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Abstract

Because of its simplicity, reliability, and replicability, the Masquelet induced membrane technique (IMT) has become
one of the preferred methods for critical bone defect reconstruction in extremities. Although it is now used worldwide,
few studies have been published about IMT in military practice. Bone reconstruction is particularly challenging in this
context of care due to extensive soft-tissue injury, early wound infection, and even delayed management in austere
conditions. Based on our clinical expertise, recent research, and a literature analysis, this narrative review provides
an overview of the IMT application to combat-related bone defects. It presents technical specificities and future
developments aiming to optimize IMT outcomes, including for the management of massive multi-tissue defects or

bone reconstruction performed in the field with limited resources.
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Background of the recipient site, and a biological action that induces the

The reconstruction of segmental bone defects remains a
challenge for military orthopedic surgeons, especially in cases
of missile or blast injuries characterized by a high proportion
of multi-tissue and infected defects[1-5]. Treatment modalities
include techniques such as autologous bone graft (ABG),
bone transport, vascularized bone transfer, and the two-
stage Masquelet induced membrane (IM) technique (IMT;
Table 1)[6,7]. Because of its simplicity, reliability, and
efficiency, even for large defects, the latter has spread
globally in the last decade[8,9]. The IMT presents strong
advantages because it requires no sophisticated equipment or
microsurgical skills to perform and has a healing time almost
independent of the defect length[3]. This simplicity makes
it particularly adapted to bone reconstruction in military
practice, especially in current high-intensity warfare where
patients cannot be evacuated from the combat zone or present
with multiple associated injuries[2,3,5,10].

IMT is a two-stage procedure, using a cement spacer in
the first stage and an ABG in the second stage. The spacer

has a mechanical action, obviating fibrous tissue invasion
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surrounding membrane due to a foreign body reaction. The
membrane then acts as a biological chamber that revascularizes
the bone graft and prevents resorption[8,9]. We believe
that these two stages are beneficial when dealing with the
large, multi-tissue, and infected defects encountered in
wartime[2,10]. Reconstruction of combat-related extremity
injuries occurs in the aftermath of a primary damage control
orthopedics (DCO) procedure and requires a sequential
surgical approach to achieve infection control, soft-tissue
coverage, and bone union (Fig. 1). In this context of care, the
IMT matches perfectly with such consecutive reconstructive
procedures[5,11].

To date, only a few authors have reported on the Masquelet
technique for reconstruction of combat-related bone
defects[3,12-14]. In 2019, we published the first clinical
series about tibia reconstruction by IMT in soldiers[3]. Since
then, we have repeatedly published on IMT use in the various
settings of our military practice. Like civilian authors, we
have found that this technique achieves satisfying outcomes
in bone union and complication rates[3,12,15-22]. We have
also demonstrated that IMT is suited for bone defects of
ballistic origin and can be applied in the austere environment

of forward surgical units[12,17,22]. However, although simple,
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Table 1 Strategies for bone defect reconstruction according to the French Society of Orthopedics (Société Francaise de
Chirurgie Orthopédique et Traumatologique—SOFCOT)[6]

Type 1 defect (length Type 2 defect (2cm < length Type 3 defect (5cm < length Type 4 defect (length
<2cm) <5cm) <10cm) >10cm)
Humerus Shortening or ABG kS)hortenmg +ABG or IMT or IMT or VBT IMT or VBT
one transport
Forearm ABG IMT IMT or VBT OBF+IMT or OBF+VBT
Femur ABG IMT or ABG IMT or VBT or bone transport
Tilsfie ABG including ITF grafting IMT or ITF grafting or VBT or IMT or VBT or bone transport

bone transport or fibula tibialisation

The SOFCOT classification is based on the defect length but does not include limb length discrepancy. ABG. Autologous bone graft; IMT.
Induced membrane technique; ITF. Inter-tibiofibular; OBF. One bone forearm procedure; VBT. Vascularized (fibular) bone transfer

Fig.1 Management of an 11-cm femur defect (SOFCOT type 4) due to gunshot.
a. Wound debridement, temporary external fixation, and delayed primary closure according to DCO principles; b. One-step
conversion to intramedullary nailing at stage 1; c. Cancellous bone grafting at stage 2. Bone union was achieved after 4 months with
an excellent functional result (no pain or knee stiffness). DCO. Damage control orthopedics; SOFCOT. Société Francaise de Chirurgie

Orthopédique et Traumatologique

a successful IMT procedure is not easy to complete, especially
when facing infected defects with limited resources[3,18,22].
Therefore, this review aims to present Masquelet technique
tips and tricks for the reconstruction of combat-related bone

defects in modern warfare.

Masquelet technique basics

How does it work?

Foreign body encapsulation membrane

The IM is an encapsulation membrane resulting from a
foreign body reaction caused by the implantation of a
polymethylmethacrylate (PMMA) cement spacer into
the bone defect. This foreign body reaction, composed
of macrophages and foreign body giant cells, is the end-
stage response of the inflammatory and wound healing
responses following implantation of any medical device or
biomaterial[23]. The IM is a vascularized collagen-based
matrix entrapping immune cells (macrophages, lymphocytes),
as well as bone-remodeling osteoclasts and osteoprogenitor

cells (mesenchymal stem cells)[24,25].
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IM biological properties

From a biological perspective, the IM is a tissue regeneration
chamber promoting bone graft integration and bone formation
in three ways. First, the membrane acts as a physical barrier
between the graft and the surrounding soft tissues, preventing
macrophage invasion and subsequent graft resorption. Next,
the membrane improves both angiogenesis and osteogenesis
by secreting key growth factors including vascular endothelial
growth factor (VEGF), transforming growth factor-g1
(TGF-B1), and bone morphogenic protein-2 (BMP-2)[26].
Briefly, VEGF-A stimulates the formation of vascular buds on
the inner surface of the membrane, which penetrate bone graft
crevices and permit effective graft revascularization[27]. BMP-2
and TGF-B1 stimulate bone formation by promoting the
osteogenic differentiation of bone marrow stem cells[28].
Prerequisites for use

Masquelet[9] and Giannoudis et al.[7] have already detailed
technical specificities for a successful IMT application.
However, it should be stressed that three conditions are

imperative to prevent IMT failure: prior infection eradication,
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appropriate soft-tissue coverage during stage 1, and stable bone
fixation during stage 2.

Prior infection eradication

Infection is the single most frequent cause of IMT failure[21].
Since they have no individual vascularization, bone grafts
are directly affected by the presence of germs within the
membrane, leading to subsequent graft resorption or late
septic recurrence. In addition, infection alters IM osteogenic
properties by decreasing local expression of growth factors,
decreasing osteoblast and stem cell presence, and increasing
bone resorption factors and proinflammatory cytokines[29,30].
Thus, IMT must only be deployed once any infection is
definitively eradicated or at least brought under control. In
cases of infected bone defect, a prior IMT stage 0 is then crucial
before cement spacer implantation[4,31]. Stage 0 includes
multiple consecutive procedures: removal of eventual internal
fixation material, radical debridement of infected tissue, copious
irrigation, and temporary stabilization by external fixation.
Deep samples should be taken from the bone defect area and
the medullary canal for microbiological analysis[4].
Appropriate soft-tissue coverage at stage 1

Cement spacer implantation requires not only the absence of
infection but also stable soft-tissue coverage. Any secondary
skin necrosis or wound dehiscence inevitably leads to cement
spacer contamination, with subsequent infection and IMT
failure. Thus, management of combat-related bone defects
using the Masquelet technique often involves soft-tissue
reconstruction using flap transfer during stage 1. The choice

between micro-vascularized free flaps and pedicled (local

or distant) flaps depends on the context of care, surgical
resources, and associated injuries. Free flaps are more suited
to stable patients managed in the ideal conditions of medical
treatment facilities located outside the combat zone[1,2].
Conversely, pedicled flaps are needed for early soft-tissue
coverage in polytraumatized patients and in the austere
conditions of forward surgical units where plastic surgeons are
few or absent (Figs. 2 and 3)[4,10,32].

Stable bone fixation at stage 2

A lack of mechanical stability in the definitive bone fixation at
stage 2 is the second cause of IMT failure[21,22]. Insufficient
stability affects graft revascularization (by rupture of the
inner membrane vascular buds), leading to aseptic non-union
and subsequent implant failure[9]. If all bone fixations are
possible, the implant choice depends on the defect location,
associated infection, and surgeon’s preferences. In the absence
of infection, intramedullary nailing is mechanically preferred
for lower extremity fractures, and plating is preferred for upper
extremity fractures and metaphyseal fractures[9]. However, in
military practice, most bone defects are primarily stabilized by
external fixation and complicated by early infection. Definitive
external fixation is naturally compatible with IMT use but
exposes to specific issues such as poor patient tolerance, pin-
track infection, and insufficient mechanical stability[4,33].
Therefore, a sequential bone stabilization strategy is often
required for a successful IMT application. Conversion from
external to internal fixation can be performed in a single
procedure during stage 2 despite the risk of pin-track infection

between stages[34]. However, a sequential internal fixation,

Ve

Fig. 2 Reconstruction of a 10 cm infected diaphyseal tibia defect (SOFCOT type 4) using external fixation.

a. Stage 1: unilateral tibial frame combined with internal fixation of the fibula together with implantation of an inter-tibiofibular
spacer and soleus flap transfer; b. Stage 2: conversion to a multiplanar tibial frame with cancellous bone grafting and double inter-
tibiofibular grafting. Bone union was achieved at month-10 after a progressive external fixator dynamization. No septic recurrence
was observed at the last follow-up. SOFCOT. Société Frangaise de Chirurgie Orthopédique et Traumatologique
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Fig. 3 Reconstruction of a proximal tibia defect (SOFCOT type 3) in a local patient managed by a forward surgical team.
a. Radiological view of the gunshot wound at the admission; b. Primary management according to DCO principles; ¢, d. Conversion
to definitive plating, implantation of a 9 cm length spacer, and coverage by a medial gastrocnemius muscle flap at stage 1. e
Radiological view after autografting using cancellous bone grafts and a non-vascularized fibula strut. Bone union was achieved after
6 months but the patient suffered from knee stiffness due to the absence of physical therapy. DCO. Damage control orthopedics;

SOFCOT. Société Francaise de Chirurgie Orthopédique et Traumatologique

where external fixation is not suitable, such as the upper

including the use of a reinforced spacer at stage 1, seems
extremity, femur, and tibial metaphysis (Figs. 4, S and 6)[4].

preferable for infected bone defect reconstruction in locations

Fig. 4 Reconstruction of an infected distal tibia defect (SOFCOT type 4) using sequential internal fixation.

a. Clinical and radiological view after a failed reconstruction using a composite vascularized fibula transfer; b. Debridement and
temporary external fixation before Masquelet technique application (stage 0); c. Implantation of an 11 cm-long reinforced spacer and
revision flap coverage using a pedicled cross-leg flap at stage 1; d. Clinical and radiological view after division of the cross-leg flap;
e. Bone union after plating and bone grafting. At the last follow-up of 2 years, the functional outcome was excellent without septic
recurrence. SOFCOT. Société Francaise de Chirurgie Orthopédique et Traumatologique
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Fig. 5 Reconstruction of a massive multi-tissue defect of the left knee and proximal tibia (SOFCOT type 4) following a

helicopter crash.

a. Clinical and radiological view at admission; b. Primary management according to DCO principles; c. Implantation of a 22 cm-long
reinforced spacer and flap coverage with combination of medial gastrocnemius muscle and proximal sural flaps at stage 1 (a free flap
transfer was precluded by multiple venous thromboses); d. Operative views during bone grafting associating cancellous bone grafts
and a multiperforated non-vascularized fibular strut; e. X-rays showing the reinforced spacer after stage 1; f. Radiological view after
stage 2: a knee arthrodesis was performed using a femorotibial nail. Progressive weight bearing was initiated at month-3. Bone union
was achieved after 6 months without any complication. DCO. Damage control orthopedics; SOFCOT. Société Francaise de Chirurgie

Orthopédique et Traumatologique
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Optimal timing between stages

Basic research of animal found the highest osteo-inductive
bioactivity after 2-4 weeks suggesting bone grafting after
this short time interval[26,35]. However, clinical, not
evidence-based recommendations usually range from 4 to 8
weeks[7,9,34,35]. In fact, successful outcomes were reported
with bone grafting performed several months or years after
spacer implantation[36,37]. Gessmann et al.[35] recently
studied the histological properties of IMs from 60 patients at
different maturation ages (1-16 weeks). They demonstrated
that mesenchymal stem cells and growth factors were found
over all time points with minor changes. In addition, according
to Masquelet[9], bone grafts at stage 2 can be considered as
a foreign body that is likely to reactivate the IM biological
properties. Thus, the timing for the second stage should be
based on clinical factors rather than on a theoretical optimal
stages interval. The only valid rule is to wait for the infection
control and the perfect soft tissues healing, particularly in
combat-related injuries requiring flap reconstruction[9].
Reported complications

The IMT global complication rate ranges from 26% to 49%
in the literature, with two frequent complications: nonunion
and infection[19,38,39]. Morelli et al.[38] found 9.6% of
additional bone healing procedures after IMT application, and
26.7% of other revision surgeries. Mi et al.[39] compared the
IMT results (from their meta-analysis of 41 papers) with those
of 37 papers reporting on bone transport. They could not find
any significant difference between techniques in terms of bone
union, infection, malunion, and amputation; nevertheless, the
refracture rate was 8.5 times higher with bone transport. Wen et
al.[40] reported a monocentric retrospective study comparing
the results of IMT, bone transport, and free vascularized fibular
grafting for posttraumatic long-bone defect reconstruction in
317 patients. Overall bone union and complication rates were
similar between the three techniques. Thus, IMT achieves
similar outcomes to those of other reconstructive procedures
in terms of bone union and complication rates but with greater

ease of use[21].

Tibia reconstruction

In the literature, IMT is applied for tibia reconstruction in two-
thirds of cases. It is also the site at which the complication rate
is the highest, with a clear predominance of infection[38,39].
Due to the superficial location of this bone, any timing error
or complication related to soft-tissue coverage carries the
risk of spacer contamination[21]. In a recent meta-analysis,
Hsu et al.[41] reported a postoperative infection rate of 24%

after tibia reconstruction using IMT. Severe soft-tissue injury,
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early wound infection, and delayed soft-tissue coverage make
secondary tibia nailing risky in military practice[1]. Plating
remains preferable for proximal or diaphyseal metaphyseal
reconstruction, for which external fixation is poorly tolerated
and causes joint stiffness (Fig. 6)[21,33].

Diaphyseal tibia defects

Regarding the risk of infection, most diaphyseal tibia defects
are stabilized by external fixation in military practice[1,3,21].
A modular frame should be preferred to a circular frame to
allow soft-tissue reconstruction and delayed bone grafting. A
unilateral frame is sufficient during the period of IM induction
after stage 1, but a multiplanar frame is required at stage 2 to
provide enough stability for bone graft integration (Fig. 2).
Conversely, a subsequent progressive frame dynamization
is necessary to enhance graft corticalization[3,9,21,33].
Masquelet[8,9] recommends the performance of tibia
reconstructions pressed on the fibula and reinforced by inter-
tibiofibular grafts at both ends of the reconstruction. When
access to the fibula is easy during stage 1 (e.g., in the case of
anterior compartment damage), an inter-tibiofibular spacer
should be made (Fig. 2). In other situations where a tibial
spacer is used, a bipolar inter-tibiofibular graft is added during
stage 2 using an approach selected in accordance with potential
vascular injury[21,33].

Although it runs a higher risk of septic complications,
locked intramedullary nailing is the best mechanical option,
especially in very large tibia defects (Fig. 5). For Mauffrey et
al.[34], nailing could allow early weight-bearing compared to
external fixation, which seems questionable within an IMT
procedure. Acting as a central core, the intramedullary nail
also has the advantage of limiting the bone graft volume inside
the membrane. This central part of the graft will be eliminated
under the effect of the mechanical constraints during the graft
corticalization process, ending with the formation of a new
intramedullary canal[33].

Metaphyseal tibia defects

Proximal and distal tibia reconstructions are best achieved using
plating. The primary management of such severe multi-tissue
injuries usually requires DCO application with temporary
external fixation. In the absence of infection, secondary
plating can be performed readily during stage 1 (Fig. 3).
Conversely, in cases of infected bone defect, the temporary
external fixator should be converted to a reinforced spacer
during stage 1 and the definitive internal fixation delayed at
stage 2 after achieving extended antibiotic medication[4,33].
Importantly, distal tibia reconstructions should also be pressed

on the fibula to improve mechanical stability (Fig. 4).
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Femur and upper extremity reconstruction

The complications rate is lower at the femur, humerus,
and forearm levels, where soft-tissue issues are more
uncommon[21]. For mechanical and functional reasons,
internal fixation should always be preferred to external fixation,
using a reinforced spacer if necessary (Fig. 6)[4,21,33].

Femur defects

Femur mechanical conditions are less favorable for successful
graft integration than those of the tibia. The divergence
between mechanical and anatomical axes results in high varus
loads, jeopardizing graft corticalization in cases of insufficient
fixation stability[8,19]. A stable internal fixation at stage 2
is then critical to achieve bone union (Fig. 1). Morwood et
al.[42] reported that patients treated with intramedullary
nailing experienced faster union, requiring fewer grafting
procedures and fewer reoperations, than those treated by
plating. When plate fixation is required at the distal femur,
a fibular segment must often be intercalated inside the
membrane on the medial aspect of the reconstruction to
counteract the bending varus forces. This fibular segment can
be a micro-vascularized or non-vascularized free transfer that
will be revascularized by the IM[8,9,43].

Upper extremity defects

Humerus, radius, and ulna defects are best stabilized
using plates[21,33,44]. The involvement of a thick soft-
tissue envelope and appropriate stability of plate fixation
explain the observation that failures of humerus and
forearm reconstructions are infrequent[21,44]. Humerus
reconstruction by IMT may require an anterior transposition of
the radial nerve through the fracture or nonunion site in stage 1.
The surgical approach at stage 2 is then much easier and safer
since the transposed nerve is positioned on the medial side of
the bone gap and protected by the membrane[45].

The complication rate is higher at the hand, similar to
the tibia level. The superficial location of the reconstruction
space leads to frequent septic failure secondary to spacer
exposure or other soft-tissue coverage issues[21]. Appropriate
stable fixation can be achieved by either multiple pinning or
plating depending on the defect location (i.e., phalangeal or
metacarpal)[12,46].

Massive bone defect reconstruction

Combat-related extremity injuries are often characterized
by extensive soft-tissue and bone defects caused by high-
velocity projectiles or explosive devices. These massive tissue
destructions are frequently observed in polytraumatized
patients whose associated injuries or early complications do

not allow for long and complex reconstructive procedures such

as micro-vascularized tissue transfer[2]. Moreover, without
exception, these sophisticated procedures are not feasible
in the operation theatres[10,32]. In addition, even under
ideal conditions, the management of extensive bone defects
remains challenging regarding bone stabilization, available
bone stock for grafting, and time to bone union. Therefore,
amputation can be considered in these massive multitissue
defects for which vascularized transfers or bone transport seem
inappropriate. In our experience, the Masquelet technique
sometimes permits limb salvage in such extreme clinical
presentations, provided infection is absent or under control
(Fig. 5). These massive reconstructions frequently involve the
combination of simultaneous pedicled flaps with a sequential
internal fixation.

Extensive soft-tissue coverage at stage 1

Since micro-vascularized flaps can be hardly achieved on the
battlefield or may be contraindicated by associated injuries or
vascular complications (e.g., multiple venous thromboses),
soft-tissue coverage of extensive defects is performed using
simultaneous pedicled flaps[10,32]. This problem is frequently
encountered at the leg level, where local muscle flaps can be
combined with local or distant fascio-cutaneous flaps (Fig. S).
In this context, muscle flaps are often preferred for the
proximal two-thirds of the tibia (Figs. 2, 3, and S), but cross-leg
flaps are particularly straightforward for distal tibia coverage
(Fig. 4). Of course, when feasible, a free latissimus dorsi flap
transfer must also be considered.

Considering the large size of the bone defect and the
need for dual or triple flap transfers, external fixation is not
suitable. Bone stabilization at stage 1 is best achieved using
a reinforced spacer with an intramedullary frame (Figs. 4
and $). A reinforced spacer offers several advantages in this
situation: 1) it is a quick and safe procedure that is perfectly
suited to complex soft-tissue reconstruction, 2) the risk
of bacterial adhesion is low, 3) the easy hardware removal
facilitates possible subsequent bone debridement in case of
septic recurrence, and 4) there are no risks related to pin-tract
infection during the conversion to definitive fixation[4].
Massive bone grafting with highly stable fixation at stage 2
Reconstruction of large bone defects requires highly stable
internal fixation during stage 2. Intramedullary nailing is
preferred from a mechanical perspective. This also brings
the advantage of limiting the graft volume. However, in cases
of extensive bone defect, the mechanical stability obtained
with a standard locked nail can be insufficient for bone graft
integration within the IMT. In such situations, nailing can be
combined with a locking plate or a free fibular strut placed

within the membrane[33]. This fibular segment also permits
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limiting the volume of cancellous bone graft, which can be
considerable in cases of metaphyso-diaphyseal defect (Fig. S).
Mixing autograft with allograft or bone substitute is necessary
for such massive bone grafting. Conventionally, the ratio of
allograft/autograft should not exceed 1:3 because allograft does
not contain stem cells or growth factors[9]. However, Pesciallo
et al.[47] recently found that a higher proportion of allograft
(up to 64%) achieves similar union and failure rates than
those reported for similar series that relied on lower allograft
proportions. Masquelet[9] also stressed that the membrane
cavity must be fully filled to avoid down-migration of the graft
due to gravity in a standing position and subsequent proximal
non-union.

The “Capasquelet” is an alternative strategy described by
Combeal et al.[48] for reconstruction of femoral bone defects
exceeding 10 cm. This two-stage hybrid approach combines the
Masquelet technique and the allograft technique with inlay of a
vascularized fibula (i.e., Capanna technique)[48,49]. At stage 2,
a vascularized fibular autograft is embedded in a prepared fresh
femoral allograft with a proximal and distal overlap of 2 cm.
Stable bone stabilization is obtained by the combination of this
inlay bone graft with a locking plate. The preliminary results
of this innovative technique are encouraging with bone union
being achieved within a short time, thereby allowing early full
weight bearing[48]. However, as it requires femoral allograft
access and microsurgery skills, the “Capasquelet” might not be
the easiest solution in a combat-related situation due to limited
resources, with associated soft tissue and potential vascular

lesions.

Bone reconstruction in the field

Contrary to micro-vascularized bone transfers or bone
transport procedures, the Masquelet technique can be applied
with limited resources in the austere environment of forward
surgical units or improvised field hospitals[12,15,17,22].
Although several barriers may impede its application, we
believe that IMT is the best option for large bone defect
reconstruction in such settings. Various technical tricks help to
avoid these obstacles and achieve bone union.

Challenge 1: infection control

This is the main difficulty on the battlefield due to delayed
surgical management with limited resources. Stage 0 must
include serial debridement sessions with appropriate
antibiotic medication and negative wound pressure therapy
to avoid iterative environmental contamination[4,43].
Next, a stable soft-tissue envelope must be reconstructed at
stage 1, considering that the choices for soft-tissue coverage

methods are always restricted in this setting[10]. In addition
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to these surgical challenges, it is also crucial to have laboratory
resources permitting bacteriological cultures with precise germ
identification and to be capable of providing an adapted and
extended antibiotic treatment. In the Sahel, we found that the
latter point was a frequent issue when managing local patients
with combat-related bone defects[22].

Challenge 2: limitation in surgical cement

PMMA cement can be lacking in forward surgical units that are
not dedicated to performing bone reconstruction. Similarly, the
absence of PMMA often precludes the use of the Masquelet
technique in developing countries[20]. To avoid this obstacle,
Mozumder et al.[S0] achieved IMT using a polypropylene
spacer made from disposable syringes in Bangladesh. They
observed results comparable with those obtained with a
PMMA spacer for long-bone reconstruction[S0]. Successful
metacarpal bone reconstructions were also achieved using
disposable syringes as spacers in a forward surgical unit[12].
A recent experimental study demonstrated that polypropylene
spacers induce membrane encapsulation with histologic
characteristics and bone regenerative capacities that seem like
those of PMMA spacers. These findings support the possibility
of a cementless Masquelet technique in cases of PMMA
shortage caused by a lack of resources[20].

Challenge 3: limitation in available bone stock

Allograft, bone substitute, or sophisticated bone harvesting
devices, such as the reamer/irrigator/aspirator (RIA),
are usually not available in battlefield medical treatment
facilities[43,51]. As a result, management of large long-bone
defects can be compromised by the lack of autograft during
stage 2. However, various technical tricks permit limiting the
required volume of cancellous graft.

The use of intramedullary nailing is critically important
when the patient's bone stock is limited or the defect is
extensive. The nail acts like a central core limiting the bone
graft volume to be applied inside the membrane. When
intramedullary nailing is not suitable, a central fibular strut
is an interesting option limiting the cancellous bone graft
quantity and adding mechanical stability to the bone fixation
method, be it for external fixation or plating (Figs. 3 and S).

A non-vascularized fibular graft combined with IMT
seems to be a valid alternative to the conventional micro-
vascularized fibular bone transfer[8,52-55]. The membrane
ensures progressive graft revascularization, avoiding the pitfalls
of non-vascularized fibular graft. Using this technique, Fitoussi
and Ilharreborde[53] obtained satisfying results for the
reconstruction of large bone defects in children. Masquelet[8]
previously reported similar outcomes in adult patients but

faced late stress fracture, which suggested insufficient graft
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revascularization. He subsequently improved the technique
by performing multiple perforations in the fibular graft,
using a 2-mm drill to permit penetration of the vascular buds
generated by the membrane. Several African authors have
recently reported similar results confirming the relevance
of this technique in low-resource settings[$4,55]. Thus, the
combination of a multiperforated fibular graft with cancellous
autografts in an IM seems to be a reliable strategy to achieve
bone union in local patients treated in the field for large bone
defects (Figs. 3and ).

Under certain conditions, limb shortening may be
considered to limit the extent of the bone defect. At the
humerus, a 3-4 cm shortening can be tolerated without
significant functional impairment (Table 1)[6]. In the lower
extremity, femur or tibia shortening must remain the exception
and should not exceed 2 cm. However, such shortening should
probably be contraindicated at the tibia level when the fibula
is intact, since the fibula should be used as a support for tibia
reconstruction[3,6,8,9,43].

Future directions to improve Masquelet technique
outcomes

Various approaches are currently being developed worldwide
to refine IMT and promote its efficiency. These approaches
mainly focus on four different aspects: 1) substitution of the
standard PMMA spacer with another biomaterial able to
generate an IM exhibiting at least similar osteogenic properties
to those conferred by PMMA, 2) enhancement of the quality
and the viability of ABG implanted into the IM cavity, 3)
substitution or combination of ABG with synthetic scaffolds
presenting increased osteogenic properties, and 4) IMT
conversion into a single-step procedure by performing an “off
the shell” membrane strategy.

Alternative membrane inductors

Various biomaterials have been evaluated for their capacity
to generate osteogenic IM in animal models as alternatives to
PMMA: smooth or roughened titanium[56], silicone[57],
calcium sulfate spacers[58], and polypropylene syringe
bodies[20]. Interestingly, Toth et al.[S6] determined whether
spacer material modification or topography alteration could
change biochemical IM environment or bone reconstruction
efficiency. By inducing IM in rat models using smooth or
roughened PMMA and titanium, they showed that titanium
induced membranes were around 35% thicker than PMMA
(with better barrier properties), and the inflammatory
factor IL-6 was around 35% higher in the roughened groups
than smooth groups, potentially suggesting indirect repair
enhancement. They concluded that smooth PMMA-IMs

promoted better bone regeneration than the three other
groups. According to Sagardoy et al.[S7], silicone spacers
inserted in rat bone defects generated IM with similar
biological and histological properties (IM thickness, vessel
density, BMP2 and VEGF content) to PMMA-triggered
IM. Furthermore, the authors noted that silicone spacers
were easier to remove than PMMA spacers at the end of IM
induction time. In an 8-week study in an IMT rat model, Ma et
al.[58] demonstrated that morphological characteristics of IM
around calcium sulfate spacers were similar to those around
PMMA, whatever the considered kinetic time. However, they
suspected that calcium sulfate-IMs were thicker than PMMA-
IMs and that even if not significant, endochondral ossification
and higher expression levels of VEGF, TGF-1, and BMP-2
were detected in calcium sulfate-IM compared to PMMA-IM.
Lastly, it was recently found that polypropylene-IM exhibited
similar histologic characteristics and bone regenerative
capacities to PMMA-IM[12,20]. Overall, from the military
surgery point of view and to answer recurrent clinical needs of
orthopedic surgeons, a spacer that is easy to handle or insert
into the bone defect (in stage 1) and convenient to extract
from the IM cavity (in stage 2) will be preferred in the future.
Autologous bone grafting optimization

Sparse clinical investigations have compared bone union rates
obtained with IMT using ABG collected from iliac crests and
the RIA technique. Globally, a similar union rate was observed
in both groups, but the graft volume collected from RIA
was slightly higher (average 47 cm’ vs. 37 cm’, respectively),
with few postoperative complications (including iatrogenic
femur fracture)[7,38,51]. In an IMT rat model, Sun et al.[59]
modified the graft harvest technique to reduce the cortical
content of the graft and minimize the graft preparation time.
They found that these modifications achieved a bone union
rate much higher than that obtained using conventional graft
harvesting (92% vs. 36%). Thus, scrupulous graft preparation
could also ameliorate the outcome of the IMT procedure in
patients.

The addition of biological additives (cells or growth factors)
to ABG during stage 2 was proposed to support new bone
formation[60]. Experimental studies demonstrated improved
bone union after incorporation of concentrated growth factors
or BMP-7 in rabbits[61,62]. However, in clinical practice,
the effects of supplementing grafts with BMP-2 or BMP-7 are
unclear and growth factors utilization is entirely dependent on
surgeon preference[60]. The addition of recombinant growth
factors is in fact debated since no clinical comparative study
has proven their value so far. Masquelet and Bégué[63] have

observed that it could be deleterious to associate BMPs with
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the graft material inside the IM. Localized high density of
the product and possible effects of competition with growth
factors secreted by the membrane can lead to partial resorption
of the graft[9].

Lastly, Luangphakdy et al.[64] found in a caprine model
that a simple scrapping of the IM after spacer removal and
prior to grafting may improve healing of segmental bone
defects. This removal of the IM inner layer induced bleeding
while preserving the mechanical and biological function of the
rest of the membrane. Micro-CT showed that scrapping almost
double the amount of total bone within the defect 12 weeks
post-grafting.

Synthetic scaffolds

One of the most exciting new areas is the convergence of the
Masquelet technique with scaffold guided bone engineering.
Scaffolds provide attractive alternatives to conventional bone
grafting serving as three-dimensional structures to guide cell
migration, proliferation, and differentiation. In load bearing
tissues, they also serve as temporary mechanical support
structures[65]. The ability of 3D-printing allows the design
and manufacture of osteoconductive scaffolds which are
optimized for clinical translation in terms of pore size, layering,
and degradation[66,67]. Mainly to overcome graft limitation
quantity, a huge diversity of synthetic scaffolds has been
developed in preclinic models to be mixed with the ABG during
stage 2[62]. Some of them have been tested clinically[68-71].
Tetsworth ef al.[68] achieved very acceptable outcomes in
S cases of femoral bone defects treated by patient-specific
3D printed titanium cages. Van Vugt et al.[69] implanted a
combination of bioactive glass and bone marrow aspirate
concentrate in 4 patients who all exhibited complete bone
repair and functional recovery. In a larger series, Gupta et al.[70]
treated 42 patients with postinfective segmental bone defects
using ABG mixed with beta tri-calcium phosphate (B-TCP)-
based composite ceramic (34 patients) or ABG alone (15
patients). They found that B-TCP is an efficacious bone-graft
expander in the IMT despite the bone union rate of this group
was lower (81% vs. 100% with index bone grafting). Always to
reduce the required amount of bone graft, but also to main graft
position and shape, Cho et al.[71] used a circumferential graft
around an absorbable gelatin sponge (the gelatin sponge core
was about 21.4% of the bone defect volume) leading to an 86%
bone healing rate in 21 patients.

Toward a single-stage Masquelet technique

To allow a quicker healing time with fewer surgical procedures
for the patient, a strategy could be to bypass the membrane
induction time by applying a commercial off-the-shelf

membrane concomitantly to the bone graft. Interestingly,
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maxillofacial surgery already uses such a strategy, better known
as guided bone regeneration (GBR). In GBR, the implantation
of membranes made of natural (collagen, chitosan, alginate)
or synthetic polymers [resorbable aliphatic polyesters,
including polylactic acid and polycaprolactone or non-
resorbable polytetrafluorethylene (PTFE)] in combination
with grafting materials is commonly applied to treat peri-
implant bone deficiencies or alveolar bone reconstruction.
GBR membranes act as passive membranes hindering the soft-
tissue invasiveness of the defect. Emerging data also suggest
that GBR membranes may bioactively contribute to bone
regeneration[72]. The application of GBR membranes to
replace the Masquelet membrane for the treatment of long-
bone defects has gained some attention in the last ten years.
For example, in a rabbit model, Tarchala ef al.[73] compared
the healing efficiency of ulna bone defects treated by a
standard IM or a synthetic non-resorbable PTFE membrane
filled with allograft. The bone defect repair was similar in both
experimental arms, underlying the promising potential for the
treatment of synthetic PTFE membranes. However, because
PTFE is a non-absorbable material, more experimental
studies using absorbable membranes are needed to validate
the streamlining toward a single-stage IMT procedure.
In this context, a French research team examined the use
of human amniotic membranes as Masquelet membrane
alternatives. Human amniotic membranes and Masquelet IM
share similar biological properties[74-76]: both are highly
organized tissues containing growth factors such as VEGF and
TGF-B1, expressing anti-inflammatory proteins and displaying
osteogenic properties. Recently, Fenelon et al.[77] showed
that no difference existed in the bone regeneration potential
of femoral criticalsize defects in rats between the two-step IM
procedure and the single-step approach using human amniotic
membranes.

All these future directions are promising approaches to
improving IMT outcomes. However, in a military practice
context, surgeons often deal with limited resources. Thus,
valuable replacement solutions to the IMT standard of
care could include ready-to-use implantable medical
devices presenting large-scale manufacturing facilities, easy
sterilization processes, and convenient storage modes. We
believe disposable polypropylene syringe bodies are an
example of a promising alternative spacer to standard PMMA
cements in IMT in a military practice context or low-resource

environment.

Conclusions
The Masquelet IMT offers a successful possibility to
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solve long-bone defects encountered in military practice.
Reconstruction of combat-related bone defects often requires
prior infection control and soft-tissue reconstruction during
stage 1. Providing those requirements are met, IMT even
allows bone reconstruction in the austere environment of field
medical treatment facilities. However, specific surgical tactics,
such as combined inter-tibiofibular grafting or sequential
internal fixation, may be required. We believe that this simple,
reliable, and replicable procedure should be considered as
a technique of choice for the reconstruction of multi-tissue

defects resulting from missile or blast injuries.
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