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INTRODUCTION

It is now commonplace to learn of the successful use of weak non-thermal electromagnetic fields
(EMF) in the quest to heal, or relieve the symptoms of, a variety of debilitating ailments. This
review will attempt to give the reader an introduction and assessment of EMF modalities which
have demonstrated therapeutic benefit for bone and wound repair and chronic and acute pain relief.
This review will concentrate on the use of exogenous time-varying and static magnetic fields.
There is, however, a large body of research, including many clinical studies, describing the
successful application of electrical signals via electrodes in electrochemical contact with the skin
for pain relief and to enhance wound repair. Consideration of these modalities is beyond the scope
of this review. The reader is referred to several excellent reviews of such electrical stimulation
modalities (1-5). Electroporation (6-8,372), which applies high amplitude (>100V/cm), short
duration (<1 msec), voltage pulses with electrodes in contact with the target, allows controlled
transient opening of the cell and other membranes, and has shown promise for gene transvection
(9) and treatment of certain cancers (10), is also beyond the scope of this review. Finally RF (>100
MHz) and microwave signals are also beyond the scope of this review since these modalities are
rarely utilized to enhance bone or wound repair, but rather for tissue heating, thermal ablation or as
surgical tools. Non-thermal bioeffects at these frequencies have been reported, but there are many
controversial findings. Excellent reviews are available for the reader interested in more detail

(11,373).



As of this writing there are a considerable number of peer-reviewed publications which show EMF
can result in physiologically beneficial in vivo and in vitro bioeftects. The number of people who
have received substantial clinical benefit from exogenous EMF is certainly in the millions
worldwide and increasing rapidly as new clinical indications emerge. EMF therapies also present
as alternatives to many pharmacologic treatments with virtually no toxicity or side effects. Time-
varying electromagnetic fields consisting of rectangular or arbitrary waveforms, referred to as
pulsing electromagnetic fields (PEMF), pulse modulated radio frequency waveforms,
particularly in the 1540 MHz range, referred to as pulsed radio frequency fields (PRF) and low
frequency sinusoidal waveforms (< 100 Hz) have been shown to enhance healing when used as
adjunctive therapy for a variety of musculoskeletal injuries. Indeed, peer-reviewed meta-analyses
clearly show both PEMF and PRF modalities, now approved by regulatory bodies worldwide and
widely used on patients to enhance bone and wound repair, are clinically effective (12-13).
Although still not completely elucidated, the mechanism of action of EMF signals at the
molecular and cellular level is now much better understood and strongly suggests ion/ligand
binding in a regulatory cascade could be the signal transduction pathway (14-28). Furthermore, a
priori configuration of physiologically effective waveforms via tuning the electrical properties of
the exogenous EMF signal to the endogenous electrical properties of ion binding has recently

been reported (29-30).

This chapter will provide a brief overview of the basic and clinical evidence that time-varying
magnetic fields (EMF) can modulate molecular, cellular and tissue function in a physiologically
significant manner. The fundamental questions relating to the biophysical conditions under which
EMF signals could modulate cell and tissue function will be discussed in detail. Particular attention
will be paid to the manner by which signal parameters are related to dosimetry. In other words, the
properties which render an EMF signal bioeffective. An attempt is made to correlate dosimetry for
weak magnetic field with that for electric field effects. The ratio of signal to (endogenous) thermal
noise (SNR) in the target is used in a SNR/Dynamical Systems model which has been successful
for the a priori configuration of physiologically significant waveforms and which the reader may

find useful to decipher the myriad of waveforms that have been utilized. The model may also allow



the reader to perform an a posteriori analysis of waveforms for dose related explanations for the
presence or absence of a biological effect. Examples of in vivo and in vitro studies are given,

illustrating specific EMF waveforms, including several examples of the use of the model.

TISSUE REPAIR

1.0 Orthopedic Applications

Five million bone fractures occur annually in the United States alone. About 5% of these will
become delayed or nonunion fractures with associated loss of productivity and independence (31).
Several techniques are available to treat recalcitrant fractures such as internal and external fixation,
bone grafts or graft substitutes including demineralized bone matrix, platelet extracts and bone
matrix protein, and biophysical stimulation, such as mechanical strain applied through external

fixators or ultrasound, and electromagnetic fields.

The electrical properties of bone tissue have been extensively investigated. Yasuda in Japan
hypothesized that endogenous electrical activity observed in bone was the mediator of repair and
adaptive remodeling responses to mechanical loading and that an exogenous electrical signal alone
could stimulate the response (32,33). A seminal report soon followed on bone piezoelectric
properties from the pioneering work of Fukada and Yasuda (34). These authors showed a voltage
could be obtained upon deformation of dry bone. Several groups, notably led by Becker at the
State University of New York, Bassett at Columbia University and Brighton at the University of
Pennsylvania, soon reported the generation of electrical potentials in wet bone on mechanical
deformation (35-39). Similar observations were subsequently made in collagen and cartilaginous
tissues (40-43). The important conclusion from these studies was the revelation that bone and other
tissue could respond to electrical signals in a physiologically useful manner. This ultimately led to

the use of electromagnetic fields to modulate bone repair.

The development of modern EMF therapeutics was stimulated by the clinical problems
associated with non-union and delayed union bone fractures. It started with the pioneering work

of Yasuda, Fukada, Becker, Brighton, and Bassett, mentioned above, who responded to the



fundamental orthopedic question of how bone adaptively and structurally responds to mechanical
input by suggesting that an electrical signal may be involved in the transduction of the mechanical
signal to cellular activity. This naturally led to the suggestion that superimposing an exogenous
EMF upon the endogenous fields accompanying normal cellular activity could help in the
treatment of difficult fractures. The first animal studies employed microampere level DC currents
delivered via implanted electrodes. Remarkably, this resulted in new bone formation particularly
around the cathode (44). As these studies progressed it became clear that the new bone growth
resulted from the chemical changes around the electrodes caused by electrolysis (45). However,
it has been shown that a mechanical stimulus also plays a role in DC bone stimulation (46). The
first therapeutic devices were based on these early animal studies and used implanted and semi-
invasive electrodes delivering DC to the fracture site (47,48). This was followed by the
development of clinically preferable externally applied electromagnetic field modalities (49-52).
Subsequent studies concentrated on the direct effects of electromagnetic fields leading to
modalities which provided a non-invasive, no-touch means of applying an electrical/mechanical
signal to a cell/tissue target. Therapeutic uses of these technologies in orthopaedics have led to
clinical applications, approved by regulatory bodies worldwide, for treatment of recalcitrant
fractures and spine fusion (53-59) and recently for osteoarthritis of the knee (60-62). Additional
clinical indications for EMF have been reported in double blind studies for the treatment of
avascular necrosis (63,64) and tendinitis (65). This spectrum of applications clearly demonstrates

the potential of this biophysical modality to enhance musculoskeletal tissue healing.

At present, the clinical modalities in use for bone repair consist of electrodes implanted directly
into the repair site or noninvasive capacitive or inductive coupling. Direct current (DC) is applied
via one electrode (cathode) placed in the tissue target at the site of bone repair and the anode
placed in soft tissue. DC currents of 5-100 pA are sufficient to stimulate osteogenesis (45). The
capacitive coupling (CC) technique utilizes external skin electrodes placed on opposite sides of the
fracture site (66). This requires openings in the cast or brace to allow skin access. Sinusoidal waves
of 20 to 200 kHz are typically employed to induce 1-100 mV/cm electric fields in the repair site
(67). The inductive coupling (PEMF) technique induces a time-varying electric field at the repair
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site by applying a time-varying magnetic field via one or two electrical coils. The induced electric
field parameters are determined by frequency characteristics of the applied magnetic field and the
electrical properties of the tissue target (15,30,50,51). Several waveform configurations have been
shown to be physiologically effective. Peak time-varying magnetic fields of 0.1 - 20 G, inducing 1-
150 mV/cm peak electric fields in a 3 cm diameter target, have been used (50,68). The relationship
between inductively coupled waveform characteristics and their ability to produce physiologically
significant bioeffects will be considered in detail below. One version of the inductive technique
utilizes a specific combination of DC and AC magnetic fields (CMF) that are believed to tune

specifically to ion transport processes (17).

1.1 Cellular Studies

Cellular studies have addressed effects of electromagnetic fields on both signal transduction
pathways and growth factor synthesis. The important overall result from these studies is that EMF
can stimulate the secretion of growth factors (e.g., insulin-like growth factor-II) after a short
duration trigger stimulus. The clinical benefit to bone repair is enhanced production of growth
factors upregulated as a result of the fracture trauma. The induced electric field thus acts as a
triggering mechanism which modulates the normal process of molecular regulation of bone repair

mediated by growth factors.

Studies underlying this working model have shown effects on calcium ion transport (69), a 28%
increase in cell proliferation (70), a fivefold increase in IGF-II release (71), and increased IGF-II
receptor expression in osteoblasts (72). Increases of 53% and 93% on IGF-I and II respectively
have also been demonstrated in rat fracture callus (73). Stimulation of TGF- mRNA by threefold
with PEMF in a bone induction model in the rat has been reported (74). This study also suggests
the increase in growth factor production by PEMF may be related to the induction of cartilage
differentiation (75). It also suggests the responsive cell population is most likely mesenchymal
cells (76), which are recruited early in the duration of PEMF stimulus to enhance cartilage
formation. Upregulation of TGF-3 mRNA by 100%, as well as collagen, and osteocalcin synthesis
by PEMF has been reported in the human osteoblast-like cell line MG-63 (77,78). PEMF
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stimulated a 130% increase in TGF-B1 in bone non-union cells (79). That the upregulation of
growth factor production may be a common denominator in the tissue level mechanisms
underlying electromagnetic stimulation is supported by studies from the Brighton (80,81) Stevens
(82) and Aaron (83) groups.

Using specific inhibitors, the Brighton group suggests EMF acts through a calmodulin-dependent
pathway (81). This follows reports by the Pilla group (84-90) that specific PEMF and PRF signals,
as well as weak static magnetic fields, modulate Ca>* binding to CaM by a twofold acceleration in
Ca"? binding kinetics in a cell-free enzyme preparation. The Stevens group has shown upregulation
of mRNA for BMP2 and BMP4 with PEMF in osteoblast cultures. The Aaron group has reported
extensively on upregulation of TGF-f in bone and cartilage with PEMF. All of these studies have
utilized EMF signals identical to those which have demonstrated clinical success. The ion binding
target pathway has recently been confirmed in other studies using static magnetic fields (91,92).
PEMF has been reported to increase angiogenesis by threefold in an endothelial cell culture (93). A
recent study confirms this and suggests PEMF increases in vitro and in vivo angiogenesis through a

sevenfold increase in endothelial release of FGF-2 (94).

1.2 Animal Studies

Bassett et al. (95,96) were the first to report a PEMF signal could accelerate bone repair by 150%
in a canine tibial osteotomy model. A bilateral cortical hole defect model in the metacarpal bones
in horses showed PEMF treated holes produced a statistically significant increase in amount of
new bone formation and mineral apposition rate (97,98). A capacitively coupled signal was shown
to prevent osteopenia due to both sciatic-denervation and castration in rat osteopenia models
(99,100). PEMF inhibited bone loss in an ovariectomized canine model (101). Combined magnetic
fields reversed osteopenia in ovariectomized rats (102). An avian ulna disuse model showed a
significant increase in bone formation when treated with PEMF (103). The frequency dependence
of EMF effects was also studied in this model. The results showed maximal response was observed
with a 15 Hz sinusoidal waveform producing 10 pV/cm peak electric field in tissue. Experimental

models of bone repair show enhanced cell proliferation, calcification, and increased mechanical
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strength with DC currents (104,105). Capacitive coupled fields have been reported to improve the
mechanical strength of experimental fractures and healing osteotomies (67). Several studies with
PEMF showed increased calcification and enhanced mechanical strength in healing bone
(106,107). Exposure time studies report a linear effect of daily exposure with a 6-hour stimulation
being most effective (68). A series of animal studies reported that DC, CC, and PEMF techniques
enhance the formation of bone and improves fusion rates in spinal arthrodeses (108-110). DC
currents of 10 pA per cm of cathode length showed the best acceleration of spinal fusion (111).
The mechanical strength of late phase osteotomy gap healing in the dog was 35% stronger in
PEMF treated limbs (112). PEMF increased bone ingrowth into hydroxyapatite implants in
cancellous bone by 50% (113). PEMF produced a 10% increase in the diameter of arteriolar
microvessels in rat muscle from which the authors suggested increased local blood flow could play
a role in the PEMF acceleration of bone repair (114). The use of in vivo micro-computed
tomography showed PEMF reduced bone loss in a non-union fibular model in the rat by threefold
(363). In a related study the effect of PEMF waveform configuration was examined. The results
showed callus stiffness in a rat fibular osteotomy was increased twofold by a PEMF signal
routinely employed for clinical bone repair, whereas a second PEMF waveform with much higher

frequency content was ineffective (369).

1.3 Clinical Studies

Electromagnetic stimulation modalities have been used clinically to treat fresh fractures,
osteotomies, spine fusions, and delayed and nonunion fractures. The efficacy of EMF stimulation
on bone repair has been studied in a formal meta-analysis (12). Twenty randomized control trials
were identified. Fifteen trials supported EMF effectiveness and five failed to show effectiveness.
Most studies used PEMF. In all cases, the primary outcome measure was bone healing assessed by
radiographs and clinical stability test. Results from pooled trials of 765 cases supported the
effectiveness of PEMF stimulation of bone repair. However, because of the inability to pool data
from all studies, conclusions regarding PEMF efficacy in bone repair were only suggestive. PEMF
significantly accelerated union of femoral and tibial osteotomies in randomized, placebo controlled

studies by approximately 50% (115-117).



PEMF, CC and DC have been used to promote healing of spine fusions for the treatment of chronic
back pain from worn or damaged intervertebral discs. This is measured by the increase in
successful fusions from 50% to approximately 80% using EMF as adjunctive treatment. This
application has also been subjected to meta-analysis (13). Five randomized, controlled trials and
five nonrandomized case controlled studies showed positive results for the enhancement (by 60%)
of spine fusion by electrical and electromagnetic stimulation. There are many studies and reviews

which show electrical and electromagnetic stimulation is effective in promoting spinal arthrodesis

(118-122).

The effectiveness of EMF in promoting healing of recalcitrant fractures has been reviewed (123).
Twenty-eight studies of ununited tibial fractures treated with PMF were compared with 14 studies
of similar fractures treated with bone graft with or without internal fixation. The overall success
rate for the surgical treatment of 569 ununited tibial fractures was 82%, while that for PMF
treatment of 1718 ununited tibial fractures was 81%, suggesting it is significantly more
advantageous for the patient to use PEMF rather than submit to invasive surgery for the first bone
graft. There are several observational studies suggesting the efficacy of DC, CC, or PEMF
techniques in stimulating healing of delayed unions and nonunions (124-132). Interestingly, Bone
morphogenetic proteins. Development and clinical efficacy in the treatment of fractures and bone
defects. and of huge clinical significance, studies comparing PEMF with bone graft show their
equivalence in promoting union of delayed union or nonunion fractures (123,133-135). Finally,
there is a promising study on the effects of PEMF on distraction osteogenesis for the correction of

bone length discrepancies (136).

Thus, several physical modalities have been shown to effectively manage nonunions and delayed
unions of bone. Implantable direct current stimulation is effective as an adjunct in achieving spinal
fusion. Pulsed electromagnetic fields induce weak non-thermal time-varying currents at the
fracture site. Inductively and capacitively coupled electromagnetic fields appear to be as effective
as surgery in managing extremity nonunions and lumbar and cervical fusions. Low-intensity

ultrasound has also been used to speed normal fracture healing and manage delayed unions.



Although these modalities seem vastly different, there appears to be a common mechanism of

action. This will be discussed below.

All of the modalities discussed above now constitute the standard armamentarium of orthopaedic
clinical practice. Since the success rate for these modalities has been reported equivalent to that for
the first bone graft, a huge advantage to the patient ensues because PEMF therapy is non-invasive
and is performed on an out-patient basis. PEMF therapy also provides significant reductions in the
cost of health care since no operative procedures or hospital stays are involved. This also applies
for the increased success rate of spinal fusions with EMF. Thus, the clinical effects of EMF on
hard tissue repair are physiologically significant and often constitute the method of choice when
standard of care has failed to produce adequate clinical results. It is interesting to note that EMF
may be the best modulator of the release of the growth factors specific to each stage of bone repair,

certainly more so than the exogenous application of the same growth factors (398).

2. Soft Tissue Applications

Chronic wounds and their treatment are an enormous burden on the healthcare system, both in
terms of their cost ($5 billion to $9 billion annually) and the intensity of care required (137). There
is even more cost to society from attendant human suffering and reduced productivity. More than 2
million people suffer from pressure ulcers and as many as 600,000 to 2.5 million more have
chronic leg and foot wounds (137). Diabetic foot ulcers are the most common chronic wounds in
western industrialized countries. Of the millions who have diabetes mellitus, 15 per cent will suffer

foot ulceration which often leads to amputation (100,000 per annum in the US alone).

There is an emerging and substantial clinical application of EMF in wound healing. Soft tissue
healing has been reported by the use of direct electrode coupled devices delivering waveforms
similar to those produced by several TENS devices currently approved by the FDA (5). Regulatory
and reimbursement issues have prevented more widespread use of PEMF modalities. However, the

clear clinical effectiveness of PEMF signals has resulted in significantly increased use (12). In fact,
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the Center for Medicare Services (CMS) has now determined PEMF produces sufficient clinical
outcome to permit, and reimburse for, use in the off-label application of healing chronic wounds,
such as pressure sores and diabetic leg and foot ulcers (138). In addition, PRF devices have been
cleared by the FDA for the relief of acute and chronic pain and the reduction of edema, all
symptoms of wounds from post surgical procedures, musculoskeletal injuries, muscle and joint

overuse, as well as chronic wounds.

As for bone repair, application of EMF to soft tissue repair appears to have begun with
observations of the electrical events associated with wound repair (139-143). Injury currents which
develop in the presence of dermal wounds are postulated to play an important role in the healing
process (144-145). These currents are, however, at least two orders of magnitude larger than the
endogenous currents from SGP and are DC, or near DC, currents. Cells involved in wound repair
are electrically charged and endogenous DC currents may facilitate cellular migration to the wound
area (146-147). In a manner similar to that for bone repair, the original working hypothesis was
that exogenous EMF signals may enhance the endogenous electrical signals to accelerate wound
repair. It has also been suggested that externally applied EMF may interact with the current of
injury or trigger a relevant growth factor cascade (148,149). Wound healing can be accelerated 2.5
fold with 200-800 pA direct current (150). Both DC current and PEMF have been reported to
reduce edema, increase blood flow, modulate upregulated growth factor receptors, enhance
neutrophil and macrophage attraction and epidermal cell migration, and increase fibroblast and
granulation tissue proliferation (147,149). Most wound studies involve arterial or venous skin

ulcers, diabetic ulcers, pressure ulcers and surgical and burn wounds.

2.1 Cellular and Animal Studies

The PEMF signal currently utilized for bone repair (see figure 2, top) accelerates vascularization
by several fold using cells from human umbilical vein and bovine aorta (151). Studies on human
umbilical vein cells showed that endothelial cell migration to a wounded area is accelerated by
about 14% if cell cultures are exposed to an induced electrical field similar to the pulse burst

currently used for bone repair (2 mT peak, 25 Hz repetition rate) (151). Chronic stimulation of rat
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muscles increased blood vessel density by 14-30%, possibly through angiotensin and vascular
endothelial growth factor pathways (152). PEMF produced a significant increase in the rate of
growth of the vascular tissue in the rabbit ear chamber (153) showing a dependence on signal
configuration (repetitive pulse burst significantly better than repetitive single pulse). Sinusoidal
signals (300 Hz) improved microcirculation and stimulated proliferation and differentiation of
fibroblasts (154). Amplitude, frequency and orientation dependence of EMF modulation of
fibroblast protein synthesis has been reported (155). Inductively coupled sinusoidal fields (0.06-0.7
mT, 50, 60 and 100 Hz) increased chick embryo fibroblast proliferation up to 64% (156). Human
fibroblasts exposed to 20 or 500 mT 50 Hz sinusoidal signals exhibited no effect on fibroblast
proliferation (157). Fibroblasts exposed to a PRF signal consisting of a 65 psec burst of 27.12
MHz sinusoidal waves repeating at 600/sec (1G peak amplitude) showed enhanced cell
proliferation by 130-220% (158,159). Tissue cultures of human foreskin fibroblasts, when exposed
to high 2 V/cm induced electric fields at either 1 or 10 Hz, demonstrated a six-fold increase in
internal calcium, but excitation at 100 Hz had no significant effect (160). Recent animal studies
have reported that PRF signals produced a statistically significant several fold increase in
neovascularization in an arterial loop model, suggesting an important clinical application for
angiogenesis (161,162). PRF signals, configured a priori assuming a Ca/CaM transduction
pathway, accelerated wound repair in a rat cutaneous wound model by approximately 60% as
measured by tensile strength (163). However, treatment of identical wounds in the rat with PEMF
of the type and intensity used for bone healing (see Figure 2, top) failed to produce significant
increases in soft tissue fibroblast counts or improvement in wound closure (164). PEMF increased
the degree of endothelial cell tubulization and proliferation (threefold) in vitro (94). In the same
study PEMF increased fibroblast growth factor -2 by fivefold from which the authors conclude
that PEMF augments angiogenesis primarily by stimulating endothelial release of FGF-2.

2.2 Clinical Studies
Non-thermal PRF signals were originally utilized for the treatment of infections in the pre-
antibiotic era (165) and are now widely employed for the reduction of post-traumatic and post-

operative pain and edema. Double-blind clinical studies have been reported for chronic wound
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repair, wherein PRF treated pressure ulcers closed by 84% vs 40% closure in untreated wounds in
one study (166) and 60% closure vs no closure in the control group in another study (167); acute
ankle sprains, wherein edema decrease was sevenfold vs the control group (168,169); and acute
whiplash injuries, wherein pain decreased by 50% and range of motion increased by 75% in the
treated vs control patients (170,171). PRF signals have been reported to enhance skin
microvascular blood flow by about 30% in both healthy (172) and diabetic (173) individuals. PRF
reduced postmastectomy lymphedema by 56% and increased skin blood flow fourfold (174).
PEMF at 600 and 800 Hz, 25 uT mean amplitude, significantly reduced the size of venous ulcers
by 63%, and decreased pain by 72%, in a randomized control study (175). A modulated EMF
signal at 10 and 100 Hz relieved the main clinical symptoms of diabetic peripheral neuropathy,
improved peripheral nerve conduction by about 40% and the reflex excitability of functionally

diverse motoneurons in the spinal cord (176).

A meta-analysis was performed on randomized clinical trials using PEMF on soft tissues and joints
(12). The results showed both PEMF and PRF were effective in accelerating healing of skin
wounds (177-183), soft tissue injury (168-171,184) and hair regrowth (185-187), as well as
providing symptomatic relief in patients with osteoarthritis and other joint conditions (61,62).
PEMF has been successfully used in the treatment of chronic pain associated with connective
tissue (cartilage, tendon, ligaments and bone) injury and joint-associated soft tissue injury

(188,189).

As for bone repair, EMF clinical effects on soft tissue repair are substantial and often constitute the
method of choice when standard of care has failed to produce adequate clinical results. This is
particularly true for chronic wounds which often do not respond to standard of care and can be life-
threatening if not resolved. It is interesting to note that EMF can increase angiogenesis several fold
in chronic wounds, significantly more than that achieved to date with growth factors such as VEGF
(vascular endothelial growth factor), for which there have been generally disappointing clinical
results (399). This may be the primary reason that EMF is so effective with problem wounds

wherein increased blood supply is always one of the primary clinical objectives. It is also
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interesting to note that EMF can provide an alternative to NSAIDs (e.g., ibuprofen, cox2 inhibitors,

etc.) and other pharmacological analgesics for the relief of chronic and acute pain.

BIOPHYSICAL CONSIDERATIONS OF EMF THERAPEUTICS

3.0 Introduction

The above sections have provided an overview of the abundance of in vitro, in vivo and clinical
evidence which suggest time-varying magnetic fields of various configurations can produce
physiologically beneficial effects for conditions as varied as chronic and acute pain, chronic
wounds and recalcitrant bone fractures. This has all been achieved with low intensity, non-thermal,
non-invasive time-varying electromagnetic fields, having many configurations over a very broad
frequency range. The reader should be aware that pulsing ultrasound (US) and intermittent
mechanical loading have also been shown to modulate bone repair and remodeling (190-198). It
has been suggested (199-201) that an ion binding transduction pathway is common to both
mechanical and EMF modalities which provides useful US signal dosimetry information. This will
be further discussed below. There is also compelling evidence that weak static magnetic fields can
provide physiologically useful musculoskeletal pain relief (202-209). Here also, ion binding may
be involved in the transduction pathway via the effect of weak magnetic fields on the motion
dynamics of the bound ion (19-26,210-216). This can modulate binding kinetics by accelerating
bound ions to preferred active orientations within the binding site or channel. Static magnetic fields
as low as 10 uT can be detected in this pathway if the ion remains bound on the order of a second.
One model, based upon Larmor precession of the bound ion, predicts static magnetic field effects
as well as windows for certain combinations of AC and DC magnetic fields, similar to the ion

cyclotron and parametric resonance models, as will be shown below (211-213).

Clearly, many EMF signals appear to have the capacity to achieve a physiologically meaningful
bioeffect. Why should such seemingly different doses be effective? Are any signal parameters

better than others? Is it the magnetic or electric field, or both? Does the state of the tissue target
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play a role? Despite the understandable impression that many EMF signals have been chosen in
some arbitrary manner, the following sections will attempt to show that EMF dosimetry can have a

rigorous quantitative basis based upon relatively simple mechanisms.

The biophysical mechanism(s) of interaction of weak electric and magnetic fields on biological
tissues as well as the biological transductive mechanism(s) have been vigorously studied. One of
the first models was created using a linear physicochemical approach (14,15,29,30,49,50,223,
224.233) in which an electrochemical model of the cell membrane was employed to predict a range
of EMF waveform parameters for which bioeffects might be expected. This approach was based on
the assumption that voltage dependent processes, such as ion/ligand binding and ion transport at
and across the electrified interface of the cell membrane were the most likely EMF targets. Several
elegant studies further quantified this approach using Lorentz force considerations (16-19),
including ion resonance and the Zeeman-Stark effect (20). These suggested combined low
frequency AC and DC magnetic fields could modulate ion/ligand movement in a molecular cleft
(binding site) and thereby affect binding kinetics (19-26,210-216). Direct action of the Lorentz

force on free electrons in macromolecules such as DNA has also been proposed (217-219).

At present, the most generally accepted biophysical transduction step is ion/ligand binding at cell
surfaces and junctions which modulate a cascade of biochemical processes resulting in the
observed physiological effect (81,83,220,225). A unifying biophysical mechanism which could
explain the vast range of reported results and allow predictions of which EMF signals and
exposures are likely to induce a clinically meaningful physiological effect has been proposed

(29,30).

Electromagnetic bioeffects from relatively weak (below heating and excitation thresholds) signals
can be produced with a time-varying electric field, E(t), induced from an applied time-varying
magnetic field, B(t). A large number of electromagnetic clinical devices in present use (particularly
for bone and wound repair) induce 1-100 mV/cm peak E at the treatment site (12,13,68). A myriad

of waveforms have been employed and the fundamental question becomes one of dosimetry. In
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other words, the relation of waveform configuration to detectability (dose) at the supposed target
must be established. The first step is evaluation of the amplitude and spatial dosimetry of the
induced EMF within the target site for each exposure system and condition. This has been
rigorously carried out for the laboratory dish with coils oriented vertically or horizontally (226-
228). Models have been created for the distribution of induced voltage and current in human limbs
(229) and joints (230). Three dimensional visualizations of clinical PEMF signals have been

reported (362).

3.1 Inductively Coupled Clinical EMF Waveforms

The electric field induced via a time-varying magnetic field waveform is directly related to the
electrical characteristics of the coil employed and the current waveform applied to the coil.
Induced electromotive force (emf) is proportional to the rate of change of current in the coil
(dIeoi/dt) which produces the shape of the induced electric field. The following is applicable to

coils which have been utilized for clinical bone fracture repair.

Coil current I..(t) for an air-core inductor driven with a voltage step Vg rises exponentially to the

limiting current defined by the coil resistance, as:

Lo (1) = (Vo /R )1 —exp(—tR; /L] @
where L is the coil inductance and R is the effective coil resistance, including all connecting
cable and driving circuit resistances. The waveform of the induced voltage is a direct function of
the time derivative of I q(t):

dI

/dt=V,/Lexp(-tR_,/L) ?2)

coil coil
Equation 2 clearly shows that a rectangular-type induced waveform is achieved for a linear rise in
coil current if T.0; (= L/Reoir) 1s sufficiently greater (e.g., by 10 times) than the rise time of current
in the coil. This can be achieved by the proper choice of L and R¢qj. One modality is to keep L
relatively small so that safe driving voltages (<25 V) can be employed. Note that, as given by Eq.
2, the maximum induced voltage (as t — 0) is inversely proportional to coil inductance for a given

Vo. Effective coil resistance can be kept small by utilizing heavy magnet wire and connecting
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cable (e.g., 14-16 B&S gauge). With the above taken into account it is easy to see that, for a given
Reoi, the voltage step (Vo) can be applied to the coil for as long as the following relation is
approximately valid:

(dI

/dt)t—>0 =V, /L[1-(t R /L)] 3)

Equation 3 shows coil current will rise approximately linearly resulting in an induced voltage

coil

waveform in the form of a "step" having some negative slope, as shown in figure 1.

bep— T —{

Figure 1: Schematic illustration of an inductively coupled electric field waveform used for bone and
wound repair. The coil time constant (L/R.y) determines the shape of this signal during rise of
current in the coil. Collapse of coil current can be diode-limited (b) or determined by the impedance
of the electronic driving circuitry (a). [From Pilla et al., J Biol Phys. 1983;11:51-57, with
permission. ]

At the time of coil turn-off coil current must collapse back to zero. This can be accomplished in
either of two manners. In the first, the coil current is allowed to decay at a rate determined only by
the coil and driving circuit impedance (a, figure 1). In the second, rate of current collapse is
controlled by an amplitude-limiting diode (b, figure 1). By using either of these modes, induced
waveform patterns having similar or different opposite polarity durations and amplitudes can be

achieved.
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The waveform shown in figure 1 represents the electric field induced in the cell/tissue target via a
coil placed external to the skin surface. Some of the pulse-type induced electric field waveforms in
common clinical use are shown in figure 2. The rationale behind the configuration of these
waveforms was based on the assumption that the induced electric field (and associated induced
current density) is the primary stimulus. In other words, the magnetic component was considered
to be the carrier or coupler, not significantly contributing to the biological effect. That this is
correct for many PEMF clinical signals will become evident below. Clinical EMF signals for bone
repair are inductively coupled, except for one capacitive coupled 60 kHz sinusoidal signal, for
which E dosimetry, estimated from the geometry and dielectric properties of the target (121), is in
the mV/cm peak range. There is also the continued and anomalous use of invasive DC currents,
despite the accompanying electrolytic effects which are known to cause bone formation via an

inflammatory response (39-41).

| 15Hz »

| TiHz .|
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Figure 2: Induced electric field, E(t), in tissue from the time-varying magnetic fields utilized in EMF devices for
clinical applications. The top waveform consists of bursts of asymmetrical pulses; the others are wide
asymmetrical single pulses. For all signals peak E is 1-10 mV/cm in a 2 cm target. All are detectable by some
tissue targets. Positive clinical effects have been reported for all signals.
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The waveforms shown in figures 1 and 2 represent the time variation of the electric field signal
induced in the extracellular fluid/cell/tissue complex in a human, animal or plant target. The
distribution of current flow depends upon the geometry of coil and target. The basic rule is that the
voltage induced will be defined by the distribution of magnetic flux within the tissue and the
electrical properties of the target. To illustrate, consider a pair of Helmholtz aiding circular coils. A
plastic culture dish, having cylindrical geometry, can be placed between the coils such that the
symmetry (z) axis is aligned with that of the coils (see figure 3). The z = 0 plane passes through the
mid-plane of a saline solution, of conductivity o, placed in the dish. Simple electromagnetic field
theory predicts, since there is total symmetry in the angular (¢) direction, that the angular

component of the induced electric field, Ey, varies, with radius, r, as:
E,()=-—= 4)

which states the instantaneous amplitude of the induced electric field, Ey(t), within the area of a
cylindrical target, such as a laboratory dish, penetrated by a uniform magnetic field, B, is
proportional to its rate of change with time, dB/dt, and the radius, 1, of the target. In other words,
Ey(t) at any point in space and time is dependent upon the rate of change of B and its spatial
distribution in the target. The actual waveform of Ey(t) depends upon dB/dt, which defines the
applied frequency spectrum. For example, in the case of a clinical PRF signal, which is a
sinusoidal wave, dB/dt = @B, where w=2nf (f = frequency, typically 27.12 MHz for PRF devices
in the US). Since dB/dt can be controlled, the induced electric field waveform may be chosen as a

function of the electrical properties of the target (impedance, bandpass).

Equation 4 shows the electric field induced in a homogenous cylindrical target is in circular loops,
i.e., is rotatory, orthogonal to the magnetic field lines. In addition, the induced E field will be
greater when the magnetic field intercepts a greater cross-sectional area of the sample, i.e.,
maximum E field in the target depends upon target size. Peak E field and associated current
density, J, at a radius of 2 cm is often utilized for dosimetry comparisons. It is also convenient to
use dB/dt as a measure of the peak induced electric field, assuming identical target size, for a given

EMF signal. For example a common clinical bone repair signal produces 20 G peak magnetic field
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in 20 psec. Thus dB/dt = 10° G/sec for which peak Egp(t) =1 V/m = 10 mV/cm at a radius of 2 cm
in the target, a typical dose metric for EMF bone growth stimulators. Note, however, that dB/dt
alone is not sufficient to evaluate as a dose metric for a specific ion binding target pathway. This

will be discussed in 3.8.

Figure 3. Schematic illustration of Helmholtz aiding coils with a plastic culture dish placed between
the coils in a uniform magnetic field. This is an example of cylindrical geometry for which equation
4 is valid. A special dual electrode probe may be placed at various radii parallel to the induced
electric field, allowing E,, and current density, J,, vectors to be evaluated (226). [From Pilla et al, J
Biol Phys. 1983;11:51-57, with permission.

Of course, equation 4 is not valid for complex geometry and non-homogenous targets; but it is
always true, from Faraday's law of induction, that the induced voltage V(t), along the line
boundary of the surface S through which the flux ¢ penetrates, is:

V(t) = — do(t)/dt = —d/dt [B(t) e dS 5)
This expression indicates that, for any geometry, the time variation of induced V will also be
identical to that of E in air and any other homogeneous nonmagnetic medium contained within the

boundaries defined by S.
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For most PEMF clinical devices the induced electric field and associated induced currents are
small enough such that back emfs (due to the magnetic field from the induced or eddy current
itself) are negligible. Thus, measurements of induced fields in air accurately reflect those at the
target site for the PEMF devices utilized for bone repair. On the other hand, the induced electric
field from PRF devices is orders of magnitude larger at carrier frequencies between 10 and 40
MHz. Therefore, the amplitude of the incident magnetic field (in air) is always perturbed by a
tissue or saline load due to the secondary field from the induced currents which act to cancel the
primary magnetic field. Induced field levels and distribution have been evaluated in the presence

of a tissue or saline load for PRF signals (249).

3.2 Electrochemistry at Cell Surfaces

For a living cell or tissue to respond functionally to an exogenous electric field it is necessary that
it reach and be detected at the appropriate molecular, cellular or tissue site. In contrast to electrical
potentials (and associated currents) which are applied directly across the cell's plasma membrane,
the situation considered in this review involves the induction of electric fields within the cell/tissue
target via electrical pathways originating at the external skin surface. Since cells are surrounded by
a highly conducting ionic medium, it is clear that an electric field containing relatively low
frequencies (< 100 MHz) can affect the cell only if current flows. This places certain constraints
upon the relationship of the electrical characteristics of both the cell/tissue complex and the applied

electric signal.

An important step, therefore, is the characterization of the electrical properties of cells and tissues.
There are many such studies and the reader is referred to excellent reviews (231-233). However, it
has also been proposed that a complete description of the electrical properties of cells and tissues
should include the electrical equivalents of the electrochemical processes which could be involved
in the signal transduction pathway (50). The electrical equivalents of electrochemical processes at
cell surfaces and junctions and their relevance to EMF therapeutics have been described
(14,15,30,49,50,234). For the purposes of this review it is simply necessary to recall that the

bilayer lipid structure of the plasma membrane and the electrical double layer at its inner and outer
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surfaces make the cell membrane a real capacitor, i.e., a charge storage system (240). The structure
of this capacitor is determined primarily by the interactions of water dipoles and hydrated ions with
the charged chemical groups associated with the various lipid, protein, and carbohydrate
components of the membrane. In addition, this capacitor is leaky since transmembrane ion
transport can occur. These general properties can be described using an electrochemical approach
to characterize the passage of current at and across the cell membrane by combining the dielectric
and electrochemical properties of the membrane. In this manner not only the passive, but also the

functional electrical response of the cell/tissue target may be taken into account.

Accordingly, induced current can affect cell surfaces and junctions via a complex, but readily
discernible, set of electrochemical steps which are representative of the cell's real-time response to
perturbations in its charged environment for any given functional state. Impedance measurements
have reported the relative magnitudes of the time constants (relaxation times) of these processes
(235-238). As expected, dielectric and ion binding time constants are somewhat smaller (1-100
usec) than those involving membrane transport (1-100 msec). In addition, the steady-state (DC)
current pathway across the plasma membrane exhibits a specific resistivity several orders of
magnitude above that of the extra-cellular fluid (239,241). This means exogenous EMF signals
need to contain frequencies well above DC to produce detectable electric field levels in the
electrochemical pathways of ion binding and/or membrane transport. Exogenous DC currents will
be mostly extracellular and generally need to be significantly higher than the peak induced current
density from typical PEMF therapeutic signals to affect the distribution of charges (receptors) on

the cell surface via electrokinetic mechanisms (242).

The electrochemical pathways involved in the transduction of an exogenous EMF signal into a
physiologically significant endpoint appear to be operationally similar to the initial gating process
involved in the production of the action potential via membrane depolarization (231). It is therefore
appropriate to consider the configuration of EMF waveforms in terms of an informational
approach, or trigger, in contrast to one designed to supply energy to drive the biochemical cascade.

Examples of the latter would be the use of direct currents large enough to cause cells to move
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along the electric field in wound repair applications and electroporation wherein short voltage
pulses are applied with sufficient electric field to temporarily cause the cell membrane to become

permeable to macromolocules such as DNA or chemotherapeutic agents.

3.3 The Electrochemical Information Transfer Model

It was proposed by Pilla in 1972 that non-thermal, sub-threshold electromagnetic fields may
directly affect ion binding and/or transport and possibly alter the cascade of biological processes
related to tissue growth and repair (14). This electrochemical information transfer (EIT) hypothesis
postulated the cell membrane as the site of interaction of low level electromagnetic fields through
modulation of the rate of binding of, e.g., calcium ion to receptor sites as a first step in a

biochemical cascade relevant to the desired clinical outcome.

Ionic interactions at electrically charged interfaces of a cell are generally voltage dependent
(electrochemical) processes. Several distinct types of electrochemical interactions can occur at cell
surfaces. One includes all of the non-specific electrostatic interactions involving water dipoles and
hydrated (or partially hydrated) ions at the lipid bilayer/aqueous interface of a cell membrane
which make all cell membranes a capacitor (231-233). A second involves voltage dependent
ion/ligand binding. Here an ion or dipole can effectively compete with water dipoles and hydrated

ions for specific membrane sites, which, in turn can modulate a downstream cascade.

Equivalent electrical circuit models representing these electrochemical processes at cell surfaces
and junctions have been derived (14,15,50,234). Typically, most calculations consider a membrane
model which consists of a capacitance, Cq4, in parallel with an ionic leak pathway, Ry (see figure
4). While all membranes exhibit these properties, this simple model does not completely describe
the dielectric properties of a functioning membrane, particularly with respect to the EMF
transduction pathway. Impedance measurements on isolated cells have revealed the existence of
relaxation processes which appear to reflect the kinetics of ion or ligand binding, as well as follow-
up biochemical reactions (235-238). Thus, a more general description of membrane dielectric

properties, which takes into account electrochemical processes relevant to EMF sensitivity,
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considers an ion binding step which precedes and possibly triggers a subsequent chemical reaction

at the membrane surface. The current, i,(®) which flows into this pathway can be written:

iy(s) = qsTAL(5) ©)
where ¢, is a coefficient representing the dependence of interfacial charge upon the surface
concentration of the bound ion, I',, and s (=c+jw) is the complex frequency variable of the
LaPlace transform (243,244). A similar analysis could, of course, be carried out for s = jo, i.e., a

classical Fourier analysis (240, 243).

Equation 6 shows the current in this pathway is a function of the change in surface concentration of
the binding ion with time, Al',(s), which, in turn, is voltage dependent and a function of the change
in surface concentration of the product of the follow-up biochemical reaction, APy(s). In order to
derive an expression for the impedance, Za(s), of this pathway, it is necessary to define
relationships between Al', and the change in transmembrane voltage (Vi), and ABp(s). This may be
written, for first order linear kinetics, as [14,234]:

Va

AT ()= 2=

a

[—AT,(s) + oV, — AB,] @)

where v, is the binding rate constant and a is proportional to the potential dependence of binding
(=0I'/0Vy). The change in surface concentrations of the ion and the biochemical product can also

be described by first order kinetics:

AB,(s) = BV— [AT,(s) — A, ()] ®)

S
where vy, is the rate constant for the follow up chemical reaction (defined as for v,) governing the
rate of formation (decomposition) of the bound biochemical product after ion binding in a

molecular cleft has occurred.

Equations 6,7 and 8 allow the electrical impedance of the proposed transduction pathway at the cell

membrane, Z(s), to be written as:
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1 |[1+T,s/v 1
Z,(s) = a4 4 )
oq, Is s (1+B,s/vy)

Inspection of equation 9 reveals the existence of two time constants, the parameters of which are
identifiable in terms of the rate constant and change in surface concentration of each reaction step.
Thus, the equivalent resistance of binding, Ry, is:

1

R, = (10)
aq,Vv,

which shows the equivalent resistance of binding kinetics is, as expected, inversely proportional to
the rate constant, v,. Correspondingly, the equivalent capacitance of binding, Cju, is directly
proportional to the surface concentration of the binding entity, I',, as:

C,=aq,I, (1)
Note that the product aq, (o = 0I'/0Vy, o= 0q/0l') in equations 10 and 11 has the dimensions of

capacitance, the expected proportionality constant to enable equivalent electric circuit parameters

to be related to ion binding kinetics.

The second time constant, tg, in equation 9 relates to the follow-up biochemical reaction:

=R, C, = 5_ (12)
b

where R and Cp are the equivalent resistance (inversely proportional to reaction rate, as for Ra)
and capacitance (proportional to the surface concentration, Py, of the reaction product) of the
follow-up biochemical reaction, respectively. Note the follow-up reaction can be a conformational
change as happens when Ca®" is bound to at least three of the four available binding sites in

calmodulin (288).

An electrical equivalent circuit, Za, which requires ion binding to occur prior to the follow-up
reaction, is given in figure 4. The membrane capacitance, C4, and leak resistance, Ry, are also
shown since it is necessary to include these pathways in the total membrane impedance, Zy, in

order to fully characterize frequency dependence.
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Figure 4: Electrical equivalent circuit of a cell membrane which exhibits a dielectric membrane
capacitance, Cgy, a leak resistance, Ry, an ion binding pathway having an equivalent resistance, Ry,
and capacitance, C,, and a time constant, RgCp, representing a coupled surface step, e.g.,
conformation change. This circuit requires ion binding to occur prior to the follow up step.

The impedance, Z4(s), of the C4/Ry pathway, is given by:
Zy(5) = Ry, + o (13)

C;s
The most common representation of sub-excitation threshold membrane impedance is via equation

13. However, the electrochemical analysis given above shows this is not complete. Indeed, the
pathways depicted in the ion binding impedance given in equation 9 have proven to be necessary
to complete the EIT model. Time constants associated with electrochemical membrane processes
have been reported (235-238). One model system studied was the toad urinary bladder membrane
having a single cell thick epithelial layer with tight junctional electrical contact between cells,
thereby affording high resolution impedance values (235). Isolated cell impedance studies utilized

artificial epithelial layers created by deforming living cells under physiologic hydrostatic pressure
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into well defined polycarbonate membrane filters. This technique was applied to melanoma,
fibroblast, and osteoblast cells (238). In all cases the results showed, as expected, a first time
constant or relaxation process due to the ubiquitous dielectric capacitance of the lipid-protein
bilayer. The time constant for this process is similar for all mammalian cells, in the 1-10 ps range.
However, all cells exhibited at least a second time constant which was characteristic of an ion
binding pathway. The time constant for this pathway was significantly different for each cell type,
ranging from 20 ps for human erythrocytes to 200 ps for fibroblasts and osteoblasts. In addition, a
longer time constant was often present related to passive ion transport across the cell membrane

which could be coupled to the ion binding step (50,234).

The above summarizes the EIT model which strongly guided the creation of the first clinically
effective PEMF signal for recalcitrant fracture repair (51,52). According to the EIT model, the
requirements for an effective waveform could be met if it contained frequency components of
sufficient amplitude within the time constant of the proposed target pathway (14,15,50).
Transmembrane ion transport, for which kinetics is in the millisecond range (235) was chosen as
the target pathway for bone repair. This, coupled with practical restrictions on the size of the coil
for patient use, led to the pulse burst waveform shown in figure 2, top. It was supposed that the cell
would ignore the short opposite polarity pulse and respond only to the envelope of the burst which
had a duration of 5 msec, enough to induce sufficient amplitude in the kHz frequency range.
Although the reasoning behind the asymmetric pulse in this waveform was erroneous because the
EIT model was not yet complete, requiring a thermal noise analysis as will become apparent
below, this signal is nonetheless effective for bone repair. It continues to be part of the standard
armamentarium of the orthopedist for the non-surgical non-invasive treatment of recalcitrant bone

fractures.

It is important to note that the role of ions as transducers of information in the regulation of cell
structure and function gained widespread acceptance well after the introduction of the EIT model.
Ionic regulation mechanisms have now been described in: growth factor activation of the Na-K

ATPase enzyme in fibroblasts (246,250); Ca®" regulation, via CaM, of the cell cycle (251,252);
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differential Ca®" requirements of neoplastic vs non-neoplastic cells (245,253); Ca*" dependent
adenylate cyclase activation in macrophages (251). Ca/CaM regulation of growth factor and other
cytokine release (247,248,254,255). EMF could also modulate the distribution of protein and lipid
domains in the membrane bilayer, as well as conformational changes in lipid-protein associations
by altering the kinetics of binding. Ion/ligand binding represents a coupling or transduction
mechanism for exogenous electromagnetic fields at biological surfaces and junctions, which can be

used to quantitatively and predictively configure bioeffective EMF waveforms.

3.4 Magnetic Field Effects

As stated previously, the first PEMF signals utilized for tissue growth and repair were configured
assuming the induced electric field was the source of the stimulus (information). There is ample
evidence that electric field is the dose metric for in situ PEMF signals such as those depicted in
figure 2. One study showed PEMF enhanced cellular proliferation and extracellular matrix
synthesis for bovine articular chondrocytes only when a pair of Helmholtz aiding coils were
horizontal to the culture dish. There was no effect when the same coils inducing the same pulsing
magnetic field were oriented vertical to the culture dish (262). Although the magnetic field was
exactly the same for both coil orientations, the maximum electric field within the culture dish was
more than a factor of ten lower for vertical vs horizontal coils, as expected from Faraday’s law of
induction (equation 5). This, because the height of the medium in a typical culture dish is
approximately 2 mm vs a dish diameter of 35-60 mm. (Refer to figure 3 for a schematic illustration
of the horizontal coil configuration.) When coils are oriented vertically current flow is at right

angles to that shown in figure 3 and the path is limited to liquid height, not dish diameter.

Liburdy (263) used specially constructed annular culture dishes of differing diameter to show that
calcium transport in mitogen stimulated thymic lymphocytes scaled with the induced electric field
from a 22 mT, 60 Hz time-varying magnetic field. The magnetic field was identical for each loop
diameter suggesting the dose metric in this case followed equation 4, which shows induced electric
field amplitude is directly proportional to the target loop radius for the cylindrical geometry of this

experiment. The electric field dose metric was also demonstrated in vivo by exposure of fibular

27



osteotomies in the rabbit to a clinically effective pulse burst PEMF signal (see figure 2) applied via
an external coil or via implanted electrodes (264). The results showed the biomechanical
acceleration of bone repair depended only on the in situ electric field and not on the magnetic
component produced in the external coil to inductively couple the electric field to the repair site.
Another study reported optimization of induced electric field parameters from time varying
magnetic fields to control bone remodeling in an avian model of disuse osteoporosis (265). Finally,
a recent study reported remarkable sensitivity of neutrophil metabolism to induced electric fields as
low as 1 uV/ecm (266). The electric vs magnetic field dose metric was specifically addressed in this

study and it was established the observed results were indeed due to the induced electric field.

In contrast to the above mentioned studies, Liboff et al. (267) reported in 1984 that human
fibroblasts in culture exhibited enhanced DNA synthesis when exposed to sinusoidally varying
magnetic fields over a wide range of frequencies (15 Hz to 4 kHz) and amplitudes (2-600 uT). The
effect appeared to be independent of the time derivative of the magnetic field, suggesting magnetic
field was the dose metric for these sinusoidal waveforms. These results were somewhat
controversial because the induced electric field at frequencies in the kHz range was of the same
order as that reported effective for PEMF signals in cellular and clinical studies, and could clearly
have contributed to the dose metric. However, this study also reported very low frequency
magnetic fields in the microTesla range could produce a similar effect on DNA synthesis. For
these signals the induced electric field was well below that of the clinically effective PEMF
signals, suggesting a direct magnetic field effect. Thus began the ion cyclotron and parametric
resonance era. These models are covered in detail elsewhere in this volume (374), however a short

summary will be useful background.

Ion cyclotron resonance (ICR) (19,268-269), described frequency specific combinations of DC and
AC magnetic fields which can increase ion mobility near receptor sites and/or through ion
channels. The Lorentz force equation was used to relate individual influences of both AC and DC
magnetic fields to ligand receptor binding and motions of ions or other charged molecules (268-

270). The main objection to ICR is thermal noise (23,24,214,216,271). Bianco and Chiabrera (272)
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have provided an elegant explanation of the inclusion of thermal noise in the Lorentz-Langevin
model which clearly shows the force applied by a magnetic field on a charge moving outside the
binding site is negligible compared to background Brownian motion and therefore has no

significant effect on binding or transport at a cell surface or junction.

Because of thermal noise problems in the ICR model Lednev (20) and others (21,22,26,276-278)
formulated an ion parametric resonance (IPR) quantum approach which modeled the ion in the
binding site of a macromolecule (e.g., CaM) as a charged harmonic oscillator. It was proposed the
presence of a static magnetic field could split the energy level of the bound ion into two sublevels
with amplitudes corresponding to electromagnetic frequencies in the infrared band. The difference
between these two energy levels is the Larmor frequency (= cyclotron frequency/2). The IPR
model, as for the ICR model, requires parallel ac and dc magnetic fields, and that they both be

present.

In addition to difficulties with the experimental verification of the IPR model (279,350-1), the
main fundamental objection to the IPR model relates to excited state lifetime for the low frequency
EMF signals involved (280,281). Indeed, the acceleration of the bound ion oscillating at
frequencies of the order of 10'? Hz, obviously can not be affected by the negligible perturbations of
the ion orbit generated by weak magnetic fields at 10" lower frequencies. Therefore, the transition
rate to the ground state cannot be affected by ELF fields and IPR can not occur (282). However,
the axis of vibration of bound ligands can be affected by weak ELF, as well as DC, magnetic fields
in a classical manner, e.g., Larmor precession, and some orientations may cause enhanced

biological effects (23,24,28,30,213,282).

Not withstanding all of the above, a clinical device was created on the basis of the ICR model
which is in current use for recalcitrant bone fractures. Clinical results from this device appear to be
equivalent to those from other inductive and capacitive coupled devices (31,59,68). The signal is
applied using an external pair of coils oriented parallel to one another. The alternating 40 pT

sinusoidal magnetic field is at 76.6 Hz (a combination of Ca>" and Mg”" resonance frequencies).
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The static (DC) parallel magnetic field is at 20 uT. Since there are no published clinical studies
with either the AC or DC component of the magnetic field alone, there is no solid evidence that
this combination of AC and DC fields is unique, or, e.g., that either the AC or DC component
alone would not have produced the same clinical results. The fact remains, however, that a clinical
device which produces an electrical field too weak to be detected by the tissue target has

demonstrated clinical success. This can only have been achieved via a magnetic, not electric, field.

There is enough additional significant evidence showing both low frequency sinusoidal magnetic
fields, which induce electric fields well below the thermal noise threshold, and weak static
magnetic fields, for which there is no induced electric field, can have biologically and clinically
significant effects (84-92,202-209,273,283). In these cases also, the stimulus must clearly be the
magnetic field. This was unexpected, particularly for weak DC magnetic fields. There is, however,
a promising, and largely overlooked, model, remarkably unhindered by thermal noise, which
considers the Lorentz force on a moving charge in a binding site in terms of Larmor precession and
its possible effect on reactivity (24,28,210-216). The Larmor precession model (LPM) is

summarized below.

3.5 The Larmor Precession Model

Larmor precession, which describes the effects of exogenous magnetic fields on the dynamics of
one state of ion binding, ions already bound, has been suggested as a possible mechanism for
observed bioeffects due to weak static and alternating magnetic field exposures (210-216,271,288).
A bound ionic oscillator in a static magnetic field will precess at the Larmor frequency in the plane
perpendicular to the applied field. This motion will persist in superposition with thermal forces,
until thermal forces eventually eject the oscillator from a binding site. For a magnetic field oriented
along the z-axis, the precessional motion will be confined to the x-y plane. The LPM proposes that
the biochemical reactivity of a bound ion complex may be affected by changes in the spatial

orientation of the bound ionic oscillator.

The effect of weak DC and AC magnetic fields according to the LPM can be summarized as
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follows. The Lorentz-Langevin equation written to describe the motion of an ion bound in a
potential well (molecular cleft) subject to a magnetic field oriented along the z axis in the presence

of thermal noise forces is:

d’r dr dr
F:—BE‘F’YEXBOI(—O\)ZI'-‘FH (14)

where r is the position vector of the ion; B is the viscous damping coefficient per unit mass (due to
molecular collisions in the thermal bath), v is the ion charge to mass ratio; B, is the magnitude of
the magnetic field vector; k is the unit vector along the z-axis; ® is the angular frequency of the
oscillator and n is the random thermal noise force per unit mass (271,288). It has also been shown
that precession is not limited to the case of a linear isotropic oscillator potential but will occur for

any central restorative potential (211).

Equation 14 describes the motion of an oscillator (ion) in a molecular cleft due to an exogenous

magnetic field in the presence of thermal noise. The solution may be written (212):
r() > ¢ r(t) = [C() + ¥ (V)] (15)

where 1(t) is the position vector of the bound ion; C(t) is the coherent oscillation of the bound
oscillator and ‘¥(t) is the contribution due to thermal noise forces. The ion trajectory thus consists

of a coherent part, given by:

Ct)=— Co bt grion sin(wt) (16)
)

where Cy is determined by initial conditions and o (= yB/2) is the Larmor frequency; and a

component due to thermal noise:

v )= [N )] a7)

where k, is determined by initial conditions; N(t) is the accumulation of the thermal component

with time; and A; and A, are the roots and contain the AC and DC magnetic field terms (212).

The thermal component W(t) of the ion trajectory itself thus consists of an harmonic oscillator

driven by thermal noise, subject to viscous damping and undergoing precessional motion at the
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Larmor frequency about the axis defined by the magnetic field. It oscillates at the fundamental
frequency of the oscillator potential with amplitude increasing over time, ultimately resulting in
ejection from the binding site after a bound lifetime determined by the magnitude of thermal

forces.

Both the coherent and thermal components of an ion at a binding site exhibit Larmor precession in
the presence of an applied magnetic field. As the amplitude of the thermal component grows the
oscillator orientation still precesses at the Larmor frequency in the plane perpendicular to the
applied magnetic field direction. This is illustrated in figure 5 which shows the manner in which
the amplitude of the oscillator vibration (at infrared frequencies) is affected by thermal noise. Note
that, even though thermal noise is progressively adding to the amplitude of oscillator vibration, the
bound ion continues to precess at the original Larmor frequency until ejected from the binding site.
Thus, precession frequency is unaffected by thermal noise while the oscillator is bound. The
threshold for LPM is, therefore, determined only by the bound lifetime of the charged oscillator,

allowing extremely weak magnetic fields to affect its dynamics.

Although thermal forces will in general be distributed throughout the spherical solid angle
available in the binding site, it is important to bear in mind that the bound ion or ligand is not
executing random motions in an isotropic region. Rather, it is strongly bound in an oscillator
potential, with oscillator frequency in the infrared (211,212). It is also important to emphasize that
an ion bound in a molecular cleft exhibits vibrational and rotational, but not translational, degrees
of freedom (395-7). This means the bound oscillator can precess, but will not retain the ability to

move in the random directions permitted in its unbound trajectory.
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Figure 5: Overall effect of thermal white noise on precessional motion in a 10 uT static magnetic
field. Note that, for this value of the viscous damping coefficient (), precession is coherent and
decays exponentially for approximately 0.5 second. Thermal noise then begins to add to the
oscillator vibration amplitude, ultimately leading to ejection of the bound ion from the molecular
cleft after a bound time of approximately 1.2 seconds. Until ejection, the oscillator is still precessing.
[From Pilla et al., Bioelectrochem Bioenergetics. 1997;43:241-252, with permission. ]

Larmor precession converts the exogenous magnetic field amplitude into a frequency determined
by the gyromagnetic ratio of the target. Thus, for an ion oscillating along the z axis the Larmor
frequency oy is:

o, =-IB,, (18)
where I' = ¢/2m for a simple unhydrated ion. Equation 15 illustrates that precession frequency

scales with magnetic field provided the magnetic field has components perpendicular to the axis of
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oscillation. Note that cyclotron frequency = 2mr. Of course, the minimum detectable magnetic
field is determined by the contribution of thermal energy to the bound oscillator amplitude as

described above.

According to LPM, each Larmor precession frequency determines the minimum time for the bound
oscillator to reach reactive orientation(s) at the binding interface. LPM predicts a bound oscillator
will accelerate faster to preferred orientations in the binding site with increasing static magnetic
field strength. This can increase binding rate with a resultant acceleration in the downstream
biochemical cascade. According to LPM, static magnetic fields in the 0.1-1 puT range can be
detected if the oscillator remains bound for the order of a second (271). To illustrate, the Larmor
frequency for calcium in a 50 uT static magnetic field is approximately 18 Hz, suggesting a value
for the damping coefficient, B, of about 35 or less is necessary in order for the oscillator to
maintain a substantial amplitude over the period of one or more precessional orbits. The geometry
of the binding site can create a locally hydrophobic region, from which dipolar molecules such as
water are repelled (285), although at least one water dipole remains in a Ca/CaM binding site
(287). Thus, the binding site is a region in which a bound ion would experience very few
collisions, resulting in a viscosity significantly below that of bulk water, accounting for the long

bound times reported for Ca/CaM.

Weak static magnetic fields have been reported to accelerate Ca/CaM dependent myosin light
chain kinase (MLCK) and protein kinase C (PKC) dependent processes up to twofold (84-92,273),
although one report failed to show effects in the MLCK system (274) and another, which examined
Ca’" binding to CaM directly using a fluorescence technique, also failed to show effects (275).
Two studies reported the rate of Ca’" binding to CaM was increased twofold with 2 G static
magnetic field (90,92). Static magnetic fields as low as 6 G increased cell survival by reducing
stress-induced apoptosis threefold via a twofold increase of Ca*" influx (353). Weak DC alone (1
G) caused conformational changes in chromatin of E. coli bacteria similar in magnitude to AC/DC

combinations chosen according to ICR or IPR models (354,355).
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3.6 Resonance in the Larmor Precession Model

There are credible reports of in vitro studies which demonstrate resonance behavior for certain
combinations of weak AC and DC magnetic fields (19,278,283,350,351). However, these do not
unequivocally support the predictions of either the ICR or the IPR models (350). Thus, it is
interesting to consider ion resonance in terms of LPM. In order to assess the combined effect of
simultaneous weak AC and DC magnetic fields on Larmor precession, it is necessary to recall that
the bound charged oscillator will precess when only a DC field is present according to equation 18.
Addition of an AC magnetic field to an oscillator already precessing in a binding site will modulate
oscillator motion for both perpendicular and parallel orientations with peak effects at multiples of

the Larmor frequency.

The addition of an AC frequency in either a perpendicular or parallel direction to the axis of a
precessing oscillator will modulate the axis of precession with a resultant effect on the time to
reach a reactive orientation. This may be quantified by evaluation of the total excursion of the

oscillator, A(t), for a given binding time, t, and for various AC/DC combinations:

t t
A =C, [ w,dt= <, [[B, + B, cos(@,ct)jdt = o | B 1+ B sin(e, 0)dt (19)
0 2m 2m

AC

where o is the Larmor frequency; B, is the amplitude of the DC magnetic field; B; and wac are
the peak amplitude and the frequency of the AC magnetic field, respectively; m is the mass of the

bound oscillator; and C, is a proportionality constant.

Equation 19 may be evaluated for any ion or ligand, any combination of AC and DC magnetic
fields with any relative orientation. An example is shown in figure 6 in which DC magnetic field
amplitude is varied for AC fixed at o for Ca®". It may be seen that addition of an AC magnetic
field to the precessing oscillator either further accelerates or inhibits its time to reach a reactive
orientation. This behavior is remarkably similar to reported experimental verifications of IPR

(278,351), and supports Larmor precession as a viable alternative mechanism for weak DC and AC
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magnetic field bioeffects.

It is interesting to speculate whether the parameters of the AC and DC magnetic field components
could be chosen to actually prohibit the bound oscillator from reaching a reactive position in the
binding site. If this possibility is verified by experiment, a non-invasive treatment for pathologies
such as ectopic bone formation (wherein bone grows where it should not) and malignancies

without side effects could emerge.. This possibility does not appear to exist for PEMF modalities.

Feactivity

_4 1 1 1
0 0.5 1 1.5 2

Amplitude DCIAC

Figure 6: Effect of scanning DC magnetic field amplitude on a bound oscillator precessing at the
Larmor frequency. Reactivity, e.g., Ca/CaM-dependent enzyme activity, can be either increased (vs
DC field alone) or decreased, meaning addition of AC can either further accelerate or inhibit the
oscillator excursion to a reactive orientation within the binding site.

3.7 The Dynamical Systems Model

Magnetic fields couple with binding kinetics via the Larmor frequency, while the induced electric
field couples to the binding process via its potential dependence (see equation 7). This may be
modeled by considering the binding process as a dynamical system wherein the particle has two
energetically stable points separated by a few kT (double potential well), either bound in the

molecular cleft, or unbound in the plane of closest approach to the hydrated surface (Helmholtz
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plane) at the electrified interface between the molecular cleft and its aqueous environment (288), as
shown in figure 7. Ion binding/dissociation is then treated as the process of hopping between these
two states driven by thermal noise and EMF effects are measured by modulation of the ratio of
time bound (in the molecular cleft) to time unbound (in the Helmholtz plane). This model does not
require the ion to move in a trajectory far from the binding site, i.e., the ion is still in a prebound

state while in the Helmholtz plane.

Figure 7: Cartoon of a molecular cleft illustrating an ion in a bound state which resides in the inner
Helmholtz plane, THP. Kinetics of binding is determined by ratio of time bound to unbound (outer
Helmbholtz plane, OHP). Bound ion hops between IHP and OHP driven by thermal noise and
statistically does not drift into the diffuse double layer where it is subject to mechanical
(electrokinetic) perturbation. While bound, the ion possesses rotational degrees of freedom and can
precess. Note that water dipoles may remain resident in the binding site while the ion is in the bound
state. [From Pilla et al., Bioelectrochem Bioenergetics. 1997; 43:241-252, with permission. ]

According to this model, modulation of the kinetics of binding is considered as either a change in
the height or in the bias of the energy barrier between unbound and bound states. This is thus a
dynamical system wherein thermal white noise is taken as the driving force for ion binding and
dissociation. The reaction coordinate q(t) is subject to inertia, a damping force proportional to dq/dt

and a potential energy function V(q,Eing) dependent upon the induced electric field Ejg. The
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system can be described by the following differential equation:

2
d q(zt) + d q(t) + d V(q9 Eind ) — Fnoise (20)
dt dt dq

where 1 is the coefficient of damping and F,;s. is the force due to thermal noise on the bound
particle. The force imparted on a charged ion by the induced electric field may be expressed as a

perturbation of the potential energy function,

¢ _ g
V(q.E,y) =a— —a,—+eqE,, (21)
4 2
where the nonnegative coefficients a;, and oy, are characteristic of the receptor molecule-hydration

environment and ¢ is the effective (hydrated) ion charge.

Equation 20 describes a double well potential wherein the potential energy wells correspond to the
bound and unbound phases of the binding process. The dynamical system describes binding in a
statistical sense. In terms of this model the force due to an induced electric field can modulate the
relative depth of the wells thereby affecting the ratio of time bound to time unbound and thus the
kinetics of the binding process. A weak magnetic field can indirectly affect the double well
potential via Larmor precession by changing the dwell time of the bound vibrating oscillator,

which, in turn, modulates the ratio of time bound to time unbound and therefore reaction rate.

The dynamical system model provides a rationale for linking observed static magnetic (LPM) and
electric (EIT) field effects in identical molecular and cellular systems. For example, Ca®"/CaM
dependent myosin phosphorylation has been extensively studied with both static magnetic fields
(30,90), and with several PRF signals (29). A comparison of typical results is shown in figure 8§,
left, which shows a 2G static field, and a 0.2G, 500us burst of 27.12MHz sinusoidal waves at 1
burst/sec PRF signal, both accelerate phosphorylation nearly twofold in the presence of sub-
optimal free Ca®" concentration. Similar behavior has been obtained for dendrite outgrowth from
embryonic chick ganglia in the presence of sub-optimal NGF concentration (figure 8, right).
Dendrite length was also increased approximately twofold with both static and pulsing magnetic

fields.
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In both of these systems the PRF signal induced a time-varying electric field and negligible
magnetic field (vs ambient), and the magnet produced only a static magnetic field, approximately
7X ambient. Dosimetry, therefore, depended upon the characteristics of the induced electric field
for the PRF signal and on the magnetic field amplitude for the magnet. The common target
pathway for both weak electric and magnetic fields, as proposed in the dynamical systems model is
ion/ligand binding. The common target pathway in both cases has been proposed to be the kinetics
of Ca** binding, for which signal detection (SNR) can be estimated, as shown below, for the PRF
signal, or for which the Larmor precession model can be employed to makes predictions of

effective, as well as saturation, static magnetic field strengths.
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Figure 8: Comparison of the effect of a 0.2G PRF signal having a 500us burst of 27.12 MHz
sinusoidal waves repeating at 1/s, and a 2G static magnetic field on Ca®'/CaM dependent myosin
phosphorylation, left, and neurite length from embryonic chick ganglia explants, right. Both signals
elicit the same response for identical exposure times, however, the PRF signal couples to the target
pathway via induced electric field , whereas the magnet couples via magnetic field.

3.7.1 Calcium-Calmodulin Dependent Myosin Phosphorylation as a Dynamical System

Electromagnetic field effects on Ca®’-calmodulin dependent myosin phosphorylation have been
reported to occur only for Ca**-depleted conditions and during the nonequilibrium phase of the
reaction (84-92). For these depleted conditions, enzyme kinetics favor the bound state according to
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Kon/Koe10%-10° (288), the instantaneous exchange reaction rate v(t) is dependent upon the
instantaneous free Ca®" concentration [Ca’'(t)], and myosin phosphorylation increases for
increasing [Ca (V)] Enzyme kinetics are interpreted here in a statistical sense wherein [Ca™ (t)] is
taken to be proportional to the ratio of the mean time the ion is free to the mean time bound:

[Ca® (1)] = p—tiee 22)

bound

where p is a proportionality constant.

The instantaneous exchange reaction rate v(t) for myosin phosphorylation is proportional to the
concentrations of free ions and CaM, in the linear phase of the reaction and the reaction rate is thus
a function of ion binding dynamics,

V(t) o [Ca®* CaM] <> p—E=_ 4 [CaM] 23)

bound

Ion binding kinetics determines the sensitivity of this system to both induced electric field and
weak magnetic fields. Dosimetry for electric fields is determined by detectability in the binding
pathway. This requires sufficient voltage in the binding pathway to increase net [Ca®'] above that
due to thermal noise. The requirement is to configure the induced electric field waveform to
produce sufficient amplitude in the binding pathway within the frequency range defined by
binding kinetics. This will be described in detail in the next section. Direct magnetic field effects
are linked via Larmor precession to ion binding kinetics. In fact, the mean residence time of Ca*" in
the CaM binding site must be a multiple of the binding time constant. Reported values for this time
constant range between 107 and 10~ sec (289). Assuming a factor of three, for simple exponential
behavior, the static magnetic field effect on binding should be detectable at approximately 10 pT
above ambient (= 50 uT) and saturate at 200-300 pT. Results reported to date (90,271) support this

prediction. See also figure 9.
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Figure 9: Effect of static magnetic field amplitude on Ca/CaM-dependent myosin phosphorylation.
Acceleration of Ca®" binding appears to saturate at approximately 200 uT, as predicted by the
Larmor precession model.

It should also be noted that Ca’” has been implicated in the EMF transduction pathway
independent of its interactions with CaM. The most commonly reported are those related to Ca**

influx, efflux or oscillations (27,257-61).

3.8 Dosimetry for Induced Electric Fields

The biophysical lore prevailing until the late 1980’s and lingering to this day is that, unless the
amplitude and frequencies of an applied electric field were sufficient to trigger an excitable
membrane (e.g. heart pacemaker), to produce tissue heating or to move an ion along a field
gradient there could be no effect. This was a formidable obstacle in the quest for therapeutic
applications of weak EMF signals. However, this position had to be changed as the evidence for
weak (non-thermal) EMF bioeffects became overwhelming. The clinical evidence offered by many
double blind clinical studies coupled with the database of hundreds of thousands of successful
treatments of delayed and non-union bone fractures registered with the FDA simply could no

longer be ignored. Non-invasive PEMF treatment is actually as successful as the first bone graft to
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the huge benefit of the patient. The task now was to provide solid testable models for the

biophysical mechanism of weak electric field bioeffects.

The underlying problem for any model which claims to describe the biophysical mechanism of
weak EMF bioeffects relates to signal detection at the molecular/cellular/tissue target in the
presence of thermal noise, i.e., signal to thermal noise ratio (SNR). Considering the cell membrane
as the target, the burden of proof is to show the induced voltage is not buried in thermal and other
voltage noise, i.e., that the applied signal is detectable. One of the first simple models assumed the
EMF target to be a spherical cell of approximately 10 pm radius. The dielectric properties of the
cell membrane in this model were limited to a simple membrane capacitance, with no attempt to
take specific ion binding pathways into account. These calculations often lead to an unfavorable
SNR for many EMF signals which have otherwise demonstrated biological effect (292-294). Other
attempts to account for the thermal noise problem assume unsubstantiated signal processing, such
as signal averaging or rectification (295), by the target pathway. Stochastic resonance in which
increasing noise strength can increase SNR for a signal having frequency components at a
characteristic frequency (e.g., Larmor frequency) has also been proposed (296). Finally, metabolic
amplification via the out of equilibrium state of the ligand-receptor system due to basal cell

metabolism has been proposed (297). None of these models have been proven experimentally.

Without resorting to signal processing or metabolic amplification, it is still necessary to attempt to
understand the remarkable sensitivity of biological systems to weak electric fields. In terms of
target geometry, certainly the spherical cell model is oversimplified and cannot represent the
geometric complexity of cellular and tissue EMF targets. For example, the successful outcome of a
healing fracture, wherein bone tissue differentiates both functionally and spatially, is a clinically
relevant illustration of cell-cell communication (298). This suggests the target for the PEMF
signals used to affect non-unions and delayed unions of bone is a highly organized ensemble of
cells. In fact, all organized tissue is developed and maintained by an ensemble of complex
geometry cells which have coordinated activity (299). The most prevalent cell shape in living

system tissue is elliptical and flattened, with processes extending in at least two directions. For
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example, human fibroblasts can typically exceed 100 um when attached to a substrate (connective
tissue). In addition, nerve axons can be tens of centimeters in length (364). Gap junctions provide
pathways for ions and molecular intercellular communication (301). They are present in all tissues
including bone. The role of cooperative organization in the EMF sensitivity of biological systems
has been qualitatively considered (302). Gap junctions provide ionic coupling and metabolic
cooperation, without which disorders in growth control and tissue repair, as well as neoplastic
transformations, could occur (301). Functional modification of gap junctions by modulated
microwave fields, as well as EMF signals has been reported (303,304). There have been several

recent reports of modulation of gap junction activity by PEMF signals (305-309).

As shown in sections 3.3 and 3.4 EMF dosimetry requires knowledge of the electrical properties of
the cell/tissue target. Several reports have emerged showing how induced electric field dosimetry
can be altered by the presence of gap junctions (310-317,364-368). A distributed parameter
electrical analog (cable) is often employed to represent the electrical properties of an ensemble of
cells in gap junction contact. Most of the cable models represent the cell by a simple membrane
capacitance and leak resistance (318,367,368). However proper dosimetry requires the complete
electrochemical state of a functioning cell membrane to be taken into account. A summary of this
approach which incorporates electrochemical processes in the electrical equivalent circuits of the

cell membrane is presented below.

3.9 Cell Array Model

Gap junctions allow a group of organized cells, as in a tissue, to present a larger “antenna” to
detect the induced electric field from an exogenous EMF. This increases EMF sensitivity well
beyond that due to a molecule or single cell, with a resultant increase in target sensitivity. A useful
model is the distributed parameter linear electrical analog (transmission line) allowing induced
transmembrane voltage, Vi, to be evaluated as a function of frequency and position along the
array. This is similar to the electrophysiological models which have been proposed for current

spread in electrotonically coupled tissues, the DC model proposed to account for tissue sensitivity
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to the weak electric currents commonly found in developing and regenerating tissues (314,315), for
DC currents in wound repair (365) and for nonlinear electroporation (366). Obviously the complete
model should be three dimensional, however the linear model presented here serves as a good first

approximation to illustrate the array effect on EMF sensitivity.

The transmission line model is a lossy ladder network, or cable, of finite length, having different
internal and external conductance. The "steps" of this ladder are constituted by the membrane
impedance per unit length, which provides a pathway for the internal current to exit the cell.
Details are available elsewhere (312), however it is useful to show how the presence of gap
junctions affects the induced electric field detected in the cell array when electrochemical
processes which represent the EMF transduction pathway are taken into account. The electrical

equivalent circuit is shown in figure 10.

A e )
(Ee))

Figure 10: Distributed-parameter cell array model showing cells in gap-junction contact via impedance Z,.
This model behaves electrically identical to a transmission line wherein the applied electric field E(®)
propagates throughout the array causing progressively higher changes in induced transmembrane voltage
V(x,w). Zy, R;and R, are the membrane impedance, and intracellular and extracellular resistances per unit
length, respectively. Z, represents the gap junction impedance. [From Pilla et al., Bioelectrochem
Bioenergetics, 1994;35:63-69]

Induced transmembrane voltage Vm(x,s) at any position x in the cable shown in figure 10
representing the cell array and for any induced electric field waveform E(s) is:

1 sinh(yx)

Vi(x.8) = -E(s) y cosh(yL)

(24)
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where:

_ R, FR +R, -
Y —ZM(S) (25)

and R. and R; are, respectively, the extracellular and intracellular resistances per unit length along
the x axis, Ry 1s the gap junction resistance per unit length and Zy(s) is the membrane impedance

per unit length.

Evaluation of Vy(x,s) has been reported for realistic values of the specific electrical parameters
related to the cell array. Typical values for R, and R; are 10'°Q/m. These values would be
expected to be of the same order, given the cell volume percentage for a typical tissue (50%).
The values for R, range from 10" to 10"°Q/m, representing the limiting electrical conditions of a
completely open or completely closed gap junction, respectively (312). The exact form of Zy
depends upon the impedance assumed. In the most simple form a membrane consists of a
capacitance, Cq4, representing the real capacitor made up of the lipid bilayer and its electrified

interfaces, in parallel with an ionic leak pathway, Ry, a real resistor, as discussed in section 3.4.

When an ion binding pathway is added (figure 4) the membrane admittance per unit length is:

M

1 ) 1
YM((D)=R—"‘CdJ(D“‘—1 (26)
{RA-F : }
Calo

where R, the equivalent binding resistance ranges between 10 to 10° ©-m, and Cj, the equivalent
binding capacitance ranges from 10 to 10 F/m. Typical values for Ry range from 10° to 10° Q-m,
and for C4 from 107 to 10° F/m. Equation 22 describes two time constants, the first due to the
membrane capacitance C4 and the membrane leak resistance Ry The second represents the
ion/ligand binding process, the parameters of which are identifiable in terms of rate constants

and changes in surface concentration, as shown in section 3.3 and 3.4.

Equations 22 and 24 have been employed to evaluate the effect of signal frequency and array length,

L, on induced transmembrane voltage. The example shown in figure 11, for a membrane at which
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ion binding occurs, is typical of models of the effect of gap junctions or long cells on induced
transmembrane voltage (310-313). As shown, there is a substantial increase in Vy(L,0) as L
increases which can render this target more sensitive to exogenous EMF signals. This is simply due
to the increased size of the target. However, overall frequency response is also significantly
affected. The frequency response for a single cell (L=10um) indicates that Vy; is maximum between
10° and 10° Hz, as expected. In contrast, for a Imm cell array, Vyy is about 10* higher than for a
single cell, but only at frequencies below 100 Hz. Note the presence of the second time constant due
to ion binding between 10° and 10* Hz. Interestingly, the ion binding time constant does not
contribute substantially to the overall frequency response of the single isolated cell. The significance

of this will become apparent below.

The presence of gap junctions in the cells of an organized or organizing (repairing) tissue cause the
induced transmembrane voltage to be substantially higher than that for the same cell in isolation for
the same applied EMF. The frequency range in which increased Vy; occurs vs that for a single
isolated cell is shifted toward a substantially lower range. This places different frequency
requirements on the induced electric field waveform dependent upon whether the target is a
macromolecule, single cell or tissue. As array length increases beyond 1 mm, the rate of increase in
VM diminishes because of the dissipation of intracellular current via Ry;. In the case of myelinated
nerve axons, Ry is substantially higher and array lengths above 1 cm can provide further significant

increases in Vi (364).
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Figure 11: Frequency dependence of induced transmembrane voltage V), for various cell array lengths. As
predicted by the cell array model, there is a substantial increase in transmembrane voltage as array length L
increases, but at significantly lower frequencies vs that for a single molecule or cell, reflecting the increased
propagation time (low pass filter behavior) for longer array lengths.

The effect of gap junction impedance on signal amplification resulting from the cell array structure
may be assessed by choosing physically meaningful values for R, corresponding to the state of
conductivity of the gap junction. When the gap junction allows macromolecules, as well as ions to
pass freely, (Rg—0), its resistance is negligible compared to R; and Ry (299). This represents a
realistic lower limit for R,. When the gap junction is completely closed, its resistance can increase
to that of an insulating membrane (Rg—>1015§2/m for an artificial lipid bilayer, nearly a perfect
insulator). Under these conditions, all cells in the array are still physically connected, i.e., the long
antenna still exists, but has much higher DC resistance. The maximum value of R, for a cell with a

typical membrane resistance of RMZIO5 Q-mz, is of the order of 10*Q/m.

Quantitatively, the effect of R, is assessed using equation 24. The results are given in figure 12,
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wherein Zy (= 1/Ym) is defined by equation 26, for a Imm array. As may be seen, signal
amplification decreases as R, increases. However, it is important to note that, even when R,
approaches the value of the membrane leak resistance (Ry), i.e., increases by a factor of 1013, Vum
decreases only by approximately one order. In fact, the array effect is negated, i.e., Vi is reduced to
that of a single cell, only when R, is significantly larger than the membrane leak resistance, a
physiologically unrealistic limiting condition. These results strongly suggest that tissue structures, in
which the cellular junctions are physically intact may always be significantly more sensitive than
single cells to weak EMF, even though the resistance of the gap junction may change by several

orders of magnitude throughout the functional cycles of the living cell.

Examination of equation 24 shows reasoning similar to that given above will hold for the effects of
increasing intracellular resistance, R;. It is also interesting to consider the effect of increasing
transmembrane leak resistance, Ry This is equivalent to increasing the insulating properties of the
membrane, an increase of which would allow the signal to propagate a further distance along the
array before substantial leakage into the extracellular compartment. An example of such an array is
the nerve axon. The myelin sheath which covers the outer cell membrane surface has very high
resistance which allows electrical signals to propagate tens of centimeters before the advantage of

array length becomes negligible (364).
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Figure 12: Effect of gap junction impedance, R,, on spatial amplification for cells at the end of a
Imm array. An increase of many orders of magnitude in R, has relatively little effect on the induced
transmembrane voltage. When the value of R, is equivalent to that of the transmembrane leak, a
physiologically realistic limit, spatial amplification is reduced by only 10X. [From Pilla et al.,
Bioelectrochem Bioenergetics, 1994;35:63-69, with permission. ]

The effect of gap junctions upon EMF response for cells in a culture dish has been reported (318).
This study showed alkaline phosphatase activity increased in an osteosarcoma cell line only when
cells were electrically connected via gap junctions. The signal employed was 30 Hz sinusoidal at 1.8
mT peak to peak amplitude. Interestingly, in the absence of gap junctions, cell division was
inhibited for the same signal suggesting the magnetic component of this signal had a different
biological effect. Another study (319) found that magnetic fields over a frequency range from 30 to
120 Hz and field intensities up to 12.5 G decreased gap junction intercellular communication in pre-
osteoblastic cells during their proliferative phase of development in a dose dependent manner.
Identical exposure conditions did not affect gap junction communication in well-differentiated

osteoblastic cell line and when the pre-osteoblastic cells were more differentiated. The authors

49



conclude this signal may affect only less differentiated or pre-osteoblasts and not fully differentiated
osteoblasts. Consequently, electromagnetic fields may aid in the repair of bone by effects exerted
only on osteoprogenitor or pre-osteoblasts. This is supported by the vast clinical experience that
fully differentiated and remodeled bone is not affected in a physiologically significant manner by
the same EMF signal which accelerates a repairing fracture, as well as by many cellular studies.

This will be reviewed in a later section.

3.10 Resonance with Electric Field Signals

As for magnetic field bioeffects, resonance is one manner by which a cellular target can have
increased sensitivity to an induced electric field over a restricted frequency range. This will depend
upon the structure of the membrane impedance, as can be illustrated by adding a voltage-dependent
Hodgkin-Huxley K'-conduction pathway (320-324) to the simple membrane. Because the
conductance is related to the K pathway resistance R, by g,=1/R;, and the time constant t, has the
properties of an inductance, i.e., T,=L./R,, the K'-conduction pathway may be described via the
electric circuit analog shown in figure 13. The corresponding voltage dependent admittance,
YK(V), written in terms of the analogous electrical circuit components for the membrane and the K*

pathway, is thus:

YR(V) = —— 4 i0C, +—& (25)
M I+imT,
where g, and 1, are the voltage-dependent K' parameters given by Hodgkin and Huxley (320,321),

and Fishman et. al. (321-324) and the other parameters represent the base membrane impedance.

An electric circuit analog for the K'-conduction pathway may be formed by associating the
conductance g, with a pathway resistance Rx via Ry=1/g, and time constant t, to an inductance via
=Lk /Rx (310). The corresponding admittance, can be written:

YK(V) = RLM +10C, + m (26)
The membrane model thus contains a series resistance-inductance pathway in parallel to the

membrane resistance and capacitance pathway as shown in figure 13.
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Figure 13: Potassium conductance is described in Hodgkin-Hodgkin formulation via addition of resistance-

inductance branch to the simple membrane model. Ry and Ly are the equivalent voltage dependent (arrows)

resistance and inductance representing the voltage dependent kinetics of K transport across the cell membrane.

The characteristics of the time constant t,=L;/R; of the inductive branch lead to resonance type frequency

response of cell array in a low frequency range. [From Muehsam et al., Bioelectrochem Bioenergetics,

1999;48:35-42, with permission. ]
The effect of the K™ conduction membrane pathway on the frequency response of the cell array may
be illustrated by holding the membrane resting potential constant (voltage clamp conditions). Using
reported values for Rx and Lk in the Hodgkin—Huxley formulation, the addition of a series
resistance—inductance pathway to the membrane model results in a local minimum in the admittance
at low frequencies. The frequency response is shown in figure 14 wherein Vi reaches a peak at
approximately 16 Hz, for a flat input (E(®w) = 10 mV/cm, a typical therapeutic PEMF) and with the
membrane voltage clamped at 40 mV. The introduction of a linear inductive element, according to
the Hodgkin—Huxley formulation, to the membrane model produces a broad resonance response to
applied fields and thus increases sensitivity to induced electric fields having frequency components

in the low frequency range of this resonance. Note, however, that resonance is only significant for

long cells or cells arrays, not for single cells.
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Thus, in addition to resonances which may occur via Larmor precession for applied magnetic fields,
there is also the possibility of a resonance due simply to the electrical characteristics of the target
pathway. In the example given, the presence of a resonance-type response due to K' membrane
transport depends upon the initial state of membrane polarization. The stimulus to the membrane
under these conditions is well below excitatory threshold and the primary response is K" membrane
transport for which the equivalent electric circuit contains an inductor. This, coupled with the

normal capacitive properties of the cell membrane naturally leads to resonance behavior.
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Figure 14: Response of cell array with K™ conductance membrane model to 10 mV/cm electric field at a given
transmembrane resting voltage. Frequency response of array exhibits a wide resonance response for applied field
frequencies in the 16 Hz range. K conductance at a given voltage is described in the Hodgkin-Huxley
formulation as a series resistance—inductance branch in the membrane model. Note the broad resonance at
frequencies in the 10-100 Hz range. SNR was calculated according to the method described in section 3.12. Note
that resonance is not significant for a single cell, only for a long cell or cell array.

3.11 Signal to Thermal Noise
In order for an induced electric field to modulate a cellular target, the first requirement is that it

be detected by the target. This means the waveform must be configured to produce sufficient
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voltage at, e.g., a binding site to significantly affect the tgee/thoung ratio for the binding ligand as
defined in equation 18 (section 3.7.1). There are several sources of transmembrane noise in
biological membranes. The most common are due to thermal, flicker (1/f), shot and conductance
fluctuations (326). The latter three usually relate to ion transport and their interpretation is model
dependent. Thermal noise is present in all voltage dependent membrane processes and represents
the minimum requirement to establish adequate SNR, a front-line measure of detectability. SNR
can be evaluated, assuming only the presence of thermal noise (no signal processing or other

enhancements which are model dependent) via (327):

| Vtarget ((’0) |

SNR = 29)

where |Vtarget(m)| is the maximum amplitude of the induced voltage in the target pathway and
RMS,vise 1s the root mean square of the noise voltage:
o 1/2
RMS, .. = {4kT jRe[Ztarget(X,m)dm} 30)
o]
where Re represents the real part of the total impedance of the target Zige and the limits of

integration (w;, m;) are determined by the bandpass of the target, typically 102-107 rad/sec.

SNR, as defined above can be a powerful indicator of whether a given EMF signal can be expected
to have a physiologically significant effect. To illustrate, consider a target in which the pathway is
Ca/CaM-dependent. This includes most growth factors in every stage of bone and wound repair (69-
83,146-7,151-3,), as well as nitric oxide synthase (NOS) which modulates NO, a signaling molecule
in many neurological and cardiac pathologies and in bone and cartilage repair (328-9,390-4). To
evaluate SNR for this target the quantity of interest is the effective voltage, Ey(®) induced across
the equivalent binding capacitance, C, (see fig 4), which is directly proportional [Ca*'] as
defined in equation 18, and given by (325):

X E(w)

E(0)=————775
b( ) (R2A+Xé )1/2

31

where Xc=1/mwC4 and R, is the equivalent binding resistance. Equation 18 describes the relation

between the frequency response of the target, Ey(w), and applied field waveform E(w),
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illustrating clearly EMF response is dependent upon applied waveform parameters.

SNR is evaluated using Ey(®)/RMS,ise, however, the binding time constant tos=R,Cx=1/ky, must
be known or be estimable. Consider a Ca*"/CaM-dependent process, for which free [Ca®']
concentration is the EMF-sensitive rate-limiting factor (90,92). Linearized Michaelis-Menton

kinetics describing Ca®" binding to CaM is (90):

V. N=[1+K,/[Ca*] (32)

where Vi« 1s the maximal reaction rate, i.e. the slope of the corresponding Lineweaver-Burke

plot, the reaction velocity v is given by v = k, [Ca>’CaM] and Kp is the equilibrium constant.

The Michaelis-Menton relation thus determines ky, i.e., defines the binding time constant for use

in equation 27:

k, = Vimax . 33)

[Ca**CaM](1+K,/[Ca*])

Employing numerical values for which EMF sensitivity has been reported, Vmax=10'6-10'7 sec'l,

[Ca*']=1-3uM, Kp=20-40uM, [Ca* CaM]=Kp([Ca*']+[CaM]), yields T4 between 1-5 msec (90).

Evaluation of SNR for Ca’" binding in the manner outlined above may be performed for
molecular, cellular or tissue targets. An interesting example is wound repair. A common model is
the full thickness linear incision performed through the skin down to the fascia on the dorsum of
adult Sprague Dawley rats (331). Acceleration of wound repair is assessed by tensile strength
measurements at 21 days post operative. At this time point untreated (control) strength is
approximately 1/3 that of the fully healed wound. One study used the PEMF signal commonly
employed for bone repair (figure 2, top) and reported no effect (332). A second, more recent
study, used a PRF signal specifically configured to enhance Ca’" binding to CaM with the
specific goal of enhancing growth factor release and reported a 59% increase in tensile strength
vs controls at 21 days, p<.001 (163,333). SNR analysis for the signals used in these studies is
shown in figure 15. It is clear that the induced electric field produced by the PEMF bone repair

signal, which consists of a 5 msec burst of bipolar pulses (200/20 psec asymmetrical duration)
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repeating at 15/sec (see figure 2, top), and inducing a gross peak electric field of 1 mV/cm (dB/dt
= 10° G/sec), produced very low induced voltage across C, (figure 4) in the Ca/CaM pathway.
The resultant SNR was below the detectability threshold. In contrast, the PRF signal which
consisted of a 2 msec burst of 27.12 MHz sinusoidal waves repeating at 1/sec, dB/dt = 10" G/sec,
produced a significantly larger induced voltage across Ca with a larger effect on [Ca”'] binding.
It is to be noted that increasing the gross induced electric field produced by the PEMF bone
repair signal (figure 2, top) to 50 mV/cm (5X) would have increased SNR by the same factor and
allowed this signal to be equally detectable in the Ca®" binding target pathway. Unfortunately,

such an amplitude comparison was not performed in this study.
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Figure 15: SNR in a Ca/CaM pathway for PEMF and PRF waveforms used in a rat cutaneous
wound model. The asymmetrical repetitive pulse burst PEMF bone repair signal produced low
(below detectability threshold) SNR and had no effect on wound repair. The 27.12 MHz repetitive
sinusoidal burst produced sufficient SNR for detectability in the Ca/CaM pathway and enhanced
tensile strength by 59% at 21 days.

A recent study compared the effects of the PEMF bone repair signal utilized in the example
above (dB/dt = 10° G/sec) with a 65 psec burst of rectangular pulses of 4 psec and 12 psec
duration per polarity repeating at 1.5 bursts/sec (dB/dt = 10* G/sec) on bone repair in a rat

osteotomy model (369). In this study the standard clinical bone repair PEMF signal produced a
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twofold increase in new woven bone and callus stiffness, whereas the 4/12 psec signal was
ineffective. SNR, calculated as above for each signal, assuming a Ca/CaM target pathway,
reveals peak SNR > 1 for the clinical PEMF signal and peak SNR << 1 for the 4/12 psec signal.
Note that modulation of the Ca/CaM pathway requires frequency components of sufficient

amplitude in the 10*— 10* Hz range and neither of these signals was configured accordingly.

Further support for the SNR/Dynamical Systems model for weak electric field bioeffects has
been reported wherein bioeffective waveforms based upon the PRF signal were configured a
priori for Ca/CaM-dependent myosin phosphorylation, neurite outgrowth from embryonic chick
dorsal root ganglia and for bone repair in a rabbit model (29,30). Growth factor production in the
latter two pathways is Ca/CaM-dependent (81,337). To illustrate signal prediction, PRF
modulation of Ca/CaM-dependent myosin phosphorylation is reviewed here. Specifically, SNR
was evaluated for the Ca/CaM pathway for burst durations in the 0.1-5 msec range with constant
burst repetition (1/sec) and peak amplitude (0.05 G), and compared to experiment. Recall that the
clinical PRF signal consists of repetitive bursts of a 27.12 MHz sinusoidal wave. SNR analysis
showed peak SNR > 1 only for burst durations above 0.3 msec, with a plateau at approximately 3
msec. The experimental results shown in figure 16 suggest no significant PRF effect on myosin
phosphorylation for burst durations below 0.5 msec and no further significant effect beyond

approximately 4 msec, in good agreement with the SNR model.
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Figure 14: PRF signal modulates Ca*" binding kinetics (CaM) with increased effect vs burst duration at
constant amplitude (0.05 G) and repetition rate (1/sec). SNR analysis predicted a dose dependence on burst
width, with a plateau at approximately 3 msec, in good agreement with experiment. The number of frequency
components having detectable amplitude at the Ca®" binding time constant increases with burst duration,
thereby increasing SNR

4.0 ULTRASOUND FOR TISSUE REPAIR

As indicated in earlier sections, connective and endothelial tissue, particularly bone, adapt to the
mechanical environment by remodeling to accommodate the magnitude and direction of the
applied stress (375-6). Mechanical signals exist in functionally loaded bone (377) and represent
strong regulatory signals to skeletal tissue (378), even during fracture-healing (379). Indeed,
controlled movement during fracture repair has been shown to enhance healing (380). There is
also considerable evidence that low intensity ultrasound (<100 mW/cm” SATA=Spatial Average
Temporal Average) can accelerate healing of fresh fractures and established nonunions of bone
(381). Indeed, US stimulation is now part of the standard armamentarium of the orthopedist. In
addition, basic studies have demonstrated that ultrasound (US) can modulate each of the three
key stages of the healing process (inflammation, repair, and remodeling) because it can enhance

angiogenic (382), chondrogenic (383), and osteogenic (384) activity, as for PEMF signals.
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Although it is well known that many cells have mechanoreceptors allowing direct response to a
mechanical signal (385), a direct electrical effect, linking US and PEMF signals, has been
proposed (199-201). The absorption of ultrasound in a tissue target gives rise to the phenomenon
of micro streaming, i.e., the movement of fluid across surfaces. If the fluid contains ions and the
surfaces are charged (cell membranes) streaming causes ions in the diffuse electrical double
layer to be displaced from their equilibrium or resting position and the electrokinetic
phenomenon of streaming potentials occurs. This could be termed a mechanically induced
electrophoretic effect. US and other mechanical inputs such as controlled weight bearing during
fracture repair, walking, jumping, hitting a tennis ball, etc. cause rapid flow of fluids past cell
surfaces thereby generating a time-varying, mechanically induced, electric field. Should this
electric field have sufficient SNR in a proposed transduction pathway, it could act in a similar

manner to exogenous PEMF.

The low intensity US signal most commonly employed clinically is a 500 psec burst of 1.5 MHz
sinusoidal acoustic waves repeating at 200 Hz and at an amplitude of 30-50 mW/cm? SATA. The
sound pressure wave causes fluid flow during each burst which, in turn, produces a repetitive
time-varying voltage. This streaming potential has the form of a distorted trapezoid-like
waveform with millisecond rise times and longer relaxation times, similar to the waveforms
observed when bone is rapidly deformed. It has been reported that the clinical US signal
produces 1-10 mV/cm peak electric field amplitude in tissue fluid (199). This waveform may be

analyzed using the SNR model given above, but it is necessary to define the target pathway.

Low intensity pulsed US appears to act at the cellular level via biochemical pathways which are
remarkably similar to those reported for EMF. Thus, US has been reported to induce a threefold
increase in prostaglandin E2 (PGE2) production in murine osteoblasts through the upregulation
of cyclooxygenase-2 (COX-2). COX-2 and PGE2 are known mediators in a bone forming
response to external stimuli (386). Pulsed US induced the transient expression of the early
response gene c-fos and elevated mRNA levels for insulin-like growth factor-I (IGF-I) in bone-

marrow-derived stromal cells. Osteocalcin, bone sialoprotein and bone matrix proteins were also
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modulated (387-8). US stimulation of primary rat chondrocytes elevated the intracellular
concentration of Ca®". Chelating or removing Ca’" from the medium inhibited the stimulatory
effects of US on proteoglycan synthesis, suggesting US-stimulated synthesis of cell matrix
proteoglycan, associated with accelerated fracture healing, is mediated by intracellular calcium
signaling (389). US significantly increased vascular endothelial growth factor (VEGF) mRNA.
Early inhibition of nitric oxide (NO) production, but not calcium or prostaglandin E2,
significantly reduced US-enhanced VEGF levels. Osteoblasts responded to US treatment by
increasing NO production and nitric oxide synthase (NOS) catalytic activities. Inhibition of NOS
activity by N-nitro-L-arginine methyl ester (L-NAME) reduced VEGF levels (390).

The latter report is strong evidence that pulsed US acts via a pathway which is remarkably
similar to that for PEMF. Indeed, PEMF has been reported to enhance proteoglycan synthesis in
human cartilage cells via early stimulation of NO production (391). NO is regulated by NOS
which, in turn, is activated by Ca/CaM or even by Ca’" binding directly to NOS (392). This
provides strong support for the validity of comparing SNR for the US and PEMF signals in the
Ca®" binding pathway of CaM. The results are shown in figure 17, wherein it may be seen the
PEMEF clinical signal (see top figure 2), as well as the streaming potential induced by the US
signal, have sufficient amplitude to be detectable in the frequency range corresponding to Ca’"

binding kinetics.
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Figure 17: SNR in a Ca/CaM transduction pathway for a standard bone repair PEMF (see top,
figure 2) and the streaming potential from a pulsing US signal, also in use for bone repair (see text
for details). These curves show there is sufficient SNR produced by both signals in a transduction
pathway which may be common to both signals. SNR peak for the US signal is shifted toward the
lower frequency range reflecting the lower frequency content of the mechanically induced
time-varying electric field.

This analysis may be tested by examination of results reported in the literature for the effects of
PEMF and US signals on identical cellular targets. This is illustrated in figure 18 which shows
both signals accelerated proteoglycan synthesis approximately twofold for chondrocytes in

culture.
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Figure 18: Comparison of the effect US and PEMF signals employed clinically for bone repair on
chondrocytes in culture. Both signals accelerated proteoglycan synthesis approximately twofold
suggesting the transduction pathway may be similar or even identical.

It is clear that both mechanical and EMF stimuli can modulate bone repair and affect a variety of
cellular processes. The proposal that both modalities act through the EIT mechanism is reviewed
here using the tools of the SNR/Dynamical systems model. This may further help the reader to
assess the myriad of signals and treatment modalities reported in the rapidly expanding literature

in this area.

5.0 EFFECT OF INITIAL CELL/TISSUE STATE ON EMF SENSITIVITY

Clinical experience, particularly in bone and wound repair, as well as numerous in vitro studies,
suggest the initial conditions of the EMF-sensitive target pathway determine whether a
physiologically meaningful bioeffect can be achieved. Thus, surrounding normal bone tissue,
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which receives the same PEMF dose as a fracture site, does not respond in a physiologically
significant manner, whereas fracture repair may be accelerated (123). Local peripheral blood
flow is not affected by EMF in a healthy subject, but is increased when a musculoskeletal injury
or other exogenous stimulus is present (172). Ca** binding to CaM is modulated by EMF only
under depleted Ca”* conditions (90). Human fibroblasts in culture exhibit maximum increase in
DNA synthesis with sinusoidal EMF during the S phase of the cell cycle (267). Dendritic
outgrowth in a nerve regeneration model is modulated by EMF only in the presence of sub-
saturation concentrations of nerve growth factor, NGF (334-336). PEMF effects on osteoblasts

depend upon their maturation stage (338).

This behavior is consistent with the SNR/Dynamical Systems model because it is known that the
electrical properties of a tissue target depend upon its initial state. Indeed, SNR calculations
depend upon the electrical characteristics of the EMF-sensitive target which can be substantially
different when the target is at rest or when reacting to a sudden change in its environment such as
a fracture or other musculoskeletal injury (339). Thus, for an identical EMF stimulus, the
impedance of the EMF sensitive pathway may alter sufficiently in the presence of an injury or

pathology to enable a signal, which has otherwise been ignored (not detected) to be detected.

An extension of the SNR/Dynamical System model which examines the variation of the
electrical characteristics of the voltage dependent K conduction model (see section 3.11) with
membrane polarization has been proposed (339). Both conductance g, and time constant t, (see
equation 24) are voltage dependent and resting or baseline transmembrane voltage can affect
membrane impedance. The electrical characteristics of the target pathway can depend upon the
membrane resting potential, which, in turn, is defined by the baseline activity of the cell via, e.g.,
up and down regulation of receptors involved in the biochemical cascades relevant to baseline

activity or response to injury.

The voltage-dependent characteristics of the Hodgkin-Huxley K" conduction conductance g, and

time constant t, produce the dependence of admittance upon membrane resting potential and
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frequency shown in figure 19, left hand plot. For this example, the Hodgkin—Huxley values for
the K conduction pathway are employed and the time constant t, reaches a maximum at a
membrane resting potential of about 12 mV, corresponding to the K activation voltage. The

admittance drops rapidly with increasing frequency, reaching its lowest value at ~100 Hz.

Figure 19, right hand plot, shows the response to a flat input, E(w) = 10 mV/cm, of a I mm (50—
100 cells) cell-array is determined by the membrane resting voltage. In a manner similar to that
shown in figure 13 for the fixed-voltage K" pathway, the voltage-dependent K pathway also
exhibits a resonance like response to applied field frequencies in the 16 Hz range. However, the
width of the resonance frequency region changes with changing membrane resting potential. For
membrane resting voltages less than approximately -10 mV, the array responds equally to all
frequencies below approximately 16 Hz. The admittance approaches zero for the depolarized
membrane, so that for this condition the response of the K™ pathway is identical to that of the
simple membrane (Ry;, Cq4). Thus, as the membrane resting potential increases to 40 mV or more,
the array (target) begins to exhibit a preferential response, producing sufficient SNR only for

applied field frequencies in the 16 Hz range.
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Figure 19: Left, membrane admittance depends upon frequency and membrane potential for Hodgkin-
Huxley K+-conduction pathway. Region of higher admittance (reduced impedance) corresponds to greater
K" flux across membrane and admittance drops rapidly with increasing frequency. Right, response of
Hodgkin-Huxley K'conduction membrane pathway to exogenous electric field. Voltage induced in K
pathway varies with membrane potential and frequency. Thus, EMF sensitivity depends upon the target initial
state.

An in vitro example of the effect of cell initial conditions upon EMF sensitivity is shown in
figure 20, courtesy G. Nindl (340). Jurkat cells were exposed to the PEMF signal shown in figure
2, top. The results show the PEMF signal could only achieve sufficient SNR to produce
physiologically significant results in growth stage II. Cells in early and late log growth phase
were insensitive to the identical PEMF signal. The authors also report PEMF amplified the anti-
proliferative effects of anti-CD3 (antibody to the T cell receptor). This was interpreted as a
potential clinically significant anti-inflammatory property stemming from PEMF down-
regulation of T cells that are activated at the T cell receptor during inflammation. In the absence

of inflammation T cell receptors are most likely not upregulated, i.e., not EMF-sensitive and the
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identical PEMF signal could not achieve sufficient SNR to be detected in this pathway. In terms
of the cell array model this translates to a substantially different electrical impedance at this

pathway, dependent upon whether the T cell receptor is up or down regulated.
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Figure 20: Illustration of the effect of cell growth stage (initial condition) upon EMF sensitivity. This study
was performed on a lymphocyte cell line (Jurkat) and clearly demonstrates how an identical signal can have a
large or no effect dependent upon the initial state of the cell. The authors (50) interpreted these results as
down regulation, by EMF, of the T cell receptor which is apparently not up regulated in growth stages 1 or 3.

[From Nindl et al. FEBS Letters 1997;414:501-506, with permission. ]
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It may thus been seen the complete dosimetry picture for weak EMF modulation of tissue growth
and repair clearly involves the changing electrical properties of the target with functional state.
Realization of this may provide an explanation for the sometimes elusive repeatability of EMF

studies.

THE FUTURE

This review has attempted to provide the reader with enough information to show there is an
abundance of experimental and clinical data demonstrating that exogenous electromagnetic fields
of surprisingly low levels can have a profound effect on a large variety of biological systems. Both
Electrical and electromagnetic devices have been demonstrated to positively affect the healing
process in fresh fractures, delayed and nonunions, osteotomies, and spine fusion in orthopedics
and for chronic and acute wound repair. These clinical results have been validated by well-
designed and statistically powered double blind clinical trials and have survived meta analyses.
The FDA has approved labeling for these biophysical devices, limited at present to these
indications. EMF stimulation technologies provide an additional arm to current treatment
management strategies for these pathologies. However, the potential clinical applications of
EMF therapeutics extend far beyond those considered here and the clinical rewards are certain to
be huge. Great strides have been made in the use of PEMF for chronic and acute wound repair. It is
often the only effective treatment for chronic wounds and has been chosen as the treatment of
choice for post operative pain and edema reduction in plastic and reconstructive surgery. The
advent of new more effective signals may even expand applications in bone repair. There is a
significant emerging application for the treatment of osteoarthritis (61,357-359) and rheumatoid

arthritis (370-1).

The state of knowledge in EMF therapeutics has significantly advanced in the past decade. The
mechanism of action is much better understood. So much so it is often possible to configure, a
priori, pulsing waveforms for an expected bioeffect. The example is PEMF and PRF signals have
been successfully configured for a Ca/CaM ion binding transduction pathway which the biologists
have established as a primary regulatory pathway. As we continue to learn to properly match
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dosimetry to pathology the dreams that many of us had more than 35 years ago may well be
realized. Cancer, cardiac muscle regeneration, diabetes, arthritis and neurological disorders are just
some of the pathologies which have already been shown to be responsive to EMF therapy.
Successful applications of low-frequency electromagnetic fields have been reported for treatment
of bronchial asthma, myocardial infarction and venous and varicose ulcers. There is emerging
research on EMF effects on angiogenesis and the manner in which this may increase stem cell
survival in the treatment of Altzeimer’s and Parkinson’s diseases. There are also many studies

which point to the possibility of the use of EMF for peripheral nerve regeneration (334-7).

There are numerous reports suggesting a role for EMF in the treatment of cancer. In 1979-81 Larry
Norton studied the effect of PEMF (using a 50 msec burst version of the PEMF signal in figure 2,
top) on transplanted tumors in mice. Initial results suggested PEMF significantly increased survival
time and led to preliminary clinical trials (342,343). More recent studies have continued and the
basic and animal data are strong and certainly suggest human clinical applications are not far in the

future (344-349,352,353,356).

EMF therapy modalities are simple, safe and significantly less costly to the health care system.
They offer the ability to treat the underlying pathology rather than simply the symptoms. The time
is particularly opportune given the increased incidence of side effects from the use of
pharmacological agents. EMF therapeutics will have a profound impact upon health and wellness

and their costs worldwide.
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