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Background: The transduction mechanism for non-thermal electromagnetic field (EMF) bioeffects has not been
fully elucidated. This study proposes that an EMF can act as a first messenger in the calmodulin-dependent sig-
naling pathways that orchestrate the release of cytokines and growth factors in normal cellular responses to
physical and/or chemical insults.
Methods: Given knowledge of Ca2+ binding kinetics to calmodulin (CaM), an EMF signal having pulse duration
or carrier period shorter than bound Ca2+ lifetime may be configured to accelerate binding, and be detectable
above thermal noise. New EMF signals were configured to modulate calmodulin-dependent signaling and
assessed for efficacy in cellular studies.
Results: Configured EMF signals modulated CaM-dependent enzyme kinetics, produced several-fold increases in
key second messengers to include nitric oxide and cyclic guanosine monophosphate in chondrocyte and endo-
thelial cultures and cyclic adenosine monophosphate in neuronal cultures. Calmodulin antagonists and down-

stream blockers annihilated these effects, providing strong support for the proposed mechanism.
Conclusions: Knowledge of the kinetics of Ca2+ binding to CaM, or for any ion binding specific to any signaling cas-
cade, allows theuseof an electrochemicalmodel bywhich the ability of any EMF signal tomodulate CaM-dependent
signaling can be assessed a priori or a posteriori. Results are consistent with the proposed mechanism, and strongly
support the Ca/CaM/NO pathway as a primary EMF transduction pathway.
General significance: The predictions of the proposed model open a host of significant possibilities for configuration
of non-thermal EMF signals for clinical and wellness applications that can reach far beyond fracture repair and
wound healing.

© 2011 Elsevier B.V. All rights reserved.
1. Introduction

There have been many reports that non-thermal EMF signals can
modulate the release of growth factors and cytokines [1–6]. In addition,
several studies suggest that nitric oxide (NO) plays a role in observed
EMF effects on inflammation [7–9], and bone [10] and neuronal regen-
eration [11,12]. Other studies have examined whether EMF may affect
initial signaling pathways which modulate NO release. Early studies
showed that bothweakmagnetic fields and non-thermal in situ electric
fields could modulate calmodulin (CaM)-dependent enzyme activity in
cell-free enzyme assays [13–16]. This study proposes modulation of
Ca/CaMbinding as the primary transductionmechanism for EMF effects
on CaM-dependent signaling in tissue growth, repair and maintenance.
Here, it is shownhowan electrochemicalmodelmaybe employed to con-
figure EMF signals, a priori, to modulate CaM-dependent NO signaling in
l rights reserved.
tissue growth, repair and maintenance. New pulse-modulated radio fre-
quency (RF) signals, developed using the electrochemical model are
shown to be effective in a cell-free CaM-dependentmyosin light chain ki-
nase (MLCK) assay, human umbilical vascular endothelial cells (HUVEC),
human articular chondrocytes, adrenergic neuronal cell line (MN9D),
and in several clinical studies which include relief of post-operative,
chronic angina and knee osteoarthritis pain.

2. Background

The Electrochemical Information Transfer (ECM) model [17–20]
proposed that weak non-thermal EMF could be configured tomodulate
voltage-dependent (electrochemical) processes at electrified aqueous
cell andmolecular interfaces. Application of the ECMmodel for EMF sig-
nal configuration required knowledge of the kinetics of the initial ion
binding in the target pathway from which physiologically meaningful
equivalent electric circuits could be developed. The model provided a
means for configuring non-thermal EMF signals to couple to electro-
chemical kinetics to modulate target processes such as ion binding
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and transmembrane transport. Application of the ECM model for EMF
signal configuration led to the a priori configuration of bone growth stim-
ulator (BGS) signals that are nowpart of the standard armamentariumof
orthopedic practice worldwide for the treatment of recalcitrant bone
fractures [21,22]. Signal to thermal noise ratio (SNR) analysis was later
added to the ECMmodel tomore precisely enable a priori configurations
of effective signals in specific ion binding pathways [23].

Assuming Ca/CaM binding as the primary transduction pathway for
induced electric fields, non-thermal pulse-modulated radio frequency
(RF) signals, configured a priori using the ECM/SNR model, were
found to be physiologically effective at the cellular, animal and clinical
levels [5,16,20,24–28]. This led to the suggestion that a non-thermal
EMF signal could act as a first messenger capable of modulating CaM-
dependent pathways [29] that are normally activated by increases in
cytosolic concentrations of free calcium ions (Ca2+) in response to in-
sult, injury, or stress [30]. One such physiologically relevant pathway
is the CaM-dependent nitric oxide (NO) signaling pathway, which is
rapidly induced in response to physical or chemical insults in various
tissues.

As a gaseous free radical with an in situ half-life of about 5 s [31], NO
diffuses locally through membranes and organelles and acts on molec-
ular targets at a distance up to about 200 μm [32]. The low transient con-
centrations of NO from constitutive nitric oxide synthase (cNOS), i.e.,
endothelial and neuronal NOS (eNOS and nNOS, respectively) can acti-
vate soluble guanylyl cyclase (sGC),which catalyzes the synthesis of cyclic
guanosine monophosphate (cGMP) [33]. The CaM/NO/cGMP signaling
pathway is a rapid response cascade which can modulate peripheral
and cardiac blood flow in response to normal physiologic demands, as
well as to inflammation [34]. This same pathway also modulates the re-
lease of cytokines, such as interleukin-1beta (IL-1β) [35] and growth fac-
tors such as basic fibroblast growth factor (FGF-2) and vascular
endothelial growth factor (VEGF) [36] which have pleiotropic effects on
cells involved in tissue repair and maintenance.

Following an injury, e.g., a bone fracture or a surgical incision,
repair commences with an inflammatory stage during which the
pro-inflammatory cytokine IL-1β is rapidly released. This, in turn,
up-regulates inducible nitric oxide synthase (iNOS), which is not
CaM-dependent, and produces large sustained amounts of NO in
the wound bed [37]. Continued exposure to NO leads to the induc-
tion of cyclooxygenase-2 and increased synthesis of prostaglandins
which are pro-inflammatory. While this process is a natural compo-
nent of healing, when protracted it can lead to increased pain and
delayed or abnormal healing [38]. The proposed EMF target pathway,
CaM/cNOS/NO signaling, has been shown to attenuate levels of IL-1β
and down-regulate iNOS [39].

It is also important to note that CaM-dependent NO signaling
plays a major role in the activation of adenylyl cyclase (AC) which
catalyzes the formation of cyclic adenosine monophosphate (cAMP).
This pathway regulates differentiation during development and growth
and prevention of apoptosis, particularly in neurodegenerative diseases.
CaM/nNOS/NO signaling plays amajor role in the regulation of neuronal
cell differentiation [40]. A recent study showed that EMF, configured for
CaM-dependent signaling significantly affected neurite outgrowth in a
dopaminergic neuronal cell line [41].

3. Methods

3.1. The model

The proposed EMF signal transduction pathway relevant to tissue
maintenance, repair and regeneration, begins with voltage-dependent
Ca2+ binding to CaM,which is driven by increases in cytosolic Ca2+ con-
centrations in response to chemical and/or physical insults (including
EMF itself) at the cellular level. Calcium binding to CaM activates CaM
(CaM*) which subsequently binds to and activates cNOS (cNOS*) thus
catalyzing the synthesis of the signaling molecule NO from L-arginine.
This pathway is shown in its simplest schematic form in Fig. 1. The pro-
posed mechanism does not imply a direct EMF effect on the level of free
cytosolic Ca2+ or on the activity of voltage-gated Ca2+ channels, but
rather, an EMF effect on voltage-dependent Ca2+ binding to CaM, fol-
lowing the original proposal of the ECM model.

Ca/CaM binding has been well characterized, with a binding time
constant reported to be in the range of 1 to 10 ms [42]. In contrast,
dissociation of Ca2+ from CaM cannot occur until cNOS has converted
L-arginine to citrulline and NO, requiring the better part of a second
[43]. Thus, Ca/CaM binding is kinetically asymmetrical, i.e., the rate of
binding exceeds the rate of dissociation by several orders of magnitude
(kon≫koff), driving the reaction in the forward direction according to
the concentration and voltage dependence of Ca2+ binding.

The kinetic asymmetry of Ca/CaM binding kinetics provides a unique
opportunity to configure EMF signals that could selectively modulate
kon. Because kon≫koff, and kon is voltage-dependent (i.e., EMF sensi-
tive), bound ion concentration can be expected to be increased by an
exogenous electric field signal having a carrier period or pulse duration
that is significantly shorter than mean bound lifetime. The objective is
to configure an EMF signal to produce instantaneous increases in the
population of bound Ca2+ to CaM, thereby increasing the concentra-
tion of activated CaM (CaM*, see Fig. 1) which leads to enhanced
CaM-dependent signaling. If the kinetics of a target ion binding path-
way is known, the ECM/SNR model may be employed to configure
signals predicted to be optimally effective in that pathway. What fol-
lowswill demonstrate howa non-thermal EMF signal can be configured
to optimally modulate Ca2+ binding to CaM using the ECM model by
assessing its electrical detectability in the binding pathway.

The time-dependent change in surface concentration, ΔΓ(t), of Ca2+

at CaM is equal to the net increase in the number of ions that penetrate
the water dipole layer at the aqueous interface of the binding site, and
become bound [20]. As shown for the general case of ion binding else-
where [16,20], evaluation of Ca/CaM binding impedance, ZA(s), will
allow calculation of the detectability of any given waveform in that
pathway by evaluation of the signal-to-(thermal) noise ratio (SNR).
Binding current, IA(t), is proportional to the change in surface charge,
qA, (bound ion concentration) via dqA(t)/dt, or, in the frequency do-
main, via sqA(s), where s is the real valued Laplace transform frequency.
IA(s) is, thus, given by a function f(ΔГ(s)) such that:

IA sð Þ ¼ sqA sð Þ ¼ sΓof DΓ sð Þð Þ: ð1Þ

Taking the first term of the Taylor expansion of Eq. (1) gives:

IA sð Þ ¼ qΓsΓoDΓ sð Þ ð2Þ

where qΓ=∂q/∂Γ, a coefficient representing the dependence of surface
charge on bound ion concentration. For the two step binding process
shown in Fig. 1, the frequency-dependent change in Ca2+ surface concen-
tration, ΔΓ(s), is a function of the Laplace transform E(s) of the applied
voltage waveform, kon and the change in concentration of activated
cNOS (cNOS*, see Fig. 1), defined here as ΔΦ(s). Thus, for small (non-
thermal) signals,

ΔΓ sð Þ ¼ kon=Γos −ΔΓ sð Þ þ aE sð Þ þ ΔΦ sð Þ½ � ð3Þ

where Γo is the initial concentration of bound Ca2+ (homeostasis, too
small to activate CaM), and a=∂Γ/∂E, the voltage dependence of Ca2+

binding. According to the reaction scheme in Fig. 1, cNOS* depends only
upon Ca2+ binding, i.e., ΔΓ(s). Thus,

ΔΦ sð Þ ¼ υΦ=Φos −ΔΦ sð Þ−ΔΓ sð Þ½ � ð4Þ

where υΦ is the rate constant for CaM* binding to cNOS and Φo is the
initial concentration of cNOS* (homeostasis).



kon koff

+ CaM                    CaM*    Ca2+ + CaM

CaM* +  cNOS                             cNOS*              

cNOS*, NADPH, O2, cofactors               
L-arginine                            NO (anti-inflammatory) + citrulline

sGC*                       sGC  + NO    NO + AC AC*

GTP ATP

cGMP cAMP

(angiogenesis/tissue repair/proliferation) (differentiation/survival/regeneration)

Fig. 1. Schematic representation of the proposed EMF transduction pathway. Here EMF modulates Ca2+ binding to CaM, and therefore the production of activated CaM, CaM*. The
rate constant of binding kon is voltage-dependent and kon≫koff, imparting rectifier-like properties to Ca2+ binding to CaM. cNOS* represents activated cNOS. sGC* is activated sol-
uble guanylyl cyclase when NO signaling modulates the tissue repair pathway; AC* is activated adenylyl cyclase when NO signaling modulates differentiation and survival.
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Using Eqs. (2), (3) and (4), and for kon≫υΦ, ZA(s) may be written:

ZAðsÞ ¼
EðsÞ
IAðsÞ

¼ 1
qΓ a

1þ Γo s=kon
Γo s

� �
ð5Þ

where qΓa=∂q/∂E, a coefficient representing voltage dependence of sur-
face charge (bound ion concentration). Inspection of Eq. (5) reveals that
Ca2+ binding impedance is mathematically equivalent to the impedance
of a series electric circuit containing an equivalent resistance of binding
RA, and an equivalent capacitance of binding CA, which forms part of the
overall membrane impedance [20]. Eq. (5) may then be written as Z=
(1+sRACA)/sCA, where, by comparison with Eq. (5), CA=qΓaΓo, directly
proportional to bound Ca2+; RA=1/(qΓakon), inversely proportional to
kon (binding kinetics); and the time constant of binding, τA=RACA, show-
ing that τA is, as expected, inversely proportional to kon.

The signal to (thermal) noise ratio, SNR for any given EMF signal is a
predictivemeasure of its ability to increase charge (e.g., bound Ca2+) in
CA above background thermal fluctuations. To evaluate SNR for the
Ca/CaM target, the quantity of interest is the effective voltage induced
across the equivalent binding capacitance, ECA(s), which is directly pro-
portional to its charge, andwhich, in turn, is directly proportional to the
surface concentration of bound Ca2+. This voltage is that portion of the
total applied voltage E(s), that appears across CA. Thus,

ECA sð Þ ¼ 1=sCAð ÞE sð Þ
R2
A þ 1=sCAð Þ2� �1=2 ð6Þ

Eq. (6) describes the relation between the frequency response of bind-
ing, ECA(s), and the applied electric field E(s), which can be a repetitive
burst of waveforms of any configuration (e.g., rectangular, sinusoidal,
arbitrary, chaotic), clearly illustrating that EMF response is dependent
upon applied waveform parameters. In every case only that portion of
E(s) which enters the Ca/CaM binding pathway can increase surface
charge (bound Ca2+) in this pathway. In this case, it is the amplitude,
not power, spectrumof ECA(s), for any E(s), which is taken as ameasure
of biological reactivity.

Assuming Ca/CaM binding as the primary transduction pathway,
the ECM model, coupled with SNR analysis, enables EMF signals to
be configured a priori to modulate CaM-dependent signaling as out-
lined in Fig. 1, and analyzed a posteriori to assess whether any EMF
signal has frequency components of sufficient amplitude in the
Ca/CaM binding pathway to effect a biological response modulated
by CaM-dependent signaling. Calculation of SNR has been described
in detail elsewhere [18,20]. Briefly, SNR is given by ECA(s)/RMSnoise,
where RMSnoise is the Root Mean Square of the thermal noise spectral
density,=4 kT(real(ZA), taken across the bandpass of the binding path-
way [44]. ECA(s) is given by the Laplace transform of E(s) applied to the
electrical equivalent circuit derived via ECM. It is positive-valued at all
frequencies and accounts for the kinetic asymmetry of Ca/CaM binding
[20].

It is important to emphasize that the model presented here applies
only to in situ electric field effects on ion binding in a kinetically asym-
metrical voltage-dependent ion-binding step in biological signaling pro-
cesses. However, there are many reported bioeffects from weak DC and
combined DC/ACmagnetic (B) fields. One study usedMichaelis–Menton
analysis of enzyme kinetics to demonstrate that weak static magnetic
fields could accelerate the rate of Ca2+ binding to CaM [15]. Other groups
have shown that low frequency magnetic fields can affect NO signaling
[8,45]. Of the many models proposed to explain the bioeffects of weak
magnetic fields, those involving modulation of the bound trajectory of a
charged ion by classic Lorentz force [46–48] aremost relevant to the reac-
tion scheme presented in Fig. 1, suggesting that the trajectory of the ion
within the binding site itself could affect reactivity. One interpretation of
this is that weak DC and certain combinations of weak AC/DC magnetic
fields could enhance or inhibit the exit (dissociation) of the target ion,
thereby accelerating or inhibiting the overall reaction rate by manipulat-
ing dissociation kinetics (koff), even in the presence of thermal noise. This
has been testedwith success for CaM-dependentmyosin phosphorylation
[49] suggesting that the overall mechanism schematized in Fig. 1 can be
used to predict weak magnetic field effects on CaM-dependent signaling
via an effect on Ca/CaM dissociation kinetics.

3.2. EMF waveform

Two EMF signals are considered. The first is inductively coupled
pulse-modulated RF, specifically configured to achieve SNR≥1 in the
Ca/CaM target, given knowledge of Ca2+ binding kinetics. It consists of
a 27.12 MHz sinusoidal carrier pulse-modulated with a 3 ms burst at
2 bursts/s. Peakmagnetic field is 50 mG; dB/dt≈10 G/μs, which induces
a peak electric field of 10–5 V/m depending upon target size. Absorbed
energy in tissue, defined as Specific Absorption Rate (SAR)=1
±0.5×10−4 W/kg, as measured using electrodes in a saline phantom.
This energy is not sufficient to cause measureable heating. The pulse-
modulated RF waveform is schematically represented in Fig. 2A. To the
authors' knowledge, this configuration has not been employed in bio-
logical or clinical studies other than those reported here. The parame-
ters of this non-thermal RF signal are within the range of
waveforms cleared by regulatory bodies worldwide for pain and

image of Fig.�1
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Fig. 2. Schematic representation of the EMF waveforms studied here. A: 27.12 MHz
(1/T3) radio frequency signal pulse-modulated with burst T1 (typically 2–4 ms) repeat-
ing at T2 (typically 1–5 bursts/s=1/T2). B is the peak-to-peak applied magnetic field
amplitude (typically 0.05 G) which induces a peak electric field of 10–50 V/m depen-
dent upon tissue target size. B: The original bone growth stimulator (BGS) waveform,
which consists of a burst (5 ms) of pseudo rectangular biphasic pulses (200 μs in one
polarity and 20 μs in the opposite polarity), repeating at 15 Hz. Typical induced electric
field is 1–5 V/m.
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Fig. 3. A: ECM analysis predicting effect of burst duration and amplitude (as peak mag-
netic field, G = Gauss), which is independent of target size) on SNR in a Ca/CaM target
pathway for a pulse modulated 27.12 MHz waveform repeating at 1 Hz. Indicates that
2 ms burst at 0.05 G peak is detectable, whereas 65 μs burst at 0.05 G is not, but can be
made effective by increasing amplitude about 40-fold. B: Comparison of SNR analysis of
pulse-modulated RF and pseudo-rectangular BGS signals assuming a Ca/CaM binding
target. Signal amplitude (as peak induced electric field, V/m) assumes identical target
size for each signal. The low SNR of the BGS signal indicates it will have a much smaller
effect upon bound Ca2+ concentration than the RF signal which was specifically config-
ured for this pathway.
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edema relief, and were configured to permit the development of
non-invasive, non-pharmacological, efficient, portable, disposable
and economical clinical devices.

Sample results of SNR calculations for this pulse-modulated RF signal
are given in Fig. 3A, which shows that, for a non-thermal peak induced
electric field amplitude of 20 V/m, and a burst duration of 2 ms, SNR is
sufficient to increase charge in CA, i.e., accelerate Ca/CaM binding kinetics.
Note that optimizing the frequency spectrumof E(s) in CA allows the EMF
signal to have substantial SNR across the binding pathway, thus yielding a
bioeffective signal that produces no overall target heating. As expected,
peak SNR falls within the frequency range defined by τA, wherein the fre-
quency components of the 2 ms burst waveform have sufficient ampli-
tude within the bandpass of Ca/CaM binding kinetics. Fig. 3A also shows
that the same waveform, with burst duration reduced to 65 μs (routinely
employed in clinical applications of 27.12 MHz RF signals), should be in-
effective at 20 V/m, but can be made effective by raising peak magnetic
field from 0.05 G to 2 G, which raises the induced electric field amplitude
nearly 40-fold. The repetition rate for these RF signals was chosen on the
basis of the asymmetry of Ca2+ binding kinetics, accounting for a refrac-
tory period of approximately 1 s in binding site availability.

The second waveform is a BGS signal composed of biphasic quasirec-
tangular pulses with alternating, nominally 30- and 200-μs phases,
grouped in 5 to 10 ms bursts repeated at 15 Hz. Peak induced electric
field is approximately 1 V/m. The inductively coupled version of this
BGS signal is schematically represented in Fig. 2B. The original BGS signal
configuration [17] attempted to account for ion binding with kinetics in
the 1–10 ms range. At that time (1972), rectifier-like properties were
not assumed, and therefore a pulse with time asymmetry was employed
in an attempt to favor binding. In terms of the model presented here,
both polarities of the individual pulseswithin the burst of the BGS signal
are significantly shorter than bound Ca2+ lifetime, so either polarity
could drive binding. However, since BGS signals were not specifically
configured for this pathway, SNR is approximately 0.3, just above the
limits of detectability. This means that this BGS signal could produce a
small, but sufficient increase in CaM* to achieve a positive bioeffect.
Similar conclusions can be drawn for the 60 kHz capacitively coupled
electric fields that are also employed for bone repair [50]. The difference
in dosimetry illustrated in Fig. 3B may provide one explanation for the
requirement of long daily treatment times and slow responses often ob-
served with BGS signals in clinical applications.

3.3. Cell-free CaM-dependent enzyme kinetics

Data gathered from studies reported elsewhere [14,16,20] using a cell-
free CaM-dependentMLCKenzymeassay, is reanalyzedhere to assess sig-
nal efficacy predictions from the ECM/SNR model assuming a Ca/CaM
binding target. It has been reported that EMF affects Ca2+ binding in
this assay only when free Ca2+ concentration is below saturation levels,
according to KD for Ca/CaM [15]. Thus, the ECM/SNR model can be
employed to configure EMF to increase the concentration of activated
CaM above that which is expected from KD if free cytosolic Ca2+ is
below the level required to satisfy all available CaM binding sites. The ex-
periments analyzed here were all performed under such depleted Ca2+

conditions, as exists in injured viable cells.
The analyses are summarized in Fig. 4, which shows an RF signal,

pulse-modulated at 2 ms burst duration, 1 burst/s at 0.05 G, inducing
20 V/m electric field significantly increases CaM-dependent myosin
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Fig. 5. A: Effect of a single 30 min EMF (BGS) exposure on CaM-dependent signaling in
human articular chondrocytes. EMF rapidly increased NO within 5 min (38±8%,
Pb0.01), followed by a steady increase to 30 min (66±11%, Pb0.01). The CaM antag-
onist W-7 inhibited NO release and annihilated the EMF effect on NO release. B: EMF
rapidly increased cGMP content within 5 min (58±8%), followed by a gradual increase
to 15 min. (85±14%), then a substantial decrease at 30 min (49±10%, Pb0.01). The
CaM antagonist W-7 similarly inhibited cGMP release and annihilated the EMF effect
on cGMP. These results provide strong support for the proposed EMF mechanism.
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phosphorylation. Reduction of burst duration to 65 μs, repetition rate
and amplitude being equal, produces an RF signal which is predicted
to have no effect in this system, as shown in Fig. 3A. Furthermore, the
ECM/SNR model predicts that the same RF signal pulse-modulated at
65 μs can be made effective if the amplitude of the induced electric
field is increased approximately 40-fold, and thus requiring a peakmag-
netic field of 2 G, as shown in Fig. 4. These data also show that results are
independent of peak magnetic field and mean deposited energy, which,
for the 65 μs burst at 2 G, is approximately 3 orders of magnitude lower
than that for the 2 ms burst signal at 0.05 G. The conclusion is that signal
configuration should be based upon information transfer via target ki-
netics (signaling), as prescribed by the ECM/SNR model, and not upon
signal energetics.

4. Results

The results presented here summarize studies designed to assess the
validity of the proposed EMF transduction pathway at the cellular and
clinical levels using BGS and RF signals configured with the ECM/SNR
model. The in vitro EMF effects reported here could be obtained only if
chemical (e.g., serum depletion) or physical (temperature shock) imbal-
ances were large enough to cause increases in cytosolic Ca2+ to satisfy
the Ca/CaM dependence of cNOS [34]. Given that direct measurement
of cytosolic Ca2+ binding to CaM under physiological conditions in liv-
ing cells or tissue has not yet been successfully performed under EMF
exposure, it is fortunate that CaM antagonists and inhibitors of CaM-de-
pendent enzymes are relatively non-toxic to cells and animals over the
intervals required to demonstrate their biological effects, allowing the
proposed EMF mechanism to be explored in a physiologically relevant
manner.

4.1. Human articular chondrocytes

A capacitively coupled BGS signal was utilized in these studies.
The challenge in this case was serum depletion (0.1 mM FCS) which
is known to increase cytosolic Ca2+ [51]. Experimental details are de-
scribed in detail elsewhere [52]. Briefly, normal human chondrocytes
(Clonetics, Walkersville, MD) were plated into nine well culture
plates (Nunc) with DMEM plus 0.1% calf serum, in which the cells
were viable for 4 days. All chemicals and ELISA kits were purchased
from Sigma. The BGS signal (MedRelief® model SE55, Healthonics
Inc, Atlanta, GA) was applied through inert Niobium bridge electrodes
which formed the capacitive coupling. EMF exposure was 30 min. A
calibrated oscilloscope having a bandpass of 100 MHz (model 2358,
Tektronix, Beaverton, OR) was employed to verify BGS waveform pa-
rameters. Data was analyzed using the Student's t test or one way
ANOVA with Holm–Sidek post hoc analysis, as required (SigmaStat
3.0, SPSS). Significance was accepted at P≤0.05.

Initial experiments assessed whether this BGS signal could affect
CaM-dependent NO/cGMP signaling within the 30 min exposure win-
dow by adding, 2 h prior to EMF exposure, 50 μM N-(6-Aminohexyl)-
5-chloro-1-naphthalenesulfonamide hydrochloride (W-7), a CaM an-
tagonist, which prevents CaM activation of cNOS. These results are
given in Fig. 5A, which show this BGS signal caused a rapid increase in
NO release within the first 5 min of exposure, followed by a more grad-
ual increase up to 30 min. The EMF effect on NO was annihilated with
W-7. Fig. 5B shows the EMF effect on cGMP which rapidly increased
during the first 15 min of exposure, then significantly decreased by
30min. This EMF effect was also annihilated with W-7. The decrease
in cGMP when EMF exposure was prolonged to 30 min suggests that
the activity of other CaM-dependent enzymes in regulatory feedback
loops, such as phosphodiesterase (PDE), may also have been enhanced
by the BGS signal.

A separate experiment was then carried out to assess whether the
observed EMFeffect on CaM/NO/cGMP signaling translated into an effect
on DNA content in these cells. The identical BGS signal was employed to
apply a single 30 min EMF exposure. 1 mM L-nitrosoarginine methyl
ester (L-NAME), a cNOS inhibitor which prevents L-arginine activation
and, separately, 0.5 mM 6-anilino-5,8-quinolinedione (LY83583), a sGC
inhibitor, were added 4 h prior to EMF. The results, given in Fig. 6,
show that EMF increased DNA content by nearly 2-fold (Pb0.01),
which was abolished by L-NAME and LY83583. As shown in Fig. 6, L-
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Fig. 6. Effect of a single 30 min exposure of the capacitively coupled BGS signal on DNA
content in human articular chondrocytes at 72 h using a serum depletion paradigm.
EMF increased DNA content nearly 2-fold, which was annihilated by the upstream in-
hibitors L-NAME and LY83583. As shown, there was no difference between L-NAME
and LY83583 with or without EMF, further supporting the proposed EMF mechanism.
Data for this plot was extracted from those reported in ref [47].
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NAME and LY83538were effective upstream inhibitors in the absence of
EMF.
4.2. Human endothelial cells

Commerically available (Promocell, Heidelberg, Germany) human
umbilical venous endothelial cells (HUVECS) were used. Cells were
grown in EGM-2 media (Lonza EBM-2 supplemented with Lonza EGM-
2 Bullet Kit, without corticosteroid (Basel, Switzerland) and FBS 20%,
Sigma) until use. For the EMF experiment, cells were trypsinized and
1.5×105 cells were re-seeded onto 35 mm collagen-treated culture
plates. Cells were allowed to adhere for 5 h, after which they were re-
moved from the incubator and placed at room temperature for 15 min.
A temperature change from 37 °C to room temperature (approximately
25 °C) is a reproducible challenge known to increase intracellular Ca2+

[53]. At room temperature, cultures were then exposed for 15 min to
27.12 MHz RF. Pulse modulation was 3 ms bursts at 2 bursts/s, inducing
20 V/m electric field at 25 mm diameter in the plane of cells placed in a
35 mm culture dish positioned parallel to the plane of a single turn
19 cm diameter coil (Ivivi Health Sciences, San Francisco, CA). Verifica-
tion of the inductively coupled RF signal required use of a coil probe cal-
ibrated to 27.12 MHz (model FCC-301-1-MR1, Fischer Custom
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Fig. 7. Effect of pulse modulated RF configured to modulate CaM/NO/cGMP signaling on
HUVEC cultures. 15 min exposure to a RF signal consisting of a 3 ms burst of a
27.12 MHz carrier, repeating at 2 bursts/s, with peak induced electric field of 20 V/m
produced nearly a 4-fold increase in cGMP. Use of a CaM antagonist, TFP, which also
inhibited cGMP in the absence of EMF, abolished the RF effect, consistent with
Ca/CaM binding as the EMF transduction mechanism in endothelial cells.
Communications, Torrance, CA). Data was analyzed as in the previous
study.

Cultures remained at room temperature for an additional 15 min post
RF exposure, after which cells were lysed in 0.1 M HCl for cGMP analysis
by ELISA. As a check for the proposed EMF transductionmechanism sche-
matized in Fig. 1, trifluoroperazine (TFP) a CaM antagonist [54] was
employed. W-7 was toxic at the concentrations required in this HUVEC
culture and could not be employed. The results, summarized in Fig. 7,
demonstrate that a single 15-minute exposure to RF produced nearly a
4-fold increase in cGMP (P=0.008). This EMF effect was abolished by
TFP, which was also effective as a CaM antagonist in the absence of
EMF, as shown in Fig. 7. These results are consistent with the proposed
model as applied to CaM-dependent signaling in endothelial cells.

4.3. Neurons

Several studies have reported that EMF signals have effects onneurons
and cell lines with neuronal phenotypes. Two have suggested that CaM-
dependent NO signaling through activation of nNOS may be involved
[11,12]. CaM/NO signaling is known to control cAMP synthesis (see
Fig. 1), which, in turn, plays a significant role in neuronal differentiation
and survival [55]. Here the effect of pulse-modulated RF, configured
according to the proposedmodel for Ca/CaM binding, on cAMP at the sig-
naling level was examined in MN9D cells, a dopaminergic cell line.

MN9D cells in serum freemediumwere removed from the incubator
(repeatable temperature stress challenge to transiently increase intra-
cellular Ca2+, as for the HUVEC studies) and exposed to the RF signal,
configured to modulate the CaM/NO signaling pathway, for 15 min.
The non-selective NOS inhibitor L-NAME was added to some cultures.
cAMP was evaluated in cell lysates by ELISA. The results are shown in
Fig. 8. As may be seen, this RF signal increased cAMP production by
nearly two-fold (P=0.007). L-NAME blocked the RF effect, consistent
with CaM-dependent NO signaling as the EMF transduction pathway.
These results led to experiments, reported elsewhere [41], which
showed that the effect of the same RF signal on neurite outgrowth in
MN9D cultures was virtually identical to that produced by exogenous
dibutyryl cyclic adenosine monophosphate (Bt2cAMP), suggesting
that neuronal differentiation was increased by EMF via its effects on
CaM/NO/AC signaling.

4.4. Clinical applications

In addition to the well known clinical application of EMF to accel-
erate fracture repair, there have been several reports of successful
pilot clinical studies which use the pulse-modulated RF signal specif-
ically configured to modulate CaM-dependent signaling using the
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Fig. 8. Effect of EMF CaM/NO/cAMP signaling in dopaminergic MN9D cells. One 15 min
exposure to pulse-modulated RF of MN9D cultures at room temperature produced a
nearly two-fold increase in cAMP, which was blocked by L-NAME. These results are
consistent with an EMF effect on CaM-dependent NO signaling.
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ECM/SNR model assuming a Ca/CaM binding transduction pathway.
Prior to performing any clinical studies, the pulse modulated RF signal
was extensively tested in the full thickness cutaneous wound model
in the rat, as described in ref [26]. Dosimetry was assessed by varying
burst duration and burst repetition rate at constant amplitude such
that SNR ranged from 0.3 to N1. The results showed that wound tensile
strength at 21 days was directly proportional to SNR in the Ca/CaM
binding pathway, consistent with an EMF effect on CaM-dependent sig-
naling according to the model presented here. This permitted the clini-
cal studies summarized below to proceed.

4.4.1. Post-operative pain management
Post-operative pain contributes to patient morbidity and its manage-

ment is oneof the principal reasons for the length of post-surgical hospital
stays. In a recent double-blind, placebo-controlled, randomized clinical
study, the pulse-modulated RF signal utilized in the studies reported
here was applied immediately after breast reduction surgery in human
subjects [5]. The EMF device was programmed to automatically provide
a 20min treatment every 4 h. Wound exudates were collected and pain
was self-assessed using a Visual Analog Scale (VAS) hourly in the imme-
diate post-operative period. The results showed that of IL-1β were ap-
proximately 3-fold higher in wound exudates of sham patients at
5 hours post-op compared to those of the treated group (Pb0.001). Con-
comitantly, pain decreased approximately 75% over the same time period
(Pb0.01). The results suggest that reductions in IL-1β availabilitywere re-
sponsible for the analgesic effects of EMF. In terms of the model pre-
sented here, it was reasonable to speculate that this pulse-modulated
RF signal caused IL-1β and, therefore, iNOS, to be down-regulated,
through its actions on CaM-dependent signaling [8,39,49]. If these find-
ings can be confirmed over a wide range of surgeries, post-operative
pain management with EMF could substantially reduce morbidity and
side effects from pain medication, as well as the cost of healthcare.

4.4.2. Degenerative joint disease
Osteoarthritis (OA) affects nearly 10% of the adult population. The

process is cartilage degeneration which causes pain that can become
so severe that joint replacement is the only relief. In a recent pilot
study, a pulse-modulated RF signal, configured according to the model
proposed here, was applied for 15 min twice daily for 42 days to adults
with early knee OA [56]. The results showed mean VAS pain score de-
creased in the active cohort by 50%±11% vs baseline starting at day 1
and persisting to day 42 (Pb0.001). There was no significant decrease
in VAS vs baseline at any time point in the sham cohort (P=0.227).
The overall decrease in mean VAS score for the active cohort was nearly
3-fold that of the sham cohort (Pb0.001). The rapid reduction of pain in
the active group is similar to that observed in the previous post-op pain
study, suggesting that this EMF signal enhanced CaM-dependentNO sig-
naling, as expected from the proposedmodel. Indeed, one source of pain
in knee OA is joint effusion (swelling) which can be rapidly reduced by
blood and lymph vessel dilation modulated by NO/cGMP signaling. It is
also reasonable to speculate that the EMF effect on CaM-dependent sig-
naling led to the down-regulation of IL-1βwith its consequent attenua-
tion of inflammation in this patient population. This, when coupledwith
the potential of EMF to affect the OA disease process, per se, via cartilage
regeneration, as suggested by the chondrocyte study reported here,
could offer an important new tool for the clinical care of OA.

4.4.3. Angiogenesis
The significant increase in cGMP release by pulse-modulated RF

reported here for HUVEC cultures provides a putative mechanism for
the observed effects of the original BGS signal on tubule formation in
HUVEC cultures and wound repair in mouse models, both of which
were shown to involve FGF-2 [3,38]. This is reinforced by a recent ran-
domized blinded animal study [24,25] which reported that the same RF
signal increased angiogenesis nearly two-fold at 7 days following a ther-
mal myocardial injury in the rat (Pb0.01). In that study, the EMF effect
was blocked in rats that received L-NAME in the drinkingwater, suggest-
ing CaM/NO/cGMP signaling as the EMF target. These results support the
significant clinical application of the RF signal discussed here to chronic
wound repair, such as diabetic ulcers, or post cancer tissue reconstruc-
tion [24]. All of this suggests that non-thermal EMF, configured for the
CaM/NO/cGMP signaling pathway could become an important tool in
clinical applications to pathologies for which angiogenesis is vitally im-
portant, such as all acute and chronic soft and hard tissue repair and re-
generation, as well as certain heart and neurological diseases [24,38].

4.4.4. Angina
The results presented here indicate that non-thermal pulse-

modulated RF has a rapid effect on NO release via CaM-dependent
signaling, suggesting that EMF could have a rapid effect on vasodi-
latation [57]. This was tested in a recent double-blind, placebo-
controlled, randomized pilot clinical study in ischemic cardiomyopathy
patients with chronic angina [58]. Active patients received the identical
pulse-modulated RF signal used in the HUVEC study. Exposure was
30 min. twice daily for three months. The Seattle Angina Questionnaire
(SAQ) was employed to assess angina severity. Results showed that an-
gina severity was reduced nearly 2-fold at 3 months in the active group
with no change in the shamgroup (Pb0.01). This outcome, coupledwith
the angiogenic potential of EMF signals configured for the CaM/NO/cGMP
target may offer this group of inoperable patients new, potentially life-
saving, treatment options.

5. Discussion

The EMF transduction mechanism proposed here suggests that ex-
ogenous non-thermal EMF can be configured to accelerate voltage-
dependent Ca2+ binding to CaM. To achieve this, SNR computed for
any EMF signal via the ECM model must yield frequency content of
sufficient amplitude within the bandpass of Ca2+ binding kinetics to
be detectable above thermal noise. Given that Ca/CaM binding kinetics
are asymmetrical (rectifier-like), each half cycle of a pulse-modulated
RF carrier, or one polarity of bipolar pulse will increase charge flow
into CA thus increasing concentrations of bound species with each
cycle for the duration of the burst, which itself is orders of magnitude
shorter than the lifetime of bound Ca2+ (msec vs sec) [38]. Thus, neither
the new RF signal discussed here, nor any of the BGS signals would be
expected to have any effects upon voltage-dependent binding processes
with symmetrical kinetics. Note that the model does not predict that
EMF will cause increases in cytosolic Ca2+. Rather, any transient increase
in cytosolic Ca2+ favors binding to CaM, and thus the concentration of ac-
tivated CaM (CaM⁎), the kinetics of which can be accelerated by EMF
according to the model presented here. The result is an enhancement of
the natural growth and repair processes initiated by activated CaM in re-
sponse to insult or injury.

Any challenge which causes a rise in cytosolic Ca2+ will produce a
cascade characterized by: i) Ca2+ activation of CaM; ii) CaM-dependent
enzyme activation; iii) inhibition by CaM antagonists; and iv) blockage
by cNOS inhibitors, all of which suggest CaM as a likely EMF target.
There are, thus, two possible sites of action of EMF: a) Ca2+ binding,
themost logical because the target pathwaymust be voltage dependent,
and Ca2+ is an ion (with high charge-to-mass ratio, as compared to e.g.,
an enzyme) with binding time constant in the msec range; or b) CaM
binding to its target enzyme (cNOS as in Fig. 1). However, the latter is
unlikely, due to themuch lower charge/mass ratio of CaM in comparison
to that of Ca2+, i.e., CaM/cNOS binding is not voltage-dependent in the
range applied by the weak signals considered here. In addition, the
model predicts that the signals configured for Ca/CaM binding will not
have sufficient amplitude in the extremely low frequency range that
would be required by CaM⁎/enzyme binding. Certainly, direct evidence
that the pulse-modulated RF signal, as configured here, can directly affect
Ca2+ binding to CaM under normal physiological conditions is not yet
available. However, a recent study has shown that bioluminescence
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resonance energy transfer (BRET) can be made sensitive enough to
detect Ca2+ binding to CaM in a living cell [59], which may allow
an EMF effect on Ca/CaM binding to be obtained in real time if fiber
optics are also employed.

A number of studies have shown that quiescent cells and tissues can
respond to EMF by producing heat shock proteins [60–63]. Several of
these demonstrated that tissue protection was related to an increase
in the release of HSP70, and that this effect was dependent on signal
configuration. It has been suggested that EMF will stimulate transcrip-
tion by interacting with electrons in DNA to destabilize hydrogen
bonds between the two DNA helices [64]. However, an EMF effect on
HSP is also consistent with the proposed EMF transduction mechanism
because HSP expression can be induced by CaM-dependent NO signal-
ing even at low levels [65]. Thus, if induced prior to injury, HSP is poised
to cause, upon injury, an immediate release of NO from cNOS, which
downregulates IL-1β and iNOS [66], protecting tissue from inflamma-
tion damage. Although these putative actions have not been addressed
experimentally in the clinical studies, it is reasonable to speculate that
the effect of EMF on post-surgical pain may include a contribution by
its effect on HSP. It is also intriguing to speculate that the prophylactic
use of EMF may help to avoid or minimize trauma and sports injuries.
Finally, it is important to note that, with the exception of poised HSP,
uninjured tissue does not appear to respond to non-thermal weak
EMF in a physiologically significant manner, offering an explanation
for the lack of known side effects from EMF therapy.

The ECM/SNRmodelmay be used a priori or a posteriori to assess the
potential bioefficacy of any non-thermal EMF signal provided the bind-
ing pathway and its kinetics are known. To illustrate, a recent study of
the effect of EMF on bone repair in a rat fibular osteotomy model com-
pared the original BGS signal with a new pulse-burst waveform [67].
This study showed that the original BGSwaveform accelerated bone re-
pair by producing a 2-fold increase in callus volume and callus stiffness
at 5 weeks. In contrast, the new pulse burst waveform had no signifi-
cant effect on any of these parameters. Compared to the original BGS
signal (Fig. 2B), the new signal produced a 1 ms burst of short, asym-
metrical, pulses (4/12 μs) having a peak amplitude of 0.05 V/m, repeat-
ing at approximately 1 Hz. SNR analysis, assuming the Ca/CaM binding
target, shows peak SNR for the new pulse burst signal isb0.1, signifi-
cantly lower than that of the original BGS signal (see Fig. 3B) and is es-
sentially undetectable by the biologic target (no dose). A priori
application of the ECM/SNR model to the Ca/CaM binding pathway
would have predicted this signal to be ineffective for bone repair.

The model proposed here is also applicable to many other
reported non-thermal EMF bioeffects. For example, BGS signals,
which provide a low, but sufficient (see Fig. 3B), dose to the Ca/CaM
binding pathway, have been shown to up-regulate genes involved
in the anti-inflammatory response in tissue [4,68], and modulate
adenosine pathways [69]. In both cases, CaM-dependent signaling
has been shown to play an important role [70,71], suggesting that
EMF mediated NO signaling could be the common transduction
mechanism.

It is also possible to predict whether non-thermal bioeffects may
be produced from the RF signals emitted by cellular phones using
the ECM/SNR model. Indeed, Ca/CaM binding may also be a potential
signaling target for a GSMwaveform. Evaluation of SNR in the Ca/CaM
target pathway indicates that SNR for a single 577 μs pulse of a 1800-
MHz GSM signal at 20 V/m falls within the same frequency range and
has a peak value similar to that for a single 2000 μs pulse of a
27.12 MHz RF signal at 12 V/m, typical measured field strengths with-
in the biological target for these signals [72]. Thus, GSM signals may
have nonthermal bioeffects, including therapeutic effects, as suggested
by recent reports showing that long-term exposure to a GSM signal pro-
tects against and reverses cognitive impairment in a mouse model of
Alzheimer's disease [73,74]. Also, it has been suggested that inflamma-
tion, mediated by both IL-1β and iNOS, will enhance the deposition of
β-amyloid [75]. According to the transduction mechanism proposed
here, a GSM signal would be expected to down-regulate both factors,
which may prevent or reverse the effects of Alzheimer's disease and
any other neurodegenerative disease with an inflammatory compo-
nent. It is to be noted that the mechanism proposed here is based
upon kinetic asymmetry in ion binding kinetics and will, therefore,
not be detectable as a non-linearity in the electrical response of the tar-
get to RF signals [76].

Taken together, all of the theoretical calculations and experimen-
tal results reported in this study are consistent with a role for
Ca/CaM-dependent NO production as an important mediator of EMF
signaling that can enhance state-dependent biological effects, and
may explain the observed effects of EMF on tissue repair, angiogene-
sis, pain, and inflammation in animal models and clinical studies. The
actions of NO upon healing or regenerating tissue include the reduc-
tion of inflammation by the following mechanisms: i) NO-induced
blood and lymph vessel dilation; ii) down-regulating iNOS activity,
thus inhibiting the production of destructive levels of NO; and iii) de-
creasing the availability of pro-inflammatory cytokines that are in-
duced by high sustained levels of NO. For wound repair, NO from
cNOS can increase cGMP production within minutes. Dependent
upon the stage of healing, this increases the levels of growth factors,
such as FGF-2 for angiogenesis and fibroblast proliferation. NO from
cNOS can also induce cAMP production, which will increase neuronal
differentiation and survival. It is hoped that application of the model
presented here will lead to the application of EMF therapeutics in pa-
thologies for which there are no satisfactory treatments.
6. Conclusions

This study presents a mechanism consistent with the hypothesis
that a non-thermal EMF signal can be configured a priori to act as a
first messenger in CaM-dependent signaling pathways that include
NO and cyclic nucleotides relevant to tissue growth, repair and mainte-
nance. Of the multitude of intracellular Ca2+ buffers, CaM is an impor-
tant early responder because CaM-dependent cytokine and growth
factor release orchestrates rapid cellular and tissue response to physical
and mechanical insults. Ca2+ binding to CaM is voltage-dependent and
its kinetic asymmetry (kon≫koff) yields rectifier-like properties, allow-
ing the use of an electrochemical model to configure effective EMF sig-
nals to couple efficiently with this pathway. The studies presented here
support the prediction that EMF so configured has an immediate effect
on CaM-dependentNO release via the Ca/CaMdependence of cNOS. The
ECM/SNR model is potentially powerful enough to unify the observa-
tions of many groups and may offer a means to explain both the wide
range of reported bioeffects as well as the many equivocal reports
from EMF studies. The predictions of the proposed model open a host
of significant possibilities for configuration of non-thermal EMF signals
for clinical and wellness applications that can reach far beyond fracture
repair and wound healing.
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