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Abstract

Biophysical stimulation to enhance bone fracture repair and
bone regenerate maturation to restore its structural strength
must rely on both the biological and biomechanical princi-
ple according to the local tissue environment and the type
of mechanical stress to be born by the skeletal joint system.
This paper reviews the possible interactions between bio-
physical stimuli and cellular responses in healing bone frac-
tures and proceeds to speculate the prospects and limita-
tions of different experimental models in evaluating and
optimising such non-invasive interventions. It is important
to realize that bone fracture repair has several pathways with
various combinations of bone formation mechanisms, but
there may only be one bone remodeling principle regulated
by the hypothesis proposed by Wolff. There are different
mechanical and biophysical stimuli that could provide ef-
fective augmentation of fracture healing and bone regener-
ate maturation. The key requirements of establishing these
positive interactions are to define the precise cellular re-
sponse to the stimulation signal in an in vitro environment
and to use well-established animal models to quantify and
optimise the therapeutic regimen in a time-dependent man-
ner. This can only be achieved through research collabora-
tion among different disciplines using scientific methodolo-
gies. In addition, the specific forms of biophysical stimula-
tion and its dose effect and application timing must be care-
fully determined and validated. Technological advances in
achieving focalized stimulus delivery with adjustable sig-
nal type and intensity, in the ability to monitor healing cal-
lus mechanical property non-invasively, and in the estab-
lishment of a robust knowledgebase to develop effective
and reliable treatment protocols are the essential pre-requi-
sites to make biophysical stimulation acceptable in the main
arena of health care. Finally, it is important to bear in mind
that successful fracture repair or bone regeneration through
callus distraction without adequate remodeling process
through physiological loading would seriously undermine
the value of biophysical stimulation in meeting the
biomechanical demand of a long bone.
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Introduction

It is well known that a bone fracture will repair and re-
model depending on the ensuing loading conditions (Wolff,
1986; O’Sullivan et al., 1989; Meadows et al., 1990; Aro
and Chao, 1991; Cowin, 1993). Both cortical and cancel-
lous bone morphology have been related to the structural
stress pattern based on theoretical analysis (Hart et al.,
1984; Rubin and Lanyon, 1984, 1987; Carter, 1987; Hart,
1990). Itis very likely that during bone repair and regen-
eration, the type of stress applied may dictate its material
and structural quality. In musculoskeletal system, the
biomechanical environment plays a key role in repairing,
maintaining, and remodeling of bone in meet its functional
demands. Based on this fundamental concept, many con-
nective tissue remodeling rules have been proposed to ex-
plain the repair process and their biological responses
(Chow et al., 1987). When the normal healing and
remodeling environment is absent or compromised, reli-
able and effective biological or biophysical stimulation may
be indicated.

Unfortunately, many of the basic biological and
biomechanical interactions affecting different connective
tissue response are poorly understood. Without this knowl-
edge, it would be difficult to identify the specific cell me-
diating mechanisms that regulate the normal or delayed
repair after bone fracture. Such biologic and biomechanical
interactions can help us to identify abnormal repair proc-
esses and uncover the enhancing factors for the purpose of
augmenting bone fracture healing or bone regenerate matu-
ration. Therefore, it has been the goal of many investiga-
tors to search for the relationship between biophysical fac-
tors and cellular responses under normal and deficient bone
fracture healing conditions. To establish the interdepend-
ence of biophysical stimulation and bone repair and
remodeling at the material and structural level, experiments
must be carefully designed and performed using appropri-
ate animal models to investigate these cellular and tissue
responses under different forms of biophysical stimula-
tion. When necessary, in vitro cell and tissue culture stud-
ies under well-controlled biophysical stimuli must be con-
ducted in order to isolate other confounding factors at the
systemic level. Without knowing the normal
histomorphometric and cellular responses associated with
different bone fracture healing processes in quantitative
terms, it would be nearly impossible to investigate poten-
tial stimuli to establish their efficacy in enhancing such a
complex biological process.

In any form of fracture fixation, bone fragments under
load will experience certain amount of relative motion,
which, by unknown mechanisms, determines the morpho-
logic features of fracture repair. Perren (1979) proposed
a brilliant hypothesis, the “Interfragmentary Strain
Theory”, which related the tissue response to the local
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Figure 1. The one-dimensional Interfragmentary Strain Theory of Perren (1979) G = gap size; d, d’, d”’ = fracture gap
motion; e = interfragmental strain. LEFT: The transformation of tissue type based on normal strain at the fracture
gap when fracture gap motion is smaller than the gap size. RIGHT: The transformation of tissue type in the gap when
gap motion is larger than the gap distance. In this case, the bone near the gap will be resorbed and thus making the gap
distance so that the interfragmental strain will reduce to < 100%. Unfortunately, when the gap becomes too large,
non-union or delayed-union may occur even with adequate fixation method and immobilization.

mechanical environment. The interfragmentary strain was
defined as the ratio of the relative displacement of fracture
ends versus the initial gap width (Fig. 1). Although such a
concept was an oversimplification of the biomechanical
response of the opposing bone and gap tissue, the underly-
ing phenomenon had successfully demonstrated the gov-
erning principle of mechanical intervention of tissue for-
mation and transformation. The fracture gap tissue and the
existing bone cortex remodeling appeared to follow this
rule to prepare for solid bone union. However, the time-
related changes in the external callus versus its local defor-
mation under assumed loading conditions did not seem to
fit the interfragmentary strain theory (Augat et al., 1998).

The original interfragmentary strain theory considered
only longitudinal strain along the axial direction (Perren,
1979). Analytical three-dimensional analysis (Cheal ez al.,
1991) revealed a complex gap deformation and multidirec-
tional principal strains not even considering the extramed-
ullary and intramedullary callus. There may also be addi-
tional regulating mechanisms for tissue differentiation dur-
ing initial fracture healing (Carter et al., 1988). Therefore,
the interfragmentary theory had its limitations although it
was intended to conceptualize the mechanism involved in
achieving “contact healing” or “gap healing” without
periosteal callus. A more general concept would be neces-
sary to deal with the biomechanical effects on fracture re-
pair under a new classification system (Aro and Chao, 1993)
based on histological appearance of the healing tissue
around the fracture site under different fixation methods.
This knowledge can guide us to explore additional biophysi-
cal stimuli to modulate bone union pathways. The main ob-
jective of this review paper was to discuss the logic, the
past research, future prospects, and the potential pitfalls
associated with the development of more appropriate mod-
els to clarify the relationship between biological relations
and bone fracture healing enhancement using different bio-
physical stimulation modalities. It is hoped that the knowl-
edge to be gained could also be expanded to the field of
limb lengthening through callus distraction and bone qual-
ity maintenance under osteoporosis.
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Physical Modulation of Bone Fracture Healing and
Remodeling

It has long been known that mechanical stimulation can
induce fracture healing or alter its biological pathway (Rand
et al, 1981; Brighton, 1984; Wu et al., 1984; Aro and Chao,
1991; Claes et al, 1997). Repetitive loading under small
strain and high frequency or overloading through elevated
exercise regime has been demonstrated to cause bone hyper-
trophy (Goodship and Kenwright, 1985; Rubin et al.,
2001). The added bone formation is also related to the di-
rection and magnitude of overloading which will affect the
internal state of stress of the repairing tissue. However, the
regulating cellular mediators responsible for such a phe-
nomenon remain unknown (Fig. 2). If the underlying ef-
fect at the cell membrane or cytoplasmic level could be
directly linked to the biophysical stimulant, effective and
reliable method to maintain or enhance bone regeneration
may be established for the treatment of difficult fractures
in patients with deficient osteogenic potential due to either
local or systemic abnormalities.

When the mechanisms for tissue formation at the cel-
lular level are understood and well defined, physiological
conditions or pharmacological agents may be developed
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Figure 2. Regulatory pathway for bone fracture repair
and remodeling with and without biologic or physical
stimuli.
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Figure 3. Relationship between the indentation hardness of the fracture gap tissue and periosteal callus and their
mineral density expressed in the computer units according to the gray level calibrated using a stepped wedge scale. (a)
Callus tissue under indentation test after bone mineral density measurement with subsequent tissue biopsy for ash
content analysis. (b) The non-linear regression relationship between indentation hardness values and the equivalent
bone mineral density measurement throughout the fracture healing process.

to accomplish the same callus formation and bone regenera-
tion effects without the mechanical interventions which are
often difficult to administrate under adverse conditions. How-
ever, the potential mechanoreceptors on the cell membrane
sensitive to stress/strain induced by electromechanical or
stream potential signals have yet to be identified. Such a
discovery, if successfully accomplished, can significantly help
to unravel the mystery of regulating pathway for connective
tissue remodeling and disuse atrophy, which has only been
theorized without validation. Before this is accomplished,
the clinicians treating bone fractures must understand that
there are different biological, physiological, and mechanical
factors which can have either positive or negative effects on
fracture repair at the tissue level. It is equally important to
recognize the possibility that mechanical loading may be the
only irreplaceable element in governing bone remodeling
following successful initiation of the fracture repair proc-
ess.

Surgical intervention and biomechanical environment
on fracture repair

Both rats and canines have been used as the experimental
animal models for manually created long-bone fractures or
surgically produced transverse and oblique osteotomies (Aro
et al., 1989; Aro et al., 1990b; Aro et al., 1991). Gap and
contact with and without static compression were used as
the fracture end conditions, while rods, compression plates,
and external fixators of different stiffness properties were
utilized as the means of studying the effects of several frac-
ture immobilization methods on bone healing patterns. In
addition, passive axial dynamization through relaxing the tel-
escoping mechanism on the side bar of an external fixator
was also used to study its possible effects of fracture site
compression on fracture callus and bone histomorphometry
(Aro et al., 1990a). Roentgenographic, nuclear scintigraphic,
static and dynamic weight bearing, histological,
biomechanical, cellular, and biochemical methods were used
to quantitate the histomorphometry, mineral density, and
mechanical properties of callus and newly formed bone in
order to identify the unique features associated with each frac-
ture type and fixation condition. The data associated with
different experimental conditions was used to characterize
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different fracture healing types previously identified or
yet unrecognized.

Under rigid internal or external fixation, fracture un-
ion morphology matched that of the contact or primary
healing mechanism, with direct osteonal migration across
the fracture gap. However, both periosteal and endosteal
callus and new bone formation were common, depend-
ing upon the loading condition and micro-movement at
the fracture site inherent to the specific immobilization
method used. Interfragmentary compression did not al-
ter the basic morphologic features of fracture repair, ex-
cept for the proportional reduction of periosteal callus.
Osteonal migration also occurred despite the presence of
fracture gap, although the woven bone within the gap had
transversely oriented collagen fibers laced with longitu-
dinal traversing osteons. When less rigid internal fixa-
tion (intramedullary nail without interlock) and external
fixation (smaller and fewer pins in unilateral frame) meth-
ods were employed, fracture repair followed the second-
ary healing mechanism with an abundant amount of pe-
riosteal and endosteal callus but without osteonal migra-
tion (Rand et al., 1981). The distribution of endochon-
dral ossification and intramembranous ossification de-
pended upon the biologic and biomechanical environment.
The transformation from callus to mineralized woven
bone occurred early in the healing period and increased
its volume to replace cartilage and undifferentiated tis-
sue (Markel ef al., 1990). This transformation was re-
sponsible for the mechanical strength or the cortical bone
as demonstrated by the mechanical indentation results in
different regions of the maturing callus in a fracture-heal-
ing model (Fig. 3).

Axial dynamization, both passively and actively, un-
der external fixation in stable and unstable fracture types
provided an increased amount and more uniform distri-
bution of periosteal callus (Aro ef al., 1990a). As the
load was transmitted through the fracture site after
dynamization, there were fewer pin tract problems due to
reduced pin/bone interface stress. However, changing
fixator stiffness by removal of excessive pins or connect-
ing sidebars did not show any positive effect on augment-
ing bone fracture healing. Without exception, weight bear-
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ing was proven to be important, especially in restoring the
fractured bone to its original mechanical strength. Finally,
axial dynamization was able to enhance more advanced bone
remodeling in distraction osteogenesis which is closely re-
lated to the loading response according to the Wolff’s hy-
pothesis (Windhager et al., 1995).

Effects of physical loading on fracture healing
pathways

To better describe the effects of mechanical and bio-
logical influences on bone fracture repair and remodeling,
a revised classification of bone union mechanisms (Chao
and Aro, 1989) was proposed to replace the oversimplified
primary and secondary bone healing types. The new classi-
fication was derived from the histological evaluation on
the absence or presence of secondary osteons across the
fracture gap. Periosteal callus could co-exist with osteon
migration when the mechanical environment at the frac-
ture site was appropriate. During fracture repair, there were
four basic new bone formation processes: 1) osteochon-
dral ossification, 2) intramembranous ossification, 3)
oppositional new bone formation, and 4) osteonal migra-
tion (creeping substitution). Bone regenerate through cal-
lus distraction is a combination of these basic bone forma-
tion processes. The type of bone formation processes and
their occurrence would vary according to many factors re-
lated to fracture type, gap condition, fixation rigidity, load-
ing and biologic environment. Regardless of the fracture-
healing pathway, mechanical intervention might be the only
means to assure bone remodeling after successful callus
formation and maturation in order to restore the bone to its
original structure and strength. It was proposed that the
same bone augmentation effect could also regulate bone
remodeling by establishing the optimal strain threshold (Fig.
4) as well as loading frequency but such a contention re-
mained to be validated especially in the light of the recent
interest of low bone strain as an anabolic stimulus for bone
quality maintenance (Rubin et al., 2001).

Basic Forms of Biophysical Stimuli on Bone Fracture
Healing

As early as 1955, Yasuda had already discovered the
Electric Callus phenomena and postulated that “dynamic
energy exerted upon bones is transformed into callus for-
mation” (Yasuda, 1955). Now after nearly a half century,
the ability to manipulate bone and other connective tissue
using external energy is still doubted by some in spite of
years of basic research and clinical investigations. Instru-
ments delivering low intensity pulsed ultrasound (LIPU)
(Heckman et al., 1994; Yang et al., 1996; Bolander, 1998),
pulsed electromagnetic fields (PEMF) (Bassett, 1961;
Sharrard, 1990; Eyres et al., 1996; Ryaby, 1998), low power
direct current (DC) (Brighton ef al., 1981; Brighton and
Hunt, 1986), extracorporeal shock wave stimulation
(ECSW) (Schaden et al.,2001; Wang et al., 2001), and the
low intensity high frequency vibration (LIHFV) (Rubin e?
al.,2002; Srinivasan et al., 2002; Tanaka et al., 2003) are
being promoted by the medical instrument industry with
mixed responses in the orthopaedic community. These are
the basic forms of biophysical stimuli but it is still contro-

75

Biophysical Stimulation on Bone Fracture Repair

. Bone
deposition
- Steady
state
Bone
resorption

Strain

Figure 4. The unknown strain threshold to be estab-
lished for bone formation or resorption. Such hypo-
thetical bone strain range, if exists, would probably vary
according to the type of bone involved and its healing
or degeneration stages.

versial whether these modalities produce different cellular
responses or they all follow a similar osteogenic pathway.
The importance of utilizing well-established in vitro tissue
culture models must be emphasized to supplement the cel-
lular study results for biophysical stimuli signal and dose
effect optimisation.

Biological response

Cultured cell and tissue subjected to different physical
and electrical signals of varying intensity in an in vitro set-
ting have been studied using the molecular biology and
histomorphological analyses. Single cell under carefully
controlled stimulation environment using specially designed
equipment was conducted to investigate the basic mecha-
nism of cellular response under stimulation (Bolander,
1998). Biochemical pathways activated in signal transduc-
tion under various types of electrical stimulation have also
been investigated on bone cells (Brighton ez al., 2001).
Various animal models from rats, rabbits, canines, sheep,
to horses simulating fresh fracture, delayed union, limb
lengthening, etc. were studied to evaluate the energy sources
and their dose effects on tissue response judging from the
radiographic, histomorphological, and biomechanical re-
sults.

The low intensity pulsed ultrasound was found to en-
hance fracture healing by stimulating earlier synthesis of
extracellular matrix protein, the aggregan in cartilage, pos-
sibly altering chondrocyte maturation through endochon-
dral bone formation pathway (Yang et al., 1996). Pulsed
electromagnetic fields stimulation was found to induce
osteogenesis through upregulating BMP-2 and BMP-4 in
osteoblasts (Bodamyali et al., 1998). The application of
direct current reduced local tissue oxygen concentration
which could transform polymorphic cells to bone (Brighton
and Hunt, 1986). Such mechanism also applied to mesen-
chymal cells associated with bone fracture hematoma. It
has been postulated that the extracorporeal shock waves
caused microtrauma or microfracture and induce
neovasculization through hematoma formation, which
would increase osteoblast or fibroblast activity (Wang et
al.,2001). Unfortunately, biological studies at cellular level
cannot provide reliable information on the therapeutic ef-
fect of biophysical stimulation on tissue response at the
system level.
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Figure 5. Effect of PEMF (Pulsed Electro-Magnetic Field) stimulation on delayed fracture union enhancement. (a)
The canine mid-tibia osteotomy gap model with externally mounted coil protected by a plexiglass guard and the
stimulator/battery backpeck. (b) The radiographic appearance of the stimulator coil centered at the osteotomy site

with bone segments stabilized by an external fixator.

Experimental results in animal models

In animal experiments, positive effects on bone frac-
ture healing enhancement were found consistently in dif-
ferent models and under a variety of biophysical stimuli.
The type of tissue formation in the bone healing process
was found to follow closely the cellular mechanism asso-
ciated with the specific form of energy. In a well-control-
led canine unilateral delayed union model, pulsed electro-
magnetic fields (PEMF) stimulation for one hour per day
for a total of eight weeks significantly increased weight-
bearing on the affected limb with higher mechanical strength
of the healing osteotomy due to increased periosteal new
bone formation (Fig. 5). Another striking finding in this
study was the effect of pulsed electromagnetic fields on
the reduction of cortical porosity in the bone adjacent to

the osteotomy when compared to the non-treated group (Fig
6) (Inoue et al., 2002). However, in a rabbit tibial length-
ening model, neither LIPU nor PEMF using the current sig-
nal type and dose had demonstrated any significant enhance-
ment effect on bone regenerate maturation (Tis et al., 2002;
Taylor et al., 2003).

Clinical use of biophysical stimulation

There are numerous clinical reports to support effec-
tiveness of biophysical stimulation on fresh fracture, de-
layed union, and bone lengthening. Several prospective,
randomized clinical studies have shown the efficacy of low
intensity pulsed ultrasound (LIPU) in stimulating bone for-
mation after fracture (Heckman et al., 1994, Kristiansen et
al., 1997), non-union (Xavier and Duarte, 1983), and bone
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Figure 6. (a) Effects of PEMF with two dose regimens (1 and 4 hour stimulation) on bone structural stiffness under
torsion in an osteotomy delayed union model when compared with the un-stimulated control group (data expressed in
mean value and standard error of the mean). (b) Comparison of the microradiographic results on new bone formation
at and around the osteotomy site between the PEMF stimulated side and the unstimulated control side. Please note the
much-reduced porosity in the intact cortex on the stimulated side.
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lengthening (Sato et al., 1999). Pulsed electromagnetic
fields (PEMF) stimulation has been in clinical use for nearly
30 years on patients with delayed fracture healing and non-
union and demonstrated its effect in a multitude of clinical
case reports (Bassett, 1989; Eyres et al., 1996; Ryaby,
1998). Double-blinded studies confirmed the clinical ef-
fectiveness of pulsed electromagnetic fields stimulation on
osteotomy healing (Borsalino ez al., 1988; Mammi et al.,
1993) and delayed union fractures (Sharrard, 1990).
Brighton ef al. (1981) conducted multi-center study of the
nonunion and reported an 84% clinical healing rate of non-
union with direct current treatment. Recently, Schaden et
al. (2001) reported 76% of non-union or delayed union
patients treated with one time extracorporeal shock wave
therapy resulted in bony consolidation with a simultane-
ous decrease in symptoms.

All these results would strongly support the efficacy of
biophysical stimulation as a therapeutic modality in bone
fracture repair and bone regenerate augmentation. How-
ever, current commercial devices need to utilize the avail-
able bioengineering technology to optimize instrument de-
sign and treatment protocol development to build biophysi-
cal stimulation on firmer foundation. Insufficient effort has
devoted to quantify the dose effect by considering time-
related tissue change as a factor to adjust the stimulation
signal intensity in the treatment protocol. Additional re-
search is required to specify field intensity and signal scat-
tering as a function of local tissue attenuation and applica-
tion variation. The basic science knowledge related to con-
nective tissue modulation through external energy stimu-
lation must be transformed into the technology of imple-
mentation, which could then be brought to the clinical arena
as a system under physician’s supervision to provide reli-
able and cost-effective enhancement on tissue repair, re-
generation, remodeling, and maintenance when indicated.
A grand vision of Non-invasive Tissue Engineering us-
ing biophysical stimulation needs to be shared by the in-
vestigators and clinicians as the ultimate goal of such thera-
peutic modality.

Future Effort Required in Biophysical Stimulation

In vitro cell and tissue culture studies are needed to
explore the existence of a cellular response to biophysical
stimulants. Under such an experimental setup, the basic
biological mechanism responsible for the stimulation ef-
fect as well as the potential pitfalls of such intervention
could be established. However, the conditions provided
for a single cell or a cell population in a culture dish could
not reproduce the actual environment in living tissues sub-
ject to physical loading. The same limitation may also ex-
ist in isolated tissue experiments in a bioreactor. There-
fore, useful feasibility studies prior to clinical trial must
rely upon well-designed animal experiments using models
from which the signal/dose effect on tissue augmentation
in response to a biophysical stimulation could be firmly
established and quantified.

Animal model selection
To establish bone fracture enhancement phenomenon,
animals that can be studied under a simple but well-con-
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trolled environment with fast response, minimum species
related variability, and low cost should be utilized. A large
number of animals could then be used in order to perform
time-sequenced studies so that the cellular events at differ-
ent time periods can be captured to fully quantify the ini-
tiation, passage, maintenance and possible reversal of such
an interaction. Various molecular biology techniques and
DNA probes must also be available to describe the interac-
tion at the molecular and cellular levels. In this type of ex-
periment, it may not be critical to specify the intensity and
distribution of the stimuli at the local tissue but data must
be carefully stratified against that from the sham control
group to rule out other confounding effects. Lower animal
species, such as rats and rabbits, would be ideal for such
purpose.

For definitive study at the tissue and structural level to
establish optimal dose, clinical indications and treatment
protocol, large animals with similar loading and physiologi-
cal conditions to that of humans should be applied. The
state of stress and strain of the local tissues will be deter-
mined through theoretical modeling under measurable ex-
ternal loading conditions. The reactive tissues in the model
should be allowed to undergo remodeling subjected to vary-
ing biomechanical loading and tissue histomorphological
changes as a function of time. Such studies, if properly
executed, will provide the essential data to isolate the ef-
fects of biophysical stimulation effects on tissue repair,
formation, remodeling and maturation from the normal
responses. Experiments of this nature will provide the va-
lidity of biophysical stimulation needed to rationalize its
therapeutic efficacy in clinical patient care with the neces-
sary knowledgebase and technical information to stage clini-
cal trial to assure treatment outcome quality assurance.

Mechanical manipulation in bone regenerate
Connective tissue manipulation is an important ortho-
pedic procedure in treating limb length discrepancy and
angular malformation. Such operative intervention has also
been used in the treatment of fracture non-unions (Ilizarov,
1989; Delloye et al., 1990; Marsh et al., 1992). The most
commonly applied technique involves callus distraction.
To effectively achieve such mechanical manipulation, a
waiting period after bone osteotomy is mandatory. The
length of this crucial time period varies and there is no ob-
jective guideline to estimate it in each case using available
information related to tissue compliance and cellular re-
sponse (Yasui et al., 1993). In addition, the rate of distrac-
tion remains controversial. It would be desirable if the rate
of bone distraction could be determined using a noninvasive
method of assessing bone regenerate’s biomechanical
strength thereby implement the optimal remodeling condi-
tions for bone (Windhager et al., 1995; Kassis et al., 1996).
Research pertaining to the interaction of biomechanical
forces and cellular responses will help to establish these
essential guidelines. Such experimental studies can also
provide useful information on applying proper compressive
loading to enhance the consolidation of the distracted tis-
sues. Similar investigations are expected to produce valu-
able information concerning the distractibility of vessels
and nerves in the same operation. It has been proposed that
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the type of stress applied to immature or undifferentiated
tissue, can dictate its regeneration fate (Carter et al., 1988)
(Fig. 7). If these connective tissue manipulation mecha-
nisms are well established, they can be utilized through
appropriate biophysical stimulation to form the required
knowledgebase for the ultimate goal of Non-invasive Tis-
sue Engineering.

Experimental bone fracture model for biophysical
stimulation study

Attempts have been made to relate loading conditions
to tissue formation during fracture repair. These investi-
gations were focused on relating the strain levels within
the hematoma and fracture callus which develop in the early
stages of fracture healing to the type of tissue that forms.
In general, areas of high strain and hydrostatic pressure
within the repair tissue would relate to formation of
cartilaginous tissue, while areas of low strain would in-
duce the formation of bone (Cowin, 1993; Huiskes and
Hollister, 1993; Claes and Heigle, 1996; Kuiper ef al.,
1996; Claes et al., 1997). In fracture models, high strain
within the repair tissue could be interpreted as
micromovement between bone ends at the fracture site,
which might inhibit bone formation. A predictive model
was developed to speculate the pattern of fracture repair
based on “fuzzy” logic (Ament and Hofer, 2000). Bone,
cartilage, fibrous and granulation tissue were modeled us-
ing a finite element analysis, with a set of empirically de-
termined “fuzzy rules” driving the healing process based
on the strain energy density and a vascularization factor. In
these models, significant geometric and material property
simplifications were used to model the fracture repair proc-
ess and only axial loads were considered. These assump-
tions plus the empirical rules proposed for bone healing
regulation making such model difficult to study the effect
and mechanism of biophysical stimulation.

In addition, fracture healing is highly sensitive to the
type of fixation devise employed, the local tissue environ-
ment, and the fracture gap condition under load. In most
immobilization conditions, a combination of endochondral
and intramembranous ossification processes are involved.
If the fracture site had some potential to initiate callus domi-
nant repairing mechanism, biophysical stimulation may have
less consequence in producing significant enhancing effect.
In bone lengthening or fracture under rigid fixation, how-
ever, a different mechanism governed predominantly by the
intramembranous ossification pathway would be more suit-
able in studying the effects of biophysical stimulation.

Cortical defect repair/remodeling model for
biophysical stimulation study

Unlike fracture repair, a cortical defect provides an en-
vironment in which loading increases the strain in the re-
pair tissue and the surrounding bone without introducing
micromotion. Hence, the repairing tissue would undertake
an intramembranous ossification pathway (Fig. 8). The
strain energy density within the intact cortical bone around
the defect could be treated as a driving stimulus in the early
repair stage to initiate a biological effect. This was the pro-
posed working hypothesis on the regulating mechanism for
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Figure 7. Hypothetical bone formation mechanism
under different types of physical stresses.

cortical defect repair, a strain induced angiogenic process
(Chao et al., 2004) The magnitude and orientation of the
stress/strain distribution within the repair tissue may gov-
ern the modeling response by replacing the repair tissue
with woven bone. Concerning remodelling in this unique
situation, there might be a secondary mechanism regulated
by minimizing the strain energy gradient while attempting
to restore the long bone’s structural strength for its func-
tional demands. However, a scalar representation of the
stress/strain field in terms of strain energy may not be ap-
propriate for examining the modeling response in trabecu-
lar or woven bone, the magnitude and direction of the prin-
cipal stresses within the defect would provide the regional
influence on the material properties and orientation of the
newly formed bone (Elias et al., 2000). It is therefore rea-
sonable to postulate that the repair and remodeling proc-
esses would act to minimize strain energy density gradients
within the system while the structural strength could be
recovered for the loading requirement (Inoue et al., 2003).
Therefore, cortical defect repair may never be complete
morphologically even after a long period of normal activ-
ity (Claes et al., 1995). This model provides the ideal envi-
ronment to study both biophysical and biological stimuli
to improve bone repair and remodeling in the absence of a
cartilaginous phase of bone formation.

The bone defect-healing model is simple with minimal
risk of surgical variability and allows accurate stress/strain
analysis. Immunohistochemistry and histomorphometry
data would be sufficient to show the relationship between
the loading conditions and the cellular response. Mechani-
cal testing could be used to quantify the material proper-
ties of the immature and matured new bone. Once the re-
pair and remodeling processes were established, additional
studies may be conducted to investigate how temporal vari-
ations in mechanical intervention would influence the re-
pair and remodeling processes. This model was applied to
investigate the relationships among factors related to cell
aging, decreased functional capacity, deficiency in tissue
repair (Buckwalter ez al., 1993), and to study the effects of
pharmacological agents of (Gallagher ez al., 1994; Majeska
et al., 1994) or exercise programs (Eickhoff et al., 1993;
Menkes et al., 1993) on osteoblastic and osteoclastic ac-
tivity. It could also be used to elucidate the effects of BMPs
and biophysical stimuli on bone regeneration through dis-
traction which has similar histologic features as compared
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Figure 8. (a) Cortical defect repair model and the histomorphometric analysis location along and adjacent to the
defect. (b) The microvascular network obtained using the plastic-investment technique (A: The longitudinal cross-
section; and B: The transverse cross-section. Areas “1”” and “2” were used for vascular density and orientation analy-
sis) and the contact microradiograph (C: The transverse cross-section at the defect mid-section. Areas “3” and “4”
were used to study trabecular bone density and architecture using Fourier Transform technique) of the bone at the
defect 4 weeks after surgery. (c) The recovery of structural strength under torsion of the tibia containing the cortical
defect as a function of healing time.
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to that in the cortical defect repair (Brighton et al., 1992;
Cunningham et al., 1992; Cook et al., 1994; Stevenson et
al., 1994). Finally, examining the influence of mechanical
loading on cortical defect healing in this model may help
to discover other regulating factors between bone morphol-
ogy and functional load.

Discussion

Knowledge of the basic biomechanics is essential through-
out the care and management of patients with a long bone
fracture. It starts from the evaluation of fracture mecha-
nism to the selection of a treatment and immobilization
method, followed by non-invasive assessment of healing
and the evaluation of bone remodeling after the removal of
the fixation device. Selection of a fixation method is multi-
factorial. A patient’s age, the affected bone, fracture loca-
tion and type, the existence of multiple trauma with exten-
sive soft tissue involvement, and among many other fac-
tors, the skill, experience, and competence of a surgeon.
However, the selection of a fixation device dictates the frac-
ture-healing pathway governed by biological, mechanical
and operative factors. Hence, the method of fracture im-
mobilization can predispose the bone healing pathway and
the appropriate course of patient management. This basic
understanding is important not only for the consideration
of bone fracture repair enhancement but also to prevent or
minimize complications.

A full appreciation of the basic events in bone fracture
healing following different pathways is essential for suc-
cessful outcome of fracture treatment, regardless of the
method of immobilization to be utilized. Hence, a good
insight into the normal bone fracture healing mechanisms
will be needed in the development of effective, reliable and
practical interventions to further enhance the biological
process which may already be optimal under normal cir-
cumstances. Although the underlying mechano-cellular in-
teraction governing bone repair and remodeling are not
completely understood, the basic science and clinical evi-
dence are abundant to support the potential and prospect of
biophysical stimulation to achieve Non-invasive Tissue
Engineering in orthopaedic surgery and traumatology.
However, before such possibility could become a reality,
improved signal delivery transducers, effective method of
monitoring tissue material and structural properties, and
the establishment of a knowledge-based biophysical stimu-
lation implementation strategy capable of optimizing the
treatment to each patient’s specific condition are of critical
importance (Fig. 9).

According to Wolff’s law, mechanical loading elicits
an osteogenic response in bone structure. Controlled weight
bearing under functional braces has a positive effect on tibial
fracture healing (Sarmiento et al., 1984) and loading was
proven to be a permissive factor for bone defect repair
(Meadows et al., 1990). These and many other studies were
successful in demonstrating the positive effect of physical
stimuli at the structural and tissue level, but none was able
to establish the mechanism for the cell biology-biomechan-
ics interaction. The reason for this scientific void is par-
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tially related to the selection of appropriate experimental
tools and partially due to the inherent technical difficulties
facing the biologists, the practicing orthopaedic surgeons
and bioengineers with widely different expectations con-
cerning such technology. To make biophysical intervention
effective in fracture healing and bone regenerate augmen-
tation, a closer working relationship must be established
among these disciplines under a full cooperation with the
related device industry.

All the preliminary clinical and basic science results
would strongly support the validity of biophysical stimula-
tion. Unfortunately, each type of stimulus has countless
combinations of treatment possibilities over a wide range
of clinical conditions. The commercially available devices
on the market lacks a strong commitment to demonstrate
the fact that biophysical stimulation is as reliable and may
even be more cost effective than other forms of interven-
tion in managing similar problems in bone fracture and limb
lengthening. Little effort has been devoted to optimize the
dose effect by considering a time-related tissue change as
the basis to adjust the stimulation signal intensity and treat-
ment course. It would be highly desirable for the existing
therapeutic delivery system to provide uniform stimulation
field intensity at the focalized area of treatment with mini-
mal scattering of physical energy to the adjacent normal
tissue to prevent unexpected side effects. If the sciences
and technology related to connective tissue modulation
through biophysical stimuli are sufficiently advanced, why
such treatment modality has not received the same accept-
ance in the clinical arena as compared to other equivalent
biological or pharmacologic factors? Is it possible that such
therapeutic modality happens to fall within the realm of
Complementary and Alternative Medicine (CAM) thereby
receiving much diluted attention or even unsubstantiated
scepticism? Should one consider such non-invasive mo-
dality only as a prophylactic adjunct in difficult and com-
plex cases? Or, perhaps the concept of biophysical stimu-
lation is so simple and harmless thereby no supervision or
regulation would be required in its application? These ques-
tions and arguments must be carefully deliberated not only
to acquire equal acceptance of biophysical stimulation as a
bonified medical intervention, but also to provide the ap-
pealing causes and rationale to drive the related science and
technology forward.

It is important to realize that additional factors, both
local and systemic, have been demonstrated to affect nor-
mal bone fracture healing under experimental conditions.
Brighton (1984) concluded that, after an intensive review
of literature, none of the studies involving the manipula-
tion of biomechanical factors could show that the experi-
mental fracture was able to reach the healed state more rap-
idly than the normal control without adverse conditions.
He further emphasized that many factors may improve the
early and mid-phases of fracture healing, but none seems
able to shorten the time required for the healed bone to
recover its normal mechanical strength. In a series of ex-
periments conducted in our laboratory recently, the data
appeared to corroborate with Brighton’s original assertion.
The same statement may apply to all forms of biophysical
stimulation in that most of the enhancing effects seem to
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Figure 9. (a) Focalized stimulus delivery transducer with adjustable signal waveform and intensity for connective
tissue repair and maintenance enhancement. (b) An ultrasonic device capable of quantifying bone material and struc-
tural properties. (c¢) The concept of knowledge-based biophysical stimulation implementation strategy individualized
for each patient and the specific clinical problem involved.

exist only in early phases of fracture repair. This observa-
tion may relate to the fact that the late stage of bone
remodeling is the longest period of fracture repair, which
requires mechanical loading under the physiological fre-
quency, magnitude and direction dictated by the muscu-
loskeletal function. Such a process may not be entirely re-
placed by other means of enhancement without risking un-
desirable secondary effects. Therefore, the normal biologic
response suggests that uncomplicated fracture healing is
repairing at a rate that is near optimal. Enhancement of frac-
ture healing, regardless of the type of intervention, would
be indicated when the normal repairing mechanism is sig-
nificantly compromised.
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Summary

There is no doubt that biophysical interventions could pro-
vide effective augmentation to fracture healing. However,
without knowing the precise cellular mechanisms associ-
ated with the associated osseous tissue transformation re-
sponse under these interventions, it would be difficult and
ineffective to implement appropriate therapy for the pre-
cise clinical indication. The time has come to combine the
disciplines of biophysics and biomechanics with cell and
molecular biology in a totally integrated fashion. Through
such effort, the precise mechanism and enhancement effect
on bone fracture repair, regeneration and remodeling un-
der biophysical stimulation could be sufficiently quanti-
fied for clinical usage. Future research should include sig-
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nal transducer refinement, non-invasive monitoring of bone
material and structural property changes, and the use of the
knowledge-based treatment protocol to assure efficacy and
reliability of this exciting and affordable therapeutic mo-
dality within the scientific realm of complementary and al-
ternative medicine. Recognizing the potential difficulties
in conducting experimental and clinical studies involving
physicians, biologists, bioengineers and the technical per-
sonnel in the related industry with vastly different training
and background, full awareness and appreciation of each
field’s limitations and unique attributes are essential to
overcome the complex technical and non-technical prob-
lems encountered in all forms of biophysical stimulation.
The end results of such seamless collaborative efforts
should not be limited to bone fracture management alone.
Positive enhancement factors could also benefit bone main-
tenance and regeneration, which affect many patients and
the vast aging population worldwide.
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Discussion with Reviewers

U. Ripamonti: Do you feel that elucidating the intracellu-
lar events initiating and mediating tissue repair and remod-
elling can be most effectively studied in an animal model
where there are a plethora of confounding variables. Is it
not more feasible to test a hypothesis invitro before testing
it in vivo?

Authors: Intracellular responses due to biophysical stimu-
lation would not be effectively studied in an animal model.
Such effects may only be investigated and quantified using
an in vitro cell or tissue culture setup. However, in order
to establish the phenomena of biophysical stimulation on
connective tissue augmentation, one must utilize an ani-
mal model first before relying on the in vitro models to
establish the molecular mechanism and proceed to work
on the optimal signal waveform and dose. I have elabo-
rated my opinions about this in the “Animal Model Selec-
tion” section of this paper.

U. Ripamonti: You suggest that if the cellular responses
to physical interventions could be identified, bone healing
could ultimately be induced by a chemical or pharmaceuti-
cal agent, replacing physical modulation. And indeed this
is an active area of research by investigators using
morphogens such as BMPs and TGF- s. Did you not feel
that this facet of bone healing had a place in the review?
Authors: Yes, definitely! However, we are not qualified to
do that and this important aspect on bone formation and
repair stimulation falls outside of the main scope of the
present review paper.

S.Fenwick: In the light of some very good clinical evi-
dence for certain non-invasive devices, what do you think
needs to be done to convince the clinical and scientific com-
munity as a whole that non-invasive stimulation is a viable
treatment modality?

Authors: This is an extremely important question! We have
tried to speculate the possible answers to this question in
the “Discussion” section of this paper. Briefly, we suggested
that we need to make such intervention a “Prescription”
treatment similar to the prescription drugs or the prescrip-
tion-based imaging modalities prescribed and reviewed only
by qualified physicians while the stimulation treatment
could be carried out by trained and certified technicians.

S. Fenwick: Would you like to speculate as to how good
some of these potential therapies could actually be?
Authors: Another important question! We have coined the
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term “Non-invasive Tissue Engineering” to express our
enthusiasm towards this technology as a safe, effective, re-
liable and affordable therapeutic modality. However, we
need NASA (not NIH) type of expertise and funding in
making it a reality! In addition, this may only occur with
the strong endorsement, utilization and enthusiasm from
the practicing physicians.

S. Fenwick: There is a lot of belief that these technologies
are not in fact efficacious, partly because there are so many
devices claiming so many effects. How do we go about
separating the ‘good’ technologies from the ‘bad’ technolo-
gies?
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Biophysical Stimulation on Bone Fracture Repair

Authors: This monumental obstacle could only be over-
come if such technology were under the usual medical prac-
tice protection. The related concept and devices involved
in different forms of biophysical stimulation are too easy
to copy and being applied without appropriate prescription
and supervision, which would severely reduce the effec-
tiveness of such therapy and thus confusing and misinform
the public. Worse yet, utilizing such technology in an
indiscriminative manner may cause undesirable and even
dangerous secondary effect. Hence, making it a “Prescrip-
tion” treatment based only on scientific data, knowledge
and outcome evidence is the only way to solidify its posi-
tion and trust in the medical community and among the lay
public.



