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Abstract
Background  The reconstruction of segmental long bone defects remains one of ‘The holy grails of orthopaedics’. The optimal 
treatment of which remains a topic of great debate. This study aimed to evaluate the outcomes following the management 
of critical-sized bone defects using a classification-based treatment algorithm.
Methods  A retrospective review of all patients undergoing treatment for segmental diaphyseal defects of long bones at a 
tertiary-level limb reconstruction unit between January 2016 and December 2021, was performed. The management of the 
bone defect was standardised as per the classification by Ferreira and Tanwar (2020).
Results  A total of 96 patients (mean age 39.8, SD 15.2) with a minimum six months follow-up were included. Most bone 
defects were the result of open fractures (75/96) with 67% associated with Gustilo-Anderson IIIB injuries. There was a 
statistical difference in the likelihood of union between treatment strategies with more than 90% of cases undergoing acute 
shortening and bone transport achieving union and only 72% of cases undergoing the induced membrane technique consoli-
dating (p = 0.049). Of those defects that consolidated, there was no difference in the time to bone union between strategies 
(p = 0.308) with an overall median time to union 8.33 months (95% CI 7.4 – 9.2 months). The induced membrane technique 
was associated with a 40% risk of sepsis.
Conclusion  This study reported the outcomes of a standardised approach to the management of critical-sized bone defects. 
Whilst overall results were supportive of this approach, the outcomes associated with the induced membrane technique 
require further refinement of its indications in the management of critical-sized bone defects.
Level of evidence  4.
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Introduction

The reconstruction of segmental long bone defects remains 
one of ‘The holy grails of orthopaedics’. [1] The presence 
of a segmental defect is associated with prolonged treat-
ment and compromised outcomes following trauma [2, 3] 
and fracture-related infection [4]. One of the most significant 
advances in this field has been the gradual move towards 
an accepted definition of “critical-sized” bone defect, with 
much of this progress due to secondary analysis of the 

SPRINT trial [5]. At present, defects larger than 2 cm in 
length and with more than 50% circumferential bone loss are 
considered critical bone defects and unlikely to heal without 
further intervention [3]. Despite this progress, there remains 
equipoise within the orthopaedic community regarding the 
optimal treatment strategy [1]. Strategies which all require 
a significant allocation of resources, including time, at the 
cost to both patient and health care providers [6].

Ferreira and Tanwar recently proposed a classification 
system and treatment algorithm in the management of post-
traumatic critical-sized bone defects. In this system consid-
eration is given to the following; the size of the bone defect 
(< 2 cm, 2 – 6 cm, 6 – 12 cm, or > 12 cm), soft tissue 
quality (no deficit, defect requiring reconstruction, or unre-
constructable defect), and host type (no compromise, local 
or systemic compromise, or treatment would be worse than 
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the disease for the patient) [6]. It was proposed that treat-
ment strategies should be tailored to address all the elements 
identified and stratified by the classification system [6].

This study aimed to evaluate the outcomes following the 
management of critical-sized bone defects using a classifi-
cation-based treatment algorithm.

Methods

This single-centre retrospective study was performed at a 
tertiary-level limb reconstruction unit. The records of all 
patients undergoing treatment for segmental diaphyseal 
defects of long bones between January 2016 and December 
2021 were retrospectively reviewed. Patient demographics, 
co-morbidities, aetiology and site of defect, defect manage-
ment technique, follow-up period, and outcomes (clinical 
and radiological) were collected.

A critical bone defect was defined as a bone defect that 
will not heal if left untreated, with segmental defects of 
more than 60mm generally regarded as large defects [2, 5, 
7]. Non-union was defined as fractures that failed to unite 
nine months after the injury or showed no radiological pro-
gression to union in three consecutive months. Treatment 
success was defined as bone union.

Chronic osteomyelitis was defined as an infection of the 
bone with associated necrosis with a duration of at least 
10 days, where the pathogens were thought to have resisted 
either intracellularly or interstitially in biofilm-or persister-
states [8]. The diagnosis of fracture-related infection was 
made according to the international consensus definition 
proposed by Metsemaker et al. and modified by Govaert 
et al. in 2020 [9, 10].

Patients with periarticular bone defects, tumour-related 
bone defects, or fewer than six months of follow-up were 
excluded.

The bone defect treatment algorithm used in this present 
study, depending on host and soft tissue grading, was as 
described by Ferreira and Tanwar [6]. In brief;

•	 <20 mm defect: Acute shortening or primary bone graft-
ing

•	 20–60 mm: Induced membrane or acute shortening and 
lengthening or bone transport

•	 60–120 mm: Bone transport
•	 >120 mm: Bone transport

Statistical analysis was performed using SPSS v25 (IBM 
Corp, Armonk, NY, USA). Parametric data are reported 
as mean and standard deviation (SD) with 95% confidence 
intervals (CI) where appropriate. Non-parametric data are 
described with median, interquartile range and range. Cat-
egorical data are described as frequencies and/or counts, 

with 95% CI where appropriate. Depending on the distribu-
tion, associations were investigated using a one-way analysis 
of variance (ANOVA) or a Mann-Whitney U/Median test. 
Pearson Chi-squared test or Fisher’s Exact test, where appro-
priate was used to detect significant differences between 
categorical data. Estimation of time to bone union was per-
formed using Kaplan-Meier statistics, and comparisons were 
made using Log-rank analysis.

Results

The final cohort comprised 96 patients (63 males and 33 
females) with a mean age of 39.8 (SD 15.2, range 10–82) 
years. Patient demographics, co-morbidities, and aetiologies 
of the bone defects are shown in Table 1. Thirty-four patients 
(35%) were classified as A hosts, while 55 (65%) were clas-
sified as B hosts; no C hosts underwent bone defect recon-
struction in the current cohort. The majority (75/96, 78.1%) 
of segmental bone defects were a result of open fractures 
with 50/75 (66.7%) being Gustilo-Anderson IIIB injuries. 
Soft tissue defects requiring reconstruction (β soft tissue 
defect) were found in 50 patients (52%) while the remain-
ing patients did not require any soft tissue reconstruction (⍺ 

Table 1   Patient demographics, co-morbidities, and aetiologies of 
bone defect

Data reported as mean ± standard deviation, median (interquartile 
range) or as frequencies with counts in parenthesis.

n=96

Male gender (%,n) 65.63% (63)
Age (Mean, SD) 39.8 (±15.2)
Smoking (%,n) 51.04% (49)
HIV (%,n) 12.50% (12)
Diabetes (%,n) 5.21% (5)
Aetiology (%,n)
Pedestrian vehicle accident 34.38% (33)
Motor vehicle accident 20.83% (20)
Fracture-related infection 13.54% (13)
Gun-shot wound 7.29% (7)
Chronic osteomyelitis 6.25% (6)
Assault 3.13% (3)
Injury type (%,n)
Open 78.13% (75)
Closed 21.88% (21)
Gustillo-Anderson classification (%) (n=75)
I 1.33% (1)
II 10.67% (8)
IIIA 20.00% (15)
IIIB 66.67% (50)
IIIC 1.33% (1)
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soft tissue). The most affected bone was the tibia (70.8%). 
The full distribution of affected anatomical sites is shown 
in Fig. 1.

Bone defect reconstruction strategies included acute 
shortening ± subsequent lengthening in 34 patients (35%), 
bone transport in 32 patients (33%), the induced membrane 
technique in 25 patients (26%) and custom-made intercalary 
grafts in five patients (5%). The employed treatment strategy 
according to bone defect size, soft tissue defect type and 
host category are shown in Table 2. The five patients who 
underwent intercalary prosthesis reconstruction of their bone 
defects were excluded from the union analysis. There was a 
statistically significant difference in the likelihood of achiev-
ing bone union between management strategies (p = 0.049) 
(Table 3). The lowest likelihood of union was amongst 
those treated with the induced membrane technique (18/25, 
72.0%). There was no statistically significant difference 
in the likelihood of union between bone transport (29/32 
(90.1%)) and acute shortening (32/34, 94.1%) (p = 0.471).

Kaplan-Meier statistics with log-rank analysis 
revealed that the overall median time to bone union of the 

different treatment strategies was 8.33 months (95% CI 7.4 
– 9.2 months). There was no statistically significant differ-
ence (p = 0.308) in the median time to bone union between 
cases managed with acute shortening (7.5 months, 95% CI 
7.1 – 7.9), bone transport (9.5 months, 95% CI 6.1 – 12.9), 
and the induced membrane technique (6.7 months, 95% CI 
4.9 – 8.5) (Fig. 2).

There was a statistically significant difference in the risk 
of sepsis between the treatment strategies (p = 0.026) with 
10/25 (40.0%) cases in the induced membrane technique 
developing secondary infection at the site of the defect.

There was a statistically significant difference in the risk 
of a resultant leg length discrepancy following reconstruc-
tion between the treatment strategies (p < 0.05). Between-
group comparisons revealed statistical differences between 
acute shortening (28/34, 82.4%) and all other treatment 
strategies (p < 0.05). There was no statistical difference (p 
= 0.382) between bone transport (10/32, 31.3%) and the 
induced membrane technique (6/25, 24.0%).

Discussion

This study reported the outcomes following the management 
of critical-sized bone defects using a classification-based 
treatment algorithm. There was a statistical difference in the 
likelihood of union between treatment strategies with more 
than 90% of cases undergoing acute shortening and bone 
transport achieving union and only 72% of cases undergoing 
the induced membrane technique consolidating (Table 2). 
On analysis of all the cases that achieved consolidation, there 
was no difference in the time-to-bone union between strate-
gies with an overall median time of 8.3 months (Fig. 2). The 
induced membrane technique was associated with a 40% risk 
of sepsis. Acute shortening was associated with a clinically 
significant leg length discrepancy in 82% of cases.

There was a significantly lower likelihood of bone union 
following the induced membrane technique (72%) in the 
treatment of critical-sized bone defects. In those that did 
achieve union with the Masquelet technique, the median 
time to union was 6.7 months. In a systematic review and 
meta-analysis of outcomes following the induced membrane 
technique for the treatment of bone defects that included 48 
observational studies (1,386 cases), Fung et al. reported that 
82% of cases achieved union after the first grafting proce-
dure, with 87% achieving union after repeated grafting pro-
cedures. The mean time to union was 6.6 months (1.4–58.7 
months) after bone grafting [11]. In addition, the meta-anal-
ysis reported an 18% risk for unplanned procedures and a 
10% risk of secondary infection. A sub-analysis, using logis-
tic regression, identified the presence of pre-operative infec-
tion as the primary risk factor for non-union of the defect 
with larger tibial defects being at greater risk of secondary 
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Fig. 1   Anatomical distribution of critical bone defects
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infection [11]. A single-centre cohort study conducted after 
this meta-analysis also found that tibial defects following 
excision for osteomyelitis were at greater risk of non-union 

when treated with the induced membrane technique [12]. 
In this present study, the underlying aetiology for the bone 
defect was an infection in 19/96 (20%) cases with 68/96 

Table 2   Treatment according to Ferreira and Tanwar (2020) classification

Soft tissue 
defect type

Bone defect type Host category

I
< 2 cm

II
2 – 6 cm

III
6–12 cm

IV
> 12 cm

⍺ n=4
Shortening (4)

n=12
Induced membrane (6)
Bone transport (2)
Shortening (3)
Shorten + Lengthen (1)

n=2
Bone transport (1)
Shorten + Lengthen (1)

n=5
Bone transport (2)
Induced membrane (1)
Intercalary prosthesis (2)

A

n=5
Shortening (5)

n=11
Induced membrane (4)
Bone transport (2)
Shortening (4)
Shorten + Lengthen (1)

n=4
Bone transport (1)
Shorten + Lengthen (2)
Intercalary prosthesis (1)

n=3
Bone transport (1)
Intercalary prosthesis (2)

B

β n=1
Shortening (1)

n=10
Induced membrane (2)
Bone transport (5)
Shortening (3)

n=1
Bone transport (1)

n=0 A

n=6
Shortening (6)

n=30
Induced membrane (12)
Bone transport (15
Shortening (3)

n=1
Bone transport (1)

n=1
Bone transport (1)

B

γ n=0 n=0 n=0 n=0 A
n=0 n=0 n=0 n=0 B

Table 3   Outcomes of 
reconstruction techniques 
used for critical bone defect 
management

Date reported as number and percentage, and median plus 95% confidence intervals (CI).

Acute shortening Bone transport Induced membrane p Value

N = 91 n = 34 n = 32 n = 25
Host status
A 38% (13) 34% (11) 36% (9)
B 62% (21) 66% (21) 64% (16)
C 0% (0) 0% (0) 0% (0)
Soft tissue status
⍺ 62% (21) 28% (9) 44% (11)
β 38% (13) 72% (23) 56% (14)
γ 0% (0) 0% (0) 0% (0)
Bone defect length (mean, mm)
(±Standard deviation)

31.53
(± 18.12)

50.56
(± 16.49)

47.88
(± 34.84)

p = 0.003

Union (%, n)
95% CI

94.12% (32)
80.3–99.3%

90.63% (29)
75.0–98.0%

72.00% (18)
50.6–87.9%

p = 0.049

Sepsis (%, n)
95% CI

23.53% (8)
10.7–41.2%

9.38% (3)
2.0–25.0%

40.00% (10)
21.1–61.3%

p = 0.026

Malalignment (%, n)
95% CI

5.88% (2)
0.7–19.7%

18.25% (6)
7.2–36.4%

20.00% (5)
6.8–40.7%

p = 0.185

Limb length discrepancy (%. n)
95% CI

82.35% (28)
65.5–93.2%

31.25% (10)
16.1–50.0%

24.00% (6)
9.4–45.1%

p < 0.001

Follow-up time (median, months)
95% CI

19.0
18.6–35.7

16.0
16.6–24.1

10.0
8.24–16.8

p = 0.007
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(71%) cases located in the tibia with a mean defect size of 
40.54 mm ± 21.68. Whilst the overall prevalence of second-
ary infection was 21/96 (22%), 10/25 (40%) cases using the 
induced membrane technique experienced secondary infec-
tion. Similar results have been previously reported in the lit-
erature. In a cohort of bone defects in the tibia (mean defect 
size 58 mm) treated with the induced membrane technique, 
60% failed to unite following initial bone grafting and 40% 
experienced secondary infection [13]. With a significantly 
increased risk of non-union and secondary infection asso-
ciated with the induced membrane technique, particularly 
with larger defects, those in the tibia, and the presence of 
pre-existing infection, it would be prudent to reconsider the 
indications for this technique. Even the original describer 
of the technique cautioned against its use for defects greater 
than 100 mm in an instructional review published by the 
French Society of Orthopaedic Surgery and Traumatology 
[14, 15].

Patients undergoing acute shortening or bone transport 
in this series experienced bone union in more than 90% of 
cases with a median time to bone union of 7.5 months and 
9.5 months, respectively. The mean bone defect length in 
patients undergoing acute shortening and bone transport 
were 31.5 mm and 50.6 mm, respectively. There was a 17% 

risk of secondary infection and a 12% risk of malalignment 
associated with these techniques. Within the acute shorten-
ing group, 82% had a clinically significant limb length dis-
crepancy for which patients were counselled pre-operatively 
and managed with a planned re-lengthening procedure as 
a second stage. Ilizarov techniques, such as acute shorten-
ing and re-lengthening or bone transport, are established 
treatment strategies in the management of bone defects [16]. 
The adaptability of circular external fixation also facilitates 
the simultaneous management of concomitant soft tissue 
defects and deformities. Aktuglu et al. performed a sys-
tematic review and meta-analysis of bone transport used in 
the treatment of critical-sized bone defects in the tibia; this 
meta-analysis of 619 patients (27 studies), of which 89% had 
concomitant infection, found that bone union was achieved 
in 90% (range 77–100%) cases. The mean bone defect length 
in the cohort was 6.5 cm and the mean external fixation 
time was 10.8 (range 2.5–23.2) months [17]. A further sys-
tematic review and meta-analysis of observational studies 
that reported the outcomes of bone transport with a circular 
frame in the treatment of infected non-unions of the tibia and 
femur (590 patients in 24 studies) estimated 97% union with 
a mean external fixation time of 10.7 months and external 
fixation index 1.7 months/cm [18]. The mean length of the 

Fig. 2   The Kaplan-Meier analysis for critical bone defects treatment strategies. Time to union curve following treatment of critical bone defects 
(excluding cases treated by Greenbone bone substitute and truss reconstruction)
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bone defect in this aggregated cohort was 6.5 cm in patients 
with infected tibial non-unions and 8.0 cm in patients with 
infected femoral non-unions [18]. Sigmund et al. compared 
the outcomes of acute shortening and re-lengthening with 
bone transports in the management of infected segmental 
defects of the tibia [19]. Ultimately, there was no difference 
in the risk of recalcitrant infection or ongoing non-union 
between the two techniques. However, 15 of 27 bone trans-
port cases required unplanned surgeries, including docking 
site procedures, to achieve bone union. The two groups had 
no difference in overall time in the fixator or the external 
fixator index [19]. Similar results have been reported in sys-
tematic reviews and meta-analyses that have compared the 
two Ilizarov reconstruction techniques. Using an aggregated 
cohort of 199 patients from five studies, Wen et al did not 
find any difference in the likelihood of bone union, risk of 
overall complications, or function results between the two 
techniques. However acute shortening was associated with 
a shorter external fixator index (standard mean difference 
0.63) but increased requirement for bone grafting to achieve 
union [20].

This study was the first to assess the outcomes of a stand-
ardised approach to the management of critical-sized bone 
defects. In doing so, it highlighted shortcomings in cur-
rently used reconstruction strategies, such as the induced 
membrane technique. The retrospective nature of this study 
carries with it the expected biases associated with non-ran-
domised comparative studies, namely selection, attrition, 
and confusion bias [21]. However, the standardised approach 
is reflective of current practice and thus allows assessment 
of these techniques used as they would be applied in a real-
world setting, despite the methodological flaws.

Conclusion

This study reported the outcomes of a standardised approach 
to the management of critical-sized bone defects. Whilst 
overall results were supportive of this approach, the out-
comes associated with the induced membrane technique 
require further refinement of its indications in the manage-
ment of critical-sized bone defects.
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