
 

 

 

Utilisation of bioactive glass S53P4 inside an induced
membrane for severe bone defect with high risk of
infection
Citation for published version (APA):

Aurégan, J.-C., Villain, B., Glombitza, M., Blokhuis, T., Heinänen, M., & Bégué, T. (2022). Utilisation of
bioactive glass S53P4 inside an induced membrane for severe bone defect with high risk of infection: a
multi-center preliminary experience. Injury-International Journal of the Care of the Injured, 53, S13-S19.
https://doi.org/10.1016/j.injury.2022.07.027

Document status and date:
Published: 01/10/2022

DOI:
10.1016/j.injury.2022.07.027

Document Version:
Publisher's PDF, also known as Version of record

Document license:
Taverne

Please check the document version of this publication:

• A submitted manuscript is the version of the article upon submission and before peer-review. There can
be important differences between the submitted version and the official published version of record.
People interested in the research are advised to contact the author for the final version of the publication,
or visit the DOI to the publisher's website.
• The final author version and the galley proof are versions of the publication after peer review.
• The final published version features the final layout of the paper including the volume, issue and page
numbers.
Link to publication

General rights
Copyright and moral rights for the publications made accessible in the public portal are retained by the authors and/or other copyright
owners and it is a condition of accessing publications that users recognise and abide by the legal requirements associated with these
rights.

• Users may download and print one copy of any publication from the public portal for the purpose of private study or research.
• You may not further distribute the material or use it for any profit-making activity or commercial gain
• You may freely distribute the URL identifying the publication in the public portal.

If the publication is distributed under the terms of Article 25fa of the Dutch Copyright Act, indicated by the “Taverne” license above,
please follow below link for the End User Agreement:
www.umlib.nl/taverne-license

Take down policy
If you believe that this document breaches copyright please contact us at:

repository@maastrichtuniversity.nl

providing details and we will investigate your claim.

Download date: 09 Apr. 2024

https://doi.org/10.1016/j.injury.2022.07.027
https://doi.org/10.1016/j.injury.2022.07.027
https://cris.maastrichtuniversity.nl/en/publications/8b20423d-bc4e-472e-8b07-de9e7088f7a0


ARTICLE IN PRESS 

JID: JINJ [m5G; July 19, 2022;5:42 ] 

Injury xxx (xxxx) xxx 

Contents lists available at ScienceDirect 

Injury 

journal homepage: www.elsevier.com/locate/injury 

Utilisation of bioactive glass S53P4 inside an induced membrane for 

severe bone defect with high risk of infection: a multi-center 

preliminary experience 

Jean-Charles Aurégan 

a , b , ∗, Benoît Villain 

a , Martin Glombitza 

c , Taco Blokhuis d , 
Mikko Heinänen 

e , Thierry Bégué a , ∗∗

a Department of Orthopaedic, Trauma and Reconstructive Surgery, Antoine Béclère Hospital, AP-HP, Paris Sud University, 157 rue de la Porte de Trivaux, 

92140 Clamart, France 
b Laboratory of Bioengineering and Biomechanics for Bone Articulation (B2OA - UMR CNRS 7052), Paris-Diderot University, 10 avenue de Verdun, 75010 

Paris, France 
c Department of Orthopaedic and Trauma surgery, University of Duisburg-Essen. 
d Department of trauma surgery, Maastricht University Medical Center, P.O. Box 5800, 6202 AZ, Maastricht, the Netherlands 
e Department of Orthopaedics and Traumatology, University of Helsinki and Helsinki University Hospital 

a r t i c l e i n f o 

Article history: 

Accepted 15 July 2022 

Key words: 

Bioactive glass 

BAG-S53P4, induced membrane 

Masquelet 

Bone defect 

Critical size 

Segmental 

a b s t r a c t 

Background: The induced membrane technique has been developed to address bone defect of critical size 

from various origins. Despite its exceptional efficacy, several cases underwent a failure, which is regularly 

associated with a septic problem. The best way to conduct in this situation remains debated. 

Purpose: To estimate use of bioactive glass S53P4 (BAG-53P4) in induced membrane technique failures 

or with an anticipated high risk of failure. 

Material and method: We conducted a retrospective analysis of patients from several medical centers in 

Europe where BAG-S53P4 has been used inside an induced membrane. The etiology of the defect, the 

bone fixation used, the delay the bioactive glass was placed, the reason why the bioactive glass was used 

and the results were reported. 

Results: Eight cases were included (3 women and 5 men). Mean age was 43 years (16-82; Standard de- 

viation 23). Mean height was 171 cm (162-184; SD 7), mean weight was 69 kg (60-85; SD 8) and Body 

Mass Index was 23,39 M/Kg2 (21,9-25,1; SD 1,22). Mean length of defect was 68 mm (40-100mm, SD 23). 

All patients received BAG-S53P4 granules (BonAlive Biomaterials Ltd, Turku, Finland) to fill the resultant 

cavity (3 as a stand-alone in the induced membrane and 5 mixed with autograft). Three patients were 

implanted with BAG-S53P4 during the second stage of a first induced membrane technique because of 

a high risk of infection (three open fractures); two patients were implanted with BAG-S53P4 during the 

second stage of a first induced membrane technique because of the great size of the defect (two infec- 

tious non-union); two patients were implanted with BAG-S53P4 as a third stage of induced membrane 

technique, i.e. inside a previously grafted membrane, because of a recurrence of the infection; and one 

patient was implanted with BAG-S53P4 during the second stage of a second induced membrane tech- 

nique to avoid a new failure. At a follow-up of 16 months, all healed without any recurrence of the 

infection. 

Discussion: Critical size bone defects caused by an open fracture or an active infection can usually be 

addressed by the induced membrane technique. However, some cases are at high risk of failure because 

of the occurrence or recurrence of an infection. In these cases, bioactive glass may help the surgeon to 

improve the rate of bone union. 

Conclusion: BAG-S53P4 may be considered as bone graft in an induced membrane technique, especially 

when there is a high probability of occurrence or recurrence of a bone infection. 

© 2022 Elsevier Ltd. All rights reserved. 
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A critical sized bone defect is defined by a bone defect that 

s too wide for healing spontaneously or with standard cancellous 

one graft. Even nowadays, it remains a challenging situation for a 

ajority of orthopaedic and trauma surgeons [1] . Historically, dif- 

erent surgical solutions have been reported. The most reported re- 

ain open-air cancellous Papineau grafting [2] , free vascularized 

bular graft [3] and bone transport [4] . Recently, Masquelet et al. 

eported the use of a spacer of acrylic cement implanted inside 

he defect that creates an induced membrane with bone healing 

roperties [5] . It was later reported that this spacer triggers a reac- 

ive membrane that has shown, both experimentally and clinically, 

one creation properties after cancellous bone autograft [ 6 , 7 ]. 

However, since the first description of the principles of the in- 

uced membrane technique, those who used it realized that, while 

he technique seems quite simple, many factors play a role in the 

uccess [6] . Hence, the technique evolved and gained in complex- 

ty. Technical additions have also punctuated the experience, cul- 

inating today in a mosaic of possibilities, requiring a detailed 

rogram for each case treated. As infection is often one of the ma- 

or causes for failure, adequate treatment of infection is paramount 

n this challenging field. In the induced membrane technique, re- 

urrence is one of the major causes of primary failure. In case of a 

rimary failure, therefore, the attitude remains discussed between 

oing it again, switching to another technique or even to amputate. 

Other options may be possible if bioactive glass S53P4 (BAG- 

53P4) is considered for that type of situations. In fact, BAG-S53P4 

s synthetic, biocompatible and osteoconductive material. Its abil- 

ty to integrate with bone and soft tissue was first described in in 

971 [8] . Since then, BAG-S53P4 has been shown to have antibac- 

erial, osteostimulative and angiogenic properties [9–15] . Hence, 

hese properties give BAG-S53P4 a preferred option when a bone 

ubstitute is considered to address bone defects due to infections. 

ased on the mentioned studies, the use of BAG-S53P4 in concur- 

ence with antibiotic therapy showed significant potential in the 

reatment of osteomyelitis [16] . For these reasons, BAGS53P4 may 

e considered as an option to use in case of a failure or a high risk

f failure of an induced membrane technique for a bone defect of 

eptic origin. 

In this study, we aimed to estimate the utilisation of BAG-S53P4 

n the cases of induced membrane technique failed or with an an- 

icipated high risk of failure. Our hypotheses were 1) that BAG- 

53P4 was a safe bone substitute in an induced membrane in 

erms of material related complications; 2) that BAG-S53P4 was an 

ffective bone substitute for long bone defects addressed with the 

nduced membrane technique in terms of bone creation and recur- 

ence of an infection. 

aterial and methods 

rotocol and registration 

We specified in advance the objectives, methods of analysis and 

nclusion/exclusion criteria for this study. We subsequently doc- 

mented them in a protocol. We aimed to ascertain the quality 

f the study by using the Strengthening the Reporting of Obser- 

ational Studies in Epidemiology (STROBE) checklist designed for 

ase reports, cohort studies, and patient series. The STROBE state- 

ent is a list of guidelines developed by the STROBE initiative in 

rder to increase the quality of observational studies [17] . 

eneral settings 

We designed a retrospective analysis of cases gathered among 

everal European Surgical Centres specialized in limb reconstruc- 
2 
ion. We considered every patient treated for a segmental bone de- 

ect of critical size that was addressed with the induced membrane 

echnique and in whom a bioactive glass was used as a bone sub- 

titute during the whole process. We excluded any patient with an 

ncomplete clinical chart and/or a follow-up lesser than one year. 

ata retrieved 

We retrieved information from the clinical chart of every in- 

luded patient: 

- Patient’s characteristics: Gender (F/M), Age at diagnosis (Yrs), 

Height (Cm), Weight (Kg), Body Mass Index BMI (m/Kg2), Work 

status (Y/N), Active smoker (Y/N), American Society of Anaes- 

thesiologists physical status classification or ASA Score [18] . 

- Analysis of each case: What was the indication for BAG in the 

induced membrane? 

- Group of indication for BAG in the induced membrane: Primary 

course of induced membrane technique, Secondary course of 

induced membrane technique, Third stage of during a primary 

course of induced membrane. 

- First stage of the induced membrane technique: Initial disease, 

Complete resection of the disease (Y/N), Size of the defect af- 

ter bone debridement (mm), Index of resection (%; size of the 

defect / size of the total bone), Type of osteosynthesis, An- 

tiobiotics in PMMA (Y/N), Post-operative cast (Y/N), Initial full 

weight-bearing (Y/N). 

- Second or third stage of the induced membrane technique: De- 

lay between the first and the second stage or between the 

second and the third stage (months), Change of osteosynthe- 

sis (Y/N), Type of osteosynthesis, BAG alone, BAG + autograft, 

BAG + other bone substitute, Post-operative cast (Y/N), Full 

weight-bearing (Y/N). 

- Post-operative complications: Resorption of the graft material, 

Non-union, Fracture, Other. 

- Final result: Primary bone union (Y/N), Delay before union 

(months), Secondary bone union (Y/N), Follow-up (months). 

Furthermore, we retrieved orthogonal X-rays of the operated 

imb before the primary course of induced membrane technique, 

hen after each following stage, and at last follow-up. 

ypes of endpoints measures 

Our primary outcome was the rate of bone union. Bone union 

as defined as a bone continuity between the two segments of the 

nitial bone defect, identified on two orthogonal X-rays. Our sec- 

ndary outcome was the rate of recurrence of infection. A recur- 

ence of infection was defined as the recurrence of any sign of os- 

eomyelitis – such as fever, local inflammation, swelling, drainage, 

tc…- after the surgery. Finally our third outcome was the rate of 

omplication directly related to the BAG. We defined a complica- 

ion directly related to the BAG as any incident directly related to 

he bone substitute. 

ummary measures 

We report dichotomous outcomes as counts and proportions. 

iven the anticipated small size of the sample that we gathered, 

e specifically opted not to perform any statistical analysis. 

dditional analysis 

We conducted no post-hoc analysis. 
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s

thical considerations 

We informed all the patients before the beginning of the study 

nd received the permission to use their data for this report. 

esults 

atients included 

Eight patients were eligible to inclusion. None of them met an 

xclusion criterion. Hence, eight patients were included for analy- 

is. Three of the patients were women and five were men. Mean 

ge was 43 years (16-82; Standard deviation 23). Mean height was 

71 cm (162-184; SD 7), mean weight was 69 kg (60-85; SD 8) 

nd Body Mass Index was 23,39 m/Kg2 (21,9-25,1; SD 1,22). Four 

atients were employed before the initial trauma. Three patients 

ere actively smoking before the trauma and all of them contin- 

ed to smoke during the process. Mean ASA score was 1.4 (1-2, SD 

.5). Three patients were treated for an acute open fracture, two 

or a chronic infectious non-union, two for a chronic non-union 

nd one for a chronic osteomyelitis. Five patients have been in- 

luded after a primary course of Induced Membrane Technique, 

ne has been included for a secondary course of Induced Mem- 

rane Technique, and two have been included after a third stage 

uring a primary course of Induced Membrane Technique. 

irst stage of the technique 

During the first stage of the Induced Membrane technique, all 

he patients but one had a complete resection of the disease. Mean 

ize of the defect after bone debridement was 68 mm (40-100, SD 
ig. 1. Example of the use of BAG for an open right tibia fracture addressed with an indu

tage X-Rays, C: Second stage X-Rays, D: X-Rays at 1 year last follow-up). 

3

3) which represented a mean index of resection of 19% (10-25, 

D 0.05). Five patients had an osteosynthesis by an intramedular 

ocked nail, 2 a single plate and one a double plating. All patients 

ad a spacer made of PMMA mixed with antibiotics. Three patients 

ad a post-operative cast and two of them were authorized a full 

eight bearing on the cast. 

econd stage of the technique 

For the patients who underwent a single Induced Membrane 

rogram, the mean time during the two stages was 3 months (1.5- 

; SD 2.11). In one case, the initial osteosynthesis was modified by 

ddition of a compression plate to an intramedullary nailing of the 

ibia ( Fig. 1 ). Two patients were grafted with BAG only and three

ad a mixture of autograft and BAG. In all the cases, the bioactive 

lass used was BAG-S53P4 (BonAlive Biomaterials Ltd, Turku, Fin- 

and) ( Figs. 2–5 ). A post-operative cast was added in one case. Two 

atients, the same as the first stage, were authorized a full weight- 

earing. 

hird stage of the technique 

Two patients underwent a third stage of the Induced Mem- 

rane technique because of a failure after the second stage. The 

hird stage was performed at 11 and 21 months after the second 

ne. In the two cases, the initial osteosynthesis was modified by 

 change of the previous intramedular nail. In the two cases, only 

AG-S53P4 was used.No post-operative cast and no weight bearing 
ced membrane and with a high risk of infection (A: pre-operative X-Rays, B: First 



J.-C. Aurégan, B. Villain, M. Glombitza et al. Injury xxx (xxxx) xxx 

ARTICLE IN PRESS 

JID: JINJ [m5G; July 19, 2022;5:42 ] 

Fig. 2. Example of the use of BAG for a third stage of induced membrane technique following a recurrence of the infection after the second stage in a left femoral defect 

(A: pre-operative X-Rays, B: First stage X-Rays, C: Third stage X-Rays at 11 months, D: X-Rays at 1 year, E: X-Rays at 2 years follow-up). 
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utcomes reported 

After a mean follow-up of 17 months (6-30, SD 8.9), all the pa- 

ients but one had bone union. However, one patient presented a 

eak continuity between the host tibia and the consolidated graft 

t its proximal aspect mimicking a docking side issue as encoun- 

ered in the bone transport techniques. The delay before bone- 

nion was 7.14 months (3-20; SD 5.98). No infection recurred. No 

omplication directly related to the bioactive glass was reported. 

iscussion 

In this multicentric study, we estimated retrospectively the util- 

sation of BAG inside an induced membrane for severe bone defect 

ith high risk of infection. Hence, we could confirm our hypothe- 

es by the results reported. First, BAG-S53P4 is a safe bone substi- 

ute in terms of material related complications when used in an 

nduced membrane. Second, BAG-S53P4 is an effective bone sub- 

titute, used alone or in association with autograft, when used in 

n induced membrane. 

Knowing that long bone infection remains a challenging sit- 

ation for the orthopaedic surgeon, these results should be of 

reat interest. In fact, despite a treatment comprising a thorough 

ebridement and administration of antibiotics for a certain time, 

ome cases of long bone infection may still recur. When a bone 

efect is present, this risk may be higher [16] . For that reason, 

everal surgical techniques have been designed. One of the more 

ffective seems to be the induced membrane technique. However, 

he number of clinical situations is infinite and in some cases, the 

urgeon may face a recurrence of infection or may fear a high risk 

f such recurrence even after one surgery. In such cases, he may 
4 
e tempted to add bioactive glass in an induced membrane. In this 

tudy, we identified several of these situations: first, during a pri- 

ary program of induced membrane to avoid the “moist sand ef- 

ect” because of the size of the defect; second, during a program of 

nduced membrane because of a high risk of infection (for instance, 

nduced membrane for open fracture); third, because the second 

tage of the first induced membrane program failed for infection; 

nd finally to ensure no infection for a second induced membrane 

rogram after failure due to infection recurrence. 

In such cases of high risk of infection, we think that bioactive 

lass is a tempting option as graft material. On a biological aspect, 

ioactive glass is a good option for filling a biological chamber cre- 

ted to address the bone defects related to bone infection or to 

pen fractures with a high risk of infection. Indeed, it combines 

everal advantageous properties: it is anti-microbial, osteoconduc- 

ive and angiogenic material [10] . For the anti-microbial aspect, the 

nitial leaching of alkali and alkaline ions lead to a rapid increase 

n pH around the glass. This basicity depends on the composition 

f the glass: BAG-S53P4 that was used in all the cases gathered has 

hown an increased pH value up to 11.65 in a simulated body fluid 

19] . This increase of pH, and the subsequent osmotic effect caused 

y dissolution of the glass, have been suggested to partly explain 

he antibacterial properties observed for BAGs [20] . This antibac- 

erial effect has been observed in vitro for all pathogens tested, 

ncluding the most important aerobic and anaerobic pathogens, as 

ell as very resistant bacteria [ 11 , 21 ]. For the osteoconductive as- 

ect, the process leading to bone bonding is a sequence of reac- 

ions in the glass and at its surface. In fact, implantation of glass is 

ollowed by an exchange of Na + in the glass with H + and H3O +
rom the surrounding tissue, leading to the formation of silanol 

SiOH) groups at the glass surface. After re-polymerization, a SiO2- 
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Fig. 3. Example of the use of BAG for a second course of induced membrane technique following a failure of the first course in a left ulna midshaft bone defect (A: pre- 

operative X-Rays, B: First stage X-Rays of the first course, C: Second stage X-Rays of the second course at 3 months, D: Control 1 month later showing the lysis of the graft 

due to early infection, E: X-Rays at 9 months after the second stage of the second course). 
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ich layer is formed. Due to migration of Ca2 + and PO34 − groups 

o the surface and crystallization, a CaO-P2O5 hydroxyapatite (HA) 

ayer is formed on top of the Si-rich layer. Finally, cell interactions 

ith the HA layer subsequently initiate the bone forming path- 

ay. Once the HA layer has formed, absorption of growth factors 

ccurs, followed by the inward migration of osteoprogenitor cells 

hich trigger the synthesis of extracellular matrix and new bone 

ormation [22–24] . For the angiogenetic aspect, bioactive glass has 

een shown to stimulate release of angiogenetic growth factors 

nd to promote angiogenesis [12] . The proangiogenic potential of 

oluble products of BAG-45S5 has been determined by examin- 

ng the capacity to induce endothelial cell proliferation and up- 

egulation of VEGF production and results indicated that BAG-45S5 

ossesses a robust proangiogenic potential [25] . Finally, Björken- 

eim et al. showed recently in a preclinical rabbit model that bone 

orphogenic protein expression and bone formation are induced 

y bioactive glass S53P4 scaffolds in a one-stage induced mem- 

rane model [26] . They concluded that induced membranes in the 

AG-S53P4 scaffold group showed similar or superior expression of 

MP-2, BMP-4 and BMP-7 compared with induced membranes in 

he PMMA group. This finding may prove to be a very important 

ontributing factor in the healing and consolidation of the bone. 

Despite these beneficial properties, is there certain limit of the 

se of BAG inside a biological chamber such as the induced mem- 

rane? First of all, BAG is not a “solution to everything” and sev- 

ral authors pointed out two risk factors of recurrence of infec- 

ion when BAG is used: an un-properly filled cavity and a failure 

f skin coverage [16] . Lindfors et al. reported one case of recur- 
5 
ence of infection directly related to an un-properly filled cavity: 

he fact that the cavity had not been properly filled resulted in a 

ormation of a haematoma and a subsequent infection [27] . Drago 

t al. analysed also their failed cases and suggested an insufficient 

lling of the bone defect [28] . But Drago et al. reported that the 

ther two failed patients in their case-series shared soft tissue de- 

ects and that it might have impaired the outcome. Both of these 

atients were candidates to simultaneous flap coverage at the time 

f debridement but that had not been undertaken because direct 

losure was finally achieved. In spite of this, both suffered healing 

ound problem after surgery and one of them finally received a 

ascio-cutaneous flap, with resolution of the septic process, while 

he other refuses further surgery, in the presence of an intermit- 

ently draining fistula [28] . Furthermore, we want to add a satis- 

ying bone vascularisation as a third risk factor of recurrence of 

nfection from our experience. Indeed, a satisfying bone vascular- 

sation will allow a good “cell homing” that will ensure a good 

one formation. Finally, it seems mandatory to have a stable os- 

eosynthesis when an induced membrane technique is used and 

hat should not change even if BAG is the bone substitute [16] . 

We acknowledge several limitations to our study. First, it is a 

ulticentric study but its design is based on a previous knowledge 

f several Surgical Centers specialized in Bone Infection. Given that 

his is not an official web of competence, there is a risk of selec- 

ion bias. Second, the analysis of each case was retrospective. That 

mplies an absence of control of any clinical aspect and it could 

ead to an interpretation bias. Third, the interpretation of the data 

as made by the surgeon following each case, which could lead 
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Fig. 4. Failure of the use of BAG in an induced membrane because of the recurrence of the infection in a left distal tibial bone defect (A: pre-operative X-Rays, B: First stage 

X-Rays, C: Second stage X-Rays 21 months after the first stage, D: X-Rays 3 months after BAG implantation, E: X-Rays at last follow-up of 2,5 years). 

Fig. 5. Example of a satisfying bone creation but a “docking side” like effect at the proximal part of a long graft in a left distal femur (A: pre-operative X-Rays, B: First stage 

X-Rays, C: Second stage X-Rays 4 months after the first one, D: X-Rays 6 months after grafting). 

6 
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[

o a bias of interpretation too. Finally, the follow-up is relatively 

hort given the initial disease, which is known to potentially have 

ecurrence even a very long time after the treatment. However, ac- 

ording to the International Society for Infectious guidelines on re- 

uirements of human trials on osteomyelitis, a favourable outcome 

s achieved when the patient is clinically free of disease at the end 

f the follow-up. According to these guidelines, clinical follow-up 

rials should last for a minimum of 1 year [29] . 

In conclusion, we found that bioactive glass S53P4 might be 

onsidered as bone graft in an induced membrane technique, espe- 

ially when there is a high probability of occurrence or recurrence 

f a bone infection. 
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