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Abstract
Alzheimer’s disease (AD) is the most common neurodegenerative dementia worldwide. AD is a multifactorial disease that causes a progressive decline in memory 
and function precipitated by toxic beta-amyloid (Aβ) proteins, a key player in AD pathology. In 2022, 6.5 million Americans lived with AD, costing the nation 
$321billion. The standard of care for AD treatment includes acetylcholinesterase inhibitors (AchEIs), NMDA receptor antagonists, and monoclonal antibodies 
(mAbs). However, these methods are either: 1) ineffective in improving cognition, 2) unable to change disease progression, 3) limited in the number of therapeutic 
targets, 4) prone to cause severe side effects (brain swelling, microhemorrhages with mAb, and bradycardia and syncope with AchEIs), 5) unable to effectively 
cross the blood-brain barrier, and 6) lack of understanding of the aging process on the disease.

mAbs are available to lower Aβ, but the difficulties of reducing the levels of the toxic Aβ proteins in the brain without triggering brain swelling or microhemorrhages 
associated with mAbs make the risk-benefit profile of mAbs unclear.

A novel multitarget, effective, and safe non-invasive approach utilizing Repeated Electromagnetic Field Stimulation (REMFS) lowers Aβ levels in human neurons 
and memory areas, prevents neuronal death, stops disease progression, and improves memory without causing brain edema or bleeds in AD mice. This REMFS 
treatment has not been developed for humans because current EMF devices have poor penetration depth and inhomogeneous E-field distribution in the brain. 
Here, we discussed the biology of these effects in neurons and the design of optimal devices to treat AD.
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Introduction
The Physics

Electromagnetic field: The electromagnetic field is a wave motion 
consisting of oscillating electric and magnetic fields. It is characterized 
by the wavelength λ in meter, the frequency f in Hertz (H), the photon 
energy U in Joule (J), and the absolute temperature Tin Kelvin (K) [1]. 
Among them the following relationships hold λ=cf, U=h f, T=U/k=h 
f/k where c (3 × 108 m/s) is the approx. speed of light, h (=6.626 × 10-34 
Js) is the Planck constant, and k (1.381 × 10-23 J/K) is the Boltzmann 
constant. The photon energy and the temperature increase with an 
increase in the frequency or the decrease of the wavelength.

Electromagnetic Field (EMF) can be viewed in a classical or 
quantum field which is produced by electric charges in classical field 
theory or by quantized EMF tensors in quantum field theory. EMF 
is a mix of an electric field and a magnetic field. The stationary and 
moving charges produced the EMFs; Maxwell's equations define 
its interaction. The EMF quanta of energy (photons) are integer 
multiples of hf where h is Plank’s constant, and f is the frequency of 

the radiation (Hertz) [2]. The quantum effects produced by the photon 
oscillation on molecules are the most likely mechanism of the EMF 
and biological system interaction [3]. The EMF effects on biological 
systems can be produced by thermal vs. non-thermal EMF stimuli [4]; 
here, we will discuss the non-thermal effects of radiofrequency (RF) 
radiation. A whole series of biological effects produced by weak static 
or alternating EMF action is explained only from the viewpoint of 
non-thermal mechanisms. The bioeffects of these exposures include 
changes at various levels: alterations in membrane structure and 
function, changes in several subcellular structures as proteins and 
nucleic acids, protein phosphorylation, cell proliferation, free radical 
formation, and ATP synthesis. Another factor in the interaction 
of RF fields with biological tissues is influenced by the geometry 
and composition of the exposed object and the frequency and 
configuration of the field. Also, the distance from the antenna and 
its configuration affects the width and strength of the incident field. 
In the near field, quasistatic interactions prevail. In the far field, the 
RF energy propagates as plane waves. Therefore, the interaction with 
biological systems is independent of the antenna configuration [5].

Challenges: The main challenge to explain these effects is that 
the RF photon energy is low, insufficient to excite electrons (13.6 eV) 
[6], and is thereby considered non-ionizing. For example, the photon 
energy of Repeated Electromagnetic Field Stimulation (REMFS) at 50 
MHz is 2.0678-7 eV, at 64 MHz it is 2.64-7 eV, and at 915 MHz it is 
3.7841-6 eV; these photons produce low energy insufficient to cause 
chemical changes [6]. Additionally, protein conformational changes 
cannot occur under direct electric field magnitudes lower than 108 
V/m [7], and REMFS only produce 16.22 V/m [8]. REMFS energies 
are incapable of directly causing the dissociation of chemical bonds 
such as the H-O-H covalent bond of a water molecule (H2O) because 
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this type of reaction would require 493.4 kJ/mol or 5.1138 eV [9,10], 
an exponentially higher amount of energy. Thus, classical physics is 
unable to explain the biological responses to REMFS.

Mechanism of action
At the quantum level: Nevertheless, quantum physics provides an 

explanation of how this reaction occurs. Here, we consider low-energy 
EMF with frequencies below the THz wavelength. Interestingly, high-
energy EMF is not able to produce the biological effects of the low 
energy EMF [11]. In addition, Panagopoulos found that oscillating 
EMF with frequencies lower than 1.6 × 104 Hz produce bioeffects, 
even at very low intensities. Conversely, as the frequency of the EMF 
increases to more than 1.6 × 104 Hz a higher field intensity is required 
to produce biological effects [12]. This difference could be due to 
RF and microwave range correlating to the rotation of polyatomic 
molecules and higher frequency to the vibrations of flexible bonds 
[13].

Another possible explanation is the effect of the RF oscillation 
on the H-bond at the quantum level. The difference in frequencies 
between RF oscillation (Hz to GHz) and hydrogen bond vibration 
(74 THz) may cause the hydrogen bond to behave as a driven 
quantum oscillator under REMFS exposure [14,15]. Data indicates 
that REMFS amplifies hydrogen bond vibrations around negatively 
charged biomolecules, influencing proton tunneling by increasing 
both vibration amplitude and the distance between the proton and 
acceptor [16], consequently raising the probability of tunneling. This 
protonation creates tautomers in RNA or other biomolecules that 
produce conformational changes and affect biological functions [3].

Specifically, the oscillatory effects of the RF on the degradation 
of abnormal proteins as beta-amyloid (Aβ) initially affect H-bonds 
confined to the first layer of the interfacial water in the vicinity of 
the non-coding RNA Heat Shock RNA-1 (HSR1) [17]. This EMF 
oscillation shortens the length of the H-bond, increasing the 
probability of proton tunneling [18] and protonation of the nucleic 
acids [19], leading to the formation of tautomers [20] that produce 
conformational changes in HSR1 [17] to allow binding and activation 
of HSF1. Subsequently, HSF1 binds to DNA to express chaperones 
that initiate chaperone autophagy and degradation of Aβ and 
other abnormal proteins, such as Tau, with the consequent clinical 
improvement in Alzheimer’s Disease (AD).

Another important factor in the energy deposition depends on 
the orientation of the E-field vector or polarization with respect to 
the body, so underlying the importance of polarized vs. non-polarized 
EMF. Panagopoulos et al. [11] analyzed the role of polarization in 
the biological activity of Electromagnetic Fields. They found that 
polarized (man-made) in contrast to non-polarized (natural) have 
biological effects due to 1) Ability to produce constructive interference 
effects and amplify their intensities at many locations. 2) Ability to 
force polar molecules (water) within and around negatively charged 
biomolecules to oscillate on parallel planes and in phase with the 
applied polarized field. This oscillation at the quantum level produces 
proton tunneling and protonation of the biomolecules to produce 
conformational changes to change into an active structure able to 
activate a signaling pathway that regulates the proteostasis and AD 
pathology [3]. Therefore, we must consider the use of polarized EMF 
for human treatments because if the non-polarized EMF photons 
have all possible orientations forming angles between each two 
of them from 0° to 360° and the superposition of many such equal 

vectors converge on the same point in space will be the sum of vectors 
applied on the center of a sphere with their ends equally distributed 
around the surface of the sphere. The sum of an infinite number of 
such vectors (all applied on the center) tends to become zero energy, 
producing destructive interference and a lack of biological effects [21].

At the molecular level: The protonation of nucleic acids produces 
tautomerism and conformational changes. In the RNA nucleic acid 
bases occur in several tautomeric forms due to solvent-exchangeable 
protons [20]. Tautomers [22] are used by multiple RNA to produce their 
functions [20,23]. Interestingly, Guanine and cytosine protonation 
affect RNA structure and function; their different structures come 
from the changes of single and double bonds in the ring systems of 
purines and pyrimidines [24]. Furthermore, it is well known that 
tautomeric equilibria are affected by several chemical and physical 
factors such as metals, temperature, pH [25] and recently electric 
field exposures [18,26] and can adopt various secondary structures 
such as double helices, stem-loops, pseudoknots, and G-quadruplexes 
responsible for a variety of functions during biological processes like 
DNA replication, packaging, and transcription [27,28]. Often, such 
conformational changes promote binding to activating factors that in 
turn affect transcription and translation of proteins.

Evidence suggests that REMFS protonates biomolecules [29], 
with important tautomeric interconversions and conformational 
changes resulting [20,30]. These data suggest that REMFS can cause 
tautomerism and conformational changes in biomolecules similar to 
the regulation of HSR by RNA thermometers [26] in bacteria [32].

Also, REMFS exposures are not likely to produce protein 
denaturation, so the mechanism must be related to an EMF-sensitive 
biomolecule such as HSR1. EMF exposure also increases HSF1-heat 
shock element binding activity, thereby directly contributing to the 
activation of HSF1 and the stress-induced Hsp70 [33] transcription 
and translation in cells exposed to REMFS [34,35]. HSF1 is a 
transcriptional factor master regulator of stress gene expression 
(molecular chaperones) [36,37]. Recently, in addition to chaperone 
expression, accumulating evidence indicates multiple additional 
functions for HSF1 beyond chaperone production. HSF1 acts in 
diverse stress-induced cellular processes and molecular mechanisms, 
including the endoplasmic reticulum, unfolded protein response, 
and ubiquitin-proteasome system, multidrug resistance, autophagy, 
apoptosis, immune response, cell growth arrest, differentiation 
underlying developmental diapause, chromatin remodeling, cancer 
development, and aging [38]. Protein aggregation is an important 
factor in the progression of aging and age-related diseases such as AD 
[39]. Several pathways are associated with abnormal protein clearance, 
including molecular chaperones, the ubiquitin-proteasome system, 
and autophagy pathways [40]. The production of these chaperones 
depends on the activation of HSF1, an event attenuated by the aging 
process [41]. HSF1 is repressed by the Hsp90 complex and released to 
get activated under several cellular stresses [42]. The triggering of the 
HSR by stressors after REMFS treatment produces a fast and vigorous 
expression of chaperones (Heat shock proteins, Hsps) [43,44]. The 
most important protein is the Hsp70, which promotes degradation 
and inhibits the accumulation of toxic Aβ peptides [45-48], an APP 
fragment of [44-48] amino acids [49], which is a key factor in AD. 
Hsp70 decreases Aβ levels when given to microglia from rats [50]. 
GRP78 is another member of the HSP70 family with a role in AD. In 
a HEK cell model co-transfected with APP and GRP78binds to APP 
in the ER, prevents the β/γ-secretase cleavage necessary to produce 
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Aβ, decreasing Aβ intracellular levels and toxicity [51]. In addition, 
the overexpression of GRP78 decreases the level of Aβ40 and Aβ42 
in mutant APP (APPsw) cells [51]. Furthermore, HSF1 upregulates 
ATG7 and RIPK1 to promote autophagy [52,53]. HSP70 transports 
APP to lysosomes for Chaperone-Mediated Autophagy (CMA) or 
endosomal Micro-Autophagy (eMI) for degradation to reduce Aβ 
levels [54].

Preclinical studies
In vitro studies: Our experiments [8,43,55] and our review of 

the literature [56-58] from cell culture [59-64], animal [65-80], and 
human [81-85] studies found that the minimal therapeutic REMFS 
dose for AD is ~0.4-0.9 W/kg Specific Absorption Rate (SAR) for one 
hour/day. This dose activated autophagy pathways [43,61,86-89] to 
lower Aβ levels in human brain cultures [55] and animal models [65-
80]. Our initial hypothesis was that the effect of aging on the loss of 
the proteostasis [90] and the consequent Aβ accumulation is an early 
event [91] in aging and AD pathology. AD usually emerges during 
aging, when the proteostasis quality control and autophagy are unable 
to prevent the aggregation of misfolded proteins. The central role of 
HSF1 and autophagy on the proteostasis and aging [92] prompted us 
to examine REMFS at different frequencies, exposure times, input 
powers, SARs, and schedules to determine if these RF exposures 
upregulate HSF1, autophagy, and delay aging. We found that low 
EMF frequency (50 MHz-100 MHz), exposure time of 5, 15, 30, 60, 
and 120 min, power of 0.1, 0.5, 1 W, and a SAR of 0.4, 0.6, 0.9 W/kg 
were effective except the 5- and 15-minutes exposure confirming that 
these effects are time-dependent. To verify that EMF did not increase 
temperatures, 37°C cell cultures and distilled water were irradiated 
for 5, 15, 30, 80, and 120 min and monitored for temperature changes. 
REMFS does not alter cell culture temperature. Thus, biological 
effects from REMFS are unlikely due to thermal effects. We found 
that REMFS non-thermally activates the HSF1 (master regulator 
of the proteostasis [93,94] and the autophagy proteins ATG5 and 
ATG12 [61,87]), increasing levels of HSP70, achieving a 17% increase 
in lifespan potential in human lymphocytes and mouse fibroblasts 
compared to knockout HSF1 cells [43]. Other studies have found 
that REMFS activate autophagy pathways in cell cultures [59,95,96] 
and animal models [88,89], and decreased Aβ levels in both 
[65,68,80,97]. Additionally, REMFS activates multitarget pathways, 
including the heat shock factor 1 [43,98], autophagy-lysosome system 
[61], ubiquitin-proteasome system [60], oxidative stress [62,99], 
cytoprotection [63], inflammation [100], mitochondrial, and neuronal 
activity [67], to lower Aβ levels and potentially improve cognition in 
AD patients. Given HSF1’s central role in the process of abnormal 
protein autophagy that occurs during aging, this suggests that EMF 
interventions to push HSF1 toward its activated state are essential for 
the autophagy of abnormal proteins such as Aβ.

Based on the above results, we hypothesized that REMFS 
potentially lower Aβ levels by autophagy [101] in human neurons; 
this prompted our group to expose Primary Human Mixed Brain 
cultures (PHB) with different EMF frequencies, times of exposure, 
schedules, and SARs [55] to determine if REMFS was effective in 
human neurons. We recently utilized REMFS to lower Aβ levels in 
cell cultures of PHB [55]. REMFS treatment decreased Aβ-40 and Aβ-
42 levels without evidence of toxicity. After 14 days of REMFS, we 
determined levels of Aβ40 peptide in exposed and non-exposed cells; 
treatment started on day 7 in vitro (DIV 7). The REMFS parameters 
were a frequency of 64 MHz with a SAR of 0.6 W/Kg for one hour 

daily; this treatment achieved a 46% reduction in Aβ40 levels (p=0.001, 
g=0.798) compared to the non-treated cultures [55]. The same REMFS 
parameters achieved a 36% decrease in Aβ42 levels. Subsequently, we 
demonstrated that REMFS at 64 MHz or 100 MHz with a lower SAR 
of 0.4 W/kg for 14 days achieved a comparable reduction in Aβ40 and 
Aβ42 levels. Furthermore, when we increased the exposure time from 
1 to 2 hours, there was a similar reduction in the Aβ levels. Also, when 
we increased the frequency from 64 MHz to 100 MHz, we found a 
comparable difference in Aβ levels. The results of our experiments 
suggest that REMFS at 64 MHz with a SAR of 0.4 W/kg for 1 hour 
(typical of that already utilized in clinical MRI contexts) would be the 
minimal energy needed to produce bio-effects in human neurons, 
specifically a reduction in levels of toxic Aβ peptides.

In vivo studies: Also, the efficacy and safety of REMFS have been 
demonstrated in Transgenic (Tg) AD mouse models in vivo. An initial 
REMFS study prevented or reversed memory loss in the Tg AD mouse 
model (AβPPsw) when a pulsed and modulated RF-EMF at 918 MHz 
with a SAR of 0.25-1.05 W/kg was applied over a 7 to 9-month period 
[68]. REMFS-exposed Tg mice preserved good cognitive function, 
whereas control Tg mice showed a cognitive decline. Tg mice of 
advanced age (21-27 months) with daily REMFS exposure for two 
months showed improved memory in the Y-maze task, although not 
in more complex tasks [65]. These older Tg controls showed high 
levels of Aβ aggregates, in treated mice showing a 24%-30% decrease 
in Aβ deposits. These data suggest a degradation of Aβ deposits with 
REMFS exposure. In addition, these long-term treatments were safe 
(daily for up to 9 months) without any toxic effects on multiple health 
parameters, including oxidative stress, brain histology, brain heating, 
damage to DNA, or cancer in peripheral tissues [102].

A higher frequency study (1950 MHz) showed decreased AD 
pathology in Tg-5xFAD transgenic mice, which overexpress APP, and 
Wild-Type (WT) mice treated with REMFS at 1950 MHz with SAR 
5W/kg for 2 hours per day, five days per week [80]. This long-term 
exposure to REMFS decreased Aβ plaques, APP, and APP carboxyl-
terminal fragments in the brain. REMFS also decreases the expression 
of β Beta secretase 1 (BACE1) to prevent inflammation.

Additionally, REMFS reverses cognitive decline in AD mice. 
REMFS treatment showed that when compared to WT mice, five 
genes that are all implicated in Aβ processing (Tshz2, Gm12695, 
St3gal1, Isx, and Tll1) are affected in Tg-5xFAD mice treated with 
REMFS. Specifically, WT showed the same genetic profile as non-
REFMS-treated Tg mice, while REMFS-treated Tg mice demonstrated 
different patterns. Therefore, these data suggest that chronic REMFS 
treatment influences Aβ processing in AD mice but not in wild or 
Tg controls [80]. Additionally, Other investigators demonstrated 
improved cognitive function that accompanied reduction of Aβ in 
AD mouse models [65,68,80,102].

Taken together, the enhancement pathways involved in Aβ 
degradation through upregulation of the HSF1 pathway [43], the 
autophagy-lysosome system [61], the ubiquitin-proteasome system 
[60,103], and a reduction in β-secretase activity following REMFS 
produce a protective effect through reduction ofAβ [80]. Furthermore, 
REMFS also targets multiple aging [104] and cell defense pathways 
that are involved in AD pathology [57], including oxidative stress 
[62], cytoprotection [63], inflammation [105], mitochondrial 
enhancement, and neuronal activity [102], thereby making REMFS 
a potential multi-target therapeutic strategy for AD that lowers Aβ 
[55] in memory areas and potentially stop disease progression [68] 
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and improve memory without brain swelling [68]. In conclusion, AD 
mouse studies and human brain cell studies revealed that REMFS 
exposures reduce Aβ. It also prevents and decreases brain Aβ 
aggregation without causing inflammation, as seen in passive or active 
immunity treatment trials [56,106]. REMFS represents a potential 
therapeutic strategy in the treatment of AD patients who already have 
large amounts of Aβ deposits.

Clinical studies
Another group found that EMF at 915 MHz [65] stops AD 

progression in mice [68]. However, a human trial of Transcranial 
Electromagnetic Treatment (TEMT) with 8-transmitters at 915 MHz 
[82] did not stop AD progression due to poor penetration depth (3.9 
cm) in a human head, not reaching deep brain memory areas such 
as the hippocampus, posterior cingulate [107,108], or locus caeruleus 
[109] affected early in AD. Therefore, frequency should be decreased 
to improve the penetration depth and SAR distribution before 
transposing AD mice results to human trials. Also, the position of the 
transmitters is at different angles that produce non-polarized EMF; 
it causes constructive and destructive interference, causing an erratic 
E-field distribution with non-treated and hot spots areas. Therefore, 
the EMF exposure should provide polarized EMF that and produces a 
homogeneous field distribution.

The rationale for how REMFS would improve memory is based 
on the activation of autophagy pathways [43,55,59,87-89,95,96] to 
degrade Aβ oligomers [110] in the hippocampus and deep subcortical 
memory areas [107,109], prevent neuronal dysfunction and death, 
and potentially stop disease progression and memory loss in AD. 
While these REMFS studies show promising results, this data may 
not be easily transposed to human treatments because the tissue 
characteristics, geometry, anatomy, body size, and EMF wavelength/
head size ratio in mice differ substantially from humans. What remains 
unknown is whether REMFS technology can deliver a homogeneous 
therapeutic SAR to all human brain memory areas, lower Aβ, prevent 
neuronal death, and potentially improve memory and function in AD.

Device and dosimetry
EMF devices: EMF devices are very important in healthcare [111]; 

the most common devices are based on the, direct interaction of EMF 
and the body 1) by induced electric currents 2) by energy converted 
into heat, 3) by Magnetic Resonance Imaging (MRI) to obtain 
diagnostic information 4) by Transcranial Magnetic Stimulation 
(TMS) to trigger functional responses, and 5) by introducing EMF 
devices into the organisms for monitoring, targeting, tracking, and 
navigating using electronic implants or capsular endoscopes able to 
inject nanoparticles into tissues. 

However, in the meanwhile, evolving EMF applications for 
treating protein deposition diseases such as AD are broadening these 
devices by directly exposing the tissues to activate molecular pathways 
that control the fate of a protein from synthesis to degradation 
(proteostasis). A complex molecular network, including molecular 
chaperones, proteolytic systems, and transcriptional factors, 
guarantees the preservation of proteostasis. Nevertheless, the aging 
process produces a significant decline in proteostasis with the resulting 
accumulation of protein aggregates and age-related diseases such 
as AD or Parkinson’s disease. The possibilities of EMF upregulation 
of the proteostasis hold great promise for delaying the onset of age-
related diseases and prolonging our healthy life expectancy.

Dosimetry: Electromagnetic fields must interact with tissues, 

and energy must be absorbed or deposited in the tissues to activate 
biomolecules to produce biological effects. The dosimetric quantities 
commonly used include incident field, induced field, Specific 
Absorption Rate (SAR), and Specific Absorption (SA) in tissue media. 
The metric SAR (in watt per kilogram) is a derived quantity and is 
defined as the time derivative of the incremental energy absorbed 
by an incremental mass contained in a volume of a given density 
(NCRP 1981) [112]. SAR value commonly uses 1 g or 10 g of tissue. 
The metric SA (in joules per kilogram) is the total amount of energy 
deposited or absorbed and is given by the integral of SAR over a finite 
interval of time. Information on SA and SAR is significant because 
it can serve as a framework to transpose experimental results from 
cell to animal, animal to animal, and animal/cell to human exposures. 
SAR was accepted worldwide as the dosimetric measure in guidelines 
for limiting exposure to EMF devices such as MRI, cell phones, etc. 
The SAR levels can be transposed to human treatments since the 
internal fields measured in terms of deposed power (SAR), not the 
radiated external fields, are the ones causing the biological effect. It 
is necessary to perform numerical modeling, computer simulation, 
and practical validation experiments in realistic nonhomogeneous 
(multilayer) human head phantoms to find the external fields that will 
produce the Same Internal Fields (SAR) of the neuronal cultures and 
AD mice in the human brain.

The complex geometry of the head and the several concentric 
layers of other tissues shows in computer simulations that the effect 
of skin, fat, skull, dura, and cerebrospinal increases the SAR in the 
skin [112]. There is less energy deposition in the bone and fat. If we 
compare homogeneous head models to multilayer models, we can 
see that SAR values are several times greater than the value in the 
multilayer model due to the resonant coupling of plane-wave RF into 
the brain sphere by the outer tissue layers.

One of the main advantages of accurate measurement of the SAR 
in human exposures is finding the Minimum SAR with Biological 
Effects (MSBE), this measure would be much more valuable compared 
to studying high SAR exposures. An MSBE will establish frame work 
the EMF effects on biomolecular responses (e.g., oxidative response). 
In addition, it is more likely to reduce the complexity of the EMF 
interaction targets in cell cultures by lowering the exposure power, 
which at least reduces the overall rise in temperature [113]. The MSBE 
value might differ regarding the case under study and depends on the 
physical and biological conditions of the exposed tissue. Determining 
the MSBE for a therapeutic SAR range is significant because it provides 
a framework to monitor and improve future treatments.

The evidence to substantiate the therapeutic SAR range for 
Alzheimer’s comes from our experiments [8,43,55] and our review 
of the literature [55-58] from cell culture [59-64], animal [65-80], 
and human [81-85] studies that found lower Aβ in memory areas, 
prevent neuronal death and improve memory in AD rodents when 
the local SAR was between 0.3-5 W/g, but not in exposures longer 
than 3 h/d [114-120] or at high energy [121-124], suggesting a dose-
and time-dependent therapeutic SAR window. In addition, many 
REMFS studies found that a SAR lower than 0.3 W/kg [99,125-137] 
or higher than 5 W/kg [97,138-150] has detrimental effects on AD. A 
rodent study [151] found an adverse impact in Blood Brain Barrier 
(BBB) leakage or neuron degeneration at a SAR of 0.26 and 13 W/kg 
but not at 2.6 W/kg, supporting a therapeutic SAR window. Similarly, 
two human studies support the therapeutic range; one study found 
impaired speed in cognitive tasks [152] at a SAR of 0.2 and 5 W/
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kg, in contrast to their previous results at a SAR of 1 W/kg where 
accuracy increased. All the above studies support that a local head 
SAR between 0.3 W/kg to 5 W/kg is the therapeutic range for AD. 
We adapted the upper limit SAR for this novel context based on the 
ICNIRP [153] and IEEE [154] safety standards of 2 W/kg local head 
SAR. In addition, our studies in primary human brain neurons found 
that the MSBE was 0.4 W/kg, providing a framework for treatments 
in AD. Moreover, recognizing differences in thermal physiology in the 
general population and the longer duration of our exposures (60 vs. 
6 minutes averaged), we have chosen a SAR of 0.4 W/kg-0.9 W/kg as 
the minimal therapeutic range to lower Aβ and decrease the risk of 
thermal injury as a framework for future AD treatments.

Finding the perfect wave: High-quality EMF exposures produce 
a homogeneous E and SAR Field distribution, and a high Signal-
To-Noise Ratio (SNR) [111]. However, the dielectric effect causes 
an inhomogeneous E-field distribution, because when the E-field 
of an electromagnetic field interacts with tissues, it decreases the 
wavelength, generates electric currents, and develops wave reflection 
or refraction at tissue interfaces. At higher frequencies than 200 MHz 
and shorter wavelengths compared to the size of the body, standing 
wave currents might flow in opposite directions from two sides of 
the patient, creating a pattern with destructive interference (non-
treated areas) and constructive interference (hot spots areas), the field 
uniformity of the large coils deteriorates at higher frequencies. The 
field distribution is uniform at 64 MHz and 128 MHz, respectively. 
From 200 MHz to 500 MHz, the field distribution begins to lose 
its uniformity, given the interaction between the sample’s electrical 
properties and the reduced wavelength of the E-field.

For example, a cell phone frequency of 915 MHz has a penetration 
depth of 3.9 cm, unable to reach deep brain areas. On the other hand, 
a frequency of 64 MHz has a penetration depth of 13.5 cm [8,155], 
sufficient to reach the hippocampus and other deep structures 
affected early in AD for better treatment. 915 MHz energy applied is 
ten times higher [157] than 64 MHz and has a higher risk of thermal 
injuries in the tissues [157]. REMFS is safer and more efficient in 
reaching the hippocampus posterior cingulate [107,109], or locus 
caeruleus [109] affected early in AD. Therefore, higher frequencies 
than 200 MHz need to increase the strength of the RF signal to 
increase the penetration depth with an increased risk of thermal 
injuries. To increase the strength of the transmitted RF signal, RF coils 
are designed to operate in Circular-Polarized (CP) mode. Such coils 
require a quadrature hybrid interface that combines signals from two 
channels with a 90° phase difference between them. Also, to obtain a 
homogeneous E-field distribution we should optimize the excitation 
current at the transmit coil by changing the amplitude and phase.

The design and development of RF coils are based on the 
physics of MR signal generation, where the RF coil transmits the 
Electromagnetic (EM) field into the tissues. Most RF coil designs 
comprise Perfect Electrical Conductor (PEC) geometries and complex 
samples where the E-field is measured. Therefore, an important part 
of RF coil engineering is the so-called realistic human head phantom 
models in EM simulation (Figure 1). Computational Electromagnetics 
(CEM) includes several techniques to compute approximations to 
Maxwell’s equations; CEM enables the modeling of these complex 
electrodynamic systems. The numerical methods that use differential-
equation solvers include the Finite-Difference Time-Domain (FDTD) 
method and the Finite-Element Method (FEM). The most common 
EM simulation software applications used in RF coil design and 

applications are High-Frequency Structure Simulators Ansys (HFSS), 
Sim4Life, and Comsol COMSOL Multiphysics. FDTD solves the 
electric field before the magnetic field in two offset rectilinear grids 
at a specific time, and the calculation progresses across the problem 
space. When combined with volume-meshing techniques, which use 
voxels along a non-uniform rectilinear mesh these factors, enable 
FDTD to effectively simulate the behavior of complex systems, such 
as those comprising nonhomogeneous materials.
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