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INTRODUCTION

To a significant degree, nodern bioelectricity began with
the study of the bioelectrical phenonena of bone. An introduc-
tion to the subject has recently been published (1), and nuch of
the pertinent literature has been listed (2). My purpose here is
to describe only what seem to nme to be the nobst significant
devel opnent s.

After a brief review of the conposition, structure, and
physi ol ogy of bone, the sem nal experinents that led to the
birth of bone bioelectricity are described. | paid particular
attention to the rationale behind the early studies in the
belief that it would be helpful to the reader to see how the
threads that were the initiatives of different groups have cone
together to formthe present fabric. It is the work of bold nen
who broke new ground and who were not deterred by the possibil-
ity of naking sone errors.

After the rush of new ideas in the 1960s, there ensued the
present period of consolidation in which the major effort has
been the sorting of the wheat and the chaff. A description of
this work constitutes the principal part of the bal ance of the
chapter. My view of the basis of electrical osteogenesis best
warranted by the present evidence is presented in the |ast
section. 1 think that there is a bright future for the clinical
use of direct current for treating bone when the treatnent is
designed in a manner consistent with that basis.
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BONE PROPERTIES
MATERIAL CHARACTERISTICS

Bone is minly conmposed of <collagen, a protein, and
hydroxyapatite, an inorganic calcium salt. Collagen is secreted
and then assenbled extracellularly to forma matrix on which the
hydroxyapatite is deposited, perhaps via epitaxial precipitation
(3,4). The processes of collagen polynerization and hydroxy—
apatite precipitation occur in a spatial and tenporal sequence
that ultimately results in the formation of mcroscopically
recogni zable layers called |anellae. Lanellation is an end—
stage structural pattern; sonmetimes it is preceded by woven
bone, a less organized pattern in which the collagen fibers are
randomy arranged |like the fibers in a felt. Wven bone occurs
in various pathol ogical conditions, but in normal physiology it
is an interimmaterial, and is replaced by |anellar bone (5).

Bone occurs in two architectural forms. Conpact (cortical)
bone, typified by the shaft of the long bones, is relatively
dense and its |anellae exhibit several patterns, the nmpst common
of which is concentricity around a vascular canal. Cancellous
(trabecular) bone is a three—di nensional lacy network usually
found inside bones, particularly at the ends of the |ong bones.
Its lanellae, when present, usually run parallel to the trabecu—
lae (5). Sonetinmes, such as in some instances of fracture
heal i ng, the cancellous architectural form appears on the out-
side of bones as a tenporary neans of stabilization called
external call us.

CELLS OF BONE

Collagen is secreted by the osteoblast, a medium—sized cuboidal cell. Osteocytes are
osteoblasts that have become enveloped by bone. They occupy melon—seed shaped lacunae
within the bone and form a syncytium via cell processes that extend through channels called
canaliculi. Osteocytes might have the ability to remove bone within about 1 micron of the
lacunar surface (6), but the major hone—destroying cell is the osteo— clast. Osteoclasts are
large multinucleated cells that resemble foreign—body giant cells, but appear to lack the latter’s
phago— cytic function (except with regard to the bone). Osteoclasts were previously believed
to form viafusion of osteoblasts, but
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are now thought to arise from a specialized precursor cell that
differs ultrastructurally fromthe cell that gives rise to the
ost eobl ast (6,7).

Bone—+ining cells are extrenely flattened cells that cover

the surfaces of cancellous and conpact bone, as well as the
surface of the osteonal canal (8). Al though the bone—ining cel
is the nmost common surface cell of bone (6,9), its function is

not under st ood.

Behi nd the bone—+ining cells are the osteoprogenitor cells,
the imrediate precursors of the differentiated cells of bone
(10). Osteoprogenitor cells are capable of division, but the
nore differentiated cells (with the possible exception of the
osteobl ast (11)) do not divide.

The undifferentiated mesenchymal cell, which is present
t hroughout the body, is also capable of producing bone in the
postfetal organism It forms heterotopic bone in the presence of
an inducer and in certain pathological states, in contrast to
the osteoprogenitor cell which forns orthotopic bone in the
course of either normal devel opnent or repair. The undifferen-
tiated mesenchymal cell and the osteoprogenitor cell are norpho—
[ ogically indistinguishable (12). Wether the fornmer is a |ess
differentiated precursor of the latter is an open question (13),
but the distinction between them has been recogni zed since at
| east 1952 (14).

BONE GROWTH

The activity of bone is manifested on its various surfaces,
each of which, at any given time, is either quiescent, formng
or resorbing bone (15). Excluding disease, there are four
bone—form ng activities that result in the production of ortho—
topi c bone: devel opment determ nes size, nodeling determn nes
shape, renodeling produces replacement bone, repair restores
integrity. Al t hough all bone—forning arises from the activity
of osteoblasts, many aspects of the process differ anong the
listed activities. These include the histological environment in
which the osteoblast functions, the pattern of the bone
produced, the rate of bone production, the nature of the physio-
| ogical stinmulus that controls the process, and the nature of
the artificial stimuli that can affect it. It is helpful to
recogni ze the essential features of the known bone—forning
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activities so that they can be conpared with the effects
produced by electricity.

1. Development

In man, increase in length of bone occurs at the epiphy—
seal —et aphyseal conplex (growth plate), where septa of calci-
fied cartilage are covered with woven bone, thereby creating
primary trabecul ar bone. The woven bone and calcified cartil age
core is then renmoved and replaced by |anellar bone (6). Aposi—
tional growth in the devel oping bones leading to an increase in
t hi ckness occurs via periosteal formation of primary trabecul ae,
compaction to form cortical bone, and then replacenment by
| anel | ar bone (6). Periosteal bone growh does not involve the
cartilage tenplate step (called endochondral growth) and is
termed intramenbranous growth. Many factors including diet,
drugs, disease, and exercise can affect bone growh in the sense
of producing changes in cell kinetics or histonorphology. No
factor, however, has been identified that actually controls the
growth process. At some |level of organization within the
devel opi ng organism a genetic program is apparently read and
executed. Embryonic tibiae when placed in tissue culture wll
continue to develop for a period in a manner resenbling normal
growth (16). Consequently, at l|east a portion of the control
systemresides in the devel opi ng bone itself.

Duri ng bone devel opment, endochondral bone formation occurs
at the growth plate, and intranmenbranous hone formation occurs
along the periosteum |In both cases, woven hone is initially
formed and subsequently replaced by lanellar bone. The intra—
menbranous bone fornms at different rates in different parts of a
gi ven bone, thereby producing an anatom c phenonenon known as
nodel i ng. Enl argement of the cranial vault and devel opment of
the ends of the I ong bones are typical exanples (6).

Growi ng bone exhibits a plasticity principle (sometimes
cal l ed nodeling, sonetinmes renodeling) which pernits it to adapt
to mechanical forces by changing its geonetry. The healed mal —
aligned fracture is an exanple. Growth occurs on the concave
side and resorption takes place on the opposite side, and the
bone ultimtely becomes straight. Another exanple of adaptive
gromh is the novenent of teeth in the jaw caused by orthodontic
appliances. In this case, resorption occurs in the portion of
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t he bone in conpression, thereby pernmitting the tooth to nove in
the direction of the applied force. The pattern of trabecul ar
bone in the metaphysis is often said to reflect adaptive
changes; if it does, that would be a third exanple of adaptive
renodel i ng. The adaptive response of bone is usually manifest as
a nodi fication of ongoing devel opnent (as part of the maturation
process of the bone), although it also occurs to a |esser extent
in adult life (17).

2. Remodeling

By renmodeling | nean the process by which existing bone is
replaced by lanellar bone. Renodeling first occurs soon after
birth when the primary osteons are replaced by the nore highly
structured secondary osteons that are characteristic of the
adult. Renmodeling continues throughout adult Ilife as old
secondary osteons are replaced by new ones. It is convenient to
think of the renmpdeling of the primary and secondary osteons as
a process of replacement of worn, fatigued, or weak bone by a
stronger Material, although there is little reason to believe
that this is actually the reason that the process occurs. The
initial event in renodeling is resorption of bone, followed
directly by its replacenent by lanellar bone on an equal vol unme
basis (17). Its causes and control system are unknown (17)
Rerodel i ng al so takes place during repair.

3. Repair

The histol ogi cal appearance, tenpo, and geonetry of repara-
tive bone growth depend on many factors including the particul ar
bone and the nature of the injury. Consider for exanple a
traverse fracture in a long bone produced by bending to failure.
A blood clot forns in the gap between the bone fragnents, and
proliferation of the osteoprogenitor cells begins within about
24 hours. In a few days, the clot is replaced by fibrous tissue.
Cartilage nmay appear, particularly if the bone frag— nents are
unstable, but it is not an essential constituent of the healing
process. \Wen it does appear, endochondral ossification ensues,
resulting in the production of woven bone in a trabecul ar
architecture called callus. The callus may occur on toe outside
of the bone to form a bridging substance between the fragnments,
in which case it assures a classic fusiform shape. The callus
may al so extend throughout the nedullary canal in the
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region of the lesion. In the final stages of healing, the callus
within the nedullary canal and the external callus are resorbed,
and the callus within the fracture gap along the path of the
cortex becones conpacted and renodeled. Utinmately, the fracture
gap becones histologically indistinguishable from the uninjured
portions of the bone.

If the bone fragnents are rigidly approximated with a
conpression plate, neither cartilage nor callus are formed, and
heal i ng occurs by accel erated renodeling (18).

ELECTRICITY AND BONE: FOUNDATIONS

The beginning of nodern bioelectrical research involving
bone is generally traced to Iwao Yasuda, a Japanese orthopaedic
surgeon (20—22). Yasuda was primarily concerned with the factor
responsible for initiating callus formation. He began his work
in the 1940's, a time when the realization was devel opi ng that
bone callus formation was not inextricably linked with bone
fracture. A variety of thermal, chem cal, and nechanical stimuli
were being identified that could produce bone callus in the
absence of fracture (19). Yasuda applied mechanical force to
| ong bones and observed callus fornation in nontraumatized areas
under conpression. He also showed that viable and boiled bone
yielded an electrical signal when subjected to mechanical
deformati on. Regions in apparent conpression were negative and
those in tension were positive with respect to unstressed areas.
Yasuda's idea was that callus—producing cells in bone subjected
to mechanical and other stinuli were not directly responding to
the stinmuli, but to a conmon—pathway signal. He theorized that
electricity was the common—pat hway signal for callus, and that
application of electricity should produce callus. Some tine
bet ween 19394953, he dempnstrated that 1-100 pA of direct
current (DC) produced callus In the medullary canal of rabbits
(20). Thus one form of stimulus that produced callus —
mechani cal forces — also produced electricity, and externally
applied electricity produced call us.

Yasuda's work was distinctive because it emerged from his
anal ysis of the devel opi ng know edge of bone physiol ogy, and his
attenpt to synthesize diverse observations. He was not the
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first to produce callus using DC current. In 1860, Garratt
described the use of percutaneous insulated electrodes in the
successful treatnment of a nonunion of two years’ duration,
enpl oying stimulation for 15 mnutes a day, every third day, for
9 days (23). But Garratt’s and other earlier reports were based
on sinple enpiricism and stemmed from a tine at which elec-
tricity was a new y—di scovered phenonmenon. It was the novelty of
electricity rather than its reasoned rel evance, that formed the
basis of the historical applications of electricity to living
or gani sns.

In 1957, Fukada and Yasuda neasured the nunerical value of
the piezoelectric constant of dry bone (24). Application of a
shearing force along the bone axis caused a voltage to appear on
bone surfaces parallel to the axis. Conversely, application of
an external voltage to bone caused it to nechanically deform
The strength of the piezoelectric effect in bone (the polariza-
tion per unit stress or the strain per unit electric field) was
about a tenth of that exhibited by quartz.

The first American investigator to report data regarding
electricity and bone was the orthopaedic surgeon Robert O
Becker (25-28). Becker began studies of |linb regeneration in the
late 1950s. His particular interest was the factors that
controlled or regulated the process, which he assumed were the
same whenever regeneration occurred throughout the vertebrate
phylum The existence of surface electrical potentials (SEP)
(slowly varying millivolt—strength electrical potentials that
can be nmeasured between any two points on a surface of a living
organi sm had been known for nany years, although their origin
and physiol ogical significance remnined unascertained. It had
been suggested that SEPs were significant factors in enbryonic
devel opnment, and that they served to guide and perhaps deternine
organi zation, differentiation, and specialization in the devel -
opi ng organism (29,30). Since the time of Galvani, the existence
of electrical changes at an injury site had also been known.
Becker combined the two observations and hypothesized that the
SEPs might have a role in the control of the regenerative
process. He measured SEPs in sal amanders, and observed a spatia
pattern that roughly corresponded to the nervous system of the
animal (25). He believed that the SEPs originated in neural or
perineural tissue, and he concl uded t hat the
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conplexity of the pattern made it a candidate as a control
mechani sm for regeneration (26,27). Becker regarded the associ-
ation with nerves as particularly inmportant, because Singer had
previ ously shown that the presence of a critical anount of nerve
tissue within the anputation stunp was required for regeneration
to occur (116).

Becker amputated the forelinmbs of sal ananders (a regenerat-
ing species) and frogs (non—+egenerators) and neasured the SEP
at the distal anputation stunp relative to the proximl unin-
jured tissue in the linb (26). He found that the characteristic
response follow ng anputation was the occurrence of a positive
spike in the SEP within about 1 day of the anputation, followed
by a decrease to 2030 nVv at 5-320 days follow ng anputation.
Thereafter, the potential at the anputation stunp approached the
normal (negative) value from the negative side. The frogs also
exhibited a positive peak within about a day of amputation, but
thereafter the SEP decreased monotonically toward the nornal
(negative) value fromthe positive side. Thus, Becker identified
a negative SEP, neasured relative to adjacent uninjured tissue
at about 5310 days after anputation, with the phenomenon of
regeneration.

Fracture—healing is also a regenerative phenomenon, and
Becker found a sinilar tenporal change in the SEP following a
fracture of a long bone in the salamander (26). Again, the
normal negative SEP at the fracture site becane positive foll ow
ing fracture, and then becanme negative at 105 days thereafter.

Zachary B. Friedenberg, an orthopaedic surgeon at the
University of Pennsylvania, conducted a detailed study of the
SEP in fractured linmbs of rabbits and patients (117). When
Friedenberg’'s data is expressed simlarly to that of Becker’'s
(SEP at the injury site relative to adjacent uninjured tissue),
it also shows that the Injury site becanme positive (relative to
uni nsured bone) immediately after fracture, as described by
Becker. In 16 patients with healing tibial fractures, the hone
remai ned positive (relative to the proximal epiphvsis), in
apparent distinction to the negative values that were recorded
by Becker in animals.

Becker presented his SEP data on regeneration and fracture
healing at the 1961 neeting of the Anmerican Acadeny of Otho—
paedic Surgery, and it led to a short but inportant period of
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col | aborative research with C. A L. Bassett, an orthopaedic
surgeon at Columbia University. Bassett was particularly
interested in the physiology of bone formation, and their nutual
interest centered on the question of the control process for
adaptive renmpdeling. They reasoned that electrical potentials
had been associated with regeneration (citing Becker’s work, and
ot her references previously cited by Becker), and that electric-
al potentials mght also be the basic link in the clinically
observed adaptive response that occurs in children with heal ed
mal al i gned fractures. In 1962, Bassett and Becker reported that
moi st human and frog bone yielded an electrical signal when
subjected to cantilever bending (31). The signal decreased by
only 5% when the tissue was dried, and was asymetric in the
sense that equal and opposite voltage pulses were not seen
attendant | oadi ng and unl oadi ng the bone. Regions of the bone in
apparent conpression (concave side) were negative relative to
regions in tension.

The interpretation of the stress—generated signal in terms
of adaptive growth was subsequently described nore fully (32).
The endogenous electrical phenomenon was hypothesized to be
capabl e of directing the activity of bone cells in such a way as
to account for bone’'s adaptive behavior. Formation of insoluble
bands of collagen was reported to occur when DC currents were
passed through solutions containing collagen nmol ecul es. Based on
this observation, the stress—generated signals in bone were
hypot hesi zed to al so be responsible for orientation and extra—
cel lul ar aggregation of collagen (32).

| observed formation of bands in previously clear solutions
of rat—tail tendon collagen within a few mnutes of the initia-
tion of current (1—%5 pA) (33). The bands forned only in regions
where the pH was raised above about 3.5 as a consequence of
el ectrocheni cal chances at the cathode. Raising the pH of the
collagen solution to 5.5 by the addition of sodium hydroxide

qui ckly precipitated the collagen. Thus, if stress—generated
el ectrical signals in bone do not alter local pH —there is no
good evidence to indicate that the; do —then it is unlikely

that they can have the hypot hesi zed non—el | ul ar consequences.
What was the origin of the stress—generated electrical
signal s? It was argued that piezoelectricity could not account
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for the signals neasured in bones that contained their norma
wat er content (wet bone) because a piezoelectric material vyields
a symmetric signal upon application and release of the applied
force, whereas asymetric signals had been observed (32). In
addi tion, both Becker and Bassett were conceptually dissatisfied
with the piezoelectric nmechanism as the source of the bone
potentials because they believed that its inherent symretry was
inconsistent with its putative role in regulating adaptive bone
growh. The idea was that a symetric signal could not direct a
| ong—term growt h process because it was inherently incapable of
sending a net signal to a target cell

To explain the observed signal asymretry, it was suggested
that the nolecular structure of the interface between coll agen
and hydroxyapatite actually formed a PN junction diode (32).
Shampbs and Lavi ne anal yzed the neasurenent technique enpl oyed,
and concluded that the electrical signal manifested by the wet
bone was intrinsically symretrical, and that the apparent asym
metry resulted from the choice of neasuring circuit (34).
Anot her factor that probably contributed to the observed asym
metry in voltage was viscoelastic flow (35)

Cochran made extensive nmeasurenents of stress—generated
el ectrical signals from wet bone, which he assuned were due to
the piezoelectric effect (36). He neasured the signals produced
in precisely machined strips of bone maintained under physio-
| ogic conditions and subjected to cantil ever bending. The signal
was a relatively insensitive property of the bone, and exhibited
only mniml variation with thickness or physical treatnment
(boiling, autoclaving, formalin fixation, radiation with 100, 000
r, heating to 200°C). On the other hand, the signal was
obliterated when the porosity of the sanples was changed by
dem neral i zation

During 1962-4968 nost investigators assumed that the
stress—generated el ectrical signals from bone were piezoelectric
in origin, irrespective of whether they were observed in wet or
dry bone. This perception was altered by a dawning recognition
of the existence of a class of electromechanical phenonenon in
wet tissue called streaning potentials (37).

The nature of streaming potentials has been described by
Pollack (35). At the interface of a solid and an ion—ontaining
fluid, specific interactions occur resulting in surface—bound
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charges and in the creation of a region in which the ionic

charge distribution differs significantly from that of the bulk

fluid. The electrically altered region in the fluid phase is

called the diffuse layer, and its boundary with the bulk fluid

is the slip plane. The electrical potential at the slip plane is

the zeta potential, and when it is zero the solid is said to be

at its isoelectric point. If the diffuse layer is caused to nove
tangentially to the surface, the electrical potential of the
slip plane is altered; this kinetic modification of the
electrical potential at the slip plane is called the streani ng

potential. It is created by notion of the diffuse |ayer whenever

the fluid pH is such that the surface is not at its iso—
el ectric point.

Anderson and Eri ksson reported the occurrence of a signal of
the order of mllivolts in tendon subjected to repetitive
i mpul se | oading; the signal vanished when the pH of the bathing
fluid was such that the tendon was at its isoelectric point
(39). From the absence of the voltage at the isoelectric point,
they concluded that all electromechanical phenomena in wet
tendon arose from streamng potentials and that piezoelectricity
was absent from wet tendon. They perforned simlar experinents
wi th bovine bone (40), and concluded from the observed change in
the piezoelectric constant with pH, that streami ng potentials
were present in wet bone but could not conpletely account for
its electrical signal

It was not logical to conclude from the absence of an
el ectrokinetic signal at the isoelectric point of human tendon
that wet tendon was not piezoelectric. Another interpretation --
and as it turned out, nore probably the correct one —was that
the piezoelectric signal was sinply not detected by the
measuring system enpl oyed. Subsequent studies showed that wet
bi ol ogi cal tissue, including bone, are piezoelectric (41-43).

Stream ng potentials are undoubtedly the physical basis of
the electrical signals observed in wet bone (36), tendon (39),
and cartilage (44,45) subjected to nechanical forces and neasur-
ed with wick electrodes or netallic electrodes coated on the
surface (46,47). The mllivolt—strength signals disappear as
the tissue is dried, and are replaced by mcrovolt—strength
signals of piezoelectric origin (48) which were previously
undet ect ed because of rapid neutralization by the ions in the
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di ffuse | ayer.

Vet her the piezoelectric signal, which is not conveniently
nmeasured in wet bone, or streaming potentials (or possibly other
mechani sns) should be identified with the electrical signal that
hypot hetically helps to medi ate some bone adaptive responses has
not been resolved. One reason that disposes me to the choice of
pi ezoel ectricity is the data obtained by MEl haney, who neasured
the piezoelectric charge distribution that appeared on the
surface of an intact, enbal med, human femur (49). The bone was
dried at 105°C for 2 weeks to renove adsorbed water, and nore
than 600 square electrodes (0.25 inches on a side) were attach-
ed. The ends of the bone were enbedded in epoxy, and it was
vertically munted and cyclically |oaded in conpression (50—200
pounds, 1 Hz). Measurenent of the charge appearing on each
el ectrode yielded an apparent random distribution of positive
and negative areas that did not correlate with stress
di stribution, wall thickness, curvature, or other topological
features of the bone. Measurenents nmade on sections cut fromthe
bone and | oaded in pure conpression revealed a surface—harge
di stribution whose sign and magnitude varied strongly wth
circunferential position.

McEl haney’s data included a posterior view of the outline of
the right femur used in the study, showing the actual neasured
surface—harge densities. |f the piezoelectric surface charge
could act as a mediating factor in an adaptive osteogenic
response, | reasoned that MEl haney’'s data ought to be inter-
pretable as an adaptive signal according to a self—onsistent
schenme. | interpreted the nedial and lateral charge distribu-
tions as signhals to build or resorb bone in an anpbunt directly
proportional to the measured charge density (50). On the nedial
surface | identified a negative surface charge with bone buil d-
ing, and a positive surface charge with bone resorption. On the
| ateral surface the positive and negative surface—eharge densi -
ties were identified with bone resorption and deposition respec—
tively. An adaptive response (self—eonslstent change in fenoral
outline) was produced, and the integrity of the fenur was
reserved, as opposed to a random pattern that was expected if
the measured charge distributions were unrelated to bone adapta—
bilitv (50).

McEl haney deni neralized sonme of the sections of the bone in
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an attenpt to ascertain the origin of the piezoelectric effect,

but found that the bone matrix sanples were too flexible, and
hence unsuitable for piezoelectric measurenments involving the
application of stress. | enployed a nethod devel oped by Fukada
(24) in which an electric field is applied to the sanple and a
strain is measured (converse piezoelectric effect). Using this

technique, | measured the piezoelectric effect in air—dried
bone, and then chemically renpoved the bone mineral fromhalf the
sanpl es and the bone collagen from the other half. The piezo—
electric effect was manifested in the demineralized sanples, but

was absent in the decol |l agenated sanples (51).

In addition to pursuing the role of stress—generated
el ectrical signals in adaptive growth, Becker continued his
study of the physiol ogical significance of the other endogenous
el ectrical property of bone — the SEP. From a tine-sequence
study of fracture healing in the tibiofibularis of frogs, Becker
and Murray concluded that the cells of the fracture callus
originated from the erythrocyte, and not from mtotic activity
of osteoprogenitor cells as occurs in the healing of nmammalian
fractures (52). They described a sequence involving the dedif—
ferentiation of the nature anphibian erythrocyte into a stem
cell, and its subsequent redifferentiation into the connective
tissue cells capable of repairing the injury. They hypothesized
that the SEPs at the injury site mediated the reparative
response. The electrical events measured within several hours of
the fracture were held to originate with the bone substance
itself, and to have occurred as a result of the persistence of a
residual stress in analogy with a phenomenon reported by
Bonfield and Li (53). Electrical phenonena previously identified
and associated with neural tissue (26—23) were felt to provide
t he subsequent control function of the healing response (52). To
substantiate the portion of the theory dealing with the stinulus
for dedifferentiation of the nucleated erythrocyte, Becker and
Murray subjected anphi bian erythrocytes to DC currents of 1-2000
MA, and directly observed a renarkabl e sequence of norphol ogi ca
changes in individual cells that was simlar to the known
mat urati on sequence the anphibian eryth— rocyte, but which
proceeded in the reverse direction — from erythrocyte to stem
cell.

The occurrence of a dedifferentiation response of anphibian
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red blood cells was subsequently verified (54), but the factors
responsible for its initiation when it occurs in vitro remain
unclear. Dedifferentiation occurred in cultures through which DC
current was not passed, and was attributed to the presence of
static charges on the plastic chanbers (52). The sequence of
cel lul ar changes was al so observed at widely different current
| evels, leading the investigators to conclude that the sex and
hornonal status of the donor were inportant factors in the
response threshol d.

APPLICATION OF ELECTRICAL ENERGY
INITIAL STUDIES

Bassett and Becker reasoned that if stress—generated
electricity could directly affect bone cells thereby nediating
adaptive bone growh, then externally applied electricity ought
to affect bone growth in a polarity—dependent fashion. In
particular, the negative electrode should be associated wth
grow h, and the positive electrode with resorption. This view,
which cane from their considerations of the natural history of
the healed angulated fracture (55), was tested in a controlled
study in dogs reported in 1964* (56). Holes were drilled through
one cortex of the fermur, and platinum el ectrodes were inserted
into the medullary canal. A sinple series circuit was used to
supply DC current to the electrodes, and inactive platinum
el ectrodes were inplanted in the contralateral fenur. After 21
days, woven bone trabecul ae were found at the active and contro
el ectrodes, but the greatest anpunt of grossly observable new
bone occurred at the cathode. The current associated with the
ef fect was about 3 pA

The authors interpreted the data as supporting the hypothe-
sized |inkage of electrical negativity with bone growth and
positivity with bone resorption, with the proviso that the fail-
ure to observe resorption at the anode was probably due to the

* It is incorrect to view the concave side of a healed nalunited
fracture as being in conpression (57,58). It is incorrect to
vi ew bone in conpression as being electrically negative, whether
it is wet (59) or dry (49,60). Despite this, both ideas remain
popul ar .
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non- physi ol ogi cal nature of the electrical signal (continuous
application for 21 days, rather than an internmittent electrical
signal that would be associated with an adaptive osteogenic
response). Another interpretation was that the observed osteo—
genic response was unrelated to the conceptualization that
actually led to the study, but was basically an inflamuatory
response.

The experinment was repeated by O Connor et al. with the
i ncorporation of a nunmeric scale to quantitate the anount of
bone formed at the electrodes (evaluation of X—+ays by five
nai ve observers) (61). In 7 of the 12 dogs studied the cathode
had the npbst bone associated with it, but in 2 dogs it had the
| east. None of the average scores of the 4 electrodes (cathode,
anode, proximal control, distal control) differed from the
others by the paired t test.

Hambury et al. drilled holes through the cortex of both
sides of the femur of rabbits and inserted platinum el ectrodes
that were cut to end flush with the periosteun (62). An effect-
ive current of 3 pPA was passed continuously for 21 days, and the
extent of bone growth was then assessed quantitatively by
measuring the strontium 85 uptake on the 21st day after surgery.
In 17 animals, 7 had nore bone growh near the active inplant, 9
had nore bone near the inactive inmplant, and in 1 animal there
was no difference. Thus, the passage of 3 pA for 21 days could
not be distinguished from the osteogenic response that occurred
in response to the drilling of the holes through the cortex of
the bone (as determ ned by strontium85 uptake). Failure to
observe electrical osteogenesis was also reported by Crelin and
Dueker following inplantation of electrical circuitry in mce
for 2 weeks (63).

A mpjor difficulty with DC studies of electrical osteo—
genesis in the late 1960s was the inability to control dose.
The typical inplanted circuit consisted of a battery in series
with a resistor: such a circuit does not function at a predict-
able current level in the conplex environnment of animal tissue.
This difficulty was overcone by Friedenberg et al. who enpl oyed
current—eontrolled inplantable circuitry, and thereby categoric-
ally established electrical osteogenesis as a real phenonmenon
(64). Two holes (1 cm apart) were drilled into the nedullary
canal in the rabbit fenur. Stainless-steel electrodes were
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pl aced in the bone holes, and constant currents of 1, 5, 10, 20,
50, and 100 pA were adnministered in separate groups of aninals.
All the rabbits were sacrificed after 10 days, and both bone
production and tissue destruction were analyzed at each el ec-
trode using sem —guantitative histology. It was concluded that
520 pA was optimm for bone formation at the cathode, and that
tissue destruction occurred at the anode at currents as |ow as
1 pA (64).

ACCELERATED FRACTURE HEALING

The observation (56) and unequi vocal verification (64) that
electricity could nake bone grow was largely a result of specu-
| ati on about the nature of the control system for adaptive
remodel i ng. About 1970, the thrust of the research in bone
bi oelectricity shifted rapidly to the essentially pragmatic
consi deration of whether and how el ectrical osteogenesis could
best be used in the clinic.

In 1971, Friedenberg et al. reported data concerning the
effects of DC current on fracture—healing in rabbits (65).
Following bilateral fibular fractures, rabbits were divided into
S groups depending on the position of the electrodes relative to
the fracture site. Al aninmals were recovered |8 days after
fracture. There was significantly more callus (determ ned by
X—+ay evaluation) in the aninmals that were stinulated with the
cathode in the fracture site (all animls received 10 pA).
Mechani cal testing revealed stiffer fibulae on the treated side.

Many subsequent studies in animals shoved that DC currents
could cause nore callus formation at an injury site than would
have otherw se occurred, and this condition was commonly call ed
accel erated healing (66—69). In one such study (66), follow ng
bilateral osteotomes of the radius in rabbits, an electrode (it
is unclear whether it was gold or platinun) was placed in the
bone near (but not at) the osteotomy site. The other electrode
was placed on the skin. Accelerated healing as determ ned by the
roent genol ogi ¢ appearance of periosteal callus was found only
when the inplanted el ectrode was a cathode; the maxi mum effect
occurred at 15-20 pA. In the treated osteotonies, the periosteal
reaction was seen at 1.5-2.5 weeks after surgery, which was
about a week earlier than the bony callus that formed on the
control side.
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Connolly et al. (67) placed stainless steel pins above and
bel ow transverse osteotonies in dogs and passed 1030 pA for
342 weeks. In a series of 70 dogs, a tendency for greater
callus formation in the stimulated bone was noted based on
mechani cal testing, neasurenent of callus weight, and bone ash
wei ght .

Rabbits were subjected to bilateral diaphyseal tibial
osteotoni es, and the bone fragments were fixed with conpression
plates (68). Holes for electrodes (material not specified) were
drilled 5 nm above and below the osteotony site, and 3—45 pA
were passed for 21 days. Inactive electrodes were inplanted in
the contralateral tibia. The breaking strength of the tibias was
21% greater on the stinulated side (P < 0.01, paired t test).
The DC current apparently elicited periosteal and endosteal
cal lus which added to the nechanical strength of the osteotony
site (68). Accelerated healing of nandibular slot osteotonies
(7x2 mm) was reported in dogs using 12 pA at 0.7 Hz (69). At
2135 days nore bone was present in the defect on the stimulated
side as determ ned by gross exam nation, X—ray, and histol ogical
exam nati on.

NON-UNION ANIMAL MODELS

Several attenpts have been made to study the effect of
el ectrical stimulation in a nonunion animl nodel. In one study,
58% of 57 radial osteotonies in dogs failed to heal in 12 weeks
in the absence of internal fixation (70). The addition of 20 pA
via platinum electrodes to the osteotony site did not
significantly alter the incidence of nonunions (55% of 13 oste—
otomi es). The duration of the 12—aeek post—inplant period during
which the current actually flowed is unclear (70). Oher aninal
nonuni on studi es reported nore success (71—%2).

A 1.5—em section of the mdshaft of the tibia in dogs was
renoved and replaced with a block of silicone (71). Eight weeks
later, the silicone block was renoved and the defect was extern-
ally stabilized. lout aces later, a stainless-steel cathode was
pl aced in the defect and plati num anodes were inserted into the
medul | arv canal through bone holes located 1.5 cm above and
bel ow the defect. A current of 20 pA was passed for 4 weeks in
22 dogs, and an equal nunber of dogs served as sham—npl anted
controls. The existence of clinical wunion, the extent of
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technitium99 activity, and the histol ogical appearance of the
defect were evaluated sem —quantitatively. Based on all three
criteria combined, the data indicated superior healing on the
treated side (WIlcoxon test, P < 0.01)(71). When the criteria
were evaluated individually, clinical union, but not histologic-
al appearance, was statistically inproved on the treated side

(P < 0.05 (71).

In a simlar study (72), the investigators stabilized the
bone using an intramedullary rod through the silicone bl ock
Ei ght weeks later, the rod and bl ock were renmoved and a titanium
cathode was placed in the defect. Rigid external fixation was
achi eved via transtibial pins connected by stainless—steel rods.
The procedure was perfornmed unilaterally on 30 dogs, which were
recovered at 4, 8, and 12 weeks after inplantation of the
titanium Half the animals in each group were stinulated using
20 pA (a platinum wire in the thigh was the anode), and the
remai ning animals served as controls. The response in the
controls indicated progress toward a nonunion. An osteogenic
response was observed at 4 weeks, both radiographically and
hi stologically, but the extent of the response appeared to
decrease at B and 12 weeks (72). An opposite trend was seen in
the stinmulated animals. Significantly |ess bone was present in
the stinmulated |inbs conpared to the controls at 4 weeks, but
significantly nore bone was present at 12 weeks after initiation
of current flow In contrast to the report of Friedenberg et al
(73) the bone that fornmed at the cathode did not occur in direct
apposition to the wre.

The DC resistance (about 50,000 Q) and the AC inpedance
(200500 Q) each remmined essentially constant throughout the
12—week period (72). This data tends to deval uate any hypothe-
sized inmportance of the role of tinme dependence of the electric-
al properties of bone in determining its biological response to
an i npressed vol t age.

It is difficult to understand why the osteogenic response

that occurred in the stinulated limbs following the second
surgi cal procedure was reduced at 4 weeks, but increased at 12
weeks postoperatively conpared to the control (72). It's as if

the DC current sent two signals: one to build bone, and one to
retard the process of bone building that had been triggered by
anot her factor (removal of silicone block and intranedullarv
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rod). Over tine, their relative inportance reversed, and the
bal ance tended to favor the bone—buil ding process.

THE MEDULLARY-CANAL MODEL

Friedenberg et al. (73) developed an aninmal nodel in which
the role of the healing response to a defect in cortical bone
was el i m nated. A stainless—steel electrode entered the tibia
of a rabbit at the level of the tubercle, and was passed down
the shaft such that its uninsulated portion (1 cm was |ocated
about 5 cm distal to the drill hole. The medul lary el ectrode
was operated as a cathode, and the electrical circuit was com
pl eted using an anode in the soft tissues of the thigh. DC
current was applied for 21 days, and nonitored regularly
t hroughout the treatnent period. The anmpunt of intramedullary
bone growth that occurred in a 2—em section of the bone centered
over the 1-em exposed portion of the el ectrode was neasured.

A technique was developed to quantitate the extent of bone
formation in the nmedullary canal. A grid was superinposed on a
cross—sectional inmage of the bone at the |evel to be neasured,
and the nunber of intersections on the grid that overlaid bone
was determ ned and converted into an index that expressed the
percentage of the nedullary cross—sectional area occupied by
bone. Merely placing the electrode in the medullary canal caused
an increase of 1-2% of new bone growh in the canal. At 5320 pA,
the portion of the cross—sectional area of the canal occupied by
new bone was increased to about 5% indicating that bone callus
formed around the cathode. Animals that received 20 pA
exhi bited about 20% new bone growh in the canal (nore than 10
times the anount of bone produced by the inactive control
el ectrode). Again, no histological changes occurred in the
cortical bone adjacent to the callus. The highest current that
could be accommdated by the walling—eff response alone was
20 pA. At 30 pA, only 14% new bone was formed, and there was
hi st onor phol ogi cal evidence of tissue damage including destruc-
tion of marrow elenments, enlarged Haversian canals In the
cortical bone, and enpty |acunae. These observations were nade
in 2 of the 6 aninmals that received 30 pA, in 4 of the 6 animals
that received 40 pA, and in all animls that received 52 or
100 pA. Even at 100 pA, the extent of the reaction did not
i nclude the periosteum which was unaffected in all animals.
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I ncreased vascularity in the marrow cavity was al so reported

I ncreased vascularity, and the absence of mechanica
instability at an injury site are factors that, separately,
favor intramenbranous bone formation (14), and this is what was
observed (73) (cartilage was encountered only occasionally).

Hi st ol ogi cal exanination of the DC—+nduced intranedullary
bone revealed that it resenbled a well —devel oped fracture call us
(73). The inplication, therefore, was that electrically induced
bone was actually reparative bone and that the cells responsible
for its formation were the same as those responsible for bone
formation following a non—electrical stimulus. This idea was
supported in a study in which the intramedullary nmodel was
nodified to allow for recovery at 2-28 days after electrode
insertion (bilateral inplants, with 20 pA delivered to the right
tibia) (74). Cells having essentially identical ultrastructura
characteristics appeared on both sides (74). Even when initia-
tion of electrical stinulation was delayed for 28 days follow ng
surgical insertion of the electrode (to allow for the trauma of
insertion and the osteogenic effect of the presence of the wire
in the nedullary canal to becone a mninmum, distinctive ultra—
structural characteristics on the stinmulated side were not
observed.

ROLE OF SIGNAL ELECTRICAL CHARACTERISTICS

Perhaps the npst interesting aspect of the DC—+nduced
callus formation reported by Friedenberg et al. (65,73) was its
apparent localization to the cathode —the observation fit well
with the original rationale (56) for applying DC current to
bone. But in 1972, Richez et al. (75) used platinum el ectrodes,
and did not observe a polarity—dependent effect. Three holes
(2 cm apart) were drilled into the medullarv canal of the
hunmerus of rabbits, and a platinum el ectrode (an anode, cathode
and control electrode) was placed in each hole. A current of
50 pA was passed for 1 second, and during the next second the
stimulating electrodes were short-circuited. Stinulation was
adnmi ni stered continuously for up to 3 weeks. A second treatnent
group received 250 pA for 1 second followed by a short-circuit-
ing that lasted 9 seconds. A simlar osteogenic response was
seen at both active electrodes in the medullary canal,
consisting of the formation of a trabecul ar network surroundi ng
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the electrode. The inactive electrode was sinply covered wth
fibrous tissue. No differences in response were seen using the
two stimulation signals (75).

O her reports also indicate that electrical polarity is not a
fundamental factor in electrical osteogenesis (76—%9). Two
paral | el osteotomies, 0.4 inches apart, were nade normal to the
sagittal suture and posterior to the coronal suture in the
calvaria of rabbits (76). The defects were stinmulated 15
hours/day, 6 days/week, for 3 weeks using platinum el ectrodes
(anterior anode). The amunt of bone present in the defects at
sacrifice was determ ned by measuring the optical density of
hi gh—+esol uti on radi ographs of the excised calvaria. For reasons
that were not explained, the control anode exhibited |ess
healing than the nore posteriorly located control cathode (4%
vs. 35% . When the defects were stinulated using 10 pA DC, the
anount of bone present at the electrodes was increased by
roughly the same proportion at the anode and the cathode (4%
increased to 8% conpared to 35% increased to 65% (76).

A current of 7.5-30 pA administered via platinum el ectrodes
i nside the proximl netaphysis of rabbits produced alterations
in the trabecular pattern (77,78). A reparative response occur-
red consisting of woven bone, and the histonorphol ogical pattern
was the same for both anodes and cathodes at the proxinmal meta—
physis (in each case the other electrode was placed near the
di stal metaphysis).

In 20 dogs stinulated for 4 weeks via intranedullary elec-
trodes, significantly nore bone growh was seen at the anode as
conpared to the cathode (el ectrode material not specified) (79).

Current density can be an inportant factor in determ ning
the magnitude of an osteogenic response. In a study by Chanoun
et al. (SO, two kinds of 1.4-—+m-dianeter stainless—steel
cat hodes were used; one was threaded (3 threads per mm, and the
other was insulated except for S holes, 7.36 nm in dianeter,
that were drilled traversely through the el ectrode. The current
density of the threaded electrode was smaller by nore than a
factor of 100, and It produced 20 tinmes as nuch bone in the
medul | ary canal (evaluated after 21 days’ treatnent) when both
el ectrodes were powered with 20 pA (80).

Brighton et al., in 1981, presented evidence to indicate
that pul sed DC currents were | ess effective than DC current in
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produci ng an osteogenic response in the rabbit nedullary cavity
(81). Stainless—steel electrodes were inplanted. bilaterally in
rabbits, and one side was stimulated with DC while the other
side was stimulated with | —sec current pul ses having an anpli -
tude equal to that of the DC current (20 pA). The pul se repeti-
tion rate was varied from 10—+50 Hz, but the pulsed current
of fered no advantage over direct current (Table 1).

IN VITRO STUDIES

Norton and More exposed pieces of 5-day-eld rat calvaria in
tissue culture to intense, |ow+frequency electric fields
(100 kV/m 5 Hz), in an experinment to deternine whether bone
devel opment could be altered via the converse piezoelectric
effect (82). Aberrant growh consisting of the formation of
woven bone trabecul ae was described. It is not possible to rule
out a direct effect on the bone cells, or other phenonena such
as an ozone—nedi ated effect (ozone is frequently associated with
hi gh—+ntensity electric fields). Nevertheless, the report
provi des sonme evidence that external electric fields can alter
bone devel oprment in vitro.

An inportant experinment by Treharne et al. denonstrated
that electrical energy could produce an osteogenic response
invitro (83). Fetal rat tibiae were grown in vitro for 8 days

during which time they were subjected to 520 pA DC The
current was adm nistered by passing a pointed stainless—steel
cat hode through the bone surface into the nedullary canal. The
circuit was conpleted by operating the stainless—steel raft on
which the hone was placed as an anode. The thickness of the
bone wall in the vicinity of the penetrating cathode was neasur-
ed, and the tibiae that received 10 pA were nore than 50% t hi ck-
er than the controls. At 20 pA, the DC—nduced increase in bone
t hi ckness was about 80%

It follows from the Treharne et al. study that applied
nmechani cal forces, the presence of neural tissue, and substances
i n autol ogous blood are all not required for electrical osteo—
genesis. In at |east one instance electrical osteogenesis was
observed in culture nmedia that |acked the fetal calf serumthat
was usually present (110); this suggests that no bl ood—born
substances are required for the effect. It would have been
interesting to determine whether electrically—treated culture
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medi um woul d have produced simlar responses in bone growth,
thereby directly inplicating the electrochem cal products
produced at the el ectrodes.

Aro et al. (84) cultured callus fragments from 9—day rat
tibial fractures, and cells that grew out of the explant were
i nnoculated into 3.5 of culture nedia and electrically stinu-
lated (100 pA pul ses, 8 nmsec duration, 0.8 Hz repetition rate)
using platinumiridium electrodes. Cell confluence was reached
about 80 hours after innoculation. The stimulated cell cultures
showed a transient increase in tritiated thymn dine uptake (but
not in numbers of cells) at 33 hours after innoculation. The
authors interpreted the study to indicate that cells from
fracture callus were sensitive to electrical signals in vitro
but an equally valid interpretation is that the cells responded
to the el ectrochem cal byproducts produced at the el ectrodes.

CLINICAL STUDIES

The first systematic controlled study of the clinical
efficacy of electrical osteogenesis was a report by Jorgensen
i nvol ving accelerated fracture healing. He devised a clinical
procedure for characterizing the degree of healing of tibia
fractures (85-87), and applied it to the determ nation of the
effect of electricity (88).

The procedure was built around an external fixation device
commonly used to stabilize fractures of the long bones (Hoff—
mann). The stabilization device itself consisted of 2-3 pins
drilled into the anteronedial face of the bone, 6 cm proxinal
and distal to the fracture site, and a metal bar that was
attached to the pins to prevent novenent at the fracture site.
The bar could be replaced by a unit consisting of two separate
metal bars and a mcronmeter, designed such that the mcroneter
would directly register the relative displacenent of the bar
ends along their axis when the tibia was |oaded in bending. For
the small deflections involved in evaluating the nmechanical
strength of the healing fracture, the angular deflection of the
tibia when subjected to bending could be evaluated as the
quotient of the mcrometer reading and the distance of the
measuring axis to the center of the bone (85). The leg was held
by the exami ner proximal to the proximal fixation screws, and
| oaded 6 cmdistal to the distal fixation screws with a force of



680 MARINO

5 kg (the bending plane was perpendicular to the anteronedial
surface of the tibia). Wrking with autopsy specinens, Jorgensen
found that the average deflection of the intact bone in wonen
(average age 60) was 0.40, and the average deflection in men
(average age 65) was 0.20 (85).

In a group of patients having tibial fractures fixed wth
t he Hof f mann appar atus, Jorgensen neasured the tibial deflection
at a tinme in the healing process at which the patients were
clinically judged to be capable of full weight—-bearing. Readings
were made in the anteromedial and the posterolateral direction
(which tended to open and <close the mcrometer gap,
respectively) and then averaged. In 40 patients with fractures
in the nmddle or distal third of the tibia, he found that 32
patients exhibited a deflection of 10 or less at the time they
were judged to be clinically healed (86,87). Thus, a deflection
of I° was associated with full weight—kearing in a healing
tibial fracture.

In another study, patients with fresh tibial fractures
(2—0 days) were given electrical stinmulation via the trans—
tibial nmetallic pins (88). The applied current consisted of a
constant component of 20 pA, and a 1-+z conponent (intended to
simul ate signals that may be produced during wal king) that had a
peak value of about 500 pA Following stabilization of the
fracture, the patients were randomi zed into treatnment and non—
treatment groups, and the tinme required for healing to proceed
to the point where the fracture was stable (exhibited |ess than
1° of bending) was deternmined. The polarity of the pins was
reversed periodically throughout the course of the treatnent.

The data showed that the clinical endpoint was reached nore
quickly in the stinulated group. In the series of 57 patients,
87% of the stinulated patients were healed (by the 1° endpoint)
within 3 nonths, whereas only 45% of the control patients
exhi bited the endpoint (P < 0.001).

The patients apparently received continuous stinulation,
but neither the extent of patient conpliance nor the dependabil —
ity of the stimulating device was discussed. It seens likely
that there were significant times during the healing periods
during which there was no stimul ation.

Anot her study in which DC current was enployed in an
attenpt to hasten the normal healing process in patients was
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reported by Mazureik and Eriksson (89). Forty patients with jaw
fractures (anterior nental foranen) were treated with 1020 pA
via a platinum cathode percutaneously placed near the fracture
site. The extent of the mobility of the fracture site was
assessed clinically after 14 days. O the 40 patients treated,
36 had a nobility rangi ng between excellent and good, whereas of
40 control patients, 35 had an estimated nobility between poor
and fair. There was no difference in nobility between the groups
after 6 weeks (the full period of immbilization of the jaw
fracture in the study). The mobility of the jaw fracture in 5
stimul ated patients and 5 control patients was quantified
enpl oying a device that neasured the displacenment of the bone
fragnents that occurred when a standard (1 kg) force was
applied. The data parallelled the <clinical observations
(Figure 1).

The nost frequent clinical use of electrical osteogenesis
i nvolving DC el ectrodes has involved the treatnent of nonunions,
which are fractures (usually of the long bones) that have failed
to heal as expected. Several investigators have reported data
from small groups (90-92), but the nost conplete studies have
been performed by Carl T. Brighton, an orthopaedic surgeon at
the University of Pennsylvania, and his coll eagues (93-96).

In the Brighton procedure, electrodes were drilled into the
nonuni on site such that the bare tip (1 cn) of each stainless—
steel cathode cane to lie directly in the nonunion site (usually
in the fenur or tibia). The wires enmerging from the leg were
bent parallel to the leg and connectors were clanped to the
exposed ends; the anode was a conducting pad placed on the skin.
The power source was attached to the electrodes via the
connectors and enclosed in a bandage, and a plaster non—wei ght—
bearing cast was applied. Electricity flowed continuously for
12 weeks, and was nonitored once every 4 weeks. Follow ng
12 weeks’ treatment, the cast and electrodes were renmoved and
X—+ays were made. Typically, the X—+rays showed only little
healing at this stage of treatment, and continued inmmobilization
for another 12 weeks, without electricity, was provided. The
initial report involved 57 patients who had an average duration
of nonunion of nmre than 3 years (93). Among the first
18 cases, were 4 cases involving nonunion of the nedial
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FIGURE 1. Average displacenent of bone fragnents for an applied
force of 1 kg in patients with mandi bular fractures (N =5 in
each group) (89). (a), (b) treated and control patients,

respectively.
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mal | eol us; each was treated using 10 pA, and each heal ed. One
of 2 nonunions in the clavicle healed, but only 2 of 12 non—
unions in a long bone healed. The data was interpreted to
i ndicate that 10 pA adninistered via one percutaneous el ectrode
was sufficient for a small bone |like the nmedial nalleolus, but
was insufficient for a larger bone like the tibia. The use of 4
el ectrodes for the tibia or femur then became the standard
procedure, with each el ectrode delivering 20 pA. O the next 39
patients treated, 28 healed during the first attenpt (72%.

The investigators concluded that the healing was due to
electricity alone, and was not due to the cast inmmopbilization.
They reasoned that since the average duration of nonunion prior
to treatnent was 3.3 years, it would be unlikely for 12 weeks’
i mobilization alone to have brought about the therapeutic
result.

The argunment is obviously not conclusive, but it is plausi-
ble. To nmerely cast inmmobilize a 3—year—eld nonunion is not a
recogni zed therapeutic treatment. It therefore seens unjustified
to impute a therapeutic consequence to this step when it is
enpl oyed as part of a treatnent reginmen.

A factor that could falsify the assessnment that the healing
was due to electricity alone is the effect on the bone associ-

ated with drilling in the electrodes (which were actually
Kirschner wires). In sone cases the el ectrodes were passed into
the nonunion gap through soft tissue, but in other cases they
were drilled in through cortical bone. The investigators did
not distinguish which technique was used in the various cases.
A healing response will be initiated by the trauma associ ated
with drilling through bone. Indeed, that was one of the reasons
for devel oping the nedull ary—eanal nodel (73). The possible

role of nechanical stimuli delivered to the treatment site al so
does not seem to have been adequately considered. Although
i Mmobilization alone is not likely to have been a therapeutic
factor, the chronic nechanical stimulation delivered to the
treatnent site by small nechanical motion of the ends of the
K—wires that protruded through the cast renmins undeterm ned.
Recent evidence (97) indicates that nechanical notion of a
per cut aneous wire can produce an osteogeni c response.
In 1979, a corrected success rate of 84% was reported in a
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series of 168 patients, 72% of whom had had previous surgery
(94). The use of technitium was developed to help identify
patients that had devel oped synovial pseudarthroses, and who
hence were not suitable candidates for the DC stinulation proce-
dure (the synovial pseudarthrosis rate was about 6% . In 1981, a
success rate of 79% in a series involving 189 nonunions was
reported (95). Conparable results were found by 12 participating
i nvestigators (72% of 80 nonuni ons heal ed) (95).

In the final series involving 478 nonunions, the average
uncorrected healing rate was 66% (96). This series included all
patients treated with direct current, including those treated
early in the study when the technique was initially being intro-
duced into the clinic, with no patients having been lost to
foll ow+wp. The healing rate of the tibia, the nobst frequently
represented bone in the series, was 72% and the |owest rate of
heal i ng occurred in the hunerus (33% of 45 bones treated). From
an analysis of the failed cases, a series of practical clinical
consi derations was identified that, if followed, significantly
i mproved the healing rate.

DISCUSSION
CHARACTERIZATION CF ELECTRICAL OSTEOGENESIS

El ectrical osteogenesis (EOQO is the production of ortho—
topic bone by use of electricity — for purposes here,
el ectrode—delivered electricity. In a typical ED study, a bone
lesion is created, and electrodes are placed in the bone. The
lesion itself, chenmical activity of the electrodes, and nechan-
ical nmotion of the electrodes each produce an osteogenic
stimulus. An acceptable inmputation to electricity alone of a
causative role in the bone growmh nust involve suitable controls
for these stinmuli, and it is this additional anobunt of bone that
is properly described as being caused by electricity.

The existence of electricity—produced bone can be estab-
lished by quantitative norphonetry (73), which is a technique
that determines the anmount of new bone in a standardized histo-
| ogi cal plane (93). Since EO pronotes callus formation (66-—69),
mechani cal testing in three—point or four—point bending is also
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a useful quantitative method for characterizing electrica
osteogenesis. Additional callus often stiffens and strengthens
healing bone (65). The technique of qualitative histol ogy
consi sts of subjectively characterizing the histol ogical appear-
ance of the treatnent site in terms of an arbitrary nuneric
scale (99). The nethod is wuseful if the animal nmopdel is such
that the DC current does not cause both osteogenic and osteo—
lytic changes (71,73). Attenpts have been nade to assess EO
using radio tracers such as strontium and technetium (62,71) but
wi t hout significant success because radio tracers do not
preci sely delineate any particular stage in bone healing (100).
Anal ysis of X—rays, either densitonetrically (76) or nore typic-
ally by subjective evaluation (61) is frequently incorporated
into EO studies, but historically it has not proved useful for
quantifying electrically produced bone.

Many paranmeters such as current density, frequency or
repetition rate, polarity, and electrode netal can affect
el ectrical osteogenesis, but the dominant influences are exerted
by the magnitude and duration of the current. In actuality, for
no discernible reason, nost animl studies have involved
1020 days duration of treatment, and npbst hunan treatnents have
i nvol ved 84 days. Consequently, current strength energed as the
experinentally inportant variable. There is broad agreenent in
the literature concerning the effects of nagnitude of current on
el ectrical osteogenesis in animal systems and patients: bel ow
1-5 pA, either no response or only a mnimal response is
observed; at 5-—20 pA, a maxi mum EO response occurs, acconpanied
by only a mininmal osteolytic response. Above 20 pA, the relative
i mportance of the stimulation and destruction effects of
electricity are progressively reversed —by 100 pA, destruction
of bone is the conpletely dom nant process.

Polarity is a relatively uninmportant factor in EO produced

via inert electrodes such as platinum (75-%9). VWhen active
el ectrodes are used (such as stainless steel) the anode decom
poses and liberates ions into the tissue. St ai nl ess—st eel

anodes are not suitable for use in bone (73), and chem cal
toxicity of the electrode material is probably the underlying
reason.

Al ternating—eurrent (AC) signals —usually chosen to nmimc
an hypot hesi zed endogenous si gnal —of various types have been
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TABLE 1. Conparison of the Effectiveness of Pulsed vs. Constant
Current (20 pA) in Stimulating an Osteogenic Response in the
Rabbit Medullary Cavity (81). N = 5% in each group. Total
charge associated with control current (DC), 36.3 coul onbs.

PERCENT MEDULLARY CAVI TY

PULSE FI LLED W TH NEW BONE
FREQUENCY CHARGE
(Hz) (coul ombs) Pulsed Current Control Current (DC)

10 0. 36 2. 8+0. 8* 17.8+1. 7*

50 1.8 3. 5x2* 19. 8+1. 2*

100 3.6 5.2+1. 2* 19.9+2. 1*

200 7.3 6. 8+1. 5* 20. 6%1. 6*

500 18.1 12.1+2.1 18. 8+3

750 27.2 13.3+0. 7 16.9+1. 8
P < 0.001

enpl oyed to stinulate EO, but none has successfully denobnstrated
any advantage of AC over DC The present evidence indicates
that EO is related primarily to total charge passed through the
el ectrodes, and consequently to signal repetition rate
(Table 1).

Bone growth caused by electricity is reparative in nature,
and consists initially of intramenmbranous woven—bone trabecul ae
that ultinmately become renodel ed and replaced by |anellar bone
as occurs with any other injury. There exists no electrically
speci al i zed bone cell (74).

CLINICAL APPLICATION

The question of the clinical wutility of EO involves three
di stinct issues, each of which requires its own nmethodol ogical
approach. One issue involves consideration of whether a thera-
peuti c phenomenon occurred as a result of the treatnent that
enpl oyed EO. Every clinical course of treatnment involves nany
factors such as inmmbilization, drugs, physical therapy, and
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patient notivation, and each factor obviously has sonme role in
the overall result. Wthout attenpting to apportion percent
success anong various factors in a treatnent reginen, one nay
validly ask whether a particular regimen that enployed EO
produced a degree of success greater than that produced by a
regimen not using ED. ldeally, this issue is addressed by a
prospective clinical study in which the use of EO is controlled
by the inclusion of a group of patients receiving standard
therapy. A distinct issue, one that frequently cannot be

addressed because of ethical or practical considerations, is
whet her a specific factor in a treatment regi men produces a
therapeutic result —that is, its inclusion is associated with
a higher success rate than its exclusion, all other factors

remai ning constant. This issue can be addressed experinentally
only by controlling for the putatively responsible factor. Thus,
el ectrodes would be inplanted in two groups of patients nmatched
for all pertinent characteristics, but electricity would be
applied in only one group and all other aspects of treatnent
woul d be identical in the two groups. Under these conditions, a
hi gher success rate in the stinulated group could properly be
attributed to the use of electricity.

The third, and nmost difficult issue, involves consideration
of the <clinical value of the contenplated treatnent. A
determ nation of value comes about as a result of the exercise
of clinical judgnent. As | have observed the process, ideally it
proceeds in the followi ng manner. The clinician considers data
provided by a controlled clinical study and wei ghs the percent
success associated with the new therapy against that provided by
the standard therapy. A second, distinct, weighing involves the
norbidity and convenience of the two courses of treatnent. The
clinical judgnent of value comes about as a kind of overall

wei ghing. |If the new therapy is only as good as standard
therapy, it will likely have only miniml value unless it is
significantly nmore convenient or results in significantly |ess
norbidity.

Figure 2 depicts an idealized tine course of healing of a
fracture. The pivotal point in the process is the tine at which
the injury is judged to be clinically healed. At that point
i mobilization devices can be rempved, and the patient can
return to a relatively normal lifestyle. A treatment that safe—
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ly shortens time to clinical healing (Figure 2b) may have

value. If the treatment produces an effect on healing only
before (Figure 2a) or after (Figure 2c) the occurrence of
clinical healing, it is unlikely to have clinical value —

irrespective of whether EO actually occurred.

Jorgensen showed that a particular conbination of AC and DC
current hastened the tinme to clinical healing in patients wth
tibial fractures (88). Since the control patients also had
transtibial pins, but no electricity, the aspect of the therapy
that produced the increased healing can properly be attributed
to the EO. The clinical value of Jorgensen’s treatnent however
is dubious for at least two reasons. A significant effort is
required to maintain the integrity of the electrical circuitry,
and the degree of effort nay not be warranted by the degree of
the effect produced. Al so, Jorgensen’s technique |likely
i nvol ved sone norbidity as a result of corrosion at the trans-
tibial (presumably stainless—steel) fixation pins which served
as el ectrodes.

Masurei k and Ericksson, in their controlled study of
patients with jaw fractures, used platinum electrodes thereby
elimnating the norbidity associated with corrosion (89). But

it is not clear whether electrodes were also placed in the
control patients. Thus, although a therapeutic effect was
denonstrated, it cannot unanmbiguously be attributed to the EO

The existence of a therapeutic effect and the absence of norbid-
ity due to electrode corrosion are factors supporting clinical
use of the technique. The degree of patient conpliance required
to maintain the integrity of the electrical connections is a
factor tending in the opposite direction.

Sustained efforts using EO in the treatnent of nonuni on have
cone fromtwo groups (96,101). When EO via a titanium el ectrode
was combined with surgical notching of the treated bone, and a
hone graft, therapeutic results were demponstrated in an
uncontrolled study (101). But there is no data by which to
determ ne the elenent of the procedure that gas responsible for
the result —perhaps it was the EO perhaps not.

The nonunion studies of Brighton et al. were also uncontrolled
agai nst concurrent conventional therapy. But their patient
popul ation was sufficiently well characterized to permt a
reasonabl e conparison with historical controls (96). On that
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basis, the conclusion that the treatnent provided resulted in a
success rate at least equal to that of bone grafting seens
justified. A closer issue is that of the conponent of the
therapy that was responsible for the success. |nmobilization,
drilling through bone, and nechanical stimulus to the treatnent
site via the relatively stiff electrodes may have, either singly
or in conmbination, significantly contributed to the observed
success rate.

Wat ever the exact causative factors, the therapy produced a
result conparable to that obtained with standard therapy (bone
grafting), and with less morbidity than standard therapy
(because the percutaneous insertion of the electrodes is |ess
i nvasive than the full surgical procedure involving the harvest-
ing and transplanting of autol ogous cancell ous bone). The major
shortconming is the relatively high degree of patient conpliance
required for successful treatnment. It seenms to me that this
factor has mitigated against the clinical value of the tech-
ni que, thereby accounting for its relative lack of clinical
popul arity. If the duration of treatnment could be shortened
however, clinical judgment about the value of the technique
m ght be vastly different.

MECHANISMS

The literature is essentially silent on the question of the
specific factor at the cellular level that causes EO. For many
years Brighton has intimated that EO was caused or in sone
manner associated with a relative |ack of oxygen in the vicinity
of the bone—forming cells (102-204), but the data is weak (103),
and the counter—argunent is persuasive (105).

There is probably no specific nechanism for the production
of EO (106), any nmore than there is a specific cell by which it
i s brought about. When Kintscher placed a rusty iron wire in the
medul | ary canal of femurs in dogs, florid callus formation
ensued (19). Inflammatory agents such as croton oil also
produced extensive callus formation. \Wen |arge segnents of the
ulna in dogs were renoved, thereby suddenly increasing the
forces borne by the radius, it exhibited sudden and dramatic
callus formation, thereby increasing its effective cross—
sectional area (107). The application of heat also produced
callus formation (108).
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It seenms likely that any somatic stinulus delivered to the
bone—el|l systemresults in a comon—pat hway signal that ignites
ost eogenesis, and that electricity produces essentially the sane
effect as do the nore prosaic stimuli. The response consists of
bone callus conposed of woven hone, and denmonstrates both an
intensity threshold (below which no effect is produced) and a
maxi mum reparative response (above which bone is destroyed, not
produced). It proceeds via activation of resting osteoblasts
and stimulation of osteoprogenitor cells, and occurs within
24 hours following delivery of the stimulus (11,109). The
preci se nature of the compn—pathway signal actually present at
the cell nmenbrane is alnpbst as obscure today as it was when
Yasuda first considered the problem 30 years ago.

ENDOGENOUS ELECTRICAL SIGNALS FROM BONE

There are at I|east three endogenous electrical signals
associ ated with bone. The piezoelectric signal is produced when
mechani cal forces are applied to bone in such a way as to cause
shear along the collagen fibers (24). The piezoelectric signal
is not ordinarily manifested in bone containing a nornmal
noi sture | evel because the signal is inmediately neutralized by
the notion of free charges in the fluid bathing the bone
surface. In contrast, stream ng potentials can only be neasured
in moist bone. They arise from the notion of charges in the
di ffuse layer near a bone—solution interface (38). SEPs are
slowy varying electrical potentials that can be nmeasured on the
surface of bone, or on overlying tissue. The data presently
available is insufficient to establish their origin or their
significance in bone physi ol ogy.

One of the mpst fascinating, but unanswered, questions in bone
bi oel ectricity 1is whether piezoelectricity or stream ng
potentials (or both or neither) should be identified with the
feedback signal that regul ates adaptive renodeling. Pollack has
presented pertinent data regarding The inportance of stream ng
potentials (59). He neasured the potential manifested by npist
bone across its cortical thickness when it was mechanically
| oaded at 1 Hz. The potential gradients were radially directed,
and were correlated with osteonal structure: the potentials
changed sign depending on whether the osteon was in tension or
conpression. But, to ne, an even nore inpressive correlation



692 MARINO

LEVEL
1 )]
s
[
.Llhl-.'l!- Live 2 LEVEL
E I
NEQa e
i : :
5
-
4 -
[
=
T
o & 2
-
E \/\/\ T ‘
E 0
v a
E'l"'\-l_ i
&z
a

s Teriar Wi

e S T

el a
HHEE T ]

|
. -.-F'_—-'\-H.
', : \

CIRCUMFERENTLAL
FOSITICN

FI GURE 3. Piezoelectric surface—harge density as a function of
circunferential position at the indicated |levels (49).

f
II
AN\
I

BONE SURFACE-CHARGE DEWSITY

[ ]
\ __I_t::_j
];3
1




DIRECT CURRENT AND BONE GROWTH 693

bet ween bone anatomy and mechanically—generated electrical
signals is contained in MEl haney's data (49). He nmeasured the
surface charges that appeared on the surface of a human fenur
and, as described above, | previously reported a correlation
between the neasured charges and adaptive renodeling of the
femoral outline (50). In his original publication, ME haney
al so reported circunferential neasurenents of the charge density
at specific levels of the bone, and this data (which |I had not
previously analyzed) is displayed in its entirety in Figure 3.
Assunme that bone is deposited on areas exhibiting a
positive charge, and resorbed on areas exhibiting a negative
charge. Further, assume that the ampunt of bone deposited is

directly proportional to the magnitude of the charge. Under
these assunptions, MElhaney’'s data indicates the follow ng
adaptive response of the fermur to the applied Ioad. At

| evel s 1-4 bone deposition occurs on the nedial side, and
resorption on the lateral side. At levels 5—4 the pattern of
bone growth on one side of the bone and resorption on the other
side continues, but the side of the bone exhibiting growth
rotates clockw se (viewed from above), so that by level 7 growth
occurs only on the anterolateral face. Thereafter, a consistent
pattern of change occurs at levels 8-42 in which bone growth
occurs on the lateral side of the bone, and resorption on the
medi al side. The amunt of bone growth is greatest at levels
1041.

Future studies will determine the linmts of such an inter-
pretation of electromechanical data from bone. Do |ong bones
| oaded non—physi ol ogically generally yield a coherent renodeling
response enploying the listed assumptions |inking surface
charge, nmmgnitude, and polarity with bone—ell activity? |If
100 nmicrons of the bone surface is renoved, the piezoelectric
surface charge is dramatically altered (60). Al areas of such
a free surface were never sinultaneously in direct contact wth
bone <cells, and therefore should lack the structural
organi zation to be capable of eliciting an adaptive response.

A NEW BASIS FOR THE CLINICAL USE OF DC CURRENTS

The chronically adnministered factors associated with bene-
ficial effects on bone growth characteristically function by
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triggering bone's plasticity principle — orthodontic novenent
of teeth and straightening of malunited fractures are good
exanpl es. In contrast, electricity produces a reparative
response which is a fundamentally different process from adapt-
i ve renodeling. There is no established scientific rationale
for chronic adnministration of DC current to produce EO. Typic-
ally, chronic irritants are actually inimcal to healing.
Per haps EO produced by chronically adm nistered electricity is a
net result of overlapping acute reparative responses (73) or is
a response principally manifested only after cessation of stinu-
lation (96). This idea leads to consideration of the initial
cellular events following injury, and how DC current mght be
profitably used to enhance these events.

The initial cellular event after delivery of a stinmulus to
bone is the activation of osteoblasts lining the bone surface.
The osteobl ast pool existing prior to the injury is supplenmented
by mitotic activity from the osteoprogenitor cells, followed by
differentiation of sonme of the daughter cells. Useful data
regarding this process has been given by Tonna and Cronkite

The fermurs of 5—week—eld mice were nmanually broken, and the
extent of the periosteal cellular response was nmonitored for up
to 14 days by flash labeling with tritiated thym dine one hour
before killing (a technique that provides a measure of cells
undergoing mtoses within one hour of the time at which the
| abel is given) (11). The labeling index (percent of periosteal
cells exhibiting the label) in the controls remained at about 2%
t hr oughout the post—fracture period. In the fractured animals, a
response initially occurred at 8326 hours after fracture, and
peaked at 1-3 days (Figure 4a). The labeling index exhibited a
sustained activity of about 10% (5 tines nore than the activity
seen in the controls) during days 4-44. Wth 18-nponth—eld nice,
t he maxi mum | abeling index occurred at 4-5 days after fracture
(111) (Figure 4b). Thereafter, the |abeling index averaged
about 6% over days 6-34 (about 30 times the |evel of the
controls).

In another study (112), 5-—week-eld nice received fenoral
fractures on one side and O 25-a1 injections of either whole
bl ood, serum or saline into the soft tissue above the perioste—
un of the (intact) contralateral fenur. The injected substances
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produced identical increases in |abeling of about 9% (conpared
to 1% background); the labeling index in the fractured |egs was
about 16%

It seems reasonable to assune that, all other things being
equal, nore bone will be built per unit time when nore osteo—
bl asts are present. The mitotic activity of the osteoprogenitor
cells and the extent of differentiation of their daughter cells
are the two interrelated factors responsible for the production
of new osteobl asts. The nunber of new osteoblasts, B, on the n'"
day after an acute injury stimulus is

B= %an(l—an_l)!(Ln +1)P
n=1

where a, is the fraction of osteoprogenitor cells that differen-
tiate on the nth day (a, = 0), L, is the labeling index on the n'"
day, and P is the nunber of osteoprogenitor cells present at the
time of the injury. Enmploying Tonna's data for the first 4
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days following fracture in the younger nmce (Figure 4a), and
assuming that a,= a, = a; = a, = 0.2, we find that the osteo—
bl ast population is increased by 23% 23% 22% and 19% of the
initial osteoprogenitor pool on successive days. | f
a, = a, = a; = a, = 0.8, the corresponding increases are 94%
23% 6% and 1% Thus, the nunber of new osteoblasts is a result
of a conplicated interplay between the rates of |abeling and
differentiation. Any factor that increases L, and does not alter
a, produces an increase in osteoblasts on the (n+1)* day.

Because electricity is a reparative—eliciting stinmulus, it
too nmust result in a cell proliferative response sinmilar to that
reported by Tonna — but in the absence of a bone lesion. In
this view, sonme factor or conbination of factors associated with
the actual inflammtory reaction to the current —exudation of
| eukocytes, activation of tissue enzymes, tenporary tissue
hypoxia are possibilities — serves as the |ink between the
stimulus and the activity of the osteoprogenitor cell. Further-
nore, the osteoprogenitor response as deternined by the |abeling
index is, in some sense, proportional to the extent of the
injury (the response to a fracture was alnost twice that of the
response to O 25-n1 injections (112)).

Based on these considerations, | conclude that bone healing
(or augnented bone healing) can be brought about by acute adm n-
istration of DC current above some appropriate threshold to
produce a pulse increase in the nunmber of new osteobl asts,
followed by a second (and possibly subsequent) doses of DC
current at a tine when the initial increase in mtotic activity
has abat ed.

In a prelimnary test of this idea, bilateral slot osteot—
omes (7 x 2 mm were performed in rabbit mandi bles and a stain-
| ess—steel electrode was attached to the hone and brought out
through the skin in the area of the ramus (114). A current of
20 pA, negative polarity, was applied to one side, 4 hours/day
for 2-4 days, and the other side served as the control. The
extent of bone growmh into the slot at 8 days after surgery was
assessed qualitatively, and it was found that significantly nore
bone was present in the slot on the stimulated side in aninmals
treated for 2-4 days. In animals stimulated on one side for the
entire 8-day post-surgery tine period, no bilateral differences
in healing were observed (114).
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These observations did not involve quantitative measure-
ments of bone formation, and therefore nust be regarded only as
prelimnary observations. In addition, an effect on the rate of
fracture healing manifested as quickly as 8 days after surgery
is unlikely to have clinical significance because it probably
occurs at a time prior to clinical healing. Despite these
[imtations, the observation |lends sone support to the analysis
of the existing literature given above.

The possibility that relatively brief stimulation delivered
to an injury site during the inmrediate post—njury period (per-
haps up to a week) actually enhances healing mght significantly
alter present evaluations of clinical value of EO During an
open reduction of a fracture an electrode could be placed
directly over the periosteum or in the bony defect. The DC
current could be administered with external equipnent during the
period of hospitalization, and the wire could be renoved prior
to discharge as would be the case with any other tenporary
i ndwel ling device. If the DC current recruits additional osteo—
blasts in the absence of creating additional damage, and if the
addi tional increment of bone produced adds stability nore quick-
ly, then the functional result would be accelerated healing.
This process would not involve the basic step of direct conmmuni -
cation with bone cells; instead, the effect of the DC current
woul d be transduced to the common—pat hway signal that triggers
osteoprogenitor—ell mtosis. One advantage associated with
providing a stinulus that does not function at the basic |evel
of communicating directly with osteoprogenitor—ell nenbranes is
that the danger of sending the wong signal is proportionately
reduced. That is, since the osteoprogenitor cell itself is not
presented with a novel artificial environnent, there seens
little basis for concern about the possibility of triggering
undesirabl e neoplastic growmh (115).
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