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Cellular Mechanisms of Electromagnetic Field in Traumatic Brain Injury
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Abstract

This paper presents a comprehensive review of the extant literature
from 1980 through 2023 on the role and utility of Electromagnetic Fields
(EMF) in the treatment of brain trauma and brain neuropathology resulting
from disease. Brain trauma resulting from accident, injury and disease
is a significant contributor to short and long-term morbidity, as well as a
leading cause of mortality globally. To date, limited effective treatments
strategies exist, and are focused primarily on symptom relief, not restoring
primary preinjury function and structure. Much of the current clinical
literature is based on retrospective case reports and limited animal model
prospective trials exploring core etiology and alterations in post-injury
clinical phenotypes. The current findings reported in the scientific literature
suggest that electromagnetic therapy may hold promise as a potential non-
invasive treatment for traumatic brain injury and neuropathology. Although
promising, well designed clinical trials are needed to better determine its
potential clinical effectiveness in this diverse patient population. Future
trials will need to determine the impact of clinical variables, such as sex,
age, type and extent of injury and pathology, pre-injury baseline health
status and a comprehensive biopsychosocial assessment to determine a
more effective personalized approach to patient care. Although initially
showing promise, much work needs to be done.
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Introduction

The utility of Electromagnetic Fields (EMF) in the measurement and
treatment of various disease states is a novel and progressive area of medical
research. An emerging body of basic and clinical knowledge is growing and
evolving. As patients are afflicted by serious neuropsychiatric pathology,
such as brain trauma, stroke, and CNS tumors, the limitations of conventional
treatments, such as surgery or pharmaceuticals is under ongoing clinical
scrutiny for short and long-term effectiveness. The advent of new less invasive
treatment options is necessary and offers hope for an improved quality of life
for current and future patients. Our research group has been exploring a novel
treatment of brain pathologies, such as traumatic injury, stroke, and tumor,
resulting from technological advancements in Electromagnetic Field (EMF)
research and its application in the clinical setting. An enhanced understanding
of how cellular and molecular mechanisms, particularly in neurons and brain
tissue, are affected by Traumatic Brain Injury (TBI) and how modulation of
their cellular processes may be achieved with EMF technology is important.
The physical properties of electrons, protons, and molecular structures in
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biology are well studied and translating this knowledge to
clinical situations utilizing technologies such as ultrasound
and Magnetic Resonance Imaging (MRI) has offered valuable
insights into etiology of core clinical symptoms. In addition,
EMF in the form of Pulsed Electromagnetic Field (pEMF)
is used in spinal cord stimulators to relieve pain, in bone
stimulators to heal non unions, in tremors to calm the hands,
and in the heart to capture a beat. The refinement of these
clinical applications comes with multidisciplinary integration
of expertise and knowledge in pathology, physiology,
chemistry, biology, physics, clinical medicine, and
biomedical engineering. This review aims to critically review
the underlying cellular and molecular mechanisms that result
as a response to brain injury and those that are responsible for
the healing and modulation of physiological parameters of
nervous tissue. This understanding is critical in determining
the role of EMF as a clinical tool for promoting healing
and hopefully one day serving as a modality of improving
outcomes in patient care experiencing brain pathology.

Methods

A comprehensive literature search utilizing PubMed and
Google Scholar was conducted between January 1980 through
February 2023. Articles published in English were reviewed
and included in this article. The following key words were
utilized: EMF stroke, electromagnetic field, cerebrovascular
accident, pulsed electromagnetic field (PEMF), EMF and
traumatic brain injury, brain trauma, neuroinflammation,
neuroprotection and EMF, immunomodulation, and various
iterations. The findings were critically reviewed, and the
information was synthesized into this comprehensive review
article highlighting the clinical application and future
directions of EMF on cellular pathophysiology.

Discussion
Electromagnetic Properties of Neurons

At the cellular level, the action potential occurs over 1
millisecond (ms) (1000 Hertz (Hz)); it is hyperpolarized for
2-3ms (300 Hz) at+15 millivolt (mV) with a relative refractory
period of 15 ms, yielding a relative action potential generation
rate of 66.6 Hz. Post-synaptic potentials arrive at a frequency
of 1000 Hz. Cell maintenance occurs at 30-5000 Hz. Using
clinical micro-recording devices, the frequencies of groups
of cells have been discovered. Nordhausen developed a 3D
silicon electrode array which records 100 separate channels
of neuronal activity [1]. Rousche and Normann reported
that this same type of array called the Utah Intracortical
Electrode Array stimulates and records in a single layer up to
1.5 millimeter (mm) beneath the surface [2]. Neuronal cells
exchange information at different rates: cochlear cells have a
frequency of 1000-4000 Hz at —20 to —80 mV, subthalamic
nuclei 37 Hz, globus pallidal external cells 40 Hz, substantial
nucleus reticulata 75 Hz, and globus pallidal interna cells
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80-90 Hz. Neuronal activity is a macrocosm of types of
activity at the atomic level. Individual atoms are known to
vibrate at individual Larmor frequencies. The frequencies at
1 Tesla (T) are H+ 42.6 Megahertz (MHz), H2 6.5 MHz, P31
17.2 MHz, C13 10.7 MHz, N14 3.1 MHz, N15 4.3 MHz, S33
3.3 MHz, F19 40.1 MHz. These frequencies are detected and
“tuned in” by an MRI. One of the most sensitive detectors is
our retina, it detects photons at a frequency of 1015 Hz.

Groups of Cells

Frequencies from groups of cells have also been studied.
Modulation of signals occurring in the Ventral Intermediate
Nucleus (VIM) from 130-150 Hz arrests motor activity and
at 10-500 Hz arrests sensory activity. According to Benabid,
stimulation greater than 100 Hz inhibits VIM, subthalamic
nucleus (STN) and globus pallidus internus (GPi) [3].
Specifically, 130 Hz, 50 msec pulse width, suppresses
activity of the STN and inhibits glutamate, possibly being
neuroprotective. However, under pathological conditions,
the dysfunctional penumbra of the cortex fires at 700 Hz for
several days. This is due to the spreading depression involving
the glial potassium current. In the penumbra of the thalamus
the dysfunctional firing occurs at 900 Hz [4]. The Gpi can
be stimulated to contract the face at 330 Hz, 300 msec pulse
width and 50 mA. VEP external stimulus, thus to the retina,
occurs at 1.1 Hz and 200-400 msec. Dorsal column, spinal
cord stimulation, takes place across the dura at 4.3 V, 50-85
Hz and 200-450 msec pulse width. There are anecdotal reports
of severely head-injured patients awaking in MRI scanners
during image acquisition. Interestingly, the majority occurs
in 1.5 Tesla (T) units that have a RF frequency of 4kHz.
The penetration into the brain tissue of the radiofrequency
(RF) signal, is a function of the frequency, such that keeping
constant power a 1| MHz RF signal penetrates greater than 11
cm, 41 MHz 11 cm, and 100 MHz 7 ¢cm [5]. Two methods for
activating cells in the motor cortex utilizing PEMF have been
developed. This technique does not require direct contact
with the surface of the brain. In 1980, Merton and Morton
introduced the first method, transcranial electrical stimulation
(TES) [6]. It utilizes a high-voltage electrical pulse (up to 2
kV) of a short duration (less than 10 us) delivered through
electrodes placed on the scalp with the anode over the cortical
region to be stimulated (anode stimulation). In 1985, Barker
and Co-workers first reported the other form of noninvasive
cortical cell activation, Transcranial Magnetic Stimulation
(TMS) [7]. They used a high-current (4 kA) and short-
duration (110 msec) pulse width. This was discharged through
a coil placed on the scalp over the motor strip to produce a
brief magnetic field, resulting in secondary currents inside
the brain, which then depolarized cells within the motor
cortex. For a given magnetic pulse, the direction of current
flow through the coil, as well as the shape and size of the
coil, play important roles in determining the effectiveness of
TMS [8]. The TMS and TES are the best clinical approaches
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to stimulate the organelle, cell, and tissue. This occurs in
the confines of the human body tissues and elicits a clinical
response. This application has advanced enough so that other
forms of intervention may be initiated, such as therapy. Once
again, MRI is this type of technology, consisting of reading,
interpreting and visualization of the individual hydrogen
atomic frequency. Radiofrequency (RF) has also been used
to excite proton spins in the body and to receive MRI signal
from the body.

EMF at the cellular level

It is beyond the scope of this article to highlight all
clinical effects of EMF and discuss the wide range of proven
cellular and subcellular responses to different Extremely Low
Frequency (ELF) magnetic fields. These have been reviewed
elsewhere and in the Proceedings of the 1st World Congress
on the topic [9]. Effects range from changes in reactive oxygen
species and intracellular calcium, to modified receptor and
messenger behavior, to increased synthesis and degradation
(Figure 1).

Highly specific alterations in transcription and translation
have been reported, in which the energetic patterns of
different fields (e.g., pulse shape and sequencing, frequency
characteristics, amplitude, and spatial orientation, among
other factors) produce junctional "signatures". These and
other data strongly re-enforce the frequency “windows" and
thresholds for bioeffects in which classic dose responses may
not exist. Furthermore, data are emerging which indicate a
direct interaction between the EMF and a gene without a

Traumatic Brain Iruury

Injured Parenchyma

BBB leakage
@@@@-](kll adhesion molecules l— EMF

&
Af,e» Jgé Depolarization
& Leuk e Infil Itratmn i d Aﬁlvated
4’/& Acnvaﬂon astrocytes microglia I_ EMF F
s W t—.N\
% 1 Ca++ influx, ROS, Inflammatory Cytokines, Chcmokmer
1
l 1 Glutamate Mﬂod]ondnaI(
Vm‘c Exclotoricly / damage\
Demyelination Caspases cytc Oxidative

Cytoske letal damage c alpalns 1ROS release  damage

EMF—] %\

[Neurologlcal deficit, Cognlhve Impairment }I—EMF

Yy ¢ 7/
Apoptosis, DNA damage.
Neuronal Cell Death

Figure 1: Potential targets in the clinical effect of electromagnetic
field (EMF) in traumatic brain injury. Based on the limited literature
under in vitro and in vivo conditions, EMF can attenuate various
molecules, cellular and subcellular pathways involved in the patho-
physiology of traumatic brain injury. However, detailed analyses
of the biophysical mechanisms underlying the effects of EMF are
unclear and warrant further investigation. Additionally, it is criti-
cal to examine the beneficial effect of EMF in clinically relevant
experimental model to extrapolate the findings to clinical situation.
BBB, blood brain barrier; ICP, intracranial pressure; ROS, reactive
oxygen species.
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cascade of biochemical mediated signaling messenger events
being initiated at the plasma membrane or in the cytoplasm
[10]. In such instances, isolated chromosomes, devoid of
cell or nuclear envelopes, respond to field exposure. The
mechanisms behind this behavior are moot but may involve
resonance effects on ion counter charge at specific loci on the
DNA molecule itself. The pattern of bio responses to field
exposure depends not only on cell type, its state of function,
and its tissue envelope, but also on specific energetic
characteristics of the magnetic field. Given this complex
situation, it is appropriate to address steps, which led to
specifications. The most widely studied condition is bone
remodeling. When bone and many other structural tissues
are mechanically deformed, they become electrically charged
because of piezoelectric, electric, and electrokinetic properties
[11]. The amplitude and frequency content of the resultant
voltage waveforms reflect both the velocity and magnitude
of the deflection. For physiologic loading, voltages between
10 mV and 1 mV/cm are produced with a frequency content
predominantly in the range of <1 Hz to 100 Hz or greater,
inductively coupled, appropriately congruent, time-varying
magnetic fields. The cell does not seem to make a distinction
between the sources of the field, only its "informational”
content. In fact, ELF magnetic fields can prevent the bone
loss that normally occurs during immobilization, bed
rest, or weightlessness. These states diminish mechanical
deformation, thereby reducing endogenous fields in the
microenvironment of the cell. Armed with the voltage
patterns, nature appears to communicate instructions to bone,
dynamic magnetic fields were designed to produce similar
waveforms via inductive coupling [9].

While the biophysical mechanisms underlying these
effects are not well understood, several hypotheses have been
suggested (Figure 1). The most widely discussed hypothesis
(extrapolated from the in vitro data) relates to the intracellular
electrophoretic redistribution of molecules. An electric field
may alter the membrane potential asymmetrically, thereby
perturbing growth-controlling transport processes across
the membrane. Thus, the intra-axonal and perhaps, more
generally, the intracellular migration of growth-related
molecules and certain receptors to key locations within
the cell may be a possible explanation for the observed
phenomena [12]. Todorov, Yogev, and Qi, documented
the effect of PEMF in neurons. They have documented
the persistence of connection for 24 hours after axon
reconnection and examined the physiology of the reconnected
axons. In single cell systems, cell membrane apposition and
the magnitude of the field delivered to the membranes are
critical parameters affecting cell fusion yields. The functional
recovery of neurological systems, such as severed spinal
cord and peripheral nerve, depends on the integrity of the
axons transmitting information across the injured segment.
Axon reconnection offers the promise of rapid return of axon
integrity, a necessary condition for the functional recovery
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of these systems [13]. Direct current (DC)-induced electric
fields ranging from low levels of nanovolt per centimeter to
high levels of volt per centimeter evoke neurite out-growth
that is significantly greater than that observed in control
cultures. Moreover, this growth is consistently oriented to
the cathode. Electric pulses picoamp per microvolt have
been applied focally near growth cones of Xenopus neurons
and noted directional growth toward the negative (sink)
electrode. Both steady and pulsatile fields were found to be
effective in promoting directed neurite outgrowth despite
the endogenous occurrence of pulsatile fields. Studies on
pulsed electromagnetic fields (PEMF) are fewer in number
but are also effective in stimulating growth and upregulating
neurotransmitter release. Since it appears that the neurons
respond vigorously to the electric fields specifically, it is
likely that the currents induced by PEMF, rather than the
magnetic fields themselves, are responsible for growth and
functional changes [14]. However, as discussed below,
and contrary to this citation, the magnetic field is involved
as well. A combined AC (850 microGuass)-DC (1200
microGauss (0.12 T)) electromagnetic field has been used to
examine cellular alternations of C-6 glioma cell line with 48
and 96-hr exposure. After 48-hr exposure, the cell number
decreased 75% compared to the control group. Interestingly,
the cell number recovered to 50-60% of the control after 96-hr
exposure. There was a 3-fold increase in the average cellular
volume after EMF exposure. Analyses using the electron
microscope revealed the expansion of the cell diameter in
association with depletion of mitochondria, outnumbered
lysosomes and multivesicular bodies, and disrupted Golgi
apparatus in the experimental group. Bohr demonstrated that
the accelerated shift of calcium ions into cells may potentially
evoke cytosolic protease, lipase, or catalase, with secondary
cytoplasmic organelle injury. Further exploration into the
calcium related events on AC-DC field exposure might
provide an impetus in unraveling possible neuroprotective
strategies in this aspect [15].

Effects of EMF, PEMF and RF on Vital Functions in
Experimental Animals and Human

Many previous studies in peripheral nerve injury models
indicate that locally applied weak electric fields can promote
axonal regeneration. Using direct current, this galvanotropism
is likely to be specific for the cathode source since growth
does not advance towards the anode. This principle has been
applied in experimental injury of the mammalian CNS, in
which there is relatively little or no axonal elongation after
injury. The local application of electric fields appears to
promote axonal process outgrowth towards the cathode in
damaged guinea pig spinal cord, and to promote recovery
of function in damaged rat spinal cord. In damaged rat optic
nerve, which supports little or no post-traumatic regeneration,
cathodes oriented distal to crushed axons can promote
substantial axonal process outgrowth for distances of about
3 mm. These observations prompted the investigation of
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galvanotropism after partial denervation of the hippocampus.
The results are consistent with the hypothesis that cathode
current can modulate long term effects of injury to this
structure. A galvanotropic device (American Biolnterface
Corporation, New York, NY) has been utilized to deliver a
chronic source of weak direct current. The wires led from the
opposite ends of the pad and were connected to the cathode or
anode terminals of a power supply. The wires were designed
so that they spiraled under the pad, each providing a surface
area of approximately 0.5 mm?. The power supply consisted
of a 1.4 V silver oxide hearing aid battery (#36; Eveready,
Danbury, CT) and a 1 M ohms resistor in series with the
anode, which delivered 1.5 mA to the tissue. The power
supply was encased in several layers of medical grade epoxy,
which was covered by a SilasticTM layer [16]. As alluded to
above, the PEMF responses may not be limited to electrical
stimulation and in fact responses may be to an RF field. In a
more refined system, the exact frequencies and/or magnetic
flux may be determined which can then be used to treat
the damage. The technology exists to measure the natural
EMF and frequency in the healthy and diseased state. This
EMF or a derivation such as RF, corrected for the healing
process, is then generated to get the desired outcome. PEMF
provides complex information not restricted to amplitude,
pulse width and frequency. The ability to deliver multiple
pulses has important neurophysiological ramifications.
The first demonstration that repetitive TMS (rTMS) could
produce dramatic effects on brain function was used to
produce speech arrest with stimulation over the motor speech
(Broca's) area, lasting only for the duration of stimulation.
No such effects on neural processing had ever been produced
with single TMS pulses. Pascual-Leone elucidated some
of the neurophysiology of rTMS and RF. They showed
that low stimulation frequencies evoked consistent motor
evoked potentials (MEPs) in the muscles targeted by the area
of stimulated cortex. As the frequency of the stimulation
was increased, the stimuli began to influence each other.
At frequencies of about 10 Hz, the stimuli reinforced each
other. At 20 Hz, every other stimulus came at a time when
the corticospinal system was still inhibited by the preceding
pulse. This period of inhibition after a TMS pulse usually
lasts about 100 ms. As a result, 20 Hz stimulation caused a
high degree of synchrony of firing in the corticospinal tract.
Because every second pulse could recruit no neurons, the third
pulse found many neurons free of inhibition. The net motor
output produced an alternating pattern of very small and
extremely large motor evoked potentials (MEP). In this way,
RF patterns of neuronal activity imposed by rTMS disrupt
the normal function of the areas being stimulated. Sustained
alterations in neural function and levels of neuronal activity
likely underlie the capacity of rTMS to produce reversible
functional lesions such as speech arrest [17]. RTMS and RF
can produce seizures when stimuli are administered at high
rates and intensities or when stimulus trains are administered
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close together. TMS has been used to precipitate seizures
in epileptic patients undergoing presurgical stimulation to
map language areas and has produced seizures in normal
volunteers [18]. None of the individuals developed any
neurological sequelae. During repetitive stimulation of
the hand area of motor cortex, it became apparent that at
relatively high frequencies of stimulation (> 5 Hz), activity
would spread from a single hand muscle to other hand
muscles, and from there to more proximal muscles when
the intensity of the stimulation was high enough. This
represented intracortical spread of excitation and might be
an early precursor of epileptic seizure or in the opposite
as the spreading depolarization of neuronal injury. Spread
of excitation in the primary motor cortex thus provides an
indicator of the potential epileptogenicity of rTMS and RF in
individual subjects. The primary motor cortex appears to be
the most epileptogenic area of the cortex except for the mesial
temporal area, which, by virtue of its depth, is inaccessible to
r'TMS with currently available devices, but not inaccessible
to RF. Because the susceptibility to cortical excitation with
TMS varies widely among individuals for unknown reasons,
the intensity of stimulation must always be chosen with
respect to the threshold of an individual subject to produce a
motor evoked response. Single-pulse TMS does not appear to
affect long-term memory. At the same time, it is proving to
be a useful probe of short-term or working memory. Pascual-
Leone and co-investigators used rTMS to map the cortical
representations of muscles involved in performing a serial
reaction time test. As subjects became more familiar with
the test and developed implicit knowledge of the repeating
pattern, there was a progressive enlargement of the cortical
representation of the motor areas involved in the task. After
subjects explicitly knew there was a repeating pattern,
the cortical representation shrank, demonstrating rapid
functional plasticity of cortical regions involved in learning
and transfer of knowledge from implicit to explicit. This
same group has shown that rTMS over the left mid temporal
or bilateral dorsofrontal cortex, at 0 and 250 ms latencies,
resulted in impaired recall of a list of recently learned words,
demonstrating an effect on working memory [19].

PEMF has been therapeutic in several clinical conditions:
(i) mirror movements, a congenital disorder of motor control;
(ii) amputations, a typical massive restrictive deafferentation
in the peripheral nervous system, (iii) traumatic spinal cord
injury leading to paraplegia, and (iv) hemispherectomy for
a massive brain lesion. The general hypothesis motivating
these experiments was that neural damage in the form of
congenital disorders of motor control and lesions in the
peripheral and central nervous systems could induce changes
in the relationship between cortical motor representation
areas and their target muscles. Magnetic stimulation, being
less painful than electrical stimulation, is now a useful tool
in unveiling these phenomena in humans [17]. Transcranial
motor cortex stimulation can serve as an assessment tool
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for studying the effects of various interventions employed
to enhance recovery after spinal cord injury, such as
the application of 4-aminopyridine (4-AP), a potassium
channel blocker. By blocking exposed potassium channels
on spinal cord long tract axons that have been rendered
nonfunctional due to demyelination, conduction through
the injury zone may be improved. In a group of six spinal
cord injury subjects with temperature-dependent central
conduction deficits, intravenous application of 4-AP brought
a reduction of latency and an increase in amplitude of MEPs
in four subjects. Furthermore, two of these subjects also
showed improvement in volitional motor unit recruitment
in muscles below the level of the lesion. These findings
provided conclusive evidence of improved conduction
because of a pharmacological intervention to selectively
block voltage-gated potassium channels, and thus prolonging
action potentials to increase the release of neurotransmitters
at the neuromuscular junction and improving conduction in
the spinal cord [8]. Since the pathophysiology of neuronal
injury may differ between the spinal cord, peripheral nerve,
neocortex, and striatum, different timings, and duration of
PEMF and RF application are required before concluding
that such treatment may be beneficial for cerebral ischemia
in brain injury. Young, in 1984, found that a high-frequency
pulsed field applied to contused feline spinal cords within
4 hours of injury decreased the accumulation of calcium
in the core area of injury and enhanced somatosensory
evoked potentials (SSEP) and recovery of motor and sensory
function [20]. Zienowicz 1991, demonstrated enhancement
of functional recovery in a rat model of peripheral nerve
transection combining PEMF exposure with delayed
surgical repair [21]. Furthermore, Sisken in 1989, was able
to stimulate sciatic nerve regeneration in rats after a crush
lesion using a low-frequency PEMF or RF [14]. Rappaport
and Young reported on the effect of PEMF on calcium tissue
changes in a rat model of focal cerebral ischemia. Rats were
treated with a high-frequency PEMF for 2 hours following
the onset of focal ischemia, and no differences in brain tissue
calcium content were discerned supporting the beneficial
effect of PEMF [22]. The effect of sinusoidal magnetic
field stimulation on regeneration of the rat sciatic nerve was
studied. Rats were exposed, after crush lesioning of the nerve,
between a pair of Helmholtz coils to a 50Hz magnetic field
of 0.2 millitesla (mT) or 0.4 mT, respectively. Regeneration
of the sciatic nerve was measured by the "pinch test," or by
immunocytochemical staining for neurofilaments 1 to 6 days
after the crush lesion. Intermittent stimulation (4 hours per
day) at 0.2 mT did not affect regeneration, while continuous
stimulation with the same field enhanced regeneration
distances measured at days 1, 2, and 3. Intermittent
stimulation with 0.4 mT increased regeneration distances in
3-day regenerated nerves. In the rats exposed continuously to
0.4 mT regeneration was higher in all groups (1, 2, 3,4, and 6
days). This field enhanced the regeneration velocity by 21%.
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Pretreatment for 7 days, with continuous stimulation either at
0.2 mT or at 0.4 mT, did not affect regeneration of the sciatic
nerve after a crush lesion [23]. These findings support the role
of continuous sinusoidal magnetic field stimulation following
crush injury in nerve regeneration. However, careful studies
are warranted to support these findings in clinically relevant
large animal models. The literature is overflowing with
studies demonstrating the effects of PEMF. Brain plasticity
occurs 2-4 months after stroke in 18 patients treated with TMS
[24]. PEMF increased bone mRNA of BMP-2 and BMP-4. Its
effect was related to the duration of the PEMF [25]. PEMF
have been used in a single cell system, electric fields of 1-5
kV/cm at nanosecond (ns) to microsecond duration, to coerce
macromolecules into a cell. Earthworm axons reconnect at
80-200 Volts, 10-100 microsecond duration. In this system
the anode was rostral and the cathode caudal at 200-300
micrometers, with the electric field perpendicular to the
cell [13]. All the above studies support the beneficial effect
of EMF, PEMF and RF on nerve regeneration, antioxidant
activity and many vital functions in experimental animals and
human. In the following section, we will discuss the effect of
EMF at the cellular level.

EMF has been demonstrated to have potential beneficial
effects in neurological recovery. There has been a plethora of
both in vivo and in vitro studies that have demonstrated the
effects of EMF treatment at different points of the ischemia
(Figure 1).

In vitro Effects of EMF

Nanometer energy can delay neuronal degeneration,
rescue marginal cells, and facilitate axonal regeneration.
Of course, laser energy can be lethal in high doses. Laser
energy at 337.1 nm, one millijoule and 10 Hz, stimulates
neurotransmitter release, release of superoxide dismutase
and has an anti-inflammatory effect. Yew showed an increase
of RNA and protein synthesis, while Fork stimulated the
sodium/potassium pump at 488 nm, and Mester stimulated a
162% increase in acetylcholine at 694nm [26-28]. Exposure
of cells to relatively low intensity, pulsed, low frequency
electromagnetic fields can cause transient augmentation
of mRNA [29]. There have been effects demonstrated on
key mechanisms of apoptosis, the generation of nitrogen
and oxygen reactive species, inflammation, and neuronal
protection [30, 31]. Grant et al reported as reduction in
edema by 65% in a rabbit model of ischemic stroke, with
less neuronal damage in neocortical and striatum regions
[32]. Additionally, EMF is a potent inducer of angiogenesis
and modulation of microcirculation [33]. EMF has been
shown to target processes underlying ischemia after stroke or
TBI. To date, studies have been done on diverse cell types,
ranging from neurons and microglia to endothelial cells and
astrocytes. Astrocytes are the predominant cell type in the
brain, have a vital role in the homeostasis, and along with
microglia, mediate inflammatory signals. Vincenzi et al 2020
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demonstrated PEMF induced protective results in astrocytes,
which links astrocytes, stroke, and EMF [34]. Furthermore,
PEMF exposure increased vascular endothelial growth factor
(VEGF) released in type 1321N1 astrocytes. There have been
effects noted in the regulation of apoptosis as well. Gessi et
al utilized PEMF and demonstrated decreased antiapoptotic
B-cell lymphoma 2 (Bcl-2) molecule and proapoptotic Bel-
2-associated agonist of cell death (BAD). These results were
like those reported by other investigators. PEMF stimulates
the p38 kinase cascade, with 70 kilodalton heat shock protein
(HSP70), cAMP response element-binding protein (CREB),
Brain-Derived Neurotrophic Factor (BDNF) being recruited,
which ultimately leads to increased levels of antiapoptotic
Bcl-2 and simultaneous decrease of apoptotic BAD [35].
Additionally, PEMF activates the BDNF/Tropomyosin
receptor kinase B (TrkB)/Protein kinase B (Akt) pathway,
which leads to phosphorylation of BAD, which in turn binds
to B-cell lymphoma-extra-large (Bcl-xL) and thus decreased
Bcl-2-associated X protein (Bax), Bad, and Cas3. These
authors noted decreased levels of interleukin-1 (IL-1b) and
matrix metallopeptidase 9 (MMP 9) in the periinfarct area
of mice suffering from ischemic stroke. PEMF has effects
on the endocannabinoid system, employing extracellular
signal-regulated kinases (ERK) signaling. PEMF reduced
glutamate induced excitotoxicity and with increased viability
of cells, and modulation of the endocannabinoid system
[34]. These effects were correlated with increased levels of
N-arachidonylethanolamide and 2-arachidonoylglycerol.

In vivo effects of EMF

Motor cortex electrical stimulation in humans is effective
for the treatment of central post-stroke pain and trigeminal
neuropathic pain. EMF has been shown to promote the
activation of anti-inflammatory cascade, while also decreasing
pro-inflammatory cytokines. There have been several studies
that have shown different genes pertaining to inflammation
and apoptosis that are affected by PEMF. Pena-Phillipes et al
demonstrated in mice with distal MCA occlusion (IMCAO),
PEMF downregulated 19 proinflammatory genes, including
IL-1, tumor necrosis factor (TNF) super family genes.
Concomitantly, they found an upregulation of interleukin-10
(IL-10) and interleukin-11 (IL-11). This remarkably coincided
with a reduction infarction volume and edema. PEMF also
attenuated inflammation and hypoxia induced injury across
cell lines, resulting in reduced proinflammatory cytokines
TNF-0, IL-1, interleukin-6 (IL-6) and interleukin-8 (IL-8)
[34]. Similarly, Merighi and colleagues showed protective
effects of PEMF on microglia cells exposed to LPS-induced
inflammatory conditions, and described a reduction in
TNF-0, IL-1B, and IL-6 [36]. Interestingly, these authors
suggested that the protective effect of PEMF was mediated
by the recruitment of c-Jun N-terminal Kinase 1/2 (JNK1/2)
mitogen-activated protein kinases (MAPK), as the inhibition
of JNKI1 reversed the protective effects from PEMF on
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TNF-a and IL-1p production. PEMF in this case reduced
the cellular functions of microglial as it pertains to reactive
oxygen species (ROS) production, cellular invasion, and
phagocytosis. SEMF has been shown to decreased levels
of superoxide in addition to lowering levels of intracellular
reactive oxygen species (ROS), nitric oxide (NO), lipoprotein
(LP), and calcium, while also increasing superoxide dismutase
(SOD) and NO [37]. Duong Kim showed that under hypoxia,
SEMF decreased intracellular calcium, and ROS production.
These findings were echoed by Pessina et al, who showed a
reduction of intracellular calcium in astrocytoma after PEMF
[38]. Most studies have shown that EMF does in fact induce
NO [39, 40]. NO is produced by endothelial cells after SEMF
is applied to cells. When NOS was inhibited, the positive
effect of ELF-MF in rats with stroke was inhibited [41]. It
is important to note that NO is synthesized in endothelial,
neuronal, and inducible subtypes. While NO from
endothelium results in vasodilation with increase in blood
flow to ischemic brain regions, neuronal nitric oxide synthase
(nNOS) and inducible nitric oxide synthase (iNOS) on the
other hand, may have deleterious effects. Therefore, it will
be prudent to conduct further research to elucidate how the
various isoforms of NOS are activated by EMF. Based upon
the above data, PEMF stimulates RNA and protein synthesis,
brings molecules into cells, rescues cells from anoxia, leads
to axon regeneration and improves functional recovery after
stroke. The effects of EMF on the oxidant-antioxidant defense
system have been debatable. This could be due to the exposure
of variable strengths and wavelength whereby high dose of
EMF exposure triggers oxidative stress in several tissues, but
at lower doses it may reduce oxidative stress by inhibiting
the generation of reactive oxygen species and thus preventing
the damage of cellular components, including proteins, lipids,
and DNA. However, the underlying mechanisms are still
unclear and warrant further studies.

Potential Cellular Targets for EMF Modulation
Spreading depolarization

Spreading depolarizations refer to waves of mass
depolarization in neuronal gray matter and serve as markers
and responses to pathological events. These depolarizations
are highly varied and involve multiple molecules, earning
them the nickname "brain tsunami", resulting in the release
of large amounts of potassium and neurotransmitters, while
also leading to the influx of sodium, calcium, and water into
neuronal cells. This process increases metabolic demand,
potentially changing blood flow to the brain, and disrupting
the blood-brain barrier. Spreading depolarizations may
also impact gene expression and alter the ultrastructure of
the brain [42]. Since it spreads beyond the injury, it affects
healthy tissue too. One hypothesis worth exploring is if EMF
applied over injured tissue will limit superoxide dismutase
and result in improved neurological outcomes. Some studies
suggest that physiological optimization strategies and/or
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pharmacologic therapy could inhibit superoxide dismutase
in malignant hemispheric syndrome (MHS) patients, and
thereby limit edema and infarct progression, there would be
reason to believe that EMF might be able to exert the same
effect [43].

Biomarkers to monitor the effect of EMF

Several potential biomarkers of brain tissue damage,
including the structural proteins glial fibrillary acidic protein
(GFAP) and S100 Calcium Binding Protein B (S1008), and the
matrix protein MMP-9, show promise. Combining multiple
biomarkers in panels can improve the accuracy of ischemic
stroke diagnosis. Although unbiased “omics” approaches can
identify a broad range of genes, proteins, and metabolites, their
high cost makes them unlikely to be the preferred detection
method [44]. Whereas sphenopalatine ganglion stimulation
has used the release of NO, acetylcholine and BIP from
parasympathetic innervation to cerebral blood circulation, so,
too, may these markers be monitored as EMF is applied over
similar stroke morphologies [45]. Certain biomarkers are
released at certain times, which may imply that a temporal
application of EMF would benefit patients with brain injury
at different times, or at different intervals. The STAIR XI
workshop discussed tissue imaging techniques that can
identify stroke patients with both core and salvageable brain
tissue. They referred to this approach as a "tissue window"
for selecting patients for treatment. The elements of the
neurovascular unit have varying vulnerability and evolve
over different time scales in different brain regions. STAIR
proposed the term "target window" to suggest therapies
that target different elements of the neurovascular unit at
different times [46]. Other studies imply that inhibition of
certain expressed molecules may be beneficial in enhancing
recovery after brain injury. Patabendige et al, discussed the
role of aquaporin 4 (AQP 4) and its polarized expression on
astrocytic end feet are important for bidirectional water flux
in the neurovascular unit. Reduction of AQP4 expression
and translocation from astrocytic end feet leads to cytotoxic
edema, and inhibitors of this translocation could reduce
cytotoxic edema and potentially be neuroprotective for
ischemic stroke [47]. If EMF shows promise in also acting
as an inhibitor of the actions of certain molecules, then
the potential to provide similar neuroprotective benefits is
also possible. Newer studies are even demonstrating more
biomarkers that can be tracked as evidence of brain injury
and ischemia, that may serve as indicators that EMF is indeed
leading to enhanced healing mechanisms at the cellular level.

Evaluating Cognitive Outcomes in Humans

There are several studies that have used cognitive outcomes
to measure the effects and sequalae of various brain injuries,
both ischemic and traumatic. The LACunar Intervention
Trial-2 (LACI-2) was designed to determine the feasibility of
alarger trial that would test the effectiveness of cilostazol and/
or isosorbide mononitrate (ISMN). The purpose of LACI-2
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was to confirm outcome event rates required to power a phase
3 trial and test participant recruitment and retention in follow-
up, drug tolerability, and safety. The LACI-2 trial used
Montreal Cognitive Assessment (MOCA) and Trails V, along
with hematologic and biochemical markers [48]. During the
International Stroke Conference held in Dallas, Texas from
February 8-10, 2023, researchers presented the results of a
phase 1a/2b study. This double-blind, randomized controlled
trial evaluated the effectiveness of ApTOLL, an experimental
drug, in combination with endovascular therapy (EVT) in
patients with acute ischemic stroke. The study specifically
focused on patients who had confirmed large vessel occlusion
and were eligible for reperfusion therapies, such as EVT,
with or without intravenous recombinant tissue plasminogen
activator [49]. These researchers used changes in National
Institutes of Health Stroke Scale score (NIHSS) and modified
Rankin Scale (mRS) as primary cognitive endpoints.

Conclusion

Based on the evidence reviewed in this review paper,
exposure to electromagnetic frequencies appears to play
a beneficial role in optimizing cellular mechanisms for
healing after brain trauma. While further research is needed
to fully understand the underlying cellular and molecular
mechanisms and develop the most effective personalized
protocol to determine the optimal frequency, duration,
and intensity of exposure, the current findings suggest that
electromagnetic therapy may hold promise as a potential non-
invasive treatment for traumatic brain injury. Future research
in clinical models and the response to EMF will depend on
a variety of accepted and experimental biomarkers currently
in use to evaluate response to treatment, as well as cognitive
outcomes. It is important to note, however, that more research
is needed to fully understand the potential benefits and risks
of electromagnetic therapy for brain trauma. As with any
treatment, it is crucial to carefully weigh the potential benefits
against the potential risks, and to consult with a healthcare
professional before beginning any new therapy.
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