Delayed Union and Nonunions
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20.1 Introduction

Battlefield injuries, high-speed accidents, and work
mishaps may cause fractures of the lower extremities.
A limb with a fractured bone leads to significant dis-
ability. Generally, this disability is temporary and ends
when fracture union is achieved. Delayed union or
nonunion, however, may occur significantly more
often after high-energy trauma, infection, or multidi-
rectional deformity [16]. Bone is the only tissue that
can heal without scar formation. Bone fractures initi-
ate a complex interdependent sequence of events,
including inflammation (the cellular and vascular
response to injury), repair (the replacement of dam-
aged or necrotic tissue by cell proliferation and synthe-
sis of new matrix), and remodeling (the reshaping,
internal reorganization, and replacement of repair tis-
sue) [23]. Knowledge of normal bone healing and the
reasons for nonunion may help the surgeon to better
plan the management of this complication. The lack of
a normal healing process during the inflammation
phase leads to an atrophic nonunion, or to a hypertro-
phic nonunion, if it occurs during the bone healing
repair phase.

A fractured bone needs mechanical stability, bio-
logical sufficiency, and contact between properly
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aligned fragments for healing to occur. Bone defects or
severe displacement of the fragments, infection, insuf-
ficient local blood supply, usage of steroids and non-
steroid anti-inflammatories [10], radiotherapy, soft
tissue problems, and atrophic muscles and contractures
may negatively impact the healing process.

Delayed union is a term used for a fracture that has
not united within a period of time that is considered
adequate for bone healing; the union is slow but will
eventually occur without additional surgical or nonsur-
gical interventions. Thus, delayed union is mainly a
clinical diagnosis [26]. According to the FDA, a diag-
nosis of nonunion may be established “when a mini-
mum of 9 months has elapsed since injury and the
fracture shows no visible progressive signs of healing
for 3 months.” The time frame, however, is different
for different fractures. A fracture of the tibial shaft is
not considered a nonunion until at least 9 months,
while a fracture of the femoral neck can be defined as
a nonunion after just 3 months. Tibial diaphyseal frac-
tures that do not exhibit a bridging callus sufficient to
achieve clinical stability by 16 weeks are considered to
be delayed union fractures [46]. On the other hand,
nonunion refers to a fracture that will not unite without
additional surgical or nonsurgical intervention (usually
by 6-9 months). Of the long bones, the tibia is the most
common site for nonunion development.

20.2 Classification

The most widely used classification is the Weber—Cech
system [44] (Figs. 20.1 and 20.2). The nonunion is
classified according to the radiographic appearance,
which correlates with the fracture biology.
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Fig. 20.1 Vascular nonunions according to the Weber—Cech
classification: “elephant foot,” “horse hoof,” and oligotrophic
nonunion (from left to right)

Fig. 20.3 A patient x-ray showing atrophic nonunion of the
tibia (left). Another patient x-ray exhibiting hypertrophic non-
union of the femur (right)

Fig. 20.2 Avascular nonunions according to the Weber—Cech
classification: torsion wedge, comminuted, defect, and atrophic
nonunion (from left to right)

* Hypertrophic nonunions are characterized by abun-
dant callus formation. These nonunions are hyper-
vascular and offer excellent healing potential, given
the right environment (Fig. 20.3, right). They result
from insufficient mechanical stability. Hypervascular
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nonunions are subdivided into three forms: “ele-
phant foot,” “horse hoof,” and oligotrophic
(Fig. 20.1). Elephant foot nonunions are hypertro-
phic and rich in callus, and result from insecure
fixation, insufficient immobilization, or premature
weight bearing. Horse hoof nonunions are mildly
hypertrophic and poor in callus, and result from
unstable osteosynthesis. Oligotrophic nonunions
are not hypertrophic but are vascular with no callus,
and result from distraction of the bony fragments.

Atrophic nonunions are characterized by an absence
of callus and atrophic bone ends, which may be
tapered and osteopenic or sclerotic (Fig. 20.3, left).
Bone vascularity is deficient and the bone suffers
from poor healing potential. If there is a fibrous
capsule around a freely mobile nonunion, filled
with a viscous fluid and creating the appearance of
a joint, then it is referred to as a pseudarthrosis.
Atrophic nonunions result from insufficient blood
supply to the bone fragments. Reed et al. showed
that the number of blood vessels in atrophic non-
unions reaches the same level as in healing bone but
at a later time-point. Diminished vascularity within
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Fig. 20.4 Tibial nonunion classification described by Paley:
Lax (Al), stiff without deformity (A2-1) and stiff with fixed
deformity (A2-2) (upper row, from left to right). Bone defect
without shortening (B1), shortening without bone defect (B2),
and bone defect with shortening (B3) (lower row from left
to right)

the first 3 weeks, but not at a later time-point, may
prevent fractures from uniting [33].

*  Normotrophic nonunions share the characteristics
of both atrophic and hypertrophic nonunions. The
bone ends exhibit moderate healing potential.

llizarov classified nonunions into two categories: lax
and stiff. Lax nonunions have radiologically apparent

atrophic bone ends, they exhibit pathological move-
ment at more than 7°, and they exhibit shortening of
more than 2 cm. On the other hand, stiff nonunions fea-
ture hypertrophic bone ends, pathological movement of
less than 7° and shortening of less than 2 cm [40].

Another recent classification for tibial nonunions
was described by Paley and Herzenberg in terms of
clinical mobility, which roughly correlates with the
three categories of the Weber—Cech classification
(Fig. 20.4). Although initially described only for tib-
ial nonunions, this classification may be applied to
nonunions of other bones. In this classification, there
are two major types: Type A — a bone defect of less
than 1 cm; and Type B — a bone defect of more than
1 cm.

Al: Lax (mobile) (Fig. 20.5)
A2: Stiff (nonmobile)

A2-1: No deformity

A2-2: Fixed deformity
B1: Bone defect, no shortening
B2: Shortening, no bone defect
B3: Bone defect and shortening

20.3 Evaluation

20.3.1 Clinical Evaluation

Clinical evaluation of the nonunited segment includes
an inspection for gross deformity, overall alignment,
venous stasis, and lymphedema. In segments with
signs of local malnutrition, an arteriogram is advis-
able. A complete neurovascular examination must be
carried out documenting the peripheric pulse status.
The motor function and the sensitivity of the skin of
the affected limb are checked, and an electromyogra-
phy must be obtained in cases with positive results.
Limb-length discrepancy should be checked via spino-
malleolar measurement. In ambulatory patients, the
gait pattern should be documented. The skin should be
inspected for the presence, location, and healing status
of previous wounds and incisions (Fig. 20.6). Pain and
motion produced by the manual stress test applied to
the nonunion site and any contracture at the adjacent
joints should be checked and documented. Photographic
documentation is also very useful for treatment plan-
ning (Fig. 20.7).
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Fig.20.5 A patient with
a lax humeral nonunion

Fig. 20.7 A patient’s clinical
Fig.20.6 A patient’s tibia with scars from previous injury and  picture showing the deformity
surgery and shortening
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20.3.2 Radiologic Evaluation

True anteroposterior and lateral x-rays of the affected
limb segment must first be obtained. The image should
be perpendicular to the long axis of the segment. An
orthoroentgenogram is useful to document and mea-
sure limb-length discrepancy and deformity (Fig. 20.8).
In subtle nonunions, a computerized tomography (CT)
scan will be helpful for the diagnosis (Fig. 20.9). If
hardware causes the interpretation to be difficult, then
plain tomography may be helpful. Bone scanning will
identify increased uptake in viable nonunions but
decreased uptake in nonviable nonunions. Synovial
pseudarthrosis typically appears as a cold spot on bone
scans. Indium-labeled leukocyte scanning may help
to distinguish between infected and noninfected non-
unions [7, 23]. If there is a sinus tract, a sinogram will
help to determine whether it communicates with the
nonunion site. A magnetic resonance imaging study is
most helpful to show the presence of osteomyelitis
and the status of the ligaments at adjacent joints.
Ultrasonographic evaluation of callus formation is
a useful alternative technique when an abnormal heal-
ing process is encountered. It allows for the evalua-
tion of bone formation during the first 4 weeks, during
which radiograms are not appropriate for this pur-
pose. Because the ultrasonographic exam does not
involve radiation, it can be repeated often and

Fig. 20.8 Orthoroentgenogram of
a patient with a femoral nonunion,
causing deformity and shortening

l,

Fig. 20.9 A CT scan of the femur, showing nonunion after
intramedullary nailing

routinely [30]. Application and interpretation of the
resulting ultrasonography, however, may be challeng-
ing in the presence of metallic implants or external
fixators.

20.3.3 Laboratory Studies

Total blood count, erythrocyte sedimentation rate, and
quantitative CRP levels should be routinely monitored.
These parameters may help assess the healing process
of the patient. Additionally, total protein and albumin
levels are checked to evaluate the nutritional status of
the patient. Patients with low albumin and lymphocyte
levels may need parenteral nutritional aids in addition
to a high protein and high calorie diet.

20.4 Treatment

The process and outcome of bone repair is determined
by the magnitude and interaction of the anabolic (bone-
forming) and catabolic (bone-resorbing) responses
[21]. Prior to injury, most anabolic and catabolic
responses are very subtle in normal homeostatic states;
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however, when a fracture occurs, there is an appropri-
ate inflammatory response in the bone and surrounding
tissues, followed by cellular recruitment and prolifera-
tion. The anabolic phase precedes and dominates the
catabolic removal of unwanted tissue and bone resorp-
tion associated with subsequent remodeling. Anabolic
treatments can be mechanical (e.g., distraction osteo-
genesis, ultrasound), biological or pharmacological
(e.g., bone morphogenetic proteins, parathyroid hor-
mone), graft based (e.g., autologous bone graft,
allograft), and cell based (e.g., bone marrow or mesen-
chymal stem cells, platelets, gene therapy). Anti-
catabolic treatments are usually pharmacological, for
example, the administration of bisphosphonates to
inhibit resorption of osteoclasts. Mechanical stimuli
may also decrease catabolism by reducing stress shield-
ing, as with the dynamization of external fixators.

As the treatment period is long, for a successful
outcome in the treatment of complex nonunions, there
should be a team consisting of a surgeon, a clinical
nurse, a physical therapist, a radiologist, and a micro-
biologist. This is of paramount importance, especially
if an external fixator and its combined techniques are
used. In such cases, the patient himself/herself must
be included in the team because he/she will play an
active role, such as overseeing care of the frame and
the pin site [24].

Early referral to a tertiary center is recommended,
since this may reduce the morbidity and duration of
time off work for some patients [29].

20.4.1 External Fixation Modalities

Ilizarov asserted that distraction alone may be a potent
stimulus, at least for nonunions of the hypertrophic
type. This assertion has been confirmed in the litera-
ture [24, 38]. It is possible to achieve stable fixation
with the Ilizarov frame, even in the presence of
osteopenia or bone defects. Unless there is infection,
exposure of the nonunion site is often not required,
except for implant removal.

20.4.1.1 Monofocal Distraction

Monofocal distraction is most suitable for hypertrophic
nonunions because they exhibit callus-forming capacity.
If there is an angular deformity, eccentric distraction
may be performed until the deformity is corrected,
followed by longitudinal distraction until the desired
amount of lengthening is achieved [37, 41] (Fig. 20.10).

70
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Fig.20.10 Nonunion of the forearm with shortening (a). Monofocal distraction using a circular external fixator (b). X-rays (c¢) and

clinical views (d, e) at the end of the treatment
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Fig.20.10 (continued)

20.4.1.2 Consecutive Monofocal
Compression Distraction

This method consists of alternating short periods of
progressive distraction with periods of compression,
which is also known as “callus massage” or the “accor-
dion technique” [18, 28, 31]. Raschke et al. recom-
mend 0.5 mm of distraction per day for 7 days, followed
by 1 mm compression per day for 7 days over a 4-week
period. Our preference is for distraction at a rate of
4x0.25 mm per day for 10 days, followed by a latency
period of 10 days and compression at a rate of
2x0.25 mm for 20 days thereafter. These sequences
may be repeated three times until bone healing is
complete (Fig. 20.11).

Monofocal compression distraction using external
fixators can be appropriate for the treatment of humeral
shaft nonunions, especially after failed plate fixation
or in cases with severe shortening [3].

20.4.1.3 Bifocal Strategy: Acute Shortening
and Gradual Lengthening

In cases with bone loss, acute shortening until the gap is
closed followed by gradual lengthening through another
osteotomy may be performed [41]. Our experience
indicates that the safe limits for acute shortening are up
to 4 cm in the tibia and 67 cm in the femur. If addi-
tional compression is required, it must be performed
gradually at a rate of 2 mm/day. During surgery, the

arterial pulses of the foot, a Doppler ultrasound
evaluation, capillary refill time, and oxygen saturation
of the hallux help to evaluate the circulatory status of
the extremity. If these parameters deteriorate, the dis-
traction must be reversed until normal circulatory status
is achieved (Figs. 20.12 and 20.13).

20.4.1.4 Computer-Assisted External Fixation
(Hexapod Systems)

Hexapod external fixator systems (Smart Correction,
Gotham Medical LLC, NJ, USA; Taylor Spatial Frame,
Smith and Nephew Inc., Memphis, TN, USA) are
modular systems that offer multiple frame options and
allow for precise computer-assisted adjustment and 3D
control of the frame. Circular rings are connected with
six struts, which are gradually adjusted by the patient
to correct the deformity, and to lengthen, compress, or
distract the nonunion site. These adjustments are cum-
bersome and complex when classic Ilizarov type exter-
nal fixators are used. The “virtual hinge” calculation,
with the help of Internet-based software, guides any
treatment via hexapod external fixator systems.

The first method can be used with these devices to
reduce surgical time. Under this scenario, the rings are
applied independently to the fragments and subse-
quently connected with six struts in a prespecified
manner. Additionally, this technique also enables the
rings to remain free for ideal placement with regard to
soft tissue (Fig. 20.14).
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20.4.2 Internal Fixation

20.4.2.1 Plate Osteosynthesis

Plate osteosynthesis provides stability and compres-
sion, which in turn minimize the motion and reduce
the gap at the nonunion site. Several types of plates can

be used to treat nonunions. Metaphyseal and specifi-
cally located aseptic nonunions with excellent soft tis-
sue envelopes are the best indications for plate fixations
(Fig. 20.15).

A wave plate has been recommended by various
authors, as it has a contour bent into its midportion so
that it stands away from the bone at the abnormal

Fig. 20.11 A humeral nonunion. (a, b) Preoperative stress
x-rays. (c—e) The deformity is corrected gradually by the use
of a circular external fixator. (f, g) Consecutive monofocal

compression and distraction is applied (accordion technique).
(h) X-ray at the end of the treatment
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Fig.20.11 (continued)

Fig. 20.12 Patient with a femoral nonunion following corrective
osteotomy (a, b). As a bifocal strategy (compression distally, dis-
traction proximally), the distal deformity is corrected acutely by
fixator-assisted nailing and Poller screws, and lengthening over

intramedullary nail technique is used to treat shortening (c, d). The
external fixator is removed at the end of the lengthening process,
and the intramedullary nail is locked proximally (e, f). Note that
strut grafting was performed in the context of the lengthening site
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Fig. 20.12 (continued)

area, thus providing biological and mechanical advan-
tages; the local blood supply is preserved by reducing
the amount of dissection and the area of plate-bone
contact, and there is more space for autogenous bone
grafts on the lateral cortex [5, 35]. Wave plates can be
used in the presence of a complete segmental defect,
as it will not fail until the bone graft consolidates
because cyclic loading is distributed over a wide area
rather than at a local fulcrum (Fig. 20.16).

20.4.2.2 Exchange Nailing

Nonunion can occur following intramedullary nailing of
the long bones in the lower extremities. Of note, it is more
common if unreamed intramedullary nailing is used in
femoral shaft fractures. Concerns about reaming include
disruption of the cortical blood flow, thermal necrosis of
the cortical bone, marrow immobilization due to elevated
intramedullary pressure, and increased consumption of
coagulation factors [20, 22, 25, 39, 43]. Despite these

concerns, clinical success of reamed intramedullary nail-
ing has been confirmed by several studies [6, 9, 14, 42,
45]. Exchange nailing is a good choice for nonunions of
the long bones, which may be treated initially using an
intramedullary nail (Fig. 20.17).

Exchange nailing for the treatment of a nonunion
includes removal of the current intramedullary nail,
reaming of the medullary canal, and placement of an
intramedullary nail of a larger diameter than the removed
nail. This leads to biological effects (resulting from ream-
ing) and mechanical effects (resulting from the use of a
larger-diameter nail) that promote bone healing. Exchange
nailing has been shown to be successful for the treatment
of both atrophic nonunions (for biological effects) and
hypertrophic nonunions (for mechanical effects).
Reaming of the medullary canal increases periosteal
blood flow and stimulates periosteal new bone formation.
Blood flow in the cortex, although initially diminished,
returns to normal level or even better than normal within
a few days after medullary reaming. Moreover, the
products of reaming contain osteoblasts and multipotent
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Fig.20.13 A patient who had failed to heal following intramed-
ullary nail for the femoral fracture (a, b). The bifocal strategy
was used with a monolateral external fixator (compression prox-
imally at the fracture site and distraction distally through an

stem cells. This may lead to an internal grafting effect.
The use of a nail with a larger diameter guarantees greater
bending rigidity and strength than the original nail. A
larger-diameter nail offers higher bending rigidity (pro-
portional to the fourth power of the radius) and strength
(proportional to the third power of the radius).

The exchange nail should be at least | mm larger in
diameter than the nail being removed, and others have
recommended that it be up to 4 mm larger if the nail to
be removed is substantially undersized. Canal reaming
should continue until osseous tissue is apparent in the
reaming flutes.

Exchange nailing is indicated if there is an aseptic
nonunion in a long bone of the lower extremity

osteotomy for limb-length equalization) (c—e). X-rays at the end
of the treatment, showing successful healing and equalized limb
length (f, g)

(without comminution or defect) following prior
intramedullary nailing [8]. The main indications for
exchange nailing are as follows:

* Aseptic diaphyseal femoral nonunions

* Proximal tibial nonunions

 Tibial shaft nonunions

* Distal tibial nonunions

* Lower extremity nonunions with angular or rota-
tional deformities

Exchange nailing is not recommended for the treatment

of humeral shaft and very distal femoral nonunions.
Failure to heal the nonunion may occur even fol-

lowing exchange nailing. In such patients, we prefer to
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Fig. 20.14 A patient with tibial nonunion and mild deformity (a, b). A hexapod external fixator was used (c—e). X-rays at the end

of the treatment (f, g)

remove the locking screws that are associated with the
intramedullary nail and then to compress using a circu-
lar external fixator (Fig. 20.18).

20.4.2.3 Cage and Grafting for Defect
Nonunions

The cage and grafting technique is described in
Chap. 21.

20.4.3 Combination Techniques

The latest medical advances offer not only a short-
ened treatment time but also guarantee increased
patient comfort. Combined techniques that utilize
external fixators and internal fixation modalities
(intramedullary nails, plates) combine the advantages
of both techniques, with a decrease in external fixa-
tion time of almost 50%. By decreasing the external
fixation time, patient comfort increases and the rate of
external fixator-related complications decreases,
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Fig.20.15 A humeral fracture that failed to heal after conservative management (a). Plate fixation was performed (b)

Fig. 20.16 Wave plate. Note
that grafting was possible
under the wave plate to the
nonunion site

including pin track infections and joint contractures.
The internal fixation hardware left in place after
removal of the external fixator guarantees stability,
inhibiting refracture or the recurrence of deformity,
and enabling accelerated rehabilitation. Many combi-
nation techniques are described in the literature.

Fixator-assisted acute femoral or tibial deformity cor-
rections and consecutive lengthening over nails allow
surgeons to address the deformity together with the
limb-length discrepancy. This technique may also be
applied in the case of a nonunion associated with a
deformity — this is known as the monofocal compres-
sion-distraction technique combined with deformity
correction. Combined techniques are satisfactorily
used for nonunions with defects and/or infections
[4, 19, 41].

20.4.3.1 Bone Transport

Bone transport is used for defect nonunions. Three
methods exist: internal bone transport, external bone
transport, and bone transport over nail (BTON)
(Figs. 20.19-20.21). Bone transport with the use of an
external fixator is known to be a reliable solution that
leads to successful outcomes. The time spent in an
external fixator (the external fixation time) depends on
the length of distraction required and does carry a risk
of complication. When the distraction phase is com-
plete, the consolidation phase (which often lasts more
than twice as long as the distraction time) becomes
difficult for the patient to tolerate. Removal of the
external fixator before satisfactory consolidation is
associated with fracture, deformity, and shortening
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Fig. 20.17 A femoral shaft fracture (a) was initially treated with intramedullary nailing (b, ¢). CT suggested nonunion after
7 months (d). Exchange nailing resulted in union of the femur (e, f)

Fig. 20.18 A patient who had failed exchange nailing for tibial fracture nonunion (a, b). Subsequently, the nail was broken due to
nonunion. Monofocal compression over the nail was used by a circular external fixator (c, d), and a tibial union was achieved (e)

through the distracted callus [27]. Older frames often
required repeated adjustments to prevent misalignment
of the docking site. The usage of the intramedullary
nail in addition to the external fixator served to help
avoid misalignment of the docking site, leading to sig-
nificant decreases in external fixation time together
with better maintenance of anatomical length and
alignment [32].

Alternatively, minimal invasive plate osteosynthe-
sis (MIPO) may be used to confer similar advantages
[1, 2]. Bone transport may also be accomplished

through the use of fully implantable intramedullary
lengthening devices, such as internal lengthening nails
(ISKDs). Cole reported a technique through which he
achieved healing of the nonunion first, and then per-
formed lengthening with an ISKD to address limb-
length discrepancy [11].

For defects of 5-12 cm, we prefer the BTON tech-
nique. The contraindications of the BTON technique
are vascular disease, diabetes mellitus, and active
infection. Bone defects larger than 12 cm and tobacco
abuse are relative contraindications.
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Fig.20.19 A patient with a distal tibial fracture likely to develop nonunion (a). External bone transport through a proximal osteot-
omy was performed using a circular external fixator (b, ¢). X-rays at the end of the treatment (d)

Fig. 20.20 A patient with an infected tibial nonunion (a). The non-vital infected portion of the tibia was removed, and antibiotic
incremented bone cement was used as a spacer (b). Internal bone transport was used (¢, d). X-rays at the end of the treatment (e, f)
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Fig.20.21 A patient with a femoral nonunion. We note the shortening deformity and a broken nail (a). Bone transport over nail was
used to treat the shortening deformity and the nonunion (b, ¢). Orthoroentgenogram at the end of the treatment (d)

20.4.4 Biologic Stimulation

20.4.4.1 Central Bone Grafting for Tibial
Nonunions

Central bone grafting is an operative technique that
uses a lateral approach, anterior to the fibula and the
interosseous membrane, whereby a central compart-
ment is created for autologous cancellous bone graft
placement, thereby achieving a tibiofibular synosto-
sis. The central bone mass and the fibula consolidate
into a tubular bone that is sufficiently strong for
weight bearing. This technique is a relatively simple
and safe method for the treatment of tibial non-
unions compared to posterolateral bone grafting,
bone transport, rib or free vascular fibula grafts

[34, 36]. It heals faster, requires fewer operations,
and achieves similar rates of union in comparison to
traditional posterolateral bone grafting. Central
bone grafting may be used for bone defects of up to
5 cm, without previous infection, or in patients with
previous infection exhibiting a defect of up to 2 cm
after debridement.

20.4.4.2 Electrical Stimulation

The use of electrical energy for the treatment of non-
unions started in the 1950s. It was pioneered by Yasuda,
who demonstrated new bone formation around the
cathode in a rabbit femur. Today, three devices are
approved for use with humans [12, 13]:
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1. Direct current stimulator supplied by Zimmer
(Warsaw, IN, USA)

2. Inductive coupling system from Electro-Biology,
Inc. (Fairfield, NJ, USA)

3. Direct current stimulation using a completely
implantable system supplied by Telectronics
Proprietary Ltd. (Milwaukee, WI, USA)

20.4.4.3 Partial Fibulectomy

The application of a partial fibulectomy is controver-
sial for the treatment of tibial nonunions. It has been
routinely recommended on the basis that the intact
fibula may hold an ununited tibia in distraction
(Fig. 20.22).

20.4.4.4 Bone Marrow Injection

Bone marrow contains osteoprogenitor cells that are
key elements in the process of bone formation and
fracture healing. Autogenic bone marrow grafting is a
useful technique in the treatment of delayed unions
and nonunions [15, 17]. We prefer the percutaneous
technique to expedite the operative procedure and
eliminate wound-healing difficulties. Using specific
needles for iliac punctures, a bone marrow volume of
50 ml is aspirated under fluoroscopic control and
immediately injected into the nonunion site (Fig. 20.23).
Because of the short interval between aspiration and

Fig. 20.22 A patient with a tibial nonunion (a). Partial fibulec-
tomy and elastic intramedullary nailing resulted in tibial union (b)

c

p\

Fig. 20.23 Bone marrow was taken percutaneously from the posterior iliac crest (a) and immediately injected into the nonunion

site (b)
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injection, an anticoagulant (e.g., heparin) is not needed.
Heparin usage is associated with potential impairment
of bone healing. Repeat injections may be performed
when no healing is observed on follow-up x-rays.
Perioperative complications are uncommon, but het-
erotopic bone formation may occur following bone
marrow injection [15]. A bone matrix may enhance the
effectiveness of bone marrow injections.

20.5 Future

Bone tissue engineering offers significant potential in
the management of refractory nonunions. There are
only a few reports of its successful use in the literature
and translation into clinical practice remains limited at
this time. Recent advances in stem cell therapy, cell
biology, and biomaterials science are promising, and
some bone morphogenetic proteins and growth factors
are commercially available; however, further studies
are needed to promote clinical application.
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