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Summary

The use of physical stimuli to modulate osteogenetic re-
sponse and favour fracture healing has been the subject of re-
search for many years now. Currently, 78% of hospitals in the
USA provide this treatment at 3 months from the trauma.
In literature, the findings of many clinical studies agree in con-
firming that biophysical stimuli are able to lead to healing in
75-85% of patients with nonunions. Prospective, randomized
and double-blind studies show that by employing biophysical
stimuli the time needed for a fresh fracture to heal can be re-
duced “on average” by 25-38%. The treatment is suggested
for healing of fresh fractures that are characterized as “risk
fractures”, fractures that can evolve in nonunions and that
amount to 20% of all the fractures; this justifies the use of bio-
physical stimuli, with a favourable cost-benefit ratio.
Current orthopaedics reviews the different modalities of bio-
physical treatment in search of solutions most adequate to
the pathology, the characteristics of the fracture and those of
the patient. It is up to the orthopaedist to assess whether the
biomechanical conditions of stability of the fracture site are
such as not to jeopardize the osteogenetic process. Interna-
tional clinical experience shows that success in biophysical
therapy for bone regeneration depends on certain principal
factors: suitable indication, efficacy of the device employed,
method of stimulation and – of crucial importance – patient

compliance. If these principles are kept in mind, the percent-
age of success of union, obtained with biophysical stimula-
tion, exceeds 90%.  

KEY  WORDS: biophysical stimulation, pulsed electromagnetic fields, low in-
tensity pulsed ultrasound, osteogenesis.

Introduction

The use of pulsed electromagnetic fields (PEMF) and low in-
tensity pulsed ultrasound (LIPU) in bone tissue, i.e. biophysical
stimulation, to enhance fracture healing has been the subject
of wide-ranging research in orthopaedic practice since 1953 by
Corradi (1) and 1960 by Bassett (2), and more than 500.000
fractures have been treated in this way in USA, in Europe and
in Japan in the last 20 years (3).
The acceptance of this methodology of orthopaedic treatment
consists in: i) the development of orthobiology, i.e. the con-
cept that in orthopaedic practice different biophysical tech-
niques, inductive system (PEMF) and ultrasound system
(LIPU) (Table I), are able to modify the metabolism of bone
tissue; ii) the comprehension of the mechanism of action
through which the physical stimuli activate osteogenetic activ-
ity; iii) the potentiality of these biophysical techniques to act in
a conservative way.
The role of different techniques has been discussed in different
review articles, in which efficacy and clinical indications have
been compared (3-7). Currently, 78% of hospitals in the USA
provide this treatment at 3 months from the trauma (8). Recent-
ly, prospective, randomized and double-blind trials demonstrat-
ed that the physical stimuli have been successfully used to
treat fresh fractures (9) and preclinical researches have
demonstrated that a specific biophysical stimulus is able to pre-
serve the integrity and vitality of joint cartilage (10).

The mechanism of action and pre-clinical studies

Physical stimuli aim to favour early and rapid activation of the
repair process, which must lead to bone healing. In vitro stud-
ies have shown that the physical stimuli increase synthesis of
bone matrix (11, 12) and favour the proliferation and differenti-
ation of the osteoblast-like primary cells (13, 14). 
The mechanisms by which cell functions are regulated by bio-
physical stimulation have been the subject of various reviews.
Biophysical interactions of PEMF and LIPU at the cell mem-
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Table I - Biophysical stimulation: inductive and ultrasound system.

Biophysical technique Definition

Pulsed electromagnetic fields, PEMF The value of peak intensity of magnetic field is included in the range of 0,1 e 2 mT 
Inductive system and the frequency of the signal in the range of 16 e 75 Hz.

Low intensity pulsed ultrasound, LIPU The signal consists of burst of 200 ms of 1.5 MHz sine waves repeating at 1 kHz 
Ultrasound system and delivering 30 mW/cm2 spatial averaged and temporal averaged (SATA) intensity.
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brane are not well understood and require additional studies
(9). Nevertheless, various authors agree on the fact that the
cell membrane plays the fundamental role in recognizing and
transferring the physical stimulus to the various metabolic path-
ways of the cell; by this mechanism of action a cell recognizes
a physical stimulus and thus modifies its functions. The PEMF
stimulation causes liberation of calcium ions (Ca++) from the
smooth endoplasma reticulum, whereas with LIPU stimulation
ideal candidates for performing this function would seem to be
mechanosensitive ion channels, although a genuine
mechanoreceptor has not yet been identified (15). The intracel-
lular increase of the Ca++ determines a series of enzyme re-
sponses with resulting gene transcription [several bone mor-
phogenetic proteins (BMP), transforming growth factor-beta
(TGF-β1) and collagen] and cell proliferation (9, 16, 17). Up
regulation of TGF-β1 mRNA expression has been reported in
mechanically loaded bones. Three groups have demonstrated
increases in the transcription of mRNA for several bone mor-
phogenetic proteins in skeletal tissue with electromagnetic field
exposure (18-20). Physical agents may be synergistic with en-
dogenous synthesized or exogenously applied growth factors
in tissue repair; the application of physical stimuli results in
changes in gene expression for signalling proteins (21, 22).
The interactions between growth factors and physical stimuli
are a very fertile area for investigation (Table II).
Food and Drug Administration (FDA) has recognized in the in-
ductive system the primary biophysical technique able to en-
hance the healing process by an increased production of differ-
ent growth factors including multiple BMPs and other osteopro-
motive growth factors necessary to facilitate the healing of frac-
tures and fusions.
In vitro, Fassina et al. investigated the effect of inductive stimu-
lation on SAOS-2 human osteoblast proliferation and on calci-
fied matrix production over a polyurethane porous scaffold and
showed a higher cell proliferation and a greater expression of
decorin, fibronectin, osteocalcin, osteopontin, TGF-β1, type I
collagen and type III collagen in PEMF stimulated culture than
in controls (23). Ryaby et al. reported that LIPU increased cal-
cium incorporation in both differentiating cartilage and bone-
cell cultures, reflecting a change in cell metabolism (24-26).
This increase in second messenger activity was paralleled by
the modulation of adenylate cyclase activity and TGF-β1 syn-
thesis in osteoblastic cells.
In vivo, authors have observed an increase in the formation of
bone tissue (27) and a shorter healing time of experimental
fractures and/or bone lesions treated with inductive system
(28-30). Studies of newly formed bone tissue performed with
tetracycline labeling have demonstrated that, following expo-
sure to PEMF, the ability of the osteoblast activity to lay down
bone tissue (mineral apposition rate), i.e. to form trabeculae, is
doubled (30). Fini et al. demonstrated a significant increase in
bone microhardness and in osteointegration at the bone inter-
face of a hydroxyapatite cylinder implanted in trabecular bone
of distal femur of rabbit stimulated with PEMF (31). 

Positive effects on osteogenesis have been reported also with
the use of LIPU in several animal studies. Pilla et al., in a
placebo-controlled study of mid-shaft tibial osteotomies in rab-
bits, found that brief periods (20 min/day) of LIPU accelerated
the recovery of torsional strength and stiffness (32). Wang et
al. studied the healing of bilateral closed femoral shaft fractures
in rats (33). They reported a 67% increase in stiffness in the
group treated with LIPU significantly greater than the increase
in the controls (p<0.02). Additional animal data suggest that
the biology of fracture healing can be accelerated by the use of
PEMF and LIPU (3).
Biophysical stimulation, in comparison with drug administration,
is able to produce a local concentration of growth factor syn-
thesis, without any systemic side effects. Nevertheless, it is im-
portant to keep in mind that. as with a drug, the dosage of
physical stimulus is fundamental if positive effects on osteoge-
nesis are to be produced. The biological effects of biophysical
stimulation depend not only on the length of treatment time, but
also on the signal characteristics: intensity, waveform, frequen-
cy and length of the signal.

Clinical application

Biophysical stimulation in clinical setting is used in order to ac-
celerate and finalize the healing process of a fresh fracture, or
a fracture at risk of nonunion, and to enhance the spontaneous
repair capability of the bone tissue, i.e. to reactivate the healing
process in pathological conditions such as delayed union or
pseudoarthrosis.
In orthopaedic and traumatologic practice, osteogenetic activ-
ity aimed at consolidation of a fracture continually comes up
against problems of mechanical and biological kind (34). It
has been recognized that in 50% of cases, pseudoarthrosis is
due to a mechanical failure, i.e. the conditions of stability,
alignment and contact of the stumps are not satisfied: 20%
are due to a biological failure, namely inadequate activation
and finalization of the reparative osteogenetic process, while
in the remaining 30% of cases the failed union is accounted
for by combined problems of mechanical and biological order.
As biophysical stimulation aims to enhance endogenous bone
repair, it is clear that only 50% of nonunions are potentially el-
igible for stimulation. While mechanical failure has been de-
fined for many years, biological failure can be described as
inadequate activation and finalization of the reparative osteo-
genetic process, often secondary but not limited to infection,
serious local osteoporosis, patient’s age, systemic diseases
that inhibit the repair processes. Nevertheless, a biological
test able to identify the failure of activation of the reparative
process in the early stages has yet to be devised. In Europe,
it has been felt necessary to pose the problem of the differen-
tial diagnosis, i.e. to identify the causes underlying the
nonunion, in a prejudicial way. Based on clinical experiences,
a decision tree has been developed to guide the orthopaedic
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Table II - Biophysical stimulation and transforming growth factors.

Author Technique Culture Results

Nagai, 1994 Inductive Osteoblasts ↑ BMP-2,-4 mRNA

Yajima, 1996 Inductive Osteoblasts ↑ BMP-4,-5,-7 mRNA

Aaron, 1999 Inductive In vivo ossification ↑ Differentation, TGF-β1

Lohmann, 2000 Inductive MG63 osteoblasts ↑ Differentation, TGF-β1

Guerkov, 2001 Inductive Osteoblasts ↑ TGF-β1

Fassina, 2006 Inductive SAOS-2 osteoblasts ↑ Proliferation, TGF-β1

Mukai, 2005 Ultrasound Chondrocytes ↑ Proliferation, TGF-β1
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surgeon in identifying whether the patient’s nonunion is eligi-
ble for biophysical stimulation and when and how to evaluate
the results of stimulation (Figure I). 
Moreover, in the choice of the treatment it is important to evalu-
ate patients’ compliance, taking into consideration their avail-
ability and reliability, and the type of the biophysical techniques
selected; for it must be borne in mind that, with regard to bio-
physical stimulation for nonunions, a short daily treatment time
(20 minutes with LIPU) involves a prolonged course, 1 or 2
months more than with the inductive system, which requires 6
or more hours of use per day. As regards the inductive system,
treatments of less than 5 hours per day result in markedly low-
er percentages of healing success than longer daily treat-
ments: 60% versus 90%. Moreover, the ultrasound system re-
quires accessibility to the skin in order to apply the ultrasound

transducer; the inductive system is the only technique used al-
so in the presence of cast. The presence of internal fixator, i.e.
metal plate, does not represent a contraindication to the treat-
ment; during the use of stimulation with LIPU, it is important to
place the transducer on the opposite side of the plate to pre-
vent the ultrasound stimulus from being reflected back by the
metal plate.
These observations represent the rationale for indication of bio-
physical stimulation treatment; bearing in mind these principles,
the rate of success, i.e. consolidations, obtained with biophysi-
cal stimulation exceeds 90%. Biophysical stimulation was ap-
proved for clinical use by the FDA 30 years ago. In Europe, un-
like in the USA, the employment of biophysical stimulation is not
regulated. It is common knowledge that for this reason patients
are often treated with invalidated signals that are not supported
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Figure 1 - Rational for treatment. 

BIOPHYSICAL STIMULATION OF BONE REPAIR
DECISION TREE

NONUNION

Is fracture aligned?
Yes No

Correction
required

Healed Not healed
Healing Not

healing

after 90 days

after 90 days

Biophysical stimulation
is recommended

X-ray show

End treatment Progression to healing No progression
(responder) (non-responder)

Stimulation continues Discontinue
Surgeryuntil healing stimulation

Bone gap is

Less than half diameter of bone More than half diameter of bone

Is fracture adequately immobilized?

Yes No
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by any studies regarding either their biological safety or their
therapeutic efficacy. The consequence of that is that patients
may have a worse pathological condition, with clinical complica-
tions, inhibition of osteogenetic activity, bone reabsorption
hence increase of diastases between the fracture stumps. This
provides confirmation of experimental observations on the abili-
ty of certain signals to inhibit osteogenetic activity (35-38). Nev-
ertheless, some patients have reported a disagreeable burning
sensation combined with pain while undergoing treatment with
methods and dosages described in the international literature,
whose therapeutic effectiveness had been proved. However,
the symptoms always resolved spontaneously immediately after
interruption of the treatment. This effect has been attributed to
intolerance and hypersensitivity. Every year tens of thousands
of patients undergo treatment throughout the world (39) and for
the above reasons only products whose clinical effectiveness is
well documented in the literature should be used.

Clinical indications

Nonunion

The expression “nonunion” includes both delayed union and
pseudoarthroses. Various studies refer to delayed union for
fractures failing to consolidate in 6-9 months following trauma,
whereas the pseudoarthroses are those fractures failing to con-
solidate at least 9 months from trauma. However, it should be
emphasized that the distinction based on time alone is nowa-
days felt to be insufficient, such that the FDA has recently sug-
gested that any fracture failing to heal at more than 6 months
after trauma must be considered nonunion. In the international
literature there is abundant clinical evidence on the effecive-
ness of biophysical stimulation on nonunion; the Authors have
reported a success rate in the treatment of nonunions above
73-85%. These percentages are confirmed by different Italian
clinical trials (Table III). All authors concur on the need to em-
ploy biophysical stimulation in combination with correct or-
thopaedic treatment, and in particular it has been observed that
the possible diastasis of the fracture stumps must not exceed
half the diameter of the skeletal segment site of the nonunion
to guarantee succesful outcome of the treatment. A clinical
study has demonstrated how the percentage of union obtain-
able with surgery (used to correct inadequate mechanical con-
ditions) or with biophysical stimulation (when the failed union
can be attributed to a biological deficiency only) is exactly the
same, 87%, for non-infected pseudoarthroses. In presence of
infection, the percentage of success of surgery falls to 40%,
whereas infection does not impair the good result of stimula-
tion. It is clear that in presence of infection and unsatisfactory
mechanical conditions we face a case of combined (biological
and mechanical) failure in which the association of surgery and
stimulation can offer the best results (40). 
Romanò et al., in a prospective non-randomized study, includ-

ed 49 patients affected by septic nonunions; LIPU and antibiot-
ic treatment were the only therapy administered. Bone healing
was achieved in 39 patients (85.1 %), seven were considered
failures, while three patients decided to discontinue the treat-
ment. There were no side effects due to LIPU, even in pres-
ence of metallic implants and infection. The authors conclude
that LIPU is a conservative treatment that may avoid the need
for additional complex operation (41).

Fresh fracture

Biophysical stimulation has been shown to be able to acceler-
ate healing of fresh fractures treated with plaster and/or exter-
nal fixator or complex fractures with serious damage to the soft
tissues and exposure of the bone tissue. In all cases, biophysi-
cal stimulation succeeded in shortening the average time of
healing (25-38%). None of the authors suggests a generalised
use of the therapy in all fractures; fractures that consolidate in
70-80 days from trauma do not benefit from biophysical stimu-
lation. However, in those cases where the site, type of expo-
sure, morphology of the fracture or conditions of the patient
foreshadow difficulties in the repair process, biophysical stimu-
lation is rightly indicated (29); these fractures are called “risk
fractures” and they amount to 20% of all fractures; the probabil-
ity that they may evolve in nonunion (i.e. 5-10% of fractures in
USA) is huge (20-25%) and justifies the application of biophysi-
cal stimulation. Fontanesi, in a controlled study of 40 tibia fresh
fractures treated with plaster, remarked how the effect of stimu-
lation is evidenced through a reduction in average healing
times (29). Stimulated fractures healed in 85 days compared to
109 for control group (p<0.005); nevertheless, no fractures are
seen to heal before 70 days. This observation demonstrates
how in optimal conditions, i.e. of rapid healing, the repair
process cannot be further accelerated. Hinsenkamp too (42)
noted a shortening in the time to union of stimulated tibial re-
cent fractures treated with external fixation. The Author reports
a significant but relatively important shortening in healing time
for delayed healing, similar to that described by Fontanesi. The
Authors seem to rule out as inappropriate the use of biophysi-
cal stimulation on all fresh fractures as against fractures that
might present problems of union. Betti, in a prospective, ran-
domized and double-blind study in patients with fractures of fe-
mur neck, fixed with 3 cannulated screws, and stimulated with
inductive system, reported that at 6 months from trauma 30%
of the patients in the control group had not yet healed as
against a mere 6% in the stimulated group (p<0.05) (43). 
Osteotomies represent an original approach in an attempt to
quantify the effects of biophysical stimulation on fresh frac-
tures. Three double-blind studies have been performed: human
femoral intertrochanteric osteotomies (44), tibial osteotomies
(45) and osteotomies in patients undergoing massive bone
graft (46). The osteotomies of tibia and femur showed how the
application of PEMF stimulation favours rapid healing of the os-
teotomic line and, in the case of femur osteotomy, an early
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Table III - Clinical experience of biophysical stimulation on nonunions in Italy.

Author Technique Pathology Success rate %

Fontanesi, 1983 Inductive Nonunion 88 

Marcer,1984 Inductive Nonunion 73

Rinaldi, 1985 Inductive Infected nonunion 75

Traina, 1986 Inductive Nonunion 84

Marchetti, 1988 Inductive Nonunion 90

Romanò, 2009 Ultrasound Infected nonunion 85
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mineralization of the bone callus demonstrated by computer
analysis of the X-ray films. As regards the effects on massive
bone grafts, a significant shortening of the healing time (29%,
p<0.05) from 9 to 6 months was observed for patients not un-
dergoing chemotherapy after the operation.
LIPU stimulation has been also used to enhance the healing of
forearm and tibia fractures with good results in the United
States (47). Nevertheless, in Sweden, Emami used ultrasound
in a double-blind study (48) in patients with tibia fractures treat-
ed with endomedullary nailing, but did not observe any positive
effect of the ultrasound. The effects of this internal synthesis
device on LIPU stimulation have still to be clarified. Heckman
performed a randomized, double-blind, placebo-controlled trial
of sixty-seven closed or grade-I open tibial fractures to evalu-
ate the effect of LIPU on the healing of cortical fractures; he re-
ported a 38% decrease in the time to overall (clinical and radi-
ographic) healing in the stimulated group (49).
Rubin et al. reported that FDA approved the use of LIPU for the
accelerated healing of fresh fractures in October 1994 and for
the treatment of established nonunions in February 2000 (47).

Conclusion

Biophysical stimuli used to enhance endogenous bone repair
are part of orthobiology to optimize the osteogenetic activity.
The study and identification of the mechanisms of action
through which biophysical stimulation enhances endogenous
bone repair is the basis for these methods of treatment. The ef-
fect of physical stimuli depends on the site of interaction at
membrane level and identifies different pathways of transduc-
tion depending on whether magnetic or mechanical energy are
used. The physical stimulation is able to promote osteogenesis
through an increase of synthesis and release of growth factors,
like BMP. Furthermore, the biological effects depend on the
characteristics of the signal employed: frequency, intensity,
waveform and length of treatment. It must be performed only
with equipment of proven efficacy and biological safety, follow-
ing the methods and dosages described in the literature.
Biophysical stimulation constitutes a specific therapy in the ar-
moury of the orthopaedic surgeon, who is able to discriminate
among mechanical and biological problems; its use is not indi-
cated in inadequate mechanical conditions. Differential diagno-
sis enables orthopaedics to adopt the best therapy solution. In
the case of mechanical failure, the choice is directed to a surgi-
cal solution, in the case of biological failure it is directed to a
non-invasive solution, biophysical stimulation, and the adoption
of both (surgery and biophysical stimulation) in the case of bio-
logical deficiency and mechanical condition of stability at the
fracture site capable of hindering healing.
Biophysical stimulation is an important area of biophysics ap-
plied to human pathology. It requires care and precision in use if
it is to ensure the success expected of it by physicians and pa-
tients. Biophysical stimulation represents an important and reli-
able treatment specifically in the hands of the orthopaedic sur-
geon; it is able to restore and enhance osteogenetic activity in
bone repair tissue, and is indicated in all situations where there
is clear evidence of impaired osteogenetic response. The avail-
ability of biophysical methods capable of maximizing and finaliz-
ing endogenous osteogenetic response represents a further
possibility for orthopaedics in order to reduce healing times and
enable swifter functional and working recovery by the patient. 
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