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Physical Factors in Bone
Remodeling

Galileo first recognized the relationship between
applied load and bone morphology. In 1683, he
aoted a direct correlation beeween body weight
and bone size. During the next two centuries,
others observed that bone remodels, but Julius
Wolff, a German anatomist, was the first to link
.the two vital concepts. He noted that changes in
bone mass accompanied changes in load, through
the process of skeletal remodeling. In “The Law
of Bone Transformation,” published in 1892,
Wolff explained: “Every change in the function of
a bone is followed by certain definite changes in
internal architecture and external conformation in
accordance with mathematical laws.” Stated more
simply, form follows function. Although the mech-
anism by which bone cells cransform mechani-
cal or bioelectric signals into a useful biologic
response is not fully understood, Wolff’s observa-
tions are as valid today as they were nearly a cen-
tury ago.

Bone Architecture

The architecture of the proximal femur beau-
cifully illuscrates che general principle that the
external form and shape of bone as an organ and
the internal organization of bone a5 a tissue are
well adapted to the forces placed upon them.
There are dynamic internal forces as well as static
and dynamic external forces on bone. The inter-
nal forces are created by muscle contraction; the
external forces, by Earth's ubiquitous gravita-
tional field and by the dynamic compressive forces
of weight bearing. The upper half of Plate 36
depicts the bony trabeculae of the proximal femur
aligned along the lines of stress according to
Wolff's law. This intersecting network of trabec-
ulae is the biologic response to the sum of internal
and external physical forces on that region of the
skeleton. Both tensile and compressive trabeculae
are present and correspond to the lines of force.
Reduced weight bearing resulting from disuse or
immobilization leads to a progressive thinning
and eventual loss of trabeculae; those bearing the
least weight are resorbed first. A similar pattern
is seen in all weight-bearing bones, but the loss
of trabeculae is most dramatic in the axial skele-
ton, especially in the vertebral bodies, which are
largely made up of weight-bearing trabecular bone.

Mechanical forces also play a significant role
in the external shape of bone. For example, the
applied dynamic force of contraction of the glu-
teal muscles influences both the size and shape of
the greater trochanter. If these muscles are para-
lyzed during skeletal development (as in certain
types of poliomyelitis or in meningomyelocele),
the greater trochanter does not attain its normal
size and shape.

Bone Remodeling

Wolff's law is also demonstrated by the
straightening of a malunion of a long bone. With
time, growth, and weight bearing, a malunion
that has an angulation of as much as 30° will
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Bone Architecture in Relation to Physical Stress

Wolff’'s law. Bony structures orient themselves in form and mass to best
resist extrinsic forces (ie, form and mass follow function)
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Bone Remodeling in Response to Stress
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Malunion of long bone, with
angulation. During weight
bearing, compressive force
develops on concave side of
bone, and tensile force

Compression signals
osteoblasts to deposit
bone on concave side,
while tension signals
osteoclasts to resorb
bone on convex side

Bone thus remodeled to
a form best suited for
weight bearing. Although
weight bearing might be
expected to increase

develops on convex side

straighten complecely, ac least in the infanc and
young child (lower half of Plate 36). This phe-
nomenon runs contrary to the laws of biomech-
anics, since continued weight bearing should
cause an angulated structure to bend furcher until
fatigue occurs. However, the exact opposite hap-
pens and the bone straightens with growch.

What is the explanation of this phenomenon?
Some biologic or physical signal must arise from
the concave side of the bone at the site of the mal-
union, inducing the osteoblasts chere to lay down
bone, and a corresponding signal must arise from
the convex side of the malunion, stimulating the
osteoclasts there to remove bone. What is the
nature of this signal?

angulation, opposite occurs

Four independent research reams began look:
ing at chis problem, each adopting the hypothesi:
that if an important function of bone is physical -
namely, to bear load—then the signal chat direct:
bone formation and tesorption is perhaps a phys-
ical one. In the 1950s and early 1960s, Yasud:
and Fukada, Basserr and Becker, and Shamos anc
Lavine carried out studies to discover the naturc
of signals in stressed bone. Also in the early
1960s, Friedenberg and Brighton began looking
for signals in viable nonscressed bone. These stud
ies determined that two types of electric signal
(action potentials) are present in bone: srress
generated, or strain-related, potentials and bivelec
tric, or standing, potentials.
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Sreess-Generated Electric Potentials in Done

When bone is stressed, the concave side of the
bone (rhe wren under compression) becames nega-
rively charged, or eleceronegacive, and the convex
side of the bone (the seen under tension) becomes
posicively charged, or elecrropesivive (Plate 370
In che malunion of a long bone, the area of com-
pression, where new bone will be formed, is elec-
reanegacive, and che area under rension,

'\n\-“i'\":t‘

bone will he removed, is elecrroposicive. These
seress-generated potencials arise when che bone

I

stressed and are nor dependent on cell viabil-
ity Research has also shown that che electric sig-
nal arises from che organic and ned che mineral
component of bene, Thus, scress-generated sag-
nals arise even if che bone s toally decalcified.

Bioelectric Potencials in Bone

Bioelecuric potencials are measured from che siir-
face of nonsceessed bone (Plate 38}, Tn the inmer
tibia, ehe groweh plare-meraphyseal regaors are
slectrnacgative, whereas che diaphyseal, or
shafr, region is not, Whes o fracrure scours o che
chiaphysis, the ennre tbial surfuce becomes elec-
tronegarive, with a large peak of electronegariv.
ity occurring over che fracoure siee and persisoing
unet) the feacture heals, A second peak of elecrea-
negativity ocours over the farchest growth plate.
This lutter finding is fascinating because o frac-
rured exerenuty in a child frequescly exhibog
wvergrowth not ar the fracture sice bur in che
proweh plare near the end of the bone. The nacues
uf the signal diveceing the growth plate oo accel-
erace prowth has never been idencified, bue the
peak of eleccronegarivity over che growch plare—
meraphyseal area thas accompanies a macshals
frncoure may be such a signal,

Tir cletermine che souece of action porentials in
nonstressed bone, che tollowring experiments were
performed on a eahbit:

1. The wascular supply of the leg was inter-
rupee], yet the electeic potential over the proxi-
mal 7 cm of the tibia did noc change. Tha is, the
peak of elecreonegacivity in the proximal ribia
showed no significane change 30 minuces after
ligation of che vessels.

2. The sme result was found afcer the leg was
denervared.

J. Afeer injecrion of o cyeoroxic drsg (dini-
trnphennl), there was an immediace seatiscically
significant drop in the elececonsgative potennal.
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Stress-Generated Electric Potentials in Bone
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4. Animsito segmene of che oibi was subjecred
ro high-enesgy ultrsound waves, nnd s small seg-
ment of bone was killed. A corresponding staris-
cwcally significant drap in che elecree potenticl
ncouered cver the nonviable region,

Porentials arising from nonscressed bone are
called bioclectnic porencinls, menning thar chey
ise from Living bone. Such pocentiols are depen-
dent on cell vinlnlicy and noc on seess. Active
areas of groweh ancd repaiz are elecionegative,
3 l netive areas are elecerically neatral or

elecrrnpnsiTive.

Compressig,

Pressure appllad to free end flexes bone,
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lension] bocomes elaclropositive
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and convex side (under
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or piezoslectricity.

Theso plociric
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HE

Studies have alse shown chac che spplicacion of
small eleceric cuzeencs to bone stimulites oseeo.
genesis ac the site of che negacive electrede
frathede),

Warious in vitzo and an vive models have iden-
tified che processes and results of elecerically in-
cuced osteogenesis. (1) Given the proper cosrent
and voltage, bone forms oaly in che vicinity of che
cathode, wherens cell necrosis ocours around che
anode when stzinless seeel electrodes are used.
2] Resisrance rapudly increases bevween the elec.
croxles, [eading o a concomitant decrease in che
currenc, (1¥ a4 canstane current is to be maio-
rained, an accive power supply using 4 ransistor-
wed contiol cureent gireuic must be provided. )
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(3) Elecerically induced esteogenesis exhibies a
dose-response curve; n currene of less than 5 pd
delivered through a stuinless sceel cnthode does
nor produce csteogenesis; a current of % o 20 WA
produces progressively inereasing degrees of bone
formacion; amd a4 cussenc greacer than 20 wA
induces bone formation chat gives say 1o cellular
necroais, (4) Electricity can favombly influence
fractute healing i laborators animals, but for this
0 oceut, the eathede muse be placed directly in
the fraceure site, (53 Wich che proper current and
volrage, elecericicy can induce bone (ormacion in
the absence of trauma and o areas of inaccive bone
formacion, such as in the medullary canal of an
wdult animal. (&) The reaction ae the cachide
sesulrs in consumprion of oxypen and pro<ucrion
of hydrooyl radicals. (7} Pulsed direct current is
oo as effective as cons direct curcent in induc=
ing osteogenesis, (8) The electrically active area of
che cathode is ae the insuliticn-bare wire juncnon
and mensures appresimitely 0,02 mm; thersfors,
when erainless sreel is used as rhe cachode, the
acrual currene density 5 1 2 107" Afmm?,

In addition, elecericity can be induced in bene
by means of an eleceeic field wich the electric
appararus remaining complecely excernal n the
limb. The electric field can he inducrively ar
capacicively coupled o the bone, Tn induoce
coupling, 4 currenr varying wich time procuces
a cime-varving magnecic field, which 1o ruen
induces a time-varying electrie feld.

In capacitive coupling, an eleceric field s
indluced in bone by an exreenal capacitor (rwo
charged mecal plates are placed on either side of
the limb and aeeached o a veltage source), Several
seudies have shown thar boch conscant and pulzed
capacitively coupled elecrric fields van fwvorably
influence fracture repair in experimencal cabbits
and in the in viceo growth of the epiphyseal plate,

The mechanism by which electricity induces
osceggenesis 1s unclenr, Tt is known chat the cath-
ode consumes oxygen and produces hydreeey] eads
icals according ro che equation 2H,O + O, +
de” —+ 40H ", Thus, the oxyjren tension (PO} is
Iowered in che local cissue, and pH is mised in the
vicinicy of che cachode. Srudies have also shown
chat low Po, o cissue encourages bone forma-
cio: (L) low Po, has been measured at the hones
cartilage juncrion in che geoweh place and in
newly formed bone and carcilage in fracours cal-
‘uses; {23 oprimum in vicro bone geowrh occurs in
a low-oeygen (396) eovironment; and {3} cells of
the groweh plaze carrilage, as well as bone cells,
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Bioelectric Potentials in Bone
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fellow n precominantly anaerobic metabolic path-
way, Howell anc associates found that the pH in
the proweh plave ac the calcification front was
rather high (770 + [.03), suggesting that an
alkaline enviconment is fivorable ro the mineral-
seation of hone,

These logal miceoenvironmenial changes in the
wiciniey of the cachode lead indireccly e cellu-
lur changes thar ulcimately result in osteogenesis.
and cir-

meeivate the cell’s eyelic adenesine mencphosphare
{eyelic AMP) system —nctivarion of the incrcel
r. o7 second, messenger, which in turn acti-

wittes varicus enzyme systems within the cell o

bring abeut 0 specific physiologic response, Phys
il forces inceease production of cvclic AMP a
the sire of new bose formacion, If che cyelic AMF
sysrern ds indeed acrivared by elecericity, che elec-
tron or charge acts like a hormone in Being che
fist messenger to bone or cartilage cells. Srudies
by Moron and associates supporr chis hypoche-
sis. They dizcovered n significant increase in cy-
clic AMP in epiphysenl carcilage cells char are
subjected to an oscllating elecreic feld. [f chis
hypothesis is confirmed by further scudies, the
applicarion of elecericity in one or moee of its
forms may ennble che orchopedic surgenn o mod-
ulars groweh, maintensnce, and repaic of bone
andl cactilage. O
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