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QUESTION 8: What is the optimal management (Masquelet technique, bone transport) of 
postinfective bone defects in diff erent long bones (tibia, femur, humerus, etc.)? How does this 
vary by type of defect (conical vs. cylindrical)?

RECOMMENDATION: The type of defect (cylindrical vs. conical) was not determined to be relevant to the treatment method. Instead, optimal 
management of partial vs. full segmental defects is relevant. Each long bone requires diff erent preferred methods of stabilization.

LEVEL OF EVIDENCE: Moderate

DELEGATE VOTE: Agree: 95%, Disagree: 0%, Abstain: 5% (Unanimous, Strongest Consensus)

RATIONALE

The most complete systematic review was published in 2017 by 
Kadhim et al. [1] This review reported that in 96 femoral segmental 
bone defects, monolateral external fi xation with bone transport was 
99.7% eff ective for union and 94.7% successful for function compared 
with 88.9% and 57.6% for circular external fi xation, respectively. 
Supplemental internal fi xation in this study decreased the external 
fi xation time. Yin et al. [2] reported their series of 38 femoral frac-
tures with infected segmental bone defects (average size, 6.5 cm) that 
were treated with application of monolateral external fi xation and 
bone transport. The mean external fi xation index was 1.5 months/
cm (range, 1.3–1.7 months/cm). Only fi ve femurs required docking 
site bone grafting. Good/excellent results (evaluated using the Asso-
ciation for the Study and Application of the Methods of Ilizarov 
(ASAMI) Classifi cation) for bone were 87.3% and good/excellent 
results for functional outcome were 79%. Multiple other studies have 
reported similar results with monolateral bone transport but with 
fewer numbers of patients [3–5]. Docking site bone grafting is not 
always necessary except in longer transports that result in fi brous 
tissue at the docking site with some atrophy of the transported bone 
end [4,5]. Monolateral bone transport is much less technically chal-
lenging than classic Ilizarov transport in the femur; therefore, this 
technique is more accessible to a larger number of surgeons. 

Few studies document the success of vascularized fi bular bone 
grafts (VFBGs) in post-infectious segmental bone defects [6–8]. 
Minami et al. [6] reported on 23 post-infectious femoral segmental 
bone defects treated with VFBG. Twenty of 23 patients achieved 
primary bone union; however, 2 patients had recurrent infec-
tions. Both of these patients underwent VFBG less than one month 
following resection for osteomyelitis; therefore, the authors’ recom-
mendation [6] was to delay the VFBG for longer than one month 
after the resection and until serologic infection markers returned to 
normal. Gao-Hong et al. [7] reported using VFBG for infected femoral 

segmental defects ranging from 6 to 18 cm with primary bone healing 
in 10 of 12 patients. Additional surgery improved the healing rate to 
100% (12/12) with eradication of infection in all cases. According to 
Enneking scoring, excellent/good results were observed in 11 of 12 
patients [7]. Han et al. [9] reported on VFBG for defects following 
infection with a primary union rate of only 48%. With additional 
procedures, this rate increased to 77% (46/60). The literature has 
small numbers of VFBG reconstruction for post-infectious defects of 
the femur with results that are not comparable to the success of bone 
transport. Song et al. [10] studied post-infectious femoral defects (> 8 
cm) and compared 20 cases treated with internal bone transport to 17 
cases treated with VFBG. The bone transport cases had 65% excellent/
good result compared to 35% in the VFBG cases. The complication 
rate is high regarding donor site morbidity [11] and fi bular stress frac-
tures, which range between 15% and 32% [12,13]. The VFBG technique 
is technically demanding, requires microsurgical skills, and is not 
readily accessible to many orthopaedic surgeons.

No large series has been reported of the induced membrane 
technique for post-infectious defects of the femur. There are 3 series 
with 19, [14] 13, [15] and 13 cases [16]. Wu et al. [14] reported 19 cases 
with an average 5.5-cm defect (range, 2–10.9 cm). The fi rst stage was 
external fi xation and cement spacer placement. The second stage of 
treatment was combined internal fi xation with autograft/auto-allo-
graft mix into the induced membrane. All femurs united and were 
free of infection [14]. Yu et al. [15] reported 13 cases of septic femoral 
bone defects averaging 9.8 cm (range, 5–16 cm). The fi rst stage fi xa-
tion was an antibiotic-coated locked plate and the second stage fi xa-
tion was an intramedullary nail. The reported union rate was 100%, 
and 92% of patients were infection free for at least one year [15]. Tong 
et al. [16] also reported 13 cases of femoral postt raumatic osteomy-
elitis. They compared bone transport to the induced membrane (IM) 
technique and found that the IM technique had bett er results in the 
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femoral cases, especially the periarticular bone defects [16]. These 
publications [14–16] have promise but are retrospective with only 
small numbers. 

The publications regarding the IM technique have many varia-
tions including timing to second stage, the presence of antibiotics in 
the spacer and the type of fi xation used for stage one and two [17]. The 
important unifying principles are radical debridement of infection, 
proper installation of the cement spacer overlapping the normal 
bone ends, waiting for the soft-tissue envelope to heal with normal 
serologic markers and stable fi xation during the interval prior to the 
second stage [18]. Infection eradication is the most essential element 
in achieving success. This technique therefore requires a minimum 
of two surgical procedures. The largest series published to date is by 
Karger et al. [19] with 84 cases. Fifty percent of the cases were for infec-
tion, the average number of operations to achieve union was 6.11, and 
57% of the defects were larger than 5 cm. An abnormal soft-tissue enve-
lope needs to be addressed with soft-tissue transfer (adjacent or free) 
in order to promote good soft-tissue healing and a stable wound bed 
for the second stage [20,21]. The Masquelet technique holds promise 
but the surgeon should proceed with caution as several surgical 
procedures may be needed to achieve the desired result. In theory, 
any size defect can be treated and there is no prolonged external fi xa-
tion time as in bone transport. The time to achieve union with this 
technique appears to be independent of the length of the defect; 
however, a 2 cm defect and a 15 cm defect both may take as long as 
10 months to heal [19]. The recommendation is moderate because of 
the lack of large prospective series reports in the literature and the 
number of average surgical procedures needed to achieve success. 

Kadhim et al. [1] recently published a systematic review of 
nonunion with segmental bone defects that included 334 tibiae. 
The most successful method of reconstruction with respect to bone 
union and function was circular external fi xation combined with 
internal fi xation (either bridge plating or intramedullary nail). 
This provided a 99.8% success rate with respect to both union and 
function. Papakostidis et al. [22] also demonstrated in their system-
atic review that distraction osteogenesis with the Ilizarov method 
statistically signifi cantly reduced the risk of infection in previ-
ously infected defects. They also showed that the risk of refracture 
following removal of external fi xation was higher when tibial defects 
were larger than 8 cm [22]. 

Rohilla et al. [23] published a randomized prospective study 
with 70 patients comparing ring fi xators and monolateral fi xators 
for infected tibial defects. They concluded that for defects greater 
than 6 cm, a ring fi xator had superior results [23]. They att ributed this 
fi nding to the larger numbers of patients in the monolateral group 
who had residual problems with greater than 6 cm of lengthening 
such as infection, deformity and shortening. Also, the monolateral 
group had statistically signifi cantly more problems with deep pin 
tract infections than the ring fi xator group [23]. 

Many other studies have also documented the success of 
circular external fi xation and bone transport in the tibia. Yin et al. 
[2] in 2014 reported 66 patients with infected segmental tibial bone 
defects with an average size of 6.3 cm (range, 3–13 cm). All tibiae 
were treated with bone transport with circular external fi xation and 
united without recurrence of infection. Fifty-nine patients had excel-
lent/good results according to the ASAMI classifi cation [2]. Docking 
site bone graft was performed in only six patients. The most common 
complication was pin tract infection in 40 patients with 38 of the 40 
being treated with orally-administered antibiotics and pin care. The 
mean external fi xation index was 1.38 months/cm (range, 1.15–1.58 
months/cm). Only two patients had refracture after frame removal, 
which was treated with reapplication of the external fi xator [2]. 
Peng et al. [24] reported 58 cases of tibial infected nonunion with an 
average defect of 9.2 cm (range, 6–15 cm ) that were treated with bone 

transport with circular external fi xation. Fifty-three patients had 
excellent/good results using the Paley grade and 36 excellent/good 
functional results. There were no refractures and only one recurrent 
infection [24]. 

Hexapod external fi xators have also been used for bone transport 
using the method of Ilzarov. Napora et al. [25] reported 75 infected 
segmental bone defects of the tibia (average size, 5.4 cm) treated 
with a hexapod external fi xator. Seventy of 75 patients had eradica-
tion of infection and full union. Thirty-two patients required a free 
fl ap by plastic surgery, and 36 patients had adjunctive stabilization 
with either an intramedullary nail or plate fi xation at or following 
removal. Many other articles detail the success of circular external 
fi xation and bone transport in the tibia [26–31]. 

Another treatment option is acute shortening with lengthening. 
One paper [32] with a total of 42 patients reported similar results when 
comparing acute shortening with lengthening to bone transport. 
The only diff erence was a statistically signifi cantly smaller number 
of major and minor complications per patient. This technique is 
helpful only when the fi bula is broken and the soft-tissue envelope is 
amenable to shortening using a transverse incision. Excessive short-
ening greater than 4 cm can lead to ischemia of the leg due to arterial 
kinking and the authors highlight the need to monitor the vascular 
status of the limb whenever shortening is employed. 

Some literature has been published on the IM or Masquelet 
technique for infected tibial segmental bone defects. There is some 
variability with respect to the technique among the papers, and 
some critical diff erences may lead to poorer outcomes using the 
technique. Tong et al. [16] compared the Masquelet technique for 
infected segmental tibial bone defects to Ilizarov bone transport. 
The average bone defect size was 6.8 cm (range, 2.7–15.7 cm). Twenty-
six patients had tibial defects with 13 patients in each group. The IM 
group was treated with external fi xation for stage two as well. In this 
series, there was no statistically signifi cant diff erence between bone 
results in the 13 bone transport cases and 13 IM cases. It is interesting 
to note, however, that a recurrent infection in the IM group was 
treated with bone transport to union. Functional results were bett er 
in the IM group because of the statistically signifi cantly smaller 
external fi xation time (10.2 months [range, 8–14 months] versus 17.2 
months [range, 11–24 months]). Seventeen excellent/good functional 
results were observed for the Masquelet technique versus nine excel-
lent/good functional results for bone transport. 

Karger et al. [19] in 2012 published the largest series of the IM 
technique for segmental bone defects. They included a total of 84 
cases that included 61 tibial defects. Of the 61 tibial cases, there was 
an average time to union of 14.6 months with an average of 11.5 inter-
ventions. Full weight bearing was started at a mean of 17.4 months 
after the initial treatment of the bone defect. Eight tibial cases failed, 
and six required amputation. Qiu et al. [20] reported 40 tibial post-
traumatic osteomyelitis defects. There were 2 groups: a cement bead 
group (18 patients) and a cement-spacer group (22 patients). The 
volumes of the bone defects for each group were 32.4 cm3 (range, 
15–40 cm3) and 40.4 cm3 (range, 20–70 cm3), respectively. Nineteen of 
these bone voids were partial defects. The bone healing time was 8.5 
months in the spacer group and 7.5 months in the bead group. Infec-
tion control was also similar in the two groups: 88.9% for the bead 
and 90.9% for the spacer groups. Eighteen patients had soft-tissue 
coverage by plastic surgery. Stable fi xation was obtained at the initial 
débridement with either internal or external fi xation and there were 
no amputations [20]. This study demonstrates that the IM technique 
can be successful for small defects. 

Sadek et al. [33] also demonstrated that the IM technique for 
tibial defects smaller than 6 cm was comparable to Ilizarov bone 
transport in a small, case-matched series totaling 30 patients (14 and 
16 patients per group). Giannoudis et al. [34] reported 43 long bones 
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that were treated with the IM technique; however, only 11 were tibial 
defects with an average defect size of 4 cm (range, 2–7.5 cm). All bones 
united with one complication of recurrent infection treated with 
repeat debridement. This study highlights one of the problems with 
the IM technique papers in that many diff erent anatomic regions are 
considered together. Morelli et al. [35] performed a systematic review 
of the IM technique with 17 papers that met the inclusion criteria; 
however, only 10 of these papers reported individual patient data for 
a total of 137 cases. Persistent infection or nonunion was present in 
18% of cases requiring repeat surgical interventions. There has been 
much enthusiasm for this technique because it is technically less 
challenging for the surgeon and it appeals to patients because it does 
not have prolonged external fi xation time. This technique, however, 
has pitfalls with many variations of the technique being reported 
with variable outcomes. Surgeons should proceed with caution as 
recurrent infection and nonunion may require repeat operations 
and ultimately increase total treatment time. 

Now turning att ention to the upper extremity, Adani et al. [36] 
published a series of 13 cases of VFBG for humeral segmental defects, 
of which 8 were infected. The average defect in these cases was 12.3 
cm (range, 10–16 cm). Five of eight patients required additional 
procedures (e.g., bone grafting, plate revision, new VFBG). The repeat 
VFBG was secondary to a vascular pedicle failure. According to Tang 
criteria, functional recovery was excellent/good in all eight cases and 
radiographically excellent/good results were seen in fi ve of eight 
cases. 

One series in the literature has 12 pediatric patients with humeral 
osteomyelitis with an average defect size of 5.5 cm [37]. Initial treat-
ment consisted of excision of infected bone, autograft nonvascular-
ized fi bular strut and plate fi xation, and limb shortening. Ten of 12 
patients healed after the initial surgery. One patient required addi-
tional bone grafting. One patient developed a recurrent infection 
and required re-debridement and re-bone grafting with ultimate 
success. The average residual shortening of the limb was 3.5 cm 
(range, 2–6 cm). 

Rafi q Barawi [37] published the results of 10 patients with 
infected humeral defects averaging 6 cm (range, 3–9 cm) treated 
with Ilizarov bone transport. All 10 cases had Paley class excellent/
good results radiographically and functionally at latest follow-up, 
with an average external fi xation index of 1.16 months/cm. Liu et al. 
[38] reported 11 patients with humeral osteomyelitis and segmental 
defects. The average gap was 1.9 cm (range, 1–2.7 cm) with an average 
humeral shortening of 5.6 cm (range, 3.5–8.0 cm). The average 
humeral lengthening was 9.5 cm (range, 5.5–13.4 cm). The average 
external fi xation index was 1.16 months/cm (range, 1–1.35 month/cm). 
Ten of 11 patients healed, and all patients were eradicated of infec-
tion. All patients had excellent/good results. No docking site bone 
graft was performed in any of the cases. The most common complica-
tion was pin tract infection. Two pins were exchanged in two patients 
for loosening. 

Adani et al. [39] published a series of 12 cases using VFBG in 
the forearm where 10 of the 12 cases had osteomyelitis. The average 
defect was 8.4 cm (range, 6–13 cm). Two cases required additional 
bone grafting and both of these cases had a history of osteomy-
elitis. A third case was considered a failure secondary to thrombosis 
of the artery of the VFBG. Therefore, 9 of 10 cases of forearm osteo-
myelitis healed with 2 requiring additional bone graft procedures. 
The average time to healing was 4.8 months (range, 2.5–8 months). 
Internal fi xation was used for 9 of 10 cases. Seven of nine patients had 
excellent/good results clinically and eight of nine patients had excel-
lent/good results radiographically. 

The alternative treatment is the IM technique as applied in the 
forearm. Prasarn et al. [40] published a series of 15 cases of infected 
forearm nonunion treated with debridement and nonvascularized 

iliac crest bone graft with open wound healing by secondary inten-
tion. All bones united and were free of infection with an average 
time to union of 13.2 weeks (range, 10–15 weeks). The average defect 
size was 2.1 cm (range, 1–7 cm). Allende [41] in 2010 published 20 cases 
with healing of infection and nonunion at an average of 5 months. 
Luo et al. [42] published a series of 7 forearm infections with an 
average defect size of 5.8 cm (range, 4–8 cm) treated with the IM tech-
nique. The average number of procedures to achieve success in these 
patients was 3.43 (range, 2–5 procedures). The authors emphasize 
that a number of debridements may be required to achieve an unin-
fected environment. Serial debridement’s were also determined by 
Masquelet [18] to be critical to achieve an uninfected wound bed and 
ultimate success with the technique. One patient required repeat 
bone grafting [42]. At latest follow-up averaging 86.7 months (range, 
41–150 months), all patients were healed, uninfected and had statisti-
cally signifi cant improvement in functional scores. 

Two studies reported the results of bone transport in forearm 
nonunions. Zhang et al. [43] published a series of 16 cases with an 
average defect of 3.8 cm (range, 2.2–7.5 cm) with a mean external fi xa-
tion index of 1.6 months/cm (range, 1.14–2.0 months/cm). All patients 
healed, and there was no recurrence of infection. No docking site 
was bone grafted. Liu et al. [44] reported on 21 patients with infected 
forearm nonunion who underwent treatment with monolateral 
fi xation. The average defect was 3.1 cm (range, 1.8–4.6 cm), and the 
external fi xation index was 1.4 months/cm. Four patients had docking 
site bone grafting. Three patients had regenerate bone grafting, and 
3 patients had recurrent infection requiring repeat debridement. 
Mean follow-up was 77.5 months. All forearms healed and were free 
of infection. 
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QUESTION 9: What is the optimum waiting time for bone grafting in staged management of 
septic nonunion?

RECOMMENDATION: The interval between the fi rst and second stages should be dependent upon infection control and the status of the local 
soft tissue of the individual patient, rather than any specifi c time. Therefore, the precise time is unknown. The current recommendations are that 
if conditions are favorable, the second stage can be performed between 6 and 12 weeks after the fi rst stage. This recommendation may not apply 
to the Masquelet technique. 

LEVEL OF EVIDENCE: Limited

DELEGATE VOTE: Agree: 100%, Disagree: 0%, Abstain: 0% (Unanimous, Strongest Consensus)

RATIONALE

Successful treatment of infected long bone nonunions remains a 
great challenge for the orthopaedic trauma and limb reconstruction 
surgeon. They are frequently associated with bone and soft tissue 
loss, failed internal fixation, broken implants, poor vascularity, 
drainage from sinuses, osteopenia, osteomyelitis, adjacent joint stiff -
ness, deformities, length discrepancies, prior surgery and polymi-
crobial infection with resistant organisms [1–4]. Available evidence 

on the operative management of infected long bone nonunions 
indicates that staged reconstruction (incorporating debridement, 
antibiotic beads, soft tissue coverage and provisional stabilization, 
followed by delayed osseous reconstruction and defi nitive stabiliza-
tion [3–6]) can achieve union in 93–100% of cases. With expert care 
under staged protocols by surgeons specializing in musculoskeletal 
sepsis, persistence of infection is present in only 2-9% of cases [5,6], 


