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ABSTRACT

Orthopedic conditions are among the most frequent avian emergency cases admitted to
veterinary hospitals and clinics. An external skeletal fixator is commonly used as surgical
treatment in avian orthopedics. This review aimed to systematically evaluate the use of
external skeletal fixator (ESF) in published cases of avian orthopedics. Four electronic
databases were searched to identify all relevant case reports and case series. Altogether,
24 primary reports met the inclusion criteria. Of those, 16 reports were case reports; and
eight were case series. In total, 166 avian patients with different orthopedic conditions
were undergone ESF stabilization techniques; and raptor species formed the majority of
the patients. The characteristics of the fractured bone were the key factor in the suitability
of different ESF techniques. In addition, other factors such as type, location, and severity
of the orthopedic condition should be considered. ESF implants are promising techniques
for treating avian orthopedic conditions, as the complications related to the fixators were
few, and the percentage of successfully released raptors was high. Unfortunately, there
are so many cases of avian orthopedics that were not published. Considering this caveat,
it is not easy to draw a firm conclusion on this topic. However, this paper can serve as a
guiding principle for clinicians.
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Brown, 2002; Buttle, 2004; Helmer & Redig, 2006). Raptors are sensitive to changes in
their surroundings and are susceptible to trauma caused by crashing into cars or artificial
obstacles (Fix & Barrows, 1990). A gunshot is also a common cause of fractures and can
cause nerve damage through lead toxicity, which may worsen the prognosis of the injured
birds (Bennett, 1994). The main goals in fracture management are stabilization and length
maintenance after achieving fragments alignment (Ponder & Redig, 2016; Carrasco, 2019).
Both internal and external skeletal fixator provides a substantial reduction in the movement
of the injured site, which ultimately enhances the recovery of both fractures and luxations
(Redig & Ponder 2016). Although most of the techniques and principles used in fracture
management in birds are similar to mammals, anatomic and physiologic particularities
lead to different preferences for surgical approaches between avian and non-avian species
(Tully Jr., 2002; Carrasco, 2019). One of the main differences is the more favorable
outcome of using an external skeletal fixator (ESF) in avian orthopedic cases (Carrasco,
2019). An external skeletal fixator (ESF) is commonly used in two-dimensional space
where its holding pins pass through both cortices. If the pins extend to the other side and
attach to the second external bar, it is called ESF type 2. Otherwise, it is called ESF type 1
(Carrasco, 2019). Recently, a novel multidimensional ESF technique, namely key ring or
circular fixator, has been developed to stabilize the avian long bone fractures (Katogiritis
et al., 2019). The combination of ESF with an intramedullary (IM) pin is called a tie-in
fixator (TIF) which is considered one of the most rigid and commonly used stabilization
techniques in the treatment of avian orthopedic conditions (Bueno et al., 2015; Van Wettere
etal., 2009; Carrasco et al., 2017). In addition, ESF can be practical for applying for recent
advances in the avian orthopedic field like bone grafts and bone matrix (Jones & Redig,
2001; Jalila et al., 2004).

This paper aims to summarize and critically evaluate the published studies that used
ESF to stabilize and ultimately promote the recovery of avian orthopedic conditions.

MATERIALS AND METHODS

This systematic review followed the principles of both PRISMA (Preferred Reported Items
for Systematic Review and Meta-Analyses) guideline and the Cochrane Handbook for
Systematic Reviews of Interventions (Liberati et al., 2009; Moher et al., 2009).

Search Methods and Inclusion Criteria

Literature has been explored using the electronic search of the keywords in the following
databases: Scopus, PubMed, Veterinary Information Network (VIN), and Google Scholar. In
order to reduce the possibility of missing the relevant studies, a wider category of keywords
was used. The details of the electronic search can be found in Appendices A and B.
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The inclusion criteria of the primary studies were based on PICOS (Population,
Intervention, Comparison, Outcomes, Study design).

All species of birds that participated in avian orthopedics case reports (CRs) or case
series (CSs) were considered the study population.

The primary outcome was shown by describing the different ESF used to stabilize
various avian orthopedic conditions. These include the percentage of each type of ESF
used in different orthopedic conditions, the release percentage of raptors, and the mean
time spent for each type of ESF to stabilize the fractures and luxations.

The secondary outcome was mainly related to the healing failures and consisted of
complications of external fixation (major, minor, the effect of these complications on the
fracture healing).

Only studies written in English and published in indexed, peer-reviewed Journals were
reported. No restriction was set on the date of publication.

Selection of Studies and Data Collection

Two independent reviewers assessed the primary studies ffter excluding the duplicates
identified from one or more search databases. Studies were screened based on a two steps
assessment. The first step was the assessment of both titles and abstracts of the studies. The
unsuitable studies were excluded, and then the second step of the assessment continued
with a full-text screening. The eligible studies were then classified as suitable for the
systematic review and presented in Table 1. The following data were extracted from each
of the eligible studies. The collected data are summarized in Appendix C.

1) Study characteristics (first author’s name, year of publication, study design);

2) Avian species characteristics (number, species);

3) Orthopedic conditions characteristics (involved bone, location, type, severity)

4) Intervention characteristics (type of ESF, fracture reduction, removal time, clinical

findings, complications);
5) Main results of the included studies.

Table 1
Included studies based on the alphabetical order of the first author
Author (year) Study design  No. of patient Bird species
Ackermann & Redig (1997) CS 4 Raptors (Wild)
Arias et al. (2015) CR 1 Slender-billed Parakeet (Wild)
Bueno et al. (2015) CS 37 Raptors (Wild, Captive)
Bueno et al. (2019) CR 2 Raptors (Wild)
Burdeaux & Wade (2018) CR 1 Snowy owl (Wild)
Carrasco et al. (2017) CS 35 Pet birds
Folland et al. (2016) CR 1 Bald eagle (Wild)
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Table 1 (continue)

Author (year) Study design  No. of patient Bird species
Hatt et al. (2007) cs 18 fg;ﬁf“/‘;?;:z%"irl’dl;assenne
Hoybergs et al. (2008) CR 1 Harris’s hawk (Captive)
Jones & Redig (2001) CR 1 Red-tailed hawk (Wild)
Katogiritis et al. (2019) CR 2 Psittacines (Pet)
Kavanagh (1997) CR 1 Scarlet macaw (Pet)
Kaya & Ozsoy (2017) cs 19 S;‘;ﬁig?ggﬂ%g and Domestic
Kinney et al. (2015) CR 1 African sacred ibis (Captive)
Martin et al., (1993) CS 8 Raptors
i . (1599 cs e bk Dok o
Montgomery et al. (2011) CR 1 Bald eagle (Wild)
Rahal et al. (2008) CR 1 Toco toucan (Captive)
Rochat et al. (2005) CR 1 Bald eagle (Wild)
Rosenthal et al. (1994) CR 2 Moluccan cockatoo & barn owl
Rui et al. (2017) CR 1 Rock pigeon (Free flying)
Sample et al. (2008) CR 1 Whooping crane (Captive)
Vergneau-Grosset et al. (2019) CS 14 Raptors (Wild)
Vergneau-Grosset et al. (2020) CS 24 Raptors (Wild)
Van Wettere & Redig (2004) CR 2 Raptors (Wild)
Yoon et al. (2008b) CR 1 Great Horned Owl (Wild)
Yoon et al. (2008a) CS 19 Raptors (Wild)

CR: case report, CS: case series.

RESULTS
Descriptive Statistics of ESF Implants Used

In comparison to mammals, the healing of orthopedic conditions in avian patients requires
additional challenges. These challenges are mostly related to thin cortices and low soft tissue
support, including blood vessels and nerves. These challenges have made the stabilization of
fractures more difficult. Moreover, some features of the fractured bone can pose additional
difficulty to the stabilization of avian orthopedic conditions (Helmer & Redig, 2006). For
instance, the relatively small medullary cavity of the tibiotarsus is making the fixation
of tibiotarsal orthopedic conditions more difficult (Kinney et al., 2015). In this regard,
various types of ESF have been developed to provide a practical tool to stabilize the avian
orthopedic condition to fulfill the specific need of certain orthopedic conditions. Figure
1 presents the percentage of different types of ESF used in different avian orthopedic
conditions. Results showed that tie-in was mainly used for humeral, femoral, and tibiotarsal
fractures. For tarsometatarsal and carpometacarpal fractures, ESF type2 was used mainly.
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Figure 1. Percentage of different types of ESF used in different avian orthopedic conditions

Transarticular ESF was the main choice to stabilize luxation in the studies. Both type2 and
tie-in were equally used to stabilize the fractures for radial and ulnar fractures.

Release Percentage of Raptors

Release percentage can indicate the suitability of each ESF technique for different avian
orthopedic cases, especially in injured raptors. The decision on releasing injured raptors into
the wild requires a complete healing of the orthopedic condition without any complications
and comorbidities. The percentage of the injured raptors released for each type of ESF used
to stabilize different orthopedic conditions of raptors can be found in Figure 2. Results
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Figure 2. Release percentage of injured raptors with different orthopedic conditions
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showed that tie-in ESF for the humeral and femoral fractures led to a more successful
release rate of raptors. For carpometacarpal fracture, ESF type 2 had a more successful
release rate. For luxation and radial and ulnar fracture, ESF type 1 was more successful.
In tarsometatarsal fracture, ESF type 1 and type 2 showed an equal successful release rate
of injured raptors. ESF type 1, type 2, and circular ESF had equal success in the release of
injured raptors. Falconry techniques can be very useful in flight assessment and recovery
of these raptors’ flight strength before the injury. These techniques were used in 10% of
the raptor cases. The birds recovered their flight potency in all of these cases and were
successfully released to the wild.

Required Stabilization Period

One of the key factors in the treatment of avian orthopedic conditions is the period
required for the ESF implant to stabilize the fracture or luxation. In other words, the
lesser the time required for ESF, the better the stabilization. This period can also indicate
the suitability of the ESF technique used. This period started when the ESF implant was
employed during the surgery and usually ends when radiography findings approved firm
callus bridging at the fracture site. This period is more highlighted for wild raptors, as
they need to be released to the wild as soon as possible. Fracture severity, fracture type,
and fracture location can influence the ESF implant usage period, especially by looking
at this period from the fracture’s perspective only. Therefore, these factors affect the type
of ESF considered to be used. Table 2 shows the average time required for different ESF
types to stabilize different orthopedic conditions. The ESF removal times reported in the
studies with negative outcomes were excluded from this calculation.

Table 2
Average time spent for different types of ESF to stabilize different orthopedic conditions

Average time required for ESF (week(s) after surgery)

Orthopedic condition Tie-in
Type 1 Type 2 - Circular ~ Transarticular
M ESF pins
Load sharing fracture 6 9 5 8 5 -
Non-load sharing fracture 8.5 7 5 6.5 9 -
Open fracture 10 6 5 6.5 7 -
Close fracture 6 8.5 5.5 7.5 8.5 -
Proximal fracture - 8 6 8 12 -
Midshaft fracture 8 8 5 7 6.5 -
Distal fracture 6 7 3 5 5 -
Osteotomy 9 8 2 5 5 -
Arthrodesis 12 13 - - - -
Luxation 7.5 - - - - 1
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Complications of External Fixation

Complications associated with external fixation can delay the removal of the ESF implant,
which ultimately may fail in the fracture to heal. These complications can be categorized
into major and minor. In major complications, there is a high risk of fracture healing
failure. Minor complications, however, cause discomfort for the patients and seldom
result in healing failure (Egger, 1991). Failure of apparatus to provide adequate stability,
failure of the bone-fixation pin interface, and healing problems of fracture or luxation are
considered major complications. On the other hand, minor complications include pin-tract
drainage, poor limb use, injury to musculotendon structures, and neurovascular damage
(Egger, 1991; Marti & Miller, 1994). Thirty-eight complications were reported among the
166 avian patients with orthopedic conditions (38/166, 22%). Major complications have
formed the majority of the 29/38 (76%). These include 21/29 (72%) reports of fracture
or luxation healing problems, six reports on the failure of the bone-fixation pin interface,
and two reports of failure of the apparatus to provide adequate stability. Forty-two percent
of major complications lead to failure in healing. Failure in healing led to 11 cases of
euthanasia, three cases of amputation, two cases of significant shortening, and two cases of
arthredosis. In addition, two cases of aspergillosis and one case of plasmodium infestation
resulted in the death of patients prior to the healing of the orthopedic condition.

DISCUSSION

This systematic review aimed to summarize and evaluate the use of ESF as the most
common stabilizer in the treatment of avian orthopedic conditions. Compared with
mammals, treatment of avian orthopedic conditions faces additional challenges. Avian bones
have lower soft tissue support, contain a higher proportion of hydroxyapatite, and have
thinner and more brittle cortices (Bennett & Kuzma, 1992; Degernes et al., 1998). External
skeletal fixators can provide fracture reduction without impairing the vascularization of
the fracture site (Bush et al., 1976). Detailed information on different techniques of ESF
and their suitability to stabilize different types of fractures has been reported (Harcout-
Brown, 2002; Orosz, 2002). Apart from summarizing the frequency of each ESF technique
used to stabilize different orthopedic conditions in a larger number of cases, this paper
also provides additional information on two major factors involved in ESF; required
fixation time and complications. One of the main variables that should be considered when
choosing the proper type of ESF is fractured bone. For instance, humeral fractures are
prone to comminuted fractures and hard to stabilize (Bennett & Kuzma, 1992; MacCoy,
1992). Consistent results were observed in the data in which the majority (80%) of the
humeral fractures were comminuted, and all the healed humeral fractures were stabilized
by tie-in ESF. Fractures of tarsometatarsus also inhere additional challenges mainly related
to the small medullary cavity and being hard to stabilize (Helmer & Redig, 2006). Six
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tarsometatarsal fractures were stabilized with either type 2 or tie-in ESF, and most of the
tie-in cases had major or minor complications causing delayed healing or amputation.

This might indicates the unsuitability of tie-in ESF for stabilization of tarsometatarsal
fractures. On the other hand, Circular ESF has been deemed a more proper fixation method
for tarsometatarsal fractures. Circular ESF can also provide distraction osteogenesis,
especially in cases where tibiotarsal shortening happened due to the malunion of the two
fracture ends stabilized by unsuitable fixators (Bueno et al., 2019). Speaking of bones
with a relatively small medullary cavity, radial and ulnar (antebrachial) fractures are the
most complex challenges in avian orthopedics. These bones are always under torsional
forces, making them more susceptible to complex fractures than other forelimb bones (De
Margerie, 2002). Since these bones play a key role in the circumduction of wings, any
impairment in the healing of antebrachial fractures can prevent the pronation and supination
movements of the wing required for adequate flight (Beaufrere, 2009). Tie-in and type 1
ESF techniques are the recommended fixation methods for antebrachial fractures (Orosz,
2002). This study showed that tie-in ESF was slightly more preferable than type 1 ESF.
Synostosis is a common sequela to antebrachial fractures. This complication is common
for external coaptation of antebrachial fractures and can reduce the flight capability of
recovered birds (Orosz et al., 1992). Two cases of synostosis were reported in the included
studies.

Consistent findings can be seen in the successful release of raptors statistics, whereby
the fracture of large bones requires a higher stabilization force, which can be found in tie-
in. However, tie-in might be less suitable for the bones with a small medullary cavity. It
can be noticed by looking at the release percentage of raptors according to which higher
release was seen when type 1 ESF was used for antebrachial fractures. Various factors such
as complications, comorbidities, captivity stress, and species specificity can cause failure to
release raptors into the wild (Bueno et al., 2015; Vergneau-Grosset et al., 2019). Altogether,
31 complications and 12 cases with comorbidities were reported for the injured raptors.
Thirteen cases were recovered from complications and comorbidities, but the rest of the
birds were either euthanized or became captive for various purposes. Species distribution
is the main factor in the frequent representation of a species. However, it is notable that
bald eagle, great horned owl, and red-tailed hawk were the most common admitted raptors.

The severity and type of fracture can also affect bone healing substantially. In this
regard, the average time required for each type of ESF to treat different kinds of orthopedic
conditions with different severity and type can be practical factors to show each ESF
technique’s suitability. A previous study found that none of the severity and type of fracture
were significantly affected the required time for each type of ESF to successfully stabilize
the fracture (Bueno et al., 2015). Clinical trials showed that less than six weeks is required
for the type 1 ESF to stabilize the healing of the experimental transverse fractures of
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ulna in pigeon models (Hatt et al., 2007; Tunio et al., 2014). Using a lightweight external
fixator in a system called Fixateur Externe du Service de Santé des Armées (FESSA) can
reduce the fixation time to 4 weeks in the same type of fracture using both types 1 and
tie-in ESF (Hatt et al., 2007). The adjustable feature of FESSA allows veterinarians to
create numerous construct configurations. For example, one uses hinges to connect two
FESSA tubes as a transarticular fixator to stabilize the luxation. This system can fix the
joint at a desirable angle and makes physical therapy possible without removing the fixator
(Azmanis et al., 2014).

When it comes to extremely complex bone fractures in which there is a need to replace
bone defects, common orthopedic techniques alone might not provide a good prognosis
as the bone itself can only regenerate the small fracture defects. However, different
techniques of bone grafting can provide a practical way to treat bone defects in animal
orthopedic practices (Nunamaker & Rhinelander, 1985). Osteoinductive, osteoconductive,
and osteogenic properties of bone grafts will allow the fractured bone to regenerate the
bone defects feasibly.?? Various techniques of bone grafting have been introduced in avian
orthopedics. These include the use of callus graft, cortical graft, bone morphogenetic
proteins, bone marrow, and hydroxyapatite (HA) (MacCoy & Haschek, 1988; Jones &
Redig, 2001; Sample et al., 2008; Sanaei et al., 2011; Sanaei et al., 2015; Tunio et al.,
2015). Most of these studies used an external skeletal fixator (ESF) as the stabilizer to
expedite fracture healing. Four of the included studies used bone grafting techniques, two
of which are case reports, and the other two are clinical control trials.

Case reports were used autogenous callus and recombinant human bone morphogenetic
protein-2 to treat the humeral bone defects in a red-tailed hawk and a whooping crane,
respectively (Jones & Redig, 2001; Sample et al., 2008). The red-tailed hawk had a
close midshaft comminuted fracture, and healing was achieved within five weeks after
surgery-based radiography findings. On the other hand, the whooping crane suffered
an open proximal comminuted fracture that healed within fourteen weeks after surgery.
Autogenous bone grafts are considered the gold treatment for repairing bone defects.
However, alternative bone graft materials are needed in avian patients due to the limitation
of autogenous bone grafts (Bennett & Kuzma, 1992; Jalila et al., 2004). In a recent study,
it has been found that the allogenic tubular demineralized bone marrow, along with the
application of tie-in ESF, can be a promising alternative to autogenous bone grafts in the
treatment of the critical bone defect of the ulna (Sanaei et al., 2015).

CONCLUSION

The implications of the summarized data suggest that each avian orthopedic condition
requires a specific way of fixation. In the bigger picture, the involved bone or joint,
type of fracture or luxation, and the fracture location are the main factors that should be
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considered when an ESF technique is decided to be employed. This review also provides
guiding principles for choosing a suitable ESF, highlighted more when dealing with the
raptor’s emergency orthopedic cases. However, this systematic review has several important
limitations. These limitations pertain to the incompleteness of the outcome. Complications
and the implementations taken were underreported. Several reports lacked ESF implant
removal time, and some reports lacked sufficient radiographic assessments before and
after the removal of ESF implants. Some studies did not report whether the recovered
birds were returned to their formal status. Given such incompleteness of data, this review
cannot suggest the best ESF technique for different avian orthopedic conditions, making
this review less conclusive than it had hoped. However, it provides clinicians with guiding
principles for choosing suitable ESF techniques and the ESF-related complications they
should know.
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APPENDIX A

The keywords and how Boolean characters (AND, OR) are used for the electronic search.
((((“external skeletal fixator’”) OR (“ESF”’) OR (“external fixator”) OR (“external fixation™)
OR (“external skeletal”) OR (“tie-in”) OR (“hybrid external fixator”) OR (“hybrid external
fixation”)) AND ((“fracture”) OR (“luxation”) OR (“bone”) OR (“bone fracture”) OR
(“osteosynthesis”) OR (“osteogenic”) OR (“osseous defects”) OR (“tarsometatarsal”)
OR (“tibiotarsal””) OR (“femoral”) OR (“humeral”) OR (“rotation”) OR (“dislocation”)
OR (“arthrodesis”) OR (“radial”) OR (“ulnar”) OR (“antebrachial”)) AND ((“avian”
OR (“bird”) OR (“pigeon”) OR (“goose”) OR (“raptor”) OR (“exotic bird”’) OR (“owl”)
OR (“eagle”) OR (“duck”) OR (“chicken”) OR (“turkey”) OR (“poultry”) OR (“fowl”)
OR (“hawk™) OR (“partridges”) OR (“macaw”) OR (“pheasant”) OR (“parrot”) OR
(“psittacine”) OR (“pet bird””) OR (“wild bird”) OR (“hobby bird”) OR (“game bird”’) OR
(“birds of prey”) OR (“falcon’) OR (“kestrel”))

APPENDIX B
PRISMA flow diagram to select the included studies.

105 records were 8 additional records
identified through were identified
database record through other sources

¥

16 duplicates were excluded

97 records were screened o3 Feeonds W

were excluded

43 records subjected to full-text H 16 records W

assessment were excluded

27 records included in the study
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