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Abstract

Background: The Induced Membrane Technique [IMT], often referred to as the Masquelet Technique
[MT] can be used to achieve excellent results in the reconstruction of bone defects due to
osteomyelitis. However, this is not a defined surgical technique, but a treatment option that has
undergone several modifications since it was first described and with heterogeneous results.
Methods: This retrospective, monocentric cohort study included 49 patients treated with the Bone
Block Technique [BBT] between 2013 and 2019 with bone defects due to osteomyelitis. The primary
outcome was time to bony healing, reinfection rate and time to full-weight bearing. Additionally,
infectiology parameters, surgical site complications [SSC] and epidemiological data were assessed.
Results: The complete data records of 49 patients were analyzed. Mean patient age was 51 years [17.6-
76.9 years] with 14 being female [28.6%] and 35 male [71.4%]. Mean follow-up was 6.1 years [4-10.5
years]. Average bone defect length was 4.2 cm [2.1- 8.4 cm] with the majority of defects affecting the
lower extremity. Primary consolidation was achieved in 93%, secondary consolidation [additional
surgery] in 7%. Eight patients [16.6%] needed revision surgery due to recurrent infection. Full weight
bearing could be achieved after 101.3 days on average. Conclusion: The BBT as a modification of the
original IMT, is a valid alternative approach in the reconstruction of bone defects. With correct
application of the technique described here and adherence to the principles of the Diamond Concept
primary consolidation and low complication rates can be achieved, making the technique reliable
and reproducible.

Keywords: masquelet technique; bone defect; corticocancellous bone graft; press-fit technique;
internal osteosynthesis; absolute stability; induced membrane technique; diamond concept

1. Introduction

The reconstruction of large bone defects presents a major challenge in musculoskeletal surgery.
Distraction osteogenesis [DO] remains the established standard. However, it is associated with high
complication rates and treatment is time-consuming. Common complications are recurrent
infections, pin tract loosening/infections, axial deviation, peri-implant fractures, lack of consolidation
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of the transport segment or failed docking, requiring a high level of patient compliance [1-4]. Less
established procedures like vascularized fibula transfer aren’t comparable to DO [5-7]. In contrast
the IMT presents a cost-effective, reliable and reproducible approach [8,9].

The IMT, originally published by Masquelet et al., represents a two-stage procedure for bone
defect reconstruction [10]. Many modifications of the IMT have been proposed in recent years with
results being heterogeneous. Different types of mechanical stabilization [external/internal fixation] or
grafts [autologous, allogenic, xenogenic] were discussed [6,7,11-13]. A “standard approach” does not
exist [14-16].

This study outlines a modified approach to the IMT, strictly based on the principles of the
Diamond Concept and taking the three most common reasons for IMT failure [infectious, mechanical,
biological] into consideration [5,17].

Surgical Technique

BBT Stage I

In the early years of IMT, we conducted revision surgeries until no further
microbiologic/histopathologic pathogens could be detected. Anti-infective therapy was discontinued
from this point on until the second stage of IMT only resumed if pathogens could be detected in stage
two. In the past years, we focused on conducting less revision surgeries with anti-infective therapy
continuing up to stage two of the IMT [Figure 1].

wi w2 w3 wa W5 we | wz ws w9 W10 Wil W12 | Wi3 W14 W15 W16 W17 Wis

Surgical
therapy potential revision surgeries
H P i.v. antibiotic
Antibiotic ™17
therapy oral antibiotic therapy oral antibiotic therapy
Weight progressive to
bearing no weight bearing partial weight bearing full weight bearing

_ Interval Stage Il rehabilitation

Figure 1. hospital intern therapy regimen displaying the timeline of stage one and two of BBT.

BBT Stage II

Six weeks after stage one, the reconstructive procedure, stage two, is performed. The polymethyl
methacrylate [PMMA] spacer is removed, bone resection margins are freshened, avital bone
segments are resected and temporary osteosynthesis is replaced with a definitive osteosynthesis, if
not yet done. Corticocancellous bone grafts [CCBG] and cancellous bone are harvested from the
ipsilateral/contralateral anterior/posterior iliac crest.

Depending on the size of the bone defect, one or more CCBG are harvested from the iliac crest
[Figure 2a]. Protective plate osteosynthesis after graft harvesting from the iliac crest is not performed
in our hands. Depending on the morphology and localization of the bone defect, tricortical iliac crest
grafts are subdivided into two bicortical grafts [Figure 2b]. The grafts are inserted press-fit into the
defect and fixed with screws / cerclage wires if necessary to increase primary stability [Figure 2c-e].
If intramedullary nail osteosynthesis was performed, the bicortical grafts are inserted
circumferentially [Figure 2c]. Remaining cancellous bone [CB] is inserted into the defect and along
the interface between the graft and the residual bone [Figure 2d]. With defects over five centimeters,
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one bone block is usually not sufficient. in this case, several bone blocks can be harvested and inserted
in parallel or in line [Figure 2c-e].

Figure 2. CCB and CB harvested from the iliac crest [Figure 2a], CCB subdivided into two bicortical grafts [Figure
2b], press-fit graft insertion with CB coverage and cerclage wire fixation [Figure 2c, d], post-operative X-ray

[Figure 2e].

Definitive osteosynthesis depends on the localization of the defect. The goal is absolute stability
of the construct while avoiding micro-movement. In this cohort, mainly internal osteosynthesis was
used. We used intramedullary nails in the diaphyseal bone of the femur/tibia and locking plates in
epi/metaphyseal bone. In some cases, combination of both osteosynthesis techniques was used to
achieve absolute stability.

This biological approach in combination with absolute stability incorporates the principles of
the Diamond Concept, which is the cornerstone for successful bone defect healing [22].

2. Materials and Methods

Study design

This monocentric, retrospective cohort study was conducted following approval by the
responsible ethics committee and in compliance with the ethical principles of the Declaration of
Helsinki for medical research in its most recent form [positive vote no. 86/21].

Data acquisition

The retrospective data analysis was conducted from 05/2013 to 12/2019. Patients, older than 16
years, with osteomyelitis [acute / chronic] and a corresponding bone defect of more than two
centimeters after step I surgery were included. Osteomyelitis was diagnosed by microbiology and
histopathology. Patients whose bone defect was caused by trauma, non-union or tumor were
excluded. For this purpose, electronic hospital information system [HIS] was searched. Clinical and
radiological follow-up [FU] were conducted regularly in our outpatient clinic.

Investigated Parameters

Epidemiological data [gender, age, weight, BMI, ASA classification] and comorbidities were
collected in all cases. The hospitalization time, defined as in-hospital stay after step II procedure until
discharge, and the follow-up period were documented. The size of the resulting bone defect was
measured intraoperatively using a ruler. The characteristics of the autologous grafts [bi-/tricortical]
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and their use [serial, parallel], as well as their additional fixation [press-fit, cable, screw], if necessary,
were examined. The type of osteosynthesis [internal/external] used was listed.

The primary outcome were rate and timing of osseous consolidation, reinfection rate and the
interval until full weight bearing could be achieved. Consolidation was further categorized in
primary, partial or secondary. Primary consolidation was defined as at least 50% coverage of the bone
circumference proximally and distally without additional surgery. Partial consolidation was
accordingly defined as less than 50% coverage proximally and distally. Secondary consolidation was
defined as the need for at least one further surgical intervention [adding cancellous bone, re-
osteosynthesis]. This was assessed independently by three observers using postoperative
radiography to increase interobserver reliability.

The infectiology data and the number of surgeries required between stage one and two were
documented. Re-infection was defined as the need for a surgical revision. Additionally, SSC such as
infection, hematoma, impaired soft tissue healing or neuro-vascular damage, were analyzed.

Statistical Analysis

Patient data were retrospectively extracted from medical records and initially compiled using
Microsoft Excel.

The dataset was subsequently imported into SPSS software [IBM SPSS Statistics, Version 26,
Armonk, NY, USA] for statistical analysis. Descriptive statistics were computed for all variables.

Continuous variables are presented as means with corresponding standard errors of the mean
[SEM]. Outliers were excluded if values exceeded two standard deviations from the mean. p-values
less than .05 were considered statistically significant. Normality of data distribution was assessed,
and parametric comparisons were performed using the independent samples t-test where applicable.

3. Results

Between 05/2013 and 12/2019, 53 patients [55 cases] were treated with BBT. In two cases surgery
was performed at two different locations [radioulnar, tibiofibular] simultaneously. Only the BBT of
the larger bone was incorporated for data assessment. Patients who underwent revisional BBT before
2013 and those with no osteomyelitis were also excluded [n=6], leaving a total of 49 patients to be
included in this study with the majority of the BBT being performed on the lower extremity [Figure
3].
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Figure 3. Study cohort and subgroup formation based on the patient data available in the HIS.

Study Cohort

Mean age of patients was 51 years [17.6-76.9] with 14 being female [28.6%] and 35 male [71.4%].
Mean Body Mass Index [BMI] was 29.2 [19.5-48.7]. Average follow-up was 6.1 years [4-10.5]. Relevant
comorbidities [smoking: 51%] and diabetes [18.4%] were analyzed, vascular diseases were not
recorded.

Fracture types [open/closed] were assessed, with 38.8% being open fractures type one/two
according to the classification of Tscherne and Oestern [18][Tab. 1].

Table 1. Study cohort and anthropometric data.

Gender Age [years] BMI [KG/m?] Smoking Diabetes ASA classification initial open

fractures
male: 35 (71.4%) 51.45y+2.09y 29.23+0.96 n=25 (51.0%) n=9 (18.4%) ASA 1: n=10 (20.4%) n=19 (38.8%)
female:14 (28.6%) (17.6-76.85) (19.45-48.67) ASA 2: n=35 (71.4%)

ASA 3: n=4 (8.2%)

Surgical Data

Average defect length was 4.2 cm [2.1-8.4 cm]. Internal temporary osteosynthesis was mostly
used as part of stage one surgery [61.2%], four patients [8.2%] received external fixation and 15
[30.6%] received a cast. At stage two surgery locking plates were used in 32 patients [65.3%],
intramedullary nailing in 15 patients [30.7%], external fixation [2%] and cast [2%] in one patient each.
Grafts were mostly taken from the anterior iliac crest [96%; tricortical grafts: 80%, bicortical grafts:
20%]. In cases more than one bone-block were used, 45% were inserted parallel, 8% were aligned. In
35 patients [71%] the graft was inserted in press-fit technique, in 14 patients [29%] additional screws
or cerclage wires were needed for graft fixation. Flap coverage was performed in 17 cases [34.7%]
[Tab 2].

Table 2. Surgical data regarding fixation, bone defect length, iliac crest grafting and flap coverage.
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Stage two fixation Osteosynthese und MT Bone defect length  Amount of iliac Type of iliac Origin of iliac crest  Arrangement Fixation of iliac  Flap coverage
simultan [mm] crest grafts used  crest grafts grafts of iliac crest crest grafts
used grafts

locking plate n=20 (40.8%) 42.08£2.19 mm one graft n=27 bicortical n=10  anterior n=47 single n=23 Press-fit n=17 (34.7%)
n=32 (65.3%) (21.3-83.9) (55.1%) (20.4%) (46.9%) n=35 (71.4%)

posterior n=1
intramedullary nail two grafts n=21 tricortical n=39 parallel n=22 cerclage wire
n=15 (30.7%) (42.9 %) (79.6%) anterior + (44.9%) n=2 (4.1%)

posterior n=1
external fixation three grafts n=1 In line n=4 SCrews
(llizarov) (2%) (8.2%) n=12 (24.5%)
n=1(2%)
cast
n=1(2%)

Consolidation

Out of the 49 included patients, one was lost to follow-up, leaving 48 eligible for assessment of
bone healing. Primary bone healing was identified in 41 cases [93.2%]. Partial [6.1%] and secondary
[6.1%] bone healing were identified in three cases each. Each patient achieved partial weight bearing
after stage two surgery. Full-weight bearing was achieved 101.3 days after stage two surgery on
average.

Infectiology

Coagulase negative Staphylococcus, Staphylococcus aureus and mixed infections accounted for
the majority of the infections of this cohort. On average, 3.3 surgeries were conducted between stage
one and two with an average time interval of 57.1 days in between. Eight patients [16.6%] needed
revision surgery due to recurrent infection. A pathogen switch occurred in 75% of cases, in 25% the
pathogen remained the same. No correlation between the number of surgeries and the rate of bone
healing or recurrence of infection was detected. In twelve patients, pathogens were still detected after
stage two. However, no influence on bone healing was observed.

As described previously, our stage one concept has changed over the years. 19 patients [38.8%]
of the first group did not receive antibiotic therapy before stage two, after the absence of pathogens.
In 30 patients [61.2%], antibiotic therapy was continued beyond stage two for six weeks. Four patients
in both groups had a recurrent infection [Tab. 3].

Table 3. Perioperative data analysis regarding stage one surgery and antibiotic treatment.

BET (n=8) Temporary fixation Pathogen detection  Patients without Patients with
Stage two BBT one and two BBT [days] after stage one BBT at stage two BBT antibiotic therapy  continuation of
before stage two antibiotic therapy
BBT after stage two BBT
coagulase negative staphylococcus n=28 coagulase negative staphylococcus n=4 n=33+21 §7.1+4ad locking plate n=12 (24.5%) n=19 n=32
(1-8) (2-136) n=19 (38.8%) (38.8%) (65.3%)
staphylococcus aureus n=16 staphylococcus aureus n=3
intramedullary nail
mixed infection n=18 enterococcus n=1 n=6 (12.2%)
carbon rod
enterococcus n=4 n=1 (2 %)
streptococcus n=3 external fixateur
n=4 (8.2%)
cutibacterium acnes n=10
K-wire and cast
gram negative bacteria n=6 n=4 (8,2%)

others n=8 cast
n=15 (30,6%)

Complications

SSC [wound healing, hematoma] were found in four patients [8%] after stage two surgery.
Refractures were found in three patients [6%] after implant-removal, with one patient needing new
osteosynthesis. No amputations were conducted. Donor site morbidity was low. In one case
temporary nerve injury [lateral femoral cutaneous nerve] was identified.

4. Discussion

© 2025 by the author(s). Distributed under a Creative Commons CC BY license.
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This study adds to the increasing number of publications on the IMT and its modifications,
particularly in the context of managing post-infectious bone defects. However, direct comparisons to
other published studies are limited due to considerable methodological heterogeneity across the
literature[12,19]. Variations in demographic characteristics, follow-up, etiologies of bone defects,
treatment strategies, types of osteosynthesis [internal/external], graft modifications, defect
localization and size, and other clinical parameters make it difficult to draw conclusions.

In our cohort the mean bone defect size was 4.2 cm and slightly smaller than those reported in
systematic reviews by Morelli [5.53 cm] and Mi [6.32 cm][12,19]. However, all cases were due to
secondary osteomyelitis, which limits the comparability of infection recurrence rates with studies
that focused exclusively on septic bone defects[20-22]. At 6.2 years, the follow-up is significantly
longer than that of the large systematic reviews [mean follow-up: 12 months], making the results on
the efficacy of this technique valid [12,19]

Fixation in Stage One/Two Surgery

The fixation techniques used in stage one surgery differ within the current literature. We used
internal fixation with locking plates or intramedullary nails in the majority of the cases and less
external fixation. There is no consensus in the literature regarding fixation in stage one surgery. Some
authors support exclusively external, others internal fixation techniques, regardless of the presence
of infection [1,6,11,21,22]. This also applies to the fixation techniques used in stage two surgery. Here,
we use mostly internal fixation as well [locking plates: 65.3%, intramedullary nails: 30.6%], with
several studies reporting similar approaches[23,24]. In our experience, it is crucial to combine a stable
corticocancellous graft with an osteosynthesis ensuring the highest possible primary stability.
Therefore, the autologous graft is inserted into the bone defect using the press-fit technique and then
stabilized using internal osteosynthesis [plating and/or nailing]. To achieve enchondral ossification
of the graft, the bone surface contact between the original bone and the graft should be less than 0.2
mm and have less than 2% strain [degree of load-dependent displacement][25,26].

Grafts and Bone Healing

Using bi- or tricortical grafts from the iliac crest in our technique presents a major innovation,
offering intrinsic load-bearing capacity absent when using only cancellous bone. With the BBT we
achieved a high primary consolidation rate of 93%. Considering the principles of the Diamond
Concept, the results of the BBT are comparable to other approaches reported in systematic reviews
by Morelli et al. [89.7%] and Mi et al. [92.4%][12,19]. The biomechanical stability provided by cortical
bone blocks, in combination with internal fixation, enabled immediate partial weight-bearing of up
to 20 kg. This approach helps minimize the detrimental effects of prolonged immobilization.
Furthermore, patients in our cohort achieved full weight-bearing after 15 weeks on average. So far,
none of the current studies have been able to report an earlier return to full weight-bearing
[13,22,23,27]. Achieving timely full weight-bearing after stage two not only enhances physical
recovery and return to work, but may also limit long-term psychosocial stress associated with
prolonged immobilization or rehabilitation.

The BBT offers good results, especially on the lower extremity. In the long-term follow-up, good
remodeling of the bone can be observed [Figure 4]. In the upper extremity, particularly the humerus,
aseptic non-unions occurred in two out of three cases [Figure 5]. Here, single locking plate
osteosynthesis was performed. In our experience, the stability generated this way is not adequate to
compensate for the lack of axial loading and an increased lever arm. As insufficient mechanical
stability is one of the three most common reasons for IMT failure, we recommend the use of double
locking plate osteosynthesis in the upper extremity [5,28,29].
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Figure 4. Case 1 [Figure 4a, b]: Bone defect of the distal tibia [7cm], reconstruction using the BBT [Figure 4a:
postoperative X-ray, Fig 4b: at 10-year follow-up]. Case 2 [Figure 4c, d]: Bone defect of the distal tibia [4cm], Step
I of the BBT [Figure 4c: postoperative X-ray with temporary intramedullary nail osteosynthesis and PMMA
spacer; Figure 4d: at 4-year follow-up after Step II of the BBT.

Figure 5. Case 3 [Figure 5a-d]: Bone defect of a humeral diaphysis [4cm] [Figure 5a: temporary intramedullary
nail with PMMA spacer], distal nonunion and mechanical failure of the BBT 1 year after Step II [Figure 5b],
secondary consolidation 1 year after revision BBT with additional corcticocancellous bone grafting [Figure 5c],

remodeling 3 years after revision BBT and implant removal [Figure 5d].

Recurrent Infections

Within this cohort, infection recurrence rate was 16.6% [mean follow-up: 73.2 months],
appearing relatively low, while not differentiating between superficial and deep infections. Previous
studies report recurrence rates of 16%- 59% [mean follow-up: 12-13 months] [22,30]. The lower
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infection rate might be due to the fixation techniques used [internal fixation techniques] and the
reduced number of surgeries between stage one and two [30-32]. Coagulase-negative staphylococci
and Staphylococcus aureus are the most frequently isolated pathogens, even with recurrent infections,
which is consistent with the literature [5,27]. Notably, the presence of pathogens during the second
surgical stage does not correlate with recurrence, possibly indicating the protective role of the
induced membrane against bacterial contamination [21,22,25]. Patients undergoing flap
reconstruction for soft tissue defects exhibit a higher recurrence rate [23.5% vs. 12.5%], though not
statistically significant. Soft tissue coverage seems to be essential to avoid infections. Complex soft
tissue injuries are often risk factors for an increased infection rate [26]. Additionally, extending
postoperative antibiotic therapy appears beneficial. Patients receiving a six-week regimen seem to
show lower rate of recurring infections, suggesting the value of individualized antimicrobial
strategies, particularly in persistent or difficult-to-treat infections [8].

Complications

SSC [wound healing, hematoma], as reported in this study, remain common minor
complications. Major complications [amputations, thrombosis] were not reported. Reports of
refractures after implant-removal are rare but present in the current literature [5]. As is the case with
general fracture healing, implants should not be removed too early after bone defect healing. In our
experience after one and a half years at the earliest.

Limitations and Future Directions

There are several limitations to this study. On one hand the retrospective, non-randomized
study design with a relatively small study cohort, on the other hand the missing control group
[alternative reconstructive technique]. Therefore, it is difficult to draw direct comparisons regarding
success rates and complication rates. Future studies with a larger cohort and longer follow-up will
be necessary to validate the method described. In addition, the role of emerging materials such as
bioactive scaffolds or 3D printed implants needs to be evaluated [33].

5. Conclusions

The results of the Bone Block Technique are promising in the mid-term follow-up. BBT is
proving to be an effective method for reconstructing medium to large bone defects due to
osteomyelitis. The rate of bone healing and comparatively low re-infection rate underline its
effectiveness while using stable corticocancellous bone grafts and internal fixation. Despite the
promising data, the objective should be a further reduction in recurrent infections in order to make
the procedure even more reproducible and valid.
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Abbreviations

The following abbreviations are used in this manuscript:

BBT Bone Block Technique

IMT Induced Membrane Technique
MT Masquelet Technique

SSC surgical site complications

DO distraction osteogenesis

PMMA  polymethylmethacrylate

CCBG corticocancellous bone grafts

CB cancellous bone

HIS hospital information system

FU follow-up

SEM standard errors of the mean

BMI Body Mass Index

ASA American Society of Anesthesiologists
cm centimeters
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