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ABSTRACT 

The discovery of piezoelectric potentials in loaded bone was instrumental in developing a plausible mechanism 
by which functional activity could intrinsically influence the tissue’s cellular environment and thus affect 
skeletal mass and morphology. Using an in vivo model of osteopenia, we have demonstrated that the bone 
resorption that normally parallels disuse can be prevented or even reversed by the exogenous induction of 
electric fields. Importantly, the manner of the response (i.e., formation, turnover, resorption) is exceedingly 
sensitive to subtle changes in electric field parameters. Fields below 10 pV/cm, when induced at frequencies 
between 50 and 150 Hz for 1 Mday, were sufficient to maintain bone mass even in the absence of function. 
Reducing the frequency to 15 Hz made the field extremely osteogenic. Indeed, this frequency-specific sinusoidal 
field initiated more new bone formation than a more complex pulsed electromagnetic field (PEMF), though 
inducing only 0.1% of the electrical energy of the PEMF. The frequencies and field intensities most effective in 
the exogenous stimulation of bone formation are similar to those produced by normal functional activity. This 
lends strong support to the hypothesis that endogenous electric fields serve as a critical regulatory factor in both 
bone modeling and remodeling processes. Delineation of the field parameters most effective in retaining or 
promoting bone mass will accelerate the development of electricity as a unique and site-specific prophylaxis for 
osteopenia. Because fields of these frequencies and intensities are indigenous to bone tissue, it further suggests 
that such exogenous treament can promote bone quantity and quality with minimal risk or consequence. 

INTRODUCTION 

OR A GIVEN LOADING INCIDENT, the potential for fracture is F strongly dependent on the quantity of an individual’s bone 
mass. Any measure that can retard or prevent the loss of bone will 
provide a substantial reduction in the probability for fracture 
(Raisz, 1988). However, the principle of “the more the better” is 
not necessarily a panacea. Some agents (e.g., fluorides) may 
increase apparent bone density yet concurrently compromise its 
effective strength by incorporation of a structurally incompetent 
mineral (Kleerekoper and Balena, 1991; Riggs et a]., 1990). This 
emphasizes that the quality of the bone tissue is also critical to the 
skeleton’s capacity to resist monotonic or fatigue failure. Indeed, 
prophylaxes that preserve normal bone density by inhibition (e.g., 

bisphosphonates) (Giannini et al., 1993; Parftt, 1991) or intermp- 
tion (e.g., calcitonin) (Chambers et al., 1984; Chestnut, 1984) of 
normal remodeling processes may predispose the skeleton to 
failure by destroying the tissue’s ability to repair microdamage or 
revitalize necrotic bone. Even estrogen, which holds a broadly 
acknowledged benefit to both the skeleton (Ettinger et al., 1985; 
Mitlak and Nussbaum, 1993) and the cardiac system (Hillner et al., 
1986), is often avoided or abandoned because of undesirable side 
effects, including carcinogenicity (Henderson, 1989; Voight et al., 
1991). With an ever escalating assortment of prophylactic mea- 
sures targeted to inhibit bone loss or preserve bone quality, it is 
frustrating that no preventive measure has been universally 
acclaimed, shown uniformly effective, or acknowledged as 
devoid of significant side effects (Riggs and Melton, 1992). 
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To develop efficacious, exogenous prophylaxes for osteope- 
nia, it is first critical to understand the endogenous factors 
responsible for the normal control of bone modeling (e.g., 
formation) and remodeling (e.g., maintenance or resorption or 
both). At one level, osteopenia can be considered an inevitable 
consequence of the aging process. However, when this bone loss 
becomes symptomatic (i.e., when osteopenia compounds to 
osteoporosis), it occurs at relatively few, but consistent, sites in 
the skeleton. That this disease shows a preference for sites 
critical to the structural integrity of the axial and appendicular 
skeleton (e.g., hip, spine) implies that the skeleton’s structural 
effectiveness is locally, not systemically, controlled. Clearly, a 
prophylaxis that can strategically target selective sites in the 
skeleton would be ideal. 

Unquestionably, one of the most potent local mediators of 
bone mass and morphology is that associated with physical 
stimuli, in particular, mechanical loading. The structural prow- 
ess of the skeleton is due in large part to the bone’s capacity to 
recognize some aspect of its functional environment as a stimu- 
lus for the resorption or formation of tissue. This adaptive 
phenomenon has been recognized for a century as Wolff‘s law, 
reflecting Julius Wolff s 1892 treatise that mathematical laws 
might explain the structural objectives of skeletal adaptation. 
Unfortunately, although the skeleton’s ability to respond to its 
mechanical milieu is now widely accepted, identification of a 
reasonable mechanism through which load can be transformed 
to a signal relevant to the bone cell population has proven 
elusive. In the work presented here, a normal by-product of 
functional loading, the electric field, is considered as a critical, 
indigenous regulatory factor in the achievement and mainte- 
nance of skeletal morphology. Further, a case is made for 
exogenous electric field stimulation of the skeleton as a unique, 
focal treatment of osteopenia. 

BACKGROUND AND HISTORY 

In 1954, Yasuda observed that electrical currents are gener- 
ated when dry bone is loaded. The discovery of load-induced 
piezoelectric potentials in bone suggested a means by which 
stress or strain could instrinsically alter the bone’s cellular 
environment and thus influence proliferation and function (Bas- 
sett and Becker, 1962). This hypothesis became even more 
attractive when it was demonstrated that, in wet bone, two 
sources of electrical current coexisted: the piezoelectric currents 
arising from the deformation of collagen and the relatively large 
electrokinetic currents (streaming potentials) produced by the 
strain-induced interaction of charged constituents of extracellu- 
lar fluids flowing past the mineral phase of the matrix (Hastings 
and Mahmud, 1988). The clinical application of electric fields 
for treatment of delayed fracture unions was based on the 
premise that a normal by-product of skeletal loading, the electric 
potential, had been eliminated by the fracture, and that the 
exogenous reintroduction of such intrinsic regulatory signals 
would stimulate the reparative process (see Bassett, 1989, for a 
review). Although the use of electric fields remains controver- 
sial in orthopedics, the precedent for their application has been 
bolstered by double-blind clinical trials demonstrating their 
efficacy (Barker et al., 1984; Mammi et al., 1993; Sharrard, 
1990). But what constitutes the optimal electric field character- 

istics for use in the clinic? And even if exogenously induced 
electric fields are capable of accelerating fracture repair, do 
functionally induced fields play a role in the normal processes of 
bone modeling and remodeling? 

Measurement of the electric potentials generated by strain 
suggests that the average field intensities in bone are quite small, 
on the order of 1 pV/pe (1 microvolt per microstrain) (Otter et 
al., 1990). Considering that the skeleton is seldom subject to 
strains exceeding 3000 microstrain (Rubin and Laynon, 1984a), 
the regulatory influence of functionally engendered endogenous 
fields must occur at thresholds below 3000 pV/cm. Further, 
since the great majority of bone tissue is rarely subject to strains 
greater than 500 pe  (Gross et al., 1992) yet bone mass is 
retained, one could argue that fields well below 500 pV/cm 
successfully represent some regulatory role (McLeod and Ru- 
bin, 1993). 

Numerous in vitro preparations have been developed to 
establish the ability of extremely low intensity, exogenously 
induced electric fields to modulate bone cell activity. Working 
with bone explants, primary osteoblasts, and osteosarcoma 
cells, various groups have studied electric field effects on in 
vitro systems using capacitive coupling, pulsed electromagnetic 
induction, and direct electrode coupling techniques (see Brigh- 
ton and McCluskey, 1986, for a review). These varied induction 
techniques resulted in a wide range of field frequencies and 
intensities being used, making it difficult to identify any com- 
mon cellular response to any generic field parameter. For 
example, Noda et al. (l987), with rat osteosarcoma cells (ROS 
1712.8). used direct electrodes to induce 60 Hz sinusoidal 
electric fields at 300 pAmps/cm2 for 34 h to show an enhance- 
ment of DNA synthesis (as assayed by 3H-thymidine uptake). 
Cain et al. (1987) used magnetic fields to induce 2 msec pulses 
(repeated at 15 Hz) of 0.6 mVlcm intensity into a preparation of 
confluent calvarial cells for 1 h to study the PTH-stimulated 
adenylate cyclase response. Ozawa et al. (1989), using a mouse 
osteoblast-like cell line (MC3T3-E1), have shown an enhance- 
ment of DNA synthesis using capacitively coupled 10 Hz pulses 
of 3 msec inducing peak fields of 32 V/cm. In contrast to these 
extremely high fields, Fitzsimmons et al. (1989) demonstrated a 
mitogenic effect of electric fields using capacitively coupled 
sinusoidal fields of 8-24 Hz at average induced field intensities 
of lo-’ V/cm. Even this brief review represents convincing 
evidence of the capacity of electric fields to modulate bone cell 
processes. However, because of the diversity and complexity of 
the signals and preparations used, it is difficult to identify those 
specific aspects of the field that have caused the response, much 
less what their physiologic relevance may be. Because bone 
tissue has the ability to both resorb and form, it is dangerous to 
extrapolate pertubations of cellular activity to an end p r o c e s e  
i.e. will the signal stimulate resorptive or formative activity? 
Finally, in contrast to stimulating the healing of delayed union, 
the ultimate objective of developing a prophylaxis for osteope- 
nia would be to retain bone mass, and, therefore, the goal of 
electric field exposure should be to retain basal levels of activity. 
Clearly, this is difficult to assay in vitro. 

In vivo investigations, although removed somewhat from 
identifying specific cellular mechanisms responsible for the 
adaptive process, are valuable for their ability to demonstrate the 
true modelinghemodeling product of electric field stimulation. 
Although the predominant in vivo research effort of electric field 

amin
Highlight

amin
Highlight

amin
Highlight

amin
Highlight

amin
Highlight

amin
Polyline

amin
Polyline

amin
Rectangle

amin
Underline

amin
Underline

amin
Underline

amin
Underline

amin
Underline

amin
Highlight

amin
Highlight

amin
Squiggly

amin
Highlight



ELECTRIC FIELD MODULATION OF BONE REMODELING s575 

effects has been directed toward the enhancement of fracture 
healing, studies directed toward the prevention or treatment of 
osteoporosis have not been ignored. These studies provide an 
initial indication of the differential sensitivity of bone tissue to 
field parameters, such as frequency and exposure duration. 
McElhaney et al. (1968), using a rat model of disuse osteoporo- 
sis, demonstrated that capactively coupled 30 Hz sinusoidal 
fields were effective in preventing bone loss, whereas 3 Hz 
fields (at the same driving voltage) were not, suggesting that 
bone tissue may have distinct frequency response characteris- 
tics. Subsequent experiments by Kenner et al. (1973, using a 
rabbit model of disuse osteoporosis, showed that directly cou- 
pled 5 Hz fields could significantly reduce bone loss if these 
fields were pulsed. Bassett et al. (1979) further emphasized the 
importance of specific frequency components in the regulation 
of remodeling by showing that 70 Hz pulsed (325 psec) 
magnetic fields were equally effective in slowing osteoporosis 
as 10 Hz trains of pulses (twenty 325 psec pulses, separated by 
200 psec). Cruess et al. (1983) demonstrated that these 70 Hz 
pulsed fields produced a dramatic reduction in collagenase 
activity in exposed bones as compared to bones subjected to 
disuse but with no field stimulation. Regarding dose duration, 
Martin and Gutman (1978) used the rat disuse model to show 
that the efficacy of a capacitively coupled 30 Hz field was not 
proportional to exposure duration, as a 2 Nday exposure was as 
effective as an 8 Wday exposure. In contrast to this work, 
Brighton et al. studied the efficacy of 60 kHz capacitively 
coupled electric fields to inhibit both sciatic. denervation os- 
teoporosis ( 1985) and castration-induced osteopenia ( 1989) and 
demonstrated that only a 24 h constant-duty cycle was able to 
stimulate a beneficial result. Unfortunately, although this 
group has demonstrated some dose-response data, it is difficult 
to extrapolate their 60 kHz results to a mechanism relevant to the 
normal physiology of the tissue. As with the in vitro protocols, 
due to the complex nature of the waveforms and the varied 
animals models and induction modalities used to test the efficacy 
of the signals, we are able only to conclude that electricity has 
the potential to modulate bone remodeling processes. Identifi- 
cation and optimization of those specific field parameters con- 
trolling this response have proven both difficult and elusive. 

In summary, work at the cell and tissue level supports the 
hypothesis that electrical currents can regulate the activity of 
bone cells and, more generally, bone remodeling processes. 
Unfortunately, no systematic approach has been undertaken to 
evaluate the general range of electric field frequency and 
amplitudes that may affect bone remodeling, much less those 
associated with the spectrum of normal functional activity (and 
thereby reflective of an intrinsic regulatory signal). Because 
functionally induced skeletal strain is directly linked to the 
electrical currents that arise from the bone tissue, characteriza- 
tion of those exogenous currents dominating remodeling activity 
could become essential in identifying physiologic mechanisms 
of signal transduction (e.g., piezoelectric vs streaming process- 
es). In turn, defining the characteristics of the optimal electrical 
signal could lead to identification of those specific mechanical 
parameters that are most influential to the noimal growth and 
maintenance of bone mass (e.g., strain energy density vs peak 
principal strain). Finally, although the potential benefits of 
electromagnetic fields are made apparent by these studies, the 
potential risks of exposure must be emphasized. Public aware- 

ness of the consequences of electromagnetic fields has esca- 
lated, fueled by recent epidemiologic evidence that long-term 
exposure to 60 Hz magnetic fields can be correlated with 
significant increases in childhood malignancies (Guenel et al., 
1993; Savitz et al., 1988; Tomenius, 1986). Therefore, as 
treatment regimens for osteopenia will undoubtedly require 
chronic exposure to fields, identification of the minimal energies 
necessary to achieve these goals will be essential to ensure 
minimal risk. 

To isolate and identify those parameters of the electric field 
that are osteoregulatory, we have focused on the in vivo avian 
ulna model of disuse osteopenia as a bone preparation sensitive 
enough to discriminate beneficial from ineffective. In brief, the 
left ulna diaphysis of adult male turkeys is functionally isolated 
by removing a 3-4 mm section of the proximal and distal 
epiphysis and covering the metaphyseal ends with Delrin caps. 
This procedure leaves a 110 mm diaphyseal section of mechan- 
ically deprived mature lamellar bone, in which the musculature, 
as well as nutrient and nervous supplies, remain surgically 
undisturbed. The contralateral ulna is left surgically undisturbed 
and serves as an intraanimal control. 

Differences between the left (experimental) and right (con- 
trol) ulnae in these birds are interpreted to reflect changes that 
occurred over the 8 week experimental period. In this model, 8 
weeks of functional isolation alone will consistently result in a 
10%-15% loss of bone (Rubin and Lanyon, 1987). This bone 
loss is generated by circumferential endosteal resorption and 
intracortical porosis, as evident from the microradiographs 
made from the central section of the ulna midshaft, approxi- 
mately 50 mm from the site of either proximal or distal surgical 
intervention. 

When used for studying bone’s sensitivity to mechanical 
stimuli, this preparation has been used to identify the depen- 
dence of bone modeling and remodeling on number of load 
cycles (Rubin and Lanyon, 1984a), strain magnitude (Rubin and 
Lanyon, 1985), and dynamic vs static loads (Lanyon and Rubin, 
1985). The model also has been used to study the impact on bone 
modeling and remodeling of nutrition (Lanyon et al., 1986), age 
(Rubin et al., 1992), growth (Bain and Rubin, 1990b). and 
endocrinopathy (Bain and Rubin, 1990a). 

POWER-SPECIFIC EFFICACY OF ELECTRIC 
FIELDS TO PREVENT OSTEOPENIA 

Although many investigators have demonstrated that exoge- 
nous electromagnetic fields are capable of inhibiting osteopenia 
(Bassett, 1989; Brighton and McCluskey, 1986; Brighton et al., 
1989; Cruess et al., 1983; Skeny et al., 1991), there is sparse 
evidence of a correlation between any specific physical param- 
eter of the field (e.g., frequency, intensity, duration) and its 
relative efficacy in preventing loss of bone. We approached this 
limitation in a series of experiments (Rubin et al., 1989), and 
identified the power of the electric field as a parameter strongly 
correlated to the skeletal response. Pulsed electromagnetic fields 
(PEMFs), a complex electromagnetic waveform comprised of a 
repeated finite pulse train and similar to those used in the clinic 
to treat delayed fracture union, were induced in the turkey ulna 
preparation using Helmholtz coil pairs strapped to the wing of 
the animal. By varying the magnetic field rise time in these coils, 
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the power of the induced electric field was altered, yet peak 
magnetic flux was held constant. 

In turkey ulnae isolated from function for 8 weeks, exposure 
only to inactive coils resulted in an 11% bone loss as compared 
to their intact contralateral ulnae. This was not significantly 
different from the bone loss caused by disuse alone. However, 
exposure of the ulna preparation to a PEMF for 1 Wday 
established a distinct dose-response to induced electrical power, 
with a maximum osteogenic effect between 0.001 and 0.04 
(Tesla/s)* . s. In contrast to the 11% loss of bone caused by 
disuse, these specific signals were sufficient to stimulate an 
increase in bone area (9.5% and 12.8%, respectively, as com- 
pared to their intact, contralateral control ulnas), yielding a net 
20% benefit of stimulation (Fig. 1). Importantly, not only did 
these signals stimulate new bone formation at the periosteal and 
endosteal surfaces, but also intracortical porosis was inhibited. 
Pulse power levels above or below this range were less effective 
in generating bone formation, and in some cases, field exposure 
was incapable of even inhibiting bone loss. Because peak 
magnetic flux was held constant in each of these groups, the 
doseresponse observed emphasizes that it was the induced 
electric field that served as the controlling agent. 

These data are strong evidence that PEMFs similar to those 
used in the clinic can prevent the bone loss normally associated 
with disuse and that the mediating factor in this response are the 
components of the electric field. With appropriate control of the 
induced electric field, new bone formation actually can be 
stimulated when using a fraction of the clinical exposure times. 
This work, therefore, identified a dose-response relationship of 
an electric field parameter to bone modeling and remodeling 
activity and suggested that optimal signal characteristics of the 
electric field may exist. 

SELECTIVITY OF BONE ADAPTATION TO 
THE FREQUENCY OF THE ELECTRIC FIELD 

From the PEMF work it was clear that the bone tissue 
response to induced electric fields is dependent on specific 
characteristics of the field. However, because magnetic pulse 
rise time was varied in this study, causing both magnitude 
(energy) and temporal (frequency) changes in the induced 
electric fields, it was only possible to demonstrate the relative 

subject to 1 Wday of a PEMF inducing 0.002 T2s-' maintained 
bone mass and minimized intracortical porosis (middle). This 
bone was difficult to distinguish from a microradiograph of the 
intact contralateral ulna from the same animal. By exposing the 
functionally isolated ulna preparation to 1 Wday of a PEMF 
engendering an average power proportional to 0.04 T's-', bone 
mass was increased substantially (bottom). This modeling 
activity represents a net increase of 33% as compared with the 
nonstimulated disuse. Although there is substantial periosteal 
and endosteal new bone formation (less mineralized woven bone 
on surfaces), there is very little remodeling activity within the 
cortex. Importantly, the woven bone seen at 8 weeks will 
remodel to lamellar bone by 16 weeks (Rubin and Bain, 1991). 
Despite the disuse, osteoporosis has been prevented and bone 
mass increased. (Modified from Rubin et al., 1989.) 

FIG. 1. Microradiographs of transverse sections of the ulna 
midshaft following 8 week regimens of disuse plus electric field 
treatment. After functional isolation without induction of an 
electric field (top), the ulna lost approximately 10% of its bone 
mass through endosteal resorption and intracortical porosis 
(refer to triangle symbols in Fig. 2). A functionally isolated ulna 
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role of induced power in the bone modeling arid remodeling 
response. To distinguish the independent roles of frequency vs 
energy characteristics of the electric field, an analytic evaluation 
of each PEMF used in the empirical study was performed 
(Mckod and Rubin, 1990). 

Using Fourier analysis techniques, it was possible to define 
the distribution of the PEMF's electrical energy as a function of 
frequency. The ability of any given PEMF to modulate bone 
modeling and remodeling was then correlated to the similarities 
and distinctions of' the frequency domain of the other PEMFs 
used in the study. In other words, modulating the magnetic field 
rise time of the PEMF in turn altered the spectral distribution of 
induced electric field energy. 

The spectral analysis of the PEMFs indicated that for induced 
electric fields spanning the frequency range of I Hz (one 
cycle/sec) to 250 kHz (250,000 cycles/sec), the singular com- 
ponent of the field that correlated with the PEMF's ability to 
prevent bone loss was that energy confined to frequencies below 
120 Hz. If only the energy induced at frequencies below 75 Hz 
was considered, the fieldlosteogenesis correlation improved. 
Remarkably, even though signals with at least some energy 
committed to frequencies below 75 Hz were the most osteo- 
genic, this component of the frequency band contained less than 
one one thousandth of the total power induced by the PEMF 
waveform. 

One immediate implication of this analytic study was that 
induced fields several orders of magnitude below those typically 
used in the clinic may, if the waveform were confined to the 
frequency range to which the bone tissue is most sensitive, be 
capable of preventing bone loss. To determine that both bone 
modeling and remodeling is indeed selectively responsive to 
frequency-specific, low-level electric fields, it is essential to 
abandon the complex PEMF waveform and concentrate on the 
ability of simple sinusoids to modulate modeling and remodeling. 

OPTIMIZING THE OSTEOGENIC 
COMPONENTS OF THE ELECTRIC FIELD 

To test the hypothesis that bone tissue is preferentially 
sensitive to fields contained within an extremely low frequency 
band, the ulna preparation was used to determine the efficacy of 
exogenously induced, frequency-specific (sinusoid) electric 
fields to prevent disuse osteopenia. Specifically, the osteogenic 
capacity of a PEMF with a fundamental (lowest) frequency 
component at 75 Hz and harmonics (second, third, and so on 
frequency components) at and above 150 Hz Wifi  compared to 
three sinusoidal waveforms tuned to 150 Hz, 75 Hz, or 15 Hz 
(McLeod and Rubin, 1992). The total energy within each of the 
three sinusoidal waveforms was identical and similar to that 
contained only within the 75 Hz fundamental of the PEMF 
waveform. Within each of the four experimental groups, the 
functionally isolated ulna of five animals was exposed for 1 
h/day over an 8 week period, and the modeling and remodeling 
response was compared to ulnae subject to inactive coils. 

Quantifying the modeling and remodeling response elicited 
by these waveforms again demonstrated the benefit of PEMF 
treatment even in the presence of disuse, stimulating an increase 
in bone area of 13.6%. This new bone formation reflects a 24% 

improvement over the 11% bone loss caused by disuse alone 
(Fig. 2). Although not osteogenic, both the 150 Hz and 75 Hz 
signals were successful in retarding bone loss (difference from 
intact controls: -2.6% and +5.4%, respectively). The 15 Hz 
sinusoid, however, was more effective in initiating new bone 
formation (20.4% increase in bone mass) than the PEMF. Even 
though the 15 Hz signal required only 0.1 % of the PEMF's total 
power, it stimulated a 30% benefit of stimulation. Interestingly, 
the region of maximal sensitivity appears quite narrow, with the 
osteogenic response decreasing dramatically at frequencies be- 
low 10Hz. 

Because 15 Hz represented the most osteogenic frequency 
tested, experiments to determine the role of field magnitude 
were performed at this frequency as well (McLeod and Rubin, 
1988). The dependence on magnetic flux density was evaluated 
over the range of 2.5 to 2500 pT. Over this range, the modeling 
and remodeling response of the turkey ulna preparation demon- 
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FIG. 2. Summary of changes in the cross-sectional area 
(mean ? SE) of the functionally isolated ulna following expo- 
sure to a series of distinct electric fields as compared to the intact 
contralateral control ulnas. Area changes are plotted as a 
function of relative electrical power induced by the coil. Rela- 
tive power, calculated as the square of induced field intensity 
times the induced field pulsed width, is a simplification of the 
many parameters that are affected as the characteristics of the 
induced field are changed. This graph represents a first step in 
defining the osteoregulatory components of the field. The five 
data points on the extreme right of the graph (0) represent the 
data from our first study, which used relatively high power, 
complex pulsed electric fields (Rubin et al., 1989). A PEMF 
with energy concentrated in the low-frequency domain (m) is 
shown to be as osteoinductive as PEMFs requiring two orders of 
magnitude more power. The osteogenic capacity of the 15 Hz 
sinusoidal electric field ( +), consuming one ten thousandth of 
the total power used in the original pulsed fields, was statisti- 
cally more potent than any other signal. Also shown are the area 
changes caused by disuse treated with an inactive coil (A). 
(Modified from McLeod and Rubin, 1992.) 
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strated a distinct dose dependency. Increasing peak flux density 
from 2.5 p T  to 25 p T  modulated the remodeling process from 
that of resorptive activity to a state in which the level of bone 
turnover was minimal; i.e., osteopenia was prevented. Increas- 
ing the 15 Hz field to 250 p T  stimulated substantial new bone on 
both the periosteal and endosteal surfaces. Increases in flux 
density beyond 250 pT, up to 2500 p T  at 15 Hz, did not 
stimulate any additional effect. Preliminary calculations of the 
electric fields that would be induced in the ulna preparation 
under these magnetic flux conditions indicate that at 15 Hz, field 
intensities on the order of 1-10 pV/cm are capable of stimulat- 
ing new bone formation even in the absence of function. 

In summary, these data suggest that maximum electric field 
efficacy will be achieved if the signal is confined to a frequency 
window between 10 Hz and 100 Hz. The sensitivity of the bone 
cell-matrix composite is such that fields as low as 1 pV/cm will 
influence bone mass. The manner of the response is strongly 
dependent on the frequency in which the field is applied. 
Unfortunately, this selectivity appears to be a physiologic 
paradox. Although most functional strain energy is contained in 
frequencies below 10 Hz (Antonssen and Mann, 1985) bone 
tissue is relatively insensitive to fields induced in this range. 

PHYSIOLOGIC RELEVANCE OF 15 TO 40 Hz 
ELECTRIC FIELDS 

Although bone tissue may be most responsive to electric fields 
induced in the 10-100 Hz band, justifying their physiologic 
relevance in terms of a mediating role in normal modeling and 
remodeling processes becomes plausible only if such frequency 
components exist during normal functional activity. As even 
vigorous sprinting will not exceed 3 Hz (three cycles per sec), a 
selective sensitivity of bone to fields beyond this boundary could 
create a biologic anomaly. However, as demonstrated, the field 
intensities required to initiate an osteogenic response at these 
higher frequencies are extremely small. Therefore, it is not 
necessarily critical to engender enormous strains in this fre- 
quency range of 10-100 Hz, only some strain energy. 

By analyzing the spectral distribution of functionally induced 
strain generated within the long bones of three distinct species 
(horse, dog, and wild turkey), we were able to determine if these 
higher frequency strains did exist during functional activity 
(Rubin et al., 1990). Strains measured from rosette strain gauges 
attached to the subperiosteal bone surface of the tibia of dog and 
turkey, as well as the metacarpal of the horse, were analyzed 
using Fourier analysis techniques. 

Not surprisingly, during locomotion, the predominant strain 
energy is contained within the stride rate frequency component 
and its higher order harmonics up through 10 Hz. That is, if 
running speed is such that the left foot hits the ground every 0.5 
sec, most of the strain energy will be found at 2 Hz (the 
fundamental frequency), with decaying strain energies at its 
harmonics of 4, 6, and 8 Hz. In addition to this predominant 
energy distribution, higher-frequency strain components consis- 
tently appear in the spectra in the vicinity of 15 Hz to 40 Hz, the 
magnitudes of which are on the order of 50/0-10% of the 
fundamental. Interestingly, these oscillations are present within 
the strain energy spectra regardless of animal or activity and 
implicate the dynamics of muscle contraction as the source of 

this energy band. Even during rest, a dominant 25 Hz strain 
energy component was identified (Fig. 3). 

Given the persistent existence of low-magnitude, higher- 
frequency strain energy, an important role for these more 
subdued activities in the maintenance of bone mass becomes 
possible. As these relatively low-amplitude, high-frequency 
strains will in turn cause electrokinetic potentials specific to 
those frequencies, an endogenous link to the osteoregulatory 
capacity of the 10-100 Hz exogenous fields is made. Even 
though the amplitude of these potentials would be relatively 
small when compared to those caused by the fundamental and 
harmonics of locomotion, if the bone tissue and its cellular 
constituency are more selectively attuned to these higher fre- 
quencies, this frequency band could conceivably play the dom- 
inant role in osteoregulation. 

TRANSDUCTION OF THE ELECTRIC FIELD 
TO A CELLULAR RESPONSE 

We have shown that at the level of the organ, both bone 
modeling and remodeling are extremely sensitive to very low 
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Fig. 3. Strain recorded from the cranial surface of the thor- 
oughbred racehorse cannon bone (third metacarpal) while the 
animal was standing. The raw strain from a longitudinally 
oriented gauge is shown at the top, with the spectral distribution 
of this strain signal shown at the bottom. Low-frequency 
swaying of the animal is evident below 5 Hz, and physiologic 
tremor is seen by the 5 and 10 Hz peaks in the spectra. The 
dominant component of this standing spectra is a 26 Hz peak, 
which is most likely attributed to force variations arising from 
muscle dynamics. If bone tissue favors strain energy in this 
frequency range, this component of the functional strain milieu 
may represent a critical component of the regulatory signal for 
the maintenance of bone mass. (From Rubin et al., 1990.) 
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frequency-specific electric fields. Bone resorption can be pre- 
vented by the exogenous induction of fields, and when concen- 
trated within an appropriate frequency range, new bone forma- 
tion can be initiated. At least one osteogenic frequency range is 
that between 10 Hz and 100 Hz, a bandwidth that corresponds to 
functionally induced oscillations in bone. Fields as small as 1 
pV/cm, when induced at 15 Hz for 1 Nday, are sufficient to 
stimulate bone formation even in the absence of function. 

Although these in vivo experiments demonstrate that osteo- 
genesis is selectively sensitive to electric fields of specific 
characteristics, they do not address the specific cellular mecha- 
nisms involved in the perception of and response to the fields. 
However, recent work from our laboratory shows that these 
osteogenic electric fields can affect bone cell activity directly. 
Both biochemical and biophysical measurements of osteoblast- 
like cells (ROS 17/2.8) demonstrate that exogenous electric 
fields between 10 and 100 Hz at field intensities as low as 5 
pV/cm will alter generic indicators of osteoblast activity, such 
as alkaline phosphatase activity (McLeod et al., 1993). Impor- 
tantly, the ability of these fields to modulate osteoblast activity is 
strongly dependent on the density and shape of the cells, 
suggesting that fields may have a differential effect on bone 
lining cells vs osteocytes, osteoblasts vs osteoclasts, growing vs 
mature bone, or woven vs lamellar bone. 

These in vitro studies also indicate that the exposure time 
characteristics are important, since these osteoblast-like cells 
adapt slowly to the applied fields and have a delayed recovery 
following removal of the fields (McLeod et al., 1991). By 
recording changes in intracellular calcium concentration before, 
during, and after electric field exposure, the time course and 
sensitivity of the cellular response to this stimulus were quanti- 
fied. ROS 17/2.8 cells were scrape loaded with the photoprotein 
aequorin (which luminesces in the presence of calcium), plated 
onto glass coverslips at 200 x lo3 cells/cm2, and incubated for 
8-12 h. The cells were then placed in a dark, temperature- 
controlled chamber, and a current source was used to induce 
low-frequency (6400 Hz) electric fields of 10-1o00 pV/cm 
into the media via platinum electrodes. The mean light levels 
recorded were converted to intracellular calcium levels, and 
higher-frequency components were analyzed by subtracting the 
system noise power spectra from the total light spectra obtained 
in the presence of cells. This analysis of the luniinescent signal 
permitted the determination of both mean intracellular calcium 
levels and fluctuations in the intracellular calcium concentration 
as a function of time. 

Mean basal calcium levels in the cells (averaged over 9 min) 
were approximately 190 nM (SE 25 nM). Moreover, the intra- 
cellular calcium levels demonstrated distinct fluctuations or 
spiking (Fig. 4A). which were found to have a lnrentzian power 
spectrum (i.e., above a characteristic frequency, the fluctuations 
decreased with the square of the frequency). Sinusoidal electric 
fields of 10-1o00 pV/cm at frequencies between 6 and 600 Hz 
did not significantly alter mean basal calcium levels. However, 
electric field exposure dramatically reduced the magnitude of 
the calcium fluctuations (Fig. 4B). The greatesl attenuation of 
this spiking was achieved via a 20 Hz field exposure, where 
calcium fluctuations were reduced by 90% with fields as low as 
10 pV/cm. The time course of this attenuation was strongly 
dependent on the magnitude of the applied field. At 60 Hz, a 15 
pV/cm field required close to 1 h to suppress 90% of the spiking 
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FIG. 4. A. Spontaneous intracellular calcium transients (spik- 
ing) as measured from an ensemble of ROS 17/23 cells in 
monolayer culture, preloaded with the luminescent photoprotein 
aequorin. Individual spikes represent transient rises in the 
intracellular calcium concentration of individual cells, possibly 
associated with cell division. Spiking rates range from 1 to 10 
per min depending on cell density and the uniformity of aequorin 
loading. B. The calcium spiking activity of cell ensembles can 
be quantified by performing a spectral power analysis of the 
temporal spiking pattern. Determination of the spectrum for the 
basal spiking activity demonstrates a lorentzian spectrum with a 
cutoff frequency near 0.25 Hz, consistent with an average spike 
width of 4 sec. Low-frequency electric field exposure results in 
a substantial decrease in the magnitude of the spectra with no 
change in the cutoff frequency, indicating a decreased rate of 
spiking with no change in the average spike width. On removal 
of the field, frequency of the spiking is reestablished over 
approximately the same period originally required to suppress it. 
(B from McLeod et al., 1991.) 

activity, whereas at lo00 pV/cm, this suppression was achieved 
within 3 min. Following removal of the field, calcium spiking 
was reestablished within a period similar to that required to 
suppress it. 

Given the ability of fields to suppress calcium spiking, one 
could argue that the relatively quiescent level of remodeling 
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observed in mature bone is at least partially a product of an ever 
present, functionally induced, low-level electric field. The 
persistent calcium spiking that appeared in the absence of the 
field implies that in conditions such as immobilization, the field 
normally responsible for the suppression of cellular spiking is 
delinquent. The role of electric fields as an inhibitor of activity is 
further supported by studies on osteoclast recruitment (Rubin et 
al., 1993). Continual exposure of a murine marrow culture 
system to a 30 Hz, 6 pVlcm electric field attenuated the number 
of osteoclasts produced over an 8 day period by as much as 40%. 
In this case, it could be argued that the field’s presence has 
interrupted the recruitment of bone-resorbing cells because, in 
reality, these exogenous fields surrogate for an endogenous 
signal for bone homeostasis. 

DISCUSSION 

The frequencies and field intensities that are most effective in 
regulating tissue modeling and remodeling in vivo or modulat- 
ing cell activity in vitro are similar to those achieved in bone 
during normal functional activity. This is strong evidence that 
endogenously produced electric fields serve an important role in 
regulating normal bone modeling and remodeling processes. We 
are confident that isolation of the optimal signal characteristics 
for the maintenance of bone mass, combined with appropriate in 
vitro investigations will greatly improve our understanding of 
the physiologic basis of the skeletal tissue response. Under- 
standing the temporal characteristics of the signal will aid in 
isolating the specific cellular processes responsible for both 
modeling and remodeling (or lack thereof). Finally, identifica- 
tion of the minimal field parameters capable of modulating bone 
mass, even in the presence of strong systemic stimuli for 
resorption, will promote the potential for electricity as a unique, 
site-specific, and relatively safe prophylaxis for osteoporosis. 
The four principal advantages of such a prophylaxis are 

1. Coil placement permits focal treatment of a disease. that is 
locally, not systemically, symptomatic. This site specificity will 
allow for the selective treatment of spine, wrist, hip, or even 
alveolar sites, without subjecting the entire body to pharmaceu- 
tical intervention. 

2. During osteogenesis, the new bone stimulated by electric 
fields is derived through the normal mineralization process. As 
surrogates (e.g., fluorides) are not used to precipitate this 
process, the matrix ultrastructure and, therefore, the effective 
strength of the tissue are not compromised by foreign constitu- 
ents. 

3. There is a distinct dose-response of bone formation to 
field intensity. This sensitivity allows differential regimens for 
the prevention vs reversal of bone loss. 

4. Most importantly, the treatment regimen orchestrates 
normal bone cell populations via subtle amplification of an 
endogenous stimulus. The tissue retains its ability to model, 
remodel, and repair itself, and the potential consequences of 
contaminating a mineralizing process or inhibiting a cellular 
process are avoided. Rather than perturbing, suppressing, or 
destroying a singular component of the complex cascade of bone 
modeling and remodeling, this electric field prophylaxis ex- 
ploits a normal, indigenous mechanism for the prevention of 
osteopenia. 
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