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Abstract

Massive segmental bone loss due to chronic osteomy-
elitis represents a considerable challenge to orthopedic
surgeons and is a limb threatening condition. The only
option available in such a clinical situation is segment
transport using the Ilizarov technique of distraction os-
teogenesis; yet the most common problem in cases of
bone transport with the Ilizarov technique in massive
bone loss, is the long duration of the fixator. In addition
to autologous bone grafting, several mechanical, bio-
logic, and external physical treatment modalities may
be employed to promote bone formation and matura-
tion during segment transport in osteomyelitis patients.
Mechanical approaches include compressive loading of
the distraction regenerate, increased frequency of small
increments of distraction, and compression-distraction.
Intramedullary nailing and hemicorticotomy can reduce
the time in external fixation; however, these techniques
are associated with technical difficulties and complica-
tions. Exogenous application of low-intensity pulsed ul-
trasound or pulsed electromagnetic fields may shorten
the duration of external fixation. Other promising mo-
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dalities include diphosphonates, physician-directed use
(off-label use) of bone morphogenetic proteins, and
local injection of bone marrow aspirate and platelet gel
at the osteotomy site. Well-designed clinical studies are
needed to establish safe and effective guidelines for
various modalities to enhance new bone formation dur-
ing distraction osteogenesis after segment transfer.
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INTRODUCTION

Musculoskeletal infections remain a common problem.
The treatment strategy for chronic osteomyelitis has
changed to a great extent over the past twenty years' be-
cause of better staging systems, developments in surgical
techniques, antibiotics and adjuvant treatment modalities
such as hyperbaric oxygen. Chronic osteomyelitis leads
to necrosis of bone and soft tissues to a variable extent.
The dead bone forms a nidus for hosting pathogens.
Moreover, host defense mechanisms are often not in an
optimal condition to deal with microorganisms, and an-
tibiotic delivery to the infection site may be impaired be-
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cause of poor circulation”. Cierny ¢z al” classified chron-
ic osteomyelitis into four anatomical types, a system that
is known as the Cierny-Mader classification, and further
staged the pathology according to the extent of the local
and systemic compromise in the patient. They developed
guidelines for management according to this system.
Appropriate radical debridement requires excision of
all necrotic bone and soft tissue, often resulting in limb
instability. The unstable situation requires some type of
fixation and reconstruction of the resultant bone and
soft-tissue defects. Since the introduction of distraction
osteogenesis by llizarov, the technique has been em-
ployed successfully to achieve union, correct deformity,
reestablish limb-length equality, and reconstruct segmen-
tal defects'”. The time spent in an external fixator (the
external fixation index) depends on the length of distrac-
tion required and is not free of complications. When the
distraction phase is over, the consolidation phase, which
is mote than double the distraction time, becomes diffi-
cult for the patient to tolerate. It is associated with many
complications such as pin-track infection, angulation;
post operative scarring, loosening of the frame, malalign-
ment and stiffness of the knee and ankle joints. Removal
of the external fixator before satisfactory consolidation
has occurred is associated with fracture, deformity, and
shortening occurring through the distracted callus®. To
shorten the duration of an Ilizarov external fixator in
management of tibial bone loss, there are different mo-
dalities to enhance bone regeneration during the distrac-
tion osteogenesis. These modalities include mechanical
stimulation of the regenerate, new surgical techniques,
exogenous application of low-intensity pulsed ultrasound
(LIPU) or pulsed electromagnetic fields (PEMFs), local
injection of bone morphogenetic protein (BMP), plurip-
otent stem cells, and platelet-rich plasma (PRP). Anticata-
bolic agents, such as diphosphonates, may also be used.

BIOLOGY OF DISTRACTION
OSTEOGENESIS

Three phases of distraction osteogenesis

Distraction osteogenesis (DO) consists of three sequen-
tial phases that can be controlled by the surgeon. Latency
phase is that period immediately following the osteotomy
and application of the distractor; it ranges from one
to seven days. After the latency phase is the distraction
phase. During this phase, the distraction device is activat-
ed by turning some type of axial screw, usually at 1 mm/d
in four equal increments of 0.25 mm each, to form the
regenerate. Once distraction is complete, the third and
final phase is the consolidation phase. Typically, the con-
solidation phase, in which the regenerate will consolidate
to form a solid bone, is twice as long as the time required
for distraction. The regeneration of new bone formation
1s increased with low-energy osteotomy or corticotomy,
preferably during the latency phase, and is dependent on
patient age as well as the quality of the underlying bone
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and surrounding soft-tissue envelope. Duration of three
to ten days is recommended following osteotomy with
apposed bone ends'”. The local inflammatory response,
which consists of migration of pluripotential cells with
a rich milieu of cytokines and growth factors, facilitates
new bone formation during the distraction phase. In this
phase, the osteotomized fragments are gradually pulled
apatt, typically at a rate of 1 mm/d in two to four evenly
spaced time increments. This specific rate and frequency
of distraction is crucial for reliable generation of new
bone in the distraction gap and for adaptive changes and
growth in the surrounding soft tissues, including skin,
muscles, nerves, blood vessels and the lymphatic system.
In the consolidation phase, the regenerate in the distrac-
tion gap matures into normal bone that can withstand
physiologic loads and remodels over time. In general, the
consolidation phase is twice as long as the distraction
phase.

The external fixation index denotes the number of
days the external fixator is attached to the bone per cen-
timeter of length gained. Using conventional Ilizarov
fixation, this index is typically thirty days per centimeter
of length gained; however, the rate differs based on vari-
ables such as patient age, osteotomy site and amount of
lengtheningp’zo].

The bone healing index is the time to bony union in
months, divided by the amount of lengthening in centi-
meters. Attempts to accelerate the distraction phase can
negatively affect the quality of bone formation, as well as
limb function, secondary to the effect of acceleration on
neurovascular and musculotendinous structures.

However, several modalities have been used to short-
en the consolidation phase of distraction osteogenesis
thereby improving these indices.

Histology
The regenerate that fills the distraction gap is formed via
intramembranous ossification. In the distraction phase,
the regenerate between the two osteotomized fragments
has a distinct histologic appearance, with five recogniz-
able zones. The central fibrous inter-zone measures 4
to 8 mm in length, with immature collagen bundles and
fibroblast-like cells arranged parallel to the distraction
force. The fibrous inter-zone is bordered on either side
by the primary mineralization front, in which clusters of
osteoblast-like cells produce an osteoid-like matrix that
consolidates the collagen into longitudinal microcolumns
surrounded by capillary buds. The zone of microcolumn
formation rests between the native bone of the osteoto-
mized fragment and the primary mineralization front.
The primary bone units begin to mineralize in this zone,
expanding to a maximum diameter of 150 to 200 prn[(’].
The primary bone units cross-link with other units that
are surrounded by vascular sinusoids and span the cross-
section of the distraction gap.

During the consolidation phase, the primary miner-
alization front traverses the fibrous inter-zone, followed
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by the zone of microcolumn formation. In this way, the
distraction gap is replaced by mature bone that remod-
els with formation of the medullary canal and distinct
cortices, in accordance with Wolff’s law. Endochondral
bone formation has been noted in experimental models
of DO, in which new bone formation is delayed second-
ary }téozo]poor blood supply or lack of stable external fixa-
tlon .

RADIOGRAPHIC ASSESSMENT OF BONE
FORMATION

A valid and reliable means of assessing the quality of

new bone formation during DO is essential. Imaging
techniques such as ultrasonography[s] and quantitative
bone scintigrapl'ly[91 have been investigated. However,
plain radiography is used mainly in assessing the quality
and quantity of distraction regenerate.

Pattern recognition of the radiographic appearance
of new bone formation has typically been used to make
clinical decisions regarding the rate of distraction, ad-
vancement of weight-bearing status and scheduling the
removal of external fixation. Poor healing is suggested
by delayed radiographic appearance of bone formation
(i.e. > 30 d postosteotomy), multiple radiolucencies in the
distraction regenerate, axial deviation of the regenerate,
which is suggestive of suboptimal mechanical stability;
and hourglass configuration of the regenerate“o’m. At-
tempts have been made based on plain radiographic ap-
pearance to classify the shape, consistency and polarity
of bone regenerate during limb lengthening. Surgeon’s
experience with limb lengthening and use of digital image
enhancement techniques can improve the reliability and
accuracy of radiographic assessment of bone formation

during DO,

RISK FACTORS FOR POOR BONE
FORMATION

Poor bone formation with prolonged external fixation
and bone healing indices can take a physical, emotional,
and financial toll on patients. A weak regenerate may not

withstand physiologic loads and is prone to deformation
[13]

and fracture following removal of the external fixator
Several factors can affect the volume and quality of bone
formation negatively during distraction osteogenesis, in-
cluding advanced age and a diaphyseal lengthening site.
Adequate blood supply and mechanical stability are cru-
cial to the formation of a healthy regenerate. Two clinical
studies indicated fracture rates of 8.1% and 9.4% in adult
and pediatric patients respectively who underwent limb
lengthening with external fixation for a variety of diagno-
ses! .

Predisposition to poor bone formation can be attrib-
uted to host-related factors as well as local and iatrogenic
causes. Host-related factors include use of non-steroidal
anti-inflammatory drugs, smoking, congenital etiology,
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and systemic illness (e.g. diabetes).

Local predisposing factors include a scarred soft-
tissue envelope, overlying infection and prior radiation
therapy; as well as deformities such as congenital pseud-
arthrosis of the tibia. Iatrogenic causes include compro-
mised soft-tissue coverage at the osteotomy site, resulting
from poor location selection; suboptimal osteotomy
technique (e.g. thermal necrosis resulting from use of an
oscillating saw); a persistent gap > 1 cm at the osteotomy
site during the latency phase; application of a mechani-
cally unstable frame configuration; a short latency phase
(< 5 d); and rapid distraction (> 2 mm/d). A recent study
of patients undergoing tibial lengthening noted the bio-
logic superiority of Gigli saw osteotomy, especially in the
presence of osteopeniam’zm.

MODALITIES FOR ENHANCING BONE
FORMATION

There are different methods for improving the quality of
regenerate during the consolidation phase; and removing
the external fixators after the end of distraction phase
during segment transfer.

Mechanical modulation

Controlled, repetitive axial loading of healing fractures
can stimulate callus formation and accelerate restoration
of bone strength. Animal data exist to support the use of
vatious means of modulating loading of the distraction
regenerate (e.g. early weight bearing, temporary distrac-
tion, compression following osteotomy, dynamization fol-
lowing callus distraction). However, there are limited data
regarding the effects of alteration of mechanical load on
bone healing in humans'"**". Increasing the frequency of
distraction while decreasing the amount of lengthening
at each interval, whether manually"’, or with a motorized
distractor, may improve bone formation and shorten the
external fixation index. In a study of elderly patients with
medial compartment osteoarthritis and hemicallotasis
of the proximal tibia, Mizuta ef al™ reported increased
bone mineral density and a shorter period of external
fixation in patients who underwent distraction at a rate of
0.125 mm eight times per day (total, 1 mm/d), compared
with those who underwent distraction at the standard fre-
quency of 0.25 mm four times per day.

Surgical techniques

Technical variations on the conventional Ilizarov method
have been developed with the goal of reducing the dura-
tion of external fixation or eliminating its use. New tech-
niques include: segment transport over an intramedullary
(IM) nail; segment transport followed by nailing; hemi-
corticotomy; tibiofibular synostosis; and fibular transport.
These techniques are not without risk, and they may not
be appropriate in patients with a history of local infec-
tion. Although these methods decrease the external fixa-
tion index, protect against refracture, and promote faster
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Figure 1 Radiograph shows the hemicorticotomy tibia after surgery.

Figure 2 Radiograph shows the transfer of a hemicorticotomy segment.

rehabilitation, they have not been shown to improve the
bone healing index consistently. Other disadvantages
include: the possibility of IM infection; the potential for
customized instrumentation; increased surgical time, and
excessive blood loss; additional surgery for removal of
deep hardware; added cost; and a steep learning curve.

Hemicorticotomy'™: After primary management which
comprises debridement, excision of the sinus in the inci-
sion, and removal of the antetior half of the tibial cortex
and any sequestrum, leaving the postetior cortex intact
in its vascular muscle bed. Later, when the condition of
the surgical wound allows, a partial corticotomy is per-
formed of the anterior aspect of the tibia adjacent to
the area from which bone has been removed. The hemi-
corticotomy starts with a skin incision allowing a postero-
medial approach to the tibia. The incision is deepened to
expose the anteromedial surface of the tibia. The tibial
periosteum is incised 1 cm anterior to the posterior tibial
cortex, and petiosteal stripping is avoided, multiple drill
holes in an I-shaped configuration are then made, con-
nected using an osteotome to separate the anterior half
of the tibia from the posterior half (Figure 1), the hemi-
corticotomy is secured by using half pins, wires or both
(Figure 2), and then gradual segment transfer is made to
fill the defect".

Hemicorticotomy is indicated in chronic osteomy-
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Figure 3 Radiograph shows after finishing segment transfer and removal
of external fixation.

clitis involving the anterior tibial cortex with intact and
healthy posterior cortex, and contraindicated in diffuse
osteomyelitis involving both anterior and posterior tibial
cortices.

In our study of twenty patients with chronic os-
teomyelitis of the tibia hemicorticotomy and transfer
by Ilizarov was performed. Of these patients 19 had
complete healing of infection and the discharging sinus.
Radiography confirmed consolidation of the new bone.
The external fixator remained in place in 11 patients until
full maturation of the new bone (average duration was
38 wk). Nine patients asked for removal of the frame im-
mediately after segment transfer had been completed fol-
lowed by a below knee cast for average period of 18 wk
(Figure 3).

The technique did not work in one patient, whose
sinus continued to discharge for 8 wk after surgery. As
this was thought due to petsistent infection related to in-
sufficient removal of infected dead bone, segment trans-
fer was discontinued and the transferred segment was
returned to its original site. This was followed by another
operation with complete excision of the segment with
the suspected infection and classic segment transfer.

Ilizarov external fixation and then nailing: The plan
consists of: segment transfer to reconstruct the defect
resulting from the radical debridement; achievement of
limb length equality, and deformity correction; use of
Ilizarov external fixator frame; corticotomy of the tibia is
performed in relatively normal bone; postoperative intra-
venous antibiotics, specific for culture and sensitivity, are
given for 6 wk.

Removal of the external fixator and intramedullary
fixation is done at 4th wk after finishing segment transfer.
The 4 wk gap between finishing segment transfer and
removal of the external fixator is to: (1) give a chance for
the irritated skin at the pin site of segment transfer to
heal; and (2) the docking site being compressed for some
time to avoid gapping and decrease risk of regenerate
spring-back after removal of the external fixator.

During nailing, the guide wire for the nail is passed
gently through the proximal tibia, the soft distraction cal-
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lus and the transferred bony segment to the distal tibial
segment, followed by insertion of the nail. The statically
locked nail fixes both the corticotomy distraction and the
docking site while maintaining the length.

Ilizarov fixator followed by intramedullary nailing is
indicated in infected nonunion of the tibial shaft, and
contraindicated in prior intramedullary tibial nail insertion
(to decrease risk of infection recurring after nail inser-
tion, because any hidden infected focus along the medul-
lary canal away from the fracture site could be missed in
the debridement), as well as pin track infection during
segment transfer .

In a study we had 33 patients | with infected non-
union of the tibia managed with segment transfer using

[9

an Ilizarov fixator; in 17 patients the fixator was replaced
by nailing after segment transfer was completed.

The average duration of infected nonunion was
12.6 mo, in the patients who continued in the fixator
where the average duration of the fixator was 8.5 mo; in
the patients with nailing, the average duration of the fix-
ator was 3.1 mo.

In the 17 patients with nailing, 15 had complete heal-
ing at the docking site and the corticotomy site with no
residual infection. In one patient the nail was broken at
the docking site level after seven weeks; in another there
was recurrence of infection over the intramedullary nail.

Segment transfer over an intramedullary nail: The
technique described involves radical debridement, appli-
cation of a polymethylmethacrylate spacer with a mono-
planar external fixator, followed by segment transfer us-
ing the Ilizarov technique over an intramedullary nail.

This method is indicated in Cierny-Mader Type IVA
or IVB chronic osteomyelitis of the femoral and tibial
metaphysis and diaphysis, and contraindicated in Cierny-
Mader type IVC chronic osteomyelitis of the femoral and
tibial metaphysis and diaphysis, Cierny-Mader Type 1,
I, or Il chronic osteomyelitis of the femoral and tibial
metaphysis and diaphysism.

In this method there are pitfalls such as: failure to
achieve radical debridement of all dead tissue until the ob-
servation of the so-called paprika sign (live cortical bone);
failure to determine debridement levels, decision-making
which is assisted by intravenous contrast-enhanced mag-
netic resonance imaging of the whole long bone, which
displays all necrotic tissues and skipped abscesses; failure
to achieve good soft-tissue coverage of the debridement
area which is managed by local or distant soft-tissue flaps;
failure to include culture-specific, heat-stable antibiotics
into the polymethylmethacrylate; failure to determine pre-
cisely the length and diameter of the intramedullary nail
to be inserted and the level and number of custom lock-
ing holes which can be avoided by preoperative use of
templates and standing orthoradiographs; failure to over-
ream the medullary canal 1.5 mm larger than the diameter
of the intramedullary nail to ensure easy gliding of bone
segments over the nail; failure to ensure that the inserted
Schanz screws or Kirschner wires are at least 1 mm away
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from the nail and failure to place the external fixator
parallel to the intramedullary nail in both the frontal and
sagittal planes.

In a study done by Eralp ez al®) this technique was
used for 13 patients, the mean size of the defect was 7 cm,
mean time of union at the docking site was 9 mo. Excel-
lent results, in terms of both bone and functional assess-
ment, were achieved for 11 patients, 2 patients had recur-
rence of infection which necessitated removal of the nail
and revision with Ilizarov.

Fibular transport: The technique is a gradual ipsilateral
fibular transport using a stable external fixator based on
the Ilizarov principles. Proximal and distal fibular oste-
otomies are performed to allow medial translation of
the central portion of the fibula. Olive wires with olives
placed on the lateral aspect of the ipsilateral fibula are
used to perform the medial fibular translation. This tech-
nique is indicated in patients with scarce bone regenerate
obtained with the standard Ilizarov technique to replace
the massive tibial loss as well as recurrence of osteomy-
elitis.

Catagni ef al’ used this technique in one patient with
massive tibial bone loss and previous failed segment
transfer. The Ilizarov ring fixation time to achieve fibular
transport and bone union was 11 mo, the patient under-
went additional multiple bone debridement with insertion
of antibiotic beads. Using fibular transport, full replace-
ment of tibial bone loss was obtained.

Physical forces
Two distinct forms of physical forces have been used to
enhance DO: LIPU and PEMFs™",

Low-intensity pulsed ultrasound: Low intensity pulsed
ultrasound delivers high-frequency, low intensity pres-
sure waves to the maturing distraction regenerate. An
ultrasound transducer placed on the skin enhances en-
dochondral ossification and callus formation, especially
in acute fractures of the distal radius”" and tibial shaft"”
managed with a cast. Most authors recommend Low in-
tensity pulsed ultrasound over the healing fracture site for
20 min/d. The role of low intensity pulsed ultrasound in
distraction osteogenesis is less well defined and is consid-
ered a physician-directed (off-label) application.

In a study of 20 young adults with segmental tibial
defects who underwent distraction osteogenesis using
external fixation, 10 underwent low intensity pulsed ultra-
sound applied to the distraction site during the consolida-
tion phasem’m. The mean healing index was 30 d per cen-
timeter in the ultrasound group compared with 48 d per
centimeter in patients treated with rigid fixation (range,
27 to 36 d/cm and 42 to 75 d/cm, respectively).

Pulsed electromagnetic field: Electromagnetic stimu-
lation is a noninvasive modality that has long been used
to enhance fracture healing; however, a recent meta-
analysis of randomized controlled trials tevealed incon-
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. 20,27
sistent Outcomes[ ].

A small double blind study of adolescent patients
who underwent limb lengthening did not demonstrate a
difference in the rate or amount of new bone formation
in patients treated with an active pulsed electromagnetic
field coil during distraction compared with control pa-
tients treated with an inactive coil™. However, when
dual-energy X-ray absorptiometry was used to measure
bone density, patients treated with pulsed electromagnetic
tield were found to have less bone loss adjacent to the
distraction gap.

Growth factors and stem cells

A variety of Bone morphogenic proteins (BMPs) play
an active role in osteogenesis, including recruitment of
stem cells, cellular proliferation and differentiation, and
bone formation. Recombinant BMP-2 and BMP-7 have
been used primarily in adults as an autograft-substitute
for single-level spine fusions and certain open tibial shaft
fractures and nonunions.

Currently, limited information exists on the clinical
use of BMPs for distraction osteogenesis in humans.

In 2008, Burkhart ez a/*” reported a case study of a
19-year-old woman with insufficient bone regeneration
following tibial transport over an intramedullary nail. The
patient was successfully treated with exchange reamed
nailing and intramedullary application of recombinant
BMP-7 mixed with reamed debris at the site of the atro-
phic regenerate. However, several simultaneous interven-
tions were used in this case; thus, the role of BMPs in
distraction osteogenesis remains unclear and needs fur-
ther study.

Platelet-rich plasma contains a variety of osteoinduc-
tive growth factors that may play a role in the proliferation
and differentiation of osteoprogenitor cells and thereby
enhances new bone formation during distraction osteo-
genesism. In a case series, three adolescent patients who
underwent lower limb lengthening received an injection
of culture-expanded bone marrow cells and platelet-rich
plasma at the site of lengthening during the distraction
and consolidation phases. The healing index was 23 days
per centimeter, with no untoward effects. The same group
of investigators applied a similar protocol in the treatment
of a group of teenagers of short stature secondary to
achondroplasia and hypochondroplasia who underwent
lower limb lengtheningm. Eleven patients (24 bones) were
treated with transplantation of culture-expanded bone
marrow cells and platelet-rich plasma during distraction
osteogenesis.

These patients had a significantly lower average heal-
ing index compared with nine patients (32 bones) in the
control group (27.1 £ 6.89 d/cm »s 36.2 £ 10.4 d/cm,
respectively, P = 0.0005). The osteogenic effect was more
pronounced with femoral lengthening than with tibial
lengthening.

Although the initial results of injection of culture-ex-
panded bone marrow cells and platelet-rich plasma (PRP)
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at the lengthening site seem encouraging, this treatment
option requires additional visits to the operating room
and special equipment, as well as additional training to
harvest the stem cells. This technique must be studied in
other patient populations, especially those with typically
prolonged healing times, to evaluate whether these results

can be duplicatedm.

Anticatabolic and other agents

Diphosphonates are a family of anticatabolic agents
that prevent bone resorption. They may be administered
orally or systemically. These agents have been used in a
physician-directed (off-label) capacity in patients with os-
teopenia to reduce the rate of bone turnover, thereby im-
proving bone mineralization and density. In 2007, Kiely
et al”™ reported that six of seven children treated with
parenteral diphosphonates for poor quality of regenerate
following DO eventually healed without further interven-
tion. No side effects related to diphosphonates therapy
were reported. Other anticatabolic agents (e.g. calcitonin)
may have a role to play in enhancement of bone forma-
tion during Distraction Osteogenesis.

Several other agents, such as parathyroid hormone"”,
vitamin D analogs™, and hyperbaric oxygen”™, have
been studied in animal models of distraction osteogen-
esis with encouraging results. However, no human study
of such therapies is available.

HEALING OF THE DOCKING SITE
FOLLOWING BONE TRANSPORT

The docking site is prone to delayed healing in distraction
osteogenesis following gradual transport of a bony frag-
ment in patients with a skeletal defect. Satisfactory out-
comes without the need for supplemental management
of segmental defects of the tibia following sequestrec-
tomy and bone transport have been reported in children
with chronic hematogenous osteomyelitis. However, the
potential exists for impaired bony union. Several options
are available to minimize external fixation and enhance
union at the docking site including: autologous bone
graft; shingling or reshaping of the bony edges"”; bifocal
transport”; transport over an intramedullary nail; sec-
ondary intramedullary nailingm]; and application of low
intensity pulsed ultrasound to the docking site™”. Acute
shortening following segmental resection with lengthen-
ing using distraction osteogenesis at a distant site in the
same bone is an effective alternative to the classic bone
transport technique in some patients with moderate-sized
skeletal defects™*".

CONCLUSION

Distraction osteogenesis is a clinically applicable method
of new bone formation based on sound biologic and me-
chanical principles. Appropriate patient selection, surgical
technique, and rate and frequency of distraction are im-
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portant prerequisites for the timely formation of a robust

distraction regenerate. Several methods can improve the

rate and quality of bone formation while decreasing the

external fixation index during distraction osteogenesis.

These modalities include: mechanical stimulation; inno-

vative surgical techniques that require a variety of intra-

medullary nails; exogenous application of low intensity

pulsed ultrasonography or electromagnetic fields; and an-

ticatabolic agents (e.g, diphosphonates, local injection of
certain BMPs, pluripotent stem cells mixed with platelet-
rich plasma). Few clinical studies exist supporting the use

of such options.
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