
Abstract
Complex ankle arthrodesis is defined as an ankle fusion 
that is at high risk of delayed and nonunion secondary 
to patient comorbidities and/or local ankle/hindfoot 
factors. Risk factors that contribute to defining this 
group of patients can be divided into systemic factors 
and local factors pertaining to co-existing ankle or 
hindfoot pathology. Orthopaedic surgeons should be 
aware of these risk factors and their association with 
patients’ outcomes after complex ankle fusions. Both 
external and internal fixations have demonstrated 
positive outcomes with regards to achieving stable 
fixation and minimizing infection. Recent innovations in 
the application of biophysical agents and devices have 
shown promising results as adjuncts for healing. Both 
osteoconductive and osteoinductive agents have been 
effectively utilized as biological adjuncts for bone healing 
with low complication rates. Devices such as pulsed 
electromagnetic field bone stimulators, internal direct 
current stimulators and low-intensity pulsed ultrasound 
bone stimulators have been associated with faster bone 
healing and improved outcomes scores when compared 
with controls. The aim of this review article is to present 
a comprehensive approach to the management of 
complex ankle fusions, including the use of biophysical 
adjuncts for healing and a proposed algorithm for their 
treatment. 
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Core tip: This research article aims to review the 
definition, current trends and future direction of complex 
ankle arthrodesis surgery. To our knowledge, there 
has not been a review article in the literature on this 
important and challenging topic. This article discusses 
the major risk factors that entail this type of ankle fusion 
surgery. It brings forth the debate in recent literature on 
how to treat this complex pathology, mainly in regards 
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to internal vs external fixation, and various adjuncts that 
are available to promote healing. 
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INTRODUCTION
Ankle fusion is often a limb salvage procedure in patients 
with end-stage or complex pathologic conditions of the 
ankle joint that may warrant a below-knee amputation 
as the only alternative. Complex ankle fusion is defined 
by certain risk factors of patients undergoing the 
procedure and includes individuals with comorbidities 
associated with poor surgical healing or with local healing 
problems that predispose to a high rate of delayed and 
nonunions. In addition to the technical demands of 
lower extremity surgery, concomitant suboptimal patient 
profiles impart significant challenges and constraints. 
The risk factors of patients undergoing complex ankle 
fusion can be organized into systemic and local factors 
that pertain to co-existing ankle or hindfoot pathology. 

ETIOLOGY AND RISK FACTORS
Systemic factors
Systemic factors including patient comorbidities and 
global risk factors are frequently associated with failed 
or complication-ridden ankle arthrodesis. The spectrum 
of these factors is vast and includes advanced age, 
smoking, alcohol abuse, worker’s compensation, non-
compliance, obesity and systemic conditions (i.e., 
atherosclerosis, immune suppression, diabetes mellitus 
and connective tissue diseases). Several studies convey 
the higher association of nonunion in patients who smoke 
or have a significant smoking history, which is even 
further heightened as the patient’s age increases[1-4]. 
In a study by Fragomen et al[5] more than 50% of the 
patients who smoked failed to achieve healing of their 
ankle fusion. Alcohol abuse is another factor associated 
with nonunion in patients undergoing ankle fusion. 
Frey et al[6] displayed a greater than 85% nonunion 
rate among patients with major medical problems, 
which included alcohol abuse. Worker’s compensation 
patients undergoing ankle fusion have been linked to 
poorer outcomes in comparison to provincial/third-party 
insured patients[2,3]. Patient compliance is imperative 
for attaining successful ankle fusion. The importance 
of restricted weight-bearing following ankle fusion with 
internal fixation cannot be emphasized enough as well 
as proper pin-care management in patients managed 
with external fixation in order to prevent failure and 
complications after the operation[7]. Although there is 
little evidence supporting obesity as a direct risk factor 

for nonunion, it has been proposed to interfere with 
the healing process for bony union. Obese patients 
are faced with several challenges, including adequate 
cast or brace fitting as well as maintaining non-weight 
bearing status post-operatively. These circumstances 
have the potential to compromise the fixation and 
place increased mechanical load on the implant’s fusion 
site, leading to unwanted motion at the arthrodesis[8]. 
Major complication rates seem to be relatively higher 
for smokers, patients with an increased BMI, and 
diagnosis of diabetes mellitus with rates of 80%, 70% 
and 65% of these patients, respectively, after ankle 
arthrodesis with external fixation[9]. The analysis of 
patients’ concomitant diseases show that the incidence 
of systemic compromises associated with chronic local 
ischemia and disturbances of proprioception is three 
times higher in patients who developed nonunions. 
These chronic circulatory disturbances in combination 
with multiple operative procedures decreases the local 
healing potential of bone and soft tissue[10]. Chahal et 
al[3] found that patients who had noninsulin-dependent 
diabetes mellitus had an 18.7 times higher likelihood 
of varus malunion than nondiabetic patients. These 
patients also had poor clinical outcomes when compared 
with the remainder of the patients. Rheumatoid arthritis 
also adds a degree of complexity in ankle arthrodesis 
surgery. Bone stock and ankle deformity are frequently 
poor and necessitate more difficult and demanding 
operative treatment than osteoarthritis. In rheumatoid 
bone, it is typically difficult to achieve adequate pur-
chase of screws and stable fixation. External fixation 
is more often complicated because of increased risk 
of pin tract infections and patients often receive high 
doses of corticosteroids and cytotoxic agents, leading to 
fragile skin and loss of subcutaneous tissue that impairs 
wound healing and increases infection. Patients with 
rheumatoid arthritis who are taking medications known 
to impede wound and bone healing require a drug-free 
interval during the perioperative period. Belt et al[11] 
study of rheumatoid patients undergoing the Dowel 
technique demonstrated a significantly high complication 
rate of infection and non- and malunion. Although the 
complication rate can be high, successful fusion can be 
achieved with a reported fusion rate of 90%[12]. Other 
systemic factors include major medical problems, such 
as end-organ failure, immunosuppresion, malnutrition, 
malignancy and chronic infections. In Frey et al[6] review 
of the predisposing factors leading to nonunion in ankle 
arthrodesis, patients with major medical problems 
(including renal failure, a significant smoking history, 
diabetes, and alcohol abuse) suffered an 85% nonunion 
rate. Saxena et al[13] demonstrated that the need for 
additional surgery was more likely if two or more of the 
high-risk designated criteria were met, which included 
immunosuppression, obesity and diabetes.

Local ankle and hindfoot factors
Local factors that define a complex ankle fusion 
include bone loss, a compromised soft-tissue envelope, 
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presence of infection, ankle or hindfoot deformity, and 
neuropathy. Frey et al[6] reviewed 78 patients who 
underwent ankle fusion and revealed a nonunion rate 
of 83% in patients who had an open fracture, 89% in 
patients with AVN and 60% in those with a history of 
infection.

Bone loss typically manifests as a result of high-
energy trauma leading to comminution or bone expu-
lsion, bone resorption secondary to chronic infection 
and avascular necrosis or bone stock deficiency post-
TAR. Bone loss can also create a significant degree 
of shortening, leading to leg-length discrepancy. 
Tibial plafond fractures can present with a significant 
degree of periarticular comminution and metaphyseal 
bone loss, which makes compression fixation with 
internal fixation difficult or impossible. This renders 
neutralization fixation via ankle fusion an option to 
prevent secondary deformities that could result from 
compression fixation in the presence of bone defects. 

In the setting of high-energy trauma, the soft tissue 
envelope is often significantly compromised by multiple 
traumatic and surgical scars, edematous, fibrous skin 
that is not pliable, or by draining sinus tracts if infection 
develops. This can be a risk when performing surgical 
approaches for fusion of the ankle[14]. 

Infection is often chronic and involves septic arthritis 
or osteomyelitis. Complex ankle arthrodesis success 
rates are decreased in the presence of infection. To 
achieve successful fusion in the setting of local infection, 
radical debridement, bone contact, stable fixation, 
and minimal compromise of the marginal blood supply 
are necessary. It is also of vital importance to avoid 
introducing foreign bodies at the site of infection and 
thus, external fixation should be highly considered. 
Antibiotic coated IMN can also be considered if acute 
shortening and bone contact can be achieved.

Deformity poses another obstacle to ankle fusion, 
often arising from the nature of the trauma itself, the 
result of malunion or nonunion from previous ankle 
fusions, or from co-existing neuropathy, which may lead 
to a Charcot arthropathy. Instability and progressive 
deformity in Charcot arthropathy can ultimately result 
in ulceration in a high percentage of cases. This leads 
to a high risk for progression to osteomyelitis and subse-
quent need for amputation[15].

SURGICAL TECHNIQUES
Surgical treatment for complex ankle pathology is often 
demanding and difficult due to the limitations imposed 
by the etiology of the patient’s condition. There are over 
forty techniques documented in the literature which 
range from open crossed screw constructs to plates, 
intramedullary nails (IMNs), and external fixation 
devices. Although the most widespread operative 
strategy for achieving arthrodesis is internal fixation, 
the role for other methods of fixation and stabilization 
become more apparent as complexity of ankle patho-
logy increases[16-18]. 

Both external and internal fixations have demon-
strated positive outcomes with regards to achieving 
rigid fixation, union and minimizing infection. The pitfalls 
and advantages of each arthrodesis strategy must be 
considered in deciding the course of management that 
is most likely to achieve an optimal clinical outcome. 
Advantages of internal fixation include the ready 
availability of screws, the relatively low cost, the ease 
of application, and the documented clinical efficacy 
under favorable patient conditions[19]. Reduced rates 
of complications (such as non-union and infection) 
and neutralization of biomechanical forces have also 
been reported[20]. Relative to external fixation, it may 
provide earlier and higher fusion rates, a greater degree 
of patient satisfaction and decreased complications, 
especially soft tissue infections. 

However, there are situations in which adaptation 
of the modular circular external fixator for ankle arthro-
desis offers significant advantages over screw fixation. 
The Ilizarov ring system is indicated in difficult cases, 
especially when additional distal tibial pathologic 
conditions, bone defects, length discrepancies, or the 
need for early weight bearing are present[10]. Several 
of the indications for ring external fixation include: (1) 
bone quality that is subjectively and radiographically 
deemed to be insufficient to support internal fixation; 
(2) a history of infection at the tibiotalar nonunion site; 
and (3) expected patient compliance with external 
fixator pin care[7]. The combination of dynamic axial 
compression and demonstrated ability to resist bending, 
shear, and torsional forces allows the option of early 
weight-bearing. These features make it an ideal fixation 
tool for patients with complex ankle pathology. Unlike 
screw fixation, external fixation arthrodesis can be 
performed in poor bone and soft tissue conditions and 
can be used in the presence of active infection as a 
one-stage procedure. Typically after debridement of 
the tibial plafond and talus, flat surfaces are left for 
apposition. Compression with a circular frame provides 
excellent mechanical stability in this setting[21]. This 
allows the surgeon to employ this technique with 
confidence in patients deemed unsuitable for reliable 
screw fixation[17]. Another advantage of the Ilizarov 
method for ankle fusion is its ability to equalize limb 
length discrepancies through simultaneous tibial 
lengthening using distraction osteogenesis. Performing 
a tibial osteotomy in the setting of an ankle fusion has 
also been thought to enhance healing at the arthrodesis 
site[22]. In addition to limb lengthening, the principles 
of distraction osteogenesis can be used to correct 
malalignment. The ability to correct the position of the 
hindfoot and forefoot by adjusting the frame as needed 
during the regeneration phase is a unique advantage of 
the Ilizarov method. It allows the surgeon to address 
any intraoperative errors or early postoperative loss 
of position, ultimately leading to improved success 
when treating severe malalignment, failed fusion, 
and septic arthritis[23,24]. Thordarson et al[16] reported 
that screws provided better resistance to torsional 
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via either blade plate fixation or IMN yielded similar 
fusion rates and clinical findings between the two 
constructs[30,31]. In a biomechanical study by Nasson et 
al[20] comparing the compression blade plate to crossed 
screws, crossed screws proved to make a stronger ankle 
fusion construct than the compression blade plate in 
valgus and dorsiflexion testing and trended to achieve 
greater resistance to plantarflexion, varus and torsional 
loads. However, in the presence of severe metaphyseal 
comminution and nonreconstructable joint incongruence, 
screw fixation techniques may be compromised while 
the blade plate demonstrates an attractive option. Ankle 
arthrodesis using a cannulated blade plate is a viable 
option to treat a nonreconstructable articular surface 
and metaphyseal bone defects in complex tibia pilon 
fractures. The cannulated blade-plate used in Bozic 
et al’s[32] series offered several advantages over other 
implants. Its use with a guide-wire allowed for precise 
placement of the blade, decreasing the likelihood of 
malposition and successfully maintaining correct foot 
position. It provided stable fixation with axial and 
rotational control in comminuted fractures with extensive 
bone-loss or non-union without requiring compression 
across the fusion site. Similar results were seen in 
Morgan et al[33] study where tibiotalar arthrodesis and 
metaphyseal reconstruction was achieved in all patients 
using a fixed-angle cannulated blade-plate with no 
mechanical or fixation failure. In comparison to IMN, the 
blade plate avoids the subtalar joint, preserving motion 
and decreasing the likelihood of arthrosis of adjacent 
joints. The use of the cannulated blade-plate allows for 
direct insertion with its thin leading edge of the blade, 
decreasing the likelihood of iatrogenic talar fracture. 
Complications seen with blade plate fixation include 
breakage of the plate and deep infection, especially in 
patients with a history of infection, which may require IV 
antibiotics and removal of the hardware. Disadvantages 
of the technique are related to prominence of the plate 
when it is placed anteriorly or laterally, which can lead to 
local irritation and need for subsequent removal of the 
plate[33]. 

Retrograde IMN: Ankle arthrodesis with a retrograde 
retrograde IMN has been shown to be an effective 
method for complex reconstructive procedures of the 
ankle and hindfoot. Recent biomechanical studies have 
shown superior strength with the use of IMN fixation 
over that of conventional cross screw techniques for 
ankle and hindfoot fusion, offering the advantage of 
being useful in conditions of either distal tibial and 
talar bone loss or when conventional screw fixation is 
suboptimal. Upon biomechanical comparison of IMN 
fixation and lag screw fixation for TTC arthrodesis, 
the IMN construct was shown to be significantly stiffer 
than the crossed lag screw construct after cadaveric 
specimens were subjected to cantilever bending tests 
in plantarflexion, dorsiflexion, inversion, and eversion 
as well as in internal and external rotation[34,35]. Thus, 

loading in specimens with higher bone quality, whereas 
external fixation resulted in better resistance to torsion 
in specimens with lower bone quality. The authors 
concluded that screw fixation is “essentially useless” 
in osteopenic bone. When Hoover et al[25] compared 
traditional crossed-screw fixation to bimalleolar external 
fixation, the bimalleolar external fixator revealed to be 
the more rigid construct in both bending and torsion as 
compared to traditional lag-screw technique. External 
fixation is not without its pitfalls, which may include 
increased risk of pin tract infections, wire breakage, 
decreased patient comfort with application of the device 
and the need for additional surgeries, including removal 
or repair of the fixator. 

From a biomechanical point of view, the choice of 
combined internal and external fixation is reasonable. 
Compared with stabilization with external skeletal 
fixation alone, additional internal osteosynthesis offers 
the opportunity of early removal of the fixator and 
consecutive mobilization of the adjacent tarsal and 
metatarsal joints. With the protection of the internal 
osteosynthesis, beginning early partial weight bearing of 
the limb increases further bony healing[10]. Thordarson 
et al[16] demonstrated that the external fixator gives 
good protection against torsional rotation but lacks 
good stability against plantar flexion-dorsiflexion 
movements at the fusion gap. However, these forces 
can be neutralized by cancellous bone screws. Hybrid 
techniques such as lengthening and then nailing (LATN) 
and lengthening and plating (LAP) can reduce the 
amount of time spent in external fixation and the risk of 
early regenerate fracture[26,27].

INTERNAL VS EXTERNAL FIXATION
Internal fixation
Internal compression or neutralization plating: 
For many years, the most widely applied techniques 
for ankle arthrodesis were crossed lag screws and 
IMN. Recently, the use of compression or neutralization 
plating has become increasingly more common. This 
approach, often with the use of proximal humeral 
and pediatric blade plates, offers another option for 
stabilization of the arthrodesis, especially in the setting 
of high-energy trauma or osteoporotic bone. From 
a biomechanical perspective, internal compression 
plating has been shown to have similar initial stability 
when compared with IM nailing (IMN), both in uni-
directional[28] and multi-directional loading planes. 
When comparing the stability of IMN and blade plate 
constructs in fresh-frozen cadaveric models with reduced 
bone mineral density, the results were also very similar. 
The relationship between bone density and plantar/
dorsiflexion and torsional stability was not significantly 
different in either construct; only in inversion/eversion 
was there a difference between the two, with blade 
plates exhibiting a reduction in stability as compared 
to IMNs[29]. Independent studies evaluating union rates 
in patients with tibiotalocalcaneal (TTC) arthrodesis 
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the IMN can be seen as more helpful in aiding the 
maintenance of hindfoot alignment during union, which 
ultimately increases the rate of fusion. IMN also allows for 
immediate stability and alignment with less dependence 
on external immobilization. Indications for tibiotalar, 
TTC or TC fusion with the IMN include salvage of failed 
tibiotalar arthrodesis, globular avascular necrosis of the 
talus, failed TAR, rheumatoid arthritis, inflammatory 
arthropathies, Charcot arthropathy, and gross instability 
presenting as a flail ankle as well as other neuromuscular 
conditions[36]. Ankle arthrodesis using the retrograde 
IMN is an effective method of correcting deformity and 
providing a plantigrade, braceable foot in patients with 
severe Charcot arthropathy and diabetes mellitus. Dalla 
Paola et al[37] achieved complete bony union of the ankle 
panarthrodesis with use of the IMN in 14 of 18 patients 
with Sanders pattern IV Charcot neuroarthropathy with 
no intra- or perioperative complications. In a similar 
subset of patients, Pinzur et al[38] investigated the use of 
a longer, femoral nail for ankle arthrodesis and its role 
in decreasing the risk of tibial stress fractures compared 
with shorter nails. All 9 patients achieved fusion of their 
ankle arthrodesis with a longer retrograde femoral nail. 
There was no evidence of infection, stress fracture or 
stress concentration at the proximal metaphyseal tip 
of the nails and all patients were ambulatory without 
localized pain. Ankle fusion with longer IMNs dissipates 
the stress along the entire shaft of the tibia and prevents 
its concentration at the tip. In patients with tibial 
fractures previously treated with external fixation, there 
is a greater risk for infection with ankle arthrodesis using 
the IMN. Pawar et al[14] were able to achieve union and 
eradicate infection with an antibiotic-coated locked IMN 
in five patients with infected Charcot ankles, 3 of whom 
had failed treatment with circular external fixation for 
infected ankle neuroarthropathy. Retrograde IMN is 
associated with several complications which include 
wound slough, infection, malunion, delayed union and 
nonunion, hardware failure, plantar foot pain, stress 
fractures, cortical hypertrophy, or stress risers at the 
proximal nail junction. Deep infection with proximal 
extension often requires removal of the implant, 
debridement and salvage with an external fixator if 
arthrodesis is incomplete. Initial treatment for delayed 
unions and nonunions includes removal of the proximal 
locking screws and adjunctive use of bone stimulator. 
If nonunions are symptomatic, reaming and exchange 
to a larger rod, or alternatively salvage with blade plate 
and bone grafting augmented with compression screw 
fixation may be necessary. Plantar foot pain is minimized 
with placement of the nail flush with the plantar cortex 
of the calcaneus and avoiding insertion on the weight-
bearing heel pad[36]. 

External fixation 
The Ilizarov technique harbors several advantages in 
the management of patients undergoing complex ankle 
arthrodesis. Several circumstances, especially settings 

of infection, bone loss, osteopenia and poor soft tissue 
coverage, provide an inclination for the use of external 
fixation. As with any active infection, the introduction 
of foreign bodies (i.e., internal fixation with plates 
and screws) poses a major risk for failed fusion and 
continued infection. External fixation bypasses implant 
usage and can be used in the presence of active infection 
as a one-stage procedure. With major bone loss or 
other defects, the principles of distraction osteogenesis 
can be used to correct limb length discrepancies and 
malalignment. It allows the surgeon to address any 
intraoperative errors or early postoperative loss of 
position. External fixation provides adequate dynamic 
axial compression of flat, otherwise unstable surfaces 
that may be continued in the postoperative period and 
is able to resist bending, shear, and torsional forces. 
Thus, the rigid fixation provided, allows for the option of 
earlier weight bearing than seen with other arthrodesis 
techniques. The following sections hereunder aim to 
discuss in further detail the outcomes of external fixation 
in various clinical scenarios.

SPECIAL SITUATIONS, OUTCOMES AND 
COMPLICATIONS
External fixation in patients with multiple comorbidities
Achieving arthrodesis in a Type B host presents a 
reconstructive challenge to the orthopaedic surgeon[5]. 
A Type B host is a patient with malnutrition, immu-
ne deficiency, chronic hypoxia, malignancy, diabetes 
mellitus, renal/liver failure, tobacco use, chronic lymp-
hedema, major vessel disease, or extensive scarring. 
These patients have compromised bone healing and 
have traditionally been treated non-operatively or with 
amputation. External fixation has been used in the 
setting of these complex cases as a last resort treatment 
for limb salvage. Fragomen et al[5] achieved a fusion 
rate of 78% in Type B host patients, compared to a 
94% fusion rate in Type A hosts. When smokers were 
excluded from the Type B hosts there was no difference 
between host type, demonstrating how smoking is one 
of the strongest predictors of failure among the factors 
that define a Type B host. Similarly to Fragomens’ study, 
Cierny et al[39] reported success rates of 100% in Type A 
hosts and 83% in Type B hosts. Additional studies have 
demonstrated successful results in patients with multiple 
pathologies undergoing ankle arthrodesis utilizing the 
Ilizarov method. Kugan et al[40] demonstrated an 83% 
fusion rate with clinical functional improvement and no 
recurrence of previous deep infection in 48 patients with 
multiple comorbidities using the Ilizarov technique alone. 
Despite a few expected complications, most of which can 
be controlled and treated if recognized early, external 
fixation serves as a reasonable limb salvage alternative 
to amputation in this subset of patients.

External fixation in patients with infected and non-
infected Charcot arthropathy
Severe foot and ankle deformity frequently arises as a 
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consequence of peripheral neuropathy, which ultimately 
leads to Charcot arthropathy. Charcot neuroarthropathy 
is most serious when the ankle is involved because of 
the instability and progressive deformity, which often 
leads to ulceration, osteomyelitis, and amputation. Limb 
salvage is considered superior to amputation if a stable, 
well-aligned, lower extremity can be achieved due to 
the excessive weight-bearing and potential increase 
in severe diabetic complications the contralateral limb 
will likely face. Ankle arthrodesis, even in cases before 
ulcerated lesions appear, is considered a limb salvage 
treatment for this condition. External fixation has 
been routinely applied for arthrodesis in patients with 
Charcot arthropathy. Among patients with complex 
ankle pathology undergoing arthrodesis via the Ilizarov 
method, the fusion rate for patients with Charcot 
neuroarthropathy has been shown to be lower than 
for patients without Charcot neuroarthropathy. These 
patients exhibit numerous complications, including 
tibial stress fractures, subtalar joint collapse after frame 
removal, total collapse of the calcaneal body, and return 
to the operating room for frame revision and have often 
ended with a below knee amputation[5]. Utilization of a 
neutrally applied three-level circular external fixator in 
diabetic patients affected by Charcot neuroarthropathy 
with midfoot deformities and open wounds has shown 
excellent results. Pinzur[41] demonstrated 24 of 26 
patients to be ulcer and infection-free and able to 
ambulate with commercially available depth-inlay shoes 
and custom accommodative foot orthoses. Although 
complications such as amputation for persistent 
infection, stress fractures and recurrence of plantar 
ulcers were seen, the study concludes that adequate 
correction and maintenance of the fixed midfoot 
deformity with a neutrally applied ring external fixator 
can be achieved in morbidly obese diabetic individuals 
with multiple co-morbidities complicating severe 
Charcot foot deformity. Hybrid external fixation has 
also been used for ankle fusion in patients with Charcot 
neuroarthropathy complicated by ulcers with isolated 
tarsal or ankle osteomyelitis[15]. This technique has 
demonstrated an 87% fusion rate and achievement of a 
stable, plantigrade foot. The key elements of treatment 
using this method include: (1) complete debridement of 
the infected tissue; (2) application of the external fixator 
with pins and wires not interfering with the infection site; 
(3) the use of only tensioned thin wires on the foot; (4) 
6 to 8 wk of parenteral antibiotics in the postoperative 
period; (5) strict non-weight bearing post-operatively for 
8-12 wk; and (6) the use of negative pressure wound 
therapy for the postoperative treatment of open wounds.

External fixation in patients with failed total ankle 
replacement
Total ankle replacement (TAR) is often indicated in 
patients with end-stage tibio-talar arthritis. Although 
survivorship of the implant has improved, failure rates 
still remain elevated with revision arthroplasty being 

imminent within 10 years of the index procedure[42]. TAR 
failure results in bone defects, significant limb length 
discrepancy (LLD) and poor soft tissue envelope quality, 
limiting many surgical options. In addition to revision 
arthroplasty, arthrodesis serves as an alternative and 
is often the preferred salvage procedure. Several 
approaches to achieve arthrodesis have been reported, 
ranging from external and internal fixation (plates, 
screws and retrograde nails) with or without structural 
bone or trabecular metal graft. Salvaging failed TAR 
with ankle arthrodesis has the potential to create 
significant bone deficits. This issue can be addressed 
in several ways including shoe lifts, placement of auto- 
or allograft within the bone defect or staged tibial 
lengthening via the Ilizarov method. A retrospective 
case series by McCoy et al[43] investigated the utilization 
of the Ilizarov method for complex ankle fusion in 7 
patients with failed TAR, 5 of whom had undergone 
prior revisions and re-revisions. External fixation 
demonstrated an ability to produce an excellent fusion 
rate in complex, possibly infected, failed TARs with no 
evidence of fixation failure, re-fracture, or infection in 
all patients and all achieving a stable, plantigrade foot 
with minimal limping. In the setting of failed TAR, the 
Ilizarov method evinces a particular appeal because 
the staged lengthening modality allows for limb length 
optimization to be achieved after ankle fusion and bony 
apposition has already been set in the frame. Optimal 
bone contact can be achieved at the ankle fusion site 
and accurate assessment of the postarthrodesis LLD 
can be done. The patient and surgeon can then make 
a more informed decision regarding further treatment 
with limb lengthening or a shoe lift. Both options allow 
precise adjustment of limb length to patient comfort. 
Additionally, since the reconstruction does not rely on 
indwelling hardware or allograft bone, there is less 
concern when working in an infected field. 

External fixation in patients with septic arthropathy and 
bone loss
Injuries involving bone loss around the ankle are 
often secondary to high-energy trauma and present a 
unique challenge for reconstruction and limb salvage 
efforts. These injuries are frequently compounded by 
infection, scarring, poor bone quality and shortening, 
either due to the primary insult or after initial surgery. 
The ability to achieve a painless, stable limb with 
eradication of infection using internal fixation is difficult 
and often contraindicated, setting forth the option of 
external fixation. The Ilizarov technique has shown 
to be a viable alternative to amputation in patients 
with these difficult cases. The rationale is to provide 
fixed angle stable fixation of the bone fragments, a 
percutaneous approach that is particularly useful in the 
presence of poor skin, and avoid the use of internal 
implants in the presence of infection[44]. Zarutsky et al[9] 
exhibited circular wire external fixation to be a viable 
treatment for the complex ankle salvage pathology. In 
a setting where implantable hardware is an absolute 
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contraindication, only 2 of 12 patients with unilateral 
septic ankles achieved an unstable nonunion after 
external fixation. Salem et al[45] demonstrated the 
need for additional surgery and high complication rates 
despite successful fusion and clinical function using the 
Ilizarov frame for ankle arthrodesis in patients with 
significant bone loss and infection. Several patients, 
nearly all with septic ankle arthritis, needed repeat 
postoperative wound revisions or resection and renewed 
frame application to achieve union or to eradicate 
infection. With infection or AVN of the talus, complete 
or partial talectomy is often necessary which results in 
bone loss and LLD. This problem can be resolved with 
bone transport using the Ilizarov fixator for proximal 
tibial distraction osteogenesis. Of note, when comparing 
complex ankle fusion healing time in septic verus 
aseptic patients, a longer mean time to fusion for the 
infected cases has been shown[22,41]. 

External fixation in patients with revision ankle 
arthrodesis
Malunion and nonunion of an ankle fusion site are fre-
quently complicated by persistent pain, infection, limb-
length discrepancy and deformity. Revision surgery 
with the Ilizarov technique has been used to treat these 
complex conditions. The ultimate goals of revision ankle 
arthrodesis are a pain-free ankle, an almost normal gait 
pattern, and a foot capable of wearing a regular shoe. 
These goals can be met after obtaining solid union and 
correcting any deformity or malposition of the ankle, 
hindfoot, and forefoot. Advantages of external fixation 
over other methods for revision arthrodesis include rigid 
immobilization, resistance against shear and torsional 
stresses, axial loading with the ability for early return to 
weight bearing status, wound access, and manageability 
of large soft tissue and bony defects[36]. Excellent results 
have been achieved for revision ankle arthrodesis using 
external fixation with successful union being achieved in 
over 80% of patients and outcomes being comparable 
to those of primary arthrodesis. These patients who 
achieved successful fusion exhibited marked impro-
vement in clinical outcomes scores[7,46,47]. The subgroup 
of patients undergoing revision arthrodesis present a 
unique challenge because most of them have coexi-
sting pathological conditions and multiple previous 
operations[23]. Although achieving excellent radiographic 
and clinical results, the 22 (of 45) patients in Easley 
et al[7] study who had undergone revision tibiotalar 
arthrodesis with ring external fixation experienced the 
most complications in comparison to the groups with 
revision using internal fixation. Most of the complications 
were minor, not requiring surgical intervention. Although 
ring external fixation proved to have the highest rate of 
union among the methods of revision ankle arthrodesis 
and was effective for achieving union in several re-
revision cases, it was associated with the majority of 
complications. Similarly to patients with other complex 
ankle pathologies, many patients undergoing revision 

ankle arthrodesis with external fixation face major 
complications such as, persistent nonunion, the need for 
additional surgical procedures (e.g., frame revisions, re-
debridement of residual bone infections), as well as other 
issues such as pin-site infections, adjacent joint arthrosis 
and tibial fractures and below knee amputation. Patients 
undergoing revision arthrodesis with external fixation 
have also required longer periods of immobilization in 
comparison to primary arthrodesis surgery[12]. 

Patients undergoing simultaneous tibial lengthening 
Many patients requiring ankle arthrodesis have a 
significant degree of limb-length discrepancy as a 
result of severe bone loss; often secondary to trauma 
or removal due to infection or AVN. Significant LLD 
presents a major issue in that a greater discrepancy 
is associated with a higher risk of ankle nonunion[5]. 
Patients with this issue undergoing ankle fusion using 
external fixation are at a major advantage in that 
the limb-length discrepancy can be addressed with 
either a distal or a proximal corticotomy, followed 
by distraction osteogenesis and compression at the 
arthrodesis site[22]. Not only can the external fixator 
correct limb length inequality, it allows partial weight-
bearing during the reconstruction, which enhances 
rehabilitation and stimulates healing of the arthrodesis 
and the proximal bone transport[48]. The ideal candidate 
for tibial lengthening is a nonsmoker, young adult, with 
a strong family support system, who has greater than 
3 cm of shortening[44]. The procedure should be staged 
several weeks after the index fusion procedure. Abiding 
to the Ilizarov technique, a seven-day latent period 
after the corticotomy should be followed by gradual 
distraction at 1 mm per day. The goal of treatment is for 
the operatively treated limb to be 0-1 cm shorter than 
the normal limb. This slight amount of limb shortening 
is necessary for toe clearance during the swing phase 
of gait. Several studies have demonstrated excellent 
results with simultaneous tibial lengthening during 
complex ankle arthrodesis. Of the 18 patients (with 
an average LLD of 4 cm) in Katsenis et al[23] study, 16 
patients’ limbs were able to be successfully lengthened 
to 1.5 cm shorter than the contralateral limb. Among 48 
patients with complex ankle pathology that underwent 
ankle fusion, 11 patients underwent simultaneous 
tibial lengthening. Bifocal compression-distraction in 
10 patients and bone transport in one patient resulted 
in both fusion and leg length equality. Similarly, eight 
patients in Rochman et al[48] study underwent proximal 
tibial distraction osteogenesis in the Ilizarov frame to 
achieve equal limb length. Aside from the common 
complications associated with external fixation, compli-
cations that may arise with bone transport include 
premature consolidation or delayed maturation of 
the regenerate bone at the osteotomy site as well as 
angulation at the site of transport. These complications 
may require the need for correction with surgical 
intervention. The advent of the Taylor Spatial Frame 
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(TSF), which enables correction of residual deformity 
by computer-generated software and gradual strut 
adjustments, can negate the need for surgery. Although 
lengthening adds to the complexity of treatment and 
prolongs the overall treatment time, it allows limb 
length equalization after aggressive debridement of all 
necrotic, infected, and poor quality bone. It also provides 
a biological stimulus for bone healing, alleviating the 
need for bone grafts. Studies have demonstrated a 2 to 
3-fold increase in blood flow in the bone segment under 
distraction arthrodesis as compared to the contralateral 
side. This has been shown to accelerate bone union 
and control of sepsis[45]. The theory that performing 
a tibial osteotomy in the setting of an ankle fusion 
enhances healing at the arthrodesis site by promoting 
blood flow is, however, of much debate. Fragomen et 
al[5] study disproved the notion of increased fusion rates 
with osteotomy and simultaneous tibial lengthening. 
Patients with lengthening had a lower fusion rate, which 
the authors attributed to compromised healing seen 
with the increased complexity of patients with LLD that 
might require lengthening surgery. Simultaneous tibial 
osteotomy with ankle fusion also exposes the patient to 
increased swelling, blood loss, and increases the risk of 
thromboembolism and compartment syndrome. 

BIOLOGICAL AND PHYSICAL 
AUGMENTATION FOR COMPLEX 
FUSIONS
Biological augmentation
With the progression of technical advances in external 
and internal fixation, complex ankle fusion outcomes 
have seen improvement. In addition to better surgical 
technique, a better understanding of bone healing 
biology has certainly contributed to these improved 
outcomes. The manipulation of bone biology to pro-
mote healing can be achieved with 2 types of biological 
agents, osteoconductive and osteoinductive agents. 
Osteoconductive agents serve as a scaffold matrix for 
cells to infiltrate, which allows bone to grow across the 
material. Osteoinductive agents are growth factors 
that stimulate nondifferentiated mesenchymal cells 
to differentiate into osteoblasts and other bone or 
cartilage forming cells. Osteobiologic agents that have 
been of current research focus include structural allo-
grafts, demineralized bone matrix (DBM) and bone 
morphogenetic proteins (BMPs).

The operative management of complex ankle and 
hindfoot pathology with large structural bone deficits 
can be difficult owing significant shortening of the 
limb. Fortunately, these conditions can be treated with 
arthrodesis in combination with implantation of bone 
graft. The foot and ankle is an area of great mechanical 
stress, rendering corticocancellous (structural) grafts to 
be frequently used due to the support and rigid fixation 
they facilitate. The use of frozen femoral head allograft 
has proven to be useful and safe for the treatment of 

these complex cases[49]. Although its use is technically 
demanding because of difficulty maintaining the position 
of the allograft during preparation and placement of 
the IM nail, the use of the “cup-and-cone” technique 
described by Cuttica et al[50] has shown to be helpful. 
After reaming the distal tibia and remaining talus 
or calcaneus with an acetabular reamer, a concave 
surface is created for secure placement of the convex 
interpositional femoral head allograft. The fusion 
interface leading to increased bone-to-bone contact 
between the allograft and the residual host bone in 
combination with the structural strength of the femoral 
head leads to a stable construct that more readily 
maintains the alignment and placement of the IMN while 
preserving the limb length of the patient’s affected lower 
extremity. 

A novel substitute to conventional bone graft mea-
sures is DBM, a form of allograft bone which preserves 
the proteinaceous growth factors present in bone that 
stimulate the induction of non-differentiated bone cells 
into osteoblasts[51]. It’s use as a substitute for other 
forms of bone graft in complex ankle fusion surgery has 
demonstrated a mixed array of outcomes in regards 
to improved union rates[51-53]. Thordarson et al[51] was 
not able to demonstrate fusion rates superior to those 
observed with historical trials of DMB or standard forms 
of bone graft (e.g., iliac crest autograft). Although DBM’s 
osteoinductive properties have not exhibited superior 
results to gold standard autogenous iliac crest bone 
graft, its use does convey lowered risk of complications 
such as donor site infection, pain, neurovascular injury, 
and fracture. In addition, there may be insufficient 
autograft in cases with large bone defects and operative 
time is decreased when allograft is used. It is important 
to be aware of the risks carried with allograft, these 
include latent infection, decreased mechanical strength 
following sterilization, and an increased risk of fracture, 
collapse, or nonunion[43].

BMPs exert a wide range of osteoinductive growth 
factor functions, with most BMPs (except BMP-1 and 3) 
promoting cellular proliferation, apoptosis, differentiation, 
and morphogenesis. They induce bone formation by way 
of endochondral ossification and in high concentrations 
may form bone by way of intramembranous ossifi-
cation[48]. They are key modulators of osteoprogenitor 
and mesenchymal cells during fracture healing. In a 
prospective randomized clinical trial of 450 patients who 
had open tibia fractures, patients who received an IMN 
in combination with high-dose BMP had significantly 
fewer hardware failures, shorter time to union, fewer 
infections, faster wound healing, and fewer nonunions 
when compared to the patients who only received the 
IMN[54,55]. Currently, recombinant BMP-2 (INFUSE®) is 
FDA approved for use in anterior lumbar interbody fusions 
(with fusion cages) and open tibia fractures treated with 
IMN fixation. Encouraging results in Liporace et al[55] 
experience with rhBMP-2 in high-risk ankle and hindfoot 
fusions promotes its clinical use in this spectrum of 
patients with an excellent safety profile. A case-control 
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study[56] involving 82 high-risk patients who underwent 
complex ankle fusion with an Ilizarov frame showed 
promising results in the patients treated with rhBMP-2. 
The patients were more likely to obtain fusion after the 
initial surgery, spent less time wearing the frame and 
showed more bone bridging on CT scans in comparison 
to the control group of patients. A reduction in time 
wearing the frame in patients treated with rhBMP-2 
could signify decreased morbidity and complications, 
particularly superficial and deep infections, pin loosening 
or failure, and tibial fractures. Recent literature cites 
unexpected complications such as heterotopic ossifi-
cation and retrograde ejaculation in patients treated 
rhBMP for spinal procedures in close proximity to the 
presacral sympathetic plexus[57,58]. In the case-control 
study mentioned, there were no differences in the 
frequency of complications between the groups and 
no heterotopic ossification, deep vein thrombosis, 
compartment syndrome, wound breakdown, or focal 
neurologic deficiency was observed in either patient 
group. However, another case-control study by DeVries 
et al[59] failed to show significance in the fusion rate and 
time until radiographic union for rhBMP-2-treated and 
untreated groups after TTC fusions secondary to failed 
initial arthrodesis. Even with these encouraging results, 
it must be stressed that osteobiologic agents, including 
rhBMP-2, are adjuvant agents; the use of rhBMP-2 alone 
will not ensure osseous healing and thus it cannot yet be 
solely relied upon on to bridge bone gaps, especially in 
high-risk patients.

Physical device augmentation
In addition to the wide array of adjunctive bone grafts 
and growth factors for complex ankle fusion, various 
external and internal osteobiologic devices have showed 
promising results. Three commercially distinct modalities 
have been of investigation for bone stimulation, which 
include: pulsed electromagnetic field (PEMF), internal 
direct current (DC), and low intensity pulsed ultrasound 
(LIPUS)[55]. 

PEMF have been approved by the FDA for stimul-
ation of bone growth in the treatment of nonunions 
following fractures and failed arthrodesis. PEMF seems 
to stimulate healing of a nonunion through TGF-B-
mediated differentiation of fibrocartilage cells and 
increased expression of BMP-2 and 4, leading to the 
stimulatory effect on osteoblasts[60,61]. Initial pre-
clinical studies on the application of PEMF treatment 
on osteotomized rat fibula and canine tibia models 
demonstrated significant reduction in the amount of 
time-dependent bone volume loss and osteotomy gap 
size as well as faster recovery of dynamic load bearing 
with increased load-bearing capacity compared with the 
non-PEMF treated controls[62,63]. Use of PEMF devices 
less than the recommended minimum period of 3 h has 
been demonstrated to significantly reduce the efficacy 
of this modality of bone stimulation in union rates, 
with approximately 2.3 times less union reported com-
pared with when PEMF is used for the recommended 

periods[55]. Saltzman et al[64] investigated the use of 
PEMF, immobilization, and limited weight-bearing to 
treat 19 cases of delayed union after foot and ankle 
arthrodesis in 334 patients. The treatment protocol 
was successful in 5 of the 19 cases, with the remainder 
resulting in nonunion, thereby directing the authors to 
not recommend their PEMF protocol in treating delayed 
union in foot and ankle arthrodesis. They attributed the 
lower success rate, relative to fusion of long bones, to 
the geometric difficulties in orienting the coils to induce 
a current through the asymmetric foot and ankle. 

The application of implantable DC bone stimulation 
for the treatment of complex ankle fusion has shown 
positive outcomes in several studies. Although the 
implantable DC stimulator may necessitate the need for 
a secondary procedure to remove the device in light of 
infection, local irritation, prominent hardware, or pain, it 
has several distinct advantages, which include increased 
compliance and constant, DC application to the site of 
interest with maximal intensity. Despite the absence 
of controlled studies directly comparing patients with 
and without implanted DC stimulators, several studies 
suggest that internal electrical bone stimulation may 
assist in fusions of the foot and ankle in high-risk 
patients. Saxena et al[13] demonstrated an 86% fusion 
rate utilizing implantable DC stimulation in conjunction 
with the standard arthrodesis protocol of bone graft 
and internal fixation in patients with diabetes, obesity, 
alcohol abuse, smoking history, previously failed 
arthrodesis or history of immunosuppressive drug use. 
Several complications did arise with 2 of the patients 
sustaining cable breakage of the implanted bone 
stimulator and 5 needing additional surgery, 4 of whom 
in order to achieve arthrodesis, which was subsequently 
successful. On a similar note, Donley et al[65] study 
exhibited a significant decrease in nonunion rate among 
high-risk patients, with 12 of 13 achieving fusion and 
improvement in mean pain scores after placement of 
an implantable DC stimulator during the arthrodesis 
surgery. Complications included a successfully treated 
superficial breakdown of a wound and 4 reoperations 
to remove the implant’s batteries. Hockenbury et 
al[66] achieved a 90% fusion rate as well as improved 
clinical function in 10 patients with severe Charcot 
neuroarthropathy with the use of rigid internal fixation, 
autogenous bone graft and an implantable bone growth 
stimulator. In addition to complex primary arthrodesis 
procedures, implantable DC bone stimulation was 
analyzed in 10 consecutive revision arthrodeses for 
patients who had aseptic nonunion of the ankle. All 10 
patients obtained solid fusion with good clinical outcome 
scale measurements[67]. 

The concept of LIPUS has also been applied to the 
arsenal of treatment for foot and ankle fusion. LIPUS 
has shown to accelerate the fracture healing rate for 
fresh fractures[68,69] as well as fracture nonunions[70]. It 
has received more attention for patients or fractures 
with potentially negative factors for fracture healing, 
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such as delayed unions and nonunions[71,72]. Jones et 
al[73] were the first to prospectively investigate the use 
of LIPUS in the treatment of hindfoot nonunions after 
revision hindfoot arthrodesis. Although the study was 
not a controlled series and included a variety of hindfoot 
nonunions and revision surgeries, it demonstrated 
improved clinical function and only one nonunion from a 
total of 19 joints (13 patients) that had been revisioned 
with arthrodesis in combination with LIPUS. An im-
portant disadvantage of LIPUS that was mentioned 
in the study was the high cost of the ultrasound units 
and reimbursement that varied between carriers and 
location. Jones et al[73] were also the first to complete 
a prospective comparative study evaluating clinical and 
radiographic healing of patients undergoing primary 
subtalar arthrodesis with LIPUS and demonstrated a 
100% fusion rate with significantly faster healing rates 
on plain radiographs and CT in addition to improved 
clinical function 12 mo post-operatively compared to 
the control. Although the mentioned studies did not 
include high-risk nonunion patients, the outcomes 
demonstrated hold promising results for the treatment 
of a more complex group of patients. Because of 
the paucity of literature evaluating electrical and 
ultrasound bone stimulation with complex hindfoot 
and ankle arthrodesis, it is difficult to clearly define 
its role. Sufficient clinical evidence does not exist to 
support the use of one modality over another. Although 
the most important aspect in any fusion surgery is 
meticulous technique, advances in technology with 
bone stimulators and osteobiologic agents seem to be 
useful additions in the quest to achieve solid fusions 
with decreased complications[55].

CONCLUSION
Complex ankle fusion remains a challenging problem, 
with multiple factors ranging from local ankle and hindfoot 
pathology to systemic conditions and risk factors. 
Careful clinical and radiographic assessment, including 
CT and MRI might be warranted for proper decision 
making and formulating plan of management. Despite 
the limitations imposed by the etiology of the patient’s 
condition, both internal and external fixation techniques 
have shown to be viable limb salvage alternatives, with 
each having there advantages and disadvantages. Both 
modalities have demonstrated very good fusion rates in 
a wide array of conditions including high-energy trauma, 
significant bone loss, deformity, and Charcot arthropathy. 
External fixation via the Ilizarov method has proved to 
be invaluable in cases with active infection, significant 
LLD as well as poor bone quality and soft tissues for 
adequate coverage. The antibiotic coated locked IM nail 
can be used in the setting of infection and bone loss if 
acute bony apposition can be achieved. Lastly, the use 
of biophysical adjuncts provides a promising field that 
requires additional randomized controlled trials to further 
justify their use in light of their expense.

REFERENCES
1 Perlman MH, Thordarson DB. Ankle fusion in a high risk 

population: an assessment of nonunion risk factors. Foot Ankle Int 
1999; 20: 491496 [PMID: 10473059 DOI: 10.1177/107110079902
000805]

2 Flemister AS, Infante AF, Sanders RW, Walling AK. Subtalar 
arthrodesis for complications of intraarticular calcaneal fractures. 
Foot Ankle Int 2000; 21: 392399 [PMID: 10830657 DOI: 10.1177/
107110070002100506]

3 Chahal J, Stephen DJ, Bulmer B, Daniels T, Kreder HJ. Factors 
associated with outcome after subtalar arthrodesis. J Orthop 
Trauma 2006; 20: 555561 [PMID: 16990727 DOI: 10.1097/01.
bot.0000211156.13487.6a]

4 Easley ME, Trnka HJ, Schon LC, Myerson MS. Isolated subtalar 
arthrodesis. J Bone Joint Surg Am 2000; 82: 613624 [PMID: 
10819272]

5 Fragomen AT, Borst E, Schachter L, Lyman S, Rozbruch SR. 
Complex ankle arthrodesis using the Ilizarov method yields high 
rate of fusion. Clin Orthop Relat Res 2012; 470: 28642873 [PMID: 
22777590 DOI: 10.1007/s1199901224709]

6 Frey C, Halikus NM, VuRose T, Ebramzadeh E. A review of ankle 
arthrodesis: predisposing factors to nonunion. Foot Ankle Int 1994; 
15: 581584 [PMID: 7849972 DOI: 10.1177/107110079401501102]

7 Easley ME, Montijo HE, Wilson JB, Fitch RD, Nunley JA. 
Revision tibiotalar arthrodesis. J Bone Joint Surg Am 2008; 90: 
12121223 [PMID: 18519313 DOI: 10.2106/JBJS.G.00506]

8 Thevendran G, Younger A, Pinney S. Current concepts review: 
risk factors for nonunions in foot and ankle arthrodeses. Foot 
Ankle Int 2012; 33: 10311040 [PMID: 23131455 DOI: 10.3113/
FAI.2012.1031]

9 Zarutsky E, Rush SM, Schuberth JM. The use of circular wire 
external fixation in the treatment of salvage ankle arthrodesis. J 
Foot Ankle Surg 2005; 44: 2231 [PMID: 15704079 DOI: 10.1053/
j.jfas.2004.11.004]

10 Richter D, Hahn MP, Laun RA, Ekkernkamp A, Muhr G, 
Ostermann PA. Arthrodesis of the infected ankle and subtalar 
joint: technique, indications, and results of 45 consecutive cases. J 
Trauma 1999; 47: 10721078 [PMID: 10608535 DOI: 10.1097/000
0537319991200000013]

11 Belt EA, Mäenpää H, Lehto MU. Outcome of ankle arthrodesis 
performed by dowel technique in patients with rheumatic disease. 
Foot Ankle Int 2001; 22: 666669 [PMID: 11527029 DOI: 10.1177/
107110070102200809]

12 Mäenpää H, Lehto MU, Belt EA. Why do ankle arthrodeses fail in 
patients with rheumatic disease? Foot Ankle Int 2001; 22: 403408 
[PMID: 11428759 DOI: 10.1177/107110070102200508]

13 Saxena A, DiDomenico LA, Widtfeldt A, Adams T, Kim W. 
Implantable electrical bone stimulation for arthrodeses of the 
foot and ankle in highrisk patients: a multicenter study. J Foot 
Ankle Surg 2005; 44: 450454 [PMID: 16257674 DOI: 10.1053/
j.jfas.2005.07.018]

14 Pawar A, Dikmen G, Fragomen A, Rozbruch SR. Antibioticcoated 
nail for fusion of infected charcot ankles. Foot Ankle Int 2013; 34: 
8084 [PMID: 23386765 DOI: 10.1177/1071100712460209]

15 Dalla Paola L, Brocco E, Ceccacci T, Ninkovic S, Sorgentone S, 
Marinescu MG, Volpe A. Limb salvage in Charcot foot and ankle 
osteomyelitis: combined use single stage/double stage of arthrodesis 
and external fixation. Foot Ankle Int 2009; 30: 10651070 [PMID: 
19912716 DOI: 10.3113/FAI.2009.1065]

16 Thordarson DB, Markolf K, Cracchiolo A. Stability of an ankle 
arthrodesis fixed by cancellousbone screws compared with that 
fixed by an external fixator. A biomechanical study. J Bone Joint 
Surg Am 1992; 74: 10501055 [PMID: 1522091]

17 Ogut T, Glisson RR, Chuckpaiwong B, Le IL, Easley ME. 
External ring fixation versus screw fixation for ankle arthrodesis: 
a biomechanical comparison. Foot Ankle Int 2009; 30: 353360 
[PMID: 19356361 DOI: 10.3113/FAI.2009.0353]

18 Abidi NA, Gruen GS, Conti SF. Ankle arthrodesis: indications 
and techniques. J Am Acad Orthop Surg 2000; 8: 200209 [PMID: 

611WJO|www.wjgnet.com September 18, 2015|Volume 6|Issue 8|

Rabinovich RV et al . Review of complex ankle arthrodesis



10874227]
19 Holt ES, Hansen ST, Mayo KA, Sangeorzan BJ. Ankle arthrodesis 

using internal screw fixation. Clin Orthop Relat Res 1991; (268): 
2128 [PMID: 2060210]

20 Nasson S, Shuff C, Palmer D, Owen J, Wayne J, Carr J, Adelaar R, 
May D. Biomechanical comparison of ankle arthrodesis techniques: 
crossed screws vs. blade plate. Foot Ankle Int 2001; 22: 575580 
[PMID: 11503983 DOI: 10.1177/107110070102200708]

21 Lenarz C, Bledsoe G, Watson JT. Circular external fixation frames 
with divergent half pins: a pilot biomechanical study. Clin Orthop 
Relat Res 2008; 466: 29332939 [PMID: 18800214 DOI: 10.1007/
s1199900804920]

22 Cierny G, Mader JT, Penninck JJ. A clinical staging system for 
adult osteomyelitis. Clin Orthop Relat Res 2003; (414): 724 [PMID: 
12966271 DOI: 10.1097/01.blo.0000088564.81746.62]

23 Katsenis D, Bhave A, Paley D, Herzenberg JE. Treatment of 
malunion and nonunion at the site of an ankle fusion with the 
Ilizarov apparatus. J Bone Joint Surg Am 2005; 87: 302309 [PMID: 
15687151 DOI: 10.2106/JBJS.C.01421]

24 Onodera T, Majima T, Kasahara Y, Takahashi D, Yamazaki S, 
Ando R, Minami A. Outcome of transfibular ankle arthrodesis 
with Ilizarov apparatus. Foot Ankle Int 2012; 33: 964968 [PMID: 
23131442 DOI: 10.3113/FAI.2012.0964]

25 Hoover JR, Santrock RD, James WC. Ankle fusion stability: a 
biomechanical comparison of external versus internal fixation. 
Orthopedics 2011; 34 [PMID: 21469636 DOI: 10.3928/014774472
011022804]

26 Rozbruch SR, Kleinman D, Fragomen AT, Ilizarov S. Limb 
lengthening and then insertion of an intramedullary nail: a case
matched comparison. Clin Orthop Relat Res 2008; 466: 29232932 
[PMID: 18800209 DOI: 10.1007/s1199900805098]

27 Harbacheuski R, Fragomen AT, Rozbruch SR. Does lengthening 
and then plating (LAP) shorten duration of external fixation? Clin 
Orthop Relat Res 2012; 470: 17711781 [PMID: 22083361 DOI: 
10.1007/s1199901121782]

28 Chiodo CP, Acevedo JI, Sammarco VJ, Parks BG, Boucher HR, 
Myerson MS, Schon LC. Intramedullary rod fixation compared with 
bladeplateandscrew fixation for tibiotalocalcaneal arthrodesis: 
a biomechanical investigation. J Bone Joint Surg Am 2003; 85-A: 
24252428 [PMID: 14668514]

29 Alfahd U, Roth SE, Stephen D, Whyne CM. Biomechanical 
comparison of intramedullary nail and blade plate fixation for 
tibiotalocalcaneal arthrodesis. J Orthop Trauma 2005; 19: 703708 
[PMID: 16314718 DOI: 10.1097/01.bot.0000184142.90448.e3]

30 Kile TA, Donnelly RE, Gehrke JC, Werner ME, Johnson KA. 
Tibiotalocalcaneal arthrodesis with an intramedullary device. Foot 
Ankle Int 1994; 15: 669673 [PMID: 7894640 DOI: 10.1177/10711
0079401501208]

31 Myerson MS, Alvarez RG, Lam PW. Tibiocalcaneal arthrodesis 
for the management of severe ankle and hindfoot deformities. Foot 
Ankle Int 2000; 21: 643650 [PMID: 10966361 DOI: 10.1177/1071
10070002100803]

32 Bozic V, Thordarson DB, Hertz J. Ankle fusion for definitive 
management of nonreconstructable pilon fractures. Foot Ankle Int 
2008; 29: 914918 [PMID: 18778670 DOI: 10.3113/FAI.2008.0 
914]

33 Morgan SJ, Thordarson DB, Shepherd LE. Salvage of tibial pilon 
fractures using fusion of the ankle with a 90 degrees cannulated 
bladeplate: a preliminary report. Foot Ankle Int 1999; 20: 375378 
[PMID: 10395340 DOI: 10.1177/107110079902000606]

34 Fleming SS, Moore TJ, Hutton WC. Biomechanical analysis of 
hindfoot fixation using an intramedullary rod. J South Orthop Assoc 
1998; 7: 1926 [PMID: 9570728]

35 Berend ME, Glisson RR, Nunley JA. A biomechanical comparison 
of intramedullary nail and crossed lag screw fixation for tibiotalo
calcaneal arthrodesis. Foot Ankle Int 1997; 18: 639643 [PMID: 
9347301 DOI: 10.1177/107110079701801007]

36 Cooper PS. Complications of ankle and tibiotalocalcaneal 
arthrodesis. Clin Orthop Relat Res 2001; (391): 3344 [PMID: 
11603688 DOI: 10.1097/0000308620011000000006]

37 Dalla Paola L, Volpe A, Varotto D, Postorino A, Brocco E, 
Senesi A, Merico M, De Vido D, Da Ros R, Assaloni R. Use of a 
retrograde nail for ankle arthrodesis in Charcot neuroarthropathy: a 
limb salvage procedure. Foot Ankle Int 2007; 28: 967970 [PMID: 
17880869 DOI: 10.3113/FAI.2007.0967]

38 Pinzur MS, Noonan T. Ankle arthrodesis with a retrograde femoral 
nail for Charcot ankle arthropathy. Foot Ankle Int 2005; 26: 545549 
[PMID: 16045846 DOI: 10.1177/107110070502600709]

39 Cierny G, Cook WG, Mader JT. Ankle arthrodesis in the presence 
of ongoing sepsis. Indications, methods, and results. Orthop Clin 
North Am 1989; 20: 709721 [PMID: 2797759]

40 Kugan R, Aslam N, Bose D, McNally MA. Outcome of arthrodesis 
of the hindfoot as a salvage procedure for complex ankle pathology 
using the Ilizarov technique. Bone Joint J 2013; 95-B: 371377 
[PMID: 23450023 DOI: 10.1302/0301620X.95B3.29885]

41 Pinzur MS. Neutral ring fixation for highrisk nonplantigrade 
Charcot midfoot deformity. Foot Ankle Int 2007; 28: 961966 
[PMID: 17880868 DOI: 10.3113/FAI.2007.0961]

42 Labek G, Thaler M, Janda W, Agreiter M, Stöckl B. Revision rates 
after total joint replacement: cumulative results from worldwide 
joint register datasets. J Bone Joint Surg Br 2011; 93: 293297 
[PMID: 21357948 DOI: 10.1302/0301620X.93B3.25467]

43 McCoy TH, Goldman V, Fragomen AT, Rozbruch SR. Circular 
external fixatorassisted ankle arthrodesis following failed total 
ankle arthroplasty. Foot Ankle Int 2012; 33: 947955 [PMID: 
23131440 DOI: 10.3113/FAI.2012.0947]

44 Tellisi N, Fragomen AT, Ilizarov S, Rozbruch SR. Limb salvage 
reconstruction of the ankle with fusion and simultaneous tibial 
lengthening using the Ilizarov/Taylor spatial frame. HSS J 2008; 4: 
3242 [PMID: 18751860 DOI: 10.1007/s1142000790730]

45 Salem KH, Kinzl L, Schmelz A. Ankle arthrodesis using Ilizarov 
ring fixators: a review of 22 cases. Foot Ankle Int 2006; 27: 764770 
[PMID: 17054875 DOI: 10.1177/107110070602701002]

46 Hawkins BJ, Langerman RJ, Anger DM, Calhoun JH. The Ilizarov 
technique in ankle fusion. Clin Orthop Relat Res 1994; (303): 
217225 [PMID: 8194237 DOI: 10.1097/00003086199406000000
29]

47 Laughlin RT, Calhoun JH. Ring fixators for reconstruction of 
traumatic disorders of the foot and ankle. Orthop Clin North Am 
1995; 26: 287294 [PMID: 7724194]

48 Rochman R, Jackson Hutson J, Alade O. Tibiocalcaneal arthrodesis 
using the Ilizarov technique in the presence of bone loss and 
infection of the talus. Foot Ankle Int 2008; 29: 10011008 [PMID: 
18851816 DOI: 10.3113/FAI.2008.1001]

49 Myerson MS, Neufeld SK, Uribe J. Freshfrozen structural 
allografts in the foot and ankle. J Bone Joint Surg Am 2005; 87: 
113120 [PMID: 15634821 DOI: 10.2106/JBJS.C.01735]

50 Cuttica DJ, Hyer CF. Femoral head allograft for tibiotalocalcaneal 
fusion using a cup and cone reamer technique. J Foot Ankle Surg 
2011; 50: 126129 [PMID: 20851001 DOI: 10.1053/j.jfas.2010.0 
8.004]

51 Thordarson DB, Kuehn S. Use of demineralized bone matrix in 
ankle/hindfoot fusion. Foot Ankle Int 2003; 24: 557560 [PMID: 
12921362 DOI: 10.1177/107110070302400706]

52 Crosby LA, Yee TC, Formanek TS, Fitzgibbons TC. Complications 
following arthroscopic ankle arthrodesis. Foot Ankle Int 1996; 17: 
340342 [PMID: 8791081 DOI: 10.1177/107110079601700608]

53 Michelson JD, Curl LA. Use of demineralized bone matrix in 
hindfoot arthrodesis. Clin Orthop Relat Res 1996; (325): 203208 
[PMID: 8998877 DOI: 10.1097/0000308619960400000024]

54 Govender S, Csimma C, Genant HK, ValentinOpran A, Amit Y, 
Arbel R, Aro H, Atar D, Bishay M, Börner MG, Chiron P, Choong 
P, Cinats J, Courtenay B, Feibel R, Geulette B, Gravel C, Haas N, 
Raschke M, Hammacher E, van der Velde D, Hardy P, Holt M, 
Josten C, Ketterl RL, Lindeque B, Lob G, Mathevon H, McCoy G, 
Marsh D, Miller R, Munting E, Oevre S, Nordsletten L, Patel A, 
Pohl A, Rennie W, Reynders P, Rommens PM, Rondia J, Rossouw 
WC, Daneel PJ, Ruff S, Rüter A, Santavirta S, Schildhauer TA, 
Gekle C, Schnettler R, Segal D, Seiler H, Snowdowne RB, Stapert 
J, Taglang G, Verdonk R, Vogels L, Weckbach A, Wentzensen A, 

612WJO|www.wjgnet.com September 18, 2015|Volume 6|Issue 8|

Rabinovich RV et al . Review of complex ankle arthrodesis



Wisniewski T. Recombinant human bone morphogenetic protein2 
for treatment of open tibial fractures: a prospective, controlled, 
randomized study of four hundred and fifty patients. J Bone Joint 
Surg Am 2002; 84-A: 21232134 [PMID: 12473698]

55 Liporace FA, Bibbo C, Azad V, Koerner J, Lin SS. Bioadjuvants for 
complex ankle and hindfoot reconstruction. Foot Ankle Clin 2007; 
12: 75106 [PMID: 17350512 DOI: 10.1016/j.fcl.2006.12.002]

56 Fourman MS, Borst EW, Bogner E, Rozbruch SR, Fragomen AT. 
Recombinant human BMP2 increases the incidence and rate of 
healing in complex ankle arthrodesis. Clin Orthop Relat Res 2014; 
472: 732739 [PMID: 23990449 DOI: 10.1007/s1199901332617]

57 Anderson CL, Whitaker MC. Heterotopic ossification associated 
with recombinant human bone morphogenetic protein2 (infuse) 
in posterolateral lumbar spine fusion: a case report. Spine (Phila 
Pa 1976) 2012; 37: E502E506 [PMID: 22020605 DOI: 10.1097/
BRS.0b013e318238870b]

58 Burkus JK, Dryer RF, Peloza JH. Retrograde ejaculation following 
singlelevel anterior lumbar surgery with or without recombinant 
human bone morphogenetic protein2 in 5 randomized controlled 
trials: clinical article. J Neurosurg Spine 2013; 18: 112121 [PMID: 
23199378 DOI: 10.3171/2012.10.SPINE11908]

59 DeVries JG, Nguyen M, Berlet GC, Hyer CF. The effect of 
recombinant bone morphogenetic protein2 in revision tibiotalo
calcaneal arthrodesis: utilization of the Retrograde Arthrodesis 
Intramedullary Nail database. J Foot Ankle Surg 2012; 51: 426432 
[PMID: 22575061 DOI: 10.1053/j.jfas.2012.03.007]

60 Guerkov HH, Lohmann CH, Liu Y, Dean DD, Simon BJ, Heckman 
JD, Schwartz Z, Boyan BD. Pulsed electromagnetic fields increase 
growth factor release by nonunion cells. Clin Orthop Relat Res 
2001; (384): 265279 [PMID: 11249175 DOI: 10.1097/000030862
0010300000031]

61 Bodamyali T, Bhatt B, Hughes FJ, Winrow VR, Kanczler JM, 
Simon B, Abbott J, Blake DR, Stevens CR. Pulsed electromagnetic 
fields simultaneously induce osteogenesis and upregulate trans
cription of bone morphogenetic proteins 2 and 4 in rat osteoblasts in 
vitro. Biochem Biophys Res Commun 1998; 250: 458461 [PMID: 
9753652 DOI: 10.1006/bbrc.1998.9243]

62 Ibiwoye MO, Powell KA, Grabiner MD, Patterson TE, Sakai Y, 
Zborowski M, Wolfman A, Midura RJ. Bone mass is preserved in 
a criticalsized osteotomy by low energy pulsed electromagnetic 
fields as quantitated by in vivo microcomputed tomography. J 

Orthop Res 2004; 22: 10861093 [PMID: 15304283 DOI: 10.1016/
j.orthres.2003.12.017]

63 Inoue N, Ohnishi I, Chen D, Deitz LW, Schwardt JD, Chao EY. Effect 
of pulsed electromagnetic fields (PEMF) on latephase osteotomy gap 
healing in a canine tibial model. J Orthop Res 2002; 20: 11061114 
[PMID: 12382979 DOI: 10.1016/S07360266(02)000311]

64 Saltzman C, Lightfoot A, Amendola A. PEMF as treatment for 
delayed healing of foot and ankle arthrodesis. Foot Ankle Int 2004; 
25: 771773 [PMID: 15574233 DOI: 10.1177/107110070402501102]

65 Donley BG, Ward DM. Implantable electrical stimulation in high
risk hindfoot fusions. Foot Ankle Int 2002; 23: 1318 [PMID: 
11822687 DOI: 10.1177/107110070202300103]

66 Hockenbury RT, Gruttadauria M, McKinney I. Use of implantable 
bone growth stimulation in Charcot ankle arthrodesis. Foot 
Ankle Int 2007; 28: 971976 [PMID: 17880870 DOI: 10.3113/
FAI.2007.0971]

67 Midis N, Conti SF. Revision ankle arthrodesis. Foot Ankle Int 2002; 
23: 243247 [PMID: 11934067 DOI: 10.1177/107110070202300309]

68 Kristiansen TK, Ryaby JP, McCabe J, Frey JJ, Roe LR. Accel
erated healing of distal radial fractures with the use of specific, 
lowintensity ultrasound. A multicenter, prospective, randomized, 
doubleblind, placebocontrolled study. J Bone Joint Surg Am 1997; 
79: 961973 [PMID: 9234872]

69 Heckman JD, Ryaby JP, McCabe J, Frey JJ, Kilcoyne RF. Accel
eration of tibial fracturehealing by noninvasive, lowintensity 
pulsed ultrasound. J Bone Joint Surg Am 1994; 76: 2634 [PMID: 
8288661]

70 Rubin C, Bolander M, Ryaby JP, Hadjiargyrou M. The use of low
intensity ultrasound to accelerate the healing of fractures. J Bone 
Joint Surg Am 2001; 83-A: 259270 [PMID: 11216689]

71 Mayr E, Frankel V, Rüter A. Ultrasoundan alternative healing 
method for nonunions? Arch Orthop Trauma Surg 2000; 120: 18 
[PMID: 10653095 DOI: 10.1007/PL00021234]

72 Watanabe Y, Matsushita T, Bhandari M, Zdero R, Schemitsch EH. 
Ultrasound for fracture healing: current evidence. J Orthop Trauma 
2010; 24 Suppl 1: S56S61 [PMID: 20182238 DOI: 10.1097/
BOT.0b013e3181d2efaf]

73 Jones CP, Coughlin MJ, Shurnas PS. Prospective CT scan 
evaluation of hindfoot nonunions treated with revision surgery 
and lowintensity ultrasound stimulation. Foot Ankle Int 2006; 27: 
229235 [PMID: 16624210 DOI: 10.1177/107110070602700401]

P- Reviewer: Galasso O, Robertson GA    
S- Editor: Tian YL    L- Editor: A    E- Editor: Jiao XK  

613WJO|www.wjgnet.com September 18, 2015|Volume 6|Issue 8|

Rabinovich RV et al . Review of complex ankle arthrodesis



© 2015 Baishideng Publishing Group Inc. All rights reserved.

Published by Baishideng Publishing Group Inc
8226 Regency Drive, Pleasanton, CA 94588, USA

Telephone: +1-925-223-8242
Fax: +1-925-223-8243

E-mail: bpgoffice@wjgnet.com
Help Desk: http://www.wjgnet.com/esps/helpdesk.aspx

http://www.wjgnet.com


	602
	WJOv6i8Back cover

