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Abstract

In severe trauma of the lower limb, acute management needs to refer to
Damage Control Orthopaedics (DCO). When additional bone, loss is
encountered, surgeons face more challenging situations and decision
about treatment of the bone loss is difficult. Critical size defects are
those exceeding 5 cm and they cannot be treated by conventional bone
grafting due to graft resorption and additional procedures needs for com-
plete fusion.

The induced membrane technique, so-called Masquelet technique, is
dedicated to treat very huge bone defects up to 25 cm, using a two-stage
procedure with a cement spacer insertion for six to eight weeks then filling
the chamber created around by autologous cancellous morcelized bone graft.

Ilizarov techniques can be used either by immediate shortening, acute
shortening followed by compression-distraction techniques, or bone trans-
port. Advantages and pitfalls include difficulty for shortening over 3 cm,
length of external fixation with infection pin sites, docking site non-union,
and extrusion of transferred bone due to retraction of soft tissue in the
defect.

Free vascularized fibula transfer is the last option for acute reconstruc-
tion for traumatic bone loss in case of femoral bone loss with a double-
barreled technique or tibial defect over 12 cm.

Tissue engineering will modify solutions by combining mesenchymal
stem cells, specific scaffolds, and growth factors such as bone
morphogenetic proteins (BMP).
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whether or not to preserve the limb, Different
scores have been chosen [1-3] to try to define
which limbs must be reconstructed, and those
which may need immediate amputation. None of
them emphasises the importance of the amount
of bone defect. In addition, as scores are dif-
ficult in determining what to do, recent authors
[1, 4, 5] have emphasized preference for “dam-
age control management” (DCO), not only in
polytraumatized patients but, as an extension, in
severe multi-tissue injuries of the limbs especially
the lower limb. We have based our initial bone
treatment management on this Damage Control
Orthopaedics method of evaluation and proposals.
In DCO, severe trauma of the lower limb
includes any type of fracture. Most often those
fractures are open and the severity of the bone
lesion is part of the whole injury. The soft tissue
lesion is a second critical criterion for complete
management of the fracture. In fact, in very severe
lower limb injury there is a patchwork of bone
lesion from simple fracture to comminuted ones
with bone defect, surrounded by a massive
destruction of the soft tissue where correct analy-
sis of viable and unviable ones is very difficult to
assess. All injuries make management of such
trauma quite challenging, and may lead to ampu-
tation, non-union or malunion, infection, joint
stiffness and poor function [3]. For Meinig [6],
management of traumatic bone defect must be
done in three consecutive phases which are phase
I: initial patient management; phase II: interim
management — skeletal fixation and definitive soft
tissue coverage; phase I1I: final bone defect recon-
stitution. Time schedule of all those procedures
are not well defined, and we think that they can be
done in a shorter time. In our unit, management of
this type of injury, even in a single lesion of the
leg, is done using the DCO guidelines. Serial
débridement of soft tissue within the first days
after the injury is done, and temporary external
fixation is the standard of care for the fracture.
Such procedures help to remove compromised tis-
sue and avoid any huge bacterial contamination.
At the end of the first week after the injury, defini-
tive treatment can be done, with removal of the
ExFix, secondary and definitive internal fixation,
and soft tissue coverage to resolve all defects.

In some cases, either due to the severity of the
initial trauma, or due to secondary dead bone
resection, a bone defect can be seen. The extent
of the bone defect tends not to be a limiting factor
for limb salvage in the lower limb, even if time
for complete healing is quite high [6, 7].
Treatment of such bone defects may be difficult
when its length is “critical”, and different treat-
ment protocols have been proposed such as con-
ventional cancellous bone graft, open-air
cancellous Papineau grafting [8], fibula transfer
in a non-vascularized or vascularized manner,
and bone transport [3, 9].

“Critical-Sized” Bone Defect
in the Lower Limb

As critical-sized bone defect is mentioned, one
can argue that the definition of such clinical situ-
ation is unclear. From animal models, researchers
have defined a critical sized bone defect as “the
smallest osseous defect in a particular bone and
species of animal that will not heal spontaneously
during the lifetime of the animal” [10]. From a
clinical point of view, critical sized bone defects
can be defined as segmental bone losses exceed-
ing 2-2.5 times the diameter of the injured bone
[10-12]. So the size is different in the lower limb
in the femur and the tibia. We can assume that a
segmental bone defect, which is a complete cylin-
drical defect with no contact between the proxi-
mal and the distal fragment can be considered as
a critical sized bone defect if the length is of
7-8 cm in the femur, and 5-7 cm in the tibia [7].

As part of the DCO management, this defect
must not be considered at the time of early care of
the open fracture, but after the serial débridement
and bone excision, as the defect may be more
important at the end of the first stage after
débridement of the fracture site. In our unit, we
identify this critical sized defect at time of defini-
tive total care, using clinical and radiological
measurements.

All authors agree that critical sized defects in
the lower limb will not heal without secondary
intervention [13]. As the treatment scheduled
may be different on the basis of the results of each
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bone in the lower limb, the way to identify a criti-
cal sized defect is important. In the femur, numer-
ical X-ray analysis is essential, as the diameter of
the bone may be quite different between gender
and ethnicity of the patients. Discussion with
radiologists will help to evaluate correctly the
real size of the defect. CT-scan may be used but is
not mandatory, as precise evaluation is not really
needed. For Dugan et al. [11], a critical sized
defect in the femur can be considered as less as
2.2 cm of bone defect, but they have considered,
in their study, only polytraumatized patients
which may give more challenges for healing as
others bone segments may be involved in the ini-
tial trauma. Tibial bone defects are easier to eval-
uate as the bone is close to the skin, and direct
measurement can be done. For Calori et al. [9] a
critical sized defect leads to non-union and this
can be observed when the defect is over 3 cm
whatever is the bone involved. Based on different
literature considerations, we can assume that any
defect which is over 3 cm must be carefully con-
sidered as close to a critical sized defect and a
specific treatment protocol in emergency must be
added to the fixation device used.

Localisation of the defect is another major
point. Diaphyseal defects need, for a correct heal-
ing process, to obtain cortical bone at the end of
the process. In most cases, both ends of the defect
are of Haversian (cortical) bone type, where
fusion is hard to obtain. Alternatively, cancellous
bone from the metaphysis or the epiphysis is eas-
ier to reconstruct and to fuse. In the latter, the
main problem is the adjacent joint function after
healing has been achieved. Then, the ideal treat-
ment must be able to reconstruct the missing
bone while allowing immediate function of the
muscles and joints located around the defect. In
addition, such clinical situations are associated
with soft tissue damage, and its treatment must be
included in the operative protocol. As we know,
early soft tissue reconstitution aids in the preven-
tion of deep sepsis as well as preparing an envi-
ronment advantageous for bone grafting [6, 13].

When dealing with critical-sized bone defects,
surgeon must consider whether the defect is a
cavitary one, where some contact between the
fragments ends is still present, even if the surface

of contact is very poor, or a segmental one, where

a complete cylinder of bone is missing, with a

tendency of the soft tissues to fill the defect if it is

left without specific treatment.

Based on all the above conditions, the treat-
ment protocol can be considered to have two
possibilities:

1. in the acute phase, the surgeon decides to
maintain the defect, either segmental or cavi-
tary, and the difficulty is how to do it, and
when to treat it? ;

2. in the acute phase, the surgeon decides to
remove the defect using acute shortening
techniques, and the difficulty is how and when
to restore the normal length of the limb? The
different options are discussed in the follow-
ing chapter.

Conventional Cancellous Bone Graft
for Treatment of Large Bone Defects

This type of graft is the first to be tried when the
surgeon has decided to maintain the bone defect.
Autologous bone grafting remains the gold
standard in the reconstitution of such defects.
Autograft is the only material that provides osteo-
genic cells (osteocytes, osteoblasts, marrow stem
cells), osteoconductive matrix (inorganic min-
eral), and osteo-inductive molecules (BMP’s,
transforming growth factor-beta, vascular endo-
thelial growth factor, and others) [6, 14]. All
those criteria have made conventional cancellous
bone grafting as the “gold standard” against
which all others techniques must be shown to
produce better results.

With defects of 2 cm or less, traditional ante-
rior iliac crest bone graft is usually sufficient as
5-72 ml can be harvested. Larger defects can still
be grafted with iliac crest by multiple harvest
sites such as the contralateral site or use of the
posterior iliac crests with amounts of 25-90 ml
being obtained. In addition, the use of a small
acetabular reamer may result in less donor site
pain and larger volume of graft.

The most recent development in autologous
harvest techniques is the intramedullary canal
harvest. A recent review confirms that the use of
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the Reamed Irrigator Aspirator [9]. In a single
pass, reaming of the femur produces signifi-
cant amounts of bone graft (25-90 ml) with low
rates of complications and post-operative pain.
While the rate of complication is lower than that
described in conventional iliac crest harvest, iat-
rogenic femoral fracture has occurred. In addi-
tion, studies of RIA harvest material suggest that
it is rich in growth factors, viable cells, and mor-
cellized trabecular bone. The RIA harvest can
thus be considered biologically equivalent to iliac
graft. The bone marrow harvest, however, lacks
any structural properties that can be achieved
with tri-cortical iliac harvest [6].

There are very few publications about the
treatment of critical sized defects by conventional
bone graft, either solid or cancellous. In our prac-
tice, when this type of graft is used, we have
observed a fusion at bone ends, but bone resorp-
tion at the most central part of the graft leading
to non-union. Partial healing can be noted as the
amount of bone defect has been treated, but with
additional procedures needed to get complete
fusion of the defect. Those results were also
reported by Pelissier et al. [15], as this author
had bone resorption in 5 of 14 cases (35.7 %),
to be compared to a 8.33 % rate with other pro-
cedures available. In the same paper, the mean
bone defect size was 4.37 cm in the conventional
graft group versus 9.58 cm in the other procedure
group. We can assume that conventional bone
graft is not suitable for critical sized defects.

“Induced-Membrane” (Masquelet)
Technique

Maintaining the volume of the defect without fill-
ing it as a primary treatment protocol leads to
retraction of the soft tissues inside the defect, and
the graft bed must be rebuilt at the time of the
grafting itself [3]. In 2000 [16], we published an
original technique where the defect is filled up, at
the initial phase, by a cement spacer. Since then,
the procedure is known as the Masquelet technique
or the Induced Membrane technique. The initial
fracture management is according to the Damage
Control Orthopaedic concept [1], with limb align-
ment and external fixation. In the following days,

additional débridements are done with resection of
all dead or devitalized tissues, including bone frag-
ments if needed. At the end of the first week, a
comprehensive evaluation allows the replacement
of the external fixation by an internal, either plate
or nail, whist at the same time performing flap cov-
erage of the skin defect if needed. Treatment of the
bone defect can be done accordingly.

The induced membrane technique consists of a
reconstruction of the segmental or cavitary defect
with a cement spacer built with commercially avail-
able PMMA -antibiotic beads or surgeon-fabricated
PMMA-antibiotic spacers [6]. The technique is
easily performed. PMMA cement is prepared, and
a tubular or appropriately shaped spacer is fabri-
cated to span the defect and overlap the native
bone ends [17]. Overlapping bone ends allow a
continuous reconstruction with the non-injured
periosteum, which will be of value for the sec-
ond procedure. Antibiotic cement is utilized as an
adjunct to around the bone defect to prevent deep
sepsis. The cultivation of an “induced membrane”
has clinical and basic science advantages for delay-
ing definitive autologous bone transfer into seg-
mental defects [17, 18]. The global concept is a
two-stage procedure dedicated to wide diaphyseal
bone defects with the use of a cement spacer placed
within the osseous void, in the first phase. In con-
tact with the PMMA cement spacer a pseudosyno-
vial membrane forms. The cement spacer remains
in place for 4-8 weeks to allow the membrane to
fully develop biochemically and physically.

The second stage is carried out with removal
of the spacer by breakage, maintaining the mem-
brane intact, filling the defect by bone grafting
within the induced biomembrane [19]. The intra-
medullary canals must be opened and freshened on
either end of the defect, removing the membrane
only at this level. This must be done also in cavi-
tary defects to get a close contact between living
bone and graft [7]. The pseudomembrane induced
by the spacer prevents graft resorption and favours
its vascularisation and corticalisation [10].

The role of the membrane in healing has been
examined in animal models. Histological and
immunochemical analysis has revealed that the
membrane is made of a type I collagen-heavy
matrix, and fibroblastic cells are the dominant
cell type. The inner aspect of the membrane is
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epithelial-like and composed of fibroblasts,
myofibroblasts, and collagen bundles. This tis-
sue is highly vascularized, and the PMMA
spacer causes a mild foreign-body inflammatory
response; giant cells and macrophages were dis-
covered on histological evaluation [17, 18, 20].
The membrane contains a high concentration of
vascular endothelial growth factor and an angio-
genic factor that has been shown to increase the
vascularity of the surrounding tissue [18, 20].
Soft-tissue repair, if needed, is performed
with a muscle flap during the first stage (spacer
insertion) operation. The first role of the spacer
is mechanical, as it prevents fibrous tissue inva-
sion of the recipient site. Moreover, since the
spacer behaves as a foreign body, absence of
infection after 2 months is an excellent indicator
of favourable local conditions for bone grafting
[10]. The definitive fixation implant should have
sufficient mechanical properties to function dur-
ing the duration of bone reconstitution. Stable
fixation is mandatory as biological reconstruction
using the induced membrane technique cannot be
associated with dynamisation. With early restora-
tion and maintenance of the limb in the anatomi-
cal position, patient comfort, rehabilitation, and
function are greatly enhanced which is a distinct
advantage over distraction osteogenesis [6]. In a
recently published experience, 40 patients with an
acute bone defect were treated with this technique
[21]. Bone defect sizes were from 2 to 10 cm. All
patients healed, with a final reconstruction close
to a normal bone (Fig. 1). Donegan et al. [19] has
used this strategy in five patients treated acutely,
with bone union obtained in all cases. All defects
were above the critical sized level, either in the
femur or in the tibia. Different types of bone substi-
tutes have been used in the Masquelet techniques,
as well as bone morphogenetic proteins, deminer-
alized bone matrix, or allograft [7, 10, 15, 19, 20].
All authors agree on the importance of elution of
several growth factors, the prevention by the
membrane of graft resorption and promotion of
revascularization and consolidation of new bone.
Excellent clinical results have been reported,
with successful reconstruction of segmental bone
defects >20 cm [20]. For Taylor et al. [20], if an
IM nail is in place, nail removal or exchange is
not recommended because of the potential for

destabilization. Excellent results have been reported
with maintenance of the original IM nail [22].

The main disadvantage of the induced mem-
brane technique is that of a two-stage procedure.
Some authors have proposed a similar technique
in a one-stage manner using Cylindrical Titanium
Mesh Cage (CTMC) and polylactide mem-
branes technique [10]. It is a one-stage procedure
that relies in the use of cylindrical hollow mesh
implants, consisting of biodegradable polylactide
membranes or titanium cages [12, 23]. The cylin-
drical implant surrounds the segmental defect
and is packed with cancellous allograft. The bone
cage interface is protected by means of internal
or external fixation. Initially reports were of cases
which included titanium mesh-allograft reconstruc-
tions of large tibial diaphyseal defects, which were
protected by intramedullary nailing. Cylindrical
polylactide mesh membranes and titanium cages
demonstrate marked similarities in the treatment of
segmental long-bone defects when applied in com-
bination with bone graft [10]. Biocompatibility of
the mesh material (lactide and/or titanium), fenes-
trated design and ability to enclose bone graft are
some of advantageous biological properties of those
devices. Moreover, a graft composite consisting
of allograft chips mixed with demineralized bone
matrix or hBMP-2 has been successfully used [10].

Acute Shortening, Compression-
Distraction and Bone Transport

As an alternative to staged care, fractures with bone
loss may be effectively managed with bone trans-
port techniques. Inspired by Ilizarov’s philosophy,
this can be accomplished by acute shortening of
the fractured area and immediate or secondary
lengthening of the bone. The advantage of this
approach is its inherent simplicity. Nevertheless,
different types of shortening have been described
[24]. Isolated acute shortening and bone healing
is the more simple technique [13]. The goal is to
remove completely the defect, ending with both
bone ends in contact waiting for fusion. If this is
a suitable technique in the upper extremity, this
type of management is more controversial in the
lower extremity, as any final limb discrepancy
will lead to gait disturbance. After bone union,
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Fig. 1 (a) Emergency X-ray of a
IITA open fracture of the tibia.
Segmental bone is devitalized
outside the skin. (b) Segmental
reconstruction with a cement spacer
overlapping bone ends, and external
fixation. (c¢) Autologous cancellous
bone graft: appearance after

4 months. (d) Final appearance after
3 years

additional techniques will be required for length-
ening. The concept of isolated shortening is to
create an ideal biomechanical environment to pro-
mote union without any need for bone grafting as
direct cortical contact encourages primary osseous

union [13]. Other techniques include acute short-
ening with compression-distraction at the frac-
ture site, or acute shortening and progressive
lengthening after a corticotomy distant from the
fracture and progressive bone transport [24, 25].
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All techniques have their own advantages and
pitfalls. The main advantage of acute shortening
is to cure immediately the bone defect, as bone
ends will come into contact. Doing this, in case of
associated soft tissue defect, allows direct wsound
closure to be done without any additional plastic
surgery. This may help in circumstances where
plastic surgeons or trained trauma surgeons in flap
surgery are not available, i.e. in undeveloped coun-
tries, or with mass or war trauma. This technique
needs external fixation either with a circular or a
monolateral stable frame. Doing this, the duration
of hospital stay can be lowered which is of value
as it lowers costs and additional co-morbidities.
Surgeons can expect fusion when apposition of
bone ends is achieved and in a compressive situa-
tion. Nevertheless, the high level of “docking site”
non-union is high [8, 24, 26, 27]. Pitfalls include
a long time of external fixation with a high rate
of pin site infections, skin scars, and non-union
at the site of distraction. But the main pitfall con-
cerns the amount of acute shortening that vessels,
nerves and soft tissue of the lower limb can toler-
ate. All authors [24, 26] have fixed the maximum
length of acute shortening to 3 cm, which is rather
limited, and cannot be enough for large bone
defects of critical size. For the later, Sen et al.
[26] has proposed a gradual shortening at a rate of
2 mm/day with good final results. If acute short-
ening doesn't need additional surgery in the upper
limb, this type of technique in the lower limb
leads to a discrepancy needing to be compensated
later [24]. Based on clinical results [24, 28], iso-
lated acute shortening can be used in the tibia, but
must be excluded in the femur. Immediate contact
can be expected for defects lower than 3 cm, but
are dependent on the vascularisation of the foot
in larger defects. In all cases, partial resection of
the fibula is needed, and late lengthening must be
considered due to functional consequences.

After acute shortening, leg length discrepancy
can be overcome by distraction lengthening at the
fracture site at a rate of 1 mm/day after a latency
period of 10 days [10, 24], or during the shortening
phase through a corticotomy at a proximal or distal
level depending on fracture localization, until there
is equalization of leg-lengths [25, 26]. In the paper
of Sen et al. [26], 24 patients were treated using
the shortening-lengthening technique in an acute

manner. There were 14 Type IIIA and 10 Type I1IB
fractures according to Gustilo classification. The
mean defect was of 5 cm (3-8.5).

The author prefers an alternative method to
provide solid union. It is to compensate for bone
loss by transporting healthy bone to the frac-
ture site, hence bridging the bone defect [26].
This is done by simultaneous corticotomy and
lengthening down to equal length. Mean heal-
ing time in this series was of 7.5 months [4—11].
Using the healing criteria of Paley and Maar [29],
the Index of External fixation was of 1.4 month/
cm. The author has reported the incidence of
52 complications which was 2.08 per patient.
Different major complications were seen such as
equinus deformity, hardware complications, too
rapid fusion, limb leg discrepancy, adjacent joint
stiffness, mal-union and osteitis.

For Sen et al. [26], these findings support the
argument that, when compared with bone trans-
port series and the length of time for external
fixation, the treatment period was shortened and
the rate of complications and secondary inter-
ventions were decreased in patients who under-
went simultaneous acute shortening and
lengthening. At the same time, according to the
results, mal-alignment, such as angulation and
translation, were not observed if the shortening-
distraction technique was used in the acute post-
traumatic period when the plasticity and mobility
of the soft-tissue is still present. For Rigal et al.
[24], stability of the construct is easier to obtain
in a compression-distraction technique when
compared to Bone transport. This may explain
the lower risk of misalignment that can be
observed during the progression of the bone
fragment. Needs for additional bone grafting at
the docking site are still controversial with this
technique [24, 26]. All authors agree that initial
debridement and resection of dead bone are man-
datory to expect a fusion within segmental bone
ends after compression with no complementary
procedure.

El-Rosasy [25] experienced this technique in
ten acute tibial fractures (seven IITA and three I1IB
Gustilo types), with bone loss ranging from 3.0 to
7.0 cm. The author outlined some technical details
for good final results. The amount of bone resec-
tion required was decided intra-operatively, so that
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the bone limits are apparently healthy bleeding
bone ends. Bone ends must be in contact either by
wedging one bone end into the other or by a square
osteotomy of the bone ends in order to obtain the
widest area of contact, and get a stable fracture
site. In case of a progressive shortening, bone ends
must be cut perpendicular to the anatomical axis.
Fixation is done, in this paper [25], with an exter-
nal fixator. A circular frame similar to the Ilizarov
must be chosen when dealing with osteoporotic
bone, and if limb lengthening is of more than
5 cm, fixation of the foot was necessary. A mono-
lateral external fixator can be used with good bone
quality and short limb lengthening (less than
5 cm). The use of a monolateral fixator simplifies
the fixation and is tolerated better by the patients.
All authors emphasize that acute limb shorten-
ing with immediate re-lengthening by corticotomy
at a healthy level eliminates the problems encoun-
tered with bone transport by converting a compli-
cated limb reconstruction into a simpler one, that
is a linear limb lengthening. Bi-focal compres-
sion-distraction osteogenesis is a safe, reliable,
and largely successful method for the acute treat-
ment of open tibial fractures with bone and soft-
tissue loss. Further non-operative or operative
treatment can correct most complications [26].
The initial use of Ilizarov techniques for treat-
ment of acute bone defects was bone transport
without shortening. In such conditions, the defect
1s maintained, as well as the soft tissue defect when
present [30]. The global procedure is well known
as distraction osteogenesis. The Ilizarov method is
a very satisfactory method for the reconstruction
of long-bone defects that are accompanied by soft-
tissue deficiency. Nonetheless, surgical experience
and patient collaboration are needed for a success-
ful result [10]. As mentioned by El Alfy et al. [30],
in such techniques the defect is not removed but
maintained as it is after iterative debridement. Soft
tissue injuries associated with the bone loss can
make reconstruction very difficult and limit the
functional outcome. For this author, during distrac-
tion osteogenesis, bone and soft tissues are length-
ened, giving an opportunity for a spontaneous
closure of the soft tissue defects without the need
for additional plastic surgery. This is due to the fact
that during the distraction, the bone ends carry
simultaneously the surrounding soft tissues. This

technique was the usual practice in the early 2000s.
Paley and Marr [29] reported on 11 fresh fractures
treated with distraction osteogenesis including 8
cases with additional soft tissue defects, all treated
by soft tissue transport in concert with bone trans-
port. In the paper from Paley and Maar [29], the
mean bone loss was of 10.7 cm [2-20]. The Paley
criteria. were an Index of External Fixation of
2.1 month/cm. In the same paper, the author pro-
posed to modify the Distraction osteogenesis tech-
nique in acute bone loss, by doing not only one
corticotomy, two different on the same bone, at the
proximal and distal metaphysis levels, carrying the
bone transport on the two segments. By doing this,
the duration of external fixation is lowered and the
Index of External Fixation was of 1.2 month/cm. To
get the best outcomes, the surgeons must use circu-
lar frames that allow correction of mal-alignment,
linear transport, and lengthening of the soft tissues
when the bone ends are buried under the soft tissue
(Fig. 2) [30]. If the bone ends are not well covered,
during the bone transport there will be a protru-
sion of the bone due mainly to the retraction of the
soft tissues into the defect. This can be resolved
by using cement spacer pieces of cylinder and
flap surgery during the initial phase, removing the
pieces during the distraction [24]. The problem of
management of the soft tissues during the distrac-
tion osteogenesis phase is an additional challenge
to be taken addressed in these very difficult cases.
Even if the distraction osteogenesis technique is of
great value, this still-controversial way of manage-
ment has some limits in acute treatment of bone
loss in the lower limb.

The Ilizarov method is a very satisfactory method
for the reconstruction of long-bone defects that are
accompanied by soft-tissue deficiency. Nonetheless,
surgical experience and patient collaboration are
needed for a successful result [10]. Although suc-
cessful bone restoration can be achieved with this
modality. Distraction osteogenesis can be pro-
tracted, painful, frequently complicated by pin site
infections, fluctuates in quality and quantity of the
new regenerate, and has healing problems at the
docking site with bone transport [12].

Saleh and Rees [31] have compared eight
patients managed by bone transport with eight cases
of bi-focal compression-distraction osteogenesis in
bone loss. The mean duration of treatment was 16
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Fig.2 Difficulty with retraction of soft tissues in the bone
defect, and consequences during bone transport. Left: pro-
gression of soft tissue with the bone transferred with

and 9.8 months, respectively [26]. Complication
rates per patient were 1.0 in the compression-dis-
traction group and 2.2 in the bone transport group.

In conclusion, the three approaches that are
Acute Shortening, Compression-Distraction, and
Distraction Osteogenesis alone, are not mutually
exclusive but have their relative indications and
difficulties. Distraction osteogenesis therapy is
generally more protracted, technically very chal-
lenging, and accompanied by high complication
rates. However, distraction osteogenesis can be
spectacularly successful in the simultaneous
management of soft tissue coverage, bone defect,
and spatial deformity [6].

Free Vascularized Fibula Transfer

Different types of vascularized bone grafts have
been proposed for treatment of bone losses. As
accompanying skin paddle or muscle [32] may be

limited retraction of the skin. Right: extrusion of bone
during bone transport with severe soft tissue retraction in
the defect (From El-Alfy et al. [30], Springer Ed)

harvested at the same time, the free fibula trans-
fer is the most suitable vascularized bone graft for
reconstruction of large bone losses in the lower
limb. The amount of graft available goes up to
25 cm with a high-density, straight cortical bone
with a good vascular pedicle and minimal donor-
site morbidity [10]. Of particular interest with the
fibula is the ability to fold the graft into two seg-
ments, getting a double-barrel graft that can treat
large defects in the femur, mainly in the distal
metaphyseo-epiphyseal area (Fig. 3). Although
the free vascularized fibula has been well docu-
mented in the literature for reconstruction for post-
tumoral resection in the lower limb, the correct
positioning of this type of graft in a post-traumatic
situation, especially in an acute management, is
still discussed, with very few reports [32-35].

In the 14 cases reported by Pelissier et al. [32]
only 2 were done for acute bone loss after trauma,
each of them with a large bone defect of 15 cm.
The authors have used a composite flap that
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Fig.3 (a) Clinical photograph of femoral defect treated by external fixation and free latissimus dorsi flap on the ante-
rior thigh. (b) X-rays with a double-barrelled free fibular transfer for bone reconstruction

includes part of the soleus muscle to restore asso-
ciated soft tissue defects. This composite flap is
intended for extensive defects of the lower limbs
involving bone and soft tissues. Bone healing
was obtained in 11 months. Free weight-bearing
was allowed 17 months after reconstruction [32].

According to Beris et al. [34], controversy
regarding bone reconstruction using a free vas-
cularized fibula graft in the acute phase may be
linked to the risk of infection in a very technical
demanding procedure. Large open fractures are
contaminated with bacteria. Trying to get a non-
infected bone graft site is the goal of early treat-
ment of such challenging situations. Then, one
option is to do the free vascularized fibula trans-
fer within 6-8 weeks after trauma and soft tissue

reconstruction. Beris has outlined that this is a
difficult procedure due to increased scarring and
limited recipient vessels in terms of their quality
and location. Immediate one-stage procedure can
be done, using composite transfers such as vas-
cularized osteoseptocutaneous or osteomuscular
fibula graft, immediately after radical debride-
ment of the lesion site. The advantages of this pro-
cedure include simultaneous bone and soft-tissue
reconstruction, early bone stability, stimulation of
bone union and decreased time for bone healing,
prevention of soft-tissue and vessel scarring, and
increased rate of infection management [34]. In
the author’s experience, a one-stage procedure
does not add risk of infection but on the contrary,
increases the rate for resolving infection.
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In a comparative study between free vascu-
larized fibula transfer and bone transport, El
Gammal et al. [33] was able to follow 13 free
fibula vs 12 Ilizarov cases. Of particular interest
are the inclusion criteria as bone defects were
at least 6 cm long, none were cavitary defects,
and none has involved the knee or ankle joint,
so that these cases are exactly those discussed
in this chapter. Operative time and blood loss
were significantly higher in the free fibula
group. External fixation time was longer in the
Ilizarov group (10.58 months) vs 6.92 months
for the free fibula group. Full weight-bearing
time was similar in both groups, and above
9 months. Defect size was found to have the
most significant effect on the results. The
author recommends using free vascularized
fibula for traumatic tibial defects of 12 cm or
more, whenever experience is available [33].

A literature review of all cases of free
vascularized fibula transfers published for
management of acute lower limb trauma is still
very unsatisfactory as only 20 papers encountered
the previous-mentioned criteria. Among them,
there are 11 case reports. This outlines the contro-
versy of using such a demanding procedure in a
very challenging situation where the infection
rate seems the main drawback. The advantages of
free vascularized fibula include maintained graft
vascularity and so ability to hypertrophy in
response to load [15, 33, 35], and resistance to
infection [33, 34]. Its disadvantages are the need
for microsurgical skills, possibility of total necro-
sis due to anastomotic complications, donor site
morbidity, and occasional stress fracture [33].

The main drawback of the fibula transfer is the
absence of soft-tissue coverage that is almost
always needed in acute treatment of traumatic bone
loss in the lower limb. The solution is additional
plastic surgery such as local skin or myocutaneous
flap, cross-leg, free skin myocutaneous flap, or
composite flaps with the free fibula [32, 33, 35].

Protection of the vascularized fibula graft is
needed during the first year and loading must be
gradually increased for remodelling and hypertro-
phy. Stress fractures are common complications
[10]. The type of fixation, associated with free
vascularized fibula transfer, is still controversial. It
seems that internal fixation raises the rate of stress

fractures, so that external fixation with a mono-
plane frame [10] or circular one [35] must be pre-
ferred, as progressive loading and stress
application can be achieved using this type of fixa-
tion. Large plates create unnecessary stress shield-
ing and retard the hypertrophy of the fibula [35].
The double-barrelled fibula flap is indicated for
femoral and proximal tibial reconstruction. For
large defects over 12 cm, division of a single fibula
will not provide adequate length [34]. The fibula
presents the advantages of providing the greatest
bony length and an excellent medullar and perios-
teal blood supply. In addition, its long cylindrical
straight shape, mechanical strength, predictable
vascular pedicle, and hypertrophy potential are cri-
teria for some authors to use this demanding proce-
dure in bone reconstruction of the lower limb [34].

Conclusions

Acute management of traumatic bone loss is
still a very challenging situation even if there
are different options available. Comprehensive
literature review is rather difficult as all papers
mix acute management and late bone recon-
struction. The main criteria for decision-mak-
ing are the bone defect size and the amount of
surrounding soft tissue damage.

Small bone defects (less of 5 cm) can be
managed using standard methods of fixation
with autogenous bone grafting, and there is no
evidence of a new or demanding procedure for
a quicker or better outcome.

Management of large bone defects (over
5 cm) require specific techniques. Even if post-
traumatic femoral defects of up to 15 cm have
shown the potential for spontaneous healing
after intramedullary nailing [10], large seg-
mental bone defects, especially in the setting
of an unfavourable wound environment, sub-
optimal surgical technique or biomechanical
instability are usually characterized by low
regeneration potential and will require more
specialized surgical management.

The “induced membrane” technique seems to
be a method of choice in all cases [7] as it main-
tains the limb length avoiding leg length discrep-
ancy, allows acute flap surgery for soft tissue
reconstruction in the post-traumatic period, gives
some opportunity for diagnosis of infection in
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those contaminated situations [21], and leads to a
combined mechanical and biological favourable
environment [19]. In the future, additional tech-
niques of orthobiologics may help to limit the
amount of bone graft needed [36, 37]. The main
drawback of this technique is that of a two-stage
technique needing additional anaesthesia. This
situation may be improved by using new implant
technologies with Cylindrical Titanium Mesh
Cage (CTMC) and polylactide membranes tech-
nique [12], or custom-made products such as
pre-determined bone segment with collagen-
hydroxyapatite scaffold and autogenous plate-
let-rich plasma [38]. Part of the efficacy of the
induced membrane technique is a non-infected
and well-vascularized bone graft bed, so that
all new techniques should be compared on this
basis. In this technique, stability is mandatory,
and future studies will help to determine which
type of stable fixation is better [22].

Acute shortening, compression-distraction
and Ilizarov bone transport must always be con-
sidered as they can correct associated deformity
and shortening, address small areas of soft tissue
defects, and allow immediate mobilization. Their
disadvantages are long duration of treatment
especially in long defects, pain accompanying
the transport, frequency of pin tract infection,
and occasional non-union at the docking site
[33]. Based on previous published studies, in
acute management of lower limb bone loss, it
seems that compression-distraction techniques
are the most suitable ones for reducing the num-
ber of complications. However, management of
soft tissue involved in the trauma is still a signifi-
cant problem with this type of procedure.

For long bone defects over 8-10 cm in
length, the free vascularized fibula must be
considered even if there is a high risk of septic
complications and stress fractures. Exact posi-
tioning of this type of graft will be better defined
in the future, as it is a very demanding procedure
needing a high level of experience and must be
limited to some surgical centres able to do it in
a multidisciplinary surgical environment [15].

In conclusion, biological pseudomem-
brane seems to facilitate bone reconstruction.
However clinical trials are needed in order for

their effectiveness to be confirmed and their
place in the armamentarium for the treatment
of bone segmental defects to be clarified [10].
Addition of osteogenic proteins (BMP’s), and
their effect on bone healing and regeneration
either in an induced membrane technique [18]
or in an Ilizarov technique [39] must be studied
more precisely. Such considerations will lead to
the possibility of using tissue engineering for
acute post-traumatic bone reconstruction, such
as osteogenic cells, growth factors, and bio-
material scaffolds. The previously mentioned
Masquelet and cylindrical mesh techniques may
be the basis for tissue engineering procedures.
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