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Abstract

N

The clinical management of large bone defects continues to be a difficult clinical problem to manage for treating surgeons. The |
induced membrane technique is a commonly employed strategy to manage these complex injuries and achieve bone union. Basic
science and clinical evidence continue to expand to address questions related to the biology of the membrane and how interventions
may impact clinical outcomes. In this review, we discuss the basic science and clinical evidence for the induced membrane technique
as well as provide indications for the procedure and technical tips for performing the induced membrane technique.

Keywords: bone defects, induced membrane technique, Masquelet technique, orthopaedic trauma, surgical technique

1. Introduction

The clinical management of large bone defects continues to be a
difficult clinical problem to manage for treating surgeons and is
often complicated by patient factors, soft tissue injury, and the
physiology of injury. The induced membrane technique (IMT),
also known as the Masquelet Technique, was initially developed
in the late 1970s for the management of bone loss resulting from
the treatment of septic nonunion of the leg.!"! Over time, this
technique has been adopted as a technique to manage segmental
bone defects of most long bones, irrespective of the etiology of
bone loss.!""?!

The IMT consists of a planned two-stage procedure with the
first stage being debridement, bone stabilization, and placement
of a polymethylmethacrylate (PMMA) cement spacer to preserve
the potential dead space for later grafting. The PMMA spacer
secondarily causes the induction of a membrane that envelops the
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spacer and contains the space. The induced membrane is
biologically active and has been shown to be highly vascularized,
secrete osteoinductive and angiogenic growth factors, and
contain mesenchymal adult stem cells (MSCs), which are the
conditions for eventual tissue regeneration.’! The planned
second stage consists of stable bone fixation with the removal
of the cement spacer and insertion of bone graft, usually in the
form of autograft.

In this review, we discuss the basic science and clinical evidence
for the IMT as well as provide indications for the procedure and
technical tips for performing the IMT.

2. Basic science evidence for the induced
membrane technique

Here, we review the basic science evidence surrounding the
timing of the second stage as well as the impact of defect location
and spacer types on the properties of the induced membrane. It
should be noted that one of the major shortcomings of the basic
science IMT literature is the lack of focus on bone union as an
outcome, which is the ultimate goal of the IMT in a clinical
setting.

2.1. Timing of the second stage

The basic science evidence regarding the optimal timing of the
second stage has been somewhat conflicting and suffers from the
main limitation noted above. It is important to recognize there are
often competing priorities between optimized biology of the
membrane and practical factors such as adequate soft tissue
healing, resolution of infection, and optimal handling character-
istics of the membrane. Nonetheless, extensive basic science
investigation has provided valuable insights into the biological
processes that the membrane undergoes and the optimal timing of
these.

Following the implantation of the PMMA spacer during the
first stage, a cellular reaction occurs with inflammatory cell
infiltration and edema, contributing to the formation of the
membrane. Neutrophils and eosinophils can be seen concen-
trated around blood vessels and the PMMA surface, consistent
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with an inflammatory reaction to the PMMA spacer.!*! Animal
models demonstrate that this inflammatory reaction completely
resolves by 6 to 8 weeks.!®! Similarly, there is a lack of an active
inflammatory reaction (by histology as well as immunohisto-
chemical staining for CD14* cells) by 6weeks. The clinical
implication would be to suggest that based on this evidence, the
second phase of grafting should not be undertaken until this
inflammatory process is complete.

Vascularity likely has the greatest impact on the induced
membrane’s ability to promote endogenous growth factors, affect
differentiation of the various cellular lineages, and facilitate the
incorporation of secondary bone grafting materials. The
temporal development of membrane vascularization has impli-
cations with regard to the timing of the secondary grafting
procedures. The development of neovascularity increases
significantly over time following spacer implantation, with the
greatest increase occurring between 2 and 4weeks.!®! As
maturation of the membrane continues, by 4 weeks, an increase
in larger caliber blood vessels can be seen and appears to
plateau.>”8 After 4 to 6 weeks postimplantation, there is a
progressive decrease in vascularity, which is demonstrated in
both animal and human findings.!**°! Applied clinically, this
evidence suggests performing the second stage within a 4 to 6
week window may be preferred to ensure adequate vascularity.”!

Animal models evaluating segmental defects have identified the
presence of mesenchymal stem cells (MSCs) as well as osteoblast
presence from harvested membranes in a time-dependent
cascade.>1913 MSCs were detected very early after PMMA
spacer placement, and appeared to peak after 2 to 3 weeks.
Interestingly, the cells slowly dissipated and were undetectable
after the 4- to 6-week time period postimplantation.[>'%13! The
exact clinical effect of this decline is as of yet unknown. However,
one could postulate that the critical time for secondary bone
grafting would be optimized when the largest number of
osteogenic cells is located in the surrounding graft envelope.

2.2. Location and muscle coverage

A study by Henrich et al evaluated membrane morphology with
regard to the location of the bone defect.!®! Femoral membranes,
developed in a circumferential muscular envelope, were found to
have a significantly higher cell number, increased growth factors,
and vascularity compared to membranes from subcutaneous
locations—that is, tibial defects.[®'* Furthermore, no MSCs
were seen at any time point (2, 4, or 6 weeks) in membranes
formed in subcutaneous sites.''* Although these findings have
yet to be confirmed in human studies, they suggest that bone
defects contained in a muscular environment (i.e., femoral,
humeral) may induce a more favorable membrane for healing
compared to subcutaneous bone defects (i.e., tibial and distal
ulnar).™®! In contrast, previous studies comparing muscular
versus fasciocutaneous flaps for coverage over bony defects have
reported no difference in failure rates.>™!8! Regarding their
osteogenic properties as related to membrane thickness, further
clinical investigations should be conducted to examine the
characteristics of induced membranes covered by muscular free
flaps versus faciocutaneous flaps.['>17!

2.3. Spacer type and antibiotic use

Although not originally described as a component of the
Masquelet technique, the use of antibiotic-impregnated PMMA
spacers is common. Little to no evidence exists on the optimal
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composition of the PMMA spacer, including the type of cement
to be used, the use of noncement alternatives, and the utilization
of antibiotics. There has been relatively little investigation of the
effects of antibiotic-impregnated cement on the expression of
angiogenic and osteogenic factors. However, it is well known that
the primary cause of failure of this technique is recalcitrant
infection.!"”!

In a rat femur defect model, Nau et al?” evaluated the effects of
using different bone cement spacers with or without the addition of
antibiotics (gentamicin, vancomycin, and clindamycin) concluding
that the type of cement and antibiotic additive influenced the
membrane thickness and proportion of elastic fibers within the IM,
with clindamycin containing spacers having the thinnest mem-
brane and least vascularity at 6 weeks in comparison to spacers that
contained vancomycin or gentamycin alone.

Shah et al studied the effect of clindamycin-impregnated
PMMA spacers in rat femoral defects inoculated with Staphylo-
coccus aureus.*!1 At 4weeks, only 12% of the animals treated
with PMMA spacers supplemented with clindamycin were still
infected, however, all animals treated with PMMA spacers
without antibiotics remained infected.!*!! Furthermore, analysis
of the harvested induced membranes found that the clindamycin
did not negatively impact gene expression of inflammatory
cytokines, growth factors, and stem cell markers.*!! However,
there has been relatively little investigation into the effects of
antibiotic-impregnated cement on the expression of angiogenic
and osteogenic factors of the membrane.

3. Clinical evidence for the induced membrane
technique

The majority of clinical evidence for the IMT is based on small
case series or cohorts. Morelli et al published a systematic review
of the IMT in 2016 that included 17 studies totaling 427
patients.”*?! Within this review, the average-sized defect was
5.53cm (range, 0.6 to 26 cm) with 62% of the cases in the tibia.
Additional surgery for infection or nonunion was required in
36.2% of patients, and the complication rate was 49.6%. The
union rate was reported as 89.7%, and the infection eradication
rate was 91.1%. It was difficult for the authors to make definitive
conclusions from the study because of the number of variables—
locations, indications, defect sizes, and bone grafting source—but
bone infection as an indication did have a higher complication
risk and lower odds of achieving union.

The majority of studies using IMT cited iliac crest bone graft as
the primary source of bone graft for the second stage.****! In
2010, Stafford and Norris'**! used intramedullary femoral bone
graft in 25 segments with an average defect of 5.8cm. Ninety
percent of these defects were healed at 1-year follow-up with a
single bone graft procedure. In 2017, Wu et al®®! reported a series
of 20 patients using a one-third allograft to autograft ratio and
demonstrated no difference in the healing rate when compared to
autograft alone.

Outside of this systematic review providing context for the
IMT as a whole and analyzing the evidence for graft selection, it is
most useful to examine the clinical evidence for the IMT by its use
in different anatomic locations.

3.1. Femur

Tong et al. compared the IMT in 7 cases to bone transport in 6
cases.?”! The patient-reported functional scores were better in the
IMT group in comparison to the bone transport group. The
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study’s authors attributed this improved functional score for the
IMT groups to the lack of pins and wires for the periarticular
defects that normally would affect the range of motion in the
knee.?” In the largest study to date, Morwood et al®®! reported on
65 femoral critical-sized defects treated with IMT and compared
plate fixation to intramedullary nail fixation (IMN). Femoral
defects treated with IMN united faster and with fewer additional
bone grafting procedures when compared to plate fixation,
suggesting that outcomes may be improved when the IMT is used
with nail fixation versus plate fixation. The authors also
evaluated the impact of defect location within the femur and
reported inferior outcomes in distal defects versus proximal and

middle defects.

3.2. Tibia

The tibia is the most commonly reported segment where the IMT
technique is used, with many studies documenting extensive use
of flaps for soft-tissue coverage. In a study by Wang et al,**! all
12 tibial segmental defects were treated with flaps, as well as in
the study by Azi et al®* in which 11 of 19 required flap coverage.
Many studies reported multiple required surgeries to achieve
infection-free union. In the paper by Taylor et al,’*3! 35 patients
required 4 surgeries on average to achieve the end result.
Morwood et al reported on 56 tibias with critical-sized bone
defects treated with IMT and compared plate fixation to
intramedullary nailing.*®! The average time to weight bearing
was lower in the IMN group when compared to plate fixation. Of
the 56 tibias, 23 required flap coverage.

3.3. Humerus

There are very few studies documenting the use of the IMT in the
humerus. Only 4 studies have reported more than 2 cases in their
series that were located in the humerus, with the union rates

reported as 100% with defect sizes ranging from 2.5 to 6
om 1232431321

3.4. Forearm

Allende reported 20 cases with an average-sized defect of 2.5cm
with a 100% healing rate.**! Luo et al. reported 100% healing
rate in 7 cases with an average defect size of 5.8cm and an
average number of operations at 3.43.534

4. Indications and contraindications for the
induced membrane technique

Although it is commonly accepted that the IMT is used to treat
critical-sized long bone defects—a term used to describe defects
over a certain length that will not heal without additional
intervention—there is no clear consensus on the parameters for
what ought to be considered critical in size.**=”! Many have
defined critical as missing >50% of the circumference of the tibia
for a distance of either 1 or 2cm,3*% despite evidence
suggesting nearly 50% of these fractures in the tibia could heal
without further intervention.*®! Thus, providing recommenda-
tions for a lower limit of defect size that require IMT is
challenging, and instead individual cases should be evaluated in
the context of additional important factors such as soft tissue
injury, nonunion risk factors, and anatomic location.

Success of the IMT is predicated on both an adequate soft-
tissue envelope and an adequate biologic environment to induce
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healing. Residual open wounds, draining wounds, or deep
infection will negatively affect the outcome of this technique. In
the authors’ opinions, the IMT is exceptionally valuable when
flap coverage is used in defects that are at least 50% of the
circumference of the bone or in situations where coverage may be
tenuous and other risk factors for impaired bone healing and
non-union are present, such as smoking, devascularized tissue, or
poor mechanical stability. Placement of a spacer through the IMT
may be less critical in locations where there is sufficient soft tissue
coverage, such as posteriorly in the tibia or the femur. Beyond
coverage, risk factors for nonunion should be considered.
Santolini et al'!! identified and examined 10 risk factors for
nonunion, including location, soft tissue damage, vasculariza-
tion, displacement, type of fracture, method of reduction,
mechanical stability, presence of a fracture gap, infection, and
smoking. Based on their findings, patients with more than 7 risk
factors have very little chance of healing without additional
intervention and should be considered for the IMT, whereas
those with 4 to 6 risk factors should be evaluated based on the
accompanying soft tissue injury.[*!!

Similarly, to a lower limit indication for the IMT, debate
remains regarding upper limits for bone defects as well. Defects
over 20 cm have been successfully treated with grafting following
the increased use of the reamer irrigator aspirator (RIA), which
has helped overcome the volume limitations of iliac crest bone
graft.3*? Larger defects are best treated using an intra-
medullary device in comparison to a plate construct if a 2-stage
spacer technique is employed.?®! Likewise, although less
effective, allograft bone with osteogenic factors can be used
for 2-step grafting. As defects become large enough that sufficient
amounts of graft will be difficult to obtain, then bone transport
and vascularized grafts become more viable options for definitive
treatment. The authors believe that patients with defects larger
than 10cm should be offered transport with either intra-
medullary devices or external fixation or both.

5. Induced membrane technique: technical tips

5.1. Debridement and infection management

When performing the initial debridement, the indication often
dictates how aggressive one should be. In a traumatic setting,
initial debridement consideration should be given to using
fragments (some with questionable vascularity) that may help
obtain length, alignment and rotation while fixation is achieved.
These fragments should be re-evaluated following fixation, at the
time of cement placement and/or cement removal to determine if
they should remain. In the setting of infection, surgical
debridement should be aggressive and may require multiple
debridements. Additionally, widespread infections involving
intramedullary and cortical bone (Cerney-Mader Stage IV)
require a thorough debridement and often wide resection in order
to assure the eradication of infection. Furthermore, additional
debridements/cultures can help with targeted antibiotics both via
systemic intravenous antibiotics and/or locally in the cement
spacer.

5.2. Cementing techniques

When the wound is ready for placement of a cement spacer, the
polymethylmethacrylate (PMMA) cement is mixed with appro-
priate antibiotics and by hand without a vacuum canister.?”) The
increased porosity achieved with mixing without a vacuum will
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lend itself to a robust bioactive membrane. The cement is then
molded until “doughy” when it can be placed in the defect. Care
is taken not to place the cement in close proximity to
neurovascular structures as it hardens due to the potential for
thermal injury from the exothermic reaction. In some instances,
malleable ribbon retractors can be used to protect nearby soft
tissues and hold the cement where it belongs. Irrigation with
saline should be used sparingly as it will leach out the antibiotic
within the cement.

The cement should be placed overlapping the bone ends to
provide room within the membrane to place a graft that also
overlaps the bone ends. This can help prevent a seam nonunion
that can occur with graft “creep” or movement when the patient
becomes mobile and gravity might affect the placement of the
graft.

The cement spacer can be placed in one block or multiple
pieces. In the setting of an intramedullary nail, consideration of
the placement of the cement space with 2 half circles or curved
pieces, 1 posterior and the other anterior should be given. The 2
pieces facilitate placement and certainly make it easier to remove.

Dye such as methylene blue can be added to the cement to aid
in full removal. Some brands of cement look very similar to bone
and are easier to discern when the cement is dyed.

5.3. Second stage

The timing of the second stage is variable and is often dependent
upon the status of the soft tissue and confirmation that an
infection has been eradicated. Basic science evidence, as
mentioned above, shows peak membrane biologic activity
around the 4 to 6 week window.”! However, it is not clear that
this peak biologic activity is the optimal setting for placement of
bone graft. The proinflammatory environment may in some cases
lead to resorption of the graft and/or failure to consolidate.'®!
In our practice, the timing for the second stage is often much
later than this 4 to 6 week timeline, commonly between 8 and
12 weeks. Advantages of this timeline include advanced soft
tissue healing, more time to confirm the eradication of infection,
and a more robust membrane.[®! However, this thicker
membrane does have a less vascular inner layer that may require
some attention such as scraping with a cobb elevator or pie-
crusting to induce neovascularization.

When returning to the OR for the planned second stage, if there
is any concern for persistent infection, we recommend repeating
the first stage by taking deep cultures, considering hardware
exchange, and placing another spacer. In this event, we then wait
for the results of the cultures and return to the OR for bone
grafting at a later date based upon the need for repeat antibiotic
treatment. We often will order blood levels of CRP and ESR to see
if there is an associated elevated inflammatory state.

When opening the membrane, we make one longitudinal
incision and elevate it off the proximal and distal bone ends to
allow for the bone graft to overlap the outer cortex of the bone.
When removing the spacer, it can be removed either en bloc or
piecemeal depending on how it was placed and the hardware
present. If it must be removed in pieces, we typically use an
osteotome + a drill and place a sponge over the spacer to prevent
fragments from becoming airborne and potentially contaminat-
ing the surgical field.

After the spacer is removed and the membrane is prepared (i.e.,
scored or scraped to induce bleeding) it is appropriate to begin
graft placement. Autograft is the gold standard either from the
iliac crest, or RIA bone graft from the femur. If a femur is not
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available and a large amount of graft is required, it is possible to
use the tibia with the new RIA2. If there are nonmodifiable
patient factors (such as advanced age, immunocompromised,
prior history of cancer, etc.) adjuvant biologics can be considered
(bone marrow aspirates, bone morphogenic proteins, allograft
bone with stem cells).!**! When the amount of bone graft required
exceeds that typically yielded from RIA (70 cc or greater), we
recommend adding cancellous allograft bone. We generally try to
keep our ratio of autograft to allograft at least 2:1. In our
experience, this strategy both expands graft volume as well as
helps counter the fluid effect or settling of the graft that can be
seen when patients keep the limb in a dependent fashion (often
seen radiographically in larger defects).

Our preferred implant for stability after placement of the graft
is an intramedullary nail. Whenever possible and in very distal
and proximal bone defects we often consider a nail/plate
combination.”*®! One benefit of a nail is it aids in intramedullary
revascularization and consolidation of the graft. Central graft
necrosis is a real clinically observed problem, and the nail
obviates this issue. Another method for preventing the central
necrosis is using a bioabsorbable spacer such as gel foam centrally
when placing the graft in a defect spanned by a plate. This will
allow for some intramedullary vascularity to occur as well as
decrease the volume of graft needed.

After graft placement, we perform closure of the membrane
whenever possible with a monofilament absorbable suture. The
graft should not be “overpacked” or too dense as this is thought
to inhibit revascularization and can lead to failure to consolidate.

Post operatively for lower extremities after the grafting stage
weight bearing is limited based upon fixation achieved and
advanced largely by radiologic evidence of graft consolidation
and integrity of fixation construct. In patients with intra-
medullary nailing or nail plate constructs, we encourage early
weight bearing as tolerated to help with graft consolidation. Plate
constructs will often have to wait 10 to 12 weeks and/or for some
consolidation of the graft.

6. Conclusion

The IMT is an effective option for the treatment of segmental bone
defects. Basic science and clinical evidence continue to expand to
address questions related to the biology of the membrane and how
interventions may impact clinical outcomes. When employing the
IMT, adequate infection control is paramount to success, and
surgeons should consider repeated debridement or additional first
stage surgeries in order to improve the chances of success in the
setting of infection. Surgeons using this technique must prepare
both themselves and their patients for the potential need for
multiple procedures to achieve a successful outcome.

References

1. Masquelet AC, Fitoussi F, Begue T, et al. Reconstruction of the long
bones by the induced membrane and spongy autograft. Ann Chir Plast
Esthet. 2000;45:346-353.

2. Masquelet AC. Induced membrane technique: pearls and pitfalls. ]
Orthop Trauma. 2017;31 (suppl 5):536-S38.

3. Gruber HE, Ode G, Hoelscher G, et al. Osteogenic, stem cell and
molecular characterisation of the human induced membrane from
extremity bone defects. Bone Joint Res. 2016;5:106-115.

4. Yee MA, Mead MP, Alford Al et al. Scientific understanding of the
induced membrane technique: current status and future directions. J
Orthop Trauma. 2017;31 (suppl 5):S3-S8.

5. Christou C, Oliver RA, Yu Y, Walsh WR. The Masquelet technique for
membrane induction and the healing of ovine critical sized segmental
defects. PLoS One. 2014;9:¢114122.


http://www.otainternational.org

Hoit et al. OTA International (2021) e106

10.

11.

12.

13.

14.

15.

16.

17.

18.

19.

20.

21.

22.

23.

. Henrich D, Seebach C, Nau C, et al. Establishment and characterization

of the Masquelet induced membrane technique in a rat femur critical-
sized defect model. J Tissue Eng Regen Med. 2016;10:E382-E396.

. Pelissier P, Masquelet AC, Bareille R, et al. Induced membranes secrete

growth factors including vascular and osteoinductive factors and could
stimulate bone regeneration. ] Orthop Res. 2004;22:73-79.

. Wang X, Wei F, Luo F, et al. Induction of granulation tissue for the

secretion of growth factors and the promotion of bone defect repair. J
Orthop Surg Res. 2015;10:147.

. Aho OM, Lehenkari P, Ristiniemi J, et al. The mechanism of action of

induced membranes in bone repair. J Bone Joint Surg Am. 2013;95:
597-604.

Gouron R, Petit L, Boudot C, et al. Osteoclasts and their precursors are
present in the induced-membrane during bone reconstruction using the
Masquelet technique. J Tissue Eng Regen Med. 2017;11:382-389.
Viateau V, Guillemin G, Calando Y, et al. Induction of a barrier
membrane to facilitate reconstruction of massive segmental diaphyseal
bone defects: an ovine model. Vet Surg. 2006;35:445-452.

Gruber HE, Riley FE, Hoelscher GL, et al. Osteogenic and chondrogenic
potential of biomembrane cells from the PMMA-segmental defect rat
model. J Orthop Res. 2012;30:1198-1212.

Gruber HE, Gettys FK, Montijo HE, et al. Genomewide molecular and
biologic characterization of biomembrane formation adjacent to a
methacrylate spacer in the rat femoral segmental defect model. J Orthop
Trauma. 2013;27:290-297.

Lin Z, Wang JS, Lin L, et al. Effects of BMP2 and VEGF165 on the
osteogenic differentiation of rat bone marrow-derived mesenchymal stem
cells. Exp Ther Med. 2014;7:625-629.

Yazar S, Lin CH, Lin YT, et al. Outcome comparison between free
muscle and free fasciocutaneous flaps for reconstruction of distal third
and ankle traumatic open tibial fractures. Plast Reconstr Surg.
2006;117:2468-2475. discussion 2476-2477.

Wettstein R, Schurch R, Banic A, et al. Review of 197 consecutive free
flap reconstructions in the lower extremity. J Plast Reconstr Aesthet Surg.
2008;61:772-776.

Danino AM, Gras M, Coeugniet E, et al. Is muscle the best coverage for
leg Gustilo IIIb fractures? A retrospective comparative study. Ann Chir
Plast Esthet. 2008;53:473-479.

Cho EH, Shammas RL, Carney M], et al. Muscle versus fasciocutaneous
free flaps in lower extremity traumatic reconstruction: a multicenter
outcomes analysis. Plast Reconstr Surg. 2018;141:191-199.

Taylor BC, French BG, Fowler TT, et al. Induced membrane technique
for reconstruction to manage bone loss. ] Am Acad Orthop Surg.
2012;20:142-150.

Nau C, Seebach C, Trumm A, et al. Alteration of Masquelet’s induced
membrane characteristics by different kinds of antibiotic enriched bone
cement in a critical size defect model in the rat’s femur. Injury.
2016;47:325-334.

Shah SR, Smith BT, Tatara AM, et al. Effects of local antibiotic delivery
from porous space maintainers on infection clearance and induction of
an osteogenic membrane in an infected bone defect. Tissue Eng Part A.
2017;23:91-100.

Morelli I, Drago L, George DA, et al. Masquelet technique: myth or
reality? A systematic review and meta-analysis. Injury. 2016547 Suppl 6:
S68-S76.

Taylor BC, Hancock J, Zitzke R, et al. Treatment of bone loss with
the induced membrane technique: techniques and outcomes. J Orthop
Trauma. 2015;29:554-557.

24.

25.

26.

27.

28.

29.

30.

31.

32.

33.

34.

35.

36.

37.

38.

39.

40.

41.

42.

43.

www.otainternational.org

Karger C, Kishi T, Schneider L, et al. Treatment of posttraumatic bone
defects by the induced membrane technique. Orthop Traumatol Surg
Res. 2012;98:97-102.

Stafford PR, Norris BL. Reamer-irrigator-aspirator bone graft and bi
Masquelet technique for segmental bone defect nonunions: a review of
25 cases. Injury. 2010;41 (Suppl 2):S72-S77.

Wu H, Shen J, Yu X, et al. Two stage management of Cierny-Mader type
IV chronic osteomyelitis of the long bones. Injury. 2017;48:511-518.
Tong K, Zhong Z, Peng Y, et al. Masquelet technique versus Ilizarov
bone transport for reconstruction of lower extremity bone defects
following posttraumatic osteomyelitis. Injury. 2017;48:1616-1622.
Morwood MP, Streufert BD, Bauer A, et al. Intramedullary nails yield
superior results compared with plate fixation when using the Masquelet
technique in the femur and tibia. ] Orthop Trauma. 2019;33:547-552.
Wang J, Yin Q, Gu S, et al. Induced membrane technique in the treatment
of infectious bone defect: a clinical analysis. Orthop Traumatol Surg Res.
2019;105:535-539.

Azi ML, Teixeira AA, Cotias RB, et al. Membrane induced osteogenesis
in the management of posttraumatic bone defects. J Orthop Trauma.
2016;30:545-550.

Gindraux F, Loisel F, Bourgeois M, et al. Induced membrane maintains
its osteogenic properties even when the second stage of Masquelet’s
technique is performed later. Eur ] Trauma Emerg Surg. 2020;46:
301-312.

Raven TF, Moghaddam A, Ermisch C, et al. Use of Masquelet technique
in treatment of septic and atrophic fracture nonunion. Injury. 2019;50
(suppl 3):40-54.

Allende C. Cement spacers with antibiotics for the treatment of
posttraumatic infected nonunions and bone defects of the upper
extremity. Tech Hand Up Extrem Surg. 2010;14:241-247.

Luo TD, Nunez FAJr, Lomer AA, et al. Management of recalcitrant
osteomyelitis and segmental bone loss of the forearm with the Masquelet
technique. ] Hand Surg Eur Vol. 2017;42:640-642.

Haines NM, Lack WD, Seymour RB, et al. Defining the lower limit of a
“critical bone defect” in open diaphyseal tibial fractures. J Orthop
Trauma. 2016;30:e158-e163.

Sanders DW, Bhandari M, Guyatt G, et al. Critical-sized defect in the
tibia: is it critical? Results from the SPRINT trial. ] Orthop Trauma.
2014;28:632-635.

Schemitsch EH. Size matters: defining critical in bone defect size!. J
Orthop Trauma. 2017;31 (suppl 5):520-S22.

Court-Brown CM, Keating JF, Christie ], et al. Exchange intramedullary
nailing. Its use in aseptic tibial nonunion. J Bone Joint Surg Br. 1995;
77:407-411.

Tai CL, Wu CC, Chen W], Shih CH. High success rate with exchange
nailing to treat a tibial shaft aseptic non-union. ] Orthop Trauma.
1999;13:33-38.

Templeman D, Thomas M, Varecka T, et al. Exchange reamed
intramedullary nailing for delayed union and nonunion of the tibia.
Clin Orthop Relat Res. 1995;169-175.

Santolini E, West R, Giannoudis PV. Risk factors for long bone fracture
non-union: a stratification approach based on the level of the existing
scientific evidence. Injury. 2015;46 (suppl 8):S8-S19.

Masquelet AC. Muscle reconstruction in reconstructive surgery: soft
tissue repair and long bone reconstruction. Langenbecks Arch Surg.
2003;388:344-346.

Nauth A, Lee M, Gardner M]J, et al. Principles of nonunion management:
state of the art. ] Orthop Trauma. 2018;32 Suppl 1:552-S57.


http://www.otainternational.org

	The induced membrane technique for bone defects: Basic science, clinical evidence, and technical tips
	1 Introduction
	2 Basic science evidence for the induced membrane technique
	2.1 Timing of the second stage
	2.2 Location and muscle coverage
	2.3 Spacer type and antibiotic use

	3 Clinical evidence for the induced membrane technique
	3.1 Femur
	3.2 Tibia
	3.3 Humerus
	3.4 Forearm

	4 Indications and contraindications for the induced membrane technique
	5 Induced membrane technique: technical tips
	5.1 Debridement and infection management
	5.2 Cementing techniques
	5.3 Second stage

	6 Conclusion
	References



<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles true
  /AutoRotatePages /All
  /Binding /Left
  /CalGrayProfile (Gray Gamma 2.2)
  /CalRGBProfile (Adobe RGB \0501998\051)
  /CalCMYKProfile (U.S. Web Coated \050SWOP\051 v2)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Warning
  /CompatibilityLevel 1.3
  /CompressObjects /Tags
  /CompressPages true
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages true
  /CreateJobTicket true
  /DefaultRenderingIntent /Default
  /DetectBlends true
  /DetectCurves 0.1000
  /ColorConversionStrategy /LeaveColorUnchanged
  /DoThumbnails false
  /EmbedAllFonts true
  /EmbedOpenType false
  /ParseICCProfilesInComments true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 1048576
  /LockDistillerParams false
  /MaxSubsetPct 0
  /Optimize false
  /OPM 1
  /ParseDSCComments true
  /ParseDSCCommentsForDocInfo true
  /PreserveCopyPage true
  /PreserveDICMYKValues true
  /PreserveEPSInfo true
  /PreserveFlatness false
  /PreserveHalftoneInfo false
  /PreserveOPIComments false
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts false
  /TransferFunctionInfo /Remove
  /UCRandBGInfo /Remove
  /UsePrologue false
  /ColorSettingsFile ()
  /AlwaysEmbed [ true
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /CropColorImages false
  /ColorImageMinResolution 300
  /ColorImageMinResolutionPolicy /OK
  /DownsampleColorImages true
  /ColorImageDownsampleType /Bicubic
  /ColorImageResolution 300
  /ColorImageDepth -1
  /ColorImageMinDownsampleDepth 1
  /ColorImageDownsampleThreshold 1.50000
  /EncodeColorImages true
  /ColorImageFilter /DCTEncode
  /AutoFilterColorImages true
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /ColorImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasGrayImages false
  /CropGrayImages false
  /GrayImageMinResolution 300
  /GrayImageMinResolutionPolicy /OK
  /DownsampleGrayImages true
  /GrayImageDownsampleType /Bicubic
  /GrayImageResolution 300
  /GrayImageDepth -1
  /GrayImageMinDownsampleDepth 2
  /GrayImageDownsampleThreshold 1.50000
  /EncodeGrayImages true
  /GrayImageFilter /DCTEncode
  /AutoFilterGrayImages true
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /GrayImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasMonoImages false
  /CropMonoImages false
  /MonoImageMinResolution 1200
  /MonoImageMinResolutionPolicy /OK
  /DownsampleMonoImages false
  /MonoImageDownsampleType /Bicubic
  /MonoImageResolution 1200
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.50000
  /EncodeMonoImages true
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects false
  /CheckCompliance [
    /PDFX1a:2001
  ]
  /PDFX1aCheck false
  /PDFX3Check false
  /PDFXCompliantPDFOnly false
  /PDFXNoTrimBoxError true
  /PDFXTrimBoxToMediaBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXSetBleedBoxToMediaBox true
  /PDFXBleedBoxToTrimBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXOutputIntentProfile (U.S. Web Coated \050SWOP\051 v2)
  /PDFXOutputConditionIdentifier (CGATS TR 001)
  /PDFXOutputCondition ()
  /PDFXRegistryName (http://www.color.org)
  /PDFXTrapped /False

  /CreateJDFFile false
  /Description <<
    /ENU (Use these settings to create Adobe PDF documents for Quad Graphics' Midland MI Facility.)
  >>
  /Namespace [
    (Adobe)
    (Common)
    (1.0)
  ]
  /OtherNamespaces [
    <<
      /AsReaderSpreads false
      /CropImagesToFrames true
      /ErrorControl /WarnAndContinue
      /FlattenerIgnoreSpreadOverrides false
      /IncludeGuidesGrids false
      /IncludeNonPrinting false
      /IncludeSlug false
      /Namespace [
        (Adobe)
        (InDesign)
        (4.0)
      ]
      /OmitPlacedBitmaps false
      /OmitPlacedEPS false
      /OmitPlacedPDF false
      /SimulateOverprint /Legacy
    >>
    <<
      /AddBleedMarks true
      /AddColorBars false
      /AddCropMarks true
      /AddPageInfo true
      /AddRegMarks true
      /BleedOffset [
        9
        9
        9
        9
      ]
      /ConvertColors /NoConversion
      /DestinationProfileName (U.S. Web Coated \(SWOP\) v2)
      /DestinationProfileSelector /UseName
      /Downsample16BitImages true
      /FlattenerPreset <<
        /ClipComplexRegions true
        /ConvertStrokesToOutlines false
        /ConvertTextToOutlines false
        /GradientResolution 300
        /LineArtTextResolution 1200
        /PresetName ([High Resolution])
        /PresetSelector /HighResolution
        /RasterVectorBalance 1
      >>
      /FormElements false
      /GenerateStructure false
      /IncludeBookmarks false
      /IncludeHyperlinks false
      /IncludeInteractive false
      /IncludeLayers false
      /IncludeProfiles false
      /MarksOffset 12
      /MarksWeight 0.250000
      /MultimediaHandling /UseObjectSettings
      /Namespace [
        (Adobe)
        (CreativeSuite)
        (2.0)
      ]
      /PDFXOutputIntentProfileSelector /UseName
      /PageMarksFile /RomanDefault
      /PreserveEditing true
      /UntaggedCMYKHandling /LeaveUntagged
      /UntaggedRGBHandling /LeaveUntagged
      /UseDocumentBleed false
    >>
    <<
      /AllowImageBreaks true
      /AllowTableBreaks true
      /ExpandPage false
      /HonorBaseURL true
      /HonorRolloverEffect false
      /IgnoreHTMLPageBreaks false
      /IncludeHeaderFooter false
      /MarginOffset [
        0
        0
        0
        0
      ]
      /MetadataAuthor ()
      /MetadataKeywords ()
      /MetadataSubject ()
      /MetadataTitle ()
      /MetricPageSize [
        0
        0
      ]
      /MetricUnit /inch
      /MobileCompatible 0
      /Namespace [
        (Adobe)
        (GoLive)
        (8.0)
      ]
      /OpenZoomToHTMLFontSize false
      /PageOrientation /Portrait
      /RemoveBackground false
      /ShrinkContent true
      /TreatColorsAs /MainMonitorColors
      /UseEmbeddedProfiles false
      /UseHTMLTitleAsMetadata true
    >>
  ]
>> setdistillerparams
<<
  /HWResolution [2400 2400]
  /PageSize [612.000 792.000]
>> setpagedevice


