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Introduction
Segmental bone loss can result from high-energy trauma, 

infection, tumor resection or revision surgery. For the 
reconstruction of small defects (<5 cm), autologous bone grafts 
remain the standard of care [1]. Bone graft harvesting is generally 
performed in the iliac crest where up to 40 ml of graft material 
can be collected [2]. Another bone graft source is the reamer-
irrigator-aspirator (RIA) procedure consisting in a simultaneous 
reaming of the medullary canal of the long bones and a combined 
irrigation- aspiration system to collect bone marrow and bony 
fragments into a closed suction bag (up to 90 ml of graft material) 
[3]. However, for bone defects more than 5 cm, the application of 
only autologous bone is suboptimal. Indeed, the grafting material 
is unable to successfully incorporate into the defect, thus leading to 
the clearance of the graft [4]. 

Different surgical strategies have been developed to address 
this challenge, including the Masquelet induced-membrane 
technique (IMT). This surgical approach based on the induction 
of a foreign-body granulation membrane has revolutionized the 
management of large bone defects. From its introduction in the late 
eighties to nowadays, still little is known about the mechanism of 
action of the induced membrane and even more importantly why 
sometimes IMT fails. At the crossroads of medicine and biology, 
this review collects information about the reasons for successes 
and failures of the IMT, thus providing recommendations about this 
surgical procedure.

The IMT, first described by Pr Alain Charles Masquelet in 1986, 
is a two-stage surgery [5]. In the first step, a radical debridement 
of bone and soft tissue is performed followed by the implantation 
of polymethylmethacrylate (PMMA) cement spacer into the bone 
defect. The second stage of the surgery is usually performed 6 to 
8 weeks later, when a membrane called “induced-membrane” (IM) 
encapsulates the foreign-body PMMA cement spacer. Then, the IM 
is opened, and the cement spacer is removed carefully in order 
not to alter the IM. Then, the resulting cavity is filled with grafting 
material, which is iliac crest bone or RIA-collected autograft.

Presence of the IM at the lesion site allows reconstruction 
of massive bone defects (up to 25 cm), and bone union time is 
independent of the bone defect size [5]. Moreover, the IMT is also 
clinically effective even if the recipient site has been irradiated 
or infected [6,7]. So, how does the IM contribute to bone repair? 
Firstly, the IM acts like a physical barrier between the defect and 
the surrounding soft tissues, thus preventing the invasion of fibrous 
tissue within the defect area [8]. Apart from this physical role, there 
are also indications that the IM actively contributes to the healing 
process by creating a sealed biologically privileged-chamber at the 
defect site. 

By using an IMT rabbit model Pélissier et al. were the first to 
report the secretion by the IM of key growth factors including VEGF 
(vascular endothelial growth factor), TGF-β1 (transforming growth 
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factor-β1) and BMP-2 (bone morphogenic protein-2) improving 
both angiogenesis and osteogenesis [9]. A substantial number of 
animal and translational studies later confirmed the expression of 
these factors and others, including the angiogenic von Willerbrand 
factor (vWF) [10], CD31 [11], Interleukin-6 and Interleukin-8 
proinflammatory cytokines [10]. 

From a cellular perspective, it is now clear that IM is a 
vascularized collagen-based matrix entrapping immune cells 
(macrophages, lymphocytes) [12,13], as well as bone remodeling 
osteoclasts [14] and osteoprogenitor cells (mesenchymal stromal 
cells) [13]. Considering the well-characterized biological properties 
of the IM, a new research area aiming to enhance the privileged 
environment of the IM tissue bed recently arises from literature. 
Different strategies are tested. Among them, a very simple approach 
consisting in IM scrapping during the second stage of the surgery 
was described by Luangphakdy in a goat model of Masquelet 
surgery [15]. Promising results showing a 2-fold increase in 
regenerated bone volume need to be confirmed clinically.

If there is increasing biological evidences to explain the IM 
positive influence on bone repair as described above, only sparse 
prospective or retrospective studies focused on the therapeutic 
failures related to the Masquelet technique [16-22]. Among them, 
2 major reports reviewed the success/failure of the IMT performed 
in 69 children [18] and 427 adult [19] patients to address critical 
size bone defects. In children, the mean bone union rate after a 
single IMT was 58% and in 42% children, various complications 
including non-union (23%), graft resorption or fracture (9% for 
each) and deep infection (only 1.5%) requiring revision surgeries. 
Following these re-interventions, bone union mean rate raised up 
to 87%. Interestingly, however without any quantitative statistical 
meta-analysis due high data variability, the authors suspected 
some failure risk factors, namely children sex (boy), bone defect 
origin and size (malignant tumors and larger bone resection), bone 
injury location (femur), unstable osteosynthesis fixation, mixture 
of the bone graft with additional bone substitute as well as a longer 
time between the two IM surgical steps. In adults, complications 
encountered during IMT reached 49.6% and the global bone union 
mean rate after revision surgeries (in 18% of complication cases) 
was 89.7% which are quite like the results obtained in children 
population.

In terms of complication origins and related bone non-
unions, Morelli et al. [19] highlighted the involvement of sporadic 
superficial and deep bacterial infections as well as persistent 
infections, fixation material failure, misalignment and re- fractures. 
Despite the huge number of considered patients, due to data 
heterogeneity, meta-analysis only evidenced a positive correlation 
between the need of iterative surgeries and lack of bone union 
as well as complications. There was also a significant correlation 
when comparing occurrence of surgical complications with 
detected bone infection during IM procedure. Another interesting 
feature of this study lied in the direct complication (mainly durable 
donor site pain, infection, hypertrophic scars and possibly donor 
bone fractures) rates in the donor site after bone graft harvesting 
which was only 6% using the RIA technique while reaching 19.4% 
by performing iliac crest harvesting. 

Three patient database reviews [2,3,23] compared RIA 
technique versus iliac crest harvesting in terms of donor site 
morbidity, graft quality and bone repair efficiency in the context 
of gold-standard autologous bone graft (ABG) and/or Masquelet 
technique. To summarize these data, RIA group harbored lower 
long-term pain scores [2], higher volume of harvested graft (up 
to 90 mL), lower local infection and complication rates at donor 
sites [3,23] as compared to iliac crest bone graft –ICBG) group. To 
the opposite, the ICBG group exhibited about twice less blood loss 
during ABG surgery than the RIA group [23]. Nevertheless, there was 
no difference between RIA and ICBG groups to achieve bone union 
(in 90% and 80% of cases; respectively) [2]. These considerations 
must be considered to choose the bone graft collection procedure 
for the second IMT step.

Several other prospective/retrospective studies performed 
on smaller cohorts however presenting more homogenous data 
provided promising clues to explain complications and failures in 
IMT. In a small cohort (n = 17 patients), El-Alfy & Ali [16] observed 
an IMT failure rate of 17.6% and confirmed that failures originated 
from graft lysis, infection persistence and refracture. Both Azi et al. 
[17] and Giotikas et al. [22] pointed out that infection persistence 
and graft resorption were the major causes for Masquelet technique 
complications and could lead to up 36% mean rate IMT failures. 

In an elegant review, Giannoudis et al. [20] indicated that both 
staphylococcous aureus and coagulase negative staphylococcous 
were generally responsible for complications and they gave some 
detailed strategies on the way they proceeded to overcome IMT 
failures in their large patient cohort (n = 43 patients). Recently, 
Siboni et al. [21] mentioned that smoking could alter bone union in 
Masquelet technique. This is in agreement with Scolaro et al. [24] 
showing in a database review that smoking had a negative influence 
on open or tibial fracture repair and a decreased complication rate 
was observed in patients who stop smoking before surgery. This 
could may be explaining the important rate of patient exhibiting 
bone non- unions after ABG using RIA technique (35.6%) as evoked 
by Mets makers et al. [25] since 65.3% of the patients (n = 72) were 
smokers. However, statistical analysis revealed that defect size 
seemed to be the critical factor to achieve bone unions [25].

Altogether, it appears that several distinct causes can participate 
to IMT complications leading to bone non-unions. A strategy that 
would be helpful to reduce the occurrence of IMT failures would 
be to gain access to predictive biomarkers of the IM quality at 
the end of the first IMT step or bone union efficiency during the 
second Masquelet technique step. Recent research inputs aimed 
at addressing these issues. By comparing serum levels of matrix 
metalloproteases (MMPs) in patients responding (bone union 
achievement) or non-responding (bone union failure) to Masquelet 
technique, Hambrick et al. [26] demonstrated that MMP-9/MMP-2 
ratio was significantly higher in the responder group as compared 
to the non-responder group, two days after surgery step 1 as well 
as 4 weeks following surgery step 2. In a similar follow-up, Fisher et 
al. [27] have shown that serum IGF-1 (insulin-like growth factor-1) 
cytokine level was significantly increased in IMT responder group 
as compared to non-responder group from day 2 to week 4 after 
the second surgery stage. However, IGF-1 levels remained similar 
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in both responder and non-responder groups during all the first 
surgery stage. Thus, both serum MMPs and IGF-1 levels seemed to 
be potentially interesting predictive biomarkers for IMT outcome in 
terms of IM quality and bone union achievement.

To conclude, Masquelet technique is a simple surgical procedure 
not requiring microsurgery skills until the surgeons respect some 
tips and tricks during both the first and second surgery steps, 
as fully detailed by Giannoudis et al. [28]. Overall mean rate of 
successful bone union for large defects (larger than 7 cm) using IMT 
can reach 87% including revision surgery to overcome bone non-
union resulting from complications. The major drawback of IMT is 
the early infection risk and control, especially for tibial injury for 
which soft tissue reconstruction is often required during the first 
step. To minimize IMT complication occurrence and to complete 
Giannoudis tips and tricks [28], some important features must be 
considered:

I. The choice between RIA technique and anterior or 
posterior iliac crest harvesting seemed to be dictated by the 
defect size;

II. To expand bone graft volume, mixture of bone substitute 
with bone graft must not exceed a 1:3 ratio;

III. If the use of antibiotic-coated spacers is common, it can 
also conceal local infections. It could be interesting to use 
antibiotic-free spacers as a tool to reveal persistent infection 
before grafting;

IV. The tremendous importance of rigid fixation in IM 
procedure: plaster cast must be avoided since it provides 
unsatisfactory stabilization of the bone defect area; internal 
fixation by locking plates offers mechanical stability but 
sometime the device size is inappropriate to the defect 
location; locked intramedullary nails provide long-lasting 
stabilization, maintain diaphyseal axis and allow early weight 
bearing; external fixators afford stable fixation and the 
possibility to modify bone alignment postoperatively but they 
are cumbersome [18,21,29].

At last, the choice of the surgical fixation technique 
(intramedullary nail, locking plates or external fixator) and the way 
of bone graft harvesting technique (RIA or ICBG) would be optimized 
depending on the patient needs in terms of size and body location 
of the bone defects. The availability of predictive biomarkers for 
IM efficiency would also help to overcome or anticipate some IMT 
complications leading to bone union failure.
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