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Abstract

Purpose: The purpose of this study was to compare the outcome of combined circular external fixation and cemented
polymethylmethacrylate (PMMA) spacer application between a cohort of patients with grade 3 open fractures and infected
tibial nonunions and concomitant segmental bone loss. Methods: The study was designed as a retrospective cohort
study. All patients who were treated for complex tibial fractures or infected nonunions with segmental bone loss between
2009 and 2013 were included if they were aged between |6 years and 60 years, sustained acute traumatic grade 3 open
tibial fractures, presented with infected nonunion, and were followed up for a minimum of 12 months. Patients with a
history of ipsilateral tibial fractures, contralateral lower extremity fractures, polytrauma, chest, or abdominal trauma and
patients with head injuries were excluded. Both groups were treated with aggressive debridement, circular external
fixation, and antibiotic-impregnated PMMA spacer. Outcome measures were the time in the external fixator (EFT) and the
external fixation index (EFI). Results: Twenty-four patients with a mean age of 32 + 14.7 years were included. Twelve
patients with a mean age of 32 + 14 years and a mean bone defect of 82 + 36 mm were treated for acute complex grade 3
open tibial fractures, and 12 patients with a mean age of 35.1 + 15.7 years and a mean bone defect of 50 + 26 mm were
treated for infected nonunions. There was no significant difference (p = 0.44) between the groups for EFT (249 + 99
days—tibial fractures; 255 + 142 days—infected nonunion). There were significant between group differences (p =
0.027) for EFI (37.3 + 9.1 cm/days—tibial fractures; 56 + 14.5 cm/days—infected nonunion). Conclusion: The findings
of this study suggest that patients were treated for infected nonunion with segmental bone loss using circular external
fixation, distraction osteogenesis, and antibiotic-impregnated PMMA spacers, and the spacers may not offer any advantage
over a conventional approach using the principles of osteogenesis only. In contrast, antibiotic-impregnated spacers for
open tibial trauma were advantageous and reduced the EFl considerably.
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Introduction

Tibial fractures are common injuries with an incidence
between 8.1/100.000 and 37/100.00 per annum.' Of these
fractures, approximately 25% are open injuries, and the
majority of these are the result of high-energy trauma.”?
Surgical treatment is frequently required and includes
appropriate soft-tissue management and early fracture
stabilization.>* Currently, the preferred options for fracture
fixation are intramedullary nailing and external fixation.?
Regardless of initial treatment, complication rates are high
and include deep infection and nonunion. In a systematic
review, Papakostidis et al. demonstrated that both infection
and nonunion rates were significantly higher with fracture
severity and increasing grading as per Gustilo—Anderson
classification.” Significant bone loss due to high-energy
trauma occurs in up to 11% of fractures.® Further debride-
ment of devitalized bone often results in segmental defects
and bone loss and is a more difficult problem to manage
successfully.”*® In addition, the extensive debridement
sometimes necessary for the treatment of deep infection
can also contribute further to the associated bone loss.”

One of the currently accepted limb reconstruction tech-
niques is distraction osteogenesis.® ! It is effective in pro-
moting healing and eradicating long-standing osseous
infections.” The induced membrane technique places a
polymethylmethacrylate (PMMA) spacer for initial dead
space management and if loaded with antibiotics can aid
in the elimination of infection.'? The formation of a biolo-
gic chamber provides vascularization, growth factors, pre-
vents resorption of the regenerate, and acts as a conduit
through which bone transport can occur without soft-
tissue impingement.'*!3

The purpose of this study was to compare the outcome
of combined circular external fixation and cemented
PMMA spacer application between a cohort of patients
with grade 3 open fractures and infected tibial nonunions
and concomitant segmental bone loss.

Methods

This study was conducted as a retrospective cohort study.
All patients were identified from the departmental data-
base who were treated for complex open tibial fractures or
infected nonunions at a specialized limb reconstruction
unit and trauma center between 2009 and 2013. Prior
approval to conduct this review was obtained from the
Institutional Review Board and Human Research Ethics
Committee. Patients were included if they were aged
between 16 years and 60 years, sustained acute traumatic
grade 3 open tibial fractures or presented with an infected
nonunion, and were followed up for a minimum of 12
months. The following exclusion criteria were applied:
history of ipsilateral tibial fractures, contralateral lower
extremity fractures, polytrauma, chest or abdominal
trauma, and closed head injuries. Identified patients were

divided into two groups, either acute grade 3 open tibial
fractures or infected tibial nonunions.

Surgical treatment adhered to a standardized protocol. Ini-
tial debridement followed established principles, with resec-
tion of all necrotic and nonperfused tissue until healthy
bleeding margins were observed.'*'® Definition of involved
nonviable tissue was determined by its clinical appearance, as
judged by individual surgeons. Despite its subjective nature,
this is consistent with prior publications and remains the best
method available.'*” External fixation using a circular ring
fixator was applied for fracture stabilization, and prophylactic
or therapeutic fasciotomies were routinely performed when
clinically indicated. An antibiotic-impregnated PMMA
spacer (Palacos®; Zimmer, Warsaw, Indiana, USA) was
inserted into the bone defect for local antibiotic delivery and
to preserve space for definitive osseous reconstruction (Fig-
ures 1 and 2).'*'® These spacers were shaped outside the body
to limit thermal damage but were inserted prior to curing
completely to allow modification of the spacer slightly to
achieve overlap with the bone ends.'®!? Soft-tissue coverage
was performed within 4872 h of presentation, with either an
anterolateral thigh flap or latissimus free flap.

Following the primary procedure, patients were allowed
to mobilize as tolerated. Tailored antibiotic therapy was
commenced according to culture sensitivities and typically
continued for 6 weeks. Routine serum levels of C-reactive
protein (CRP) and white cell count (WCC) were checked
every 2 weeks and the second stage was typically per-
formed when the CRP and WCC returned to normal (CRP
< 3 mg/L, WCC < 10,000 cells/ccm), and there was no
clinical sign of infection (localized erythema, warmth, exu-
date, granulation tissue, and pyrexia). The second stage
consisted of removal of the PMMA spacer, elevating the
flap in a mini-open fashion opposite the vascular pedicle.
The induced membrane was split longitudinally, pre-
served, and closed with resorbable sutures after the spacer
was removed. A low-energy percutaneous corticotomy
was performed as described by Paley and Tetsworth.?°
Distraction was commenced after a lag period of 7-10
days at a rate and rhythm of 1 mm daily in four increments
of 0.25 mm. During bone transport, full weight bearing
was encouraged. Once bone transport was completed,
open docking was routinely performed. This consisted
of debridement of both docking sites, opening of the
medullary canal, and autologous bone grafting from the
proximal tibia. Compression of the docking site was
achieved through the circular ring fixator. Full weight
bearing and functional loading as tolerated were encour-
aged following docking. Radiographic union was defined
using Fishgrund’s criteria,?' with three of the four cortices
continuous and at least 2 mm thick. The circular fixator
was then destabilized for 7-10 days, and if there was no
radiological evidence of deformity and patients were pain
free, the fixator was removed thereafter. After fixator
removal, the leg was protected in a functional boot for 6
weeks.
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Figure |. (a) A 29-year-old male sustained a grade 3B open tibial fracture during a motorcycle collision. (b) On debridement, a cement
spacer was inserted into the 58 mm defect. (c) The cement spacer was removed at 6 weeks and bone transport performed. (d) Union
was achieved after a total EFT of 284 days and an EFI of 49 days/cm. EFT: external fixator; EFI: external fixation index.

Outcome measures

The time in the external fixator (EFT) was recorded and
defined as the time (days) from the initial application of the
fixator until removal. The external fixation index (EFI) was
calculated by dividing the time (days) in the EFT by the
lengthening achieved (centimeters).

Statistical analysis

An a priori sample size calculation was performed, pow-
ered to detect a 50% difference between the trauma and
infected nonunion cohorts using the following variables:
medium effect size, p = 0.05, power of 0.8, u = 38.1
(derived from Fiirmetz et al.,* standard deviation = 16.1,
two tailed). Based on these parameters, the sample size
calculations indicated that 11 patients per group were
needed to provide 80% statistical power. In the event of
significant findings, post hoc tests were performed using
Tukey’s test for pairwise comparisons. A Spearman rank
test was used to investigate the strength of the relationship

between EFT and distraction gap/bone defect size post
debridement. Sample size calculations further indicated
that a total of 19 patients were needed to establish correla-
tions >0.6, with a significance level of p = 0.05 and power
of 0.8 with a medium effect size. The critical r value that
was needed to achieve significance for df = 23 and a two-
tailed p = 0.05 was calculated to be 0.396. Descriptive
statistics (means and standard deviation) were used for the
demographic variables, and EFT and EFI. All analyses
were conducted using STATA SE (version 12.0; StataCorp,
College Station, Texas, USA) for Windows.

Results

Of the 26 patients initially identified, 24 patients with a
mean age of 32 + 14.7 years were included. One patient
was less than 16 years old, and the standard protocol was
not followed in one patient. Twelve patients were treated
for acute complex trauma with grade 3 open tibial fractures.
The mean bone defect in this group was 82 + 36 mm.
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Figure 2. () A 21-year-old male developed a septic nonunion after sustaining a traumatic closed tibial fracture. (b) After debridement
and removal of nonviable bone, a 45 mm bone defect was present. (c) An antibiotic-impregnated cement spacer was placed into the
defect and removed after 7 weeks. (d) Distraction osteogenesis was performed after eradication of infection. (e) The total EFT was 23|
days with an EFl of 51.3 days/cm. EFT: external fixator; EFl: external fixation index.

Twelve patients with a mean age of 35.1 + 15.7 year were
treated for infected nonunions. The mean bone defect was
50 4+ 26 mm. The demographic details, mean bone defect
size, and mean spacer times for both groups are summar-
ized in Tables 1 and 2.

The mean external fixation time for both groups was 275
=+ 121 days for the entire cohort. There was no significant
difference (p = 0.44) between the group treated for tibial
trauma (249 + 99 days) and the group treated for infected
nonunions (255 + 142 days). The mean EFI for both
groups was 46.9 + 22.4 days/cm. There were significant
differences (p = 0.027) between the group treated for tibial
trauma (37.3 + 9.1 cm/days) and the group treated for
infected nonunions (56 + 14.5 cm/days; Table 3). Spear-
man rank test revealed a highly significant (p = 0.0001)
correlation (r = 0.11) between EFT and EFI. However, the
relationship did not reach the critical » value.

Complications were observed in 50% of all patients. Pin
tract infection occurred in seven patients and resolved with
oral antibiotics and local pin tract care. In the infected
nonunion group, one patient sustained a fracture through
the regenerate which was treated with intramedullary nail-
ing. Nonunion and persistent deep infection was observed

in a 32-year-old immunocompromised human immunode-
ficiency virus (HIV)-positive male patient who had to
undergo above-knee amputation as a salvage procedure.
One patient sustained a stress fracture at the docking site
and was treated conservatively. In the trauma cohort, one
patient with a mangled extremity and attempted limb
reconstruction had a persistent nonunion and opted for
below-knee amputation. One patient required two adjust-
ments of his circular fixator and leg lengthening for a 4 cm
short tibia. The overall union rate was 91.7%.

Discussion

The most important finding of this study was that there was
a significantly longer EFI for the group of patients treated
for infected nonunion using circular external fixation, dis-
traction osteogenesis, and antibiotic-impregnated PMMA
spacer insertion compared to a cohort treated for grade 3
open tibial fractures with segmental bone loss. These dif-
ferences are clinically even more significant when consid-
ering that the bone defect in the tibial fracture group was
64% larger and spacer time was 22% shorter. Following
spacer removal, it took an average of 19 more days to grow
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Table |. Demographic details of all patients included and the subdivided groups.

Mechanism of injury

Grade Il open fracture

Gender

Age years)

Patients (n)

MVA = 5; MBA = 3; fall = 3; direct trauma = 8; sports injury

N=123

16; F=8

14.7

33 +

24

Total

n = |; PYA = |; other trauma n = 3; gunshot injury n = 0

0; fall = 2; direct trauma = 3; sports injury

MVA = 4; MBA =

M=6F

44

336 +

12

Sepsis

0

I; direct trauma = 5; sports injury

n = 0; PVA = [; other trauma n = |; gunshot injury n =0

n = |; PVA = 0; other trauma n = 2; gunshot injury n

MVA = |; MBA = 3; fall

N=12

10 F=2

12 32 + 14

Trauma

MVA: motor vehicle accident; MBA: motorbike accident; PVA: pedestrian vehicle accident.

1 cm of regenerate bone. Yin et al. demonstrated a mean
EFT of 58 days in patients with infected nonunions treated
with Ilizarov techniques and bone transport.>® It appears
that the induced membrane technique has no clinical
advantages over a more conventional approach.
Anagnastakos et al. were able to demonstrate that anti-
biotic elution from antibiotic-impregnated PMMA
spacers occurs and that localized concentrations can be
3-10 times higher than the minimal inhibitory concentra-
tions (MICs) of the infecting organisms.?* Using antibio-
tic PMMA spacers for the management of infected
arthroplasty is a more common practice, with a variety
of different options and established protocols.?® The ideal
duration of spacer implantation is currently unknown, and
it has been suggested that the elution of antibiotics from
the spacer only lasts for 10 days and less.?® Van der Belt
et al. investigated the release profiles of six different bone
cements and were able to show that the released antibiotic
fell below detection levels after 1 week.?” Stevens et al.
convincingly demonstrated the critical relationship
between antibiotic elution and the mass of antibiotic
added to the PMMA.?® To achieve a prolonged release
of antibiotic exceeding the MIC, it is essential to add very
large quantities of powdered antibiotic. In this study, it is
possible that the spacer was seeded with bacteria once the
antibiotic concentration fell below the MIC. Ramage et al.
reported bacterial concentrations of Propionibacterium
acnes strains and the 10 most common Staphylococci
strains.”’ The group was able to show that all bacteria
built a biofilm and adhered to bone cement once elution
rates fell below inhibitory concentrations.?’ Continued
presence of low-grade infection within the induced mem-
brane could explain the longer EFI in the infected non-
union group, resulting in slower bone formation but
resolved with continued distraction osteogenesis. In con-
trast to cancellous bone grafting with the Masquelet tech-
nique, distraction osteogenesis in the presence of chronic
infection may require a well-perfused healthy muscle and
tissue envelope, something which the induced synovial
pseudomembrane may not be able to provide.'®**!
Another possible reason for the longer EFI in the
infected nonunion group could be that the induced mem-
brane is simply not required for bone transport in the pres-
ence of infection. Yin et al. pooled data from over 300
patients from 11 studies in a systematic review, and the
EFI in their analysis was very similar to our results.”® The
results from this review constitute a very powerful argu-
ment that induced membranes in the presence of infection
may not be necessary. Marais and Ferreira treated a small
cohort of seven patients with distraction osteogenesis and
cement spacer in a very similar environment, and their
mean EFI was similar to our results with a mean of 79
days/cm.'?> However, three patients were active smokers
which could explain the longer duration. Spiegl et al.
reported an EFI of 59 days/cm in patients with chronic
osteomyelitis which is comparable to both our results and
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Table 2. Details of defect size and treatment for both groups.

Mean time to reconstruction

Defect size (in mm) Mean spacer time (in weeks)

Flap cover post-trauma (in days)
Total (N = 24) Open # (n = 20) N/A
Sepsis (N = 12) Open# (n=7) N/A
Trauma (N = 12) Open # (n = 12) 1.2 + 1.2

66 + 35 87 + 32
50 + 26 99 + 3.6
82 + 36 77 + 22

N/A: not applicable.

Table 3. The results for EFT and EFI for both groups.

EFT (days) EFl (days/cm)
Total (N = 24) 275 + 121 46.9 + 224
Sepsis (N = 12) 255 + 142 56.6 + 14.5
Trauma (N = 12) 294 + 99 373 + 9.1
p Level 0.44 0.027

EFT: external fixator; EFl: external fixation index.

those of Yin, again confirming that induced membranes
may not be needed.*

The mean EFI in the tibial fracture group was 37 days/
cm for a mean bone defect of 82 mm. The bone defect in
our small series is considerably larger than in other pub-
lished series. Kristiansen et al. reported an EFI of 81 days/
cm for a mean bone defect of 36 mm.*® Wani et al. treated
60 patients with open tibial fractures with a mean bone
defect of 48 mm and an EFI of 45 days.** Compared to
these two studies, it appears that an antibiotic-impregnated
spacer for open tibial trauma may be advantageous and
reduces the EFI considerably. One of the possible
reasons for the shorter EFI could be the demonstrated
additional benefit of local antibiotic therapy in open tibial
fractures.®>*® Ostermann et al. demonstrated a significant
reduction in the rate of deep infection in patients with grade
IIT open fractures who received local antibiotic treatment to
3.7%, compared to 12% in patients who were only treated
with systemic antibiotics.>® The concept of an induced
membrane in this scenario possibly provides a biological
chamber, as described by Masquelet,'® where prevention of
infection is the primary objective, rather than eradication.
In addition, the mean spacer time in the tibial fracture
group was 23% shorter. In this situation, the prevention
of fibrous tissue invasion and secretion of growth factors
may stimulate bone formation and stabilize the regenerate.
Pellisier et al. demonstrated higher concentrations of
VEGF, TGF-B-1, and BMP-2 within the first 6 weeks in
arabbit model.®' A later clinical study by Aho et al. showed
that the highest expression of VEGF, IL-6, and Col-1
occurred at one month.>” Therefore, the preferred timing
for second stage procedures, whether cancellous bone
grafting as described by Masquelet or bone transport, might
be within 1 month of placing the PMMA spacer.'® How-
ever, these are nonspecific growth factors and the value of
their individual contributions toward fracture healing is

uncertain. At this time, the optimal timing for PMMA
spacer duration using an induced membrane reconstruction
has not yet been definitively determined.

While we were able to demonstrate a highly significant
(» = 0.0001) correlation (» = 0.11) between EFT and EFI,
it did not reach the critical  value and was therefore clini-
cally meaningless. We have performed an a priori sample
size calculation and 19 patients were needed to achieve a
power of 80% for » > 0.6; a post hoc test revealed that the
study was underpowered (30%) for the given relationship.
The relationships between the two variables are not well
researched. Sakurakichi et al. suggested that the relation-
ship between index and lengthening depends on age,
etiology of shortening, and the amount bone shortening,
with each case displaying its own curve.*® Fishgrund
et al. demonstrated that EFI is inaccurate except when
the distraction gap is greater than 8 cm.?! Both Sakurakichi
and Fishgrund had rather small sample sizes, 28 and
114 patients, and even their findings may have been
underpowered.”'*® As a consequence, very large sample
sizes may be needed to establish the true relationships
between these two variables.

Complication rates were high and typically associated
with the prolonged time in the circular fixator, distraction
osteogenesis, infection, and bone and soft-tissue loss.
Infection, especially pin tract infection is the most common
sequelae with the application of external fixation and ran-
ged from 0% to 50% in previous studies.'*>%*° Our com-
plication rates are comparable to these published studies
and reflect the nature of the injury and the challenges asso-
ciated with treatment. Seven patients (29%) experienced
pin tract infection requiring systemic antibiotics. Two cases
of nonunion were observed. Both patients were treated with
amputation: in one case to salvage a persistent deep infec-
tion in a HIV-positive patient and in the other case the
patient opted for below-knee amputation following high-
energy trauma resulting in a mangled extremity. The over-
all nonunion rate was 8.3%.

This study has limitations. The retrospective design and
its small sample size potentially introduces bias. However,
an a priori sample size calculation was performed, and the
study was adequately powered; in fact, a post hoc test
revealed that the study had a power or 97% for EFI. As
with all these complex disease patterns, the study cohort
was heterogeneous, making it difficult to control possible
confounding factors. Westgeet et al.*' and O’Halloran
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et al.*? showed that AO classification (odd ratio (OR) 1.86),
gunshot wounds (GSW) (OR 1.98), fracture location and
pattern (OR 0.46—1.36), open fractures (OR 3.9), smoking
(OR 1.8), EtOH use (OR 1.6), HIV (OR 4), NSAID use (OR
1.5), diabetes (OR 2.2), compartment syndrome (OR 4),
vascular injury (OR 2), muscle flap (9.6), and deep infec-
tion (OR 12.75) were variables that potentially influences
union. However, it can be assumed that all factors with the
exception of muscle flap soft-tissue cover (100% in the
tibial fracture group, 58% in the infected nonunion group)
and deep infection (0% in the tibial fracture group and
100% in the infected nonunion group) were equally distrib-
uted within the two groups and did not influence the results
greatly. These two variables have certainly influenced the
results as was intended with the study design and are not
limitations per se. The follow-up of 12 months is rather
short, and it cannot be completely excluded that more com-
plications occurred later. However, the primary purpose of
this study was to investigate EFI between the two groups; a
variable that will not change with further follow-up. It
cannot be entirely excluded that patients with grade 3 open
fractures were not contaminated or had latent bone infec-
tions. However, the time to primary treatment including
antibiotic-impregnated PMMA spacer placement was gen-
erally performed early, within 24 h. It can be safely
assumed that in cases with deep latent infection, both the
hematological and clinical signs would have later become
evident. In addition, clinical signs of infection would likely
have been observed during removal of the spacer.

Conclusion

The findings of this study suggest that patients were treated
for infected nonunion with segmental bone loss using cir-
cular external fixation, distraction osteogenesis, and
antibiotic-impregnated PMMA spacers, and the spacers
may not offer any advantage over a conventional approach
using the principles of osteogenesis only. In contrast,
antibiotic-impregnated spacers for open tibial trauma were
advantageous and reduced the EFI considerably.
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