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Introduction
Magnetism is a fundamental part of life. It plays a role in bird migration and fish navigation,
among other phenomena. The earth’s magnetism enables navigating with a compass.
Magnetism exists whenever there is electric current; electricity provides a convenient means
for creating magnetic fields for other uses, for example, in medicine.
Magnetic fields have been used for various medical purposes since 2500 BC. Animals and
bacteria sense the earth’s magnetic field. The search for how magnetic fields produce
biological effects has driven exploration in a multitude of experimental systems, clinical studies,
and the clinical use of FDA-approved devices. Various aspects of the effects of applied
magnetic fields are understood, while others remain the subject of research. Even so, magnetic
fields are used successfully for many medical applications, e.g., magnetic resonance imaging, to
speed bone fracture repair, to increase the rate of wound healing, to decrease pain and to treat
depression and obsessive-compulsive disorder.
Magnetism
Magnetic fields arise from ferromagnetic materials, such as iron and nickel, or from electric
current. For example, the earth’s magnetic field is generated by the molten iron alloy in the
outer core. Medical applications take advantage of the interconnection between electricity and
magnetism.
Current in a wire produces a magnetic field (Faraday, 1839). The properties of the field depend
on the properties of the current. If the current’s amplitude does not change, it produces what is
referred to as a static magnetic field. A current with changing amplitude produces an oscillating
magnetic field. Both types of field have played a role in the biological investigations of magnetic
field effects.
Proposed Mechanisms of Action
Several ideas have driven the experimental search for the mechanism of the biological effects
of magnetic fields.
One fundamental property of an oscillating magnetic field is that it can induce current flow in a
conducting medium. This fundamental phenomenon of a magnetic field gives rise to the theory
that a field-induced current may alter the behavior of a cell’s membrane channel. For example,
calcium or sodium ions can move across the cell membrane, and such a change may cause a
nerve to fire. A current might alter the movement of calcium ions into the cell, which activates
several pathways that influence the cell’s physiology.
Another possible mechanism is that a magnetic field changes the binding properties of specific
proteins and alters the properties within a cell, such as that of a protein known as calmodulin,
which is regulated by calcium binding.
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A third theory regarding the effect of magnetic fields is that they alter nitric oxide and reactive
oxygen species. Nitric oxide is a regulator of several important regulatory pathways in cells.
Alterations in reactive oxygen species change cell metabolism.
Unequivocal identification of the precise mechanism that elicits a specific outcome in a cell,
tissue or patient is the subject of ongoing research.
Influences of the Earth’s Magnetic Field
The Earth generates a magnetic field. Life on this planet has evolved surrounded by the
geomagnetic environment generated by the Earth (Lohmann, 2010). Animals as diverse as bats,
worms, birds, sea turtles and lobsters can sense changes in the local magnetic environment
(Clites and Pierce, 2017; Lohmann, 2010) and can use them for navigation (Heyers et al., 2017;
Vidal-Gadea et al., 2015) and foraging (Tian et al., 2019).
The mechanism by which the Earth’s magnetic field is sensed has not been unambiguously
determined (Clites and Pierce, 2017; Lohmann, 2010). In some organisms, specialized cells
contain iron particles that may act as sensors. In other cases, no specialized protein or cell
organelles have been identified to detect magnetic fields.
Device-Generated Magnetic Fields
Magnetic fields have been shown to alter the analgesic effects of opioids, produce analgesic
responses, stimulate bone growth, reduce tissue swelling, and promote wound healing in both
animal models and humans. Magnetic fields that enhance bone growth and aid in wound
healing have been in clinical use for at least 40 years (Assiotis et al., 2012). Pain reduction has
been observed in studies of breast reconstruction (Rohde et al., 2015)and breast reduction
(Taylor et al., 2015), post-cesarean operative recovery (Alvarez, 2017), and osteoarthritis
(Nelson et al., 2013). Analgesic and opioid use and edema were also reduced in breast
reduction, breast reconstruction and post-caesarean patients. Devices generating magnetic
fields are effective treating major depression and obsessive compulsive disorder, and such
devices are recommended for treating acute phase of depression in patients who are resistant
and intolerant of other therapeutic options (Perera et al., 2016).
In concert with the clinical development of magnetic field use, researchers have attempted to
define the underlying biological effects that lead to the field’s therapeutic effects and to relate
them to one or more of the underlying theories of magnetic field function. This work has
included isolated protein systems, cells grown in culture, and organisms ranging from
nematodes to mammals, as well as numerical modeling of the functions of the cell. Examples of
these types of investigations are discussed next.
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Changes in the expression of heat shock protein (HSP) have been detected in planaria
(Goodman et al., 2009; Tessaro and Persinger, 2013) and C. elegans (Junkersdorf et al., 2000;
Miyakawa et al., 2001).
Pre-treatment of MS-1 cells with a magnetic field increased the heat shock proteins HSP70 and
HSP90 (Delle Monache et al., 2013). A similar increase in HSPs in HL-60 (Pipkin et al., 1999),
chicken embryos and SH-SY5Y neuroblastoma cells (Osera et al., 2011) have been reported.
Magnetic fields alter the behavior of the epidermal growth factor receptor (EGFR), an
important regulator of cell growth. This receptor, when exposed to a magnetic field, forms
clusters in the membrane, which leads to phosphorylation of the receptor and to activation of
one of the receptor targets, ras. These changes reflect what occurs when epidermal growth
factor (EGF) binds to EGFR and indicate that the magnetic field activated the receptor in the
absence of its natural activator EGF (Ke et al., 2008; Sun et al., 2018; Sun et al., 2008; Sun et al.,
2013; Wang et al., 2016; Wu et al., 2014). Proliferation and cell migration are affected by
magnetic fields (Delle Monache et al., 2013).
Mice injected with a transformed cell line formed smaller tumors when treated with magnetic
fields (Delle Monache et al., 2013). Additional studies in models of cancer demonstrate effects of
magnetic fields (Novikov et al., 2009; Novoselova et al., 2019) (Buckner et al., 2015, 2017) (Nie et al.,
2013) (Xu et al., 2017) (Verginadis et al., 2019).
Though a definitive answer to the question of how these fields exert their effects is not
available, evidence that magnetic fields have beneficial effects in therapeutics is abundant.
Ultra-Low Radio Frequency Energy (ulRFE®)
EMulate Therapeutics, Inc. (www.emulatetx.com) has developed a patented, proprietary
technology using an oscillating magnetic field to produce therapeutic effects. EMulate’s
Voyager device produces a broadband, multifrequency field, with frequencies up to roughly
22 kHz, that is obtained from the recordings of selected molecules. While the details of the
mechanism of action are not known, recordings are hypothesized to capture features of the
recorded molecule that alter cellular behavior. The EMulate Voyager device is currently in
clinical testing for patients with terminal brain cancer, using a field derived from the molecule
paclitaxel.
Examples of biologic activity with ulRFE fields include experiments conducted to demonstrate
the specificity and cellular effects of a specific ulRFE targeting epidermal growth factor
receptor, EGFR, on glioblastoma cell line U-87 MG. At 48 and 72 hrs, EGFR inhibition by the
ulRFE reduced the level of EGFR protein by 27% and 73%, respectively. These data indicate that
ulRFE can inhibit gene expression at the transcriptional and protein levels, similar to what is
observed with physical small interfering RNA (siRNA) inhibition (Ulasov et al, 2017). Specific
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EGFR knockdown effect was detected in U-87 MG cells treated with ulRFE using an 80 gene
PCR-based array.
Additionally, experiments conducted in Chlamydomonas reinhardtii with a ulRFE siRNA against
MAA7 (tryptophan synthase beta) showed a decrease in mRNA levels for MAA7. In cells
exposed to the ulRFE signal, an increase in cell growth was observed as compared to no ulRFE
signal (Butters, 2017).
Voyager has been tested in over 400 dogs (pets) with naturally occurring malignancies by Dr.
Greg Ogilvie (Angel Care Cancer Center, LA). Interim review of the first 200 pets observed
partial responses and complete responses in over 20 different tumor types. No clinically
important or significant toxicities (Grade 3 or 4) were observed.
An early feasibility study (the equivalent of a FDA IND Phase 1 / 2 study) results of the EMulate
Voyager device in patients with recurrent glioblastoma are encouraging and have shown a
median overall survival (OS) of 7 months in a Voyager-alone arm and 10 months in the Voyager
plus standard of care arm (Barkhoudarian et al, 2020)). The median progression free survival
(PFS) in this study was 10 weeks for Voyager alone and 16 weeks for Voyager plus standard of
care. For comparison, the median OS for “active drugs” in this disease is 7.2 months, meaning
Voyager appears to have a similar effect to chemotherapy for this patient population in this
study, without patients taking chemo. When Voyager is added to “active drugs” OS improves to
10 months in this cohort of patients. PFS for historically active therapies is 9.1 weeks (Stupp et
al, 2012). These data suggest that the Voyager is safe and feasible for the treatment of
recurrent GBM. A study in newly diagnosed glioblastoma is ongoing with the Voyager device
with encouraging results.
Additional data were recently presented demonstrating behavioral changes in mice that were
exposed to fields derived from chemistries intended to either stimulate or suppress behavior.
Under controlled and blinded conditions, an independent evaluator noted the mice reacting
consistently to the magnetic field they were exposed to, as if they had ingested the correlating
compound (Figueroa et al, 2019).

Summary
Multiple studies in a variety of systems indicate that magnetic fields can alter biological
function. Therapeutically useful devices are used presently in clinical practice, both in human
and veterinary medicine. Treatment for bone growth, wound healing, arthritis pain and
depression are among the clinical uses. Research aims to understand better how these fields
exert their effects to further enable new and exciting therapeutic options for many diseases.

Page 5 of 8

Assiotis, A., Sachinis, N.P., and Chalidis, B.E. (2012). Pulsed electromagnetic fields for the treatment of
tibial delayed unions and nonunions. A prospective clinical study and review of the literature. J Orthop
Surg Res 7, 24.
Barkhoudarian G, Badruddoja M, Blondin N, Chowdhary S, Cobbs C, Duic JP, Flores JP, Fonkem E, McClay
E, Nabors LB, Salacz M, Taylor L, Vaillant B, Morgan Murray D, Kesai S. A Feasibility Study of the EMulate
Therapeutics Voyager™ System in Patients with Recurrent Glioblastoma (GBM): Interim Analysis. (Draft
manuscript, publication expected 2020)
Buckner, C.A., Buckner, A.L., Koren, S.A., Persinger, M.A., and Lafrenie, R.M. (2015). Inhibition of cancer
cell growth by exposure to a specific time-varying electromagnetic field involves T-type calcium
channels. PLoS One 10, e0124136.
Buckner, C.A., Buckner, A.L., Koren, S.A., Persinger, M.A., and Lafrenie, R.M. (2017). The effects of
electromagnetic fields on B16-BL6 cells are dependent on their spatial and temporal character.
Bioelectromagnetics 38, 165-174.
Butters, B.M., Vogeli, G., and Figueroa, X.A. (2017) Non-Thermal Radio Frequency Stimulation Inhibits
the Tryptophan Synthase Beta Subunit in the Algae Chlamydomonas reinhardtii. O J Biophys 7, 82-93.
Clites, B.L., and Pierce, J.T. (2017). Identifying Cellular and Molecular Mechanisms for
Magnetosensation. Annu Rev Neurosci 40, 231-250.
Cobbs C, McClay E, Duic JP, Nabors LB, Morgan Murray D, Kesari S. An early feasibility study of the
Nativis Voyager® device in patients with recurrent glioblastoma: first cohort in US. CNS Oncol.
2019;8(1):CNS30. doi:10.2217/cns-2018-0013
Delle Monache, S., Angelucci, A., Sanita, P., Iorio, R., Bennato, F., Mancini, F., Gualtieri, G., and Colonna,
R.C. (2013). Inhibition of angiogenesis mediated by extremely low-frequency magnetic fields (ELF-MFs).
PLoS One 8, e79309.
Faraday, M. (1839). Experimental Researches in Electricity, Vol I & II (J.M. Dent & Sons).
Figueroa, X.A, Butters,M, Donnell, S. SCIDOT-47. EFFECT OF ulRFE COGNATES EMULATING BIOACTIVE
SUBSTANCES ON ANIMAL BEHAVIOR, Neuro-Oncology, Volume 21, Issue Supplement_6, November
2019, Pages vi281–vi282, https://doi.org/10.1093/neuonc/noz175.1183
Goodman, R., Lin-Ye, A., Geddis, M.S., Wickramaratne, P.J., Hodge, S.E., Pantazatos, S.P., Blank, M., and
Ambron, R.T. (2009). Extremely low frequency electromagnetic fields activate the ERK cascade, increase
hsp70 protein levels and promote regeneration in Planaria. Int J Radiat Biol 85, 851-859.
Heyers, D., Elbers, D., Bulte, M., Bairlein, F., and Mouritsen, H. (2017). The magnetic map sense and its
use in fine-tuning the migration programme of birds. J Comp Physiol A Neuroethol Sens Neural Behav
Physiol 203, 491-497.
Junkersdorf, B., Bauer, H., and Gutzeit, H.O. (2000). Electromagnetic fields enhance the stress response
at elevated temperatures in the nematode Caenorhabditis elegans. Bioelectromagnetics 21, 100-106.
Ke, X.Q., Sun, W.J., Lu, D.Q., Fu, Y.T., and Chiang, H. (2008). 50-Hz magnetic field induces EGF-receptor
clustering and activates RAS. Int J Radiat Biol 84, 413-420.
Lohmann, K.J. (2010). Q&A: Animal behaviour: Magnetic-field perception. Nature 464, 1140-1142.
Miyakawa, T., Yamada, S., Harada, S., Ishimori, T., Yamamoto, H., and Hosono, R. (2001). Exposure of
Caenorhabditis elegans to extremely low frequency high magnetic fields induces stress responses.
Bioelectromagnetics 22, 333-339.

Page 6 of 8

Nelson, F.R., Zvirbulis, R., and Pilla, A.A. (2013). Non-invasive electromagnetic field therapy produces
rapid and substantial pain reduction in early knee osteoarthritis: a randomized double-blind pilot study.
Rheumatol Int 33, 2169-2173.
Nie, Y., Du, L., Mou, Y., Xu, Z., Weng, L., Du, Y., Zhu, Y., Hou, Y., and Wang, T. (2013). Effect of low
frequency magnetic fields on melanoma: tumor inhibition and immune modulation. BMC Cancer 13,
582.
Novikov, V.V., Novikov, G.V., and Fesenko, E.E. (2009). Effect of weak combined static and extremely
low-frequency alternating magnetic fields on tumor growth in mice inoculated with the Ehrlich ascites
carcinoma. Bioelectromagnetics 30, 343-351.
Novoselova, E.G., Novikov, V.V., Lunin, S.M., Glushkova, O.V., Novoselova, T.V., Parfenyuk, S.B.,
Novoselov, S.V., Khrenov, M.O., and Fesenko, E.E. (2019). Effects of low-level combined static and weak
low-frequency alternating magnetic fields on cytokine production and tumor development in mice.
Electromagn Biol Med 38, 74-83.
Osera, C., Fassina, L., Amadio, M., Venturini, L., Buoso, E., Magenes, G., Govoni, S., Ricevuti, G., and
Pascale, A. (2011). Cytoprotective response induced by electromagnetic stimulation on SH-SY5Y human
neuroblastoma cell line. Tissue Eng Part A 17, 2573-2582.
Perera, T., George, M.S., Grammer, G., Janicak, P.G., Pascual-Leone, A., and Wirecki, T.S. (2016). The
Clinical TMS Society Consensus Review and Treatment Recommendations for TMS Therapy for Major
Depressive Disorder. Brain Stimul 9, 336-346.
Pipkin, J.L., Hinson, W.G., Young, J.F., Rowland, K.L., Shaddock, J.G., Tolleson, W.H., Duffy, P.H., and
Casciano, D.A. (1999). Induction of stress proteins by electromagnetic fields in cultured HL-60 cells.
Bioelectromagnetics 20, 347-357.
Rohde, C.H., Taylor, E.M., Alonso, A., Ascherman, J.A., Hardy, K.L., and Pilla, A.A. (2015). Pulsed
Electromagnetic Fields Reduce Postoperative Interleukin-1beta, Pain, and Inflammation: A Double-Blind,
Placebo-Controlled Study in TRAM Flap Breast Reconstruction Patients. Plast Reconstr Surg 135, 808e817e.
Stupp R, Wong ET, Kanner AA, et al. NovoTTF-100A versus physician’s choice chemotherapy in recurrent
glioblastoma: A randomised phase III trial of a novel treatment modality. European Journal of Cancer.
Published early online May 17, 2012.
[http://dx.doi.org/10.1016/j.ejca.2012.04.011](https://www.ejcancer.com/article/S09598049(12%2900352-8/fulltext)
Sun, L., Chen, L., Bai, L., Xia, Y., Yang, X., Jiang, W., and Sun, W. (2018). Reactive oxygen species mediates
50-Hz magnetic field-induced EGF receptor clustering via acid sphingomyelinase activation. Int J Radiat
Biol 94, 678-684.
Sun, W., Gan, Y., Fu, Y., Lu, D., and Chiang, H. (2008). An incoherent magnetic field inhibited EGF
receptor clustering and phosphorylation induced by a 50-Hz magnetic field in cultured FL cells. Cell
Physiol Biochem 22, 507-514.
Sun, W., Shen, X., Lu, D., Lu, D., and Chiang, H. (2013). Superposition of an incoherent magnetic field
inhibited EGF receptor clustering and phosphorylation induced by a 1.8 GHz pulse-modulated
radiofrequency radiation. Int J Radiat Biol 89, 378-383.
Taylor, E.M., Hardy, K.L., Alonso, A., Pilla, A.A., and Rohde, C.H. (2015). Pulsed electromagnetic fields
dosing impacts postoperative pain in breast reduction patients. J Surg Res 193, 504-510.

Page 7 of 8

Tessaro, L.W., and Persinger, M.A. (2013). Optimal durations of single exposures to a frequencymodulated magnetic field immediately after bisection in planarian predict final growth values.
Bioelectromagnetics 34, 613-617.
Tian, L., Zhang, B., Zhang, J., Zhang, T., Cai, Y., Qin, H., Metzner, W., and Pan, Y. (2019). A magnetic
compass guides the direction of foraging in a bat. J Comp Physiol A Neuroethol Sens Neural Behav
Physiol 205, 619-627.
Ulasov IV, Foster H, Butters M, Yoon JG, Ozawa T, Nicolaides T, Figueroa X, Hothi P, Prados M, Butters J,
Cobbs C. (2019) Precision knockdown of EGFR gene expression using radio frequency electromagnetic
energy. J Neurooncol 133(2):257-264.
Verginadis, II, Karkabounas, S.C., Simos, Y.V., Velalopoulou, A.P., Peschos, D., Avdikos, A., Zelovitis, I.,
Papadopoulos, N., Dounousi, E., Ragos, V., et al. (2019). Antitumor effects of the electromagnetic
resonant frequencies derived from the (1)H NMR spectrum of Ph3Sn(Mercaptonicotinic)SnPh3 complex.
Med Hypotheses 133, 109393.
Vidal-Gadea, A., Ward, K., Beron, C., Ghorashian, N., Gokce, S., Russell, J., Truong, N., Parikh, A., Gadea,
O., Ben-Yakar, A., et al. (2015). Magnetosensitive neurons mediate geomagnetic orientation in
Caenorhabditis elegans. Elife 4.
Wang, Y., Li, X., Sun, L., Feng, B., and Sun, W. (2016). Acid sphingomyelinase mediates 50-Hz magnetic
field-induced EGF receptor clustering on lipid raft. J Recept Signal Transduct Res 36, 593-600.
Wu, X., Cao, M.P., Shen, Y.Y., Chu, K.P., Tao, W.B., Song, W.T., Liu, L.P., Wang, X.H., Zheng, Y.F., Chen,
S.D., et al. (2014). Weak power frequency magnetic field acting similarly to EGF stimulation, induces
acute activations of the EGFR sensitive actin cytoskeleton motility in human amniotic cells. PLoS One 9,
e87626.
Xu, Y., Wang, Y., Yao, A., Xu, Z., Dou, H., Shen, S., Hou, Y., and Wang, T. (2017). Low Frequency Magnetic
Fields Induce Autophagy-associated Cell Death in Lung Cancer through miR-486-mediated Inhibition of
Akt/mTOR Signaling Pathway. Sci Rep 7, 11776.

Page 8 of 8

