stimulation of a targeted portion of
the human brain was impossible. The localized vectorial magnetic stimulation of a human
cortex using a figure-eight coil was developed by Ueno et al. (1978, 1986b, 1988, 1989,
1990a,b, 1991), which enabled stimulation of the motor cortex of a human brain at 5-mm
resolution. Localized magnetic stimulation contributed to the creation of functional maps
of the motor cortex related to hand and foot areas. An optimal direction of probe
placement for the targeting of stimulating currents, which induce neural excitation in
each functional area of the cortex, based on functional maps was observed, the so-called
vectorial feature. Variations in the functional maps of the cortex with changes in orienta-
tion of the stimulating current were observed as well. It is proven that the vectorial feature
allows for studies that reflect both functional and anatomical organizations of neural
fibers in the brain. Localized magnetic nerve stimulation of the brain is suitable for
investigations of brain function and construction without damaging any tissues.

Applications of TMS temporarily disturb brain function, which results in a virtual
lesion in the brain. Zangaladze et al. (1999) showed that the disruption of the function
of the occipital cortex with the use of focal TMS interferes with the tactile discrimination
of grating orientation. Epstein et al. (2002) used TMS to investigate memory encoding and
retrieval, particularly the role of the dorsolateral prefrontal cortex in associative memory
for visual patterns. TMS disrupted associative learning of abstract patterns over the right
frontal area, which suggests that the participating cortical networks may be lateralized in
accordance with classic concepts of hemispheric specialization.

Traditionally, stimuli are applied at various scalp positions using a latitude- and
longitude-based coordinate system referenced to Cz in the 10-20 international system at
the vertex, while simultaneously, the amplitude of the motor evoked potentials generated
in contralateral muscles is also measured (Ueno et al., 1989, 1990a). This gives a ““map’’ of
sites on the scalp from which responses can be obtained by each reference muscle.
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Rothwell et al. (1987) revealed the enormous clinical importance of TMS, namely, for
motor functional evaluation.

Recent developments in the navigated brain stimulation (NBS) stereotactic TMS devices
allow noninvasive mapping of the spatial and temporal representation of any brain
activity that reacts to magnetic stimuli (Krings et al., 2001), such as sensory, motor,
language, and cognitive functions. Stereotactic TMS coil positioning and real-time visu-
alization of the stimulating electromagnetic field effect using MRI allow precise replic-
ability of stimulation parameters as well as accurate dose definition. Frameless NBS
allows precise localization of a stimulation target in combination with other imaging
modalities or by the use of anatomical landmarks. In a case where a brain tumor was
resting adjacent to the precentral gyrus, the motor strip identified by TMS compared
preoperative MRI and fMRI and revealed fine functional differences between results that
were integrated on the navigation system. Distribution of the tumor margin and the
motor cortex (both fMRI and TMS assisted) can be drawn on the patient’s scalp using
the navigation system. Skin incision, craniotomy, and operative approaches were consid-
ered from these results so as to avoid motor deterioration.

There has been no verification of which nerve cells are actually stimulated by TMS.
There is one subject under discussion: whether a target neuron cell is directly stimulated
by TMS (direct stimulation) or whether an interneuron is first stimulated and then a target
neuron cell is stimulated indirectly (indirect stimulation). It is possible that alteration of
eddy currents by heterogeneity of conductivity in the brain may affect the path of these
currents and result in both neuronal excitation and excitatory directional changes at sites
other than those targeted by the original intended direction of stimulation. Further
investigation and analysis of TMS and construction of models using magnetic nerve
stimulation are required to clarify how the relationship between a position of a coil and
a site of stimulation can be affected by strength of stimulation, arrangement of neurons,
heterogeneity of conductivity, and interneuronal participation. While a figure-eight coil is
suitable for local stimulations at the surface of the cortex along the surface of the head,
tridimensional localized stimulations are not possible with the coil at present.

Despite the problems described above related to TMS, there are high expectations for
magnetic stimulation to contribute to a new era of brain science. A major and possibly
very important future field of study is the application of TMS for obtaining therapeutic
effects in neurological disorders. A number of animal studies testing the basic mechan-
isms of TMS-induced alterations of neurotrophic factors, gene expression, and changes in
plasticity have been conducted (Fujiki and Stewart, 1997; Keck et al., 2000; Fujiki et al.,
2003; Ogiue-lkeda et al., 2003a).

There is strong evidence that the expression of certain genes such as the immediate
early gene, astrocyte-specific glial fibrillary acidic protein mRNA (Fujiki and Stewart,
1997), and brain-derived neurotrophic factor is altered in response to repetitive TMS
(rTMS). This indicates that the measurable effects of TMS reach the molecular and
signaling levels. The most promising hypothesis is that magnetic field-induced neuro-
protective or trophic factors may protect neurons from hypoxic insult (Fujiki et al., 2003).
Long-duration rTMS modulates the monoamine neurotransmitter system in content and
turnover and may also induce sprouting of mossy fibers in the hippocampus (Keck et al.,
2000). Increased dopaminergic neurotransmission may contribute to the beneficial effects
of rTMS in the treatment of affective disorders and Parkinson’s disease.

The results of these studies provide strong evidence that noninvasive TMS can strongly
modulate gene expression in neurons and astrocytes. Thus, TMS, originally used simply
as a way to assess the function of descending motor tracts noninvasively, may in the end
be used as a means to modulate gene expression and to induce restorative plasticity or
tolerance against injury in the brain.
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TMS does not cause any pain and requires no physical invasion of the body; therefore, it
should become more important in functional, diagnostic, and therapeutic research of the
brain. In brain functional research, application of magnetic stimulation for the temporary
blockage or modification of the facultative information process and cognitive process of
various sensory systems may be used to identify localization and connecting pathways of
brain function. If a magnetic stimulation can effectively block and modify various sensory
systems, it should be advantageous for pain treatment. Elucidation of the effects of mag-
netic stimulation on synaptic functions may lead to further research associated with brain
plasticity. Further research for investigation of magnetic compensation and reconstruction
of neuronal functions around damaged neurons may lead to the development of various
magnetic field-based stimulation applications, including the treatment of depression, the
prevention of dementia, and a safer and more effective magnetic pulse treatment, which
may replace the current electroconvulsive therapy (ECT).

8.5.3 Magnetoencephalography

MEG measures the very weak magnetic fields of the order or 10~ T (100 T) generated by
neuronal current flow, by the detection of magnetic signals measured by SQUID arrays.
MEG can detect brain functions with high millisecond-order temporal resolution and high
millimeter-order spatial resolution noninvasively; thus, it is useful for investigation of
brain functions in humans, including higher brain functions such as memory and cogni-
tion. Since Cohen obtained a magnetoencephalogram for human a-waves with the use of a
SQUID, a prototype developed by Zimmerman and Colleagues (1972), it was only until
recently that the use of a whole-head MEG system that is able to carry out spontaneous
measurement at multiple points has become practical (Squires, 1991; Ahonen et al., 1993;
Vrva et al., 1993). In recent years, the whole-head MEG system has been incorporated into
brain functional research all over the world and has accelerated progress in research.

Application of forward and inverse problems in MEG analysis is critical to estimate a
localization of brain function. Ueno and Iramina (1991) measured MEG associated with
short memory, cognition, and mental rotation in humans, constructed current-dipole and
distributed intracerebral electrical source models, and carried out estimations for the
localization of various brain functions during the processing of information. The electrical
source of a visually evoked reaction with approximately 150 ms at latency localized in the
primary visual cortex was described in a current-dipole model relatively well, while a
distributed intracerebral electrical source model was more useful in estimation of the
electrical source incident to a mental rotation with approximately 180ms or higher at
latency. In the distributed electrical source model, a chronological transition of electrical
source groups from the occipital lobe area to the posterior temporal lobe area was
captured. MEG is not only a tool for basic brain functional research, but is also applicable
to medical research. Clinical applications of MEG include detection of epileptic spikes,
measurements of slow waves associated with brain tumors and cerebrovascular diseases,
and cerebroelectric activity of ELF induced by event-related potentials.

It is necessary to construct experimental paradigms that are able to perform more
precise extraction of a specific brain function, allow understanding of brain function
dynamics, and provide measuring techniques to assess the acquired information (Yoshida
et al., 1995; Iwaki et al., 1999). It is also important to develop signal processing techniques
for source determination of signals with very small SNRs and with distributed electrical
sources, improve inverse problem approach methods, and construct suitable current
source models (Ueno and Iramina, 1991; Iramina et al., 1994, 1995b). There are several
factors to be taken into account in MEG inverse problem analysis: the shape of the
head, heterogeneity of conductivity, alignment of neuron cells, interneurons, and

© 2006 by Taylor & Francis Group, LLC.



thalamocortical specific projection system. An ideal electrical source model possesses
electrophysiological features of complex cranial nerve systems with consideration of
these factors.

In a study on language-related brain activities, Kuriki et al. (1995, 1998) used MEG imaging
to examine the temporal and topographical characteristics of neural activities in the com-
prehension of Japanese complex sentences with a clause structure. The Korean language was
also used as an experimental language (Kwon et al., 2005). The Korean language has a
subject—object—verb order structure, ending with a verb. Semantic and syntactic violations,
that is, errors introduced in a sentence, can be made by altering a single word, that is, a verb,
in an inappropriate manner. Neural activities in response to such a violation are measured as
the response elicited by the final verb in the verb-ending sentence. This study is aimed to
identify neural activities in the cerebral cortex that occur during a latency course, processing
syntactic and semantic aspects of spoken sentences.

In another MEG study on music, Kuriki and colleagues used melodies to measure the
responses that are elicited by an out-of-key tone in musical phrases (Hirata et al., 1999;
Kuriki et al., 2005). The musical context is established by the sense of a key and melodic
pitch sequence. The responses would reflect the perception of these restricted aspects of
melody. The results of the present study should provide an understanding of the spatio-
temporal characteristics of cortical activities involved in melody perception. MEG meas-
urements were also performed for musical tones and chord stimuli for well-experienced
musicians and nonmusicians. The principal purpose of this study was to explore how the
brain activity reflected in late auditory evoked responses would behave when exposed to
the successively presented tones and chords stimuli and also how the activity would vary
according to experience of musical training.

Although there is still ambiguity in the analytical technique, MEG still attracts medical
researchers because it can reflect the chronological change of source signals to that of
magnetic fields. It is obvious that MEG will become an essential technique in human brain
function research, since there is only one technique that is noninvasive with millisecond-
order high temporal resolution, electroencephalography, available at this time for estima-
tion of brain function localization,. Development of MEG with higher sensitivity and
operativity, construction of an intracerebral electric source model, and improvement of
inverse problem analysis may become more important.

8.5.4 Magnetic Resonance Imaging

Since Lauterber suggested a linear magnetic field gradient in 1973, MRI has been rapidly
developed (Lauterbur, 1973). MRI utilizes fusion techniques of spatially uniform direct
current magnetic fields, spatially gradient direct current magnetic fields, and RF electro-
magnetic fields. A guideline of static magnetic field exposure to a human body by the
International Commission on Non-Ionizing Radiation Protection (ICNIRP) suggests 2T as
the ceiling value for body parts, except for arms and legs, in occupational exposure. In the
application of clinical MRI, although the exposure is carried out under supervision of
doctors, the current exposure level is confirmed to be 2T or less. It is not feasible to obtain
resonance images, except from hydrogen atoms, in static magnetic fields at this strength.

The use of MRI conducted at high static magnetic field levels is fast growing
(Robitaille et al., 1998). With the advent of the 8-T/80-cm MRI scanner (Schenck et al.,
1992; Kangarlu et al., 1999) the safety of the static magnetic field became a paramount issue
for MRI researchers. While the primary concern in high magnetic field MRI has been
excessive RF deposition in human subjects (Kangarlu et al., 2003, 2005), the static magnetic
field could equally cause alarm for its potential for interaction with biological cells and
molecules. One concern regarding human exposure to a high static magnetic field is the
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orientation of the molecules. Magnetohydrodynamics, which describes the interaction of
moving charged particles with the magnetic field, has also raised concern with high
magnetic field applications. Investigation of this effect with its possible consequences on
human cognition has not received enough attention. As such, Chakeres et al. (2003) have
recently conducted a series of studies on the effect of high static magnetic fields on human
cognitive function. In spite of the availability and use of high magnetic field instrumenta-
tion for three decades, high magnetic field exposures of human subjects for extended
periods of time have not been conducted. Such exposures did not pose a significant
biological hazard at field strengths of up to 8 T as measured within the capability of their
experimental design. In addition, human neuropsychological performance as a measure of
any possible static magnetic field modification of cognition was not detected (Chakeres
et al., 2003). To our knowledge, such a study has not been performed in the past at a field
strength of 8 T for such an extended period of exposure time (Schenck et al., 1992; Kangarlu
et al., 1999). In spite of the complex nature of an investigation of such effects, our present
lack of observation of any detectable change in human cognition as related to high magnetic
field exposure is an important reason for further research. In this regard, studies such as
this could serve as a good starting point for in vivo characterization of static field effects in
humans, in light of the rapidly expanding applications of high magnetic field MRI.

A time-varying magnetic field with sufficient intensity may be excitatory to peripheral
nerve stimulation (PNS) (Ueno et al., 1986a; Barker, 1991; Sandrey et al., 2002; So et al.,
2004). The physiologic mechanism is presumably due to interaction of neuronal structures
with the induced electric field, rather than a direct physiologic effect of the magnetic field
(Reilly, 1989).

Relatively early in the development of MR, it was recognized that the pulsed gradient
magnetic fields might induce PNS or cardiac stimulation (Reilly, 1991; Ueno et al., 1992). The
pulsed gradients are of audio frequency, and they modulate the frequency and phase of the
signal from the precessing magnetization as part of the MRI image reconstruction process.
Reilly (1989) projected that a long-duration (>1ms) pulse of induced electric field of 6.2V
would be sufficient to stimulate a 20-wm-diameter nerve fiber. The same amplitude of electric
field was estimated to be the 1-percentile rank for stimulation of the human heart. Because of
the much longer chronaxie for cardiac muscle, about 3 vs. 0.38 ms, the gradient field intensity,
expressed in terms of the time derivative dB/dt of the magnetic field, required to achieve
cardiac stimulation is far greater than that for PNS. The large projected values of dB/dt
required for cardiac stimulation were confirmed in measurements in dogs by Mouchawar
et al. (1992) and by Bourland et al. (1999), who reported that cardiac stimulation by pulsed
gradient fields requires a dB/dt amplitude in excess of 2000 T /s for a 530-ps period. These
values compare with representative dB/dt intensities of less than 100 T/s in an MRI system.
For healthy patients, cardiac stimulation in MRI is avoided by a wide margin.

Mild PNS in MRI is not thought to be harmful, but painful stimulation should be
avoided. To determine the population distribution for physiologic response to the time-
varying gradient fields, the MRI safety group at Purdue University undertook a study
with 84 human volunteers (Bourland et al., 1999; Nyenhuis et al., 2001). The volunteers
were exposed to magnetic field patterns similar to those that would be experienced in a
cylindrical bore MRI system. (Nyenhuis et al., 1997). The volunteers were asked to rate
their responses to a gradient pulse sequence on a scale covering the range of 1 = onset of
PNS, 5 = uncomfortable but acceptable for the duration of a scan, and 10 = intolerable.
The duration of the dB/dt pulses ranged from 50 to 1000 us, in order to determine
parameters for the strength duration given by:

8o
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where b is rheobase for a long-duration pulse, c is chronaxie, and d is the pulse duration.
The measured responses were well fit by a chronaxie of 380 ps. For onset of PNS (score =
1), the median rheobase b was found to be 18.8 T/s for the y-coil and 28.8 T/s for the z-coil.
Median dB/dt intensities for scores of 5 and 10 were approximately 50% and 100%
greater than the score = 1 values, respectively. From the population distribution, the
lowest 1-percentile value for PNS (score = 1) was about half the median value, and
the lowest 1-percentile for uncomfortable (score = 5) was approximately equal to the
median of the PNS threshold.

den Boer et al. (2002) found good agreement among the Purdue and other studies for
the PNS thresholds by the switched gradients. Accordingly, the results of these studies
were used for determination of the allowable gradient field intensities in MRI, which were
set to be 80% of the mean PNS threshold (IEC, 2002).

The values of chronaxie and rheobase in the Purdue study were determined for
rectangular waveforms. Models based on the physiologic response to rectangular pulses
can be used to predict the threshold intensities for nonrectangular waveforms (Havel
et al., 1997; den Boer et al., 2002).

So et al. (2004) recently reported results of calculations incorporating a realistic human
model of the rheobase electric field intensity for PNS in the Purdue study. The rheobase
electric field intensities in subcutaneous fat ranged from 3.3 to 4.4 V/m for the different
body models and coil configurations. These values are in reasonable agreement with a
rheobase electric field of 5.36 V/m for PNS with a solenoidal coil enclosing the arm (Havel
et al., 1997).

MRI of electrical phenomena in living bodies is potentially useful for quantitative
evaluations of the biological effects of electromagnetic fields and for direct detection of
neuronal electrical activities in the brain. Magnetic fields in an object cause a shift in the
resonant frequency (Manassen et al., 1988; Sekino et al., 2004b) and a change in the phase
of magnetic resonance signals (Joy et al., 1989). Spatial distributions of an externally
applied magnetic field and electrical current can be estimated from these changes in
magnetic resonance signals. These methods have use in certain medical applications,
such as the imaging of current distributions in electrical defibrillation (Yoon et al., 2003).

The fMRI developed by Ogawa et al. (1992) utilizes a technology that reflects various
magnetic features of hemoglobin in blood on magnetic resonance signal patterns. Tomo-
grams of brain function can be obtained from information on localized blood flow in the
brain. fMRI utilizes a blood oxygenation level dependent (BOLD) effect of localized blood
flow on brain activation for indirect imaging of brain activities. However, no information
on electrical conditions in vivo can be obtained with current MRI and fMRI systems.

Detection of electrical currents associated with neuronal or muscular electrical activities
requires extremely high measurement sensitivity. The sensitivity for detecting weak
magnetic fields in the human brain was estimated using numerical simulations (Hatada
et al., 2005). The theoretical limit of sensitivity was approximately 10®T. The effect of
neuronal electrical activities on magnetic resonance signals was investigated in several
experimental studies (Kamei et al., 1999; Xiong et al., 2003). These studies potentially lead
to a new method for visualizing brain function with a spatial resolution of millimeters and
a temporal resolution of milliseconds.

Impedance-weighted magnetic resonance images were obtained during applications of
external oscillating magnetic fields, which induce impedance-dependent eddy currents in
a sample (Ueno and Iriguchi, 1998). In another study, spatial distribution of electrical
impedance was obtained from the electrical current distributions by using an iterative
algorithm (Khang et al., 2002). The apparent diffusion coefficient reflects electrical con-
ductivity of a tissue, which enables an estimation of anisotropic conductivity of that tissue
(Tuch et al., 2001; Sekino et al., 2004a). This method was applied to imaging of electrical
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conductivity in the human brain. Several regions in the white matter, such as the
corpus callosum and the internal capsule, exhibited high anisotropy in conductivity.
The magnitude and phase of magnetic resonance signals are affected by permittivity
(Sekino et al., 2005). A distinctive signal inhomogeneity arises in images of objects
whose dimension is comparable to the wavelength of the electromagnetic fields at
the resonant frequency. This phenomenon, dielectric resonance, particularly appears in
scanners with high static fields.

Once high-quality current distribution MRI of the detailed distribution of electric
source incident to brain neural activities becomes available, comparison of results of
MRI and fMRI will show the relationship between brain neural activities associated
with BOLD effects and neural current distributions, which may lead to various new
observations of dynamics in brain function localizations.

Impedance MRI may not be applied widely in brain function research; however,
high-quality impedance MRI for impedance and admittance in vivo may lead to develop-
ment of a new research field of impedance physiology. It is obvious that the information
of impedance distributions is important for studying magnetic stimulation and MEG
inverse problems.

8.5.5 Magnetic Orientation for Tissue Engineering

In the last decade, it has become possible to create static magnetic fields of 10T and
higher. With this development, studies regarding magnetic effects on macromolecules
have increased. These studies include investigations into the magnetic effects on fibrin,
collagen, erythocytes, and platelets (Higashi et al., 1993a,b; Iwasaka and Ueno, 1994;
Iwasaka et al., 1998; lino and Okuda, 2001). Recent research on effects of strong static
magnetic fields includes their impact on morphogenesis, cell adhesion, and apoptosis
(Tofani et al., 2001).

When technology for generation of stronger magnetic fields becomes available in
the future, magnetic orientation research will be subdivided into several areas. Effects
of magnetic orientation on cell functions such as morphogenesis, adhesion, motility,
proliferation, differentiation, and apoptosis may become one of the important areas of
research.

Macromolecules such as fibrin and collagen are oriented by static magnetic fields of several
tesla. Fibrin polymers are diamagnetic materials that are oriented in a magnetic field. Colla-
gen fibers orient perpendicular to the magnetic field orientation (Torbet and Ronziere, 1984).
Polymerization and dissolution of fibrin in homogenous magnetic fields of up to 14T have
been investigated (Iwasaka et al., 1998). It was shown that the magnetic orientation of fibrin
fibers accelerated both the polymerization and the dissolution of fibrin fibers.

Magnetic orientation of cells is associated with magnetic anisotropy of proteins and
lipids. Erythrocytes orient the disk surface parallel to magnetic fields because of magnetic
anisotropy of the biomembrane lipid bilayer. However, halophillic bacteria orient their
membrane plane vertical to magnetic fields even though the purple membrane has a
similar membrane structure as the erythrocyte membrane (Neugebauer et al., 1977). The
purple membrane contains a membrane-bound protein (bacteriorhodopsin) that contrib-
utes 75% to the membrane weight. Since the magnetic anisotropy of bacteriorhodopsin is
larger than that of the lipid bilayer, halophillic bacteria posses a different magnetic
orientation from erythrocytes. Therefore, magnetic orientation is determined by the
quantity and the alignment of cell components that possess magnetic anisotropy.

Higashi et al. (1996) found that an orientation of glutaraldehyde-fixed erythrocytes
in strong static magnetic fields up to 8T was perpendicular to the field. The effect
was attributed to the paramagnetism of membrane-bound hemoglobin. The rates of
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sedimentation and aggregation of human erythrocytes in a homogenous magnetic field of
6.3 T have been studied (lino, 1997; Iino and Okuda, 2001). It was reported that the cell
aggregation accelerated the sedimentation rate. Results have suggested that the enhance-
ment was especially significant in anisotropic erythocytes, and the increase in an
intermembrane adhesive area might be due to the magnetic orientation of anisotropic
erythrocytes.

DNA, which occupies most of the head portion in bovine sperm, may be involved in
magnetic anisotropy and orientation determination of sperm. Cricket sperm with an
acicular head part show the same magnetic orientation (vertical) as bovine sperm in
magnetic fields of 0.09T (Suzuki et al., 1995); this is because DNA, which is folded
lengthwise, possesses large diamagnetic anisotropy. If DNA in the head part of bovine
sperm is orderly aligned as in cricket sperm, the magnetic anisotropy may contribute to
the magnetic orientation of sperm.

A significant feature of magnetic orientation of bovine sperm is the direction of orien-
tation. Platelets orient parallel to magnetic fields because of the microtubules inside,
which have a magnetic orientation parallel to the magnetic fields. Thus, bovine sperm
without motility are assumed to orient parallel to magnetic fields as platelets do, since the
tail (flagellum) consists of microtubules. On the contrary, the whole body of bovine sperm
shows magnetic orientation vertical to magnetic fields, and the flat surface of the head
also orients vertically to magnetic fields. A sperm with the tail removed shows the same
orientation. Since it is impossible to obtain a tail without damaging flagellum, the
magnetic orientation of a tail alone cannot be observed. In two separate experiments,
Emura et al. (2001, 2003) studied the orientation of bull sperm cells and Paramecium cilia in
static magnetic fields and measured their anisotropic diamagnetic susceptibility (Ay).
Bovine sperm consists of a very flat head part (5um) and a long tail part (flagellum,
50 wm), which consists of microtubules. Compared to sperm of other species, the head,
which contains DNA, is notably larger. The sperm showed an orientation perpendicular
to the field of 1T or lower. The diamagnetic cell components, such as cell membrane,
DNA in the head, and microtubule in the tail, were thought to contribute to this orienta-
tion. It was observed that Paramedium cilia became oriented in parallel to the magnetic
field at the strength of 8 T. The author suggested that Ay for each was the quantitative
index of the effect.

Iwasaka et al. (2003a) reported the effects of 14-T fields on assemblies of A7r5 smooth
muscle cells. It was shown that the field affected the morphology of smooth muscle cell
assemblies and the shapes of the cell colonies extended along the direction of the
magnetic flux. They speculated that the mechanism was a diamagnetic torque force acting
on cytoskeleton fibers, which are dynamically polymerizing and depolymerizing during
cell division and cell migration. They also investigated the effects of the static magnetic
field on the convection flow in a cell culture medium and on cell adhesion patterns
(Iwasaka et al., 2003b). The mouse osteoblast cell line MC3T3-E1 and HeLa cell line
were used in this study. The magnetic field of 6 T with a gradient of 60 T/m affected
the convection of floating cell aggregations in a cell culture flask and reversibly changed
the direction of convectional flow. After the exposure of MC3T3-E1 cells to the magnetic
field of 8 T for 1d, the thermal convectional flow in the medium was found to promote the
cell orientation.

Iwasaka and Ueno (2003) examined the displacement of intracellular macromolecules
under a static magnetic field of 14T using linearly polarized light. The changes in
polarized light intensity through the lamellar cell assembly under magnetic fields corre-
sponded to the behavioral changes in cell components. They speculated that intracellular
macromolecules rotated and showed a displacement due to diamagnetic torque forces
during the exposure to the 14-T magnetic field for 2-3 h.
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Matrix proteins provide a permissive environment for the orientation of cells, as
demonstrated, for example, with the testing of smooth muscle cells and endothelial
cells in collagen fibers under strong magnetic fields (Stefano and Tranquillo, 1993;
Tranquillo et al., 1996).

Eguchi et al. (2003) observed the effect of a static magnetic field on orientation of
Schwann cells. After a 60-h exposure, cultured Schwann cells from dissected sciatic
nerves of neonatal rats oriented parallel to the field of 8T, whereas Schwann cells
suspended in a medium with collagen oriented perpendicular to the field after a 2-h
exposure. It was suggested that magnetic field-oriented collagen fibers were the key factor
in the orientation of Schwann cells.

Kotani et al. (2000) studied the effect of an 8-T magnetic field generated by a super-
conducting magnet on the orientation of osteoblasts alone and a mixture of osteoblasts
and collagen. It was found that osteoblast cells oriented parallel to the magnetic field, but
a mixture oriented perpendicular to the field.

Hirose et al. (2003a) investigated the preferred orientation of human glioblastoma cells
A172 after exposure to a 10-T static magnetic field, in the presence or absence of collagen.
It was found that A172 cells embedded in collagen gel oriented perpendicular to the
direction of the static magnetic field.

By placing dorsal root ganglia (DRG) explants onto one end of magnetically aligned
collagen gel formed into 4-mm-diameter rods, Dubey et al. (1999) developed an in vitro
assay to study neurite elongation. The depth of neurite elongation from chick embryo
DRG neurons into these aligned rods was found to be substantially greater than that
under the control condition. The depth increased as the magnetic field strength increased,
as did the collagen gel rod birefringence; collagen fibril aligned along the rod axis. These
results may translate into an improved method of entubulation repair of transected
peripheral nerves by directing and stimulating axonal growth through a tube filled
with magnetically aligned collagen gel. The same research group later reported the
improvement of peripheral nerve regeneration in mice after the treatment of magnetically
aligned collagen gel filling of a collagen nerve guide (Ceballos et al., 1999). The hypothesis
of this study was that contact guidance of regenerating axons or invading nonneuronal
cells to the longitudinally aligned collagen fibrils would improve nerve regeneration. It
was reported that mice exhibited regeneration with magnetically aligned collagen gel,
including the appearance of nerve fascicle formation.

Application of magnetic orientation in the production of biologically functional mater-
ials and artificial organs has been started. By attaching aligned vascular smooth muscle
cells and endothelial cells to artificial vascular walls in an orderly fashion, rheologically
rational biological functions can be obtained. As techniques in bionics and biomaterials
improve, application of magnetic orientation should expand.

8.5.6 Treatments of Pain, Cancer, and Other Diseases

Static magnetic fields or ELF-modulated static magnetic fields potentially have thera-
peutic effects on several diseases (see also Chapter 11 on medical applications of pulsed
fields by Pilla). A static magnetic field in the 10-mT range blocks sensory neuron action
potentials, which suggests that the magnetic field alleviates pain (Cavopol et al., 1995;
McLean et al., 1995). To characterize the inhibitory effect of a static magnetic field, action
potentials were elicited by intracellular application of 1-ms pulses of depolarizing current
to the somata of mouse DRG neurons. During the control period, less than 5% of stimuli
failed to elicit action potentials. During exposure to an approximate 11-mT static magnetic
field produced by an array of four permanent center-charged magnets of alternating
polarity, 66% of stimuli failed to elicit action potentials.
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The efficacy of a nonpharmacologic, noninvasive static magnetic device was assessed
for knee pain in patients with rheumatoid arthritis (Segal et al., 2001). Magnetic devices
with four steep field gradients or one steep field gradient were taped to the knee of each
subject for 1week. Both devices demonstrated statistically significant pain reduction in
comparison to baseline. Comparison between the two groups demonstrated a statistically
insignificant difference.

Prato et al. (2005) reported effect of a magnetically shielded environment on opioid-
induced analgesia. Mice were placed in a Mu-metal-lined box or an opaque Plexiglas box
(sham condition) for 1h/d for 10 consecutive days. Nociception was measured as the
latency time to a foot lift/lick in response to an aversive thermal stimulus before and
immediately after exposure. It was shown that mice can detect and will respond to the
repeated absence of the ambient magnetic field, with the maximum analgesic response
occurring over days 4-6 of exposure and returning to baseline thereafter. The effect was
robust, independent of pre-exposure and intermittent testing, and seems to be opioid
related, since the results obtained on day 5 were similar to those from a 5-mg/kg dose of
morphine and were abolished with the opioid antagonist, naloxone.

Exposure to pulsed magnetic fields has been shown to have a therapeutic benefit in
both animals (e.g., mice and snails) and humans. Shupak et al. (2004b) investigated the
potential analgesic benefit of magnetic field exposure on sensory and pain thresholds
following experimentally induced warm and hot sensations. Subjects were assigned to
30 min of magnetic field or sham exposure, between two sets of tests of sensory and pain
thresholds and latencies at 1°C above and 2°C above pain thresholds. Results indicated
that magnetic field exposure does not affect sensory thresholds. Pain thresholds were
significantly increased following magnetic field exposure but not following sham expos-
ure. A significant condition by gender interaction existed for postexposure pain thresh-
olds. Taken together, these results indicate that magnetic field exposure does not affect
basic human perception, but can increase pain thresholds in a manner indicative of an
analgesic response.

Shupak et al. (2004a) showed an induction of analgesia in mice equivalent to a moder-
ate dose of morphine (5mg/kg) and the effect of both pulsed magnetic field (complex
neuroelectromagnetic pulse, Cnp) exposure and morphine injection on some open-field
activity. Cnp exposure was found to prolong the response latency to a nociceptive
thermal stimulus (hot plate). Cnp plus morphine offset the increased movement activity
found with morphine alone. These results suggest that pulsed magnetic fields can induce
analgesic behavior in mice without the side effects often associated with opiates like
morphine.

The effects of static and sinusoidal (AC) magnetic fields on myosin light chain phos-
phorylation were studied (Markov et al., 1993). In a cell-free preparation, exposure to DC
(0200 T, vertically or horizontally controlled) or AC (16 Hz, 20.9 uT) magnetic fields
significantly influenced myosin phosphorylation. Variations of the DC magnetic field (in
the absence of AC components) were not only sufficient to alter the rate of phosphoryl-
ation but also gave the maximum effect.

The possibilities that magnetic fields cause antitumor activities in vitro (Tofani et al.,
2001), in vivo (Tofani et al., 2002), and in human subjects (Ronchetto et al., 2004) have been
investigated. In vitro experiments were carried out to study the role of magnetic field
characteristics (intensity, frequency, and modulation) on two transformed cell lines (WiDr
human colon adenocarcinoma and MCF-7 human breast adenocarcinoma) and one non-
transformed cell line (MRC-5 embryonal lung fibroblast). Increase in cell death morpho-
logically consistent with apoptosis was reported exclusively in the two transformed cell
lines. Cell-death induction was observed with magnetic fields of more than 1 mT. Two
different in vivo experiments were carried out on nude mice bearing a subcutaneous
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human colon adenocarcinoma (WiDr). In the first experiment, a significant increase in
survival time (31%) was obtained in mice exposed daily to 70 min of modulated magnetic
fields (static with a superimposition of 50 Hz) having a time average total intensity of
5.5mT. In the second independent experiment, when mice bearing tumors were exposed
to the same treatment for four consecutive weeks, significant inhibition of tumor growth
(40%) was reported, together with a decrement in tumor cell mitotic index and prolifera-
tive activity. Human patients with heavily pretreated advanced cancer were enrolled in a
pilot study, in which they were exposed to static magnetic fields that were amplitude
modulated by ELF. Toxicity was assessed according to WHO criteria. ECG, chest x-ray,
physical examination, blood cell count, and complete blood chemistry were performed
before and at the end of the treatment. The results indicated that magnetic fields can be
safely administrated according to the magnetic field exposure schedules.

Recently, several studies tested the application of pulsed magnetic stimulation as a form of
cancer therapy. In one case, use of magnetizable beads and pulsed magnetic stimulation
enabled targeted-cell destruction in vitro (Ogiue-lkeda et al., 2003b). The cells were combined
with the beads by an antigen—antibody reaction (cell-bead-antibody complex), aggregated
by a magnet, and stimulated by a magnetic stimulator. The viability of the aggregated and
stimulated cell-bead—antibody complexes was significantly decreased, and the cells were
destroyed by the penetration of the beads into the cells or by rupturing of the cells by the
beads. In another study, exposure to a pulsed magnetic stimulation caused a decrease
of tumor weight in mice B16-BL6 melanoma models and induced the increase of cytokine
(TNF-a and IL-2) production (Yamaguchi et al., 2006). These studies show the potential
therapeutic possibilities of pulsed magnetic stimulation in cancer treatment.

Basic studies for magnetic stimulation treatment of depression, which has the potential
to replace ECT, and also, magnetic treatment for a wide range of clinical problems, such
as Parkinson’s disease and various kinds of pain, are in progress. It is important to
recognize the safety of magnetic stimulation and the limitations of its usefulness.

8.6 Conclusion

Over the last two decades, various studies have been carried out to examine the effects of
static magnetic fields, including MRI fields, on biological systems. This chapter consisted
of two parts. The first part focused on recent experiments covering behavior, cardiovas-
cular system responses, reproduction and development, genotoxicity, molecular and
cellular systems, cell-free systems, free radical and enzyme activity, etc. The second part
concentrated on the recent development of medical and therapeutic applications of static
magnetic fields.

There are many studies that have been mentioned in this chapter. With exposure to
about 1T and above, there are no adverse effects on reproduction and development,
genotoxicity, and molecular and cellular systems, and no consistent evidence on behav-
ioral effects. However, several studies suggest that static magnetic fields in millitesla
ranges may affect microcirculation and blood pressure, and furthermore, higher-strength
static magnetic fields at levels up to 10 T may reduce skin blood flow and lead to change
in skin temperature. These findings need to be confirmed in further studies.

Although there are so many experiments to test the effects of static magnetic fields on
the biology of living systems, using in vivo and in vitro techniques, the International
Agency for Research on Cancer (IARC) has stated that static magnetic fields are not
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classifiable as to their carcinogenicity to humans by inconclusive carcinogenic evidence
(IARC, 2002).

There are many experimental findings that suggest that animals use the static magnetic
field, that is, the geomagnetic field for orientation, navigation, and migration. In order to
establish the existence of a magnetoreception system in animals, Phillips argued that there
are several key points that require further investigation: (1) establishing the lower limits
of sensitivity to static magnetic, ELF, and RF fields in biological systems; (2) localizing
specialized receptors responsible for sensing the geomagnetic field; (3) characterizing the
underlying molecular and biophysical mechanisms; (4) identifying the regions of the
brain involved in processing magnetic stimuli; and (5) understanding how the animal’s
perception of the magnetic field is physiologically processed for determining compass
direction and spatial positioning (Phillips, 2005).

With the increasing exposure of humans to environmentally higher static magnetic
fields generated from magnetic field equipment of higher capacity, it is necessary to
investigate the possibilities of high static field effects on human biological and physio-
logical processes.

There are an abundance of review papers and books published in recent years describ-
ing the possible physical and biological interactions of electromagnetic fields (Polk and
Postow, 1986, 1997; Ueno, 1996, Andra and Nowak, 1998; Jin, 1999; Takebe et al., 1999; Lin,
2000; Shellock, 2001; Binhi, 2002; McLean et al., 2003a; Stavroulakis, 2003; Rosch and
Markov, 2004). In addition, there have been many short reviews on the biological effects
of static magnetic fields (Holden, 2005; Miyakoshi, 2005), since the physical interactions of
static magnetic fields with living tissues were described (Schenck, 2005). In a report on the
biological effects of exposure to MRI, an overview of the safety concerns regarding
exposure to static magnetic fields, RF fields, and time-varying magnetic field gradients
has been discussed (Formica and Silverstri, 2004). Application of novel high-throughput
screening techniques for transcriptomics, proteomics, and metabolomics to determine
in vitro effects of static magnetic fields have been suggested (Leszczynski, 2005). This
report emphasized the research beyond screening that is required for the assessment of
any possible health consequences. Possible physical mechanisms underlying the bio-
logical effects and interactions of zero-frequency (DC) and oscillating (AC) magnetic
fields with biological matter have been reviewed (Binhi, 2001; Volpe, 2003). Effects of
static and ELF electric and magnetic fields on human health have also been discussed
(Repacholi and Greenebaum, 1999; McKinlay and Repacholi, 2005). Zhadin (2001) has
introduced the Russian literature on the biological effects of DC and LF AC magnetic
fields. These articles offer multidisciplinary information and knowledge for the under-
standing of magnetic field effects within living systems.
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