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General Principles

Distraction osteogenesis (DO) refers to the
process of forming new bone at the site of a cor-
ticotomy/osteotomy undergoing gradual distrac-
tion [1]. The new bone that forms during the
process of DO is termed “regenerate.” Regenerate
formation begins as bony fracture callus at the
site of the cut in the bone and, with the applica-
tion of gradual distraction, forms a column of
new bone extending from this site primarily
through a process of intramembranous ossifica-
tion [2, 3]. When DO is used to make new bone to
treat a segment of bone loss, it is called bone
transport. When DO is used to lengthen an
extremity, it is often termed limb lengthening or
distraction histogenesis. The term distraction his-
togenesis is preferred in this scenario because it
emphasizes that in addition to new bone forma-
tion there is also generation of vascular, nerve,
and other soft tissue structures.

DO is most often performed with external
fixation. The process begins with application of
the external fixator. An Ilizarov circular external
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fixator is the most classic method, but many types
of external fixators can be used, including other
varieties of circular fixation, monolateral rails,
hexapods, and cable constructs. The chosen con-
struct is then used to achieve angular correction,
lengthening of the limb, and/or transportation of
the bone. Once the external fixator is applied, the
next step is to cut the bone with either a corticot-
omy or osteotomy. Following completion of the
operation, DO progresses through three phases;
latency, distraction, and consolidation. The
latency period is usually 3—7 days during which
early bony callus forms and neovascularization
of the bone at the corticotomy site occurs. The
distraction phase then begins, usually at a rate of
1 mm per day, until the desired length and angu-
lar correction is obtained. The consolidation
phase follows during which calcification and
maturation of the regenerate bone occur.
Applying an external fixation construct that is
mechanically sound and stable throughout the
process of DO and performing an appropriate
bone cut are critical to the success of the proce-
dure. Early descriptions of DO paid a great deal
of attention to the concept of a corticotomy in
which the periosteum and endosteal bone along
with their blood supply were preserved in their
entirety [4]. This method therefore aimed to cut
just the bony cortex whether performed with a
drill, osteotome, or Gigli saw. The importance of
the true corticotomy has been challenged over
time as being both impractical and unnecessary
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to achieve a successful result. It has been demon-
strated that an osteotomy in which the cancellous
bone is also cut and the periosteum separated can
also form excellent regenerate. However, the core
concept embodied in the original description of a
corticotomy—that performing a low-energy bone
cut preserves local vascularity and minimizes
damage to the periosteum—remains essential to
a successful result. The modern concept of a cor-
ticotomy/osteotomy is thus focused primarily on
the critical aspects of minimal energy, minimiz-
ing damage to local blood supply and preventing
thermal injury. There are a number of methods
that have been shown to achieve this successfully,
including a multiple drill hole osteotomy com-
pleted with methods such as rotational osteocla-
sis, inserting an osteotome at the corticotomy site
and rotating it 90°, or using a Gigli saw [5].
Although no human studies are available, animal
models show delayed consolidation when using
higher-energy techniques more prone to burning
the bone (such as an oscillating saw) to perform
the osteotomy, and therefore this technique is
highly discouraged [6]. The metaphyseal region
is an ideal site to perform a corticotomy because
of the large trabecular surface and robust vascula-
ture that often leads to a large amount of regener-
ate, although other regions of the bone can also
be used when necessary [7].

Prior to starting the distraction phase, a post-
operative latency period is advocated [4]. This is
usually 3-7 days during which early callus for-
mation and local neovascularization occur. The
exact length of the latency period should be indi-
vidualized for each patient based on physiologic
factors. Once begun, distraction at the osteotomy
site typically proceeds at 1 mm/day. This rate was
established by the work of Ilizarov, who found
that in dog studies 0.5 mm/day of distraction can
result in premature consolidation, while 2.0 mm/
day produced poor regenerate [7]. Although
1 mm is most common, the rate may need to be
altered due to patient factors. For example, young
children may require a faster rate to prevent pre-
mature consolidation. In contrast, patients with
multiple comorbidities such as diabetes and
smoking may require a slower rate to allow for
good regenerate formation that does not outpace

the neovascularization occurring at the scene of
the regenerate.

In addition to rate, rhythm is also an important
aspect. Ilizarov demonstrated that more frequent
and shorter distance distractions lead to improved
regenerate formation. However, dividing the dis-
traction into a large number of separate distrac-
tions is impractical, and so the recommendation
is made to use a rhythm of four separate one-
fourth millimeter turns per day, which is practical
and also achieves excellent bone formation. It is
notable that comparisons between regenerate
formed using Taylor Spatial Frame (TSF) (Smith
& Nephew, London, UK) distraction at | mm/day
in one increment and that with an Ilizarov at one-
fourth mm 4 x per day have failed to demonstrate
a difference in quality of regenerate bone forma-
tion. This is encouraging when it is necessary to
use the less frequent protocol, but it is best to
respect the more scientifically rigorous data from
the basic science studies and use the more fre-
quent rhythm when feasible. Following comple-
tion of distraction, the new bone calcifies and
remodels to form a cortex and medullary canal
[8-10].

Distraction also induces morphologic changes
in surrounding soft tissues. Muscle tissue
undergoes  hypertrophy and hyperplasia.
Neoangiogenesis occurs in the direction of the
tension vector. Nerves to innervate the growing
and new tissue develop as well. Different tissues
have different biologic compositions, and thus
the “optimal” distraction rate is different for
each tissue than it is for the bone. This difference
is one reason for nerve palsies and joint contrac-
tures, which will be discussed later.

Biology of Distraction

The classic experiments done by Ilizarov provide
helpful insight into the biochemical, mechanical,
and biophysical processes that are involved in
DO. After corticotomy, a local inflammatory
response facilitates new bone formation during
the latency period. This response is multifactorial
but primarily consists of migration of pluripoten-
tial cells and the secretion of cytokines and
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growth factors to guide osteogenesis. During dis-
traction, regenerate has a characteristic histologic
appearance with five zones that resemble a
growth plate [11]. The central portion is a growth
zone, with fibroblast-like cells that secrete colla-
gen. These collagen fibers align parallel to the
distraction force being applied. This zone is bor-
dered on either side by a mineralization front,
with osteoblasts producing osteoid in a manner
that resembles intramembranous ossification.
This occurs without any endochondral ossifica-
tion when a stable, rigid construct is used. If there
is some instability, the process is slowed and
more closely resembles endochondral ossifica-
tion or even pseudoarthrosis if gross instability is
present [7]. Between the mineralization front and
the surface of the native corticotomized bone lies
a zone of microcolumn formation. Primary bone
is mineralized in this zone, which later in the con-
solidation phase continues to cross-link and
remodel all zones of the regenerate. By this
mechanism, the distraction gap is replaced by
mature, remodeled bone with distinct medullary
canal and cortices, in accordance with Wolff’s
law [11].

Several signaling molecules have been identi-
fied to play an important role in the process of
DO. They are categorized as (1) pro-inflammatory
cytokines, (2) transforming growth factor-p
(TGF-B) and bone morphogenetic family of pro-
teins, and (3) angiogenic factors [12]. Pro-
inflammatory cytokines initiate the repair cascade
after corticotomy. Interleukin-1 (IL-1), tumor
necrosis factor-ao (TNF-a), and IL-6 are elevated
in the latency and distraction phases and play a
significant role in the process of intramembra-
nous bone formation and remodeling [13, 14].
Insulin growth factor-1 (IGF-1) is elevated early
in the distraction phase, and levels decrease once
distraction stops, suggesting a key role in osteo-
genesis [15]. TGF-p has been found to support
new bone formation, and its levels are elevated
during the early distraction phase [16, 17]. Bone
morphogenetic proteins (BMPs) are also upregu-
lated, and high levels are maintained throughout
the distraction phase [18-20]. BMP-2 has been
shown to accelerate the rate of bone formation in
rabbits [20]. Vascular endothelial growth factor

(VEGF) is recognized as an important stimulator
for angiogenesis, and levels are increased during
the distraction phase. Angiogenesis facilitates the
diffusion of signaling molecules during DO.

Mechanotransduction plays an important role
in osteogenesis by triggering cell signaling and
gene expression [21, 22]. Integrins are key in cell
signaling and are the primary pathway by which
mechanotransduction induces stem cell differen-
tiation [23, 24]. Mechanical load by the distractor
also stimulates the osteoblastic production of
extracellular matrix proteins, such as collagen
type I and osteocalcin [17].

Finally, the fluid flow theory helps to explain
how mechanical load translates into bone remod-
eling. The theory proposes that load forces inter-
stitial fluid to flow around the bone
microarchitecture, creating shear strain. This ini-
tiates the downstream cascade of cell signaling,
mainly through the activity of nitric oxide (NO),
prostaglandins, and Wnt [25, 26]. Wnt is upregu-
lated by shear stress, which leads to osteoblastic
bone formation and inhibition of osteoclast for-
mation [27, 28].

External Fixator Construction

The goals of using external fixation in bone trans-
port are to maintain stable bone alignment and to
allow adequate compression of bone at the dock-
ing site to encourage healing [1, 29]. The con-
struct should be stable enough to permit
weight-bearing and to allow as normal as possi-
ble functioning of the limb and adjacent joints.
Weight-bearing and limb use help support local
neovascularity and facilitate bone healing [30].
Stability of the construct is multifactorial [30,
31], and general concepts of the biomechanics of
external fixator constructions and fixation block
composition are discussed in earlier chapters.
These concepts apply equally when DO is being
performed, but in this circumstance, there are a
number of additional considerations relevant to
creating a construct that will achieve the recon-
structive goals. DO can be used for limb length-
ening, bone transport, or a combination of both
with osteotomies proximal, distal, or both. The
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construct employed depends primarily on the
goals of the procedure in terms of the location of
malangulation, bone defect, planned lengthening,
and planned osteotomy(s).

There are many external fixator configura-
tions capable of achieving stable fixation and
successful DO for limb lengthening. Circular
fixators are most often used because they are
mechanically the soundest and allow great flexi-
bility in obtaining and maintaining stability.
Ilizarov discovered DO and pioneered the use of
ring fixation to apply this method. He used a
frame constructed of threaded rods attached to
stainless steel or carbon fiber rings. These rings
were fixed to the bone with high-tension wires
both proximal and distal to the zone of injury
and/or osteotomy site (Fig. 7.1a). Limb length-
ening can be performed at the site of an osteot-

omy by distracting the rings using telescopic
rods such as seen in Fig. 7.1a, b.

Another circular fixation construct well suited
to performing limb lengthening is a hexapod fix-
ator such as seen in Fig. 7.1c. This construct uses
six struts instead of four threaded rods to stabilize
across the distraction site. The advantage of this
method is that it allows for a simple method of
deformity correction and/or correction of angula-
tion that develops during lengthening caused by
either an imperfectly mounted fixator or a drift of
the transport segment away from its original
alignment during transport caused by instability
of the transport segment fixation and/or uneven
soft tissue tensions. Hexapods use a computer
program generated from information about the
frame and osteotomy that informs the patient
about which struts to turn and how often. Hexpods

Fig. 7.1 Frame constructs used for lengthening. (a)
Ilizarov external fixator constructed as both a lengthening
and bone transport frame. Fixation rings are carbon fiber
and the transport ring is stainless steel. The rings are fixed
to the bone with high tension wires and hydroxyapatite-
coated half pins. Lengthening is motored by the telescopic
rods (often referred to as “clickers”). The clickers are
designed to motor the lengthening with the patient making
turns in one-fourth mm increments. (b) Ilizarov-type
external fixator with stable block of two rings distally con-
nected by threaded rods and connection of top two rings
with telescopic rods. Distraction occurs between the prox-
imal and middle rings driven by the telescopic rods. (c)
Hexapod external fixator (specifically, a Taylor Spatial
Frame (TSF) in this example) being used as a lengthening

construct. There are proximal and distal fixation blocks
each built off of a single ring with fixation widely spread.
Distraction is motored by the TSF struts between the
rings. The struts move in 1 mm increments when turned
by the patient. This construct allows for simultaneous cor-
rection of malalignment while performing limb lengthen-
ing. (d) Monolateral rail external fixator construct. Limb
lengthening is driven by the distraction rod placed
between the two stable bases. The distraction rod turns in
one-fourth mm increments when turned by the patient
using a special wrench. This construct is mechanically
disadvantageous because the pins are all in the same
plane, but is much better tolerated in the femur than ring
fixation



7 External Fixators for Limb Lengthening

97

can be highly advantageous in certain circum-
stances, but it is especially important to assure
sound biomechanics when using these devices.

Another type of external fixator that is com-
monly used for limb lengthening is a monolateral
rail (Fig. 7.1d). Rails have the mechanical disad-
vantage that all pins are parallel and in the same
plane and are therefore a less stable construct
than a multiplanar construct. In addition, because
all of the fixation is performed with half pins,
there is a cantilever effect with a tendency toward
deformity away from the pins (e.g., tendency
toward varus in the femur as lateral pins bow
apart). However, the pins and frame are manufac-
tured to be especially robust in order to help pre-
vent this. This tendency of the monolateral rail
frames having been recognized, many of these
systems have the ability to angulate either at the
beginning or at the end of distraction to compen-
sate for this tendency. The major advantage of a
monolateral rail is that it is much easier for the
patient to tolerate than a complete ring around the
limb, especially in the femur [32-34].

DO for bone transport or lengthening com-
bined with bone transport requires additional
consideration in regard to frame construct [35].
Transport with a traditional Ilizarov fixator
occurs at an intermediate ring, traditionally stain-
less steel, with distraction driven by square nuts
such as seen in Fig. 7.2a. The intermediate ring
moves along the threaded rods “rails” and drags
the transport segment with it. A column of new
regenerate bone forms behind the transport seg-
ment, and eventually the transport segment
crosses the defect to meet the opposite bone end.
Half pins can also be used to fix the transport seg-
ment to the bone and have the advantages of tra-
versing less soft tissue and application with
greater crossing angles than wires (Fig. 7.2b).
However, half pins have larger dimensions and
cut a larger path through soft tissue during trans-
port and are therefore less soft-tissue-friendly in
this circumstance.

Many types of rings are available with vari-
able thicknesses and made of differing materials.
These rings can be connected to threaded rods
and function the same as an Ilizarov fixator. For
this reason, the author refers to a construct of

rings connected with threaded rods as an Ilizarov-
type construct and then names the type of rings,
for example, “Ilizarov-type construct with Taylor
Spatial Frame rings” (Fig. 7.2¢). Transport using
an Ilizarov-type construct with hexapod rings is
straightforward with progression along the
threaded rods, but there is a big advantage in that
the threaded rod segments crossing the docking
site can be changed to struts at the time of dock-
ing. The struts then allow for easy adjustment of
bone end alignment at the docking site without
the need for strut adjustments or changes during
transport.

An alternative construct that allows for bone
transport and limb lengthening is the bifocal
frame. Fundamentally, a bifocal transport frame
distracts an osteotomy at one location and com-
presses the gap to bring bone ends together at
another site. The lengthening is typically motored
by either telescopic rods or square nuts, and com-
pression is performed with either square nuts or
struts (Fig. 7.2d). The bifocal frame with tele-
scopic rods at the distraction site and struts at the
docking site is convenient because it allows for
biologically friendly distraction with flexibility
to adjust docking site alignment without frame
modification at the time of docking. This is a
powerful construct but requires many adjust-
ments at two levels by the patient and surgeon
during the reconstruction.

A special type of bifocal frame is the “double-
stacked” hexapod (Fig. 7.2e). The double-stacked
frame is advantageous because there is maximum
adjustability of both the regenerate bone segment
and the docking site. However, this method of
transport requires the greatest number of adjust-
ments by the patient and strut changes by the sur-
geon, is by far the most expensive, has the most
hardware obscuring radiographic evaluation, and
is mechanically less rigid. For these reasons, the
authors generally reserve this construct for spe-
cial situations that require additional flexibility in
alignment such as soft tissue coverage, deformity
correction with multiple CORAs (center of rota-
tion of angulation), or malalignment between the
segments across regenerate column at the end of
transport. An alternate construct is the cable
transport frame. Figure 7.2f shows an example of
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Fig. 7.2 Ilizarov frame variations for lengthening and
transport. (a) Traditional Ilizarov external fixator frame
with rings attached along long threaded rods that run the
full length of the construct. Note the transport ring is
stainless steel even when the fixation rings are carbon
fiber. Square nuts are used as motors. Typically, there
would be two carbon fiber rings distally or the addition of
a foot plate. A foot plate was originally attached but was
removed in clinic 6 weeks after transport docking. The
patient has a typical dorsiflexion splint attached to the
frame. (b) Ilizarov transport with half pins fixing the bone
to the transport ring with square nuts as the motor. Distal
fixation with metaphyseal wire cluster after staged foot
plate removal in clinic. (¢) Ilizarov-style transport frame
with long threaded rods attached to the rings. This con-
struct uses Taylor Spatial Frame (TSF) hexapod rings

<

instead of Ilizarov rings. This construct allows for adjust-
ability at the end of transport because the threaded rods
can be cut and struts applied across the docking segment.
(d) Bifocal transport frame with telescopic rods “clickers”
proximal and hexapod TSF struts distally. This allows for
biologically optimal cadence of 4 x 0.25 mm movements
per day but great flexibility in controlling alignment at
docking. This construct allows for adjustability without
revising frame components but requires many more daily
adjustments than in (c). (e) Double-stacked hexapod with
TSF struts. Maximizes adjustability of alignment for both
transport and docking segments. (f) Balanced cable trans-
port external fixator frame. Allows bone transport with no
pins or wires dragging through the skin. TSF struts with
the shoulder bolt removed are used as motors in this
example

<

a balanced cable transport frame with internal
cables pulling the transport segment [36]. Note
the absence of pins and wires in the transport seg-
ment and the attachment to a strut proximally
used to motor the transport. The chosen construct
for any given patient should be tailored to the
specifics of the bone available for fixation, soft
tissue constraints, where the osteotomy is
planned, and whether lengthening and/or trans-
port is planned.

Mechanical Modulation
to Encourage Bone Formation

Altering the mechanical load on the affected limb
can modulate the regenerate. Early weight-
bearing has been a mainstay for encouraging bet-
ter bone formation and remains a cornerstone of
treatment. As discussed earlier, increasing the
frequency of distraction while decreasing the
amount of lengthening at each interval may
shorten the external fixation index [31, 37].
However, currently available methods make
greater than four incremental turns per day
impractical and have not been clinically demon-
strated to be of significant benefit to justify the
added difficulty. Techniques such as compression
after over-distraction, “pumping the regenerate,”
have been described but have not demonstrated
clear benefit in increasing the rate of regenerate
healing. In contrast, “pumping of the regenerate”
can be a useful method of salvage when poor
regenerate is formed early in the distraction

phase. In this scenario, the transport segment is
compressed back to or near its original position
and then gradually distracted again. This can
often encourage a greatly improved regenerate to
salvage a poor start.

Dynamization, as classically described, has
been used since the original descriptions by
Ilizarov in order to encourage fracture healing
and regenerate consolidation. In its original form,
dynamization meant that the nuts holding the
stable ring on one side of the fracture or regener-
ate were made loose and backed up by a small
amount (~2 mm). This had the effect of loosening
the frame and allowing a small amount of
dynamic compression at the fracture site.
Dynamization was performed to encourage addi-
tional callus formation or as a final stage prior to
fixator removal. The process also acted as a clini-
cal test to see how the patient felt with an unsta-
ble fixator. If they could walk without pain, then
it likely meant it was safe to remove the fixator.
This method is still commonly used today as is a
process of dynamization where frame compo-
nents are gradually removed in order to shift
weight-bearing forces from the fixator to the
bone. The introduction of the TSF as the first
hexapod complicated the ability to dynamize the
external fixator. It was no longer possible to back
up and stabilize the nuts as had been possible
with an Ilizarov-type fixator. However, dynam-
ization continued to be a highly employed con-
cept but with a new method of application. The
hexapod could by dynamized by either removing
fixation components to provide more flexibility
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or by unlocking the struts, which completely
destabilizes the fixator across the fracture site.
Dynamization performed by unlocking the struts
is a good test of fracture and regenerate healing
but is not helpful for encouraging bone formation
during the consolidation process. To address this
problem, there are reports of special shoulder
bolts designed to allow a true axial dynamization
of hexapod external fixators in the same manner
that an Ilizarov frame could be dynamized, but to
date these are not widely available [31].
Consequently, the exact meaning of the word
dynamization has become somewhat confused, as
the same word is used to describe very different
mechanical processes. However, the principle of
fixator destabilization late in the reconstruction
process remains a common element of the treat-
ment process.

More recently, there has been compelling
basic science evidence that challenges the useful-
ness of dynamization as a method to encourage
final healing. This evidence supports a new para-
digm called “reverse dynamization” [38, 39].
Reverse dynamization relies on the principle that
early on in fracture healing there is a soft and
flexible hematoma that is converted to a cartilagi-
nous callus. Callus formation during these early
stages is encouraged by fracture micromotion,
and larger amounts of relative motion of the bone
ends are well tolerated. Later stages of fracture
healing occur as softer bone is replaced by more
rigid organized mature bone formation. This
stage is sensitive to relative motion of the bone
ends and is harmed by larger amounts of motion
and is thus aided by greater construct stability.
The reverse dynamization concept therefore
advocates for making the fixator construct more
stable during the consolidation phase and after
the end of the initial phases of callus formation in
order to optimize the speed of bony healing.
Therefore, instead of removing components in
late healing, the surgeon would add threaded rods
or attach additional points of fixation after the
initial healing stages in order to encourage final
healing. Reverse dynamization is a relatively new
concept and is awaiting validation from clinical
data but has shown anecdotal success in the
authors’ experience.

The use of noninvasive physical modalities
has become a popular adjuvant to encourage
bone healing. One such intervention is the use of
low-intensity pulsed ultrasound (US). US is theo-
rized to modulate signal transduction at the cel-
lular level by inducing a pressure wave [40]. US
has been shown to increase callus formation dur-
ing fracture healing [41]. This potential has led
researchers to investigate its use during DO. A
recent meta-analysis suggests that US could pos-
sibly reduce the healing index of DO by 15 days/
cm in tibia defects, and it is more effective when
used during distraction and early consolidation
phases [42]. However, a more recent study did
not show a statistical difference in reduction in
treatment time, radiographic or histologic fill
length, or bone density increase [43]. The limita-
tion in interpreting efficacy of US results from
the heterogeneity of patients reported, publica-
tion and selection bias, and other confounding
factors.

Biological Adjuvants

The role of BMPs in osteogenesis has been previ-
ously described. Recombinant BMP-2 and
BMP-7 have been used in adults as adjuvants or
substitutes for bone graft. Although not approved
by the US Food and Drug Administration (FDA)
for DO, oft-label applications have been reported
for patients with poor regenerate and persistent
nonunion [44].

Platelet-rich plasma (PRP) contains osteoin-
ductive growth factors and has been investigated
in combination with bone marrow grafting for
bone formation in DO [45, 46]. The results of
these investigations showed increased cellular
activity in rats, but there was no difference in
osteoblast activity. There are also no clinical data
to support the use of PRP as an adjunct to improve
regenerate bone formation. Anticatabolic agents
(i.e., calcitonin, diphosphonates) have also been
used in off-label cases in pediatric patients with
poor-quality regenerate with eventual healing
[47, 48]. However, there are limited data to sup-
port the efficacy of these agents, and in fact the
use of an agent that retards bone turnover seems
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counterproductive given that callus and regener-
ate maturation rely on bone turnover as part of
the natural healing process.

Augmentation with bone marrow aspirate
concentrate (BMAC) has also been proposed.
Percutaneous insertion of marrow cells has been
shown to be a safe and effective approach and to
accelerate bone regeneration during DO [49, 50].
This technique has also been used as an adjuvant
to treat segmental long-bone defects [51].
Another study reported the use of BMAC in
femur and tibia lengthening, with faster femoral
than tibial healing, with no difference in the num-
ber of cells present in the concentrate. These
results suggest that the effect of BMAC on the
bone regenerate may be multifactorial and prob-
ably related to the local milieu at the transplanted
site and not the actual number of cells. However,
more studies are needed to optimize this
technique.

Complications

DO with external fixation provides a reliable tool
for lengthening of an extremity and treating even
large bone defects [52]. However, there are sig-
nificant challenges to consider. The related
problems of superficial cellulitis, deep pin
infection, and loosening have improved with
hydroxyapatite-coated (HA) pins but remain the
most common problem for both surgeon and
patient [53, 54]. Pin site cellulitis causes increased
pain and the need for additional clinic visits and
infrequently may require hospital admission for
IV antibiotics or pin removal/exchange. Most
cases of pin site cellulitis are successfully treated
with a short course of oral antibiotics and do not
compromise the final outcome of reconstruction,
but the short-term burden for both patient and sur-
geon is significant. Apart from cellulitis, HA half
pins can mature to be painless, but discomfort
around wire sites generally persists to some degree
until their removal. This discomfort can lead to
greater pain medication use during treatment [55].

A related concern is that irritation from points
of fixation may lead to discomfort that discour-
ages joint range of motion and may lead to joint

contractures [56]. Joint contracture can also
occur because of the pull on muscle-tendon units
and the translocation of muscular origins that can
occur during the process of DO. Joint contracture
can be one of the most difficult problems to deal
with during limb lengthening and bone transport.
In fact, loss of motion and joint stiffness are the
most likely cause for long-term problems follow-
ing DO. Great care must be taken during treat-
ment to encourage range of motion and physical
therapy. In addition, early recognition and inter-
vention for a developing contracture is an impor-
tant part of the treatment.

The weight of the external fixator can be a
challenge for some patients, such as the elderly,
with limited strength reserve. Therefore, the
weight of the external fixator construct should be
considered carefully in this patient population
and construct choice modified as needed.

Shortening and angulation of the regenerate is
a significant complication. This occurs when the
fixator is removed prior to complete consolida-
tion of the regenerate. When this occurs, it is
almost always impossible to acutely correct with-
out an osteotomy, as the regenerate tends to rap-
idly consolidate in this scenario. Correction
requires a return to the operating room for an
osteotomy and surgical correction of angulation.
This is best prevented by assuring adequate
regenerate healing prior to frame removal by
obtaining radiographic confirmation of healing,
waiting an adequate and expected time for heal-
ing (generally no less than 1.5 months/cm in an
adult), and testing with frame dynamization prior
to removal.

Nonunion of the regenerate typically occurs
when there has been poor compliance with the
distraction process. This can be treated with bone
grafting and other methods described above.
Another alternative is to consider conversion to
internal fixation, but it should be emphasized that
this must be undertaken with great care and
respect for contaminated pin and wire sites.
Multiple means such as a pin holiday and antibi-
otic cement-coated implants can be used to help
moderate this risk when this approach is neces-
sary. However, generally speaking, conversion to
internal fixation at the conclusion of limb
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lengthening or bone transport should be consid-
ered a salvage procedure with significant atten-
dant risks. The exception to this is when the
initial construct was applied to avoid contamina-
tion from the fixator components in the path of
the staged internal fixation, in which case routine
conversion has been shown to carry low risks.

Integrated Techniques

To address some of the challenges of DO with
external fixation alone, methods that integrate
the use of internal fixation have been proposed.
Techniques include lengthening over an intra-
medullary nail (LON) [57-60], lengthening and
then nailing (LATN) [61], transport and then
nailing (TATN) [36], and lengthening over a
plate (LOP). LOP has had mixed results and is
generally not preferred. LON, LATN, and

TATN have all proven to significantly decrease
external fixation index or days in ex-fix/cm new
bone (EFI). LATN and TATN have also sub-
stantially decreased the bone healing index or
months/cm new bone (BHI). Disadvantages of
using internal hardware include the potential
for deep infection, increased surgical time,
blood loss, added cost, and the added technical
difficulty.

Lengthening Over a Nail (LON)

With this technique, an intramedullary nail is
inserted after the corticotomy is performed. A
frame is then applied after the nail is inserted
with care taken to keep fixation points remote
from the deep hardware. The external fixator is
used to lengthen over the nail (Fig. 7.3). When
the desired length is achieved, the nail is locked,

Fig. 7.3 This is an example of lengthening over a nail.
This patient had residual limb length discrepancy after
being treated for Perthes as a child. She had failed orthotic
treatment and had persistent back pain and a limp. (a—-d)

An antegrade nail was placed in the femur with a distal
corticotomy in the diaphyseal-metaphyseal junction. The
limb was subsequently lengthened with a monolateral
frame
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and the fixator removed [57, 59, 60, 62]. EFI is
decreased while providing the regenerated bone
support in the consolidation phase, although the
BHI is not significantly different than the clas-
sic Ilizarov technique [60, 63]. The deep infec-
tion risk must be considered, as the rate has
been reported to be 14%. Another disadvantage
is the need to use smaller-diameter nails to
allow sliding of the bone and to allow concomi-
tant placement of an external fixator. This may
lead to suboptimal stability. Any deformity
must be corrected acutely with this technique,
which may compromise bone healing.

Lengthening and Then Nailing
(LATN) and Transport and Then
Nailing (TATN)

LATN is the technique of using a ring fixator
to perform limb lengthening followed by
placement of an intramedullary nail at the con-
clusion of the distraction phase with removal
of the external fixator. The initial external fix-
ator is constructed in such a manner that it
avoids placing contaminated pins and wires in

Fig. 7.4 This patient had suffered a right femur fracture
treated without surgery in another country (a). The length
of the femur was re-established using a monolateral

the path of the intramedullary nail that is
placed later on. The regenerated bone is sup-
ported by the nail during the consolidation
phase. The EFI is decreased from 45-60 days
to approximately 14 days/cm, and the BHI is
decreased from 1.5-2.0 to 0.9. The time in
frame is therefore 75% less, with healing in
50% less time. Both LATN (Fig. 7.4) and
TATN (Fig. 7.5) have shown identical results
in terms of effect on EFI and BHI. One con-
cern of using an intramedullary device after
prolonged time in external fixation is the risk
of deep infection. This risk, however, has been
reported to be lower than 5% and as low as 0%
in some studies [36, 61, 64]. This technique
can be used for pure lengthening, transport, or
combined cases.

Meta-analysis of the results of bone defect
management indicates that integrated methods
appear to be the most effective treatment for bone
loss and limb length discrepancy, with LATN and
TATN having significant advantages over all
other methods. Because there are far more data
on traditional methods, additional data on inte-
grated methods are necessary before any solid
conclusions can be reached.

external fixator (b, c¢). After length was restored, the
frame was removed, and an intramedullary nail was
placed (d)
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Fig. 7.5 This patient sustained a high-energy grade III B
tibia fracture that underwent serial debridement (a, b). After
soft tissue stabilization, a complex transport using a cable
frame was used to reconstruct the residual segmental defect
of the bone (c, d, e). After the transport segment reached the
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