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avtorTa sayuradRebod!

redaqciaSi statiis warmodgenisas saWiroa davicvaT Semdegi wesebi:

 1. statia unda warmoadginoT 2 calad,  rusul an inglisur enebze, dabeWdili 
standartuli furclis 1 gverdze,  3 sm siganis marcxena velisa da striqonebs 
Soris 1,5 intervalis dacviT. gamoyenebuli kompiuteruli Srifti rusul da ing-
lisurenovan teqstebSi - Times New Roman (Кириллица), xolo qarTulenovan teqstSi 
saWiroa gamoviyenoT AcadNusx. Sriftis zoma – 12. statias Tan unda axldes CD 
statiiT. 
 2. statiis moculoba ar unda Seadgendes 10 gverdze naklebs da 20 gverdze mets 
literaturis siis da reziumeebis (inglisur, rusul da qarTul enebze) CaTvliT.
 3. statiaSi saWiroa gaSuqdes: sakiTxis aqtualoba; kvlevis mizani; sakvlevi 
masala da gamoyenebuli meTodebi; miRebuli Sedegebi da maTi gansja. eqsperimen-
tuli xasiaTis statiebis warmodgenisas avtorebma unda miuTiTon saeqsperimento 
cxovelebis saxeoba da raodenoba; gautkivarebisa da daZinebis meTodebi (mwvave 
cdebis pirobebSi).
 4. statias Tan unda axldes reziume inglisur, rusul da qarTul enebze 
aranakleb naxevari gverdis moculobisa (saTauris, avtorebis, dawesebulebis 
miTiTebiT da unda Seicavdes Semdeg ganyofilebebs: mizani, masala da meTodebi, 
Sedegebi da daskvnebi; teqstualuri nawili ar unda iyos 15 striqonze naklebi) 
da sakvanZo sityvebis CamonaTvali (key words).
 5. cxrilebi saWiroa warmoadginoT nabeWdi saxiT. yvela cifruli, Sema-
jamebeli da procentuli monacemebi unda Seesabamebodes teqstSi moyvanils. 
 6. fotosuraTebi unda iyos kontrastuli; suraTebi, naxazebi, diagramebi 
- dasaTaurebuli, danomrili da saTanado adgilas Casmuli. rentgenogramebis 
fotoaslebi warmoadgineT pozitiuri gamosaxulebiT tiff formatSi. mikrofoto-
suraTebis warwerebSi saWiroa miuTiToT okularis an obieqtivis saSualebiT 
gadidebis xarisxi, anaTalebis SeRebvis an impregnaciis meTodi da aRniSnoT su-
raTis zeda da qveda nawilebi.
 7. samamulo avtorebis gvarebi statiaSi aRiniSneba inicialebis TandarTviT, 
ucxourisa – ucxouri transkripciiT.
 8. statias Tan unda axldes avtoris mier gamoyenebuli samamulo da ucxo-
uri Sromebis bibliografiuli sia (bolo 5-8 wlis siRrmiT). anbanuri wyobiT 
warmodgenil bibliografiul siaSi miuTiTeT jer samamulo, Semdeg ucxoeli 
avtorebi (gvari, inicialebi, statiis saTauri, Jurnalis dasaxeleba, gamocemis 
adgili, weli, Jurnalis #, pirveli da bolo gverdebi). monografiis SemTxvevaSi 
miuTiTeT gamocemis weli, adgili da gverdebis saerTo raodenoba. teqstSi 
kvadratul fCxilebSi unda miuTiToT avtoris Sesabamisi N literaturis siis 
mixedviT. mizanSewonilia, rom citirebuli wyaroebis umetesi nawili iyos 5-6 
wlis siRrmis.
 9. statias Tan unda axldes: a) dawesebulebis an samecniero xelmZRvane-
lis wardgineba, damowmebuli xelmoweriTa da beWdiT; b) dargis specialistis 
damowmebuli recenzia, romelSic miTiTebuli iqneba sakiTxis aqtualoba, masalis 
sakmaoba, meTodis sandooba, Sedegebis samecniero-praqtikuli mniSvneloba.
 10. statiis bolos saWiroa yvela avtoris xelmowera, romelTa raodenoba 
ar unda aRematebodes 5-s.
 11. redaqcia itovebs uflebas Seasworos statia. teqstze muSaoba da Se-
jereba xdeba saavtoro originalis mixedviT.
 12. dauSvebelia redaqciaSi iseTi statiis wardgena, romelic dasabeWdad 
wardgenili iyo sxva redaqciaSi an gamoqveynebuli iyo sxva gamocemebSi.

aRniSnuli wesebis darRvevis SemTxvevaSi statiebi ar ganixileba.
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Abstract.
Segmental bone defects represent one of the most demanding 

challenges in trauma and orthopaedic surgery. These defects 
commonly result from high-energy trauma, tumour resection, 
infection, or non-union, often compounded by soft tissue loss 
and systemic comorbidities. A broad range of reconstructive 
strategies is available, including autologous grafting, 
vascularized fibular grafts, allografts, distraction osteogenesis, 
and the Masquelet induced membrane technique. Treatment 
selection depends on defect size, host biology, and soft tissue 
condition, with classification systems such as Ferreira and 
Tanwar offering structured guidance.

While traditional methods remain essential, recent advances 
are reshaping the reconstructive landscape. Biologics, synthetic 
bone substitutes, and 3D printing technologies are expanding 
the armamentarium, though their roles in routine care remain 
under evaluation. Despite these innovations, complications such 
as infection, prolonged treatment, and graft failure persist.

This review synthesizes current concepts in bone defect 
management, including established and emerging techniques. It 
emphasizes that success depends not only on surgical method 
but also on host optimisation, early soft tissue reconstruction, 
and multidisciplinary collaboration. Future progress will 
require robust multicenter trials and incorporation of patient-
reported outcomes to refine treatment algorithms and validate 
novel approaches.

Key words. Bone defect, critical-sized defect, trauma, non-
union, masquelet technique, bone transport, vascularized fibular 
graft, autograft, allograft, 3d printing, limb reconstruction, 
orthopaedics.
Introduction.

Segmental bone defects remain among the most complex 
challenges in trauma and orthopaedic surgery. They typically 
arise from high-energy trauma, tumour resection, chronic 
infection, or non-union, and are often accompanied by soft tissue 
damage, infection, and systemic compromise [1,2]. Successful 
reconstruction is essential not only for restoring limb function 
but also for preserving overall quality of life—yet the biological 
and mechanical demands involved are formidable [3].

From a healthcare perspective, the management of large bone 
defects imposes a considerable economic burden. Prolonged 
inpatient care, multiple surgical interventions, complex 
reconstructions, and lengthy rehabilitation contribute to high 
treatment costs, which may exceed those of primary fracture 
management by several folds. Furthermore, complications 
such as infection, non-union, and implant failure add to both 
clinical complexity and financial strain on healthcare systems. 

Consequently, bone defect management represents not only 
a clinical challenge but also a significant public health and 
economic concern [3].

A critical-sized bone defect is generally defined as one that will 
not heal without surgical intervention. Early experimental and 
clinical studies suggest that defects exceeding 2 cm in length 
or involving more than 50% of cortical circumference rarely 
unite spontaneously. However, definitions vary, and healing 
depends on local biology, fixation stability, and host factors. 
Precise characterisation of the defect and associated conditions 
is therefore vital to guide management [4].

To support clinical decision-making, multiple classification 
systems have been proposed—ranging from simple size-based 
schemes to more comprehensive approaches that incorporate 
soft tissue and host factors [5,6]. Among these, the Ferreira and 
Tanwar classification offers a structured algorithm that considers 
defect size, soft tissue reconstructability, and systemic or local 
host status [1]. Such frameworks have enhanced consistency in 
reporting and reinforced the need for individualised treatment 
strategies.

A diverse range of reconstructive techniques has been 
developed, including autologous bone grafting, allografts, 
vascularised fibular grafts, distraction osteogenesis, the 
Masquelet induced membrane technique, and custom implants 
[7]. Each method has specific indications and limitations, with 
outcomes influenced by patient selection, surgical execution, and 
multidisciplinary support. Concurrently, advances in biologics, 
3D printing, and regenerative medicine are expanding treatment 
options, though their roles in routine practice remain to be fully 
defined [8].

This review synthesises current concepts in the management of 
bone defects in trauma and orthopaedics. It outlines established 
techniques, explores biological and technological adjuncts, and 
examines decision-making frameworks that inform clinical 
practice. It also highlights ongoing challenges and emerging 
directions in this rapidly evolving field.
Review.

This review adopts a narrative methodology, aiming to 
synthesise current concepts, clinical strategies, and emerging 
innovations in the management of bone defects in trauma and 
orthopaedics. A comprehensive literature search was performed 
across PubMed, Embase, and Google Scholar for English-
language articles published between 1990 and 2025.

Search terms included: bone defect, critical-sized defect, 
segmental bone loss, trauma, Masquelet, bone transport, 
vascularised fibula, autograft, allograft, and prosthesis. 
Additional articles were identified by screening reference lists 
of relevant studies and review papers.



33

Masquelet Induced Membrane Technique:
The Masquelet induced membrane technique is a two-stage 

reconstructive procedure designed to stimulate bone regeneration 
within a biologically active chamber. In Stage 1, the bone defect 
is thoroughly debrided, and a polymethylmethacrylate (PMMA) 
cement spacer is inserted to maintain space and induce formation 
of a vascularised membrane. This membrane, rich in growth 
factors and osteoinductive cytokines, typically matures over 
6–8 weeks. In Stage 2, the spacer is carefully removed while 
preserving the membrane, and the defect cavity is filled with 
autologous cancellous bone graft or a graft composite. Stable 
fixation is maintained throughout both stages. The membrane 
prevents graft resorption and promotes revascularisation, 
allowing reconstruction of defects up to 12 cm with high union 
rates when combined with adequate fixation and infection 
control.
Bone Transport:

Bone transport utilises the principle of distraction osteogenesis 
to regenerate bone across a defect. Following corticotomy, a 
segment of bone is gradually transported across the defect at 
a rate of approximately 1 mm per day using an external fixator 
such as an Ilizarov or Taylor Spatial Frame. As the segment 
advances, new bone (the “regenerate”) forms in the distraction 
gap, while docking occurs at the far end of the defect. Once 
consolidation is achieved, the external frame is removed and, 
where necessary, supplemented by internal fixation to reduce 
external fixation time. Variations include bifocal or trifocal 
transport for long defects and hybrid constructs using plates 
or intramedullary nails. This technique enables simultaneous 
restoration of bone length and alignment while stimulating 
natural biological regeneration, though it demands meticulous 
pin care, patient compliance, and prolonged rehabilitation.

Priority was given to high-impact clinical trials, seminal 
studies, widely cited reviews, and recent publications reflecting 
technological or biological advances. Due to the narrative 
nature of this review, no formal quality appraisal or quantitative 
synthesis (e.g., meta-analysis) was undertaken. Instead, 
evidence was thematically organised to present current practice 
patterns, established reconstructive principles, and novel 
adjuncts influencing clinical decision-making.
Management Strategies for Bone Defects:

The choice of reconstructive strategy for segmental bone 
defects is primarily influenced by defect size, soft tissue 

integrity, and host physiology. The Ferreira and Tanwar 
classification system offers a practical algorithm that integrates 
these factors and stratifies defects into four types [1].

Small defects (<2 cm, Type I) are typically treated with 
autologous bone grafting and stable fixation. Iliac crest or 
reamer–irrigator–aspirator (RIA) grafts are commonly used, 
and in cases of soft tissue compromise, acute shortening or the 
Masquelet technique may be considered.

Medium-sized defects (2–6 cm, Type II) often respond well to 
the Masquelet technique, especially when combined with rigid 
fixation. Bone transport using external fixation may be preferred 
in infected or complex wounds, while non-vascularised grafts 
may suffice in paediatric or upper limb cases.

Large defects (6–12 cm, Type III) usually require advanced 
methods such as bone transport with circular external fixators, 
vascularised fibular grafts, or staged reconstruction using the 
Masquelet technique. Each approach has specific advantages 
and potential complications, including prolonged treatment and 
infection risk [2].

Massive defects (>12 cm, Type IV) present the greatest 
challenge. Vascularised fibular grafts alone or in combination 
with allografts can restore both length and mechanical integrity. 
However, when host or soft tissue conditions are unfavourable, 
early amputation may offer a more functional and durable 
solution [3].

Across all categories, host optimisation and early soft tissue 
coverage are critical to reconstruction success [9].
Biological and Non-Biological Reconstruction Options:

Reconstructive approaches for segmental bone defects can 
broadly be categorised into biological and non-biological 
strategies, with the choice guided by defect size, soft tissue 
status, host biology, and functional requirements.

Biological reconstruction remains the cornerstone of treatment. 
Autologous bone grafting, typically harvested from the iliac 
crest or through the reamer–irrigator–aspirator (RIA) system, 
is effective for small to moderate defects, providing osteogenic, 
osteoconductive, and osteoinductive potential. For larger or 
load-bearing reconstructions, vascularised fibular grafts offer 
viable osteogenic tissue with intrinsic blood supply, enabling 
both biological integration and mechanical stability, though 
they carry risks such as stress fractures and donor-site morbidity 
and require microsurgical expertise [10].

The Masquelet induced membrane technique, a two-stage 
method that stimulates local regeneration via a biologically 

Defect Type Size Range Preferred Techniques Alternative/Adjunct Options Notes

Type ISmall <2 cm
- Autologous bone grafting 
(Iliac crest, RIA)- Internal 
fixation

- Masquelet technique (if soft tissue 
compromised)- Acute shortening + flap

High success with primary 
grafting

Type IIMedium 2–6 cm - Masquelet technique + 
fixation

- Bone transport (external fixation)- Non-
vascularised cancellous grafts (children/UL)

Stable fixation essential for 
Masquelet success

Type IIILarge 6–12 cm
- Bone transport (Ilizarov, 
circular fixators)- Free 
vascularised fibular grafts

- Staged Masquelet- Trifocal distraction Higher complication risk; 
prolonged treatment

Type IVMassive >12 cm
- Vascularised fibular graft 
± allograft- Ilizarov-based 
segmental transport

- Amputation (if unreconstructable or host 
compromised)

Consider functional 
outcomes and host status

Table 1. Management Strategies for Bone Defects.
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active membrane, has demonstrated reliable union rates in 
defects up to 12 cm [12]. Similarly, distraction osteogenesis—
employing external fixators such as the Ilizarov frame or 
Taylor Spatial Frame—promotes new bone formation under 
controlled mechanical tension. Hybrid constructs, combining 
bone transport with internal fixation or intramedullary nails, 
have reduced external fixation times, while motorised internal 
transport nails represent a promising advancement [13].

Biological adjuncts have further expanded reconstructive 
options. Among these, bone morphogenetic proteins (BMPs)—
particularly BMP-2 and BMP-7—stimulate osteogenesis by 
inducing mesenchymal stem cell differentiation into osteoblasts 
and enhancing callus formation. Their use as graft enhancers 
has improved union in challenging non-unions and critical-sized 
defects, although concerns persist regarding cost, regulatory 
restrictions, and ectopic ossification [4].

3D-printed bespoke implants are an emerging technology 
bridging the gap between biological and mechanical 
reconstruction. These patient-specific titanium or porous metal 
implants, designed using preoperative CT or MRI data, allow 
precise anatomical restoration and immediate structural stability 
while promoting osseointegration. Clinical applications 
have expanded to complex periarticular, pelvic, and long-
bone defects, with early results demonstrating encouraging 
integration and functional outcomes, though long-term data and 
cost-effectiveness analyses are still awaited [14].

Allografts and extracorporeally sterilised autografts continue 
to play a role in selected cases by providing structural support, 
though incorporation is slower and fracture risk higher. Hybrid 
constructs combining vascularised fibula with structural 
allograft may optimise both biological viability and mechanical 
strength [11].

In contrast, non-biological strategies are generally reserved 
for patients in whom biological reconstruction is not feasible. 
Segmental prostheses offer immediate mechanical stability and 
early mobilisation, particularly in oncological or periarticular 
defects, but are limited by risks of loosening, mechanical failure, 
and infection. In cases of severe host compromise, irreparable 
soft tissue loss, or failed reconstruction, amputation may offer 
a more predictable and functional outcome, especially with 
modern prosthetic technology [15,16].

Ultimately, biological and non-biological strategies form a 
continuum rather than a dichotomy. Successful reconstruction 
depends on selecting the most appropriate approach based on 
defect characteristics, host physiology, and patient-centred 
goals, supported by multidisciplinary collaboration.
Decision-Making Frameworks and Host Optimisation:

Successful bone defect reconstruction relies not only on 
surgical technique but also on appropriate patient selection and 
host optimisation. Treatment decisions should account for defect 
size, soft tissue condition, host physiology, and functional goals.

The Ferreira and Tanwar classification provides a structured 
algorithm by integrating defect size, soft tissue status, and 
systemic or local host compromise [1]. It helps stratify cases, 
guiding choices from autologous grafting for small defects to 
vascularised fibular grafts or bone transport for larger ones. 
Importantly, it also identifies situations where reconstruction 

may not be feasible, and amputation offers a more functional 
outcome.

Host optimisation is critical for surgical success. Factors 
such as diabetes, smoking, malnutrition, immunosuppression, 
or chronic infection significantly reduce healing potential. 
Measures including nutritional support, glycaemic control, 
smoking cessation, and infection eradication can convert a 
compromised (“Type B”) host into a suitable (“Type A”) 
candidate for reconstruction [9].

Equally vital is soft tissue management. Early and stable 
coverage—often via vascularised flaps—improves vascularity, 
reduces infection risk, and promotes bone healing. Collaboration 
with plastic and reconstructive surgeons is often essential in 
limb salvage cases.

Finally, functional status, rehabilitation potential, and patient 
goals must inform the reconstructive plan. While young, active 
patients may tolerate complex, staged procedures, others with 
comorbidities or low functional demands may benefit more 
from prosthetic rehabilitation after amputation [14].

Ultimately, shared decision-making—grounded in clinical 
algorithms and aligned with patient values—remains central to 
achieving the best outcomes.
Limitations of the Review.

This review was conducted using a narrative approach 
and is therefore subject to inherent limitations. No formal 
quality appraisal or risk of bias assessment was performed, 
and study inclusion was based on thematic relevance rather 
than predefined eligibility criteria. While efforts were made 
to include seminal and recent literature, selection bias and 
omission of relevant studies remain possible. Additionally, the 
evolving nature of reconstructive technologies means that some 
emerging techniques may not yet be adequately represented in 
the literature.
Conclusion.

The management of segmental bone defects remains one of the 
most demanding challenges in trauma and orthopaedics. A wide 
range of biological and mechanical strategies are available, 
from autologous grafting and the Masquelet technique to 
distraction osteogenesis and vascularised fibular grafts. No 
single method is universally superior; instead, treatment should 
be individualised based on defect characteristics, host biology, 
and patient-specific goals.

Recent advances—including hybrid fixation systems, 
biological adjuncts, and 3D printing—continue to expand 
the reconstructive toolkit. However, high complication rates, 
prolonged treatment durations, and variable functional outcomes 
persist. Optimal results depend not only on technical expertise 
but also on host optimisation, early soft tissue coverage, and 
multidisciplinary collaboration.

Future progress will require well-designed multicentre trials, 
standardised outcome reporting, and integration of patient-
reported measures to guide evidence-based, patient-centred 
care.
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