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Preface

Fractures are extremely common in children. The fracture risk is 40% in boys and 28% in
girls. Although many pediatric fractures are frequently regarded as “innocent” or “forgiving”,
typical complications do occur in this precious population, including premature physeal closure and
post-traumatic deformity, which may cause life-long disability.

Despite the high incidence of pediatric injuries, there is still much debate regarding optimal
treatment regimes. Although non-operative and surgical treatment techniques have been extensively
developed during the past several decades, current management is still more eminence-based rather
than evidence-based because of limited scientific evidence. For example, the recently developed
comprehensive Dutch clinical practice guidelines on the diagnosis and treatment of the most common
pediatric fractures included almost solely “low”- or “very low”-level recommendations based on the
Grading of Recommendations Assessment, Development, and Evaluation (GRADE) criteria. The
only exceptions were some forearm fracture recommendations, which received “moderate” GRADEs.
There is a clear lack of data and a need for higher-level science in pediatric trauma.

Considering the success and popularity of the previous Special Issue, entitled “Pediatric
Fractures” published in the journal Children, we have published a second Special Issue where we
aimed to gather original research papers and review articles related to pediatric fractures, including
the diagnosis, treatment, or follow-up of common fractures. This is a reprint of the second Special

Issue on “Pediatric Fractures” and contains all 13 articles.

Christiaan J. A. van Bergen and Joost W. Colaris
Editors

vii
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After the great success of the printed edition of the Special Issue “Pediatric Fractures—
Volume I”, which was published in 2023 containing 24 high-quality papers [1], we are proud
to present our new printed edition of the Special Issue “Pediatric Fractures—Volume I1”.

Pediatric fractures, though commonplace, often find themselves in the shadows of
adult orthopedic research. Despite their high prevalence [2—4], there remains a stark
deficiency in comprehensive studies dedicated to understanding and effectively treating
pediatric fractures. This is not merely a matter of academic interest, but carries significant
implications for the health and well-being of children.

It is important to mention that children should not be treated as “miniature adults”.
Unlike adults, children’s bones are still in the process of growth and development [5],
making their fracture management markedly distinct. Children possess a remarkable
ability to correct improperly healed fractures through growth—a phenomenon where
nature itself acts as a friend in the healing process. However, there are instances where
nature’s hand is less forgiving, particularly when fractures involve the growth plates. The
physes are particularly vulnerable in children and must be carefully considered during
treatment and follow-up [6]. Neglecting these factors can have far-reaching implications,
potentially leading to growth disturbances and functional deficits in the affected limb [7-9].

Because of the unique potential of growth in pediatric bones, long-term follow-up
is important to detect and address any potential complications that may arise over time,
especially nowadays, to study the effects of the more aggressive treatment of pediatric
fractures without substantiated evidence [10].

To address the gaps in knowledge concerning pediatric fractures, the Special Issue “Pe-
diatric Fractures—Volume II” features eleven high-quality, peer-reviewed articles focusing
on the comprehensive care of a variety of pediatric fractures.

This Special Issue places particular emphasis on fractures around the elbow and the
associated complications that may arise. Saris et al. (1) focused on lateral humeral condyle
fractures, which occur often in children but have potential pitfalls in treatment. The article
describes classifications, treatment strategies, and handles on how to prevent complications.
In line with this, Lewallen et al. (2) discuss acute elbow dislocation and their associated
fractures in children and deliberate on conservative versus surgical treatment.

Even more frequent are pediatric supracondylar humerus fractures, which are often
treated with closed reduction methods and percutaneous K-wire fixation. However, the
configuration of the pins used to stabilize the fracture remains a point of debate. There-
fore, Kaya et al. (3) conducted a randomized trial to determine the most effective pin
configuration while also considering the potential risks associated with radiation exposure.
Moreover, supracondylar humerus fractures are frequently associated with traumatic nerve
injury. To unravel the best diagnostics and treatment of traumatic nerve palsies in these
fractures, Graff et al. (4) wrote a review article of the current literature.
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If nature does not behave like a friend in pediatric fractures and growth disturbances
arise, clinicians are challenged to assess the indications and value of different treatment
options. Siemensma et al. (5) dove into the unique treatment options of growth distur-
bances of the upper limb in children, which consist of a wait-and-see policy or surgical
techniques, including physeal bar resection, (hemi-)epiphysiodesis, and osteotomies to
correct the deformity. The pearls and pitfalls of these treatment strategies are discussed to
guide clinicians.

In contrast with malunited wrist fractures, which remodel relatively quickly due to
their proximity to the physis, diaphyseal forearm fractures are notorious for their malalign-
ment and subsequent impairment of forearm rotation. In such a pathology, a corrective
osteotomy is often performed. Roth et al. (6) assessed the accuracy of three-dimensional
corrections and studied the relation between the precision of anatomic correction and
functional outcome.

Moving from the upper to the lower extremity, interesting contributions were received
that studied a spectrum of injuries from hip to foot. Michalik et al. (7) unraveled the
treatment of aneurysmal bone cysts in the femoral neck and its relation to a pathological
fracture in children.

Chandanani et al. (8) performed a comprehensive meta-analysis on the treatment of
children with tibial spine avulsion fractures. Based on the results of 38 studies, they found
that arthroscopic-assisted reduction and internal fixation with a suture seems to be the
preferred treatment.

Patients with congenital tibial pseudoarthrosis are treated in different ways. Chou
et al. (9) described three previously treated patients with congenital pseudoarthrosis of the
tibia using a contralateral vascularized fibular bone graft and stabilization with a distal
tibial locking plate.

Abnormal fibrous or bony connections between the tarsal bones of the foot occur
in children and are known as tarsal coalitions. Although these coalitions do not always
become symptomatic, some may cause pain and changes in morphology and biomechan-
ics. Anastasio et al. (10) reviewed the foot biomechanics seen in tarsal coalitions and
concomitant fractures. Furthermore, diagnostic and treatment options are discussed.

Finally, two studies on head trauma in children were published. Although these are
common injuries, there is relatively little literature available on the subject. Palavani et al.
(11) conducted a systematic review to unveil the state of the evidence concerning acute
neurosurgical intervention, hospitalizations after injury, and neuroimaging in isolated
skull fractures in children. In line with this research, Juncar et al. (12) studied the main
clinical characteristics of pediatric facial fractures (such as fracture location, fracture pattern,
treatment, complications, and evolution).

In conclusion, this Special Issue comprises a wide array of studies, all of which are
aimed at enhancing the care of pediatric fractures. The editors are optimistic that this
compilation will contribute significantly to closing knowledge gaps surrounding pediatric
fractures. Furthermore, this Issue provides inspiration for further study and improved care
for this challenging population.

Acknowledgments: The authors would like to thank all the editors for their invaluable assistance in
composing this Special Issue.
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Abstract: Lateral humeral condyle fractures are frequently seen in pediatric patients and have a
high risk of unfavorable outcomes. A fall on the outstretched arm with supination of the forearm is
the most common trauma mechanism. A physical examination combined with additional imaging
will confirm the diagnosis. Several classifications have been described to categorize these fractures
based on location and comminution. Treatment options depend on the severity of the fracture and
consist of immobilization in a cast, closed reduction with percutaneous fixation, and open reduction
with fixation. These fractures can lead to notable complications such as lateral condyle overgrowth,
surgical site infection, pin tract infections, stiffness resulting in decreased range of motion, cubitus
valgus deformities, ‘fishtail” deformities, malunion, non-union, avascular necrosis, and premature
epiphyseal fusion. Adequate follow-up is therefore warranted.

Keywords: lateral humeral condyle; fracture; children; diagnosis; treatment; surgery

1. Introduction

The occurrence rate of any fracture during childhood (0-17 years) is between 12-34%
for boys and 6-34% for girls [1,2]. Elbow fractures account for 28.4% of this number [3].
Lateral humeral condyle fractures in children are the second most frequent type of elbow
fracture [4-7]. In most cases, standard radiographs will visualize the fracture. However, in
5.2-16.6% of all cases, nondisplaced fractures are overlooked on conventional radiographs,
which could result in an unfavorable outcome or long-term complication [8-10]. Therefore,
early recognition and adequate treatment are necessary to optimize outcomes [8]. The
objective of this narrative review is to provide an overview of the epidemiology, anatomy,
diagnosis, treatment options, and complications of pediatric lateral humeral condyle frac-
tures based on the most recent literature.

2. Epidemiology

Lateral humeral condyle fractures account for 9.6-22.3% of all elbow fractures [1,2,4-7,11-14].
The majority (63-67.4%) of pediatric patients are male [8,9,13-15]. Most lateral humeral condyle
fractures are seen between the ages of four and ten, but cases as early as 1.9 years have been
reported [5-9,11,13,16,17]. Lateral humeral condyle fractures are typically a result of playground
activities (53.7%) and/or sports (49.6%) [6,8,9], and as a consequence, they do occur more than
twice as much during the summer period [5]. The handedness of the patient has an effect on
fracture occurrence in the elbow: the non-dominant side fractures more often than the dominant
side [18]. A slight majority (51.5%) of lateral humeral condyle fractures are nondisplaced fractures
or show minor displacement (<2 mm) in plain radiography [89].

2.1. Anatomy

The capitulum of the humerus and the lateral condyle demarcate the anatomical
region of the lateral side of the elbow [19]. The ossification center of the capitulum
develops first at the age of one, and the ossification center of the lateral condyle
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develops last at the age range between eight and thirteen [20]. The ossification process
toward the total osseous fusion of the lateral side of the elbow is completed between
the ages of twelve and fourteen. The blood supply for the tissue on the lateral side
originates posterior from the branched variation of the radial collateral artery over the
lateral condyle and the brachial artery between the capitulum and the humeral trochlea.
The cephalic vein and accompanying lymph vessels traverse the capitulum toward the
radial head as seen in Figure 1. The radial fossa is a slight anatomical depression of
the humerus just above the capitulum, where the brachial artery (Figure 1) and radial
nerve track are located.

Figure 1. Simple schematic visualization of the anatomy of the arteries (left) and the veins with their
respective lymphatic vessels (right) of the elbow as seen from an anterior view.

2.2. Trauma Mechanism and Associated Injuries

The most common trauma mechanism resulting in a lateral humeral condyle fracture
is a fall on an outstretched arm with the wrist in full supination [16]. Another common
trauma mechanism is a direct hit to the lateral side of the elbow [6,9]. These mechanisms
result in either a varus injury with an avulsion fracture of the lateral condyle and possible
concomitant fracture of the capitulum or direct impact of the radial head into the lateral
condyle resulting in an impaction fracture.

2.3. Classification of Fractures

Several classifications have been described to categorize the different fracture patterns.
Most of these classifications use anatomical landmarks of the elbow and the amount
of displacement to determine the severity of the fracture. The most commonly used
classifications, presented in Table 1, in historical chronology are Milch (1956), Jakobs (1975),
Finnbogason (1995), Weiss (2009), and Song (2010).

The Milch Classification [16], designed in 1956, is a classification that uses the anatom-
ical regions within the elbow to define the different types of lateral humeral condyle
fractures. Milch type 1, with an occurrence of 11.4-50.7% [8,9,21], is a fracture through
the capitulum humeri with or without the involvement of the lateral side of the trochlear
groove. This fracture type occurs after an axially loaded trauma to the elbow. Milch type 2,
with an occurrence of 49.3-88.6% [8,9,21], is a fracture of the lateral condyle and part of the
medial trochlear groove in the capitulum humeri. This fracture results from ulnar outward
rotation with lateral displacement of the distal fragment.

The Jakobs Classification [21], designed in 1975, is a classification that differentiates
lateral humeral condyle fractures based on the anatomical region and the extent of displace-
ment of the fractures seen on conventional radiographs. Jakobs type 1, with an occurrence
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of 8-51.5% [8,9], is a fracture with minimal displacement (<2 mm) and without discontinu-
ation of the articular surface of the capitulum/trochlea (incomplete fracture). Jakobs type 2,
with an occurrence of 29.9-65% [8,9], is a fracture with minimal displacement (between 2
and 4 mm) and a discontinuation of the articular surface. Jakobs type 3, with an occurrence
of 18.7-27% [8,9], is a displaced fracture with discontinuation of the articular surface and
displacement measuring >4 mm.

The Finnbogason classification [22], designed in 1995, is a modified version of the Jakobs
classification based on anatomy and displacement of the articular surface as seen using con-
ventional radiographs. Type A is a lateral humeral condyle fracture with a small gap without
displacement or discontinuation of the articular surface. Type B is a fracture with a small gap
without displacement but with discontinuation of the articular surface. Type C is a fracture with a
considerable gap, displacement, and discontinuation of the articular surface.

The Weiss classification [23], designed in 2009, is a modified version of the Milch
classification. Weiss et al. found that the Milch classification inadequately divided fractures
based on their potential treatment options. More focus was placed on articular congruity
and the potential to guide within the treatment options. Weiss type 1 is a lateral humeral
condyle fracture with an intact articular surface and displacement of <2 mm. Weiss type 2
is a fracture with an intact articular surface and displacement of >2 mm. Weiss type 3 is a
fracture with the incongruity of the articular surface and displacement of >2 mm.

The Song classification [4] is the most recent updated classification, focusing on
conventional radiographs, especially the internal oblique view. Song type 1 is a stable
lateral humeral condyle fracture confined to the metaphyseal bone on all radiographical
views with a displacement of <2 mm. Song type 2 is a potentially unstable fracture with
<2 mm displacement through the cartilaginous layer but showing no intra-articular fracture.
Song type 3 is an unstable intra-articular fracture with a displacement of <2 mm. Song type
4 is an unstable intra-articular fracture with a lateral displacement of >2 mm. Finally, Song
type 5 is an unstable intra-articular fracture with a rotational displacement of >2 mm.

Table 1. Visual summarization of the most commonly used classifications for lateral humeral condyle
fractures in pediatric patients in historical chronology. The Finnbogason classification type is de-
scribed with alphabetical numeration within brackets.
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Rarely is the Milch classification used to identify lateral humeral condyle fractures,
mainly because it focuses on the anatomical position of the fracture and does not direct the
user toward treatment options [24,25]. The Song classification compiles the positives taken
from Weiss and Jakobs's classifications. The Song classification divides fractures based on
the indication criteria for surgical interventions or non-surgical treatment. Ramo et al. have
extensively tested and validated the interobserver reliability of the Song classification and
its ability to determine the correct treatment option accurately [26]. The Song classification
might therefore be preferred.

2.4. Diagnosis

Children with an elbow injury suspected of an elbow fracture usually present with
an adequate trauma mechanism, localized pain, possible deformity, swelling, limitation
in elbow range of motion, and inability to use the injured arm. Although standard radio-
graphs in the anterior-posterior and lateral direction can confirm the diagnosis, additional
diagnostic imaging, such as an internal oblique view, X-rays of the contralateral elbow,
computed tomography (CT), and magnetic resonance imaging, are helpful in selected cases.
A physician should also assess the possibility of child abuse as a trauma mechanism for the
elbow fracture and look for potential additional injuries.

2.4.1. Medical History and Physical Examination

A patient’s medical history should include detailed information on identifiable risk
factors for an elbow fracture. These risk factors include but are not limited to age, gender,
physical activities leading to trauma, trauma mechanism, external visual deformity, and
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sensorimotor function. During a physical examination, visible deformity of the elbow joint
and localized ecchymosis due to tearing blood vessels or hematoma from articular capsular
bleeding are solid indicators of a potential fracture. Other strong indicators are a reduced
range of motion or inability to move, sharp pain, and crepitations felt during palpation [27].
A full assessment of the forearm’s sensory and motor function and a vascular examination
of the radial and ulnar arteries will complete the physical examination.

2.4.2. Diagnostic Imaging

If the suspicion of a lateral humeral condyle fracture or other elbow fracture is raised,
diagnostic imaging will be the next step. First, conventional radiographs will be taken
from two angles: an anterior—posterior view with the arm in supination and as much
extension as possible, and a lateral view with the elbow in a 90-degree flexion and neutral
rotation. Recent studies have shown that fractures and/or displacement of the lateral
humeral condyle are often missed with the conventional approach [10,28,29]. Therefore,
it is suggested to perform additional imaging by taking a conventional radiograph of the
uninjured elbow or by taking an internal oblique view (anterior—posterior position with
hand in full pronation) [10]. Furthermore, a fat-pad sign is a radiographic finding that
suggests hydrops or hematoma of the joint and, thus, a possible fracture. A radiograph with
a fat-pad sign and no evident fracture is usually considered as no fracture [30,31]. However,
recent studies showed that 44.6% (confidence interval: 30.4% to 59.7%) of children with
a positive fat-pad sign and no evident fracture visible on conventional radiographs have
an occult fracture [31]. In total, 14% of these occult fractures consisted of lateral humeral
condyle fractures [31]. Therefore, when in doubt, it is advised to perform additional
CT-imaging to appreciate the extent of injury to the elbow joint fully, define the proper
classification, and execute the suitable treatment method [32]. Historically, elbow surgeons
have used 2 mm and 4 mm as the cut-off values to determine conservative or surgical
treatment. The literature does not accurately describe the origin of these margins and
whether or not these margins are optimal. Nevertheless, the 2 mm and 4 mm values are
now common practice. The distance is measured between the most lateral gap between the
fracture site and the fractured bone piece. It is the biggest measurable distance between
bone and fractured bone. This measurement is susceptible to measurement errors due to the
thick cartilaginous layer surrounding the articular surface of the bone in children and the
inability to visualize the cartilage on fluoroscopy and/or radiography. If a fracture shows
displacement and rotation, the protrusion of a thick cartilage layer between the fracture
site and the bone piece could overestimate the distance of the gap and have significant
implications for the correct treatment option.

3. Treatment Options

Non-operative treatment is the preferred option for fractures with a minor (<2 mm) dis-
placement and no other additional injuries [33]. Closely regulated follow-up is mandatory
to rule out secondary displacement in the cast. Follow-up should be performed within
one week after trauma in the outpatient clinic and should include conventional X-rays in
AP and lateral and oblique views. If the fracture is >2 mm displaced, with a disruption
of the articular surface, reduction and fixation of the fracture are recommended [33,34].
The authors of each classification system for lateral humeral condyle fractures have made
recommendations concerning treatment options based on the severity of the fractures; these
recommendations can be found in Table 2. In cases with a successful fracture union and
without complications, the success rate for non-operative and operative lateral humeral
condyle fracture, as described in meta-analyses, is between 89.8-91.5% [8,33,35,36]. A
delayed diagnosis of these fractures (>3 weeks after injury) should initially be given based
on the time between the injury and presentation and the amount of displacement, in accor-
dance with the above-described options [37,38]. Unfortunately, a malunion or nonunion of
these fractures with a delayed diagnosis is quite common after 3 months [37]. Treatment
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of these complications requires a different approach depending on displacement, elbow
alignment, and a stable condylar fragment (see Sections 3.2.1 and 3.2.2).

Table 2. Classification of lateral humeral condyle fractures and their respective preferred treatment
options for the pediatric patient.

1(A) 2 (B) 3(0 4 5

Milch [16] Cast/CRPP CRPP/ORIF - - -

Jakobs [21] Cast/CRPP CRPP ORIF - -

Finnbogason [22] Cast/CRPP CRPP CRPP/ORIF - -

Weiss [23] Cast/CRPP CRPP ORIF - -
Song [29] Cast Cast/CRPP CRPP CRPP ORIF

Cast = above elbow cast, CRPP = closed reduction and percutaneous pinning with Kirschner wires, ORIF = open
reduction internal fixation with Kirschner wires and/or cannulated screw.

3.1. Non-Surgical/Operative Treatment Options: Plastered Cast Therapy

The non-operative treatment option for lateral humeral condyle fractures in children
is an above-elbow cast. This applies to a fracture with no displacement, an intact articular
surface, and no additional injury [11,16,17,21,33,34]. The elbow should be positioned in
a 90-degree flexion, and the wrist and hands should be in a neutral position (Figure 2).
Patients will return after 4 weeks for cast removal if non-operative treatment shows no
secondary fracture displacement on the X-ray in a long arm cast within the first week after
injury [8,10,11,33,34,39,40]. If the physician, after removal, doubts whether cast therapy
for 4 weeks has been enough, an additional X-ray should be made. If the X-ray shows no
callus around the fracture, treatment with plastered cast therapy should be continued for
another 2 weeks [8,10,11,33,34,39,40]. Secondary fracture displacement, which warrants
an operative treatment [34,41] (unstable fracture, see classifications Table 1), occurs most
frequently between three and seven days after injury [33,41]. Secondary displacement of
lateral humeral condyle fractures treated with a cast occurs in 4.8-29.4% of all pediatric
cases [4,10,33-35,39,41,42].

Figure 2. Digital picture of a left arm in an above-elbow cast in the recommended position (90-degree
flexion and neutral rotation).

Plastered cast therapy for a patient with a malunion or nonunion after >3 months and
after an initial delayed diagnosis is only viable if the displacement is less than 5 mm, shows
a stable condylar fragment, and shows evidence of bony bridging on a CT scan [37].
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3.2. Surgical/Operative Treatment Options
3.2.1. Closed Reduction and Internal Fixation

The minimally invasive surgical technique to reduce and stabilize the lateral humeral
condyle fracture is called closed reduction and internal fixation (CRIF), or closed reduction
and percutaneous pinning (CRPP). This technique is generally used for unstable/displaced
fractures with 2 mm—4 mm displacement [43]. Most fractures that do not show signs of
rotation of the fragment and/or additional fractures of the elbow are treated with CRPP.
Fracture reduction through CRPP is achieved by flexing the elbow and supinating the
wrist while applying pressure to the lateral side of the elbow. Simultaneous imaging
should be performed to deduce the effects of the closed reduction. Successful reduction
shows an anatomical articular surface during imaging. Fluoroscopy and ultrasound-guided
reduction are suitable options to provide basic imaging during surgery.

Ultrasound-assisted reduction creates the opportunity to provide basic imaging of
good quality while negating the negative effects of fluoroscopy radiation [44]. The image
quality and ability to perform the surgery is linked to the imaging capabilities of the surgeon
when using ultrasound. Ultrasound-assisted closed reduction is a relatively new technique
with a learning curve for the surgeon. Nevertheless, recent results show comparable
complication rates to closed reduction with fluoroscopy and/or ORIF [44].

Through simultaneous fluoroscopy, one can deduce the effects of the reduction. How-
ever, the diagnostic accuracy of joint reduction appreciated on two-dimensional fluoroscopy
used in the operating theater shows inferior results compared to a CT scan [45]. The subjec-
tive image quality of fluoroscopy is the main contributing factor toward inferior diagnostic
accuracy. The imaging quality is affected by the degree of image focus achieved during
surgery. The most notable factor which directly impacts the quality of the image is the
presence of osteosynthesis material, which results in scattering and artifacts. A secondary
factor influencing the image quality is the relative thickness of the cartilage, which is more
prominent in children than adults, compared to bone thickness. The cartilage and articular
surface of the elbow in children are not as visible using fluoroscopy as they would be
through arthrotomy since fluoroscopy does not show cartilaginous tissue as clearly as bone.
Considering these factors, and combined with the over-estimation in the measurement of
displacement seen in radiography prior to surgery, it is best to visualize a joint reduction
through arthrography, arthroscopy, or arthrotomy.

Next, the surgeon performs a percutaneous fixation of the reduced fracture by placing
two smooth Kirschner wires perpendicular to the fracture line. Crossed Kirschner wires
may reduce fracture stability [46]. A third Kirschner wire can be placed through the
condyles, parallel to the joint, to increase fracture stability and minimize rotation. Kirschner
wires can be buried underneath the skin or exposed for easy removal. Both methods
show similarly low complication rates, low infection rates, and high successful union rates.
Kirschner wires are left in place for 4 weeks after surgery. In addition, the patient receives
a long arm cast with elbow back slab support for 4 weeks.

CRPP for a patient with a malunion or nonunion after >3 months and after an initial
delayed diagnosis is only viable if the displacement is less than 5 mm, shows an unstable
condylar fragment, and shows no evidence of bony bridging on a CT scan [37].

3.2.2. Open Reduction and Internal Fixation

Open reduction and internal fixation (Figure 3) is the preferred surgical treatment
option for a fracture showing more than 4-mm displacement and/or rotation of the frag-
ment. It is also the next step-up surgical option when CRPP fails to reduce the fracture
to an anatomic situation. A small incision is made on the anterolateral side of the elbow.
Subsequent careful dissection of the subcutaneous tissue, fascia, and articular capsule is
performed. The malrotation of the fracture’s fragment and size warrants careful dissection
not to disrupt the distal humerus’s blood supply and/or harm the radial nerve bundle.
Like with CRPP, the surgeon will fix the fracture by placing two smooth Kirschner wires
perpendicular to the fracture line. The postoperative treatment is similar to that of the
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CRPP. Surgeons can opt for screw fixation with a small AO bone screw combined with
K-wires for rotational stability of the fragment. However, studies show screw fixation
results in comparable quality of life and range of motion postoperatively while having
disadvantages such as second surgery to remove the screw, impairment of the range of
motion, delayed union, and wound infections [36,43].

Figure 3. (Left) Anterior—posterior view of a lateral humeral condyle fracture. (Middle) Anterior—
posterior and (right) lateral radiographic view of the elbow after open reduction and internal k-wire
fixation.

ORIF for a patient with a malunion or nonunion after >3 months and after an initial
delayed diagnosis is viable if the displacement is greater than 5 mm or is less than 5 mm
with a normal elbow alignment [37,38]. If the patient has an elbow malalignment, a
corrective osteotomy with simultaneous anterior transposition of the ulnar nerves can be
performed [37,38].

4. Complications

Complications can occur during and after treatment. One in ten patients with
lateral humeral condyle fractures has severe complications of the fracture and/or treat-
ment [8,33,36]. Unsuccessful treatment of this complicated and menacing fracture may
lead to a long-term loss in quality of life for pediatric patients. To minimize the risk of
complications during treatment, the attending physician benefits from consulting an
experienced pediatric elbow surgeon when discussing treatment options. The most
notable complications are lateral condyle overgrowth, surgical site infection, pin tract
infections, stiffness resulting in decreased range of motion, cubitus valgus deformi-
ties, ‘fishtail” deformities, malunion, non-union, avascular necrosis, and premature
epiphyseal fusion.

4.1. Lateral Overgrowth

Lateral overgrowth or lateral ‘spurring’ is a hypertrophic bony overgrowth on the
lateral side of the elbow due to overstimulation of osteoblasts during the normal bone
healing process [47,48]. Lateral overgrowth can be appreciated on conventional radiographs
and felt during a physical examination of the elbow [10,29]. The occurrence rate of this
complication is comparable between both treatment groups (non-surgical, 4.5-74%; and
surgical, 4.5-73.7%) and between surgical techniques (CRPP, 4.5-73.7%; ORIF K-wires,
22.1-73.7%; and ORIF cannulated screw, 10.1-74%) [4,29,34,36,42,49-51].

11
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4.2. Infections

Infections are an infrequent complication of surgical interventions and can be divided
into two groups: superficial surgical site infections and deep infections of the osteosynthesis
material. Treatment options for these infections can differ, ranging from local topical
(antibiotic) treatment to extensive revision surgery. The occurrence rate of infections as a
complication of lateral humeral condyle elbow surgery is 0.01-19.3% [10,36,39,42,43,50,51].

4.3. Malunion and Non-Union

A malunion of the bone describes the situation in which a patient’s bone does
not heal properly and creates an abnormally shaped joint with possible impaired
function of the extremity as a result. A delayed or even non-union of the bone is a
failure of a fracture to heal properly after three to nine months [52]. Malunion can
cause structural deformities with a cubitus varus or, more commonly, cubitus valgus
or impairment in the range of motion. Non-union or malunion of lateral humeral
condyle fractures often require revision surgery to attempt to repair shortcomings
and improve clinical outcomes for the patient [38,53—-57]. Non-union or malunion,
as a complication after revision surgery, occurred between 0-13% [54-56]. The phys-
ical performance score of the elbow, measured using the mayo performance score,
increased in more than 80% of patients [54-56]. Non-union and malunion of the
fracture occur more frequently in the cast therapy group [10,33,42]. The occurrence
rate of non-union and malunion of the fracture is between 0-11.8% and 1.3-11.8%, re-
spectively [4,8,10,36,39,40,42,43,49-51,53,58]. This rate of occurrence is exceptionally
high, demonstrating the unforgiving nature of fracture healing for lateral humeral
condyle fractures.

4.4. Avascular Necrosis

Avascular necrosis, or osteonecrosis, is a complication that causes ischemic damage
to bone cells and, eventually, necrosis of bone due to the loss of blood supply. This
can occur to bones after trauma because of the increased swelling, decreased range of
motion of the elbow, and rotation of the broken fragment with subsequent tearing of the
arteries [40]. The capitulum and lateral condyle are supplied solely with blood from a
couple of small end arteries on the lateral side of the elbow. Hence, the capitulum and
lateral condyle are considered to be relatively avascular. Therefore, one can appreciate how
a slight traumatic injury or surgical operation through a posterior dissection approach can
cause permanent damage to the small arteries supplying the lateral side, causing avascular
necrosis [59]. The occurrence rate of avascular necrosis after lateral condyle fractures is
0.9-3.1% [8,39,40,49,51,58]. No study has reported the difference in occurrence rates of
avascular necrosis between a non-operative and surgical treatment option. The elbow’s
functionality, stability, and range of motion are highly impeded after avascular necrosis. As
a result, the patient will have a long-term disability when it comes to daily function.

5. Conclusions

Lateral humeral condyle fractures are frequently seen in pediatric patients. The Song’s
classification is the best validated and most recommended method out of all classification
systems developed in the past. Treatment options vary from non-operative treatment
with a cast to an open reduction and internal fixation. The success rate for these treat-
ments, i.e., patients with successful fracture healing and without complications, is between
89.8-91.5%. The most notable complications are malunion or non-union, avascular necro-
sis, postoperative infections, and decreased mobility. Most important, the complications
of lateral humeral condyle fractures are quite severe and, if untreated, could lead to a
disproportionate loss in the quality of life.

12



Children 2023, 10, 1033

Author Contributions: Conceptualization, T.EES. and C.J.A.v.B.; writing—original draft preparation,
T.EES.; writing—review and editing, JW.C., B.T., D.E. and C.J.A.v.B.; visualization, TEES. and
C.J.A.v.B.; artwork, T.EES,; supervision, D.E. and C.J.A.v.B.; project administration, J W.C., C.J.A.v.B.
All authors have read and agreed to the published version of the manuscript.

Funding: This research received no external funding.
Institutional Review Board Statement: Not applicable.
Informed Consent Statement: Not applicable.

Data Availability Statement: No new data were created or analyzed in this study. Data sharing is
not applicable to this article.

Conflicts of Interest: The authors declare no conflict of interest.

References

1.

10.

11.
12.

13.

14.

15.

16.
17.

18.
19.
20.
21.

22.

Hedstrom, E.M.; Svensson, O.; Bergstrom, U.; Michno, P. Epidemiology of fractures in children and adolescents: Increased
incidence over the past decade: A population-based study from northern Sweden. Acta Orthop. 2010, 81, 148-153. [CrossRef]
[PubMed]

Naranje, S.M.; Erali, R.A.; Warner, W.C.; Sawyer, ].R.; Kelly, D.M. Epidemiology of Pediatric Fractures Presenting to Emergency
Departments in the United States. J. Pediatr. Orthop. 2016, 36, e45—e48. [CrossRef] [PubMed]

Hussain, S.; Dar, T.; Beigh, A.Q.; Dhar, S.; Ahad, H.; Hussain, I.; Ahmad, S. Pattern and epidemiology of pediatric musculoskeletal
injuries in Kashmir valley, a retrospective single-center study of 1467 patients. ]. Pediatr. Orthop. Part B 2015, 24, 230-237.
[CrossRef] [PubMed]

Hwan Koh, K.; Wook Seo, S.; Mu Kim, K.; Sup Shim, J. Clinical and Radiographic Results of Lateral Condylar Fracture of Distal
Humerus in Children. J. Pediatr. Orthop. 2010, 30, 425-429.

Landin, L.A.; Danielsson, L.G. Elbow fractures in children. Acta Orthop. Sand. 1986, 57, 309-312. [CrossRef]

Houshian, S.; Mehdj, B.; Larsen, M.S. The epidemiology of elbow fracture in children: Analysis of 355 fractures, with special
reference to supracondylar humerus fractures. J. Orthop. Sci. 2001, 6, 312-315. [CrossRef]

Emery, K.H.; Zingula, S.N.; Anton, C.G; Salisbury, S.R.; Tamai, J. Pediatric elbow fractures: A new angle on an old topic. Pediatr.
Radiol. 2016, 46, 61-66. [CrossRef]

Tan, S.H.S.; Dartnell, J.; Lim, AK.S.; Hui, ].H. Paediatric lateral condyle fractures: A systematic review. Arch. Orthop. Trauma Surg.
2018, 138, 809-817. [CrossRef]

James, V.; Chin, A.; Chng, C.; Lim, F; Ting, M.; Chan, Y.H.; Ganapathy, S. Lateral Condyle Fracture of the Humerus Among
Children Attending a Pediatric Emergency Department; A 10-Year Single-Center Experience. Pediatr. Emerg. Care 2021, 37,
€1339-e1344. [CrossRef]

Kwang, S.; Song, H.; Kang, B.; Woo, M.; Chul Bae, K.; Cho, C.H. Internal Oblique Radiographs for Diagnosis of Nondisplaced or
Minimally Displaced Lateral Condylar Fractures of the Humérus in Children. J. Bone Jt. Surg. 2007, 89, 58-63.

Hill, C.E.; Cooke, S. Common Paediatric Elbow Injuries. Open Orthop. . 2017, 11, 1380-1393. [CrossRef] [PubMed]

Shaerf, D.A.; Vanhegan, I.S.; Dattani, R. Diagnosis, management and complications of distal humerus lateral condyle fractures in
children. Shoulder EIb. 2018, 10, 114-120. [CrossRef] [PubMed]

Okubo, H.; Nakasone, M.; Kinjo, M.; Onaka, K.; Futenma, C.; Kanaya, F. Epidemiology of paediatric elbow fractures: A
retrospective multi-centre study of 488 fractures. J. Child Orthop. 2019, 13, 516-521. [CrossRef] [PubMed]

Rennie, L.; Court-Brown, C.M.; Mok, ].Y.Q.; Beattie, T.F. The epidemiology of fractures in children. Injury 2007, 38, 913-922.
[CrossRef]

Sananta, P,; Sintong, L.; Prasetio, B.; Putera, M.A.; Andarini, S.; Kalsum, U.; Dradjat, R.S. Elbow fracture in children at saiful
anwar general hospital, nine years experiences. Open Access Maced. |. Med. Sci. 2019, 7, 4069-4071. [CrossRef]

Milch, H. Fractures and fracture dislocations of the humeral condyles. |. Trauma 1964, 4, 592-607. [CrossRef] [PubMed]

Abzug, ] M.; Dua, K,; Kozin, S.H.; Herman, M.J. Current Concepts in the Treatment of Lateral Condyle Fractures in Children. J.
Am. Acad. Orthop. Surg. 2020, 28, E9-E19. [CrossRef]

Herdea, A.; Ulici, A.; Toma, A.; Voicu, B.; Charkaoui, A. The relationship between the dominant hand and the occurrence of the
supracondylar humerus fracture in pediatric orthopedics. Children 2021, 8, 51. [CrossRef]

Bryce, C.D.; Armstrong, A.D. Anatomy and Biomechanics of the Elbow. Orthop. Clin. N. Am. 2008, 39, 141-154. [CrossRef]
Paulsen, F.,; Waschke, J. (Eds.) Sobotta Atlas of Human Anatomy, 15th ed.; Elsevier: Amsterdam, The Netherlands, 2011.

Jakob, R.; Fowles, ].V.; Rang, M.; Kassab, M.T. Observations concerning fractures of the lateral humeral condyle in children. J.
Bone Jt. Surg. Br. 1975, 57, 430-436. [CrossRef]

Finnbogason, T.; Karlsson, G.; Lindberg, L.; Mortensson, W. Nondisplaced and minimally displaced fractures of the lateral
humeral condyle in children: A prospective radiographic investigation of fracture stability. J. Pediatr. Orthop. 1995, 15, 422-425.
[CrossRef] [PubMed]

13



Children 2023, 10, 1033

23.

24.

25.

26.

27.

28.

29.

30.

31.

32.

33.

34.

35.

36.

37.

38.

39.

40.

41.

42.

43.

44.

45.

46.

47.

48.

Weiss, ].M.; Graves, S.; Yang, S.; Mendelsohn, E.; Kay, R.M.; Skaggs, D.L. A new classification system predictive of complications
in surgically treated pediatric humeral lateral condyle fractures. J. Pediatr. Orthop. 2009, 29, 602-605. [CrossRef] [PubMed]
Mirsky, E.C.; Karas, E.H.; Weiner, L.S. Lateral condyle fractures in children: Evaluation of classification and treatment. J. Orthop.
Trauma 1997, 11, 117-120. [CrossRef]

Pennington, R.G.C.; Corner, J.A.; Brownlow, H.C. Milch’s classification of paediatric lateral condylar mass fractures: Analysis of
inter- and intraobserver reliability and comparison with operative findings. Injury 2009, 40, 249-252. [CrossRef]

Ramo, B.A ; Funk, S.S.; Elliott, M.E.; Jo, C.H. The Song Classification Is Reliable and Guides Prognosis and Treatment for Pediatric
Lateral Condyle Fractures: An Independent Validation Study with Treatment Algorithm. J. Pediatric Orthop. 2020, 40, E203-E209.
[CrossRef] [PubMed]

Appelboam, A.; Reuben, A.D.; Benger, ].R.; Beech, F,; Dutson, J.; Haig, S.; Higginson, I; Klein, J.A.; Le Roux, S.; Saranga, S.S.;
et al. Elbow extension test to rule out elbow fracture: Multicentre, prospective validation and observational study of diagnostic
accuracy in adults and children. BMJ 2009, 338, 31-33. [CrossRef] [PubMed]

Knutsen, A.; Avoian, T.; Borkowski, S.L.; Ebramzadeh, E.; Zionts, L.E.; Sangiorgio, S.N. Accuracy of radiographs in assessment of
displacement in lateral humeral condyle fractures. J. Child Orthop. 2014, 8, 83-89. [CrossRef]

Soon Song, K.; Woon Shin, Y.; Wug, C.O.; Choer Bae, K.; Hyun Cho, C. Closed Reduction and Internal Fixation of Completely
Displaced and Rotated Lateral Condyle Fractures of the Humerus in Children. J. Orthop. Trauma 2010, 24, 434-438. [CrossRef]
Poppelaars, M.A.; Eygendaal, D.; The, B.; van Oost, I.; van Bergen, C.J.A. Diagnosis and Treatment of Children with a Radiological
Fat Pad Sign without Visible Elbow Fracture Vary Widely: An International Online Survey and Development of an Objective
Definition. Children 2022, 9, 950. [CrossRef]

Kappelhof, B.; Roorda, B.L.; Poppelaars, M.A.; The, B.; Eygendaal, D.; Mulder, P.G.H.; Van Bergen, C.J. Occult Fractures in
Children with a Radiographic Fat Pad Sign of the Elbow: A Meta-Analysis of 10 Published Studies. JBJS Rev. 2022, 10, e22.
[CrossRef]

Chapman, V.M,; Grottkau, B.E.; Albright, M.; Salamipour, H.; Jaramillo, D. Multidetector computed tomography of pediatric
lateral condylar fractures. J. Comput. Assist. Tomogr. 2005, 29, 842-846. [CrossRef] [PubMed]

Knapik, D.M.; Gilmore, A.; Liu, R.W. Conservative Management of Minimally Displaced (<2 mm) Fractures of the Lateral
Humeral Condyle in Pediatric Patients: A Systematic Review. . Pediatr. Orthop. 2017, 37, e83-e87. [CrossRef] [PubMed]
Marcheix, P.S.; Vacquerie, V.; Longis, B.; Peyrou, P.; Fourcade, L.; Moulies, D. Distal humerus lateral condyle fracture in children:
When is the conservative treatment a valid option? Orthop. Traumatol. Surg. Res. 2011, 97, 304-307. [CrossRef]

Zhang, S.; Tan, S.H.S.; Lim, A.K.S.; Hui, ].H.P. Surgical outcomes in paediatric lateral condyle non-union: A systematic review
and meta-analysis. Orthop. Traumatol. Surg. Res. 2022, 108, 102933. [CrossRef]

Eckhoff, M.D.; Tadlock, J.C.; Nicholson, T.C.; Wells, M.E.; Garcia, E.s.].; Hennessey, T.A. Open reduction of pediatric lateral
condyle fractures: A systematic review. Shoulder EIb. 2022, 14, 317-325. [CrossRef] [PubMed]

Trisolino, G.; Antonioli, D.; Gallone, G.; Stallone, S.; Zarantonello, P.; Tanzi, P.; Olivotto, E.; Stilli, L.; Di Gennaro, G.L.; Stilli, S.
Neglected fractures of the lateral humeral condyle in children; which treatment for which condition? Children 2021, 8, 56.
[CrossRef]

Prakash, J.; Mehtani, A. Open reduction versus in-situ fixation of neglected lateral condyle fractures: A comparative study. J.
Pediatr. Orthop. Part B 2018, 27, 134-141. [CrossRef]

Pace, ].L.; Arkader, A.; Sousa, T.; Broom, A.M.; Shabtai, L. Incidence, Risk Factors, and Definition for Nonunion in Pediatric
Lateral Condyle Fractures. J. Pediatr. Orthop. 2018, 38, e257-e261. [CrossRef]

Shabtai, L.; Lightdale-Miric, N.; Rounds, A.; Arkader, A.; Pace, ].L. Incidence, risk factors and outcomes of avascular necrosis
occurring after humeral lateral condyle fractures. J. Pediatr. Orthop. Part B 2020, 29, 145-148. [CrossRef]

Pirker, M.E.; Weinberg, A.M.; Hollwarth, M.E.; Haberlik, A. Subsequent displacement of initially nondisplaced and minimally
displaced fractures of the lateral humeral condyle in children. J. Trauma Inj. Infect. Crit. Care 2005, 58, 1202-1207. [CrossRef]
Gaston, M.S,; Irwin, G.J.; Huntley, J.S. Lateral condyle fracture of a child’s humerus: The radiographic features may be subtle.
Scott Med. ]. 2012, 57, 1-4. [CrossRef] [PubMed]

Wendling-Keim, D.S.; Teschemacher, S.; Dietz, H.G.; Lehner, M. Lateral Condyle Fracture of the Humerus in Children: Kirschner
Wire or Screw Fixation? Eur. ]. Pediatr. Surg. 2021, 31, 374-379. [CrossRef] [PubMed]

Li, X.; Shen, X.; Wu, X.; Wang, S. Ultrasound-assisted closed reduction and percutaneous pinning for displaced and rotated lateral
condylar humeral fractures in children. J. Shoulder Elbow Surg. 2021, 30, 2113-2119. [CrossRef] [PubMed]

Beerekamp, M.S.H.; Sulkers, G.S.I.; Ubbink, D.T.; Maas, M.; Schep, N.W.L.; Goslings, J.C. Accuracy and consequences of
3D-fluoroscopy in upper and lower extremity fracture treatment: A systematic review. Eur. |. Radiol. 2012, 81, 4019-4028.
[CrossRef]

Colton, C.; Monsell, E; Slongo, T. AO General K-Wires Principles. 2023. Available online: https://surgeryreference.aofoundation.
org/orthopedic-trauma/pediatric-trauma/basic-technique/general-k-wire-principles (accessed on 23 May 2023).

Hasler, C.C.; von Laer, L. Prevention of growth disturbances after fractures of the lateral humeral condyle in children. . Pediatr.
Orthop. B 2001, 10, 123-130.

Pribaz, J.R.; Bernthal, N.M.; Wong, T.C.; Silva, M. Lateral spurring (overgrowth) after pediatric lateral condyle fractures. J. Pediatr.
Orthop. 2012, 32, 456-460. [CrossRef]

14



Children 2023, 10, 1033

49.

50.

51.

52.

53.

54.

55.

56.

57.

58.

59.

Ganeshalingam, R.; Donnan, A_; Evans, O.; Hoq, M.; Camp, M.; Donnan, L. Lateral condylar fractures of the humerus in children:
Does the type of fixation matter? Bone Jt. J. 2018, 100-B, 387-395. [CrossRef]

Leonidou, A.; Chettiar, K.; Graham, S.; Akhbari, P.; Antonis, K.; Tsiridis, E.; Leonidou, O. Open reduction internal fixation of
lateral humeral condyle fractures in children. A series of 105 fractures from a single institution. Strateg. Trauma Limb Reconstr.
2014, 9, 73-78. [CrossRef]

Pennock, A.T.; Salgueiro, L.; Upasani, V.V.; Bastrom, T.P.; Newton, P.O.; Yaszay, B. Closed Reduction and Percutaneous Pinning
Versus Open Reduction and Internal Fixation for Type II Lateral Condyle Humerus Fractures in Children Displaced >2 mm. J.
Pediatr. Orthop. 2016, 36, 780-786. [CrossRef]

Thomas, ].D.; Kehoe, J.L. Bone Nonunion; StatPearls: Tampa, FL, USA, 2023.

Launay, F; Leet, A.L; Jacopin, S.; Jouve, J.-L.; Bollini, G.; Sponseller, P.D. Lateral humeral condyle fractures in children: A
comparison of two approaches to treatment. J. Pediatr. Orthop. 2004, 24, 385-391. [CrossRef]

Toh, S.; Tsubo, K.; Nishikawa, S.; Inoue, S.; Nakamura, R.; Narita, S. Osteosynthesis for Nonunion of the Lateral Humeral Condyle.
Clin. Orthop. Relat. Res. 2002, 405, 230-241. [CrossRef]

Eamsobhana, P.; Kaewpornsawan, K. Should we repair nonunion of the lateral humeral condyle in children? Int. Orthop. 2015, 39,
1579-1585. [CrossRef]

Park, H.; Hwang, ].H.; Kwon, Y.U.; Kim, H.W. Osteosynthesis In Situ for Lateral Condyle Nonunion in Children. J. Pediatr. Orthop.
2015, 35, 334-340. [CrossRef]

Salgueiro, L.; Roocroft, ]. H.; Bastrom, T.P.; Edmonds, EZW.; Pennock, A.T.; Upasani, V.V.; Yaszay, B. Rate and Risk Factors for
Delayed Healing Following Surgical Treatment of Lateral Condyle Humerus Fractures in Children. J. Pediatr. Orthop. 2017, 37,
1-6. [CrossRef]

Silva, M.; Cooper, S.D. Closed Reduction and Percutaneous Pinning of Displaced Pediatric Lateral Condyle Fractures of the
Humerus. J. Pediatr. Orthop. 2015, 35, 661-665. [CrossRef]

Eygendaal, D.; Bain, G.; Pederzini, L.; Poehling, G. Osteochondritis dissecans of the elbow: State of the art. J. ISAKOS 2017, 2,
47-57. [CrossRef]

Disclaimer/Publisher’s Note: The statements, opinions and data contained in all publications are solely those of the individual
author(s) and contributor(s) and not of MDPI and/or the editor(s). MDPI and/or the editor(s) disclaim responsibility for any injury to
people or property resulting from any ideas, methods, instructions or products referred to in the content.

15



children

Article

Pediatric Elbow Dislocations and Associated Fractures

Laura Lewallen !, Marilyn E. Elliott 209, Amy McIntosh 3% and Christine A. Ho 3-4*

check for
updates

Citation: Lewallen, L.; Elliott, M.E.;
Mclntosh, A.; Ho, C.A. Pediatric
Elbow Dislocations and Associated
Fractures. Children 2023, 10, 993.
https://doi.org/10.3390/
children10060993

Academic Editors: Johannes Mayr,
Cinzia Maspero, Christiaan J. A.

van Bergen and Joost W. Colaris

Received: 7 March 2023
Revised: 7 April 2023
Accepted: 30 May 2023
Published: 1 June 2023

Copyright: © 2023 by the authors.
Licensee MDPI, Basel, Switzerland.
This article is an open access article
distributed under the terms and
conditions of the Creative Commons
Attribution (CC BY) license (https://

creativecommons.org/licenses /by /
4.0/).

Department of Orthopaedic Surgery, University of Chicago Medicine, Chicago, IL 60637, USA
Scottish Rite for Children, Dallas, TX 75219, USA

Department of Orthopaedic Surgery, Children’s Medical Center of Dallas, Dallas, TX 75235, USA
Department of Orthopaedic Surgery, University of Texas Southwestern, Dallas, TX 75390, USA

*  Correspondence: christine.ho@childrens.com; Tel.: +1-(214)-456-6050

W N =

Abstract: The objective was to evaluate pediatric patients with acute elbow dislocation and/or asso-
ciated fracture to determine which were indicated for surgical intervention, using a single institution,
Institutional Review Board (IRB) approved retrospective review of patients who presented to the
Emergency Department (ED) with an acute elbow dislocation. Inclusion criteria were age < 18 years,
acute elbow dislocation injury, and appropriate imaging. A total of 117 patients were included 37 had
a simple elbow dislocation, 80 had an associated fracture (medial epicondyle 59, lateral condyle 9, ra-
dial head/neck 7, other 5). A total of 62% (73/117) were male. The average age was 10.3 years (range
4-17). Mechanisms of injury included: falls from height/playground equipment (46), trampoline
(14), and sports (57). All 37 patients with a simple elbow dislocation were successfully treated with
closed reduction. Of the 80 patients with an associated fracture, 30 (38%) went on to open reduction
internal fixation (ORIF). A total of 59 patients had an associated medial epicondyle fracture; 24 (41%)
of whom went on to ORIE. Nine patients had an associated lateral condyle fracture, five (56%) of
whom went on to ORIFE Patients with a simple elbow dislocation can be successfully treated with a
closed reduction in the ED. However, 30/80 patients with an associated fracture (medial epicondyle,
lateral condyle, or radial neck) required operative management.

Keywords: elbow dislocation; medial epicondyle fracture; pediatric elbow injury

1. Introduction

Upper extremity injuries are common in the pediatric population. Elbow dislocations
account for approximately 3-6% of elbow injuries in the pediatric population [1,2]. These
injuries most often occur in children between 10-15 years of age [2]. Boys have a higher
incidence compared to girls, by a ratio of 3:1 [3].

The mechanism of injury typically involves a fall on an outstretched arm, most often
with the elbow extended. These types of injuries often occur as a result of a fall from
playground equipment, bicycles, trampolines, or sporting activities. Posterolateral displace-
ment is the most frequent pattern of dislocation. A valgus force may result in the avulsion
of the ulnar collateral ligament (UCL) and/or an associated medial epicondyle fracture.
Direct force may also cause a medial epicondyle fracture [4].

Various types of fractures about the elbow may occur in association with a dislocation
event. The majority of associated injuries in the pediatric population involve simple
fracture patterns, though more complex fracture patterns do occur [5]. Medial epicondyle
fractures are the most common; associated with an elbow dislocation in 30-60% of pediatric
cases [2,6]. These fractures account for approximately 12-20% of elbow injuries in the
pediatric population [4,7]. Other fractures associated with pediatric elbow dislocations
include lateral condyle, radial head /neck, coronoid process, or olecranon.

The standard of treatment for an acute elbow dislocation is urgent closed reduction,
followed by brief immobilization and early active range of motion [1,6]. Reduction ma-
neuvers including hyperextension, longitudinal traction, forearm supination, and elbow
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flexion are usually successful. Patients with an open injury, associated neurovascular injury,
or persistent instability typically require open reduction and exploration. Open reduction
internal fixation (ORIF) is indicated for those with an incarcerated fracture fragment (i.e.,
medial epicondyle) [8]. However, controversy exists regarding the amount of fracture
displacement which is acceptable for non-operative management [9,10].

Our hypothesis was that a subset of patients with these injuries (elbow dislocation and
associated fracture) may be safely managed with reduction/surgery in a delayed fashion,
rather than acute reduction in the Emergency Department. The objective of this study was
to evaluate pediatric patients with an acute elbow dislocation, and/or associated elbow
fracture, to further characterize which patients were indicated for surgical intervention.

2. Materials and Methods
2.1. Study Design

This was an Institutional Review Board (IRB) approved retrospective review of patients
who presented to our Emergency Department (ED) with an acute elbow dislocation between
1 January 2008 and 31 December 2016. The study’s IRB number is STU-092016-039 and was
approved on 12 October 2016. The study was performed at a single institution, a pediatric
level-1 trauma center.

2.2. Population

Patients with an acute elbow injury who were treated with closed reduction were
first identified from paper fluoroscopy logs kept by the radiology department. In total,
303 elbow injuries were identified in this manner. The type of elbow injury was confirmed
through a chart review of the orthopedic consult notes and radiology reports, as well as a
radiographic review of the images.

2.3. Inclusion/Exclusion Criteria

Patients were included in the final analysis if they met the following criteria: (1) acute
elbow dislocation with or without an associated elbow fracture, (2) age 18 years or younger
at the time of injury, and (3) appropriate imaging to characterize the injury. Patients were
excluded from the final analysis if they (1) had any acute elbow injury that did not include
an elbow dislocation (i.e., radial head dislocation, supracondylar or other distal humerus
fracture, Monteggia injury), (2) were over the age of 18 years at the time of injury, or (3) did
not have appropriate imaging.

2.4. Data Collection/Analysis

The following data were collected: age, gender, laterality, mechanism of injury, treat-
ment at an outside hospital (if any), nature of associated fracture (if any), amount of
displacement at the fracture site, whether the closed reduction was attempted, whether
surgery was necessary, time from initial treatment (closed reduction) to surgery, indication
for surgery, a surgical procedure performed, and length of follow up. Outside treatment
was collected from either Emergency Medical Services (EMS) reports or initial ED docu-
mentation. The mechanism of injury was grouped into the following categories: fall from
height or playground activity, sporting activity, or trampoline. Initial closed reduction data
were obtained from the orthopedic consult notes and procedure notes. Surgical indications
and procedures performed were determined from the operative notes. The maximum
amount of displacement at the fracture site was measured on post-reduction radiographs,
for those patients with an associated fracture (medial epicondyle, lateral condyle, radial
head/neck. Length of follow-up was collected from the clinic progress notes.

3. Results
3.1. Demographic Data

In total, 303 patients with acute elbow injuries were identified. A total of 117 met our
inclusion criteria. A total of 31.6% (37/117) of patients had a simple elbow dislocation. A
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total of 68.4% (80/117) had an associated fracture, with the medial epicondyle being the
most common (73.8%, 59/80). Nine patients had an associated lateral condyle fracture,
seven patients had a radial head /neck fracture, and five patients had other fractures
(coronoid, olecranon) (Figure 1). There were more males than females (62.4% versus 37.6%).
The average age at the time of injury was 10.3 years (range 4-17 years).

Presentation and treatment

137 patients with elbow dislocation
screened

| 20patients excluded for not
meeting inclusion criteria

Mechanism of Injury

46 from Height/Playground Patient Inclusion
Equipment ‘

< - 77 Males
| 57 from Sporting Activity 1i7patients
34 Females
14 from Trampoline

37 patients Fracture Type Treatment
o smple .
; ; 35CR
59 Medial epicondyle
e|‘bOW i 80 patients fractures i !
dislocation with elbow 24 ORIF**
dislocation »
¢ and 9 Lateral condyle 4 CR

. fractures
37 CR associated 5 ORIF
fracture

[~ 7 Radial head/neck
6 CR
fractures

i

1 ORIF

| 5 Other fractures
(Coronoid, olecranon) 5CR

*CR — closed reduction

**ORIF — open reduction internal fixation
Figure 1. Flow chart of patient presentation and treatment.

3.2. Mechanism of Injury

As shown in Table 1, the most common mechanisms of injury were a fall from
height/playground equipment (39.3%, 46/117) or sporting activity (48.7%, 57/117). Tram-
poline injuries were less common (12%, 14/117).

Table 1. Demographic Data.

n=117
Male 73
Sex
Female 44
Fall from height/playground equipment 46
Mechanism of Injury Sporting Activity 57
Trampoline 14

3.3. Treatment

All 117 patients underwent closed reduction under sedation in the ED. Reductions
were performed by resident physicians or advanced practice providers (APPs), includ-
ing orthopedic nurse practitioners and orthopedic physician assistants. Standard closed
reduction maneuvers were performed, including a combination of longitudinal traction,
supination, and elbow flexion, anteriorly directed force on the olecranon.
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The 37 patients with a simple elbow dislocation (i.e., no associated fractures) were all
successfully treated with closed reduction.

The number of associated fractures, as well as the treatment summary, are shown
in Table 2. Of the 80 patients with an associated fracture, 73.8% (59/80) had a medial
epicondyle fracture. A total of 40.7% (24/59) of the medial epicondyle fractures were treated
with open reduction internal fixation after reduction of the elbow dislocation (Figure 2).

Table 2. Injury Pattern and Treatment Summary.

n CR * Attempted? CR * Successful? ORIF ** Indication for ORIF **
TOTAL INCLUDED 117 117 85 30
Simple dislocation 37 37 37 0

Associated fracture 80 80 50 30

Medial epicondyle fracture 59 59 35 24 (40.7%) fracture displacement—19 (79.:2%)
incarcerated fracture fragment—?5 (20.8%)
Lateral condyle fracture 9 9 4 5 (55.6%) fracture displacement—5 (100%)

Radial head /neck fracture 7 7 6 1(14.3%) fracture displacement—1
Other (coronoid, olecranon) 5 5 5 0

CR *—Closed Reduction. ORIF **—Open Reduction Internal Fixation.

The indication for surgery was the amount of fracture displacement per the attending
surgeon’s operative notes in 79.2% (19/24), and an incarcerated fracture fragment in
20.8% (5/24).

Nine patients had a lateral condyle fracture. A total of 55.6% (5/9) of these patients un-
derwent open reduction internal fixation after reduction of the elbow dislocation (Figure 3).

The indication for surgery in all five patients was the amount of fracture displacement.
One patient was treated with closed reduction in the operating room (OR), due to ongoing
instability after initial reduction in the ED.

Seven patients had a radial head /neck fracture. One of these patients was treated with
open reduction internal fixation, due to displacement of the fracture fragment.

Five patients had various other associated fractures (coronoid, olecranon). None of
these patients were treated surgically.

For those patients with an associated fracture (medial epicondyle, lateral condyle, or
radial head /neck), the maximum amount of displacement was measured on post-reduction
radiographs. Several patients did not have appropriate imaging to measure the maximum
displacement. Comparisons were made between patients treated non-operatively and
those treated with ORIF. The results are shown in Table 3.

Table 3. Comparisons of Post-Reduction Maximum Displacement between Open Reduction/Internal
Fixation (ORIF) and No-ORIF groups.

Overall No-ORIF Group ORIF Group
Variables Mean =+ Std *, Med Mean =+ Std *, Med Mean =+ Std *, Med p-Value
(Range) (Range) (Range)
. 6.52 + 5.28,5.00 10.58 + 5.66, 11.05
Fracture displacement (mm) 51 0,21.10) 33 4.30 +3.50,4.00 (0,11.00) 18 (1,50, 21.10) 0.0004
Fracture displacement (mm)—with 6.85 + 5.37, 6.80 12.85 + 4.07,12.75
medial epicondyle fracture 47 (0,21.10) 33 430+350,400(0,11.00) 14 (6.80, 21.10) <0.0001
Fracture displacement (mm)—with 4 2.63 +1.11, 2.50 0 4 2.63 +1.11, 2.50
lateral condyle fracture (1.50, 4.00) (1.50, 4.00)

Std *—standard deviation.
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Injury, AP andfibteral

4

Post Closed Reduction, AP and Latera

Intra-op, AP and Late

W Final follow-up (8 weeks), AP and Lateral

Figure 2. The clinical course of a 9-year-old with a medial epicondyle fracture. Injury (first row from
the top, left image—Antero-Posterior (AP); right image—Lateral); Post Closed Reduction (second
row from the top, left image—AP scan; right image—Lateral); Intra-operative (third row from the
top, left image—AP; right image—Lateral); Final follow up at 8 weeks (fourth from the top/Bottom
row, left image—AP; right image—Lateral).
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Injury, AP and Lateral

\

Intra-op, AP, Lateral, Oblique

Final follow up (20 weeks), AP, LateraliOblique

Figure 3. The clinical course of a 7-year-old male with a lateral condyle fracture. Injury (1st row from
the top, left image—Antero-Posterior (AP); right image—Lateral); Intra-Operative (2nd row from the
top, left image—AP; middle image—Lateral; right image—Oblique); Final follow-up at 20 weeks (3rd
row from top/bottom row, left image—AP; middle image—Lateral; right image—Oblique.

Of all patients with an associated fracture in which maximum displacement measure-
ments could be made (1 = 51), there was a significant difference (p = 0.0004) between those
treated non-operatively (mean displacement = 4.3 mm) and those treated with ORIF (mean
displacement = 10.58 mm). For patients with a medial epicondyle fracture, there was also a
statistically significant difference (p = <0.0001) between those treated non-operatively (mean
displacement = 4.30 mm) and those treated with ORIF (mean displacement = 12.85 mm).
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The lateral condyle and radial head /neck groups were too small to make comparisons or
draw conclusions regarding fracture displacement.

In summary, 37.5% (30/80) of patients with an associated fracture went on to ORIF.
Over 40% of patients with an associated medial epicondyle fracture, and over 50% of those
with an associated lateral condyle fracture underwent operative management.

All surgeries were performed by fellowship-trained pediatric orthopedic surgeons.
The average time from initial treatment (closed reduction) to surgery was 2.8 days (range
0-13 days, median 1 day). Of the 30 patients who were treated with ORIF, 28 had surgery
within 7 days of closed reduction. The other two patients were initially managed non-
operatively, then found to have a further displacement at the initial follow up visit, prompt-
ing the decision for surgical intervention (at 11 days and 13 days, respectively).

The average follow-up in this series was 65 days (range 0-666 days, median 46 days).

4. Discussion

In our series, none of the patients who presented with a simple elbow dislocation
required operative intervention. These findings suggest that these injuries may be treated
successfully with closed reduction under sedation in the ED.

Elbow dislocations in the pediatric population are a relatively uncommon injury. A
recent study by Hyvonen et al. showed the stable incidence of elbow dislocations in the
pediatric population in Finland from 1996-2014 [11]. There is consensus regarding the
absolute indications for operative intervention, including neurovascular compromise, open
injury, incarcerated fracture fragment, or inability to achieve a concentric, stable reduction.
However, controversy exists regarding the management of concomitant injuries and the
amount of fracture displacement which is amenable to non-operative treatment [7]. The
purpose of this study was to evaluate pediatric patients with an acute elbow dislocation, to
further characterize which patients were indicated for surgical intervention.

The average age (10.3 years) and gender distribution (63% male) in our cohort were
similar to previous reports [2]. Sporting activities and fall from height/playground equip-
ment were the most common mechanisms of injury.

Nearly 70% (80/117) of patients in our study had an associated fracture. Consistent
with previous reports [7,8], medial epicondyle fracture was the most commonly associated
injury (74%). As previously reported by Silva et al., associated lateral condyle fractures
were uncommon [12]. ORIF was performed in nearly 40% of patients with an associated
fracture, most commonly medial epicondyle, and lateral condyle fractures.

Murphy et al. recently reported a series of 145 patients with an elbow dislocation
and noted concomitant fractures in 80% (114/145) [2]. Medial epicondyle fracture was the
most common (60%). In their series, 59% of patients were treated with ORIF of associated
fractures. The complication rate was found to be 14% (21/145). The authors identified
risk factors for less than excellent functional outcomes including the presence of multiple
associated fractures, operative intervention, and prolonged immobilization.

In our series, over 40% of patients with an associated medial epicondyle fracture and
over 50% of patients with an associated lateral condyle fracture were treated surgically.
Based on our findings, approximately half of the patients will be going on to surgery
within the following day (median time to surgery was 1 day). With the assumption that
the patient is neurovascularly intact, with a palpable pulse, and comfortably splinted, it
may be reasonable to postpone closed reduction under sedation in the ED and proceed
with operative intervention in a timely manner rather than subjecting the child to two
anesthetics within 24 h. While both moderate sedation as well as general anesthesia in
pediatric patients continues to improve in safety, there is evidence in laboratory animals
that early exposure to anesthesia is associated with long-term brain changes [13,14], and
that in children under the age of 4 years old, multiple, or prolonged exposures to anesthesia
may have adverse effects on behavior, learning, and memory [15-17]. In addition, adverse
events are a known risk of sedation and anesthesia, which may range from mild, such as a
failed sedation [18,19], to a more serious adverse effect such as cardiac arrest [20]. While
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References

there is still no direct evidence linking anesthesia to negative central nervous system effects
in children, exposure to anesthetic agents should be minimized, when possible, in the
pediatric age group.

On the other hand, acute reduction in the ED is the standard of care for all joint
dislocations. Urgent reduction results in improved patient comfort, decreased swelling
and tension on the soft tissues, and therefore decreased risk of developing neurovascular
complications. It is reasonable to conclude from our findings, that reduction IS indicated in
the acute setting given the high likelihood of success and the possibility that surgery may
not be necessary. A decision for surgery may then be made electively. This also makes the
timing of surgery less urgent, in the event of OR delays and other scheduling hurdles.

Limitations of this study include its retrospective nature and lack of long-term follow-
up, as is common in many studies looking at orthopedic trauma injuries. The study
was performed in a single institution and is therefore limited in its generalizability. The
main weakness of the study is that the indication for operative intervention for the me-
dial epicondyle fracture varied by surgeon, as the indications for fixation of closed, non-
incarcerated medial epicondyle fractures are controversial. Some surgeons in our practice
feel strongly that any medial epicondyle fracture with an associated dislocation should
be surgically fixed to prevent valgus instability, while others feel the non-operative treat-
ment is appropriate with a displacement of the fragment up to 1 cm, consistent with prior
published studies [9].

Future studies assessing other methods of evaluating fracture morphology may be
worthwhile for these types of injuries. Computed tomography (CT) scans are used with
caution in the pediatric population, but may have a role in some cases.

5. Conclusions

In conclusion, patients with a simple elbow dislocation (no associated fracture) can be
successfully treated with a closed reduction in the ED. However, nearly half of patients with
an elbow dislocation and associated medial epicondyle fracture or lateral condyle fracture
go on to secondary operative management. This is important to consider when counseling
patients and families regarding the initial management of these injuries, likelihood of
surgery, and the possibility of the child having multiple anesthetics. Based on these findings,
we recommend urgent reduction in the ED for patients with an associated fracture, with
plans for surgery in a timely fashion as indicated.
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Abstract: Background: Closed reduction and percutaneous fixation are the most commonly used
methods in the surgical treatment of supracondylar humerus fractures. The pin configuration
changes stability and is still controversial. The aim of this study was to investigate the relationship
between surgical duration and radiation dose/duration for different pinning fixations. Methods:
A total of 48 patients with Gartland type 2, 3, and 4 supracondylar fractures of the humerus were
randomized into two groups—?2 lateral and 1 medial (2L1M) pin fixation (n = 26) and 1 lateral
1 medial (1IL1M) pin fixation (n = 22). A primary assessment was performed regarding surgical
duration, radiation duration, and radiation dose. A secondary assessment included clinical out-
come, passive range of motion, radiographic measurements, Flynn’s criteria, and complications.
Results: There were 26 patients in the first group (2L1M) and 22 patients in the second group
(IL1IM). There was no statistical difference between the groups regarding age, sex, type of frac-
ture, or Flynn’s criteria. The overall mean surgical duration with 1L1IM fixation (30.59 £ 8.72)
was statistically lower (p = 0.001) when compared to the 2L1M Kirschner wire K-wire fixation
(40.61 + 8.25). The mean radiation duration was 0.76 + 0.33 s in the 1L1M K-wire fixation and
1.68 £ 0.55 s in the 2L1M K-wire fixation. The mean radiation dose of the 2L1M K-wire fixation
(2.45 + 1.15 mGy) was higher than that of the 1L1M K-wire fixation (0.55 £ 0.43 mGy) (p = 0.000).
Conclusions: The current study shows that although there is no difference between the clinical and
radiological outcomes, radiation dose exposure is significantly lower for the 1L1M fixation method.

Keywords: supracondylar humeral fracture; pin configuration; radiation dose

1. Introduction

Supracondylar humeral fractures are the most common elbow fractures in children,
with incidences reaching a peak at about 5 to 8 years of age [1]. Generally, the fracture
occurs due to a fall onto an outstretched hand, causing hyperextension of the elbow joint.
The distal fragment is posteriorly displaced in more than 95% of fractures [2,3]. At the same
time, these fractures have the potential to cause problems, especially due to elbow varus
deformities, neurovascular injuries, stiffness, compartment syndrome, and malunion [4,5].
Therefore, the treatment of supracondylar humerus fractures is important in children
because they affect function and elbow appearance.

According to Gartland’s criteria, these fractures are classified as nondisplaced fractures
(type I), hinged fractures with the posterior cortex intact (type II), and completely displaced
fractures (type III) [6], and in 2006, Leitch et al. [7] added type IV, which identifies fractures
with multidirectional instability.
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The most commonly used treatment for displaced supracondylar humeral fractures
is percutaneous pinning after closed or open reduction. Due to the incision scar and long
operation time, open surgery has more disadvantages than closed reduction and percu-
taneous pinning [8]. Although some studies found open reduction superior in terms of
more satisfactory results, the general opinion is that supracondylar humerus fractures
should be treated with closed reduction and percutaneous pinning [9,10]. The most com-
mon pinning configuration for supracondylar humeral fractures is cross-pinning or lateral
pinning using two or three pins [4]. Although crossed medial-lateral pin fixation provides
more stabilization than the lateral pin fixation method, it poses a greater risk of iatrogenic
ulnar nerve damage [10-13]. In many biomechanical studies, the relationship between pin
configuration and stability has been evaluated, and it has been shown that lateral pinning
is more unstable against torsional forces than cross-pinning [14,15], and a third medial pin
must be added whenever there is rotational instability [11,14,16,17].

In supracondylar humeral fracture surgery, the use of fluoroscopy is essential during
the fixation phase. Intraoperative fluoroscopy is indispensable to orthopedic surgeons
and boosts surgical accuracy. Therefore, both the surgeon and the patient are exposed
to ionizing radiation during surgery. This ionizing radiation may increase the risk of
developing cancer, which might be higher for pediatric patients [18,19]. Therefore, in
supracondylar humeral fracture surgery, the methods that expose patients to less radiation
should be chosen.

In our clinic, the surgical treatment of supracondylar humerus fractures generally
requires the two lateral and one medial pin (2L1M) configuration, considering that this
configuration is more stable, as has been proven in most biomechanical studies [16,17].
However, the prolongation of surgical time and the radiation dose received led us to
wonder, “Is the second pin from the lateral side necessary?”. This led us to the conception
of this study.

The aim of this study was to compare surgical duration, radiation duration, and the ra-
diation dose regarding two different pin configurations (2L1M vs. 1L1M) for supracondylar
humeral fracture.

2. Materials and Methods

The study design was a single-center, prospective, randomized clinical trial. Ethics
approval was obtained from our institutional review board, and informed consent was
provided by all of patients in the study. All study procedures were performed in accordance
with the 1964 Declaration of Helsinki and all its subsequent amendments. Patients with
Gartland type 2, 3, and 4 supracondylar humeral fractures who were treated (at our
clinic) with closed reduction and percutaneous pinning were enrolled from April 2021 to
December 2022.

All surgeries were performed by the same surgical team. The inclusion criteria were
as follows: age: from 3 to 12 years old and the treatment of a displaced (type 2, 3, or 4)
supracondylar fracture of the humerus. The exclusion criteria were as follows: an age of
less than 3 years old or greater than 12 years old, an open fracture, a fracture requiring
open reduction or neurovascular exploration, a floating elbow injury, and a bilateral upper
extremity fracture. A total of 48 patients who met the criteria were included in the study
(Figure 1).

All patients underwent general anesthesia, closed reduction, and percutaneous pin-
ning under the supine position [20]. The choice of pin configuration was determined
according to the date of the day of surgery. If the date of the surgery fell on an odd day of
that month (for example, the 1st, 3rd, or 5th day of the month), the first surgical method
was chosen. If the operation date fell on an even day of that month (for example, the
2nd, 4th, or 6th day of the month), the second surgical method was chosen. With this
method, patients were randomly differentiated. In the first method, following the closed
reduction of the fracture, 2 lateral pins were placed under fluoroscopy in hyperflexion,
and then 1 medial pin was placed by extending the elbow (2L1M group) (Figure 2). In
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the second method, following fracture reduction, 1 lateral pin was placed in hyperflexion
under fluoroscopy, and 1 medial pin was placed by extending the elbow (1L1M group)
(Figure 3). In both methods, the pins were bent outside the skin, and a bivalved, long-arm
cast was applied with approximately 90° of elbow flexion and neutral forearm rotation.
The duration of surgery, the duration of fluoroscopy used during surgery, and the amount
of dose received were all recorded for both the reduction and fixation phases of the surgery.
The radiation dose and duration were obtained through the recording system of the device
used (Figure 4).

All Gartland type 2, 3,
and 4 supracondylar
humerus fractures
operated in our clinic

(n = 58 patients)

Younger than 3 years old (n=2)
Older than 12 years old (n= 1)
Open fractures (n=3)
Neurovaseular exploration (n =2)
Floating elbow imjuries (n = 1)
Bilateral fractures (n=1)

Patients evaluated in the study
(n=48 patients)

Figure 1. Detailed analysis chart of patients included and excluded from the study.

4

Figure 2. Two lateral and one medial pin configuration for supracondylar humeral fracture.

e

Figure 3. One lateral and one medial pin configuration for supracondylar humeral fracture.
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Figure 4. Radiation duration and dose recorded via fluoroscopy.

All of the patients were discharged after 1 or 2 days and were seen in the clinic 1 week
after surgery. Radiographs were obtained in both anteroposterior and lateral planes at this
follow-up. If these were acceptable, the child was seen again after 3 weeks, the cast was
removed, and radiographs were obtained again. When acceptable healing was confirmed,
the pins were removed in the clinic, and motion was encouraged. The mean immobilization
time with pins in the present study was 5.2 &= 1.24 (4-7) weeks. Only those patients with
elbow stiffness were routinely treated with physiotherapy.

Each patient was called for a control assessment every 3 months following pin removal.
Clinical evaluation and radiographic evaluation were performed at each control visit. The
clinical evaluation included the assessment of the carrying angle, the measurement of the
passive range of elbow motion, a neurologic and vascular examination of the extremity, and
the determination of any complications, such as superficial infection, deep infection, and
the need for reoperation. The clinical results were graded according to the criteria of Flynn
et al., which are based on the carrying angle and elbow motion [21]. The radiographic
evaluation included an anteroposterior radiograph of the distal part of the humerus and a
lateral radiograph of the elbow. A radiological assessment was made by comparing the
Baumann angle, the humero-ulnar angle, and the humero-capitaller angle in the initial
postoperative and final follow-up radiographs [4,22]. A change in Baumann’s angle of
more than 12° was defined as a major loss of reduction, a change from 6° to 12° as mild
displacement, and a change of less than 6° as no displacement.

The data obtained in the study were analyzed statistically using SPSS v. 22.0 software
(IBM Corp., Armonk, NY, USA). Pearson’s chi-square and Fisher’s exact tests were used
to compare the categorical data to independently assess the relationships among sex, age,
Flynn’s criteria, and type of fracture. The Mann-Whitney U-test was used to compare the
mean values between the groups.

3. Results

A total of 48 patients who met the inclusion criteria were operated on for displaced
(type 2, 3, and 4) extension supracondylar humeral fracture. The mean age of the patients
was 6.54 & 2.02 (3-11) years. A total of 25 patients (52.1%) were female, with 12 patients
(25%) having a Gartland type 2 supracondylar humeral fracture, 25 patients (52.1%) having
a Gartland type 3 fracture, and 11 patients (22.9%) having a Gartland type 4 supracondylar
humeral fracture.

A total of 26 patients were operated on using the first method (2L1M), and 22 patients
were operated on using the second method (1L1M). There were 26 patients in the first group
(2L1M), and the mean age of the patients was 6.57 & 2.01 years. There were 11 (42%) females,
and 6 patients (23%) had Gartland type 2 supracondylar humeral fractures, 11 patients (42%)
had Gartland type 3 fractures, and 9 patients (35%) had Gartland type 4 supracondylar
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humeral fractures. According to Flynn's criteria, 24 of the patients had excellent results,
and 2 patients had good results.

There were 22 patients in the second group (1L1M), and the mean age of the patients
was 6.51 £ 2.08 years. There were 14 (64%) females, and 6 patients (27%) had a Gartland
type 2 supracondylar humeral fracture, 14 patients (63%) had a Gartland type 3 fracture,
and 2 patients (10%) had a Gartland type 4 supracondylar humeral fracture. According to
Flynn’s criteria, 17 patients had excellent results, and 7 patients had good results.

There was no statistically significant difference between the groups regarding age, sex,
type of fracture, or Flynn’s criteria (Table 1).

Table 1. Comparison of clinical results and descriptive features between two groups.

2L1IM 1L1IM p Value
No. of patients 26 22
Age 6.57 + 2.01 6.51 + 2.08 0.925
Sex 0.141
male 15 8
female 11 14
Type of Fracture 0.105
Gartland 2 6 6
Gartland 3 11 14
Gartland 4 9 2
Flynn Criteria 0.330
excellent 24 17
good 2 7
fair 0 0
poor 0 0

Intraoperative radiographs showed that the fracture reductions were acceptable in all
cases. A final clinical and radiological assessment confirmed the complete healing of the
fractures in all children. There were no complications, such as iatrogenic ulnar nerve injury,
a loss of reduction, pin tract infections, nonunions, etc., in either group.

The overall mean surgical duration for the 1LIM fixation (30.59 £ 8.72 min.) was
statistically lower (p = 0.001) when compared to the 2L1M K-wire fixation (40.61 % 8.25 min).
The mean radiation duration was 0.76 = 0.33 s. for the 1L1M K-wire fixation and 1.68 = 0.55 s.
for the 2L1M K-wire fixation. The mean radiation dose for the 2L1M K-wire fixation
(2.45 £ 1.15 mGy) was higher than the mean radiation dose for the 1L1M K-wire fixation
(0.55 £ 0.43 mGy) (p < 0.001). A comparison between the two types of fixations showed the
mean surgical duration and radiation dose/duration were significantly lower for the 1L1M
K-wire fixation compared to the 2L1M K-wire fixation (Table 2).

Table 2. Comparison of surgical time, radiation dose, and duration between pin configurations.

Pin Configuration N Mean Rank p Value
2L1M 26 40.61 = 8.25
Surgical duration in min 1L1M 22 30.59 + 8.72
Total 48 0.001
2L1M 26 1.68 +0.55
Radiation duration in min 1L1M 22 0.76 = 0.33
Total 48 <0.001
2L1M 26 245+ 1.15
Radiaton dose in mGy 1L1IM 22 0.55 4+ 0.43
Total 48 <0.001

4. Discussion

Although closed reduction and percutaneous pinning are the primarily recommended
treatment options in the literature for pediatric supracondylar humeral fractures, discus-
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sions continue regarding the superiority of different pin configurations (2L1M vs. 1L1M) to
each other [4,9-13]. Although the main focus of these discussions is the absolute necessity
of anatomical reduction and stabilization of the fracture, radiation exposure is an impor-
tant criterion, especially considering that the patient population is in the pediatric age
group [14-19]. The number of studies examining the superiority of different pin configura-
tions to each other by including radiation exposure is quite limited in the literature, and this
constitutes the main strength of our study. The most important finding of this study was
that although there was no difference between the two different pin configuration methods
in terms of clinical outcomes (p > 0.05 for each), there was a significant difference in terms
of surgical duration, radiation dose, and radiation duration (p < 0.05 for each). Although
the 1L1M pin configuration was clinically and radiologically similar, the radiation dose
exposure it required was significantly lower (p < 0.001).

While closed reduction and percutaneous fixation are preferred in the surgical treat-
ment of supracondylar humeral fractures in terms of low complication rates and wound
healing, the pin configuration is still controversial [8-14]. Biomechanical studies show that
cross-pinning is more effective than lateral pinning alone, especially to achieve greater
rotational stability. In particular, it has been shown that stability is increased with the
cross-pinning of two laterals and one medial [16]. When the literature was reviewed, the
relationship between cross-pinning and lateral pinning in the percutaneous treatment of
supracondylar humeral fractures was examined and evaluated in terms of stability and
function. In particular, cross-pinning is considered to be more advantageous due to its con-
tribution to torsional stability. The treatment of displaced supracondylar humeral fractures
using only two lateral pins has been noted to be associated with a higher incidence of loss
of reduction [23]. Although the medial pin improves torsional stability, it also introduces
the risk of iatrogenic ulnar nerve injury. The reported incidences of postoperative ulnar
nerve palsies range from 0% to 12% [24-26]. In a randomized clinical trial in 2007, Kocher
et al. showed that both lateral entry pin fixation and medial and lateral entry pin fixation
were effective in surgery for supracondylar humeral fractures [4]. They did not observe a
functional difference in either group. They did not observe iatrogenic ulnar nerve injury in
either group. In their surgical technique, firstly, the lateral pin was placed, the elbow was
extended to a position of <90°, and a small incision was made over the medial epicondyle
to protect the ulnar nerve. They believed that, with this method, the risk of ulnar nerve
injury was reduced. In both groups, we applied medial pins to our patients, similar to the
technique of Kocher et al. [4], following lateral pinning with an extension below 90 degrees,
and we did not encounter any ulnar nerve injury either. Kocher et al. also suggested
that a third pin may need to be administered to lateral entry patients, especially for those
who are unstable. We believe that this recommendation is a method of increasing stability
in accordance with the literature. In another prospective study conducted by Prashant
et al. in 2016, medial-lateral cross-pinning was compared with lateral pinning, and they
observed moderate reduction loss in two cases in the lateral pinning group [27]. While
achieving similar results in terms of the functional and radiological aspects, they found
iatrogenic ulnar nerve injury in two patients in the medial-lateral cross-pinning group.
In the systematic review and meta-analysis study conducted by Dekker et al. in 2016
covering the years 1966-2015, it was observed that there was no significant difference
between lateral pinning and medial-lateral cross-pinning [28]. Moderate reduction loss
was seen in the lateral pinning group, and the medial-lateral cross-pinning group had a
three-fold increase in iatrogenic ulnar nerve injury. In our study, we did not observe nerve
injury or loss of reduction in any patients. In accordance with our study, it was observed
that pin configuration did not have a significant effect on radiological or clinical outcomes
(p < 0.05). At this point, it is obvious that there are many positive correlations, such as
surgical experience and the effective use of fluoroscopy. We believe that having the same
surgical team perform all the operations in our study facilitated optimal stability and
explains the low complication rates. In addition, the fact that we did not include open
fractures, bilateral injuries, or polytraumas may affect our complication rates. Finally, since

30



Children 2023, 10, 550

the study mainly focused on perioperative variables, radiation exposure, and reduction
quality, the fact that we did not evaluate our long-term follow-up results and changes
in the patient’s joint range of motion and bearing angle may have also had an impact
on our results. We can optimally compare the stability and functional and radiological
results of the 1L1M and 2L1M configurations with further studies that also evaluate the
mid-long-term follow-up results.

While the widespread use of radiography and even computed tomography in ortho-
pedic pediatric injuries continues in diagnosis, treatment, and follow-up processes, the
concept of limiting radiation exposure after traumatic injuries of pediatric patients has been a
controversial issue in the literature for many years. Several studies have reported that with a
correct and adequate physical examination of children with elbow injuries, the need for radio-
graphic examination and radiation exposure could be significantly reduced [29-31]. Kraus
and Dresing, in their 2023 study, investigated rational imaging in children and emphasized
the necessity of protection from radiation [32]. Kocaoglu et al. investigated the necessity of
fixation of both bones in children with distal forearm fractures of both bones, considering
the surgical time and radiation exposure criteria, and reported that with the fixation of
the distal radius fracture alone, optimal functional results could be achieved with less
radiation exposure and shorter surgical time [33]. There are a limited number of studies in
the literature comparing pin configurations and radiation doses in pediatric supracondylar
humeral fractures. Patients with 18 supracondylar humeral fractures fixed by Martus et al.
using the same method were shown to experience minimal exposure of radiosensitive
organs to radiation doses [34]. Schmucker et al. determined the factors that influence
radiation exposure during the fixation of supracondylar fractures [35]. No difference was
found when they compared biplanar and uniplanar C-arm use. Both radiation exposure
and duration increased with fracture displacement, and the number of pins increased.
In the retrospective study conducted by Tzatzairis et al. in 2021, although there was no
difference according to Flynn's criteria, a statistically significant decrease in radiation dose
was found in the cross-pinning group compared to the lateral pinning group [36]. They
believed that the high radiation dose in the lateral pinning group was due to taking more
images to assess stability. In our study, although there was no difference between the
groups in terms of functional outcome, it was observed that the surgical time was longer
and the radiation exposure was higher in the group with three pins (2L1M). We believe
that after a safe level of stability of the cross-pin configuration has been achieved, the use
of an extra pin may result in increased radiation exposure and prolonged surgical time.

Our study was limited in that only the radiation emitted through the C arm was
evaluated, and this does not reflect direct radiation exposure. Although we did not study
scatter radiation in our study, it is still an important factor to consider with regard to both
the health of the patient and the surgical team. It would be appropriate to investigate
this in future studies. Another important limitation was our relatively low number of
patients. Finally, although we stated that the extra pin used in the 2L1M configuration did
not contribute to stability while extending the surgical time and increasing the radiation
exposure, as we mentioned before, our findings are supported by short-term follow-up
results. The effect of the extra pin on stability and radiation exposure can be more clearly
demonstrated by further studies with a larger patient cohort and including dosimetry
analyses in which the mid-long-term follow-up results of the patients are examined.

5. Conclusions

In the surgical treatment of supracondylar humeral fractures, both 2L1M and 1L1M
cross-pinning methods are effective. The 2L1M cross-pinning method prolongs the surgical
time and causes greater radiation exposure. For this reason, we believe that when cross-
pinning is applied in the treatment of supracondylar humeral fractures, the use of one
lateral pin and one medial pin provides an effective result by minimizing radiation dose
exposure. If persistent instability occurs after the placement of the crossed medial and
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lateral entry pins, the addition of a third pin is usually recommended in these patients to
achieve fracture stability.
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Abstract: Purpose: Up to 12% of paediatric supracondylar humerus fractures (SCHFs) have an
associated traumatic nerve injury. This review aims to summarize the evidence and guide clinicians
regarding the timing of investigations and/or surgical interventions for traumatic nerve palsies after
this injury. Methods: A formal systematic review was undertaken in accordance with the Joanna
Briggs Institute (JBI) methodology for systematic reviews and PRISMA guidelines. Manuscripts
were reviewed by independent reviewers against the inclusion and exclusion criteria, and data
extraction, synthesis, and assessment for methodological quality were undertaken. Results: A total
of 51 manuscripts were included in the final evaluation, reporting on a total of 510 traumatic nerve
palsies in paediatric SCHFs. In this study, 376 nerve palsies recovered without any investigation
or intervention over an average time of 19.5 weeks. Comparatively, 37 went back to theatre for
exploration beyond the initial treatment due to persistent deficits, at an average time of 4 months. The
most common finding at the time of exploration was entrapment of the nerve requiring neurolysis. A
total of 27 cases did not achieve full recovery regardless of management. Of the 15 reports of nerve
laceration secondary to paediatric SCHFs, 13 were the radial nerve. Conclusions: Most paediatric
patients who sustain a SCHF with associated traumatic nerve injury will have full recovery. Delayed
or no recovery of the nerve palsy should be considered for exploration within four months of the
injury; earlier exploration should be considered for radial nerve palsies.

Keywords: fracture; humerus; nerve injury/palsy/palsies; pediatric/paediatric; supracondylar

1. Introduction

Nerve palsy is a common complication of paediatric supracondylar humerus fractures
(SCHFs), affecting approximately 12% of patients [1,2]. The median nerve proper, or
its branching anterior interosseous nerve, is the most commonly impaired nerve from
extension-type fractures, while the ulnar nerve is the most at risk of injury in flexion-type
fractures [1-3]. Over 70% of cases of nerve palsies are present pre-operatively [1].

From the literature and clinical opinion, most reported nerve injuries are managed with
a ‘watch and wait” approach, based on the assumption that the nerve injury is a transient
neuropraxia, although the exact resolution details are often unclear [4-6]. There is currently
no clear evidence regarding the timing of investigation, intervention, and recovery.

This systematic review aims to summarize the current evidence and guide clinicians
regarding the timing of investigation and/or surgical intervention for traumatic nerve palsies
sustained at the time of injury in paediatric SCHFs and compare the outcomes of nerve palsy
in this population with surgical intervention compared with expectant management.
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2. Methods

The review has been conducted in accordance with the Joanna Briggs Institute (JBI)
methodology for systematic reviews of effectiveness with reference to the a priori protocol
published in the same journal [7,8]. The review has been registered with the International
Prospective Register of Systematic Reviews PROSPERO (CRD42019121581).

A comprehensive search strategy was conducted on 7 June 2021 (Supplementary S1).
Randomised controlled trials, cohort studies, case series, and case studies published after
1950 were included. The databases searched were Ovid Medline, Embase, and Cochrane
Central, as well as a grey literature search using Google Scholar with the first 200 results
returned also reviewed. The bibliographies of the accepted manuscripts were reviewed to
identify other relevant published research. The search was re-executed on 23 May 2022,
due to the longevity of data curation.

The aim of the study was to compare the effectiveness of operative versus expectant
management on the recovery of nerve palsies in paediatric supracondylar fractures. The
inclusion criteria were papers that included:

- A paediatric patient with;
- Anipsilateral traumatic upper limb nerve palsy after a SCHF;
- With no pre-existing neurological impairment.

Studies were excluded if:

- They did not provide details regarding follow up or the outcome of the traumatic
nerve palsy;

- It was not possible from the reporting to separate individual outcomes from large
groups of nerve palsies.

Sequential screening of the manuscripts by title, abstract, and full text were performed
by two independent reviewers to determine suitability based on the inclusion and exclusion
criteria. The results of the final search were reported in accordance with the preferred
reporting items for the systematic reviews and meta-analysis (PRISMA) guidelines [9]
(Supplementary S2).

Data extraction was performed by two independent reviewers using a prescribed
extraction form. Each eligible manuscript underwent critical appraisal and assessment of
methodological quality by two independent reviewers using standardized critical appraisal
instruments from the Joanna Briggs Institute (JBI) for Systematic Reviews and Research
Synthesis (Supplementary S3-56) [8]. Cohort studies with complete follow up were scored
out of eleven, case series out of ten, and case reports out of eight. Cohort studies without
confounding factors or incomplete follow up were scored out of ten, and cohort studies
without confounding factors and without incomplete follow up were scored out of nine.

Discrepancies between reviewers at all stages were resolved by a senior reviewer.
The primary outcome was nerve palsy recovery, ranging from “full recovery” to “no
recovery” as a descriptive measure. Secondary outcomes include time to recovery, modality
of treatment, use and timing of investigations, findings at operation, and duration of
follow up. Data were synthesised in narrative and tabular format. Due to considerable
clinical heterogeneity, a meta-analysis was not performed. Where appropriate, frequencies,
percentages, and summaries of data were included for analysis.

3. Results

A total of 7919 results were identified on initial search. All of the results were collated
and uploaded into EndNote version X.9 (Clarivate Analytics, Philadelphia, PA, USA) and
de-duplication occurred, with a final number of 2744 articles retrieved [10]. After title and
abstract screening, there were 218 manuscripts reviewed in full including bibliography
reviews, of which 51 met the inclusion criteria and were included in this systematic review
as demonstrated in the PRISMA flow diagram (Figure 1) [9]. From the final 51 manuscripts,
16 were case reports/series with the remainder being cohort studies. There were 509 nerve
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palsies described, with the median nerve most commonly affected and the most common
fracture type reported as Gartland type 3. No studies were excluded due to bias (Table 1).

G
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Figure 1. PRISMA flow diagram of the final search.
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Table 1. Main characteristics of studies included in analysis.

Stud Risk of No. of Time to Final
Paper T ey Bias Nerve Surgical Exploration at ORIF Delayed Surgical Exploration Follow up in
P Palsies Months
s Timing s
No Reason Findings No in Months Findings
Ababneh M et al. [11] RCS 8/10 7 0 n/a n/a 0 n/a n/a 6
Aronson DC et al. [12] RCS 9/11 1 0 n/a n/a 0 n/a n/a 12
Describing Median in
Ay Setal. [13] RCS 7/10 9 9 open surgical fracture site x3, 0 0 0 3
technique radial kinked x6
Barrett KK et al. [14] RCS 8/8 35 0 n/a n/a 0 n/a n/a 7.4
Bertelli JS & Ghizoni Entrapment x2,
MF [15] RCS 9/11 6 0 n/a n/a 6 69 laceration x4 16-24
Boyd DDV}’D&[‘larO“S"“ RCS  8/10 3 0 n/a n/a 0 n/a n/a 12
Brown IC et al. [5] RCS 8/9 14 0 n/a n/a 0 n/a n/a 6
Campbell CC et al. [17] RCS 7/9 25 4 13::F\é}; In continuity 0 n/a n/a 10
Chgf;‘bﬁrgi Al RCS  7/10 1 1 NE Complete division 0 n/a n/a 36
Cheng JC et al. [19] RCS 7/9 19 1 VE In continuity 0 n/a n/a 4-13
Fibrous
75 scarring X6,
Culp RW et al. [20] RCS 8/9 18 0 n/a n/a 9 (mean) entrapment x2, 25
laceration x2
Davis RT et al. [21] RCS 7/9 10 0 n/a n/a 0 0 0 48
Devkota P et al. [22] RCS 10/10 6 0 n/a n/a 0 0 0 3
Dormans JP et al. [23] CS 5/5 7 0 n/a n/a 0 0 0 27
Garg Bet al. [24] CSs 8/11 1 1 NE In continuity 0 n/a n/a 14-36
Gosens T et al. [25] RCS 9/11 34 10 VE and FCR In continuity 0 n/a n/a 6
Horst M et al. [26] RCS 8/9 2 0 n/a n/a 0 n/a n/a 17 (mean)
. Entrapment in
Ippolito E et al. [27] RCS 6/9 14 0 n/a n/a 1 8 scar tissue 132 (longest)
Jones ET et al. [28] CS 8/8 6 0 n/a n/a 0 n/a n/a 24
Interposed
Karlsson J et al. [29] Cs 8/8 4 4 VE and FCR between bone 0 n/a n/a 72-108
fragments
In continuity x2,
Khademolhosseini M entrapment in
etal. [30] RCS 7/9 9 4 FCR fracture x1, 0 n/a n/a 8
contusion x1
Khan AQ et al. [31] RCS 8/10 8 0 n/a n/a 0 n/a n/a 3
KhanMYetal. [32] ~ PCaS  8/10 25 2 VE Fhtrapment at 0 n/a n/a 3
racture site
Kirz PH and Marsh
HO [33] CS 8/10 11 0 n/a n/a 1 4 Lacerated 65
Kiyoshige Y et al. [34] RCS 7/10 6 0 n/a n/a 0 n/a n/a 5-120
Krusche-Mandl I Compressive
etal. [35] RCS 8/11 8 0 n/a n/a 1 2 scar tissue 12
Kuoppala E et al. [36] Cs 10/10 1 0 n/a n/a 0 n/a n/a 12
Encased in
Lalanandham T CR 7/8 1 0 n/a n/a 1 2 callus; unable to 14
etal. [37] .
be retrieved
Larson AN et al. [38] RCS 9/11 2 0 n/a n/a 0 n/a n/a 10
. Encased at
Leonardi LL et al. [39] Cs 8/10 3 0 n/a n/a 1 3 fracture site 12
Li YA et al. [40] RCS 7/11 7 0 n/a n/a 0 n/a n/a 34
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Table 1. Cont.

Stud Risk of No. of Time to Final
Paper T ey Bias Nerve Surgical Exploration at ORIF Delayed Surgical Exploration Follow up in
P Palsies Months
A Timing .1
No Reason Findings No in Months Findings
Severe
compression
10 in continuity; x 3, laceration
Louahem DM 1 radial nerve and retraction
etal. [41] RCS 8/11 66 1 FCR complete 4 3 x1 (lacerated 18
laceration radial nerve
failed suture
repair)
1x at
48 h,
Entrapment at 2x at Tethered or
Mangat et al. [42] CS 10/10 9 5 VE fracture site 4 2 weeks, entrapped 12
1x at
3 weeks
Marck KW etal. [43]  CR 8/8 2 2 VE Laceration x1, 0 n/a n/a 1848
traction x1
Martin DF et al. [44] CR 8/8 1 0 n/a n/a 1 6 Laceration 18
McGraw J. et al. [45] RCS 8/10 17 2 FCR and VE In continuity 1 6 Laceration 14
Oh CW et al. [46] RCS  7/10 4 1 VE Fntrapmentin 0 n/a n/a 3
racture
Encased in
Post M. et al. [47] CR 8/8 1 0 n/a n/a 1 6 callous 30
Kinked x21,
Rasool MN et al. [48] Cs 8/10 27 27 VE intact x6 0 n/a n/a 6
. Entrapped in
Reigstad O et al. [49] CS 8/10 2 2 VE fracture site 0 n/a n/a 10
Sairyo K et al. [50] CR 8/8 1 0 n/a n/a 1 3 Laceration 8
Silva M et al. [51] RCS 8/11 11 0 n/a n/a 0 n/a n/a 6
Solak S et al. [52] RCS 7/9 6 0 n/a n/a 0 n/a n/a 36
Steinmanetal. [53] ~ RCS  8/9 1 1 FCR Fotrapment in 0 n/a n/a 1-9
racture site
Thorleifsson R Entrapment in
etal. [54] CR 8/8 1 0 n/a n/a 1 25 the fracture site 120
Tokutakeetal. [55]  CR 8/8 2 1 NE Entrapment at the 1 3 Entrapment at 46
fracture site the fracture site
. Entrapment at
Tomaszewski et al. [56] RCS 7/10 22 0 n/a n/a 2 2 the fracture site 10
Tunku-Naziha TZ Contused but in
etal. [57] RCS 7/9 2 2 VE continuity 0 n/a n/a 1.5
van Vugt AB et al. [58] RCS 7/9 23 1 VE ICompl'e te 0 n/a n/a ‘Good result’
aceration
Yano K et al. [59] CR 8/8 1 0 n/a n/a 1 1 Entrapment in 36
callus
Yaokreh JB et al. [60] RCS 7/9 8 0 n/a n/a 0 n/a n/a 5-6

RCS = retrospective cohort study; CS = case series; PcaS = prospective case series; CR = case report. VE = vascular
exploration; FCR = failed closed reduction; NE = nerve exploration; n/a = Not Applicable.

There were 372 traumatic nerve palsies which had full recovery with no intervention
(such as nerve exploration) or investigation (such as imaging or nerve conduction studies)
undertaken (73.9%) (see Table S1 Supplementary S7). The mean duration of time to full
recovery at final follow up in these patients was 19.5 weeks (approximately 5 months)
(ranging from 3 days to 1 year). Eight nerve palsies had no intervention (such as nerve
exploration) or investigation (such as imaging or nerve conduction studies) and were
not fully recovered at last follow up. Davis et al. [21] described an ulnar nerve palsy
with sensory disturbance at the 4-year follow up, and two radial nerve palsies with wrist
extension weakness at the 4-year follow up. Van Vught et al. [58] reported one patient with
ulnar, median, and radial sensory loss after a patient presented to them after 5 days with
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Volkmann's ischaemic contracture. Yaokreh et al. [60] reported on two nerves that ‘required
electrophysiological studies’ at final follow up but no other detail was given.

There were 26 traumatic nerve palsies which did not document full recovery by the
final follow up (5.3%) (see Table S2 Supplementary S7).

There were 92 (18%) nerve palsies which underwent exploration at the time of initial
operation (see Table S3 Supplementary S7) of which 89 were described as a secondary intention
whilst exploring the brachial artery or an open fracture or converting to open reduction. Three
were explored due to surgeon preference of treatment of nerve palsies at presentation [1,19,54].
Eighty-eight which were explored at the time of the initial operation had full recovery by the
final follow up, one incomplete recovery, and three were lost to follow up. The findings at
exploration in forty-six out of ninety-two nerves were tethered or entrapped in the fracture
site, thirty-seven were in continuity, three lacerated, and four contused.

A total of 37 nerves (7.3%) underwent delayed exploration with an average time of
4.4 months (0.5 to 11 months) (see Table S4 Supplementary S7). It was found that 27 were
recorded as entrapped in the fracture site/callous/scarring and 10 were found to be completely
transected. The radial nerve was involved in sixteen cases, while the median in twelve, and
the ulnar in nine. Full recovery at final follow up was reported in 26 nerves. One radial nerve
was lacerated, explored, and repaired primarily, but then did not recover, and went on to
have a delayed exploration [41]. The primary repair was found to have failed, and was then
managed with a nerve graft, and ultimately, tendon transfers.

A total of 13 nerves were found to be completely lacerated on exploration (see Table S5
Supplementary S7). Interestingly, 10 of these were radial nerves. Most of these occurred at
the time of the injury, prior to reduction (see Table S5 Supplementary S7).

4. Discussion

Our systematic review focused on traumatic nerve palsies in paediatric supracondylar
humerus fractures. latrogenic or K-wire-associated nerve palsies represent a different
spectrum of nerve trauma and have been described elsewhere [30,61]. This review rep-
resents the most current comprehensive description of outcomes after traumatic nerve
palsies in paediatric supracondylar humerus fractures in the literature, with a total of
510 nerve injuries identified. The characteristics of a Gartland type 3 fracture were consis-
tent with previously reported papers, supporting the opinion that neurological injury is
more prevalent amongst more severely displaced fractures [2,24,62]. A total of 18 of the
51 papers did not report the Gartland type, and therefore we did not think a percentage of
Gartland type would be accurate to report.

The previous literature reports that 86-100% of nerve injuries will recover sponta-
neously by 6 months, with a mean time of approximately 3 months [41,63]. Most nerves
in the current series were managed expectantly, and had full spontaneous recovery, in
keeping with this ‘watch and wait” policy which is consistently advocated in the literature
for patients with anatomical reduction [17,58]. However, an adequate reduction does not
rule out the possibility of entrapment and does not account for lacerations [42,55].

A comparison of time frame to full recovery between no exploration, exploration at
initial operation, and delayed exploration was unable to be calculated in this review as the
majority of papers reported recovery ‘at time of final follow up” or provided a broad range,
such as 1 day to 10 months or 1 to 4 years [17,43]. It is important to recognize that the ‘time
to full recovery’ for nerve palsies is the time of final follow up. The literature is not robust
enough to determine how long it took for the nerve palsies to fully recover.

It was found that 7.4% of nerve palsies required delayed exploration due to persistent
deficits or stagnated recovery at an average of 4 months. Exploration has been advocated
for if there is no clinical recovery from 6 weeks to 3 months [30,41,64]. If the nerve is found
in continuity at 3 months and is neurolysed, there is a trend to complete recovery [20,58].
Incomplete recovery was more common after complete nerve transection, or if exploration
occurred after 4 months. There were 13 reports of nerve laceration secondary to paediatric
SCHFs, of which 10 were the radial nerve, and had poorer outcomes.
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Nerve exploration is recommended to be undertaken when there is no evidence of clinical
or electrophysiological improvement by 8 weeks to 6 months after injury [19,20,45,50,63,65].
Ultrasound has been advocated as useful to evaluate the continuity of the nerve in a small
percentage of series pre-operatively, intraoperatively, and post-operatively; ultrasound, however,
is highly user dependent [55]. Only three of the papers that met the inclusion criteria reported
the use of ultrasound [39,47,55]. Nerve conduction studies and EMG can be poorly tolerated in
children, which may explain why most series did not use these in their management of nerve
palsies. Magnetic resonance imaging (MRI) can sometimes require a general anaesthetic in
this age group but can often be useful in older children to investigate nerve injuries. No study
reported on the use of MRI. Additionally, newer surgical techniques such as nerve transfer
have not been documented at all in the current literature. From this systematic review, our
recommendation would be nerve exploration if there is no or little clinical recovery at 3 months,
and exploration within 4 months, except in the case to the radial nerve, which is discussed below.
For the consideration of exploration in this time frame, investigations such as ultrasound, MR],
and/or nerve conduction studies should be considered at 6-12 weeks (Figure 2). Liaison with
the local nerve injury unit is imperative regarding the timing of referral for the consideration of
nerve exploration, repair, nerve grafting, nerve transfer, and/or tendon transfer.

( Traumatic nerve palsy with paediatric supracondylar humerus fracture )

.

Radial Nerve

Open fracture +/-
open reduction +/-
vascular exploration
required

Explore nerve and ensure
in continuity

Closed reduction

Watch and wait

Median Nerve Ulnar Nerve

Open fracture +/- open

Open fracture +/- open
reduction +/- vascular

reduction +/- vascular
exploration required

Closed reduction Closed reduction

exploration required

Explore if undertaking
medial approach for
flexion-type fracture

Explore if placing medial
wire

Explore nerve and ensure Watch and wait

in continuity

Watch and wait

Little or no recovery by

4 weeks

Good recovery at

Lr—%

Good recovery at Little or no recovery by

Good recovery at
6-8 weeks 6-8 weeks

6-8 weeks

Little or no recovery by

6-8 weeks 6-8 weeks

Ultrasound, MRI +/- nerve

conduction studies with view to
refer to nerve injury surgeon and
explore within 6-8 weeks

A

Ultrasound, MRI +/- nerve’
conduction studies with
view to refer to nerve injury|
surgeon and explore within
4months

Ultrasound, MRI +/- nerve’
conduction studies with
view to refer to nerve injury,
surgeon and explore within
4 months

—

Monitor until full recovery; if recovery halts consider nerve conduction studies and referral to nerve injury surgeon before 6 months

Figure 2. Algorithm for the management of traumatic nerve palsies after paediatric supracondylar
humerus fractures.

The majority of included papers did not have a primary objective of nerve palsy
outcomes; they were commonly reported on only as a complication in part of a wider
review of SCHF management techniques. Those that described nerve palsy in detail were
often case studies and thus have impacts of selection bias confounding the results. The 5%
of nerves that did not fully recover in this series is likely overinflated due to the selection
bias of persistent deficits being reported in case series. Our review included eight case
reports, focusing only on nerves that were lacerated or entrapped, and so were not typical
of the normal pathway of nerve palsies after paediatric supracondylar humerus fractures.
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There is unfortunately very limited literature dedicated to the management of these injuries
from injury to full recovery, which is surprising considering the importance of the topic.
Retrospective or prospective data from large centres or multicentre trials on the recovery of
nerve palsies in this population is required for improved confidence in recommendations
for management.

Another limitation is that two of the largest series describing 425 nerve palsies were
excluded by full text; a report of the interventions and outcomes was unclear for the
purposes of this review. The authors were contacted for further details which were not able
to be obtained at the time of submission [63,66].

The incidence of complete lacerations of nerves after paediatric SCHFs has never
been reported before. This systematic review suggests that the radial nerve is more often
lacerated than other nerves, which is a new finding to our knowledge. This needs further
investigation, and a radial nerve that is not recovering after a paediatric SCHF may need
earlier investigation or exploration.

5. Conclusions and Recommendations

This is the largest systematic review to report outcomes of investigations and inter-
ventions on the recovery of traumatic nerve palsies in paediatric patients after sustaining a
supracondylar humerus fracture. From the findings, the authors recommend the below to
be included in discussions with parents of these patients:

i.  Almost all nerves will fully recover without intervention or investigation within the
first 4-5 months;

ii.  Innerves with little or no recovery at 3 months, a return to theatre before 4 months is
recommended, as full recovery was more likely than those that were not explored,
unless the nerve was lacerated;

iii. ~ Although rare, complete transection was reported more commonly in the radial nerve;
no recovery of the radial nerve at 6 weeks should alert earlier exploration;

iv. A small percentage (<5%) of traumatic nerve palsies will not fully recover regardless
of investigation or surgical exploration; it is likely that permanent damage to the
nerve has occurred at the time of fracture, or a failure of the nerve graft or repair.

We encourage centres to report on their outcomes of traumatic nerve palsies after
paediatric SCHFs to clarify these recommendations and further guide clinicians.
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Abstract: Osseous deformities in children arise due to progressive angular growth or complete
physeal arrest. Clinical and radiological alignment measurements help to provide an impression of
the deformity, which can be corrected using guided growth techniques. However, little is known
about timing and techniques for the upper extremity. Treatment options for deformity correction
include monitoring of the deformity, (hemi-)epiphysiodesis, physeal bar resection, and correction
osteotomy. Treatment is dependent on the extent and location of the deformity, physeal involvement,
presence of a physeal bar, patient age, and predicted length inequality at skeletal maturity. An
accurate estimation of the projected limb or bone length inequality is crucial for optimal timing of
the intervention. The Paley multiplier method remains the most accurate and simple method for
calculating limb growth. While the multiplier method is accurate for calculating growth prior to the
growth spurt, measuring peak height velocity (PHV) is superior to chronological age after the onset
of the growth spurt. PHV is closely related to skeletal age in children. The Sauvegrain method of
skeletal age assessment using elbow radiographs is possibly a simpler and more reliable method
than the method by Greulich and Pyle using hand radiographs. PHV-derived multipliers need to
be developed for the Sauvegrain method for a more accurate calculation of limb growth during the
growth spurt. This paper provides a review of the current literature on the clinical and radiological
evaluation of normal upper extremity alignment and aims to provide state-of-the-art directions on
deformity evaluation, treatment options, and optimal timing of these options during growth.

Keywords: limb length discrepancy; alignment; growth correction; children; timing

1. Introduction

In contrast with adults, children have the unique capability to correct bone deformities
by growth. Most deformities have a traumatic origin. Traumatic injury can occur at the
level of the epiphysis, the physis, the metaphysis, or diaphysis [1]. Most correction can be
expected in younger children in deformities near the most active growth plate and in the
direction of the dominant movement. Most often, growth behaves like a friend, allowing
the deformity to correct itself naturally during extensive follow-up. Natural correction
follows two principles. The first principle is formed by the Hueter-Volkmann law, in
which a degree of pressure on the convex side increases periosteal bone formation and
relatively inhibits longitudinal growth [2]. Conversely, bone formation on the concave side
is stimulated, increasing bone formation and resulting in a relative increase of longitudinal
growth. In the second principle, Wolff’s Law addresses the ability of the bone and joint
surfaces to remodel according to local mechanical loads [3].

Sometimes growth behaves less favorably, leading to severe malunions, joint instabil-
ity, joint incongruence, impairment of movement, and eventually to early posttraumatic
arthritis. Especially fractures through or nearby the physis are renowned for problems
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during growth, such as premature closure caused by bone bars, resulting in asymmetrical
growth or even growth arrest. It is, therefore, of great importance to closely monitor these
cases and, if needed, intervene surgically to correct the deformity.

While in the lower extremity, guided growth by epiphysiodesis or hemi-epiphysiodesis
is described extensively, little is known about the techniques, timing, and principles in the
upper extremity. The purpose of this paper is to provide a review of the current literature
concerning the clinical and radiological evaluation of normal upper extremity alignment
and the causes and assessment of deformities in the upper extremity. Moreover, it aims
to provide state-of-the-art directions on deformity evaluation and monitoring, different
treatment options, and the timing of these options during growth.

2. Methods

For this narrative review, the Medline Ovid and Embase databases were searched for
peer-reviewed studies in English until 30 November 2022. The search was divided into
subcategories regarding each section using the following keywords and synonyms. Clinical
and radiological evaluation: alignment, carrying angle, Baumann angle, Hafner method,
cubitus varus, physical examination, radiograph. Causes of deformity: epiphyseal plate,
(Salter-Harris) fracture, ischemia, repetitive stress, physeal plate, Madelung deformity.
Treatment options: eight-plate, tension band, transphyseal screw, physeal bar resection
Timing of intervention: skeletal age, growth chart, multiplier method, guided growth.
A total of 716 articles were screened by title and abstract for relevance, twenty-two articles
were additionally included by snowballing, and 83 articles were included in the final
synthesis. All articles were screened by two independent reviewers. Single case reports and
studies based on expert opinions were excluded from the synthesis. Because symptomatic
deformities of the upper extremity occur primarily at the distal parts of the humerus and
forearm with relation to the elbow and wrist, other upper extremity parts are deemed
outside of the scope of this review. All patients and parents gave written informed consent
for the publication of the anonymized images used in this review.

3. Clinical Evaluation

Standard physical examination is a quick and reliable method for the assessment of
gross deformities of the upper limb [4]. Comparison to the uninjured side is mandatory in
posttraumatic deformities. The examination should include the assessment of alignment in
three directions, joint effusion, active and passive range of motion, evaluation of stability
and points of tenderness, and finally, neurovascular assessment.

Because symptomatic deformities of the upper extremity occur primarily at the distal
part of the humerus and in the forearm, range of motion (ROM) of the elbow and wrist is
important to assess. Pediatric ROM of both the elbow and the wrist is slightly increased
compared to adults, caused by hyperlaxity of the joints in childhood (Table 1). Despite
the slight differences, a separate set of normal values is not defined for children in most
hospitals, and the adult ROM-values are often used during clinical evaluation.

Table 1. Normal range of motion (ROM) of the elbow and wrist in degrees for both adults [4]
and children [5].

Elbow Adult ROM Pediatric ROM Wrist Adult ROM Pediatric ROM
(Degrees) (Degrees, SD) (Degrees) (Degrees, SD)
Flexion 140 145+5 Flexion 60 78+ 6
Extension 0 1+4 Extension 60 76 £ 6
Pronation 80 77 £5 Radial deviation 20 22+ 4
Supination 80 83+3 Ulnar deviation 30 37+4
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3.1. Elbow

During visual inspection, the patient is placed in front of the examiner, standing in
the anatomical position with both elbows fully extended (Figure 1). The carrying angle
is measured best in a standing patient with arms in the anatomical position, with arms
fully extended and wrists fully supinated. The carrying angle is the angle deviated from
the line parallel to the humerus and the forearm. The carrying angle is usually greater
in women, with an average of 15-20 degrees. In men, the carrying angle is, on average,
10-15 degrees [5-7]. Therefore, the carrying angle is compared best with the contralateral
side. A physiological change in the carrying angle from valgus to varus can be observed as
the patient flexes the elbow and supinates the forearm [8]. Assessment of the carrying angle
is therefore performed in the same amount of flexion and rotation of both arms to optimize
adequate comparison. In most female patients and children, a slight hyperextension of the
elbow of 0 to 10 degrees is physiological [9]. Deformities in the sagittal plane are measured
with the humerus in 90 degrees anteflexion and by flexing and extending the elbow with
the forearm in a supinated position.

A IL

Figure 1. (A) Visual inspection of the carrying angle of the elbow in a 10-year-old girl showing

a unilateral cubitus varus on the right side. (B) Anteroposterior radiographic views of the elbow with
the unaffected contralateral side for comparison.

Forearm rotation is measured by having the patient place the arms parallel to the side
of the patient with the elbows in 90 degrees flexion. A pen in the child’s fist improves
rotatory measurements.

3.2. Wrist

There are multiple ways of measuring wrist dorsal flexion. One quick way to assess for
gross deformities is to have the patient put their palms together with their fingers pointing
upwards and their elbows kept horizontally. Wrist palmar flexion can be performed
similarly by putting both dorsal sides of the hand together with the fingers pointing
downwards. Angular deviation in the coronal plane is measured by the radial and ulnar
deviation of the wrist. It is measured best by having the patient place the supinated forearm
on a flat surface with the palm of the hand lying flat. A small reference line is then drawn
on the dorsum of the hand along the third metacarpus.

4. Radiological Evaluation
4.1. Humerus

Different radiographic angles have been described for the assessment of humeral
alignment. The Baumann’s angle is measured on an anteroposterior (AP) radiograph with
the elbow in extension. It is formed by the angle between the long axis of the humeral shaft

47



Children 2023, 10, 195

and a straight line through the epiphyseal plate of the capitellum or the lateral condylar
physis (Figure 2A). There is a considerable variation in individuals, ranging from 64 to
82 degrees [10,11]. Therefore, the Baumann’s angle is best compared to the contralateral
side, where a difference >5 degrees is deemed abnormal.

Figure 2. Distal humerus radiographic reference lines. (A) Baumann angle (BA) on an anteroposterior
elbow view. (B) The lateral capitellohumeral angle (LCHA) on a lateral elbow view. (C) Anterior
humeral line (AHL) on a lateral view. This line should pass between the two dotted lines in the middle.

The lateral capitellohumeral angle (LCHA) is measured on a lateral radiograph as the
angle between the line along the anterior surface of the humerus and a line along the open
capitellar physis (Figure 2B). The LCHA has a smaller normal range from 45 to 57 degrees
and does not vary by age, side, or sex [12] (Figure 2B).

The lateral anterior humeral line (AHL) or capitellohumeral line is a line drawn along
the anterior surface of the humerus, which should pass through the middle third of the
capitellum on a lateral view (Figure 2C).

4.2. Radius

Radial height is measured on posteroanterior (PA) views as the distance between
two parallel lines: one perpendicular to the long axis of the radius along the ulnar aspect of
the articular surface and the other one at the tip of the radial styloid (Figure 3A). A normal
adult radial height is 8 to 14 mm [13]; however, the values range in the literature, and those
for children are unknown.

Volar tilt is measured on the lateral view as the angle between a line drawn perpendic-
ular to the long axis of the radius and a tangent line along the slope of the articular surface
of the radius (Figure 3B). A normal volar tilt ranges between 10 and 25 degrees [14,15].

Radial inclination is measured on the PA view as the angle between a line perpen-
dicular to the long axis of the radius at the level of the radial styloid tip and a line along
the articular surface of the distal radius (Figure 3C). A normal radial inclination ranges
between 15 and 25 degrees [14,16].
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Figure 3. Distal radius radiographic reference lines. (A) Radial height (RH). (B) Volar tilt (VT).
(C) Radial inclination (RI).

4.3. Ulna

Ulnar variance, or Hulten variance, can be positive, negative, or neutral. In positive
ulnar variance, the ulna is longer than the radius. Conversely, in negative ulnar variance,
the radius is longer than the ulna. In neutral ulnar variance, both the articular surfaces of
the radius and the ulna are at the same height. Ulnar variance is independent of the length
of the ulnar styloid process, which may also vary.

There are multiple ways of measuring the ulnar variance. In the method of perpendic-
ulars, a line is drawn perpendicular to the longitudinal axis of the radius and through the
most distal ulnar part of the radius. The distance between the adjacent distal cortical rim of
the ulna relative to this line is then measured as the variance [17] (Figure 4A). In the method
as described by Hafner et al. [18], a line is drawn perpendicular to the longitudinal axis of
the ulna, touching the most proximal prominent point of the ulnar metaphysis on the radial
side. Secondly, a line is drawn on the radius perpendicular to its longitudinal axis touching
the most proximal point of the radial metaphysis on the ulnar side. Ulnar variance is then
defined as the distance between these lines. In the literature, these distances are referred
to as “Proximal-PRoximal distance [17]. Conversely, the variance can be measured using
the distance of the most distal points of the radial and ulnar metaphysis. This method is
referred to as “Distal-DlIstal” distance. (Figure 4B).

Kox et al. investigated the difference between the above-stated methods for measuring
ulnar variance in a group of 350 healthy children and adolescents. It was found that the
Hafner method was the preferred method for children with unfused growth plates or
those younger than 13 years, and the adapted perpendicular method was recommended in
children with fused growth plates or those 14 years and older [17].

Ulnar variance changes with wrist position and during clenching of the wrist. It is
more positive during pronation and becomes more negative during supination. In addition,
a clenched fist results in a relatively more ulna plus compared with a neutral grip. Therefore,
obtaining only a PA-view with a neutral grip may underestimate maximal variance, and
obtaining clenched fist view radiographs can be a useful addition [15].
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Figure 4. Distal ulna radiographic reference lines. (A) The Hafner method for measuring ulnar
variance. (B) The method of perpendiculars for measuring ulnar variance, with ‘PRPR termed as the
two most proximal points of the physis and ‘DIDI” termed as the two most distal points of the physis.

5. Causes of Upper Extremity Deformity

Osseous deformities can arise at different levels of the bone, dependent on the patho-
physiology. Deformities occurring at the level of the diaphysis and the metaphysis are often
the result of a malunited fracture [1]. Deformities at the level of the physis have a broader
spectrum of causes. They can be congenital, developmental, or acquired as the result of an
infection, arthritis, compartment syndrome, avascular necrosis, or trauma, with the latter
being the most common cause [18,19].

In up to 10% of physeal fractures, some form of growth disturbance occurs [20-22].
The main traumatic factors contributing to the growth arrest of the physeal plate are crush
fractures from high-energy injury or repetitive stress (i.e., Salter-Harris type V) and physeal
injuries crossing the germinal layer (i.e., Salter-Harris type III and 1IV) [21]. Traumatic
growth disturbance may cause slower, asymmetrical, or arrested growth. These growth
disturbances are often the result of an incorrect or overstimulated fracture repair. During
fracture healing, when blood vessels reach the hypertrophic zone of the physis, ossification
is stimulated, and a physiologic bridge of sclerotic bone forms eccentrically between the
epiphyseal ossification center and the metaphyseal bone [20]. This effectively replaces
a segment of the physis and the zone of Ranvier [23]. The effects of this bony bridge vary
with its location and size but will result in either a complete or a partial growth disturbance.
A large central bar will slow down or completely arrest the growth of the entire physis,
creating a short bone, which in term may lead to limb length inequality or joint congruity if
the bone of a pair is affected in the case of the radius and ulna. When the bar is eccentrically
formed within the physis, growth stops at that point but continues in the rest of the physis.
This results in a progressive angular deformity [24].

5.1. Humerus

Cubitus varus is most often seen as late sequela after a distal humerus fracture
(Figure 1B). The current stance in the literature is that it is caused by malunion of a humeral
fracture rather than a growth arrest. The most common type of distal humerus fracture
in children is the supracondylar fracture [25]. They are classified using the Gartland type
classification, ranging from type I to type 11, depending on the amount of posterior dis-
placement of the capitellum and the intactness of the posterior humeral cortex [26]. Cubitus
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varus, however, results from displacement or comminution in the coronal plane. These
injuries are often overlooked or difficult to judge on standard radiographs. Therefore, in
type II and type III fractures, an oblique view may be helpful in identifying minimally
displaced fractures [27]. Rotational malalignment can be difficult to assess radiographically.
A high index of suspicion for rotational malalignment is required in cases of posteromedial
displacement. These cases may also lead to a higher Baumann angle and hence combined
cubitus varus deformity [28]. If missed or left untreated, the malunion leads to a progressive
angular deformity in the coronal plane. The result at patient presentation is often a painless
varus deformity evident at visual inspection that may not always be accompanied by
limitations in ROM [25]. Although diagnosis is usually based on clinical evaluation alone,
measuring the radiological Baumann angle compared to the contralateral side may give
a more accurate measure of the extent of the deformity.

5.2. Radius

Proximal radial fractures represent up to 10% of all pediatric elbow fractures [29,30]. The
mechanism of injury is usually a fall on an outstretched hand, combined with a compressive
valgus force across the elbow joint. Despite the occurrence of these fractures around the
growth plate, premature physeal closure occurs in about 1.5% of patients [30]. Growth has
more impact, however, in congenital radial head dislocations (Figure 5). Although rare in
absolute numbers, it is the most common congenital elbow abnormality, accounting for up
to 10% [31]. Dislocations occur bilaterally in most cases. Around 70% of dislocations occur
posteriorly, followed by anterior and lateral dislocations, occurring around 15% each [31].
With frequent dislocations, the normal anatomical relation of the radial head with the
capitellum and the proximal radioulnar joint (PRU]J) during growth may be lost. Without the
pressure of the radial head onto the capitellum during growth, a malformation of the radial
head with loss of concavity occurs, making reduction in longstanding cases impossible [31].
Patients are generally presented with a painless mass at visual inspection or palpation.
Elbow flexion may be slightly decreased in the case of an anterior dislocation, and extension
may be slightly decreased in the case of a posterior dislocation. Additionally, DRUJ
alignment may be lost, resulting in decreased ROM during pronation and supination [31].
A lateral elbow radiograph is often sufficient to diagnose this condition. Herein, the extent
of radial head deformation is a reliable guideline in the decision of whether to operate on
a patient [32]. If the radial head is more dome-shaped and has lost all its concavity, surgery
tends to be unsuccessful.

T

Figure 5. (A) A 17-year-old boy with congenital anterior radial head dislocations of the right arm.
(B) A 16-year-old girl with congenital posterior radial head dislocations of the left arm, accompanied
by a symptomatic elbow contracture. The girl was treated conservatively with a static progressive
elbow flexion brace.
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The distal radius is the most common site of physeal injury of the upper extremity,
accounting for 30% to 39% of all physeal injuries [33]. The incidence of growth disturbances
in the forearm caused by distal physeal injuries has been reported at a rate of up to 28% [18].
Despite the generally good outcomes of distal radius fractures, the incidence of a premature
complete distal radius growth arrest is up to 7% [34-36]. Risk factors for developing
premature physeal arrest are repeated forceful manipulation during reduction, multiple
reduction attempts, and late reduction [34]. A posttraumatic radial physeal arrest can result
in ulnar overgrowth, otherwise known as positive ulnar variance or ulna-plus. This occurs
when the level of the ulna is >2.5 mm beyond the radius margin of the distal radioulnar
joint (DRU]J). Gross deformity develops if the discrepancy between the radial and the ulnar
length is more than 4 mm [34]. Despite the presence of gross deformity, functional problems
do not always occur, and therefore, clinical presentation can be variable [18]. However,
the majority of patients report significant impairment, most commonly by activity-related
pain and loss of pronation-supination. Some asymptomatic patients in which radiographic
signs of physeal arrest and positive ulnar variance are seen may opt for early surgery to
prevent progressive deformity [36].

Chronic repetitive stress injuries of the distal wrist are increasingly being mentioned
as a distinct diagnosis. This type of injury has a high incidence in competitive gymnasts. It
is, therefore, also known as the ‘gymnast wrist’. As the result of repetitive axial loading
with microtraumata of both the distal radial and ulnar physis, premature closure of the
physis can occur, mimicking a Salter-Harris type V injury [33]. In a study by DiFiori
et al. in which fifty-nine gymnasts were examined, 51% had radiological findings of stress
injury to the distal radial physis, and 7% had distinct widening of the growth plate. In
addition, wrist pain was significantly related to the grade of radiographic injury. Prolonged
repetitive stress on the distal radial physis can even lead to complete physeal arrest [37].
Radiologic criteria for the diagnosis of stress injuries in the physis of the distal radius
include widening of the growth plate, especially on the volar and radial side, cystic changes
of the metaphyseal aspect of the growth plate, a beaked distal volar and radial physis,
and haziness within the growth plate [38]. These criteria are named in multiple reports;
however, a comprehensive guideline for the classification of these injuries is lacking [38,39].

Madelung deformity is a rare congenital arm condition that affects the growth plate
of the distal radius. The lagging growth of the distal radius results in a radioulnar and
radiocarpal misalignment. The progressive growth disturbance may eventually lead to
a three-dimensional wrist deformity [40]. Madelung deformity is usually diagnosed be-
tween the ages of 6 and 13 years [41]. In children with Madelung deformity, additional
ulnar radiological measurements are indicated. Farr et al. [40] stated that in addition to
ulnar variance, a lunate subsidence (LS) >4 mm and a palmar carpal displacement (PCD)
>20 mm were radiographic criteria for undergoing an ulnar shortening osteotomy. They
measured PCD on a lateral radiograph as the distance between the longitudinal ulna axis
and the most volar aspect of the lunate (Figure 6A). LS was measured on a PA radiograph
as the distance between a perpendicular line to the longitudinal ulna axis and the most
proximal point of the lunate. (Figure 6B). Symptoms of Madelung deformity can range
from wrist pain to decreased function. Most commonly, patients experience a limited range
of motion in the wrist and continuous or post-activity wrist pain.

5.3. Ulna

In the proximal part of the ulna, physeal fractures of the olecranon account for 4% of all
pediatric elbow fractures [42]. They usually occur as a result of a fall onto an outstretched
hand with the elbow in flexion. Nondisplaced fractures respond well to conservative
treatment, and growth disturbances are rare. Growth disturbances in the distal ulna, caused
by physeal injuries, however, have been reported at a rate of up to 50% [18]. The higher
percentage may be explained by the higher force required to overcome the cushioning
effect of the cartilage between the ulna and the proximal carpal row and the dissipation of
impact forces through the triangulate fibrocartilage complex [43]. A shortened distal ulna
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results more commonly from any of the surgical procedures that involve resection of the
distal ulna secondary to prior wrist trauma or correction of Madelung deformity.

Figure 6. Radiographic wrist measurements used for the assessment of Madelung deformity.
(A) Palmar carpal displacement (PCD) on a lateral wrist view, measured as the distance between the
longitudinal ulna axis and the most volar lunate aspect. (B) Lunate subsidence (LS) on a posterioante-
rior view, measured as the distance between a perpendicular line to the longitudinal ulna axis and
the most proximal lunate point.

5.4. Combined Radioulnar

During forearm rotation, the relation in the distance between the radius and ulna
changes dynamically. Angular deformities in either bone can further increase or decrease
the distance between both bones during rotation [44—46]. During pronation, the radius
crosses the ulna, and their respective distance decreases. Radial bowing and radius malu-
nions with the deformity pointed towards the ulnar side may cause a pronation deficit
by a collision of the radius and ulna [45,46]. Conversely, during supination, an increase
in distance between both bones is seen. The radius and ulna are interconnected by the
central band. This ligament allows for the dissipation of forces from one bone to the other
but can also pose problems in the case of osseous deformity. In radius malunions directed
away from the ulna, the rigid central band length can impair further rotation and cause
a supination deficit [45,46].

6. Treatment Options

In contrast to the lower extremity, where even minor limb length differences can lead
to symptoms, minor differences in length in the upper extremity pose a lesser problem.
In general, expected length differences of less than 5 cm in the humerus are generally
treated conservatively. If the bones of the distal radius and ulna are affected, the margins
are smaller. Radioulnar variance greater than 4 mm is considered a gross deformity [34].
Any physeal arrest in either the radius or the ulna can therefore be a good indication
for surgical intervention. In general, treatment options for physeal arrest include obser-
vation, (temporary-) epiphysiodesis or hemiepiphysiodesis, physeal bar resection, and
corrective osteotomy.

6.1. Observation

Growth arrest, angular deformities, and consequentially altered joint mechanics may
develop up to 2 years post-injury [47]. Secondary to the injury, damaged cartilage tissue
within the physis is often replaced by unwanted bony tissue, forming a bony bar or bony
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bridge. If the fracture is aligned correctly with or without reduction, physicians may choose
for casting to ensure anatomic alignment and to prevent displacement accompanied by
close radiological follow-up for observation of bony bar formation [48]. If a bar appears
to involve the entire physis and the predicted length inequality or angular deformity
at skeletal maturity is acceptable, observation may be the best option. Because growth
often naturally corrects the deformity, another consideration can be to initially observe
the deformity until skeletal maturity and to plan a correction osteotomy to correct the
deformity if needed.

6.2. Hemiepiphysiodesis

In (progressive) angular deformities, hemiepiphysiodesis can be performed by tether-
ing the proximal and distal physeal parts together. This results in a temporary halt of the
growth at one side while the other side can catch up, correcting the deformity by growth.
Growth plates can be tethered together using metal clips over the physis, by drilling screws
through the physis, or by connecting the proximal and distal part of the physis together
by non-resorbable filament, Kirschner wires, or a nonlocking plate that acts as a tension
band. Due to its reversibility, this technique is safer and more predictable than a classic
permanent epiphysiodesis. In addition, the exact timing of the intervention is of lesser
importance because the implant is removed when the desired correction is achieved. The
required second surgery to remove the implant, however, is a considerable disadvantage
compared to permanent epiphysiodesis [49].

In the lower limb, modulation of growth by tethering part of the growth plate using
tension-band plates (TBPs) or eight-plates is an established technique. The literature shows
high efficacy and low complications with success rates for correction up to 93% [50,51].
Despite the high efficacy of the technique, no cohort studies of sufficient size have been
published using TBPs in the upper extremity. A rebound phenomenon after using tension
band hemiepiphysiodesis is known to occur. This happens when the growth of the inhibited
side of the physis exceeds that of the contralateral side due to transient overstimulation
after tension band removal [52]. To compensate for this, a slight overcorrection can be
aimed for. A high correction rate is a significant risk factor for developing overcorrection.
This is found to be a direct indicator of physeal activity, wherein a higher rate of correction
is indicative of a larger residual growth plate activity [52]. Younger age at initial surgery
and implant removal may also pose a risk factor [53,54]. The younger the patient is
at the initial procedure, the higher the growth plate activity, leading to a more rapid
correction and concomitant longer time between plate removal and skeletal maturity. Most
studies advocate delaying temporary hemiepiphysiodesis until 8-10 years for the lower
extremities due to the occurrence of rebound or concerns about causing permanent physeal
damage [55]. Despite the lower growth rates of the upper extremity compared to the lower
extremity, clinicians should monitor patients closely after tension band hemiepiphysiodesis
for rebound phenomena, especially in younger patients.

An alternative technique to tether the growth plate is to use transphyseal screws (Figure 7).
This technique has a faster correction rate than the tension band principle [56,57]. Hence,
this technique may better serve patients that are near skeletal maturity. Soldado et al. [58]
used transphyseal crossed cannulated screws (Metaizeau technique) to correct cubitus
varus deformities in five very young children. The children had a mean age of 3 years and
7 months and were followed over a mean period of 3 years and 10 months. No correction
was observed in all cases. The authors postulated that the ineffectiveness may be explained
by the modest growth capacity of the distal humeral physis and because most growth
occurs during the pubertal growth spurt, while their follow-up finished before any of
their patients reached that stage. Dai et al. [59] studied temporary hemiepiphysiodesis
in a total of 135 physes in 66 children with a mean age of 4.69 years old (ranging from
1 to 10 years). In a mean deformity correction period of 13.26 months, 94.06% of the
angular deformities were corrected. Thus, posing temporary hemiepiphysiodesis using the
Metaizeau technique is an effective method for correcting angular deformities in younger
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children. A probable reason why the deformity correction for young children in the lower
extremity is more successful than in the distal humerus is the difference in axial growth
speeds and the percentage of contribution of the physes with regard to the total limb
growth. Only 20% of growth takes place in the distal humerus, accounting for a mean of
0.26 cm per year. Conversely, in the distal femur and proximal tibia these percentages are
70% and 60%, respectively, which corresponds to 1.2 cm and 0.9 cm per year [60-62].

Figure 7. (A) Elbow radiographs of a 9-year-old girl with a posttraumatic cubitus varus, a flex-
ion deficit of 60 degrees, and avascular necrosis of the medial condyle after a fall from height.
(B) An epiphysiodesis using transphyseal screws was performed in addition to an arthrolysis with
reduction of the coronoid fossa and release of the ulnar nerve.

6.3. Complete Epiphysiodesis

In complete epiphysiodesis, the physis is completely removed or temporarily tethered
across the entire width. This procedure is performed to prevent overgrowth. Surgical
options range from percutaneous techniques using drills and curettes to more invasive open
techniques. For example, premature closure of the distal radial physis can be associated
with ulnar overgrowth, leading to altered wrist mechanics and pain. An epiphysiodesis of
the ulna can prevent worsening of the deformity (Figure 8).

Figure 8. (A) A 15-year-old boy with premature closure of the distal radial physis after a Salter—Harris
type 2/4 fracture. Initially, the boy had an ulna minus wrist. (B) A closed radial physis, accompanied
by an impending ulna plus. (C) Intraoperative radiographs during epiphysiodesis of the ulna.
(D) Postoperative radiographs show a closed physis of both the radius and the ulna. Note that the
ulna had been growing until the epiphysiodesis, leading to an ulna zero. (E) Radiographs after 1-year
follow-up. Note the unaltered ulnar variance.
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Scheider et al. [49] reported seven cases with the diagnosis of a painful ulnar positive
variance in four individuals who underwent a temporary epiphysiodesis. This was done
using a customized shortened 1.0 mm thick nonlocking two- or three-hole plate with
2.3 mm wide screw holes and screw lengths between 10 and 14 mm. The average age at
implantation was 12.4 years and 14.7 years at explantation. The mean ulnar variance of
+3.9 mm preoperatively was reduced to +0.1 mm, which led to satisfactory results in six out
of seven cases. One case needed a secondary ulnar shortening osteotomy, which can be
explained by having too little residual growth of the physis remaining at the beginning
of therapy.

Campbell et al. [63] followed 31 wrists in 30 patients with premature distal radius
physeal closure. Patients had an average age of 13.8 years [SD 1.6] at the time of surgery and
were followed for a median of 163 days (ICR 101-419). The success rate of the procedure for
the total group was 93.5%. However, because there were additional procedures performed
at the time of epiphysiodesis in 67.7% of patients, including ulnar shortening osteotomies
and distal radius osteotomies, the exact contribution of isolated epiphysiodeses could not
be extracted from these results.

Waters et al. [36] followed thirty adolescents who underwent surgery after posttrau-
matic distal radial growth arrest at the average age of 14.8 years. Patients underwent ulnar
epiphysiodesis in 11 cases and a combined radial and ulnar epiphysiodesis in three cases.
Average ulnar variance among all patients improved from 4 mm positive (range —9 mm
to +13 mm) before the procedure to 0 mm (range —6 mm to +4 mm) at the most recent
follow-up radiographic evaluation (p < 0.01).

In a study by Farr et al. [40], performed on children with Madelung deformity, a series
of 10 wrists out of 41 received an ulnar epiphysiodesis. Of these ten wrists, none of
them required another intervention in correcting the deformity. The mean age of per-
formed procedures was 13.4 = 1.5 years. The authors postulate that ulnar epiphysiode-
sis may be considered in skeletally immature children older than 10 years of age with
Madelung deformity.

6.4. Physeal Bar Resection

Resection of a physeal bar can be indicated in young children with a partial physeal
closure, with the aim of restoring growth. The procedure for the removal of a physeal bar
was first introduced by Langenskicld [64] and is currently still being used in modified
approaches. Success rates range from 15% to 38%, depending on the size and location of the
bar [65]. Patients should have at least 50% of a healthy physeal surface in addition to 2 years
of skeletal growth remaining [65,66]. Peterson et al. [67] classified the type and locations of
a physeal bar into three subtypes: central, peripheral, and linear. A peripheral bar can be
approached directly. Herein, excision of the overlying periosteum and removal of abnormal
bone is carried out until the normal physeal cartilage is exposed completely. The remaining
cavity is often interposed using fat or wax. Central and linear bars are more difficult to
locate and visualize accurately. Preoperatively, the physeal bar must be identified correctly,
preferably by computed tomography (CT) [65,68]. Fluoroscopy can be used to visualize
the bar intraoperatively, but this may sometimes be difficult. In recent years, the use of
a CT-guided navigation system helped identify the location, while an endoscope enables
direct visualization of the physeal bar [66]. During follow-up, early magnetic resonance
imaging (MRI) within four weeks has shown signs of incomplete resection [65].

6.5. Osteotomy

In severe deformities or in cases with too little growth remaining, a corrective os-
teotomy can be performed in addition to or without epiphysiodesis to correct the length
and restore the anatomical alignment (Figure 9). In the forearm, performing a dome or
wedge osteotomy allows for an accurate correction of alignment and restoration of the axial
length, but it is an invasive procedure with a longer recovery time than epiphysiodesis.
Patients with a cubitus varus may need a rotational correction in addition to angular cor-
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rection. In these cases, either a dome osteotomy or a closed lateral wedge osteotomy is
a reliable and powerful method to achieve correction [25]. In isolated growth arrest of the
radius, an ulnar shortening osteotomy may be needed to correct the ulnar overgrowth [63].

Figure 9. (A) A 17-year-old boy with a traumatic premature closure of the distal radial physis.
(B) A closed radial physis, accompanied by an ulna plus. (C) Intraoperative radiographs during
correction osteotomy of the radius combined with an epiphysiodesis of the ulna. (D) Radiographs
six weeks postoperatively.

7. Timing of Intervention

The timing of epiphysiodesis is crucial when planning guided correction of a limb or
bone-length inequality, e.g., in the forearm. Estimating limb-length inequality starts with
an estimation of the length of the unaffected limb at skeletal maturity. This is followed by
determining the growth rate of the affected limb compared to the rate of the unaffected limb.
The difference in rates can then be used to estimate the final limb-length inequality [69].
It is important to realize that not all length discrepancies increase continuously over
time. Shapiro et al. described five different patterns of growth in lower-extremity length
discrepancies [70]. A Type-I proportionate progression pattern was seen in children with
destroyed physes. In this type, the length discrepancy develops and increases continually
with time at the same proportionate rate. This allows for the estimation of the ultimate
limb length or growth remaining.

A multitude of methods to accurately determine final limb length or remaining growth
have been developed over the course of the years. Anderson and Green first introduced
growth-remaining charts using skeletal age [60]. This method was later simplified by the
introduction of the Moseley straight-line graphs in which only skeletal maturity is used [61].
The Rotterdam straight-line graph can be seen as an improvement of the Moseley straight-
line graphs by means of a further expansion of that database [71]. The White-Menelaus
formula uses chronological age and is based on a simple calculation with the assumption
of a fixed mean annual growth and the assumption of physeal closure at a specific age for
boys and girls [72]. The Paley multiplier method (MM) also uses chronological age and is
based on an age-based multiplier specific for each age to calculate the final limb growth
and remaining growth [73].

Each method has its pitfalls and potential advantages, but none of them is universally
accepted as the gold standard in determining the timing of epiphysiodesis. For the upper
limb, only the Anderson and Green-based growth charts of Stahl et al. and the Paley
multiplier have been developed [74,75]. Birch and Makarov compared different methods
of limb length prediction and found skeletal age to be superior to chronological age for
prediction [76,77]. Sanders et al. [69] compared both the MM and skeletal age measurements
and found that chronological age was superior to skeletal age for predicting ultimate limb
length in children prior to their adolescent growth spurt. In contrast, after the start of the
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growth spurt, predicting limb length using skeletal age proved superior. This observation
is consistent with other studies [60,78].

This raises further questions as to why chronological age is a better predictor prior
to the adolescent growth spurt but worse after it. The Paley multiplier was based on
the assumption of a Shapiro type-I linear growth pattern that remains the same during
maturity and the multipliers remaining the same regardless of the growth phase the child
is in. Differences in accuracy between the MM and the other methods might be due to
each method having its own way of taking the growth spurt into account. Sanders et al.
suggested that using peak height velocity (PHV) was the best marker for maturity during
the transition into adolescence [69]. Growth measurements can then easily be calculated
using PHV-derived multipliers. These multipliers are currently made using skeletal age,
which is closely related to PHV during adolescence.

Different methods of measuring skeletal maturity are currently used. Historically,
the Greulich and Pyle atlas for hand bone age is the most widely known and used [79].
The Sauvegrain method assesses skeletal age from elbow radiographs based on a 27-point
scoring system [80]. This method uses four ossification centers of the elbow: the lateral
condyle, trochlea, olecranon apophysis, and proximal radial epiphysis as landmarks. The
scores of these structures are summed, and a graph is then used to determine the skeletal
age. In contrast to the GP atlas, this method allows for the assessment of skeletal age
in 6-month intervals during the phase of accelerating growth velocity, which makes it
markedly suitable for the period of growth spurt.

When compared to the Greulich and Pyle atlas, the Sauvegrain method has been
proven to be a more accurate method for the assessment of skeletal age during puberty,
with the addition of having a high inter- and intra-observer reliability [81,82]. Furthermore,
it is shown that the Sauvegrain score is a reliable marker for measuring PHV in children [83].
It should therefore prove suitable for predicting PHV-derived multipliers used for a more
accurate prediction of growth in children during their growth spurt.

8. Conclusions and Recommendations

Because of the ability of children to correct osseous deformities during longitudinal
growth, often, the deformity is corrected naturally. Their frequent relation with joints,
however, may potentially have harmful consequences if discovered late or left untreated.
Therefore, early clinical evaluation is often helpful in giving a quick indication, followed by
additional radiologic evaluation for a more concise measure of the deformity. Current meth-
ods of measuring humeral and radial alignment prove sufficient for children, regardless of
their age. However, in measuring ulnar variance, the use of age-specific methods such as
the Hafner method and the method of perpendiculars may additionally improve accuracy.

If surgical intervention is necessary, deformity correction by means of guided growth
poses an elegant and low-invasive option. Surgical treatment options include (hemi-)
epiphysiodesis, physeal bar resection, and osteotomy, as well as combinations of techniques.
The preferred treatment option is dependent on the location of the deformity, involvement
of the physis, presence of a physeal bar, and predicted length inequality at skeletal maturity.

An accurate estimation of the limb or bone length at skeletal maturity is crucial
for the correct timing of intervention. To date, the Paley multiplier method based on
chronological age remains the most accurate method for calculating final and remaining
limb growth in the upper extremity. Multiple studies found that the calculation of growth
using chronological age is superior prior to the growth spurt. Skeletal age is found to
be more accurate during the growth spurt. These calculations are generally performed
using peak-height velocity. The Sauvegrain method of skeletal age assessment using
elbow radiographs proves to be a more simple and more reliable method than the current
widespread method of assessment using hand radiographs by Greulich and Pyle. The
Sauvegrain method also proves to be a reliable marker for measuring peak-height velocity
in children.
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For children prior to their growth spurt, the Paley multiplier method remains the
most accurate and simple method. In the absence of other validated methods, the Paley
method can additionally be used for predicting growth during the growth spurt. However,
because the Sauvegrain method has been proven suitable for measuring the peak-height
velocity, further research should be carried out on calculating and validating specific PHV-
based multipliers. Furthermore, the Paley multiplier still needs validation in the upper
extremity. When both validation studies have been performed, a subsequent algorithm can
be developed using the MM prior to the growth spurt and PHV-based multipliers based
on the Sauvegrain method during the growth spurt. This combines the current two best
methods and allows for a more accurate calculation of limb growth in the upper extremity.
Because growth is not a two-dimensional progress, deformities often do not conform to
a single plane during further growth. Therefore, apart from calculating the projected upper
limb growth, an accurate assessment of which direction the deformity grows in should
be carried out. Therefore, more research is needed for a better assessment and growth
prediction of osseous deformities in 3D.
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Abstract: Re-displacement of a pediatric diaphyseal forearm fracture can lead to a malunion with
symptomatic impairment in forearm rotation, which may require a corrective osteotomy. Correc-
tive osteotomy with two-dimensional (2D) radiographic planning for malunited pediatric forearm
fractures can be a complex procedure due to multiplanar deformities. Three-dimensional (3D) cor-
rective osteotomy can aid the surgeon in planning and obtaining a more accurate correction and
better forearm rotation. This prospective study aimed to assess the accuracy of correction after
3D corrective osteotomy for pediatric forearm malunion and if anatomic correction influences the
functional outcome. Our primary outcome measures were the residual maximum deformity angle
(MDA) and malrotation after 3D corrective osteotomy. Post-operative MDA > 5° or residual malro-
tation > 15° were defined as non-anatomic corrections. Our secondary outcome measure was the
gain in pro-supination. Between 2016-2018, fifteen patients underwent 3D corrective osteotomies
for pediatric malunited diaphyseal both-bone fractures. Three-dimensional corrective osteotomies
provided anatomic correction in 10 out of 15 patients. Anatomic corrections resulted in a greater
gain in pro-supination than non-anatomic corrections: 70° versus 46° (p = 0.04, ANOVA). Residual
malrotation of the radius was associated with inferior gain in pro-supination (p = 0.03, multi-variate
linear regression). Three-dimensional corrective osteotomy for pediatric forearm malunion reliably
provided an accurate correction, which led to a close-to-normal forearm rotation. Non-anatomic
correction, especially residual malrotation of the radius, leads to inferior functional outcomes.

Keywords: corrective osteotomy; three-dimensional; malunion; fracture; forearm; radius; pediatric

1. Introduction

In midshaft forearm fractures, growth will not remodel angular deformity as it does
in distal fractures [1]. Impairment in forearm rotation is a critical problem associated with
malunions of the forearm bones [2]. Malunited diaphyseal forearm fractures in children
leading to a severe restriction in pro-supination may require corrective osteotomies [3]. A
conventional corrective osteotomy can be technically demanding due to the multiplanar
deformity of both forearm bones [4]. In a series by Miyake et al., one patient even had
a rotational malunion of the radius of 136°, which is difficult to assess precisely using
two-dimensional (2D) radiographic planning. Recent advancements in three-dimensional
(3D) planning and 3D printing of patient-specific instruments (PSIs) can aid the surgeon
in achieving a more accurate correction. Non-anatomic correction of the bony anatomy in
malunions, especially of the upper extremity, may lead to inferior functional outcomes. Sev-
eral authors have stated anatomically accurate correction during 3D corrective osteotomy is
highly desirable to achieve a good outcome [5,6]. Few studies have tested this assumption
nor have examined the effectiveness of 3D corrective osteotomy for pediatric malunited
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forearm fractures concerning the radiographic accuracy of the correction [3,7]. This prospec-
tive study aimed to assess the accuracy of correction after 3D corrective osteotomy for
pediatric forearm malunion and if anatomic correction influences the functional outcome.

2. Materials and Methods

This study represents an additional analysis of the radiographic outcomes of a prospec-
tive cohort of patients whose clinical outcomes have been published previously [8]. Patients
were eligible for enrollment if they met the following inclusion criteria: having a symp-
tomatic forearm malunion after a diaphyseal both-bone forearm fracture sustained during
childhood (<18 years), resulting in a limitation in pro-supination (pronation or supination
of <50°), with unsatisfactory improvement after physiotherapy and a minimum age of
10 years at 3D corrective osteotomy. In addition, patients were excluded if they had an
osseous deformity of the contralateral forearm. The pre-operative planning, surgical tech-
nique, and post-operative management of our 3D corrective osteotomies are described in
our previous publication [8]. Planning of 3D corrective osteotomy and 3D printing of PSIs
were performed at Materialise N.V., Leuven, Belgium in collaboration with our surgeons.
An example of pre- and post-operative radiographs is provided in Figure 1.

Figure 1. Example of pre- and post-operative radiographs.

2.1. Outcome Measures

Our primary outcome measure was the radiographic accuracy of the achieved correc-
tion after 3D corrective osteotomy. To assess the accuracy of correction, we compared the
3D pre-operative plan with the one-year post-operative computed tomography (CT). The
residual maximum deformity angle (MDA) and malrotation after 3D corrective osteotomy
were used to describe the accuracy of correction. The MDA is calculated by combining the
angular deformity on both the coronal and sagittal plane derived from CT, as described by
Nagy et al., illustrated in Figure 2 [3,9]. Similar to the study by Byrne et al., we assessed how
often angular deformities could be corrected to within 5° of contralateral by 3D corrective
osteotomy. Residual MDA > 5° was defined as a non-anatomic correction. Unlike for
the lower extremity, which most authors recommend to correct a torsional deformity of
>15° [10], there are still no uniform cut-off values as to when a correction is indicated in
post-traumatic rotational deformity of the forearm [11]. In the current study, malrotation of
the radius or ulna > 15° was defined as a non-anatomic correction.

Our secondary outcome measures were: functional gain in pro-supination and patient-
reported outcome measures (PROMs): the QuickDASH questionnaire (11 items, range
0-100), numerical rating scale (NRS) scores for pain and appearance (range 0-10), and
maximal grip strength using a JAMAR hand dynamometer (J.A. Preston Corporation,
New York, NY, USA). Pro-supination was measured with a universal goniometer utilizing
the method of the American Society of Hand Therapists [12]. Functional outcome was
measured by two authors independently (E.E. and J.C.).
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Sagitte

Maximum Deformity Angle

Figure 2. The maximal deformity angle (MDA) was calculated by combining the measurements of
angular deformity in the coronal and sagittal plane according to the following formula:

MDA = \/tanz(Coronal) + tan?(Sagittal)

2.2. 3D Radiographic Assessment

Radiographic evaluation of the accuracy of the performed correction was performed
by analyzing the 3D models of the pre- and post-operative forearm bones according to the
following steps: using Mimics software (Mimics Research 25.0), segmentation is performed
using a threshold-connected region growing algorithm that collects voxels that belong to
the affected bone. Then, the forearm bones are extracted as separate 3D objects.

Next, 3-Matic software (3-Matic Research 17.0) was used to compare 3D models of
the pre-operative situation, planned correction, and post-operative result. First, analytic
cylinders of the proximal and distal shafts of the radius and ulna are created to establish
the axis of the proximal and distal parts of both bones in all three situations. Next, using a
closest fit algorithm, the proximal ends of the radius and ulna of all three situations are
aligned proximally. The axes of the proximal shaft proximal to the planned correction were
used for the coordinate system, as this axis was alike in all three situations. Finally, the
deviation between the distal segments in all three situations was measured to assess the
degree of angular and rotational malalignment in the coronal, sagittal, and axial planes. The
coordinate system of the radius was established as described by the International Society of
Biomechanics (ISB) 2005 recommendations [13]. The maximum deformity angle (MDA) was
calculated by combining the measurements of angular deformity in the coronal and sagittal
planes, according to the Pythagorean theorem. MDA was calculated from the coronal and
sagittal planes derived from CT instead of plain radiographs to increase the accuracy of
the measurement because the reliability of measurements from 2D images is hampered by
over-projection [14]. Two authors measured radiographic outcomes independently (K.R.
and E.E). Mean values of both assessors are presented.

2.3. Statistical Analysis

p-values < 0.05 were considered statistically significant. The intraclass correlation
coefficient (ICC) was measured to assess the inter-observer reliability of the radiographic
measurements. One-way analysis of variance (ANOVA) was performed to study the rela-
tionship between an anatomic correction and functional outcomes (gain in pro-supination
and PROMs). Subsequently, multi-variate linear regression analysis was performed to inves-
tigate the relationship between the accuracy of correction (residual MDA and malrotation
of radius and ulna) and gain in pro-supination, both on a continuous scale.
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3. Results

Between October 2016 and July 2018, 3D corrective osteotomies of both the radius and
ulna were performed in fifteen patients due to pediatric malunited both-bone diaphyseal
forearm fractures. Patients had a mean age at trauma of 9.6 years, a mean time until 3D
corrective osteotomy of 5.9 years, and a mean age at osteotomy of 15.5 years. There was a
mean operating time of 138 min (SD 35) for the 3D corrective osteotomies of the radius and
ulna. In addition, four out of fifteen patients underwent an additional soft-tissue release.
There were three minor complications: ulnar plate removal, delayed union, and transient
neuropraxia of the superficial radial nerve. There were three minor complications: ulnar
plate removal, delayed union, and transient neuropraxia of the superficial radial nerve.

3.1. Primary Outcomes

The pre- and post-operative malalignments of the radius and ulna are provided in
Table 1. Anatomic correction was achieved in 10 out of 15 patients (25 out of 30 forearm
bones) after 3D corrective osteotomy. Examples of an anatomic and a non-anatomic correc-
tion of the radius are supplied in Figures 3 and 4 (Case 1 and 4). Likewise, an example of
residual malrotation of the radius is provided in Figure 5 (Case 13).

Table 1. Radiographic outcomes: pre- and post-operative malalignment (°).

Radius Ulna
Pre-Operative Final Follow-Up Pre-Operative Final Follow-Up
Pt Cor Sag MDA Ax Cor Sag MDA RM Cor Sag MDA Ax Cor Sag MDA RM
1 3 14 14 —6 0 0 0 6 6 -5 7 32 -5 5 7 —12
2 9 22 23 24 0 0 1 -2 16 1 16 -1 1 0 1 15
3 —4 8 8 —11 -3 0 3 -9 8 -6 11 —4 1 0 1 —16
4 0 17 17 —26 11 7 13 —6 8 -20 21 11 1 -1 2 2
5 -2 22 23 -8 -1 0 1 14 9 -7 11 0 0 0 0 4
6 7 27 27 —31 0 -3 3 -3 8 —18 19 6 1 0 1 3
7 —11 0 11 —13 1 -1 1 —4 -7 19 20 3 0 1 1 -5
8 5 18 19 18 -1 -1 1 -8 11 2 11 -1 -1 0 1 3
9 0 16 16 1 -1 -1 2 10 6 -5 8 -7 0 -1 1 0
10 17 24 29 —4 0 -2 2 -5 1 -13 13 13 -1 -1 2 9
11 6 19 20 —12 3 3 5 0 3 —-15 15 —4 0 0 0 0
12 1 11 11 49 -1 0 1 -1 5 -3 6 -3 -1 —4 4 5
13 9 4 10 15 -2 4 5 17 7 2 7 -20 0 2 2 0
14 -2 6 6 -5 1 1 1 -10 13 -1 13 -7 0 1 1 -1
15 -7 3 7 -17 2 0 2 -3 4 3 5 5 -2 -1 3 —6
Mean 8.1 14.0 16.1 15.9 1.8 1.7 2.6 6.6 7.4 8.0 12.2 7.7 1.0 1.2 1.7 5.5
SD 9.4 8.4 7.2 12.4 2.7 2.0 3.1 4.8 3.7 6.9 5.2 8.7 1.2 14 1.7 5.3

Cor = coronal plane; Sag = sagittal plane; Ax = axial plane. MDA = maximum deformity angle; RM = residual
malrotation. Dorsal angulation = positive; volar = negative; radial = positive; ulnar = negative; axial malrotation in
pronation = positive; axial malrotation in supination = negative. Means are calculated based on absolute values.

Pre-operative planning Post-operative result

Red = Pre-operative situation; Purple = Planned correction, White = Achieved correction

Figure 3. Example of an anatomic correction of the radius.
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Pre-operative planning Post-operative result

y \

Residual Malalignment of 11° radially and 7° dorsally: a Maximum Deformity Angle (MDA) of 13°

Figure 4. Example of a non-anatomic correction of the radius.

&

Residual rotational deformity of the radius of 17°

Figure 5. Example of residual malrotation of the radius.

3.2. Is Anatomic Correction Associated with Greater Functional Outcomes?

Three dimensional corrective osteotomy provided a mean gain in pro-supination
from 67° (44% of contralateral) pre-operatively to 128° (85% of contralateral), thus a mean
total gain of 62°. The results of ANOVA are presented in Table 2. ANOVA revealed ten
patients who achieved anatomic correction after 3D corrective osteotomies had significantly
greater gains in pro-supination than those with non-anatomic corrections: 70° (95% CI:
55-85°) versus 46° (95% CI: 28-64°). Patient-reported outcome measures or grip strength
measurements between anatomic and non-anatomic corrections showed no significant
differences. Multi-variate linear regression analysis revealed residual malrotation of the

radius was associated with inferior pro-supination (p = 0.026); the model is provided in
Table 3.

Table 2. ANOVA.

Anatomic Correction Non-Anatomic Correction _

(n=10) (n=5) -

Pre-op pro-supination 67° (53-80°) 66° (36-97°) 0.97
Pro-supination at FU 136° (125-148°) 112° (95-129°) 0.01
Gain in pro-supination 70° (55-85°) 46° (28-85°) 0.04
Pre-op QUICKDASH 22 (13-30) 31 (19-43) 0.16
QUICKDASH at FU 13 (10-16) 17 (14-20) 0.07
A QUICKDASH 8 (0-17) 14 (2-26) 0.38
NRS pain score 1.1(—-0.5-2.7) 3.0 (—0.4-6.4) 0.18
NRS cosmetics 2.3(0.54.2) 4.6 (1.3-8.0) 0.13
Grip strength (%) 94 (88-98) 90 (78-102) 0.41

Confidence interval of 95% presented as: (95% CI); FU: follow-up; NRS: numeric rating scale.
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Table 3. Multi-variate linear regression.

Unstandardized Coefficients

Model B Std. Error Significance
(Constant) 79.0 8.4 <0.001
Residual malrotation Radius —2.6 1.1 0.026

Dependent variable: gain in pro-supination.

In our radiographic assessment, the interrater reproducibility showed intra-class
correlations of 0.996 (95% CI: 0.991-0.998) and 0.992 (0.984-0.996) for measurement of the
MDA of the radius and ulna; 0.990 (0.979-0.995) and 0.971 (0.938-0.986) for rotational
assessment of the radius and ulna.

4. Discussion

This prospective study aimed to assess the accuracy of correction after 3D corrective
osteotomy for pediatric forearm malunion and if anatomic correction influences the func-
tional outcome. In this study, 3D-planned corrective osteotomies for pediatric malunited
both-bone forearm fractures resulted in anatomic corrections in 10 out of 15 patients (25
out of 30 operated forearm bones). Patients with anatomic corrections had statistically
significantly greater gains in pro-supination after 3D corrective osteotomies than non-
anatomic corrections (70° versus 46°). Residual malrotation of the radius after 3D corrective
osteotomy was associated with an inferior gain in forearm rotation.

Understanding the complex 3D deformities of both forearm bones in a malunited
forearm fracture remains challenging. Therefore, a 3D corrective osteotomy is a promising
technique. Recurrent patterns in forearm malunion are often seen. The supinator, pronator
teres, and pronator quadratus muscles exert a pulling force upon fracture fragments, which
can lead to angular deformity, malrotation, or narrowing of the interosseous space. In
fractures located proximal to the pronator teres insertion, the proximal fragment supinates
and flexes due to unopposed forces of the supinator and biceps brachii, whereas the distal
fragment pronates due to the pronator quadratus and pronator teres. In contrast, in frac-
tures located distal to the pronator teres insertion, the proximal fragment will not rotate
as the supinator opposes the forces of the pronator teres and biceps brachii. The distal
fragment will pronate and deviate towards the ulna due to the pronator quadratus [4].
Angular deformities of the radius and ulna lead to bony impingement or increased in-
terosseous membrane (IOM) tension, which causes impairment in forearm rotation [15].
In a cadaveric study, a dorsal angular deformity of 20° caused a limitation in pronation.
Correspondingly, a volar angular deformity of 20° led to supination limitation. Lastly,
angular deformity narrowing the interosseous space limited both pro- and supination [16].
In 2018, Abe et al. stated a pronation limitation was found if there was bony impingement
due to dorsal angulation of the radius (>8°) because the interosseous space is encroached
during pronation [17]. A supination limitation was found if there was a tightness of the
transverse central band (CB) due to valgus deformity of the ulna (>6°), which increases the
interosseous space during supination.

Unfortunately, there is no published literature with CT-based accuracy assessment of
conventional 2D planned corrective osteotomies with which to compare.

In 2008, Murase and colleagues reported the accuracy of 3D corrective osteotomy for
malunited forearm fractures in 10 patients. The mean angle of deformity improved from
16° pre-operatively to 1° after surgery. The mean pro-supination improved from 79° to
155° post-operatively.

In 2012, Miyake et al. published the outcomes of 3D corrective osteotomies for malu-
nited forearm fractures in 20 patients. The average radiographic deformity improved from
21° pre-operatively to 1° post-operatively. In addition, their forearm motion improved
from 76° pre-operatively to 152° post-operatively.

In 2013, Kataoka et al. published the results of 3D corrective osteotomies with PSIs
for malunited forearm fractures in four patients. They used standard plates, which were
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pre-bent to fit around 3D-printed, real-sized plastic bone models of the radius and ulna.
They achieved an accuracy of correction with a mean error in all directions of <2° for both
the radius and the ulna. Mean errors were greater in growing children, as longitudinal
forearm growth was not considered. They achieved a mean gain in pro-supination from
106° pre-operatively to 158° post-operatively [18].

In 2015, Bauer et al. performed 19 3D corrective osteotomies due to forearm deformity
in children of which 15 were post-traumatic. In their study, maximum deformity angulation
of the radius and ulna improved from 23° and 23° to 9° and 8°, respectively. Ten patients
were operated on due to limited pro-supination, and a gain in pro-supination was seen
from 85° to 138°.

In 2017, Byrne et al. published the outcomes of five patients who underwent 3D
corrective osteotomies for malunited diaphyseal forearm fractures. Besides 3D-printed
PSIs, they also used patient-specific plates. They found a mean error in the correction
of 1.4° for the radius and 1.8° for the ulna. They aimed to correct angular deformities
within 5° of the contralateral side and succeeded in 80% of cases. In addition, 3D corrective
osteotomy improved mean pro-supination from 115° to 176°.

In 2019, Oka et al. performed 16 3D corrective osteotomies for malunited fractures of
the upper extremity. They also used patient-matched plates. They achieved a correction to
within 5° of contralateral in 15 of 16 patients after 3D corrective osteotomies. In their study,
the mean difference between the planned correction and the achieved result was <1° in all
three planes. In patients who were operated on due to limited pro-supination, a gain in
pro-supination was seen from 115° to 162°.

In our series, the 3D osteotomy to correct a pediatric forearm malunion provided a
highly accurate correction comparable to the studies mentioned above. Anatomic correc-
tions were associated with greater gains in pro-supination. Thus, a lesser gain in forearm
rotation was seen if a greater residual angular or rotational deformity persisted after 3D
corrective osteotomy. Besides the highly accurate correction and excellent functional out-
comes, another potential advantage of 3D modeling and 3D printing is to improve the
patient—doctor relationship by giving them insights into the deformity’s complexity and
the surgical procedure’s goal [19].

In our study, residual malrotation of the radius was associated with inferior pro-
supination. Not restoring the natural radial bow may lead to bony impingement or too
tight soft-tissue, which hinders the radius from swiveling around the ulna. In 1984, Tarr
et al. claimed any torsional deformity of the radius leads to a loss of forearm rotation equal
to the magnitude of the rotational malalignment but in the opposite direction [16]. However,
in a cadaveric study by Kasten et al., a rotational malalignment of the radius of 30° in
pronation resulted in a supination deficit of only 14°. Similarly, a rotational malalignment
of 30° in supination resulted in a pronation deficit of only 11° [20]. Malrotation of the
ulna is well tolerated since the ulna is a relatively straight bone. Thus, this leads to less
restriction in forearm rotation than malrotation of the radius [11,21]. A study by Tynan
et al. created malrotations of the ulna of 30°, which led to a decrease in forearm rotation of
less than 20° [21].

In our study, there were a few cases with considerable residual malalignment or malro-
tation (Cases 1, 2, 3, 4, and 13). Although all patients were operated on by two experienced
orthopedic hand surgeons operating together, four out of five non-anatomic corrections
occurred in the first four operated patients. This suggests a considerable learning curve
exists for 3D corrective osteotomy for diaphyseal both-bone forearm malunion. Therefore, a
larger series is needed to detect if the surgical experience is a source of bias in the accuracy
of a 3D corrective osteotomy. Oka et al. stated, “The simple surgical procedure is another
advantage of the use of PMIs” [3]. However, we advocate there are still many possible
challenges during surgery. For example, the absence of bony landmarks on the forearm
bones and additional soft-tissue hindrance may impede the optimal guide position, which
may result in under- or over-correction, as suggested by Jeuken et al. [22].
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We did not expect residual malalignment or malrotation. The drilling guides dictate
screw placement proximal and distal of the planned osteotomy. They are designed with
the correct amount of rotational and angular correction built in so once the osteotomies are
completed, the placement of screws should provide the desired correction [23].

Therefore, we investigated our outliers in more detail. There were no manufacturing is-
sues. Three out of five non-anatomic corrections were malunions in the proximal diaphysis,
suggesting a relation with a more complex surgical approach and more soft tissue hindering
snug fit positioning of the surgical guides. Furthermore, the pre-operative plan for 3D
corrective osteotomy does not consider the soft-tissue issues seen in post-traumatic forearm
malunion. If there is a long interval between trauma and osteotomy in a growing child,
soft-tissue contractures of the IOM, proximal and distal radioulnar joint capsule (DRU]J) can
be seen [5]. Previously, persisting deficits in pro-supination after corrective osteotomy in
longstanding forearm malunions have been seen, regardless of full geometric restoration of
bony anatomy [2,24]. The IPD meta-analysis results supported soft tissue contracture’s role
in a longstanding malunion [25]. A long interval between trauma and corrective osteotomy
compromised the functional gain in pro-supination, which was confirmed in our previous
publication [8].

Limitations

This study has some limitations. First, there was no control group that underwent
conventional corrective osteotomy using 2D radiographic planning without patient-specific
3D printed surgical guides. However, we find using only 2D radiographic planning for the
correction of a 3D deformity unethical, as inferior results can unequivocally be expected. A
previous meta-analysis showed the use of 3D computer-assisted techniques is a predictor of
superior functional outcome after corrective osteotomy for a malunited pediatric forearm
fracture [25].

Additionally, we included a relatively small number of patients. However, severe
limitation in forearm rotation due to a pediatric malunited both-bone forearm fracture
fortunately occurs seldomly. Therefore, a corrective osteotomy is rarely indicated.

Another limitation is if 3D corrective osteotomy did not provide full pro-supination,
additional IOM or DRU]J release was performed during surgery. Thus, post-operative
outcomes were not solely determined by correcting the bony anatomy. In the previous
studies, no additional soft-tissue releases were performed [2,3,5,6,18,23]. Yet, this surgical
plan does reflect our clinical approach to treating a post-traumatic forearm rotation: correct
the bony deformity first, then solve the soft-tissue problems.

Furthermore, the post-operative CT scan was obtained one year after surgery. Thus, in
children with remaining growing potential, additional remodeling could occur. Eight out
of fifteen patients were aged <15 years at the time of 3D corrective osteotomy.

Lastly, there were only a few outliers to investigate due to the overall high accuracy of
the correction and excellent functional outcome after 3D corrective osteotomy. Therefore,
perhaps there are other unknown predictors for an inferior outcome we have yet to identify.
Larger series are needed.

5. Conclusions

Three-dimensional corrective osteotomy using patient-specific instruments results in
an accurate correction of pediatric malunited forearm fractures. A close to normal pro-
supination was obtained in the majority of patients. Patients with an anatomic correction
of the radius had better forearm rotation than non-anatomic corrections. Residual malrota-
tion of the radius after a 3D corrective osteotomy is associated with an inferior outcome.
Although PSIs simplify the operative procedure, a considerable learning curve still exists
for 3D corrective osteotomy.

Desirable future research is a randomized controlled trial (RCT) comparing the out-
comes after 3D-planned corrective osteotomy with or without PSIs because cost increases
are substantially due to the 3D printing of PSIs. Future studies on 3D corrective osteotomy
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should provide patient-reported outcomes measures, functional outcomes, as well as
radiographic outcomes on the accuracy of the achieved correction.
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Abstract: Aneurysmal bone cyst (ABC) is a benign osseus lesion with a high pathologic fracture
risk. The described treatment options are varied and inconsistent. For successful treatment results,
it is essential to prevent recurrence and sufficiently stabilise the weakened bone. Lesions close to
the growth plates, especially in the femoral neck region, are challenging to stabilise in children.
In this study, 27 clinics, including 11 sarcoma centres, 15 paediatric orthopaedic clinics, and one
sarcoma/paediatric orthopaedic centre, were surveyed and asked about their treatment approaches
for an exemplary case of ABC in the femoral neck causing a pathological fracture in a 20-month-old
infant, with a response rate of 81%. The heterogeneity of treatment options described in the literature
is consistent with the survey results. The most favoured approach was curettage, defect filling of
any kind, and surgical stabilisation. However, the lesion stabilisation option introduced in this
paper, which involves the use of transphyseal screws, was not mentioned in the survey and has not
been reported in the literature. Contrary to the existing concepts, our technique offers high stability
without significant growth restriction. Transphyseal screws are also suitable for the treatment of
femoral neck fractures of other aetiologies in children.

Keywords: bone cyst; paediatric orthopaedics; osteosyntheses in children; growth plate; transphyseal

SCrews

1. Introduction

Aneurysmal bone cyst (ABC) is a benign tumorous lesion. Approximately 70% of
lesions are found in patients between the ages of 5 and 20 years, with little predilection to
the female sex [1,2]. The lesion can occur in almost any bone, although the long bones are
preferentially affected [3,4]. Mankin et al. analysed 150 cases of ABC over 20 years, with the
lesions occurring predominantly in the tibia, femur, fibula, pelvis, humerus, clavicle, foot,
and lumbar spine, in descending order [5]. The lesion occasionally becomes symptomatic
with local swelling or pain but frequently presents with a pathological fracture due to
the thinned cortical bone. Various treatment methods are available, as the high risk of
recurrence, which has been described in up to 60% of cases in 24-50 months [6], has
constantly led to the development of new approaches.

For the therapy of the cyst itself, bloc resection of the lesion, radiation, sclerotherapy
(e.g., with polidocanol), and curettage are used alone or in combination. In a prospective
randomised study, Varshney et al. investigated the effectiveness of repeated polidocanol
sclerotherapy in comparison with that of curettage in combination with spongiosaplasty
and additional filling with synthetic hydroxyapatite. The authors concluded that, although
the therapeutic strategies had equal healing rates, recurrent sclerotherapy had the advan-
tages of outpatient feasibility, faster pain reduction, and better functional outcomes [7].
However, other studies have advocated the open procedure using curettage and, if neces-
sary, cancellous bone or cement filling [5,8,9].

Cure rates increase with the number of procedures. In addition to therapy for the cystic
lesion itself, stabilisation of the bone is often required. A challenge here is the localisation
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in the femoral neck and proximal femur region. In epiphyseal localisations of the heavily
loaded femoral neck and proximal femur, osteosynthesis using the usual procedures of
elastic stable intramedullary nailing (ESIN) and Kirschner wires during the growing age
is limited. In addition, immobilisation in a hip spica cast (HSC) would result in complete
immobilisation of the child for weeks.

In this work, we present a surgical one-stage treatment of an ABC with a pathologic
fracture at the proximal femur and femoral neck in a 20-month-old patient. We present
the case in a nationwide survey among certified German sarcoma centres and children
orthopaedic departments to determine their preferred diagnostics and treatment. In our
surgical approach, we performed osteosynthesis using a locking plate with so-called
transphyseal screws, which could cross the growth plate at the femoral neck owing to their
shape (metaphyseal thread with smooth threadless epiphyseal shape).

2. Materials and Methods
2.1. Case Report

A 20-month-old boy presented with a limping gait pattern and sparing of the left leg.
Radiological examination revealed osteolysis of the femoral neck and proximal femur, adja-
cent to the growth plate, with a typical multiseptated aspect, marked cortical weakening,
or interruption in the axial image. Magnetic resonance imaging (MRI) clearly revealed the
mirror formation of the cyst contents (Figure 1).

o

Figure 1. Conventional radiographs of the left hip joint showing the septated cystic lesion of the
proximal femur extending immediately to the growth plate in two planes (A,B). Perforation of the
thinned cortical bone is indicated in the lateral image (B). The magnetic resonance image clearly
shows the multichambered fluid-filled cyst, which is confined to the proximal femur (C,D). In the
axial section, the fluid levels are clearly visible (D).

In the otherwise healthy patient, after a biopsy and an intraoperative frozen section
investigation, a one-step surgical treatment was performed by subsequent curettage of the
cyst (Figure 2A-C), irrigation with polidocanol, filling with allogen cancellous bone, and
subsequent osteosynthesis using a locking proximal femoral plate (OrthoPediatrics PediLoc)
and transphyseal locking screws (OrthoPediatrics Corp., Warsaw, IN, USA; Figure 2D-F).

The follow-up treatment could be designed without a cast with pain-dependent
mobilization.
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Figure 2. The femur is reached via a lateral approach. The cyst has already perforated the ventral
cortex (A). The cyst is excochleated with a flexible sharp curette, which is documented with the image
intensifier (B,C). After exclusion of malignancy in the frozen section and subsequent excochleation,
rinsing with polidocanol and filling of the cyst with allogen spongiosa an osteosynthetic stabilisation
is performed (D). After completion of the osteosynthesis, the X-ray control is carried out in two
planes (E,F), showing the correct central position of the transphyseal screws in the epiphysis.

At the first outpatient visit, 6 weeks after the operation, the boy presented without
pain, with an unremarkable gait pattern, and with unrestricted hip mobility. He had
already returned to kindergarten. The final immuno-histopathological results confirmed
the suspected diagnosis of ABC. A translocation of the GNP6 gene was found, which is
known to be linked to primary ABC [10]. The radiological examination revealed good
cyst filling and screw position (Figure 3A,B). Six months after the operation, the screw
tips, which were originally located in the epiphysis, had almost migrated towards the
metaphysis, but a recurrence was suspected (Figure 3C,D).

However, the patient still had no pain and an unremarkable clinical examination
finding. Therefore, a short-term clinical and radiological control was agreed, which showed
no significant cyst progression even after 3 months; thus, further follow-up controls were
scheduled (Figure 3E,F). No evidence of growth disorders or femoral head necrosis was
found. There is also no need to assume any risk to stability if there is no pain and the
screws are in place and thus no urgent need for action.

2.2. Conducted Survey

The anonymised preoperative images (Figure 1A-D) were sent with the abovemen-
tioned medical history to the medical directors of all 11 German sarcoma centres certified
by the German Cancer Society (www.oncomap.de) at that time (accessed on 27 August
2021). They were also sent to the heads of all 16 children orthopaedic departments listed
in “KlinikKompass” (www.klinikkompass.com, accessed on 27 August 2021) as the best
clinics for paediatric orthopaedics in Germany. This is a platform founded in November
2018 by a journalist to help find a specialist clinic. This list was based on high case numbers
for the searched field, patient safety, and, according to the surveys by the health insurance
companies, high patient satisfaction. The text of inquiry was the following: “Attached are
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pictures of a 20-month-old boy who was already walking safely but now has a clear limp
and left leg rest. We are contacting you because you are considered a certified sarcoma
centre/leading clinic for paediatric orthopaedics in Germany, and in this case, there are
certainly several possible approaches. How would you proceed or treat the existing bone
cyst?” The entity of the lesion was not known at this time. The corresponding survey
results were analysed with the consent of the participating clinics. The data protection

\

regulations were complied with.

<
B

Figure 3. Radiological follow-up examination in the short and medium terms. After 6 weeks (A,B),
the desired result was achieved, with a regular material position and filled cyst. The growth of the
proximal femur over the physeal screws can been seen clearly in the displayed radiographs (A-F).
However (C,D), radiological evidence suggests a recurrence, with the findings remaining stable for
another 4 months (E,F).

}

3. Results
3.1. Survey Results

A nationwide survey was conducted among 11 sarcoma centres, 15 paediatric or-
thopaedic clinics, and one sarcoma/paediatric orthopaedic centre in Germany. A total of
22 clinics gave their assessments (response rate, 81%).

3.1.1. Entity Assessment

To the question about entity estimation, 18 clinics responded. On the basis of the
provided native radiological images and MRI scan, a suspicion of ABC (36.4%) was pre-
dominantly expressed, and a differential diagnosis of juvenile bone cyst (JBC; 22.7%) or
telangiectatic osteosarcoma (OS; 4.5%) was also mentioned. The sole suspected diagnosis
of a juvenile bone cyst (JBC) was expressed by 18% of the hospitals (Figure 4A).
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A B

Figure 4. (A) Entity assessment: Most participating clinics (n = 22) classified the lesion as an
aneurysmal bone cyst (ABC; 36.4%) or considered it in the differential diagnosis (ABC, DD, or
juvenile bone cyst [JBC]: 22.7%; ABC, DD, or osteosarcoma (4.5%). Thus, JBC (n = 4) was the
next most frequently mentioned differential diagnosis or sole diagnosis. Overall, four responding
hospitals did not provide any information on this question. (B) Regarding the need for biopsy, of the
responding hospitals, 59.1% wanted a biopsy, 22.7% did not consider it necessary, and 18.2% did not
provide any information on this.

3.1.2. Assessment of the Need for Biopsy

An additional biopsy confirmation of the diagnosis before initiating therapy was
requested by most clinics (59.1%), 9% recommended an MRI follow-up as an alternative,
22.7% denied a biopsy, and 18.2% did not provide any information (Figure 4B).

3.1.3. Entity-Specific Local Therapy

The answers to the question about entity-specific therapy were more heterogeneous
(Figure 5A). Most hospitals recommended a primary surgical procedure (72.7%). Only
22.7% of the clinics preferred adjuvant injection in the cyst alone. Some respondents (4.5%)
stated that the healing of the cyst is stimulated by the fracture that has occurred and that a
wait-and-see behavior can be adopted.

Curettage was predominantly mentioned as a therapy for the cyst (68.2%). In 4.5%
of cases, the therapy was extended with an adjuvant injection. In 4.5% of cases, curettage
was mentioned as a therapy in the event of persistent findings after immobilisation using
an HSC. Further treatment options were sole instillation (22.7%) of an adjuvant such as
polidocanol (4.5%) or phenol (4.5%) for a suspected ABC or methylprednisolone acetate
(9%) for JBC. In the case of biopsy-proven osteosarcoma, a Borggreve-Van Nes-Winkelmann
rotationplasty was recommended as a treatment option (4.5%).

3.1.4. Defect Filling

Regarding defect filling (Figure 5B), 77% of the 22 participating clinics gave their
assessment, with the remaining having either previously recommended conservative
therapy (13.6%) or not provided any information (9%).

Filling with allogen spongiosa alone (13.6%) or in combination with bone replace-
ment material (13.6%) or autologous bone (4.5%) was mentioned with a similar frequency
as the recommendation to use bone replacement material alone (27.3%) or fibula inter-
position with/without bone replacement material (9%). Among the respondents, 9%
recommended a finding-dependent procedure with allogen spongiosa or bone substitute
material. A multiple-stage procedure using a bone cement (Palacos) seal and, after an
observation interval, a secondary filling with spongiosa was also recommended by 9% of
the participating clinics.
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Figure 5. (A) As local therapy, the following were recommended by the respondents: curettage,
68.2%; adjuvant injection and curettage, 4.5%; follow-up alone, 4.5%; injection of adjuvants, 22.7%; no
therapy necessary, 4.5%; and no information, 4.5%. (B) For defect filling, autologous spongiosa was
recommended by 4.5% of the respondents; allogeneic spongiosa, by 13.6%; bone substitute, by 27.3%;
bone cement, by 9%; fibula interposition, by 9%; allogeneic spongiosa and bone substitute, by 13.6%;
and autologous and allogeneic spongiosa, by 4.5%. Of the respondents, 22.7% gave no answer. (C) For
osteosynthesis/stabilisation, most of the 22 hospitals recommended surgical stabilisation (40.9%),
9% of the clinics preferred immobilisation with an HSC only; 9% did not commit themselves and
recommended a procedure (plate osteosynthesis or HSC as a secondary alternative) depending on the
findings and completion of the cyst removal and filling; and 4.5% saw no need for immobilisation or
stabilisation. Surgical stabilisation using plate osteosynthesis (27%), elastic intramedullary nails (9%),
or cerclage and additional HSC immobilisation were mentioned. Of the participating hospitals, 36.4%
did not provide any information on this question.

3.1.5. Stabilisation/Osteosynthesis

Of the responding clinics, 40.9% clearly recommended stabilisation (Figure 5C); 13.6%
preferred osteosynthesis-free treatment, with an HSC being the most recommended; 9%
recommended the use of an HSC as an alternative to surgical treatment with a plate
osteosynthesis. Osteosynthesis with a plate was mainly recommended (27%), whereby
the classic locking screws should be inserted over the growth plate (GP). Retrograde ESIN
(9%) was suggested as an alternative, with one clinic recommending ESIN and a plate. A
GP-bridging osteosynthesis using Kirschner wires and additional application of an HSC
was recommended as a treatment procedure by 4.5% of the hospitals.

4. Discussion

From our point of view, the presented case of ABC that caused a pathological fracture
in the femoral neck and proximal femur region in a 20-month-old boy is unique in several
aspects: First, ABCs are usually found in children at ages between 5 and 20 years [1,2];
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thus, the presented case of ABC in a 20-month-old boy is rare. Other differential diagnoses
must also be considered initially. Furthermore, because of the large extent of the lesion,
including the hole femoral neck and proximal femur, and its localisation up to the growth
plate of the femoral neck, treatment was challenging, as in addition to treating the lesion,
the pathological fracture, which was in the immediate vicinity of the growth plate, must
also be stabilised.

Owing to the mentioned peculiarities of this case and as treatment strategies for bone
cysts, especially ABCs, are inconsistent, we asked paediatric orthopaedic specialist clinics
and sarcoma centres for recommendations on how to proceed as part of an open inquiry.
The high response rate of our survey of 81% shows the interest and the need for discussion
of this topic and our presented case. Considering the survey results and discussing the
treatment options with the patient’s parents, we chose a one-stage treatment approach
consisting of a biopsy and intraoperative frozen section investigation (for exclusion of
malignancy and confirmation of the suspected diagnosis of ABC), extension of the ap-
proach, subtle curettage, polidocanol injection, defect filling with allogenous spongiosa,
and osteosynthesis with a locking plate and the described special transphyseal screws.

The diagnosis of ABC can be made based on the combination of conventional radiogra-
phy and MRI, with almost 83% sensitivity and 70% specificity [11]. The imaging diagnostic
findings of our case, which showed multiple septation and mirror formation on MRI, were
highly indicative of ABC. However, in our survey, only 36.4% favoured this diagnosis,
whereas 27.2% considered ABC as a differential diagnosis on the basis of the presented
radiography and MRI results. As mentioned earlier, only one third of the respondents
suspected ABC as a diagnosis possibly because of the untypical young age of the patient.
Furthermore, we suspected that highly specialised clinics want to avoid misdiagnosis in
cases where suspected lesions are initially diagnosed as benign but are actually malignant.
This has certainly affected a high number of respondents who aimed for a biopsy prior to
further treatment (59.1%). Only 22.7% of the respondents did not consider a biopsy of the
lesion. To reduce surgical burden, we chose an intraoperative frozen section analysis, which
none of the interviewees mentioned as a possibility. Their reason could be the limited value
of the use of frozen sections in the detailed entity classification of bone lesions. However,
on the basis of contradicting study results, we believe that a first assessment of the dignity
can be expected [12,13].

Regarding the treatment of the cyst itself, we decided to perform a curettage because
of bone instability and the large extent of the lesion. Thus, we could immediately fill
the defect with allogenous spongiosa to provide a more stable bone stock. Instillation of
polidocanol as a sole therapy seemed inappropriate, although sequential percutaneous
instillations of polidocanol are seemingly equally effective as intralesional curettage in
the therapy of primary ABCs [7,14]. The repeated necessary procedure is considered
an apparent disadvantage of polidocanol instillation. The apparently more aggressive
open surgical procedure that we performed was also appropriate owing to the planned
additional plate osteosynthesis. We also dabbed the lesion with polidocanol before filling.
To our knowledge, the outcome of the combination of curettage and polidocanol instillation
has not been evaluated. Furthermore, possible growth arrest or delay has to be kept in
mind when using sclerotherapy near the growth plates because injection site necrosis was
previously reported [7].

Regarding defect-filling bone substitutes, in our survey, cement or spongiosa was
proposed for use in approximately equal parts to fill up the cyst. This result is representative
of the reports in the literature and corresponds to the recommendations of the German
51 guideline “Bone cysts” [15]. Moreover, the combined use of allogenic bone grafting
and artificial bone graft substitutes was reported by Tomaszewski et al. [16]. We decided
to fill the defect in our case with allogenic spongiosa alone because the advantages with
regard to consolidation and healing of the bone stock of one of the mentioned substitutes
or compositions have not been completely evaluated [17].
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Most of the 22 respondent hospitals recommended surgical stabilisation with a plate or
intramedullary nails. Three clinics preferred immobilisation with a cast alone. Stabilisation
techniques of the weakened bone in comparable situations have been rarely discussed in
the literature. In their study, Vergel De Dios et al. examined 238 ABCs, with the femur
(40 patients) being the most frequently affected among the long bones; the proximal femur
was involved in 10 cases [18]. The authors identified “numerous forms of therapy” inde-
pendent of localisation, including curettage and radiation but no stabilisation techniques.
In the recently published retrospective multicentre EPOS study, in which 79 patients with
ABC on the proximal femur were examined, no detailed information on the selection of
the osteosynthesis technique, especially in the immediate vicinity of the growth plate, was
provided [19]. The transphyseal screws we used were also not mentioned. Tomaszewski
et al. reported their results from 30 children with bone cysts, tumour-like lesions of the
proximal femur region, and pathological fractures [16]. They also used a locking or angular
plate for stabilisation but did not mention the use of transphyseal screws.

As an open procedure was chosen by 43% of our respondents and 44% of the partici-
pants of the EPOS multicentre study [19], in our opinion, there is nothing to be said against
a plate osteosynthesis, which does not significantly exceed the extent of the intervention.
From our point of view, immobilisation using an HSC offers, at best, an alternative if
the procedure is not open. However, above a certain lesion size, the extent at which the
usual wearing time of 6 weeks is sufficient is questionable, as bone consolidation cannot be
assumed within this time in the case of the present entity and lesion size. Retrograde ESIN
as an alternative can hardly bridge the growth plate. Kirschner wires alone do not provide
sufficient stability in an epi-meta-diaphyseal position.

Locking plate osteosynthesis, or a blade plate, is used as a more stable alternative. This
is used for corrective osteotomies of the intertrochanter region in elective orthopaedics in
children and can also be implanted in the event of a fracture. However, if the fully threaded
locking screws used for this purpose are passed over the growth plate, growth disorders
are to be expected [20,21].

The transphyseal locking screws used are characterised by a thread-free zone at the
distal end of the screw, which enables length growth in this area and offers the ideal implant
for the case described, such as femoral neck fractures of all origins in children with an
open growth plate. None of the clinics suggested the implant in the initial survey, and
the implant was not described in the above-mentioned studies. According to the current
state of knowledge, growth disorders, femoral head necrosis, or biomechanical problems
are not to be expected from the implant itself, as the plate design corresponds to that of
the plates used for corrective osteotomies and the end of the screws corresponds to that
of Kirschner wires. The benefits of immediate pain-adapted loading are significant. The
disadvantage that must be mentioned is that the screws and plates are made of steel, which
makes follow-up examination using MRI unsuitable. However, because cyst recurrences
that require revision are sufficiently visible on conventional radiography, this aspect does
not seem to be of primary importance to us.

This study has several limitations. Although in our case, we can report a good
treatment result in the short term without radiologically detectable growth disturbances
of the femoral epiphysis and femoral neck, longer follow-up studies and a larger number
of cases in different age groups are necessary to provide definitive conclusions on the
unrestricted use of transphyseal screws. Longer follow-up is needed to determine whether
a progredient cyst recurrence will occur in turn requires follow-up operations that would
lead to growth problems caused by the intervention but also by the disease itself.

5. Conclusions

As part of the treatment of bone cysts in the femoral neck, near the open growth plate,
and femoral neck fractures of other origins, stable osteosynthesis with transphyseal screws
and a locking plate should be considered. This method of osteosynthesis was obviously not
widely known in the context of our survey of specialised hospitals. In addition, we advocate
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the feasibility of a one-stage procedure for cystic bone lesions in children, accompanied with
an intraoperative frozen section investigation when in doubt of the suspected histology,
which, however, requires the operation to be performed in clinics with the appropriate
expertise and equipment.
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Abstract: Background: Tibial spine avulsion fractures (TSAFs) account for approximately 14% of
anterior cruciate ligament injuries. This study aims to systematically review the current evidence
for the operative management of paediatric TSAFs. Methods: A search was carried out across four
databases: MEDLINE, Embase, Scopus, and Google Scholar. Studies discussing the outcomes of
the surgical management of paediatric TSAFs since 2000 were included. Results: Of 38 studies
included for review, 13 studies reported outcomes of TSAF patients undergoing screw fixation only,
and 12 studies used suture fixation only. In total, 976 patients underwent arthroscopic reduction and
internal fixation (ARIF), and 203 patients underwent open reduction and internal fixation (ORIF).
The risk of arthrofibrosis with the use of ARIF (p = 0.45) and screws (p = 0.74) for TSAF repair was
not significant. There was a significantly increased risk of knee instability (p < 0.0001), reoperation
(p = 0.01), and post-operative pain (p = 0.007) with screw fixation compared to sutures. Conclusions:
While the overall benefits of sutures over screws and ARIF over ORIF are unclear, there is clear
preference for ARIF and suture fixation for TSAF repair in practice. We recommend large-scale
comparative studies to delineate long-term outcomes for various TSAF fixation techniques.

Keywords: tibial spine avulsion; paediatric fracture; arthroscopy

1. Introduction

Tibial eminence fractures (TEFs), also referred to as tibial spine avulsion fractures
(TSAFs) and anterior cruciate ligament (ACL) avulsion fractures, have been defined as
bony avulsions of the ACL from its point of insertion on the intercondylar eminence of
the tibia [1]. These injuries are most common in skeletally immature paediatric patients,
accounting for approximately 14% of ACL injuries across paediatric and adult populations
overall [2].

TSAFs are commonly sports-related injuries, with higher occurrence in sports such as
cycling and skiing. The higher occurrence rates in children have been attributed to many
causes, including the greater degree of elasticity in ligaments of young people and the
weakness of incomplete ossification of the tibial eminence in relation to ACL fibres in this
population [3].

TSAFs are classified in accordance with the Meyers and McKeevers (MM) classification
system into type I, type II, and type III [4]. This was later modified by Zaricznyj, with the
addition of type IV [5]. Details of this modified MM classification can be found in Table 1.
Other classification systems include the Green Tuca classification, which uses a quantitative,
magnetic resonance imaging (MRI)-based system to guide the treatment and management
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of TSAFs, as compared to plain radiograph evaluation in the MM system [6]. However,
both systems have shown good inter-reliability [6].

Table 1. Overview of Meyers and McKeever Classification System [4,5].

Type Description
Type 1 Non- or minimally displaced (<3 mm)
Type 2 Minimally displaced with intact posterior hinge
Type 3a Completely displaced involving a small portion of the eminence
Type 3b Completely displaced involving the majority of the tibial spine
Type 4 Completely displaced, rotated, and comminuted

There is broad consensus about the non-operative management of MM type I TSAFs,
using casting and immobilization for 6-12 weeks, followed by a gradual transition to
weight bearing and range of motion exercises [7]. The use of operative management to
treat type Il fractures is controversial, with a lack of consensus. Operative management is
considered for types I, III, and IV TSAFs with unsuccessful closed reduction [7].

Multiple techniques exist for the operative fixation, which include arthroscopic (ARIF)
and open (ORIF) approaches. There is a lack of consensus in the literature regarding
the best method of fixation. Fixation materials most commonly include sutures, K-wires,
and screws. With varying degrees of complications—including arthrofibrosis, non-union,
mal-union, instability, and pain—with different procedures, there is currently a lack of
consensus around the indications for use of different materials and approaches [8].

This study aims to systematically review the evidence base regarding the operative
management of TSAFs in a paediatric population, with a focus on various approaches,
subjective and objective outcomes, and complication rates. All the reporting is in ac-
cordance with the Preferred Reporting Items for Systematic Reviews and Meta-Analysis
(PRISMA) guidelines.

2. Materials and Methods
2.1. Eligibility Criteria

The following inclusion criteria were applied: (i) Studies conducted after the year 2000
(ii) assessing outcomes of surgical management (including ORIF and ARIF approaches)
of TSAFs (iii) in a skeletally immature population. Literature reviews, technical notes,
cadaveric studies, conference abstracts, and case reports were excluded. Studies were only
included if they had a minimum of five patients.

2.2. Information Sources and Search Strategy

A literature search was carried out on 9 January 2024 across four databases, namely
MEDLINE (Ovid), Embase, Scopus, and Google Scholar. The search was carried out using
relevant medical subject headings (MeSH) and synonyms for the following keywords:
(‘Tibial” AND ‘Spine” AND ‘Fracture’) AND ‘Surgical” AND ‘Paediatrics’. Further details of
the search strategy can be found in Appendix A. Articles with no fully published English
Language text were excluded; however, a language restriction was not applied to the
search itself. Fully published articles for conference abstracts were sought and included.
Reference lists of systematic and literature reviews were also searched for relevant texts for
inclusion. The search results were transferred to the Rayyan systematic review software for
de-duplication and screening [9].

2.3. Selection Process

Following removal of duplicates, all search results were screened by two independent
reviewers in two stages: (i) title and abstract stage, (ii) full manuscript review according
to pre-defined inclusion and exclusion criteria. Reviewers were blinded to each other’s
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decisions during the screening process. Decisions were adjudicated at the end of each stage,
and any discrepancies were resolved through discussion and consensus in the presence of
a third reviewer.

2.4. Data Collection Process and Data Items

To ensure standardization of the data collection process, a data extraction form was
designed. Data was extracted under the following domains: (i) Study characteristics—
study design, author conflicts of interest, year of publication, country of origin, and level
of evidence; (ii) Participant characteristics—number of participants, mean age, MM clas-
sification of fracture, surgical technique used, materials used, mean follow-up time; and
(iii) Outcomes—pre- and post-surgery outcome scores (including the International Knee
Documentation Committee (IKDC) scores and Lysholm scores). Data was independently
extracted from the included texts simultaneously by two reviewers. Upon completion,
agreement between reviewers was checked through discussion in the presence of an adju-
dicator and consensus was reached following any discrepancies.

2.5. Study Risk of Bias Assessment

The quality of studies was assessed using the Methodological Index for Non-Randomized
Studies (MINORS) criteria for non-randomized studies [10]. All quality assessment was
conducted by two independent reviewers. The reviewers were blinded to each other’s
decisions until completion. Upon completion, concordance was checked between reviewers,
and any discrepancies were resolved by discussion in the presence of a third adjudicator.

2.6. Data Synthesis and Measures of Effect

Data was presented in the form of four tables, namely: (i) Study Characteristics,
(if) Critical Appraisal, (iii) Population Characteristics, and (iv) Outcomes. Analysis of data
was presented narratively. Statistical analysis was conducted using a random-effects model,
with the use of Odds Ratios (OR), 95% Confidence Intervals (95% CI), and p values. A
random effects model was used to control for unobserved heterogeneity. A p value of
<0.05 was determined to be statistically significant. All statistical analysis was done using
RevMan v 5.4.1.

2.7. Heterogeneity and Subgroup Analysis

Heterogeneity was measured using the 12 statistic, where an 12 of 0%, 25%, 50%, and
75% correspond to no, low, moderate, and high levels of heterogeneity, respectively.

3. Results
3.1. Search Results and Study Characteristics

The process of selection and inclusion of studies has been detailed in Figure 1. Of
2845 studies initially retrieved from the database search, 1906 studies were included for
title and abstract screening after de-duplication. A total of 261 studies were screened by full
text for inclusion within the study, of which 38 studies were found eligible for inclusion.
The characteristics of the included studies have been detailed in Table 2.

Table 2. Study characteristics table.

(Author, Year of Title of Paper Country of Journal of Level of
Publication) P Origin Publication Evidence
(Abdelkafy and Neglected ug\itiiitﬁ?ﬂ;ﬁgfﬂfg fractures in Eovot International 4
Said, 2014) [11] Ay ) 8YP Orthopaedics
arthroscopic management
Absorbable and non-absorbable suture fixation Knee Surgery,
(Brunner et al., L. . . . Sports
results in similar outcomes for tibial eminence Switzerland 3
2016) [12] A Traumatology,
fractures in children and adolescents
Arthroscopy
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Table 2. Cont.

(Author, Year of Title of Paper Country of Journal of Level of
Publication) P Origin Publication Evidence
Cogrcl, Nt oweomes ot anure, L e

2021) [13] que mn bla” Spine y Acil Cerrahi Dergisi
paediatric population

(Callanan et al Suture Versus Screw Fixation of Tibial Spine The Orthopaedic

2019) [14] v Fractures in Children and Adolescents: A USA Journal of Sports 3
Comparative Study Medicine
Orthopaedics and
(Casalonga et al., Tibial intercondylar eminence fractures in France Traumatology: 4
2010) [15] children: The long-term perspective Surgery and
Research
Arthroscopic suture-fixation of anterior tibial .
. . L Orthopaedics and
(Chalopin et al intercondylar eminence fractures by retensioning Traumatology:
P v of the ACL and hollowing of the tibial footprint: France &y 4
2022) [16] L o . . Surgery and
Objective and subjective clinical results in a
L . Research
paediatric population
Cartilaginous tibial eminence fractures in Knee Surgery,
(Chotel et al., . . . Sports
children: which recommendations for France 4
2016) [17] . . Traumatology,
management of this new entity?
Arthroscopy
, . Anatomical fixation of tibial intercondylar Orthopaedics and
(D’ambrosio et al., . A . Traumatology:
eminence fractures in children using a threaded France 4
2022) [18] L . Surgery and
pin with an adjustable lock
Research
(Edmonds et al Results of Displaced Paediatric Tibial Spine Journal of
2015) [19] v Fractures: A Comparison Between Open, USA Paediatric 3
Arthroscopic, and Closed Management Orthopedics
(Furlan et al., Paediatric Tibial Eminence Fractures: Croatia Scandinavian 4
2010) [20] Arthroscopic Treatment using K-Wire Journal of Surgery
. Physeal sparing arthroscopic fixation of displaced Knee Surgery,
(Hirschmann et al., L. . . Sports
tibial eminence fractures: a new Switzerland 4
2009) [21] . . Traumatology,
surgical technique
Arthroscopy
Long-term Outcomes of Tibial Sp.me Ayulsmn The Orthopaedic
(Jaaskela et al., Fractures after Open Reduction with Ttal Journal of Sports 3
2023) [22] Osteosuturing Versus Arthroscopic Screw y Me dicinz
Fixation: A Multicenter Comparative Study
(Kieser et al., . 1 . Journal Of.
2011) [23] Displaced tibial intercondylar eminence fractures =~ New Zealand Orthopaedic 4
Surgery
The Journal of The
(Kim et al., Arthroscopic Internal Fixation of Displaced Tibial Republic of Korean 4
2007) [24] Eminence Fracture Using Cannulated Screw Korea Orthopaedic
Association
Satisfactory outcomes following arthroscopic Archives of
(Kristinsson et al.,  fixation of tibial intercondylar eminence fractures .
: . . Denmark Orthopaedic and 4
2021) [25] in children and adolescents using Trauma Sureer
bioabsorbable nails gery
(Lilieros et al Arthroscopic Fixation of Anterior Tibial Spine The American
J v Fractures with Bioabsorbable Nails in Skeletally Sweden Journal of Sports 4

2009) [26]

Immature Patients

Medicine
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Table 2. Cont.

(Author, Year of Title of Paper Country of Journal of Level of
Publication) P Origin Publication Evidence
(Marie-Laure et al., Surgical management of type II tibial J ourITal (?f
France Paediatric 4
2008) [27] intercondylar eminence fractures in children .
Orthopaedics B
. Arthroscopic fixation with intra-articular button Journal of
(Memisoglu et al., R . - L
2016) [28] for tibial intercondylar eminence fractures in Turkey Paediatric 4
skeletally immature patients Orthopaedics B
(Momaya et al Outcomes after arthroscopic fixation of tibial Journal of
20173’ [29] i eminence fractures with bioabsorbable nails in USA Paediatric 4
skeletally immature patients Orthopaedics B
(Naidi et al Arthroscopic treatment of intercondylar O%};iﬁ:i:s aITd
20{ 6) [30] v eminence fractures with intraepiphyseal screws France Surger an%iy' 4
in children and adolescents Regsezz]rch
(Perugia et al Clinical and radiological results of International
200%) [31] v arthroscopically treated tibial spine fractures Italy Orthopaedics 4
in childhood (SICOT)
Arthroscopic Repair in Tibial Spine Avulsion Journal of
ussu et al., ractures Using Polyethylene Terephthalate . .
R ! F Using Polyethylene Terephthal Romania Personalized 4
2021) [32] Suture: Good to Excellent Results in Medicine
Paediatric Patients
Injury:
(Scrimshire etal.,  Management and outcomes of isolated paediatric UK International 4
2018) [33] tibial spine fractures Journal of the Care
of the Injured
(Sharma et al., An analysis of different types of surgical fixation UK Acta Orthopaedica 4
2008) [34] for avulsion fractures of the anterior tibial spine Belgica
. ulticenter Comparison of Open Versus ournal o
(Shimberg et al A Multi Compari f Open Vi J Lof
2022) E°]35] v Arthroscopic Fixation for Paediatric Tibial USA Paediatric 3
Spine Fractures Orthopedics
Clinical and radiological outcomes of BMC
(Shin et al., arthroscopically assisted cannulated screw Republic of Musculoskeletal 4
2018) [36] fixation for tibial eminence fracture in children Korea Disorders
and adolescents
(Sinha et al., Arthroscopic Fixation of Tibial Spine Avulsion in India Or t}{gu;:zlllicoéase 4
2017) [37] Skeletally Immature: The Technique p
Reports
(Tudisco et al Intercondylar eminence avulsion fracture in Journal of
2010) [38] i children: long-term follow-up of 14 cases at the Italy Paediatric 4
end of skeletal growth Orthopaedics B
(Uboldi et al Arthroscopic treatment of tibial intercondylar La Pediatria Medica
2022) [39] i eminence fractures in skeletally immature Italy e Chirueica 4
patients with bioabsorbable nails &
Arthroscopic Fixation of Displaced Tibial Arthroscopy: The
(Vegaetal,, . . Journal of
Eminence Fractures: A New Growth Chile . 4
2008) [40] Plate-Sparing Method Arthroscopic and
parng Related Surgery
(Watts et al., Open Versus Arthroscopic Reduction for Tibial J ourr}al (.)f
. o . USA Paediatric 3
2016) [41] Eminence Fracture Fixation in Children .
Orthopedics
(Wiegand et al., Arthroscopic treatment of tibial spine fracture in
2014) [42] children with a cannulated Herbert screw Hungary The Knee 4
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Table 2. Cont.

(Author, Year of Title of Paper Country of Journal of Level of
Publication) P Origin Publication Evidence
(Wiktor and Results of Anterior Cruciate Ligament Avulsion

Tomaszewski, Fracture by Treatment Using Bioabsorbable Nails Poland Children 4
2022) [43] in Children and Adolescents
The arthroscopic treatment of displaced tibial Knee Surgery,
(Wouters et al., . : . . The Sports
spine fractures in children and adolescents using 4
2010) [44] . ® Netherlands Traumatology,
Mensicus Arrows
Arthroscopy
Arthroscopic fixation of paediatric tibial Archives of
(Xu et al., 2017) [45] eminence fractures using suture anchors: A China Orthopaedic and 4
mid-term follow-up Trauma Surgery
Arthroscopic tri-pulley Technology reduction and BMC
(Zhang et al., . L P . . .
2020) [46] internal fixation of paediatric Tibial Eminence: a China Musculoskeletal 4
retrospective analysis Disorders
Arthroscopically Assisted Cannulated Screw
(Zheng et al., Fixation for Treating Type III Tibial Intercondylar . N
2021) [47] Eminence Fractures: A Short-Term Retrospective China Frontiers in Surgery 3
Controlled Study
(Zhou et al,, Arthroscopic percutaneous p}lllout suture , International
transverse tunnel technique repair for tibial spine China . 3
2023) [48] . . . Orthopaedics
fractures in skeletally immature patients
"SR
Initial results of publication searches (n = 2845)
[ =
o
‘r"g MEDLINE (n = 486), Embase + Embase Classic (n = 1523), Scopus (n = 636),
= Google Scholar (n = 200)
5
=
*>| Duplicates removed (n = 939)
~—
'
A 4
Title and abstract screening (n = 1906) |
£ » p luded (n = 1645
£ " apers excluded (n = )
8
A
Full text screening (n = 261) Papers excluded (n = 223):
Wrong population (n = 59)
Technical note (n = 48)
Published before 2000 (n = 37)
— Full text not in English language (n = 27)
Wrong outcome (n = 14)
Case report (n = 10)
] Conference abstract (n = 10)
° Papers included for systematic review (n = Cadaveric study (n = 10)
S 38) Review (n = 4)

Letter to the editor (n = 2)
Article retracted (n = 1)
Guideline document (n = 1)

Figure 1. PRISMA Flow Diagram for Systematic Reviews. Summary of search screening progress.
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3.2. Critical Appraisal

The quality of evidence was generally low. The main reasons for this include the
retrospective nature of studies, the lack of control groups, and short follow-up periods.
Studies also failed to calculate prospective sample sizes. The MINORS critical appraisal
has been reported in Table 3.

Table 3. MINORS Critical Appraisal Results. 0 = not reported, 1 = reported but inadequate, 2 = re-
ported and adequate.

(Author, Year of Item Item Item Item Item Item Item Item Item Item Item Item Total
Publication) 1 2 3 4 5 6 7 8 91 101 11! 121 2
(Abdez%‘;‘g’ Fﬁ? Said, 2 1 2 2 0 2 2 0 N3A NA NA NA 11
(Brunner et al., 2016) [12] 2 0 2 2 15
(Caglar et al., 2021) [13] NA NA NA NA 7
(Callanan et al., 2019) [14] 2 2 2 2 19

NA NA NA NA 9
NA NA NA NA 9
NA NA NA NA 9
NA NA NA NA 8
2 2 1 2 16
NA NA NA NA 9
NA NA NA NA 8
2 2 2 2 20
NA NA NA NA 5
NA NA NA NA 7
NA NA NA NA 11
NA NA NA NA 8
NA NA NA NA 9
NA NA NA NA 8
NA NA NA NA 10
NA NA NA NA 9
NA NA NA NA 8
NA NA NA NA 12
NA NA NA NA 8
NA NA NA NA 9
2 2 2 2 18
NA NA NA NA 10
NA NA NA NA 6
1 2 0 0 12
NA NA NA NA 9
NA NA NA NA 8
2 2 2 2 18

2

2

2
(Casalonga et al., 2010) [15] 1
(Chalopin et al., 2022) [16] 2
(Chotel et al., 2016) [17] 2
(D’ambrosio et al., 2022) [18] 2
(Edmonds et al., 2015) [19] 2
(Furlan et al., 2010) [20] 1
(Hirschmann et al., 2009) [21] 2
(Jaaskela et al., 2023) [22] 2
(Kieser et al., 2011) [23] 1
(Kim et al., 2007) [24] 2
(Kristinsson et al., 2021) [25] 2
(Liljeros et al., 2009) [26] 2
(Marie-Laure et al., 2008) [27] 2
2

2

2

2

2

2

2

2

2

1

2

2

2

2

(Memisoglu et al., 2016) [28]
(Momaya et al., 2017) [29]
(Najdi et al., 2016) [30]
(Perugia et al., 2009) [31]
(Russu et al., 2021) [32]
(Scrimshire et al., 2018) [33]
(Sharma et al., 2008) [34]
(Shimberg et al., 2022) [35]
(Shin et al., 2018) [36]
(Sinha et al., 2017) [37]
(Tudisco et al., 2010) [38]
(Uboldi et al., 2022) [39]
(Vega et al., 2008) [40]
(Watts et al., 2016) [41]

N | R R R[[OININRIR|INO|IR|RIOIR|ININ|OC|IOOINMNIOIN PRI RIRIRIRIN| PR|RM
= OOl ORI OO N |O|=R OO R|mlO|lO|INMNO O ROl |lO|=|]O| O
NINININDINININNINNINININNDMDNNMDNRNDPNDIDNDNDDNODER,IDNDDNDRNDER,IDNDNDDNDDNDDNDRRDND
ol oo|lojlo|lo|]o|loojojlo|mr|O|OO|lOO|OO|]O|O|OO|OO|lO|CO|]O|O|OO|OCO|lO|Rr|Rr|lO|lO| O
R IR NP, INPININPEPINIDNIDNDNDDNDOINRPRPIPRPINIDNMDNDDNDNDNDDNDDNDDNDRPARDN
NININDINNINININNINNIERINDINIDNMIDNMNNDRNDERIDNDRNDBNDIDNDDNDRNODDNDRERIRND=2IDNDDNDNDDND
OO0l |O|OO|lOO|lO|lO||O||loO|j]oj]o|o|o|o|loo|j]ojoo|o|o| o
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Table 3. Cont.

(Author, Year of Item Item Item Item Item Item Item Item Item Item Item Item Total

Publication) 1 2 3 4 5 6 7 8 91 101 m! 1217 2
(Wiegand et al., 2014) [42] 2 1 1 2 0 1 2 0 NA NA NA NA 9
(Wiktor 38;;‘{2"]1“6"“5“’ 2 1 0 2 0 2 2 0 NA NA NA NA 9
(Wouters et al., 2010) [44] 2 2 1 2 0 2 2 0 NA NA NA NA 11
(Xu et al., 2017) [45] 2 2 1 2 1 2 2 0 NA NA NA NA 12
(Zhang et al., 2020) [46] 2 2 1 2 1 2 2 0 NA NA NA NA 12
(Zheng et al., 2021) [47] 1 1 0 2 0 2 2 0 NA NA NA NA 8
(Zhou et al., 2023) [48] 2 2 1 2 0 2 2 0 NA NA NA NA 11

! Ttems 9-12 were only considered for comparative studies. Studies with no comparison group were critically
appraised using items 1-8 only. 2 The maximum MINORS score was 16 for non-comparative studies and 24 for
comparative studies. > NA = Not Applicable.

3.3. Population Characteristics

Across 38 studies, a total of 1237 participants were included for TSAF repair. Of these,
34 patients had MM type I TSAFs (2.7%), 473 had MM type Il TSAFs (38.2%), 637 had MM
type III TSAFs (51.4%), and 37 had MM type IV TSAFs (2.9%). Three studies did not report
the classification of their participants” TSAFs, accounting for 59 uncategorized participants
(4.7%) [19,37,41]. A total of 976 TSAF patients were treated using ARIF (78.9%), 203 patients
were managed using ORIF (16.4%), 54 patients were managed conservatively using closed
reduction and casting (4.3%), and 4 patients were managed using a mixed approach (0.3%).
A detailed description of participant characteristics of individual studies can be found in
Table 4.
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Study or Subgroup

3.4. Screw vs. Suture Fixation

Treatment with screws was reported for 333 cases, while 313 cases used sutures.
A total of 21 cases used both screws and sutures. Thirteen studies reported outcomes
with the use of screws only, of which ten studies used ARIF [18,21,24-26,29,30,36,39,42],
one study used ORIF [33], and two studies used both ARIF and ORIF [43,47]. Twelve
studies reported outcomes with the use of sutures only, of which nine studies used
ARIF [11,13,16,31,32,37,45,46,48], and three studies used both ARIF and ORIF [17,19,38].
Four studies directly compared the use of sutures with the use of screws [12,14,22,34].

Of patients undergoing ARIF, 5 patients had complications with suture fixation (5/172,
2.9%), and 21 patients had complications with screw fixation (21/161, 13.0%); the difference
was statistically significant (OR 5.01 [95% CI 2.0-12.4], p.0006). The study outcomes have
been detailed in Table 5, and the related complications have been detailed in Table 6.

3.5. Screw vs. Suture Risk of Arthrofibrosis

After pooling the outcomes of the studies comparing screw and suture interven-
tions [12,14], the results revealed an increased risk of screw fixation over suture fixation
for development of arthrofibrosis however, this did not reach the threshold for statistical
significance (OR [95% CI] = 1.18 [0.45, 3.15], p = 0.74). A representation of this can be seen
in Figure 2.

Brunner et al 2016
Callanan et al 2019

Total (95% Cl)
Total events

Heterogeneity: Tau? = 0.00; Chi® = 0.75,df = 1 (P = 0.39); I’ = 0%
Test for overall effect: Z = 0.34 (P = 0.74)

Screw Suture Odds Ratio Odds Ratio
Events Total Events Total Weight M-H, Random, 95% CI M-H, Random, 95% ClI
10 3 15 16.3% 0.44 [0.04, 5.01]
35 8 33 83.7% 1.43 [0.49, 4.17]
45 48 100.0% 1.18 [0.45, 3.15]

11

0.001 0.1 1 10 1000
Favours [screw] Favours [suture]

Figure 2. Forest Plot Comparison of Screw vs. Suture for Arthrofibrosis [12,14].

3.6. Screw vs. Suture Risk of Reoperation

After pooling the outcomes of the studies comparing screw and suture interven-
tions [14,22], the results revealed a significantly increased risk of screw fixation over suture
fixation for reoperation (OR [95% CI] = 2.81 [1.23, 6.40], p = 0.01). A representation of this
can be seen in Figure 3.

Suture Odds Ratio Odds Ratio

Study or Subgroup Events Total Events Total Weight M-H, Random, 95% CI M-H, Random, 95% CI
Jaaskela et al 2023 29 3 32 30.5% 2.52[0.57,11.19] - &
Callanan et al 2019 35 13 33 69.5% 2.95[1.10, 7.91] ——
Total (95% CI) 64 65 100.0% 2.81[1.23, 6.40] e
Total events 16

. 2 _ . 2 _ _ T o, I { = =
Heterogeneity: Tau’ = 0.00; Chi* = 0.03, df =1 (P = 0.86); I’ = 0% 0.01 o1 10 100

Test for overall effect: Z= 2.46 (P = 0.01)

Favours [screw] Favours [suture]

Figure 3. Forest Plot Comparison of Screw vs. Suture for Reoperation [14,22].

97



(001-16) L6 2a193lqng

AN AN (001T-¥6) 9¢°26 AN (1) D @pe1D (g) AN [£1] (910€ “Te 30 [9310YD)
g ope1D ‘(6) V ape1o) :2a129(q0
9%'C F L6 2a1309[qng
AN AN 9T F 66 AN (€ 4d AN e wﬂmﬁmﬁw )
apeID ‘(1) V aperd :2a1n2a(q0 ! T
(€1 = u “dn-mofoj 3e) 18
o - (01 = u ‘payrew) 16 :2a1309[qng [s1] (010C
€'8 191008 HOHJIV AN AN AN (1) A 9PeI “(5) S 9peIn (5) AN [e 30 ¥3uoese)
g ope1d ‘() v aper :2a123lq0
(ma108) 511 (
s1eaf ¢ {(ormyns) sxeah g AN AN AN AN AN . PLL6L0C
. [® 39 ueueqre))
:uorun sryder8orpes 0y awi],
(001-68)
£'S6 ‘sypuou $ {(001-18)
AN AN AN AN 716 sypuow 7T (16-89) AN [e1] (120T “T8 32 1R[3ED)
€78 Sypuoul 9 :2A13RIgNg
AN :241303[q0
L0F §0:g dnoro VN :2A13[gng
80 F ¢0:v dnorp TOL F 106 :d dnoxo (€) d dpe1 .
:(wrur) ooy [exayeqrsdr AN 1'8 F I'P6 'V dnoin N ‘(2) v apeIn) :g dnoin aandalqO N [ct] (9102 “1e 39 1ouun1g)
0} SJUSISHTIP I9}WI[OY] (9) d aperD “(01)
Vv opein) 1y dnoioy aandalqo
: ‘08 :2A1S[gn: . “CT :2ATSlgn:
(ured) g0 F $°0 “(uonoeysyes (ured) . . . . 491 T S08 ARTANS ¢y val Bamneis [t1] (F10C
vonesado) G0 F 9 :SVA 21 F G8SVA 68 F Tl6 STFSE (m4a (@) @operD (OT) D9PeID 0 b Krewopqy)
: . . ope1n ‘(z1) v opern 2analq0 ‘(1) g operd p2an9lqo .
A1381ng-)sog £138ing-a1g 3100g 9100G W[OYSsAT (108 9100g (uonyedI[qng
wioysA| A138ing-1sog Kra8mg-axg 91055 DAMI A19SINS-1S0d DAI A18ing-arg Jo 1e3x ‘IoyIny)

SawodnQ Y0

"paptoday 10N = AN “(100) 1 Jo A1rend ‘(1AV) Sutar] £[re( jo saIAndY ‘(SOO) 91095 SWONNQ SHLIYHE03ISO pue Amfuy souy (FOHJYV) nousD np apnig,|
9P UOT)OWOIJ B 39 SYDIYDY e[ mnod uonenossy ‘(SyA) a[eds Soreuy [ensip ‘(D) 29RIUWO0) UOTILIUSWNIO(] 39U [EUOTeUIdU] "sawodnQ Apnig g afqey,

S¥E ‘L1 ‘$20T ua4p1yD

[ce)
[e)}



(00T-09) 0'C6-SVA 1S-ASOH
(1-622°0)
0'T :on[ea xaput 15-ASOH

(00T-€1) 0'88 100 (&

)
) O [gz] (120t
(001-0) 0°06 :#10ds  (¥) AN AN AN AN AN [ 13 UOSSULSILY)
(001-72) 001 1AV (€)
(001-%9) 0°16 swoydwis  (7)
(001-61) 00T :ured (1)
1831006 SOOM
AN AN (0'66-9'26) €96 AN AN AN [¥¢] (200T “Te 30 wry)
AN AN AN AN AN AN [¢2] (110T “Te 32 19s3DY)
(moa10s ordoosoxyyae) (moa10s ordoosoxyyre)
(€'9¢-21) 0'TT ‘(9ITMns093s0 SFI F ¥06 (913ns093s0 .
uado) (Z1-8) 0°g (SPm) AN AN AN T AN [zz] (gz0T “Te 30 eesee|)
110ds 03 uInja1 03 SwiIy, VN :2an23lqO
(6-9) 8 :2100G 1PUSI, ¥ F 61 2a1n09[qng
(uonjoeysiyes) 3 éom@m wwawﬁ €F L6 AN (1) AN “re umﬁm“m%umpfv
ST F 66 (ured) g0 F G0 :SVA g ope1 () v aperD and3(q0 .
(001-58) 96 :2a100[qng
AN AN AN AN @) AN [oz] (010T “Te 35 uerIm,y)
g 9pe1D (8) v aperD 2a109(q0
/T “9ATIRAIISUOD) .
o 98 :9ATIBRAIISUOD)
L w.c&o AN b 26 uadO AN AN AN ., o1 (5100 v
Z°0 ordoosonpry c6 rdodsorpy [e 1o sp pPH
(01-0) ureq
STIF9G
:2100G 12U, 9FeIoAY . . 7’9 F 8'¢6 2an00lqng [81] (zeoz
SPUOW G'6 F T'6 aN 86T 1€6 aN AN 2AB2(q0 aN “Te 32 orsoxquure,(])
:owny 310ds 03 wmnjar a8eroAy
A1381ng-1s0g A1381ng-a1g 310G 21005 WI[OYSA] (103 3100g (uonyedrqng
wioysA] A1381ng-1soJ A1281Ing-a1] 21095 S(II AfosIng-isod DQAII Ard8ing-axrg Jo 1e3x ‘“IoyIny)

sawodnQ Y10

JuoD "§ dqeL

S¥E ‘L1 ‘$20T ua4p1yD

99



AN AN 6CTF €96 ¥'1F 808 AN AN [£€] (£10T “Te 30 eyuIg)

AN AN 89 F 876 AN AN AN [9¢] (810¢ “Te 32 uIySs)
[eel (ceoT
AN AN AN AN AN AN [ 1 S10quIIyS)
(001-58)
00T :(91qeqrosqe) aaning
AN AN (001-69) AN AN AN [¥€] (8002 “Te 30 rULIRYS)

68 :(3[qeqrosqe-uou)
dIIM pUe MIIDG

G6 :aa1RIddO-UON
(96 = pasn [e€] (8102
I9USeMm OU ‘g = pasn N iIN iIN “Te 19 SINYSWILIDG)
Idysem) j6 2anerado

96 :2AneI2do-UON

96 2an3eIdO AN
:2100G TyeUunU)

TTFL9 I'TF8¢ ) X ) ) €F1 F TH8 2andelqng €¢T F ¥eg 2andelgng .
:9100G 19u3aT, :9100G 19u39y, 6'6F L8 CLLF LeS NINECINEREI e g) NINECINEREIleTg) [ce] (12oz “1e 39 nssmy)
€€ F 776 :2an0alqng
AN AN 6TF 656 AN (€) DoperD ‘(%) AN [1€] (6002 “Te 30 e13n1dJ)
g ope1d ‘() V apero) :2A129lq0
AN AN 6T F 166 AN AN AN [0€] (910T “Te 32 TpleN)
) ) G'¢€ F €26 2andalqng [62] (210C
AN AN TSF 966 AN AN 948990 AN [ 3 eAPWION)
— ‘TG :9A1IR[gN
(00T-58) €76 2a102[qng Is2] (9102

AN AN 99 F 466 AN %) AN

g ope1d ‘(£) V apero :2a129lq0 12 10 mosRp)

. [£z] (8002
AN AN (001-56) £'66 AN AN AN [€ 10 SINET-OLIE)
. (e-Dz:eD . .
(ED TH(eD) PATAMARY oy 69°€6 AN AN AN [92] (6002 “Te 39 soxdf[rT)
A1381ng-1s0g A1381ng-a1g 310G 21005 WI[OYSA] 3100g (uonyedrqng

K1981ng-
SaW02NQ WO wioysA] A1381ng-1soJ A1281Ing-a1] 21095 S(II AfosIng-isod DQAII Ard8ing-axrg Jo 1e3x ‘“IoyIny)

J10D) °§ 3[qeL

S¥E ‘L1 ‘$20T ua4p1yD



€9 F §°¢g :2andalqng TEL F T'Sh :9an09[qng

AN AN 86 F 148 179 F €8 AN 289190 AN 24899190 [97] (020 18 30 Sueyz)
. ) AN PAnR[qng AN PAnRIqng
. o - g YIF OV . . . . .
LT F 08 91005 Iousa], -2100G 10ua] TLFOT6 CTILFSLS vAk:| (9) aspe1d [s¥] (£102 “Te 32 NX)
aperD ‘(g1) v aperD 2a1n9[q0 (1) D dperD) 2a109(q0
AN AN AN AN AN AN [#¥] (0T0T “Te 12 S13INOM)
) ) 0T°E F $9'¥8 2an29[qng [e7] (czog ‘PIsmazsewo],
AN AN P F $9°96 AN AN 2am9la0 AN bue 10PTM)
0T¥6
:(111 9dA1) ordoosonypry
L1676 [ev] (F10¢
dIN N :(11 @dA1) srdoosomypyry N AN N “Te 32 pue3aIpn)
00°£6
:(1 9dA1) aanpeAIasUO))
AN AN AN AN AN AN [1¥] (910T “Te 30 s1rem)
(86-98) 6 2a1d2[qng
AN AN 6 6T (€ AN [07] (800T “Te 32 ©327)
g opeID ‘(1) v aperD :2an9(q0
(/=) 19° (£~€) 166 (56-08) S¥°88 2andalqng
a1e2G A11ANOY 10US3 o[edg AN AN (61) g AN [6€] (zT0T “1e 32 1P1o9qN)
O89S APV 19U, Aanpy 1euSay ape1n ‘(1) v ape1n) 2a199[q0
AN :PAR3[qng
AN AN AN AN (1) D9pern (11) AN [8€] (010T “Te 32 OdsTPN])
g opeID () v aperD 2an9(q0
A1381ng-1s0g A1381ng-a1g 310G 21005 WI[OYSA] 100 £ro8mgasog 3100g (uonyedrqng
SaW02NQ WO wioysA] A1381ng-1soJ A1281Ing-a1] S oIl S DQAII Ard8ing-axrg Jo 1e3x ‘“IoyIny)

J10D) °§ 3[qeL

S¥E ‘L1 ‘$20T ua4p1yD

101



160 F 1¢'T g dnoin
150 F €T :1 dnoin
291005 SYA

10T F 26§ iz dnoro
UL +92'9
:1 dnoin) :2100g 19u33],

120 F€T's
iz dnoiny
€40 + 987
:1 dnoiny
19100G GYA

T F20¢
g dnoiny
Ya'l +9C¢
:1 dnoiny

:9100G 19u39y,

L1'6 F $5°¢6 :¢ dnoiny
69’/ F 80°16 :1 dnoiny

S0 F¢9°'1v
g dnoin

¥5'6 F €C€F 1 dnoin

68°L F ¥16 ‘g dno1o
CI'8 F 49106 ‘1
dnoin :2A1309(qng YN 241030

L8 F LT L¥ T dnorD
L87CL F 91°9%
:1 dnoio) :2apdalqng
AN 2418030

[87] (c20T “Te 32 noYZ)

750 F 079 ¢ dno1n

7S¥ F 0798 g dnoiny

186 F £0'98 ¢ dnor
ga'e ¥ 906

. -7 -1 dno. “Te 39 Bud
80 FSLL ﬁm noIo AN oce T goce ;1 dnoy AN 1 dnoio :aamolqng AN [£¥] (T20T “Te 39 SusyZ)
:9100G 19u39, SN 2ATlq0
A1981mg-1sog £198mg-a1g 310G 2105 woysA] 1o (%incaso 210G (uonedT[qng
wioysA] A1381ng-1soJ A1281Ing-a1] S oIl S-sod DQAII Ard8ing-axrg Jo 1e3x ‘“IoyIny)

sawodnQ Y10

10D *g dqeL

S¥E ‘L1 ‘$20T ua4p1yD

102



[1€] (600T “Te 0 e13n1dJ)

[og] (910T “Te 32 1PleN)

[6¢] (£10T “Te 32 eARWONN)

[8¢] (910¢ “Te 32 niSostwaIA)

[£2] (800T “Te 32 2ameT-aLreA)

[92] (600T “Te 32 soxf[rT)

[Sel (TzoT “Te 39 uossunsLy)

o|lo|lo|lo|lnN|Oo|o |

[l (£00T “Te 32 wry)

c|lo|lo|lo|lojo|o|o|o

oclo|lo|lo|o|o|jo|o|o

4

—|o|lo|lojlo|lo|—|o|O

o |lo|lo|lw|lOo|lo|lo|lo O

clo|lo|lojlo|lo|o|—|o

oco|lo|lo|lH|lolo|loc|o|o

o|lo|lo|lo|o|o|lo|o|o

(2] (110T “Te 32 19891

o

o

¢ :2minsoayso uadQ
9 :ma10s drdodsoyry

o

7 1MIIDS
ordoosoryjry

o

€ :MaIDS
ordoosoryyry

o

[zl (€202 “Te 3o epsee|)

0

0

0

[12] (6002 “Te 30 uueUndSIIH)

0

[oz] (0T0T “Te 39 UeLM,Y)

€ :DATJEAIISUO)D)

[61] (10T “Te 30 spuowpy)

[81] (zz0T “Te 39 o1s01quUE,q)

— | O | OO | O

[£1] (910T “Te 39 1230YD)

0
0
0
i
0

olo|lo|lo|o|o

0
0
q
0
0

0

[91] (cz0T “1e 30 urdoreyD)

— | o|lojlo|lo|o|o

c|lo|lv | o|lo|o|o

1

0

0

(112dA4L) €

clo|lo|lo|lo|o|o

[ST] (010T “Te 3@ eSUOo[EseD)

€7 :MaIDg
€1 Pmng

1T :MdIdG
g PImMINg

¢ :MAIDG
€ :omng

1T :MdIdG
g :Imng

[¥1] (610T “Te 30 uRUE[[ED)

1

1

1

1

0

[e1] (120 "8 30 1R[3ED)

0

0

0

1:g dnoro
¢ 1y dnoin

0

0

(ma1ds punose
ured) g :g dnoiny

0

[21] (910¢ “Te 30 TouUUNIg)

0

0

0

0

0

0

0

(reroyyzadns) 1

[T1] (7102 ‘Pres pue AyeqPpqV)

SISOQqUIOIY T,
snouap daag

Aouedamsiq
Sua So1

uonyeradoay

SIS0IqUOIYIY

Aiqesug

SSIUPNS

ureg
[ed18ig-iso g

UOTI}d3JUu] pUnopy

(uonedIIqnJ JO IedX ‘I0YINY)

‘pazroday] JoN = YN ‘suonedriduio)) 9 s[qer,

SV ‘L1 '$20T ua4p1iyD

103



0 0 0 0 0 0 0 0 [87] (€20T “Te 32 noyy)
0 0 0 0 0 0 0 0 [£¥] (120T “Te 30 Suayz)
0 0 0 0 0 0 0 0 [9%] (00T “1e 3@ Sueyyz)
0 0 0 0 0 0 0 0 [e¥] (£10T “Te 32 nX)
0 0 I 0 0 0 0 0 [#¥%] (010T “Te 32 s12IM0pM)
[¢7] (czot
0 0 0 0 0 v 0 0 ‘DISMIZSeWO], PUk TOP[IM)
0 0 0 I 0 0 0 0 [c¥] (F10T “Te 30 puedaim)
1 :uadQ
0 0 01 Z 0 0 0 0 [1%] (9102 “Te 32 snem)
:ordoosoryry
AN AN AN AN AN AN AN AN [0%] (800T “Te 19 €Sap)
0 0 0 0 0 0 0 0 [6€] (czoT “Te 32 TPIO9N)
) I .
0 0 [ :2AQEAIDSUOD) [4 SATEAIISUO)) 0 0 0 [8€] (010 “Te 32 03sIPNL)
0 01 0 0 0 ! 0 0 [9€] (810 “Te 32 u1ys)
(%02) ¥ :uado
(%¥'1)9 (%cg) 81 ~uadQ o (%S°0) .
0 drdoosorgiay  (917) 06 o1dodsoryiry Uﬁmwwmwwmwaﬂ 0 0 0 Z ordoosornyiry [g€] (zzog “Te 19 S1aquurys)
0 0 I 0 9 0 0 I [¥€] (800T “Te 3o eULIRYS)
0 0 6 0 0 S I 0 [e€] (810T “Te 30 dayswILIDG)
AN AN AN AN AN AN AN AN [z€] (120T “Te 12 nssny)
SISOqUIOTYL Louedansiq uonerddoay SISOIqUOIYMY Ayiqeysug SSOUJINS uted UOI}D9Ju] PUNOg (uonjedriqng Jo Ieax ‘royiny)
snouap daa( Sua So1 : : gory HE et [ed18ig-iso g 193 et } U

J10D) *9 3[qeL

S¥E ‘L1 ‘$20T ua4p1yD

104



Children 2024, 11, 345

3.7. Screw vs. Suture Risk of Post-Operative Pain

After pooling the outcomes of the studies comparing screw and suture interven-
tions [12,22], the results revealed a significantly increased risk of screw fixation over suture
fixation for post-operative pain (OR [95% CI] = 28.75 [2.45, 337.10], p = 0.007). A representa-
tion of this can be seen in Figure 4.

Screw Suture Odds Ratio Odds Ratio

Study or Subgroup Events Total Events Total Weight M-H, Random, 95% CI M-H, Random, 95% ClI
Jaaskela et al 2023 3 29 0 32 51.8% 8.58 [0.42, 173.69] ]
Brunner et al 2016 8 10 0 15 48.2% 105.40[4.52, 2458.36] —
Total (95% Cl) 39 47 100.0% 28.75 [2.45, 337.10] —i
Total events 11 0

. 2 __ . 2 _ — 12 0, = = : :
Heterogeneity: Tau® = 0.69; Chi* = 1.28,df = 1 (P = 0.26); I° = 22% 001 01 0 1000

Test for overall effect: Z = 2.67 (P = 0.007)

Favours [screw] Favours [suture]
Figure 4. Forest Plot Comparison of Screw vs. Suture for Post-operative Pain [12,22].

3.8. Screw vs. Suture Risk of Instability

The pooled data from the studies comparing screw and suture fixation [14,22] revealed
a significantly increased risk of post-operative knee instability with screw fixation over
suture fixation (OR [95% CI] = 14.31 [4.09, 50.05], p < 0.0001). See Figure 5.

Screw Suture Odds Ratio Odds Ratio

Study or Subgroup Events Total Events Total Weight M-H, Random, 95% CI M-H, Random, 95% CI
Callanan et al 2019 22 35 3 33 83.5% 16.92 [4.30, 66.64] ——
Jaaskela et al 2023 2 28 0 32 16.5% 6.13 [0.28, 133.34] - »
Total (95% CI) 63 65 100.0% 14.31 [4.09, 50.05] —atl—
Total events 24 3

ity: 2 = - Chi? = = = S 12 = 0% I f f |
Heterogeneity: Tau® = 0.00; Chi* = 0.35, df = 1 (P = 0.55); I’ = 0% 001 01 ] 10 100

Test for overall effect: Z = 4.16 (P < 0.0001)

Favours [screw] Favours [suture]
Figure 5. Forest Plot Comparison of Screw vs. Suture for Knee Instability [14,22].

3.9. ORIF vs. ARIF Risk of Arthrofibrosis

The pooled outcomes of the studies comparing ORIF and ARIF fixation techniques [35,41]
demonstrated no difference in the risk of arthrofibrosis between ARIF and ORIF (OR [95%
CI] = 0.46 [0.06, 3.35], p = 0.45). See Figure 6.

ORIF ARIF Odds Ratio Odds Ratio

Study or Subgroup Events Total Events Total Weight M-H, Random, 95% CI M-H, Random, 95% ClI
Shimberg et al 2022 4 57 29 420 61.8% 1.02 [0.34, 3.01] ——
Watts et al 2016 1 13 7 18 38.2% 0.13 [0.01, 1.24] =
Total (95% CI) 70 438 100.0% 0.46 [0.06, 3.35] —-‘—-
Total events 5 36

. 2 _ . Chiz = _ — 2 = } } t {
Heterogeneity: Tau’ = 1.34; Chi 2.65,df=1 (P = 0.10); | 62% o1 o1 o 100

Test for overall effect: Z = 0.76 (P = 0.45)

Favours [ORIF] Favours [ARIF]
Figure 6. Forest Plot Comparison of ORIF vs. ARIF for Risk of Arthrofibrosis [35,41].

4. Discussion

We present a systematic review of the literature discussing outcomes of ORIF and ARIF
techniques for the fixation of paediatric TSAFs using suture and screw materials. TSAFs are
increasingly common injuries in adolescents. If left untreated, they can result in significant
pain and deformity, with further complications of non-union and malunion [49]. As can be
seen across all these studies, the complication rate is low, and good outcomes have been
reported with all methods of fixation. There has been a general trend towards arthroscopic
management, as evidenced by the current literature. This has several key advantages.
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First, there is reduced soft tissue dissection, which may facilitate an earlier range of motion
and reduced post-operative pain. The second and perhaps most important advantage is
the ability to perform a thorough inspection of the knee joint. In Shimberg et al.’s study,
7% of patients who underwent preoperative MRI had further injuries identified during
fixation [50]. There are other studies that have called into question the under-sensitivity
of MRI in paediatric cases. Kocher et al. found MRI had a sensitivity of 71% in partial
ACL ruptures in adolescents [51]. In a larger cohort study in 2022, Dawkins et al. reported
MRI scanning had moderate diagnostic ability to predict meniscal injuries with associated
ACL ruptures in adolescents [52]. The performance was particularly poor with lateral
meniscal tears (51% sensitivity). This is contrary to the original dogma, which states that
MRI is a highly sensitive study for soft tissue near injuries. It appears true that, when
ACL or meniscal injuries are present in isolation, MRI is highly sensitive and specific, but
the diagnostic accuracy declines in cases where concomitant injuries are present [53]. The
sensitivity declines to around 50-75% [52,54-56]. This could have significant implications
for management. ARIF would therefore facilitate adequate inspection of the joint prior
to proceeding with fixation. While concomitant injuries can be identified with an open
approach, diagnostic arthroscopy would likely facilitate more thorough inspection of the
joint, particularly the posteromedial and posterolateral corners. What remains unclear
from the literature is whether these missed injuries would have significantly impacted the
outcomes. However, diagnostic accuracy does remain a priority, and we would certainly
recommend preoperative MRI in all cases, especially where the treating surgeon is planning
an open approach. While it can be argued that MRI is not necessary in ARIF, we would
still advise it for two reasons. First, MRI can facilitate operative planning. Second, MRI has
the potential to demonstrate extension of the fracture line into the tibial plateau, which can
often be missed on plain radiographs [57].

There was no clear difference in the overall complications between arthroscopic and
open approaches. The traditional concern of increased risk of arthrofibrosis with ARIF
appears to be unfounded. In Watts et al.’s study, prolonged time to surgery was the more
significant factor in the development of arthrofibrosis [41]. This is perhaps more likely
to occur in cases of ARIF, as there may be a delay until a surgeon with the appropriate
skill set becomes available. Early range of motion is also important in preventing ongoing
stiffness and should be encouraged post-operatively, where appropriate [58]. While ARIF
provides a minimally invasive approach to fixation, along with shorter hospital stays and
lower risks of infection, the surgical outcomes between ORIF and ARIF techniques remain
similar. Hence, the choice of fixation technique would be heavily reliant on the experience
of the surgeon.

Suture vs. screw fixation is the other key controversy in management. This review
demonstrated a higher overall complication risk with screw fixation—reoperation rates
were higher due to the need for metalware in screw fixation. Screw fixation can increase the
risk of anterior impingement and can damage the femoral notch, but this can be mitigated
with the use of a bioabsorbable screw [59]. From the studies in the review, it appears that
arthroscopic suture fixation is the most common practice. Suture fixation has been shown
to be biomechanically superior to screw fixation when considering the cyclical loads the
knee is subjected to [60]. However, there was no difference in load required for overall
failure [60]. While there is no clinical evidence to suggest one method is superior to the
other with respect to fracture healing and overall outcomes, suture fixation has several
additional advantages. First, sutures can be used for more comminuted MM type IV injuries;
the degree of comminution may have been underestimated in preoperative imaging [60].
Second, there is a theoretical increased risk of physeal damage with screw placement, which
could lead to growth arrest [50]. An all-epiphyseal approach to fixation is essential to avoid
growth arrest. A review by Osti et al. also highlighted the controversy between choice of
screw versus suture fixation, with screws allowing for more early mobilization and weight
bearing compared to sutures [61]. However, the potential to treat small and comminuted
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fractures with sutures, while avoiding risks of reoperation and impaired bone growth,
underlines the need to consider a risk-benefit ratio while choosing fixation materials.

This review was limited by the retrospective nature of the studies, the lack of adequate
control groups in many of the studies, and the short overall follow-up. In addition, many
studies had low patient numbers. This limited the depth of the meta-analysis possible.
However, it is clear that TSAFs have a good prognosis if treated well, regardless of the
operative approach or fixation method. We would advocate preoperative MRI in all cases,
and arthroscopic suture fixation where possible, as it will allow for the most thorough
inspection of the joint, and suture fixation offers superior biomechanical support and
greater versatility along with a lower risk of impingement. However, we would caveat this
by emphasising that all recognised approaches appear to give good outcomes with low
risk of complications when performed well, and the treating surgeon should perform the
procedure that best matches their skillset.

5. Conclusions

Overall, good outcomes are reported in TSAFs regardless of the approach or surgical
fixation. There is no clear evidence to advocate one method of fixation over another.
However, we would recommend arthroscopic suture fixation due to the diagnostic utility
of arthroscopy and the biomechanical superiority of suture fixation. Preoperative MRI
scans are essential in all cases of operative management, but surgeons should be cognisant
of the limitations of MRI. Further evidence is needed to investigate the long-term outcomes
and evaluate the significance of concomitant injuries that may be present.
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Appendix A

Table A1l. Detailed Search Strategy with search terms. ? = wild card used to account for missing
characters, * = truncation tool used to account for alternative forms of the root word.

Tibial Spine Avulsion

Fracture AND Surgical Management AND Paediatric Patients
(Tibial OR Tibia) AND (spine
OR eminence OR Surgery
inter?condylar OR Surgical treatment N
. ; Paediatric *
inter?condyle) AND fracture Surgical management Child *
OR avulsion Operative treatment Youth
Tibial eminence avulsion Operative management .
o . . i High school
Tibial eminence fracture Surgical technique N
Adolescent
Intercondylar fracture Management L
. Paediatric surgery
Intercondylar avulsion Treatment .
. . . . Juvenile
Anterior cruciate ligament Fracture fixation
avulsion Surgical fixation
ACL avulsion
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Abstract: Background: Congenital pseudoarthrosis of the tibia (CPT) remains a challenge for physi-
cians. Several treatment options have been proposed, but the standard of care remains inconclusive.
In this study, we present three patients for whom the failure of prior treatments was managed with a
contralateral vascularized fibular bone graft (VFG) and an anatomic distal tibial locking plate. Meth-
ods: Between 2017 and 2021, three patients were referred for failed treatment of CPT. All patients had
undergone multiple prior surgeries, including tumor excision and fixation with ring external fixators,
plates, and screws. We performed radical tumor resection and reconstruction of bone defects with
a VEG. The construct was fixed with an anatomic locking plate, and the patients were followed up
for a mean of 45.7 months. Results: All three patients were able to obtain graft union at 19.3 weeks.
At the final follow-up, all grafts achieved bony hypertrophy without evidence of bone resorption or
local tumor recurrence. There was a mean leg length difference of 8.5 cm preoperatively, compared
with 6.3 cm postoperatively. The average lower leg angulation was 7.4 degrees and the average ankle
range of motion was 58.3 degrees. The mean VAS score was 0 and the mean AOFAS score was 88.3.
No significant complications were noted. Conclusions: Implantation of a VFG and an anatomic distal
tibia locking plate can be considered an option for treatment-refractory CPT. Patients can expect to
achieve bone consolidation, ambulate as tolerated, and have a low complication rate.

Keywords: congenital pseudoarthrosis of tibia; autologous vascularized bone graft; free-fibular bone
graft; tibial nonunion; neurofibromatosis; anatomic distal tibia locking plate

1. Introduction

Congenital pseudoarthrosis of the tibia (CPT) remains one of the most challenging
conditions to manage [1]. The incidence is reported to be between 1:140,000 and 1:250,000
live births, and is frequently associated with neurofibromatosis (NF) [2]. Other conditions,
such as fibrous dysplasia and osteofibrous dysplasia, may also be associated with CPT [3].
Although the cause of CPT remains inconclusive, several hypotheses, such as vascular
compromise, soft tissue interposition, and a lack of osteoblastic activity have been consid-
ered as the initial pathologic process [3]. CPT is characterized by spontaneous fracture of
the tibia in the pediatric population, and the probability of achieving unequivocal union,
without refracture, with the index procedure is only about 50% [4]. Therefore, the ideal
treatment remains inconclusive [3]. The standard procedure generally involves resection
of the pseudoarthrosis site, the pathologic osseous tissue, and the surrounding fibrous
hamartoma [3]. The remaining bone defect can be reconstructed with a bone graft, a bone
transport, and/or a free vascularized fibular bone graft (VFG), and stabilized with either
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an internal device or external fixation [5-8]. A VFG has the advantage of restoring the
extensive defect with strut bone and healthy periosteum simultaneously, while fixation
methods such as screws, smooth intramedullary (IM) rods, or an external fixator are also
used to stabilize the CPT lesion [7-10]. However, concerns with IM rods include difficulty
with nail entry and passage due to osseus deformities, the inadequate purchase of the
distal tibial fragment, and the risk of nail exchange due to skeletal development [3]. With
the advancements in anatomic plate designs and surgical techniques, most studies have
confirmed that tibial plating and intramedullary devices yield comparable outcomes for
traumatic fractures of the distal tibia [11]. Moreover, biomechanical analysis revealed that
plating can be more advantageous than intramedullary nails for a distal tibial fracture, for
which it provides a sufficient amount of axial interfragmentary movement [12]. In this
study, we present three CPT patients for whom multiple prior surgical treatments that
were performed at other institutions failed. All three patients were managed with radical
excision of the diseased bone, while reconstruction with a contralateral VFG and fixation
with an anatomic distal tibia locking plate were achieved. In addition, a literature review
was completed to review the current management options for CPT.

2. Materials and Methods

This is a retrospective review of 3 patients who underwent revision open reduction
and internal fixation (re-ORIF) with a VFG and a distal tibia locking plate for non-united
CPT. The study was designed in accordance with the Declaration of Helsinki, and ap-
proved by the ethics committee of our institution. The surgeries were performed by a
single fellowship-trained (microsurgery and trauma) orthopaedic surgeon (CYY) at a re-
gional medical center in Taichung, Taiwan. Each patient had a confirmed diagnosis of
neurofibromatosis type 1 (NF-1), a nonunion of CPT that was previously managed with
multiple surgical interventions, and had a minimum follow-up of more than 30 months.
We excluded patients with other causes of tibia pseudoarthrosis, CPT patients who did
not have prior surgical treatments, patients with ongoing infections, and patients that had
vascular disorders and coagulopathies. The age, gender, affected side, and number and
type of prior surgeries were recorded for each patient.

Preoperative evaluation:

All patients underwent standard anteroposterior and lateral radiographs of the lower
leg. A full lower-extremity scanogram was also performed to assess for leg length dis-
crepancy (LLD) (Figure 1). The Crawford Classification was used to determine the type
of CPT [13]. In addition, a computed tomography angiography (CTA) was performed
to evaluate the vascular anatomy (specifically for patent peroneal, anterior tibial, and
posterior tibial vessels) of bilateral lower extremities. Ambulating distance was assessed by
having the patient ambulate and recording the distance when the patient elected to stop
due to discomfort.

Surgical method:

Under general anesthesia, the patient was placed in a supine position and both lower
extremities were draped with a sterile technique. A sterile tourniquet was applied over the
affected limb and was inflated prior to incision. The pseudoarthrosis site was confirmed
and marked under fluoroscopy. A longitudinal anterolateral incision was made just lateral
to the tibial crest. The incision extended 7 cm above the fracture site and ended at the
level of the ankle joint. The fascia was then excised and blunt dissection was carried
down to the CPT. The dense fibrotic hamartoma and diseased periosteum around the CPT
lesion (Figure 2A) were radically removed until both ends of the tibia had visible bleeding
with healthy bone stock and normal periosteum. The medullary canal was debrided and
recanalized to improve graft incorporation. Correction of the antero-lateral deformity was
then applied under direct visualization and with the assistance of fluoroscopic images.
The size of the defect was measured. The tibial artery and two accompanying veins were
identified and marked with vessel loops (Figure 2B). The wound was packed with moist
gauze and the tourniquet was deflated.
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Figure 1. Preoperative evaluation of patient 2. (A) Leg length discrepancy (LLD) of 10.2 cm is
noted; (B) full scanogram confirming the LLD; (C) left lower leg deformity prior to weight bearing;
(D) severe deformity in left lower leg with weight bearing; (E) significant angulation upon leg raising;
(F) near-penetration of the skin due to deformity.

Figure 2. Intraoperative findings: (A) the pseudoarthrosis site; (B) Radical excision and identification
of the anterior tibial artery (red) and veins (blue); (C) fibular graft implantation and placement
of the anterolateral locking plate; (D) preparation for anastomosis of donor and recipient vessels;
(E) completion of end-to-end anastomosis; (F) postoperative wound closure.

Attention was then turned to the contralateral fibula. A longitudinal incision over
the midportion of the lateral calf in line with the fibula was made, and then dissection
was performed between the interval of the peroneus muscle and the soleus muscle to
expose the fibula. The middle third of the fibula, together with the surrounding healthy
periosteum and nutrient vessels (branches of the peroneal artery and two accompanying
veins), was harvested. The size of the graft was determined based on the measured defect
size (Figure 3A,C). Careful attention was taken to ensure that the graft did not extend
beyond the mid 1/3 of the fibula (Figure 3B) in order to preserve ankle joint stability.
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Figure 3. Harvesting the contralateral vascularized fibular graft: (A) harvested vascularized graft;
(B) postoperative X-ray indicating well-preserved fibula beyond the mid-diaphysis region; (C) intra-
operative image showing the donor peroneal artery and vein and fibular bone graft.

The tourniquet was inflated once again. Prior to inserting the VFG into the defect, the
proximal end of the VFG was slightly tapered to fit the narrow intramedullary canal of the
tibia shaft. The distal end of the tibia was mainly composed of the wider tibial metaphysis
in which the graft could slide with ease. A 3.5 mm medial or anterolateral anatomic distal
tibia locking plate® (DePuy Synthes, Raynham, MA, USA) was used to stabilize the distal
tibia and VFG (Figure 2C). Tension-free end-to-end anastomoses were completed between
the donor peroneal artery and the recipient anterior tibial artery, and between the donor
peroneal vein and the recipient anterior tibial vein (Figure 2E). The tourniquet was deflated
and a patent circulation between the donor and recipient sites was confirmed. A hemovac®
(Zimmer Biomet, Warsaw, IN, USA) was inserted. The affected fibula was also treated
with radical excision of the hamartoma and the diseased periosteum, then fixed with an
appropriately sized Kirschner wire. The incisions were closed and the patient was placed
in a below-knee short leg splint.

Postoperative care:

The patient remained immobilized and non-weight-bearing in the short leg splint
for 4 weeks. Clinic follow-ups were arranged at 2 weeks, 4 weeks, 6 weeks, and every
4-6 weeks after the 6th week. Plain radiographs and neurovascular exams were completed
at each follow-up visit. At 2 weeks, wound inspection and removal of the sutures were
completed. At 4 weeks, the splint was removed and the passive range of motion was
initiated. Partial assisted weight bearing was also permitted. The patient was allowed to
weight-bear as tolerated when the following 3 criteria were met: (1) radiographic evidence
of osseus formation filling in the fracture site or bridging callus surrounding the defect,
(2) non-tender fracture site, and (3) pain-free upon full weight bearing. At 2.5 years after the
operation, the final LLD, lower leg angulation, visual analogue pain scale (VAS), ambulation
distance, range of motion in the affected knee and ankle, and AOFAS score were assessed.
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3. Results

Between 2017 and2021, a total of three patients with NF-1 complicated with nonunion
of CPT were included in this study. All of the patients had a type IV CPT. The mean age
was 11 years, the mean follow-up time was 45.7 months, and the mean LLD was 8.5 cm.
The baseline characteristics of each patient are shown in Table 1 and the serial preoperative
X-rays of patient 2 are shown in Figure 4.

Table 1. Patient demographic.

Patient &: g:s) Gender Laterality =~ Pseudoarthrosis * :;];111)) Ar(l;}[);l;tsl;) n SuI;;;I;es (121(/}10?:}1:)
ORIF:2
1 9 R Type IV 11.1 50 ROL:2 65
BG:1
ORIF:1
2 11 L Type IV 10.2 10 IEF:3 42
ROI:2
ORIF:4
3 13 L Type IV 41 30 ROI1 30
BG:2
Mean 11 8.5 30 6 45.7

* Classified based on Crawford classification; LLD—Ilimb length discrepancy; F/u—follow-up; ORIF—open
reduction and internal fixation; IEF—Ilizarov external fixation; ROI—removal of implant; BG—bone graft.

Figure 4. Serial X-rays of patient 2 prior to this correction surgery: (A) anteroposterior (AP) and
(B) lateral views of left lower leg at 2 years old; recurrence of deformity (C) AP and (D) lateral
views after first correction surgery at age 3; the patient was then placed in an Ilizarov frame, as seen
in (E) AP and (F) lateral views, but recurrence occurred at age 4; (G) and (H) show the patient’s
deformity at age 11 upon presenting to our institution.

3.1. Intraoperative Findings

The procedure type and intraoperative findings are shown in Table 2. The mean
operative time was 20 h. Patient 1 had a CVG graft size of 10 cm, and the tibia was fixed
with an anatomic medial distal tibia locking plate ® (DePuy Synthes, Raynham, MA, USA).
Patient 2 underwent a similar procedure, aside from using an anterolateral distal tibia
locking plate ® (DePuy Synthes, Raynham, MA, USA). In addition, because of significant
soft tissue contracture due to multiple prior surgeries and chronic LLD, we performed V-Y
Achilles tendon lengthening to accommodate the soft tissue contracture. We were able to
gain approximately 5 cm of soft tissue lengthening after the V-Y advancement. Patient 3
required a two-stage procedure due to secondary skin contracture after prior surgeries.
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The first stage was a CPT excision and a tibia-lengthening procedure with a Taylor spatial
frame. Over a 5-week period, the TSP was adjusted daily and we were able to lengthen
the tibia by 4 cm. This was deemed within an acceptable range. The patient subsequently
underwent a definitive second-stage procedure with VFG implantation and fixation with
a similar anterolateral distal tibia locking plate. All of the patients were able to achieve
primary skin closure (Figure 2F).

Table 2. Intraoperative findings.

. Graft Graft Operative
Patient Procedure Fixation Length (cm) 12l"ime
1 CPT excision and reconstruction Anatomic medial 10 165h
with contralateral VFG distal tibia locking plate ’
CPT excision, Achilles tendon .
. . Anatomic anterolateral
2 lengthening and reconstruction distal tibia locking plate 7 20.5h
with contralateral VFG &P
1st stage: CPT excision and tibia
3 lengthening with TSP Anatomic anterolateral 10 23h
2nd stage: reconstruction with distal tibia locking plate
contralateral VFG

CPT—congenital pseudoarthrosis of the tibia; VFG—vascularized fibular graft; TSP—Taylor spatial frame.

3.2. Postoperative Follow-Up

The postoperative information for each patient is shown in Table 3. All three patients
were able to achieve bone consolidation at a mean of 19.3 weeks. This was maintained to
the final follow-up for all three patients. All of the fibular grafts incorporated well with
bony hypertrophy without evidence of bone resorption or local CPT recurrence (Figure 5).
There was a mean postoperative leg length discrepancy of 6.3 cm. The average lower leg
angulation was 7.4° and the average ankle range of motion was 58.3 degrees. The mean
VAS score was 0 and the mean AOFAS score was 88.3. Figure 6 shows clinical images of
patient 2 at postoperative 30 months.

Patient 1 had a final LLD of 8.5 cm with a 15° right lower leg valgus deformity.
Although the tibia remained consolidated, the fibula was complicated with pseudoarthrosis
which was starting at the 20-month follow-up. At the final follow-up (65 months), the
patient had a VAS score of 0, and was able to ambulate without restrictions. Her knee ROM
was full, and ankle ROM was 75°. For patient 2, bone consolidation was noted at 20 weeks,
and his residual LLD was 7.5 cm with 4.7° lower leg angulation. At the final follow-up
(42 months), he was able to walk without pain (VAS 0), and was able to walk for 1000 m.
However, he continued to have a progressing LLD and currently requires a 5 cm shoe lift.
Since his physeal was preserved and he continues to grow taller, he will potentially require
corrective surgery in the future. The postoperative clinical images are shown in Figure 6.
Patient 3 achieved bone consolidation at 21 weeks. At his final follow-up (30 months), his
residual bone defect was 3.0 cm with 2.3° lower leg angulation, and he was able to ambulate
without pain or restrictions. The ESF incisions healed without complications. No significant
disability-causing complications such as neurovascular deficits, wound dehiscence, limb
edema, or donor site morbidity (e.g., peroneal nerve injury, knee or ankle joint instability,
or lower extremity weakness) were noted. The preoperative and postoperative radiographs
of patients 1 and 3 are displayed in Figures 7 and 8.
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Table 3. Postoperative radiologic and functional outcomes (at 30 months).

. Graft Final . Ambulation AOFAS
Patient Consolidation LLD Angulation VAS Distance ROM Score

1 17 weeks 8.5 cm valgus 15° 0 Without limitations ~ Knee: full/Ankle: 75° 88

2 20 weeks 7.5 cm valgus 4.8° 0 1000 m Knee: full/Ankle: 50° 82

3 21 weeks 3.0cm valgus 2.3° 0 Without limitations ~ Knee: full/Ankle: 50° 95

LLD—leg length discrepancy; VAS—visual analogue scale; AOFAS—American Orthopedic Foot & Ankle Society.

7R

Figure 5. Postoperative follow-up X-ray images of patient 2: (A) postoperative 4 weeks with R
indicating the right lower leg and L indicating the left. Both anteroposterior (AP) and lateral views
are shown for the left. (B) AP and lateral X-ray of left lower leg at 3 months. (C) AP and lateral X-ray
of left lower leg at 12 months.
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Figure 6. Postoperative clinical images for patient 2 at postoperative 30 months. (A) The patient is
able to fully extend his knee with no gross angular deformities in the left lower leg. (B) Range of
motion in bilateral ankles is preserved. (C) Leg length discrepancy around 7.5 cm is noted. (D) With
a 5 cm shoe lift, the patient is able to ambulate with minimal discomfort.

Figure 7. Radiographs of patient 1: (A) preoperative AP and lateral radiographs and (B) postoperative
AP and lateral radiographs at 53 months after the surgery.
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Figure 8. Radiographs of patient 3: (A) preoperative AP and lateral radiographs and (B) postoperative
AP and lateral radiographs at 18 months after the surgery.

4. Discussion

In this study, we presented three patients who had NF-1 complicated with repeated
failed surgical treatment of CPT, and each subsequently underwent a successful revision
surgery with VFG implantation and anatomic distal tibia locking plate fixation. The most
significant finding was that all three patients were able to achieve bone consolidation at
a mean of 19.3 weeks, and were able to ambulate without pain and restore good ankle
function by the final follow-up (mean 45.7 months). In addition, there was no evidence of
recurrence during our follow-up period.

There are two main pathologic processes in CPT. The first is pathobiological, in which
there is diseased soft tissue (e.g., hamartoma formation and pathologic periosteum) leading
to osteolysis and vascular compromise in the local region [4]. In addition, a pathomechani-
cal process occurs, leading to angular deformities and atrophic bone ends [4]. Therefore,
treatment options that can address both pathologies is required. In the current literature,
the treatment options for reconstruction following the radical excision of CPT lesions are
(1) a bone graft and internal fixation with an IM rod or ring external fixator, (2) bone
transport, and (3) free VFG transfer with (4) amputation reserved for refractory cases [4].
Although the optimal treatment remains inconclusive, VFG implantation theoretically
provides structural support with a healthy periosteum, sufficient length, low donor site
morbidities, and reliable circulation that can hasten the healing of the CPT site [3]. In two
case series reports, the bone consolidation rate was reported to be near 94-100% with a
very low recurrence rate [8,14]. Our results are in agreement, as we were able to achieve
consolidation at an average of 19.3 weeks with no evidence of recurrence up to at least
30 months after the surgery. In our series, the short- to mid-term results are promising, but
the long-term results remain to be determined.

When treating CPT, one of the most important factors is to apply rigid fixation, in order
to maintain axial, rotational, and angular stability at the CPT site [4]. Most studies have
favored the use of IM rods, ring external fixators, and screws as the fixation method [6-8].
The screws were the weakest mechanically, and ring external fixators have disadvantages
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such as Schanz screws/wires loosening or pin tract infection after long-term usage. The
IM rods seemed to be an option with better fixation stability; however, in the refractory
CPT cases, the lesion sites were mostly located in the very distal tibia and fibula [4,14].
This makes it very difficult to establish reliable mechanical stability with only IM devices
or ring external fixators in the small distal tibia fragment after extensively resecting the
fibrous hamartoma. Therefore, our experience was that fixation with a plate system was
more favorable.

In this study, we elected to use distal tibia anatomic locking plates to provide a rigid
construct (avoiding rotational and angular deforming forces) in order to reduce refracture
and malalignment [15,16]. In the past, controversies with plating caused concern about
higher failure rates. However, most of these studies utilized conventional non-locking
plates, which have different mechanical properties, and the plates were generally bulkier,
which would further increase soft tissue tension and obscure the anastomosing sites [7,17].
Interestingly, the three patients presented in our series were previously treated with straight-
type non-anatomic locking plates® (DePuy Synthes, Raynham, MA, USA), which all failed
due to distal metaphyseal fragment loosening and screw pullout. With the development
of low-profile 3.5 mm anatomic distal tibia locking plates with more metaphyseal screws,
these concerns seem less problematic [4]. In our study, anastomosis was achieved between
the peroneal vessels on the VFG and the recipient anterior tibial vessels, which are located
in the anterior leg compartment. Since the plates were relatively low-profile, they did not
obscure the surgical field and we were able to complete the anastomosis with relative ease.
Moreover, a lower-profile plate placed less tension on the surrounding soft tissue. This is
crucial in patients with CPT to allow for wound closure.

In our first patient, a medial distal tibia LCP® (DePuy Synthes, Raynham, MA, USA)
was used. Although consolidation of the CPT was achieved, insufficient mechanical support
on the lateral side, together with pseudoarthrosis of the ipsilateral fibula, progressively
caused a valgus deformity of up to 15 degrees to develop. In addition to the minimal soft
tissue coverage on the medial aspect of the lower leg, especially in these patients with a
history of multiple surgeries, this made medial plates less desirable [18]. Therefore, an
anterolateral distal tibia LCP® (DePuy Synthes, Raynham, MA, USA) was used in the
subsequent patients. In comparison to the medial plate, with a transverse metaphyseal
screw axis, the anterolateral plate had metaphyseal screws in the anteroposterior axis,
which could potentially resist screw pullout from the valgus deformity. In the diaphyseal
region, the laterally placed design of the anterolateral plate provided a stronger buttress
force than the medial plate, which is crucial to prevent further valgus deformity and
malunion [19]. In the clinical study of distal tibia fracture with comminuted fibular fracture,
the anterolateral plates also showed mechanical superiority to the medial plate [19].

In our experience, the limitations of anterolateral plating with a 3.5 mm fixed-angle
distal tibia LCP are the plate width, locking screw axis, and its proximity to growth plates
in the metaphyseal area. Therefore, some patients may require a slight adjustment of the
plate placement, or the potential removal of one or two screw holes to adequately fit each
individual patient. Moreover, the locking mechanism increased the fixation stability, but
the fixed-angle screw axis and proximity to growth plates may pose a challenge during
the placement of the locking plate. To prevent intraoperative physeal injuries, the locking
sleeves can be preloaded onto the screw hole to help predict the metaphyseal screw axis
while meticulously adjusting the plate positions. These advantages could be improved by
adopting a newer version of the distal tibia LCP with more metaphyseal screw holes, a
smaller diameter (2.7 mm) locking screw, variable-angle screw axis, and a lower profile
design than the currently used 3.5 mm LCP systems [20].

Residual deformities after CPT correction are a frequent problem [4,21]. For instance,
tibia diaphyseal malalignment, LLD, ankle arthritis, ankle valgus deformity, and calcaneal
deformities can all occur [4,21]. In particular, LLD can be problematic for these patients,
with the incidence said to be as high as 56% [21]. The reason for this is growth arrest
secondary to the pathologic process of CPT, as well as multiple operations that could
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lead to physeal injuries [3,21]. In our series, the average LLD at the final follow-up was
6.3 cm. These patients were managed with a shoe lift that could partially compensate
for this difference. Current options for management include shoe lifts for defects <5 cm;
epiphysiodesis of the contralateral femur, tibia, or both in defects < 5 cm; and lengthening
procedures with ESF or the Ilizarov technique in defects > 5 cm [3,21]. Given the high
incidence of LLD, subsequent procedures to address the LLD should be informed to
the patients. Moreover, a high rate of pseudoarthrosis can be seen at these lengthening
sites [21], although the significance of this remains unknown. Despite having a residual
LLD up to 8.5 cm in our series, all three of our patients tolerated their LLD well with good
functional outcomes (average AOFAS score 88.3) and did not require further lengthening
or corrective procedures.

A potential alternative procedure to consider is the induced membrane technique (IMT)
previously applied by Masquelet et al. for the treatment of septic nonunion of the tibia [22].
In a retrospective study performed by Vigouroux et al., the authors followed 18 patients for
a mean of 9.5 years and revealed comparable results with patients who underwent VFG
implantation [9]. The IMT, theoretically, can reduce donor site morbidity while providing a
biological chamber that contains growth factors and angiogenetic factors that can promote
osteointegration of the graft [9]. However, this procedure requires two stages, and further
long-term results are required to further confirm the efficacy of this method.

This study is not without limitations. Given the small number of cases we presented,
inherent concerns related to a small sample size are inevitable. In addition, we did not have
a control or comparison group to validate our results against. Nonetheless, our results seem
in line with the current literature. Moreover, given the limited resources available at smaller
institutions, all of the surgeries were performed by a single surgeon. This led to a longer
operative time and can be a burden for both the surgeon and the patient. Lastly, harvesting
the VFG and the microvascular anastomosis of the graft can be technically demanding
and requires a learning curve. Nonetheless, VFG implantation appears to have a favorable
outcome in this subset group of challenging patients.

5. Conclusions

Treatment of refractory congenital pseudoarthrosis of the tibia with a contralateral
vascularized fibular bone graft and anatomic distal tibial locking plate fixation appears to
have satisfactory results at mid-term follow-up.
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Abstract: Tarsal coalitions are abnormal fibrous or bony connections between the tarsal bones of the
foot. While not always symptomatic, coalitions can cause pain, alterations in forefoot and hindfoot
morphology, and alterations in foot and ankle biomechanics. Previous research has described the
association of tarsal coalitions with fractures of the lower extremity. Multiple reports of acute fracture
in the presence of tarsal coalition have been presented, as have reports of stress fractures of the foot
and ankle with concomitant coalition, insidious in onset and thought to be related to aberrancies
in foot and ankle biomechanics. The purpose of this review is to discuss the biomechanics seen in
tarsal coalitions and to describe reports of fracture occurring concomitantly with tarsal coalitions. We
will discuss diagnostic options and treatment approaches in the setting of fracture with preexisting
tarsal coalition.

Keywords: tarsal coalition; calcaneonavicular coalitions; talocalcaneal coalition; ankle; foot;

biomechanics; stress fracture

1. Introduction

A tarsal coalition is an abnormal connection of the tarsal bones of the foot [1,2]. This
bridging can be fibrous, cartilaginous, or bony in origin, and most often involves the
talocalcaneal (Figure 1) or calcaneonavicular joints (Figure 2) [1,3]. Other more rare tarsal
coalitions include talonavicular, cubonavicular, naviculocunieform, and calcaneocuboid [3,4].
Congenital coalitions occur in an autosomal dominant fashion from a failure of early
mesenchymal differentiation [2,4]. Recent research has identified a proline to arginine
mutation in the fibroblast growth factor receptor 3 (FGFR3) gene in association with these
malformations [5]. While tarsal coalitions can be associated with other congenital disorders
such as Apert syndrome or Nievergelt-Pearlman syndrome, it is more common for these
abnormalities to be isolated occurrences [6-9]. Acquired tarsal coalitions can be caused
by degenerative joint disease, inflammatory arthritis, infectious sequelae, or clubfoot
deformities [1,4,6].
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Figure 1. Talocalcaneal coalition, as viewed from two coronal CT sections (upper images) and three-
dimensional (3D) reconstruction (lower image). Abnormal bony coalition is noted at the medial
aspect of the posterior facet of the subtalar joint [10] (Borrowed using Creative Commons licensing).
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Figure 2. Cropped 3D reconstruction demonstrating sagittal (a) and axial (b) views of a calcaneon-
avicular coalition. (calcaneus (Ca), navicular (N), talus (T) and cuboid (Cu)) [11] (borrowed using
Creative Commons licensing).

Commonly, these coalitions present in childhood and adolescence with vague hindfoot
pain or recurrent sprains and other minor injuries [1,6]. Calcaneonavicular coalitions
typically present earlier, from 8 to 12 years of age, while talocalcaneal present in patients
12-16 years of age [12]. The prevalence of coalitions in the United States (US) has been
reported from 1-13%; the wide range is due in part to the undetermined proportion of
patients who remain asymptomatic [4]. It has been reported in the literature that as many as
75% of patients are asymptomatic [13]. Patients who are symptomatic typically endorse pain
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that is worsened with activity and improved with rest [4]. Increased stiffness and decreased
range of motion may be concurrent with pain due to progressive ossification of the foot [4,14,15].
Furthermore, patients may also report flattening of the longitudinal arch with a valgus
deformity of the hindfoot that accompanies or predates symptoms [6]. The location of pain
in the foot usually depends on the specific tarsal coalition, with talocalcaneal coalitions
presenting with migrating medial malleolus pain and calcaneonavicular coalitions causing
pain over the anterior process of the calcaneus, in the talus, or more distally [12,16]. Patients
may also present with a spastic peroneal flatfoot, but there is debate within the literature
on the positive predictive value of this presentation in identifying a tarsal coalition and the
frequency with which patients present with this abnormality [1,17].

In addition to pain and stiffness, tarsal coalitions can cause aberrancies in normal foot
and ankle biomechanics or may be seen in conjunction with foot and ankle fracture patterns.
While multiple case reports and incomplete literature reviews have been published dis-
cussing fracture in the presence of tarsal coalition, a comprehensive review with thorough
discussion of related biomechanical factors and their contribution to fracture patterns is
indicated. Thus, the purpose of this review is to discuss the biomechanics seen with tarsal
coalitions and to describe reports of fracture occurring concomitantly with tarsal coalitions.
We will discuss diagnostic options and treatment approaches in the setting of a fracture
with a preexisting tarsal coalition.

2. Methodology

Articles in each individual section were found via a PubMed term search between
1970-2022 or via the references in articles from the PubMed search. Search terms and
inclusion criteria for each section were utilized as described in Figure 3. Articles were
excluded if they were written in a non-English language, and if they were a book chapter,
conference paper, extended abstract, or pre-print. All abstracts were reviewed by authors
followed by a full text review prior to inclusion.

Section Search Terms
“Tarsal Coalition” AND “Biomechanics” Initial Pub Med:
“Tarsal Coalition” AND “Kinematics” Search 1970-2022
“Tarsal Coalition” AND “Gait”

Section 3: Biomechanics of Tarsal Coalition” AND "Running

.. “Tarsal Coalition” AND “Resection” Exclusion Criteria
Tarsal Coalition “Tarsal Coalition” AND “Resection” AND o AffiCIG Pl‘iC"r to 197_0
“Biomechanics” - Articles not in English
- Book chapters
- Conference papers
- Extended Abstracts
“Tarsal Coalition” AND “fracture” - Pre-print articles

“Tarsal Coalition” AND “trauma”

Section 4: Acute Trauma .

. Abstract Review by
and High Energy-Related all authors
Fractures in the Presence

of Coalition

“Tarsal Coalition” AND “Stress fracture”
Section 5: Stress Related | “Tarsal Coalition” AND “Fracture”
see “Tarsal Coalition” AND “Stress fracture”
Fracture fr(‘)m Coalltl.on AND “Biomechanics” Full Text Review by
Altered Biomechanics
all authors

“Tarsal Coalition” AND “Osteochondritis
Section 6: Osteochondritis | Dissecans”
Dissecans in Tarsal
Coalitions

Article Inclusion

Figure 3. Study Selection and Search Criteria.
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3. Biomechanics of Tarsal Coalition

Tarsal coalitions have significant and clinically relevant effects on foot and ankle
biomechanics and gait. With talocalcaneal and calcaneonavicular coalitions, the two most
common types of tarsal coalitions, the rotary and gliding motion of the talus against the
calcaneus is restricted [18]. When examined in the coronal plane, the gait of patients
with a tarsal coalition demonstrates a significantly restricted subtalar range of motion
and increased subtalar angular velocity [18]. Due to these changes in subtalar kinematics,
patients have restrictions in eversion and inversion of the foot and a shortened time interval
from heel strike to maximum eversion, both of which increase the magnitude of impact
during locomotion [18]. The difference in plantar pressure specifically in patients with
tarsal coalitions has also been examined. Prior to surgical resection, patients with tarsal
coalitions were found to have significantly higher medial midfoot pressures during walking
and running compared to normal controls [19]. The altered biomechanics found in tarsal
coalitions have been hypothesized to contribute to stress on neighboring bony anatomy
and an increased risk of fracture [20,21].

Although tarsal coalition resection can improve pain and increase return to activity
rates, whether patient gait biomechanics improve following surgery is less clear. Significant
improvements in passive range of motion have been found in patients after tarsal coalition
resection, but range of motion typically remains lower than normal in patients without
previous coalitions [17,22,23]. Prior work examining foot kinematics demonstrated that
following tarsal coalition resection, patients continue to have significantly reduced subtalar
range of motion when compared to normal feet with no significant difference between
pre-operative and post-operative motion [18]. The continuation of these altered biomechan-
ics indicates that patients with tarsal coalitions have similar eversion-inversion motion
restrictions even after surgical intervention [18]. These differences in inversion and eversion
mobility can have functional consequences. Chambers et al. found a positive correlation
between side-to-side mobility of the foot and functional scores based on functional tests
such as single-limb standing and gait analysis [23].

When examining the effect of surgical intervention on plantar pressure, the results
are mixed. A study by Hetsroni et al. found that tarsal coalition resection reduces ele-
vated medial midfoot pressures to those of normal feet during walking [19]. However,
patients continued to have persistently elevated medial midfoot mean pressures and im-
pulses during running following surgery, indicating that running accentuates pathological
loading [19]. In contrast, a study by Lyon et al. found that following tarsal coalition
resection, patients continued to have significantly greater peak pressures in the midfoot
and first metatarsal head compared to normal feet during walking [24]. Furthermore,
patterns of muscle activity in the lower extremities remain persistently aberrant after tarsal
coalition resection. Electromyography studies have found that despite close to normal
gastrocnemius, peroneal, and soleus muscle strength, patients after tarsal coalition resection
demonstrate continued abnormal premature and prolonged firing in the peroneus longus
during walking; this aberrant activity often extended to the gastrocnemius and soleus [24].

4. Acute Trauma and High Energy-Related Fractures in the Presence of Coalition

Altered biomechanics resulting from tarsal coalitions, particularly due to subtalar joint
rigidity, are thought to increase stress across structures adjacent to tarsal coalitions [25,26].
Over the last few decades, several case reports have documented acute traumatic and high
energy-related fractures in the presence of preexisting talocalcaneal and calcaneonavicular
coalitions [27-31]. Typically, tarsal coalitions are incidentally found after identification of
the fracture with conventional radiographs for calcaneonavicular coalitions [10]. Addi-
tional cross-sectional imaging may be required for identifying subtle talocalcaneal forms
or differentiating osseous, fibrous, or cartilaginous coalitions with magnetic resonance
imaging (MRI) [10].

Although there are no established clinical guidelines on the treatment of tarsal coali-
tions in the setting of acute traumatic fractures, the decision to concomitantly address a

127



Children 2023, 10, 72

coalition in the reported cases to date has been influenced by the presence of pre-existing
symptoms and patient characteristics (e.g., age, activity), characteristics of the coalition
(e.g., calcaneonavicular versus talocalcaneal), detection of degenerative changes in which
arthrodesis could be performed, and the need for coalition resection to obtain adequate
fracture reduction [27]. Three cases of calcaneus fractures (two closed intraarticular and
one open, comminuted) in the setting of middle facet coalition (two bony, one fibrous)
have been reported in the literature [27,29,30]. All three patients were treated with ORIF, of
which two did not undergo excision or arthrodesis of talocalcaneal coalition due to lack of
pre-traumatic symptoms while one 50-year-old male patient with preexisting mild hindfoot
pain and degenerative changes in the subtalar joint received concomitant subtalar arthrodesis.

Three case reports of fractures through the calcaneonavicular bar with non-operative
management of the fracture and variable treatment of the concomitant calcaneonavicular
coalition have been documented [27,29,30]. Pai et al. present the case of a 43-year-old
female patient treated nonoperatively in a splint for six weeks with subsequent union and
return to work at the four-month follow-up visit [28]. In contrast, despite the union of
the calcaneonavicular bar fracture with conservative cast treatment, one 17-year-old male
had persistent pain requiring triple arthrodesis [32]. Finally, Tanaka et al. demonstrated a
successful return to truck driving for a 23-year-old male after en bloc resection from the beak
of the calcaneus to the fracture line. Although the authors acknowledged that conservative
treatment may have been adequate, they opted for resection due to the possibility of
delayed union due to subtalar joint rigidity and refracture through the calcaneonavicular
coalition [31].

Two case reports of three patients with fracture of the sustentaculum tali adjacent
to talocalcaneal coalitions have been published, with excellent postoperative functional
outcome scores after coalition resection in all three patients [25,33]. Kehoe and Scher
present two pediatric patients (11 and 12 years old) with different treatment methods for
sustentaculum tali fractures: one with concomitant coalition resection and excision of a
fracture fragment after chronic nonunion, and one acute fracture with resection performed
after six weeks of immobilization and non-weight-bearing to provide time for healing of
the acute fracture [25]. These authors surmised that in the acute setting, a simultaneous
excision of both the fracture fragment and tarsal coalition would have rendered the hindfoot
unstable and likely to collapse into varus. In addition, simultaneous fracture fixation
and tarsal coalition excision would have been technically challenging, given inadequate
sustentaculum tali fracture components to repair [25].

Further case examples include the case of a 23-year-old patient with persistent inability
to weight-bear after an ankle sprain [31]. The patient was found to have a fracture through
a talocalcaneal coalition and was treated with an immobilizing orthosis and weight-bearing
as tolerated [31]. Hughes and Brown present a 32-year-old male with a vertical fracture
through the posterior third of the talar body with posteromedial displacement of roughly
7 mm in the setting of a talocalcaneal coalition. In this case, the patient’s osseous coalition
had to be excised to achieve an adequate reduction of the fracture. At 1-year postoperatively,
this patient returned to sports without osteonecrosis of the talus and only moderate hindfoot
motion restriction [34].

Two cases of ankle fractures, one involving the tibial pilon and one involving both the
medial and lateral malleoli, have been documented with incidental findings of talocalcaneal
coalitions. Both patients underwent operative fixation of the fracture (one open and
one percutaneous with arthroscopic guidance) and without excision of the coalition as
neither patient had pre-traumatic symptoms [35,36]. One patient (53-year-old female) had
subsequent hardware removal without increased pain or arthritic changes at 15 months
postoperatively while another (16-year-old male) had no pain but was unable to invert
his hindfoot.
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5. Stress Related Fracture from Coalition-Altered Biomechanics

Stress fractures occur in the presence of repetitive mechanical stress on an affected
bone, such as in the case of overuse [37]. They are a common pathology, accounting for
up to 10% of all orthopedic injuries and up to 20% of injuries seen in sports medicine
clinics [38]. The two imaging modalities commonly used to evaluate stress fractures in
the foot and ankle are radiography and MRI, with the latter having a significantly higher
sensitivity and specificity, especially in the early stages of injury [37,39]. Typical treatment
for stress fractures consists of activity modification, analgesics, and potential bracing until
pain symptoms resolve [40].

Although rare, stress fractures can also be seen in association with tarsal coalition [20,41—44].
It is thought that this associated stress response may be due to altered biomechanics of the
foot leading to increased, abnormal load transfer and hindfoot stress-loading, leading to
subsequent fracture [20]. In the case series reported by Jain et al., all six of the adolescent
patients presented with diffuse pain of insidious onset and hindfoot stiffness [20]. All had a
tarsal coalition of the fibrous sub-type. The locations of stress fractures or stress responses
in the patients were the posterosuperior calcaneus, the posterior calcaneus, the cuboid
and head of talus, the base of the third metatarsal, the posterosuperior calcaneus, and the
head of talus. After using MRI to delineate stress fracture with coalition from coalition
alone, the patients were started on nonoperative treatment including analgesics, activity
modification and either orthotics or shoe modification [20]. Because tarsal coalitions are
often found incidentally, a better understanding of the relationship between coalitions and
stress response would aid in swift diagnosis and treatment.

Other case reports of talar stress fracture with preexisting talocalcaneal coalition exist
in the literature. Manzotti et al. present a 24-year-old non-professional female runner
presenting with left hindfoot pain without a specific area of point tenderness [41]. Ini-
tially, radiographs and CT scans were obtained and were non-illustrative. Cancellous
edema of the talus due to stress fracture was revealed upon review of MRI, highlighting
the utility of this imaging modality in diagnosis of stress injuries [41]. Similar to the six
patient case series described above, this patient was started on nonoperative treatment,
which included NSAIDs, non-weight bearing, compressive dressing, ankle training, and
the use of a wooden-soled shoe [20]. With this conservative approach, the patient ex-
perienced a complete resolution of symptoms and a high degree of satisfaction with no
further complications.

A case report of a concomitant calcaneal stress fracture with a rare subtalar facet
coalition was documented by Moe et al. in 2006 [42]. In this article, a 48-year-old woman
presented with worsening left heel pain without any prior accident or injury, a common
manifestation of tarsal coalitions. Similar to the case study by Manzotti et al., initial
radiographs were unreliable [41,42]. The early clinical diagnosis was presumed to be
plantar fasciitis; when the patient did not respond to conservative treatment, further
imaging including MRI revealed a “posterior subtalar facet coalition with associated medial
and lateral calcaneal stress fractures.” MRI allowed for detection of the osseous prominence
that gave a “humpback appearance” of the superior posterior calcaneus on the lateral
radiograph that was previously missed. These authors hypothesized that the calcaneal
stress fracture was due to abnormal forces placed on the hindfoot due to coalition [20]. The
treatment plan indicated for the patient to be partially weight-bearing with crutches, but
there were no mentions of other treatments, follow-ups, or further complications.

Two cases of stress fractures associated with calcaneonavicular coalitions have been
reported. Nilsson & Coetzee investigated a 47-year-old man with a 5-week history of pain
in lateral aspect of his left foot that was exacerbated by completing a marathon [43]. Initial
radiographs of the foot did not show any fracture or dislocation, but an MRI three weeks
after the initial radiograph showed a fracture of the anterior process of the calcaneus and
a fibrous calcaneonavicular coalition. A comparison MRI five weeks later showed the
continued presence of bone marrow edema confirming the stress fracture. Similar to the
previous cases, this stress fracture was treated non-operatively, incorporating non-impact
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and low-impact training with pool and elliptical trainer workouts for 2 months. The patient
was able to run without discomfort, even later completing a marathon without symptoms.
Pearce et al. documented a case of a 30-year-old rugby player with a 5-week history of
foot pain [44]. An MRI scan was conducted first, which demonstrated some degenerative
changes between the navicular and calcaneus. However, a CT scan clearly revealed a
stress fracture across the anterior process and a fibrous calcaneonavicular coalition [44]. In
contrast to the other cases, these authors decided that the risk of non-union of the stress
fracture or recurrence was too high to treat conservatively and opted for surgical excision
of the coalition and fixation of the fracture. The patient did well and returned to rugby
6 months later.

6. Osteochondritis Dissecans in Tarsal Coalitions

In addition to abnormal talocrural stress, hindfoot malalignment, ankle sprains and
fractures, another possible co-occurring pathology with tarsal coalition is osteochondritis
dissecans (OCD) of the talar dome. Cheng et al. aimed to determine the prevalence of OCDs
among patients with tarsal coalition [45]. After studying ankle MRIs in 57 patients with
tarsal coalitions, the study found 89% of these tarsal coalitions to be non-osseous and talar
OCDs present in 29 of them. The authors concluded that talar OCD prevalence is higher in
patients with tarsal coalition than the general population, attributing this occurrence to the
altered biomechanics and repetitive talocrural stress due to the altered subtalar motion [45].
There is a paucity of research evaluating for presence of OCD in conjunction with tarsal
coalition, and future research is indicated to further expand upon this phenomenon.

7. Discussion and Treatment Considerations

Foot and ankle injury in the form of fracture or sprain in the presence of an existing
tarsal coalition is a relatively uncommon clinical entity. However, a large number of case
reports outline this condition, with heterogeneous treatment options described throughout
the literature. Our goal in this review was to provide a comprehensive summary of what
has been published to date with regard to the co-occurrence of fracture and tarsal coalition.
Given the wide array of management strategies employed to treat this condition, defining
specific clinical algorithms for workup and intervention remains elusive. Moreover, given
that the existing literature is limited to single patient case reports or small series, there is
a high likelihood for an element of publication bias, with only positive outcomes being
reported. Despite this, through careful review of the literature, some overarching principles
can be gleaned for the treatment of this condition.

For patients being evaluated for foot and ankle fracture in the presence of an in-
cidentally noted or previously symptomatic tarsal coalition, the first branch point for
management should be to determine whether the fracture is acute, resulting from a recent
injury, or chronic and stress-related in nature. If the fracture is stress-related and appears
to be related either to altered biomechanics resulting from the tarsal coalition or from a
period of intense activity increase leading to subsequent overuse, nonoperative manage-
ment should trialed. Nonoperative treatment modalities which have been reported with
success in the literature include NSAIDs, non-weight-bearing, compressive dressing, ankle
training, and the use of a wooden-soled shoe [20]. Casting and activity modification as well
as partial weight-bearing with crutches have also been utilized with positive results [42].
Except in cases of prolonged duration of pain after a trial of nonoperative management
and persistent CT-confirmed nonunion, we recommend avoidance of surgical intervention
for stress related fracture in the setting of tarsal coalition.

In patients who present after an acute trauma, with a fracture either to the foot or ankle,
who are also found to have a tarsal coalition to the ipsilateral extremity, we recommend
careful consideration of patient and fracture specific factors to guide treatment. While
nonoperative management is not commonly appropriate for acute fracture in the setting
of tarsal coalition, fractures which are minimally displaced, where an incidentally noted,
asymptomatic tarsal coalition is present, may be managed without surgery. In this case, we
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recommend a period of casting and non-weight-bearing to prevent fracture displacement.
Fractures involving the calcaneus, talus, tibial plafond, medial and lateral malleoli, and
bones of the midfoot which are significantly displaced should be treated operatively,
following standard operative protocols for these respective injuries. Any existing coalition
should be evaluated through the use of advanced imaging modalities. In cases where a
coalition is diagnosed and a preoperative examination is possible, a careful history should
be obtained as to whether the tarsal coalition is currently symptomatic or has caused a
period of symptoms at an earlier time point. Physical exam, including point tenderness at
the site of the coalition or range of motion limitation from the fibrous or bony union, may
be significantly limited given swelling and pain in the acute traumatic setting.

If the tarsal coalition is confirmed to be currently symptomatic or to have caused
a period of prior symptomology, the coalition should be resected at the time of fracture
fixation with either subcutaneous fat, extensor digitorum brevis, or bone wax interposition
to prevent coalition return. However, as Kehoe et al. caution [25], tarsal coalition excision
should only be performed if there is no concern for further destabilization of the midfoot
or hindfoot, as achieving an appropriate reduction with adequate stability is paramount
to success of fracture management, and takes precedence over coalition resection. A final
consideration should be given for the presence of pre-existing osteoarthritis at the subtalar,
calcaneocuboid, or talonavicular joint, especially in older patients with pre-existing pain
with inversion and eversion of the ankle. In patients with symptomatic arthritis, joint
arthrodesis procedures can be combined with ORIF to achieve a stable, plantigrade foot
and to reduce postoperative pain and need for reoperations at the expense of joint range
of motion.

8. Conclusions

Tarsal coalitions are an uncommon foot pathology that may be asymptomatic or
present with vague pain and progressive stiffness. Abnormal loading forces of the mid-
and hindfoot prior to surgery may contribute to recurrent ankle sprains or fractures. These
altered biomechanics may still be present following surgical intervention with activities
that increase the load placed on the foot and ankle, such as in running or jumping. Multiple
case series have described the association of these coalitions with stress fractures, with
key findings including the utility of nonoperative treatment and the superiority of MRI in
visualizing these stress responses. Osteochondritis dissecans is another pathology that may
commonly be seen in conjunction with tarsal coalitions, given abnormal joint biomechanics
and high incidence of ankle sprains. Why some coalitions remain asymptomatic while
other lead to progressive pain, stiffness, and fractures is unclear, but is a potential avenue
for further research. This study summarizes the available literature regarding fracture
in the presence of concomitant tarsal coalition and discusses possible nonoperative and
surgical treatment to improve pain, function, and quality of life for patients with this rare,
but important association.
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Abstract: Background: The impact of traumatic brain injury (TBI) on the pediatric population is
profound. The aim of this study is to unveil the state of the evidence concerning acute neurosurgical
intervention, hospitalizations after injury, and neuroimaging in isolated skull fractures (ISF). Mate-
rials and Methods: This systematic review was conducted in accordance with PRISMA guidelines.
PubMed, Cochrane, Web of Science, and Embase were searched for papers until April 2023. Only
ISF cases diagnosed via computed tomography were considered. Results: A total of 10,350 skull
fractures from 25 studies were included, of which 7228 were ISF. For the need of acute neurosurgical
intervention, the meta-analysis showed a risk of 0% (95% CI: 0-0%). For hospitalization after injury
the calculated risk was 78% (95% CI: 66-89%). Finally, for the requirement of repeated neuroimaging
the analysis revealed a rate of 7% (95% CI: 0-15%). No deaths were reported in any of the 25 studies.
Conclusions: Out of 7228 children with ISF, an almost negligible number required immediate neuro-
surgical interventions, yet a significant 74% were hospitalized for up to 72 h. Notably, the mortality
was zero, and repeat neuroimaging was uncommon. This research is crucial in shedding light on the
outcomes and implications of pediatric TBIs concerning ISFs.

Keywords: isolated skull fracture in children; pediatric traumatic brain injury; pediatric

1. Introduction

The impact of traumatic brain injury (TBI) on the pediatric population is profound,
as it stands as a leading cause of both fatalities and disabilities [1,2]. While TBI's severity
in adults is widely acknowledged, the unique pathophysiological aspects involved in
pediatric cases magnify the associated burden, making it even more substantial [1].

Pediatric brain injuries present distinctive biomechanical characteristics due to the
heightened plasticity and deformability of the developing brain. The infant skull, less rigid
and featuring flexible sutures that act like joints, allows for some movement in response
to mechanical stress, potentially resulting in birth-related injuries such as intracranial
hemorrhages caused by compression and traction during delivery [3,4]. Additionally,
shaking can cause a slight deformity of the skull and redistribute forces within, potentially
leading to stretching and shearing injuries. Furthermore, children’s relatively larger heads
make them more vulnerable to head trauma compared to adults [1,5].

An isolated skull fracture (ISF) stands as a distinct focal point within the complex
spectrum of TBIL TBI, in its broad context, is associated with severe and multifaceted
consequences. However, the ISF introduces its own set of distinctive characteristics that
warrant specific attention. Extensive analysis, through prior comprehensive meta-analyses,
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has diligently explored the short-term implications of this condition. The collective findings
from these studies ultimately revealed a rather low likelihood of emergent neurosurgical
intervention or fatality in cases of ISE. Despite this relatively low risk, it is noteworthy that
ISF cases tend to exhibit a significantly high incidence of hospitalization. This suggests that
although the immediate life-threatening aspect is relatively rare, the injury itself necessitates
a considerable degree of medical care and observation due to its potentially severe nature,
ultimately concluding that the risk of emergency neurosurgery or fatality is exceedingly
low, yet it is accompanied by a notably high rate of hospitalization [6].

Despite the establishment of guidelines for TBI in children [7,8], there is room for re-
search, as new evidence of ISF in the pediatric population has emerged since the publication
of the last meta-analysis [6]. In this matter particularly, there is no robust current evidence
demonstrating the requirement of acute neurosurgical intervention, hospitalizations after
injury, and neuroimaging in ISF [9]. Hence, the authors conducted a single-arm update
meta-analysis to unveil the state of the evidence concerning these factors.

2. Materials and Methods
2.1. Eligibility Criteria

Inclusion in this meta-analysis was restricted to studies that met all the following
criteria (1) randomized or non-randomized studies; (2) report isolated pediatric skull
fracture on computed tomography (CT) scan; (3) studies that report one of the interest
outcomes; (4) studies reporting four or more patients. We excluded non-English papers,
reviews, letters to the editor, abstracts, and commentaries from the initial assessment.

2.2. Search Strategy

We systematically searched for isolated pediatric skull fractures on PubMed, Cochrane,
Web of Science, and Embase databases with the following terms: (Pediatric OR child) AND
(“skull fracture” OR “head injury” OR “head trauma”) AND (“surgical intervention”
OR “neurosurgical intervention” OR “surgical treatment”) AND (“conservative care” OR
management OR “conservative management”). Due to the lack of randomized controlled
trials, our sample is mostly composed of non-randomized studies. The references from
all included studies, previous systematic reviews, and meta-analyses were also searched
manually for any additional studies. Two authors (FA. and L.B.P.) independently extracted
the data following predefined search criteria.

2.3. Outcomes Definitions

Main outcomes were defined considering mortality, the necessity of acute neuro-
surgery intervention, repeated neuroimaging, and hospitalizations. Cases of ISFs were
considered only if they were diagnosed through CT scanning.

2.4. Quality Assessment

Two authors (F.A and L.B.P) independently evaluated the study quality, and any
differences in their assessments were resolved via consensus. ROBINS-I scale was employed
to assess the studies. By utilizing this standardized assessment tool, our objective was to
assess the methodological rigor and quality of the studies included in our analysis.

2.5. Statistical Analysis

This systematic review and meta-analysis were performed following the Cochrane
Collaboration and the Preferred Reporting Items for Systematic Reviews and Meta-Analysis
(PRISMA) statement guidelines [10]. Relative risk (RR) with 95% confidence intervals was
used to compare outcomes in specific treatment scenarios. Cochran Q test and I? statistics
were used to assess for heterogeneity; p-value inferior to 0.05 and I? < 35% were considered
significant for heterogeneity. Review Manager was used for statistical analysis.
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3. Results
3.1. Study Selection

We located a total of 4572 articles through our search efforts, with 1935 found in
PubMed, 1616 in Embase, 994 in Web of Science, and 27 in Cochrane database. After the
initial screening, where we assessed 3259 non-duplicate citations, we excluded 3228 articles
based on title or abstract screening, leaving us with 31 articles for a full-text review. Sub-
sequently, nine articles were excluded during the full-text screening and data extraction
process. Next, three citations were manually added. Ultimately, we included 25 studies in
our final analysis [9,11-34], as outlined in Figure 1.

|dentification of new studies via databases and registers Identification of new studies via other methods

Records removed before screening:

Records identified fom: Duplicate records (n = 1,313) Recw:;;::gl(r:eﬁdof)rom:
Databases (n =4,572) — Records marked as ineligible by automation Bt b (_n -0)
Registers (n - 0) tools (n - 0] Citation searching (n = 3)
Records removed for other reasons (n =0)
y
Records screened Records excluded
(n=3259) (n=3,228)
/ |
Reports sought for retrieval Reports not refrieved Reports sought for retrieval Reports not retrieved
(n=31) (n=0) (n=3) (n=0)
! Reports excluded: l
Reports assesse3d1 for eligibility L Outofscope (n = §) Reports assessed for eligibility —» Reports excluded:
(n=31) _ (n=3) (n=0)
Wrong publication type (n=1)

/

New studies included in review
(n=25)

Reports of new included studies
(n=0)

Figure 1. Prisma Flow Diagram.

3.2. Quality Assessment

Figure 2 uses a concise color-coded system based on the ROBINS-I scale to present the
risk of bias among 25 studies. Green represents the two studies with “Low Risk of Bias”,
yellow delineates the eighteen studies with “Moderate Risk of Bias”, and red highlights the
five studies flagged for “Serious Risk of Bias”.
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Figure 2. Quality assessment of the included studies employing the ROBINS-I scale [9,11-13,15-34].
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3.3. Patient Baseline Characteristics

A total of 10,350 skull fractures from 25 studies were included, of which 7228 were
ISFs identified after CT scanning. Within the selected reports, 18 (72%) were retrospective
analysis of patients’ characteristics and data. The United States of America (US) was the
country in which most of the studies were established, encompassing 17 (68%) citations.
From the included reports, twenty (80%) were initiated in this century; however, only
five (20%) were conducted from 2010 onwards. Out of the total, four (16%) references
were multicentric, with one being from Australia and the rest being from the US. One
of these multicentric studies accounted for 44% of the included skull fractures. Except
for Mannix et al. [20], all studies encompassed patients with equal or less than 18 years.
Concerning the age of the patients, 16 (64%) studies included only patients with 15 years or
less. When analyzing all of the reports, the initial Glasgow Coma Scale (GCS) score ranged
from 13 to 15in 2 (8%) and from 14 to 15 in 3 (12%) of them, whereas in 12 (48%) the GCS
score was 15. A summary of the data can be examined in Table 1.

Table 1. Baseline characteristics of included studies.

. No. of Any No. of Initial
Study and Study Singleor ~ Enrolment  Local of Skull Isolated Skull ~Age Range  GCS
Year Design Multicenter Period Research o
Fracture Fracture (%) Score
A”‘a’ﬁm R Single ~ 2009-2013  US 326 326 (100) <l5years  NR
Blackwood .

2016 [12] R Single 2004-2014 Us 71 71 (100) <12 years 15
Brov["lr;]mm R Single 2010-2011 UK 6 3 (50) <lyear NR

Greenes .

1997 [14] P Single 1992-1994 Us 105 78 (74) <23months  NR

Greenes .

1999 [15] P Single 1998-1998 Us 86 63 (74) <2 years L
Hassﬁz]zm R Single  2007-2010  US 203 128 (73) <5 years 15
Ka“[rf;]zm R Single 20092010  Turkey 152 127 (84) <18years  13-15
Kommaraju .

. < =

2019 18] R Single 2005-2015 Us 127 127 (100) <18years  14-15
Lyoasg?m P Single 20082015 Us 320 300 (94) <l8years  14-15
Ma“g(’)‘]zm R Multicenter ~ 20052011 US 459 3915 (85) <l9years  NR

Metzger .

— <
2014 1] P Single 2010-2014 Us 88 88 (100) <16 years 15
MIZ[;;]OZl R Single 2011-2019  Japan 79 37 (47) <15 years 15
Nakahara .

2011 (23 R Single 2005-2007  Japan 38 4(11) <4 years 15

Plackett R Multicenter ~ 2010-2014 Us 0 42 (100) <13 years 15

2015 [24] -

Pow[ezlé]zow P Multicenter 20042006 US 350 350 (100) <18years  14-15
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Table 1. Cont.

. No. of Any No. of Initial
Study and Stu.dy Smgle or Enrol.ment Local of Skull Isolated Skull  Age Range GCS
Year Design Multicenter Period Research o
Fracture Fracture (%) Score
Relé 62]012 R Single 2003-2010 Us 92 82 (89) <2 years 15
Reuveni-
Salzman R Single 2006-2012 Israel 222 222 (100) <14 years 15
2016 [27]
Reviold 2015-2017
2605;20[ 9]s R Single and Us 244 244 (100) <18 years NR
2019-2020
ROHEZ]ZOH R Single 2003-2008 UsS 1810 235 (13) <14 years 15
SCh“[’;g]W% R Single 1992 Us 79 43 (54) <18 years 15
Tallapragada . .
R Multicenter 2009-2014 Australia 358 167 (47) <16 years 13-15
2017 [30]
Tre“%‘f]zow P Single 2004-2006  Spain 150 29 (19) <1 year 15
Vogelbaum R Single 1993-1994 Us 44 44 (100) <15 years 15
1998 [32] & =Y
White 2016 . 3.4 years
331 R Single 2005-2013 Us 619 438 (71) 6D 41) NR
Ya"m]zom R Single 1998-2000  Turkey 123 65 (53) <15 years NR

Abbreviations: R—Retrospective; NR—Non reported, P—Prospecitve.

3.4. Outcomes from the Included Patients

In our sample, among the 7228 patients presenting ISFs confirmed by head CT, only
two children underwent acute neurological surgery, representing virtually 0% of the pa-
tients. In contrast to the few patients who needed acute neurosurgery, a greater number of
the children were hospitalized. In summary, 5351 (74%) of them were hospitalized. The
length of their hospital stay did not exceed a period of time corresponding to 72 h, including
an observation period and an eventual hospital admission. No deaths were reported in
any of the 25 studies, despite the high number of hospitalized children and the two acute
neurological procedures. Furthermore, only 10 studies provided useful data concerning the
number of patients who underwent nonaccidental trauma evaluation. This amount, when
reported, reached a total of 378 (5%) patients. Moreover, proceeding with the same rationale
as Bressan et al. [6], the total number of patients that repeated neuroimaging varies in our
whole study depending on the reported data of a single reference [33]. This reference does
not specify the real number of patients with isolated nondisplaced linear skull fractures that
repeated this imaging process, despite mentioning that 560 patients received a repeated
CT. Thus, the data in this particular study is considered non reported. Hence, a total of
150 patients were identified as having repeated neuroimaging. Table 2 provides a greater
view of the exposed data. Subsequently, a pooled analysis was performed.
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Table 2. Outcomes from the included patients.

No.
No. Isolated No. Acute No.‘ Length of No. Deaths Nonaccidental No. R‘epeat'ed
Study Skull Fracture =~ Neurosurgery Hospitalized : o Neuroimaging
o o Hospital Stay (%) Trauma N
on CT (%) (%) . o (%)
Evaluation * (%)
Arrey 2015 [11] 326 0 271 (83) <72h 0 24 (7) NR
Blackwood
2016 1] 71 0 55 (77) <72h 0 0 3(4)
Brov[vlr; ]2014 3 0 3 (100) <72h 0 NR NR
GreeFle:] 1997 78 0 78 (100) <72h 0 NR* NR
GreeﬁeSS] 1999 63 0 24 (44) <72h 0 NR NR
Hass[?rg]ZOM 128 0 NR <72h 0 NR NR
KanflC; ]2013 127 0 NR <72h 0 NR NR
Kommaraju
2010 (18] 127 0 127 (100) <72h 0 NR 2
Lyons 2016 [19] 300 0 213 (71) <72h 0 99 (31) NR
Ma“f‘zlg]zm 3.915 1(0.03) 3069 (78) <72h 0 186 (6) 47 (1)
Methgzelr] 2014 88 0 50 (57) <72h 0 10 (23) 2(2)
Mizu 2021 [22] 37 0 28 (76) <72h 0 NR 17 (46)
Nakal[l;;]a 2011 4 0 NR <72 h 0 NR NR
Plackett 2015 4 0 NR <72h 0 NR NR
[24]
POWS;]ZOB 350 0 201 (57) <72h 0 NR 62 (18)
Reid 2012 [26] 82 0 2(2) <72h 0 2(2) NR
Reuveni-
Salzman 2016 222 0 222 (100) <72h 0 2(1) 4(2)
[27]
Reyno[lgc}s 2022 244 0 115 <72h 0 NR NR
ROHE;]ZOH 235 0 177 (75) <72h 0 2(1) 13 (6)
I 43 0 38 (89) <72h 0 NR R
Tallapragada 167 1(0.6) 167 (100) <72h 0 NR NR
2017 [30] '
Tren([:;lls]2009 29 0 29 (100) <72h 0 NR 0
Vogelbaum
1998 [32] H ° o 2h ’ 20 -
White 2016 [33] 438 0 438 (100) <72h 0 31(7) NR **
Yavt§z4]2016 65 0 NR <72 h 0 NR NR

Abbreviations: NR—Non reported. * In ten studies, 101 patients with any skull fracture were evaluated child
abuse, being found a total of thirty patients; number not specified for the subgroup of patients with linear
nondisplaced skull fractures. ** In this study, 560 patients of the total 619 (181 with an isolated depressed skull
fracture and 438 with an isolated nondisplaced skull fracture) received a repeated CT, and no children had new
CT findings. The maximum and minimum number of patients with an isolated nondisplaced linear skull fracture
who could have received a repeated CT ranged between 438 and 379.
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3.5. Acute Neurosurgical Intervention

From 7219 patients from 25 studies, two required acute neurosurgical intervention
(0,0%). After common and random analysis, the risk was calculated to be 0% (95% CI: 0-0%;

I2 = 0%). The plot is available in Figure 3.

Weight Weight
Study Acute neurosurgery intervention Total Proportion 95%-Cl (common) (random)
Arrey 2015 0 326+ 0.00 [0.00; 0.01] 1.3% 1.3%
Blackwood 2016 0 71— 0.00 [0.00; 0.05] 0.1% 0.1%
Brown 2014 0 31 0.00 [0.00; 0.71] 0.0% 0.0%
Greenes 1999 0 54— 0.00 [0.00;0.07] 0.0% 0.0%
Hassan 2014 0 128 + 0.00 [0.00; 0.03] 0.2% 0.2%
Katirci 2013 0 127 r— 0.00 [0.00;0.03] 0.2% 0.2%
Lyons 2016 0 300+ 0.00 [0.00; 0.01] 1.1% 1.1%
Mannix 2013 1 3915 0.00 [0.00; 0.00] 90.7%  90.7%
Metzger 2014 0 88— 0.00 [0.00; 0.04] 0.1% 0.1%
Nakahara 2011 0 4t 0.00 [0.00; 0.60] 0.0% 0.0%
Plackett 2015 0 42— 0.00 [0.00; 0.08] 0.0% 0.0%
Powell 2015 0 350+ 0.00 [0.00; 0.01] 1.5% 1.5%
Reid 2012 0 82+ 0.00 [0.00; 0.04] 0.1% 0.1%
Reuveni-Salzman 2016 0 222+ 0.00 [0.00; 0.02] 0.6% 0.6%
Rollins 2011 0 235+ 0.00 [0.00; 0.02] 0.7% 0.7%
Schunk 1996 0 43 :r— 0.00 [0.00; 0.08] 0.0% 0.0%
Trenchs 2009 0 29— 0.00 [0.00; 0.12] 0.0% 0.0%
Vogelbaum 1998 0 44— 0.00 [0.00; 0.08] 0.0% 0.0%
White 2016 0 438+ 0.00 [0.00; 0.01] 2.3% 2.3%
Yavuz 2016 0 65— 0.00 [0.00; 0.06] 0.1% 0.1%
Kommaraju 2019 0 127~ 0.00 [0.00; 0.03] 0.2% 0.2%
Reynolds 2022 0 244+ 0.00 [0.00; 0.02] 0.7% 0.7%
Tallapragada 2017 1 167 0.01 [0.00; 0.03] 0.2% 0.2%
Mizu 2021 0 37 E— 0.00 [0.00; 0.09] 0.0% 0.0%
Greenes 1997 0 78+ 0.00 [0.00; 0.05] 0.1% 0.1%
Common effect model 7219 | 0.00 [0.00; 0.00] 100.0% -_
Random effects model | 0.00 [0.00; 0.00] == 100.0%

Heterogeneity: 1?=0%,1°=0, p=1.00

T T T T T T

0 0.1 020304 0506 07

Figure 3. Patients who required acute neurosurgical intervention after an isolated skull fracture [9,11-34].

3.6. Hospitalization after Injury

A sum of 6853 patients from 20 studies analyzed the incidence of hospitalization to
more complete exams evaluation after the injury. Due to increased heterogeneity, after a
random analysis, the risk of hospitalization was calculated to be 78% (95% CI: 66-89%;
I? = 100%). The most heterogeneous study was Reid et al. [26], in which only two patients
out of eighty-two were hospitalized (2.4%). The statistics are depicted in Figure 4.

Weight Weight
Study Hospitalizations after injury Total Proportion 95%-Cl (common) (random)
Arrey 2015 271 326 - 0.83 [0.79; 0.87] 0.4% 5.1%
Blackwood 2016 55 71 —i— 0.77 [0.66; 0.87] 0.1% 5.0%
Brown 2014 3 3 —_— 1.00 [0.29; 1.00] 0.0% 3.7%
Greenes 1999 24 54 s — : ' 0.44 [0.31; 0.59] 0.0% 4.8%
Kommaraju 2019 127 127 ™ 1.00 [0.97; 1.00] 5.2% 5.2%
Lyons 2016 213 300 — | 0.71 [0.66; 0.76] 0.2% 5.1%
Mannix 2013 3069 3915 » ! 0.78 [0.77;0.80] 3.7% 5.2%
Metzger 2014 50 88 —_— ! 0.57 [0.46; 0.67] 0.1% 4.9%
Mizu 2021 28 37 — 0.76 [0.59; 0.88] 0.0% 4.8%
Powell 2015 201 350 — 1 0.57 [0.52; 0.63] 0.2% 5.1%
Reid 2012 2 82+ : | 0.02 [0.00; 0.09] 0.5% 5.1%
Reuveni-Salzman 2016 222 222 ‘ 1.00 [0.98; 1.00] 15.8% 5.2%
Reynolds 2022 115 244 — : ! 0.47 [0.41;0.54] 0.2% 5.1%
Rollins 2011 177 235 — | 0.75 [0.69; 0.81] 0.2% 5.1%
Schunk 1996 38 43 — 0.88 [0.75; 0.96] 0.1% 5.0%
Tallapragada 2017 167 167 : 7 1.00 [0.98; 1.00] 9.0% 5.2%
Trenchs 2009 29 29 P 1.00 [0.88; 1.00] 0.3% 5.1%
Vogelbaum 1998 44 44 : - 1.00 [0.92; 1.00] 0.7% 5.1%
White 2016 438 438 : 1.00 [0.99; 1.00] 61.3% 5.2%
Greenes 1997 78 78 : - 1.00 [0.95; 1.00] 2.0% 5.2%
. |
Common effect model 6853 [ 0.98 [0.98; 0.98] 100.0% -
Random effects model —_ 0.78 [0.66; 0.89] - 100.0%
Heterogeneity: /> = 100%, ©* = 0.0662, p = 0 I J J T |
02 04 06 08 1

Figure 4. Patients who required hospitalization after an isolated skull fracture [9,11-15,18-22,25-34].
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Kommaraju 2019
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Mizu 2021
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3.7. Repeated Neuroimaging

From nine studies with 5074 patients, neuroimaging was repeated in 150 patients (3%).
Once again, due to high heterogeneity, after a random analysis the results came to a rate
of 7% (95% CI: 0~15%; I? = 92%). Mizu et al. [22] contributed significantly to the present
heterogeneity. The outcome is illustrated in Figure 5.

Weight Weight

Repeated neuroimaging Total Proportion 95%-Cl (common) (random)
3 M= 0.04 [0.01;0.12] 0.5% 11.3%
2i 27 s 0.02 [0.00; 0.06] 2.2% 1.7%

47 3915 : 0.01 [0.01; 0.02] 90.3% 11.8%
2 88 +— 0.02 [0.00; 0.08] 1.1% 11.6%
17 37 —— 0.46 [0.29; 0.63] 0.0% 7.6%
62 350 | —— 0.18 [0.14; 0.22] 0.7% 11.4%
4 222 +: 0.02 [0.00; 0.05] 3.4% 11.7%
13 235 1=+ 0.06 [0.03; 0.09] 1.2% 11.6%
0 29 ~i— 0.00 [0.00;0.12] 0.5% 11.3%
5074 ¢ 0.01 [0.01; 0.02] 100.0% -
—~ 0.07 [0.00; 0.15] - 100.0%

=0.0120, p < 0.01 e
0 01 02 03 04 05 06

Figure 5. Patients who required repeated neuroimaging after an isolated skull fracture [12,18,20—
22,25,27,28,31].

4. Discussion

The management of ISFs in children is a multifaceted process that involves weighing
the necessity of surgical intervention. Traditionally, these fractures have been perceived as
potentially warranting surgery in severe cases to prevent or address complications such as
epidural or subdural hematomas and other intracranial injuries [35]. In contrast, conserva-
tive management entails close observation, neuroimaging, and follow-up, and it is typically
preferred for asymptomatic or mildly symptomatic isolated fractures. This approach aligns
with the principle of minimizing invasive procedures in pediatric patients [36]. The positive
outcomes observed in our meta-analysis, which support the efficacy of conservative man-
agement for ISFs, contribute significantly to the ongoing discourse on the most appropriate
approach to these cases. These findings underscore the importance of a thorough evalu-
ation to determine whether surgical intervention or medical hospitalization is genuinely
necessary. While an isolated skull fracture typically bears a low positive predictive value
for adverse outcomes, an escalation in risk emerges if supplementary information from the
patient’s history, physical examination, laboratory results, additional imaging, or social
work evaluation raises heightened concerns regarding the condition.

In our analysis, we highlight an exceptionally low incidence of acute neurosurgical
intervention. Out of the 7219 patients analyzed, only two cases (0.0%) required such
intervention, seen in Mannix et al. [20], and Tallapragada et al. [30] studies. This finding
underscores the rarity of severe complications that necessitate surgical treatment in children
with ISFs [37]. It suggests that a conservative approach, involving observation and non-
operative management, is generally effective in managing these cases.

Because of these necessities, our study reports a notably high hospitalization rate
among pediatric patients with ISFs. Approximately 78% of these patients were admitted to
the hospital to receive a more complete evaluation of exams. The rationale behind this high
hospitalization rate likely includes the need for close monitoring, repeated neurological
assessments, and evaluation for potential complications, even though the incidence of
surgical intervention is extremely low. While this cautious approach ensures the safety and
thorough evaluation of these young patients, it also raises questions about the utilization
of healthcare resources, the potential for over hospitalization in cases where conservative
management may be more appropriate, when analyzing the amount spend annually for
these scenarios [38], and the risk of iatrogenic damage caused by hospitalization itself [39].

Additionally, these discussions, advanced neuroimaging techniques play a pivotal
role in assessing the extent and severity of injury, aiding in more informed decision-

142



Children 2023, 10,1913

making, such as the PECARN Rule [40], developed to identify children at minimum risk of
clinically significant TBI by diagnosing the extend and severity of the lesion. The ability
to accurately diagnose and monitor these fractures using neuroimaging is an essential
advancement [41]. The potential of emerging imaging technologies holds promise for
future research and improving diagnostic accuracy [42]. Our study delves into the practice
of repeating neuroimaging in pediatric patients with ISFs fractures, showing a routine
repeat neuroimaging that does not consistently follow a homogeneous proportion across
studies. The data suggests a repeat rate of 3%, which increases to 7% when accounting for
high heterogeneity. This variation in practice reflects the lack of consensus on the necessity
of repeat imaging, with some suggestions in the medical literature [43,44].

In summary, our analysis of the medical literature on pediatric skull fractures reveals a
complex clinical landscape. Clinicians frequently recommend hospitalization for these cases
at a notably high rate (78%), even though the ultimate need for neurosurgical intervention
is relatively low. Moreover, there is substantial heterogeneity in the decision to repeat
neuroimaging in our study. This variability may stem from unclear and non-uniform
guidelines for managing such scenarios. We recognize the critical importance of decision-
making in these situations and the absence of clear directives [45].

In light of these findings, data suggest a cautious approach among clinicians when
contemplating surgical interventions and hospitalization. Emphasizing the significance of
comprehensive clinical assessments and imaging becomes paramount in determining the
appropriate course of action for each patient, and advocating to a conservative management
unless there are clear clinical or neurological warning signs, and the skull imaging indicates
no significant abnormalities.

5. Limitations

While our discussion has provided valuable insights into the management and out-
comes of ISFs in pediatric patients, it is crucial to acknowledge several limitations that
temper the interpretation of these findings.

The inherent heterogeneity in the data sources used for our meta-analysis is a notable
concern. The included studies may have varied widely in terms of patient demographics,
geographical locations, healthcare settings, and diagnostic criteria. This diversity can
introduce variability in the results and may restrict the generalizability of our findings to a
broader population of pediatric patients with ISFs.

Also, the potential for publication bias in meta-analyses cannot be overlooked. Studies
with positive or statistically significant results are often more likely to be published than
those with negative or non-significant findings. This bias could impact the overall outcomes
of our analysis, potentially not fully representing the entirety of relevant research on
this topic.

Another point of limitation is the quality of the included studies. Variability in study
design, data collection methods, and reporting quality among the included studies could
introduce biases or errors in our analysis. It is essential to recognize that the strength of our
meta-analysis hinges on the quality of the underlying data.

Moreover, clinical heterogeneity among patients with ISFs is a complex issue that
is difficult to fully account for in our analysis. Clinical factors such as the presence of
associated injuries, neurological deficits, or other individual circumstances such as the
pediatric population including more or less neonates may significantly influence the deci-
sion to pursue surgical intervention. These nuances may not be fully captured by the data
we analyzed.

Furthermore, the temporal aspect must be considered. Our meta-analysis is based on
data available up to a certain point in time. Clinical practices and guidelines can evolve
over time, and new diagnostic technologies or approaches may have emerged since our
data cutoff date, potentially impacting the management and outcomes of ISFs in children.

Ethical and cultural factors are also significant considerations. Our discussion does not
delve into how these factors may influence clinical decision-making. Variations in health-
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care practices and cultural norms can substantially impact whether surgical intervention is
considered or favored in specific regions or healthcare settings.

Finally, the high rate of hospitalization that we observed in our analysis may not be
universally applicable. Resource availability, healthcare infrastructure, and local practices
can vary significantly across different regions and healthcare systems. The decision to
hospitalize a child with an ISFs may be influenced by these contextual factors.

6. Conclusions

Our study delved into pediatric traumatic brain injuries, spotlighting ISFs. Out of
7228 children with such fractures confirmed via CT scans, an almost negligible number
required immediate neurosurgical interventions, yet a significant 74% were hospitalized
for up to 72 h. Notably, despite this high hospitalization rate, the mortality was zero, and
repeat neuroimaging was uncommon.

This research is crucial in shedding light on the outcomes and implications of pediatric
concerning ISFs. The apparent disparity between high hospitalization rates and the lack
of severe outcomes necessitates further exploration—are these hospitalizations truly nec-
essary? Future studies should prioritize understanding this dichotomy, employ rigorous
randomized controlled trials, and assess the long-term impacts of these injuries, ultimately
aiming to optimize treatment guidelines and observational protocols.
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Abstract: Pediatric facial fractures have different clinical patterns and require different therapeutic
approaches in comparison with those of facial fractures that occur among adults. The aim of this
study was to describe the main clinical characteristics of pediatric facial fractures (such as fracture
location, fracture pattern, treatment, complications and evolution) in a group of pediatric patients
from NW Romania. This research was a retrospective study that was conducted for 10 years in
a tertiary hospital for oral and maxillofacial surgery from NW Romania. A total of 142 pediatric
patients were included in this study, with ages between 0 and 18 years. Mandibular (66.2%), midface
(25.4%) and combined fractures (8.5%) were identified, and patients from the 13-18 years age group
were more frequently affected by facial fractures (78.9%). Most of the diagnosed fractures among
all three types of fractures were total fractures, and most mandibular (92.6%) and midface (80.6%)
fractures were without displacement. Hematomas, lacerations and abrasions were identified as
associated lesions. Patients with associated lesions were more frequently associated with combined
fractures or midface fractures than mandibular fractures. The instituted treatment was, in general,
orthopedic, for all three types of fractures (mandibular—86.2%; midface—91.7%; combined—66.7%).
Most fractures, mandibular (96.8%), midface (100%) and combined (91.7%) fractures, had a favorable
check for evolution. Most fractures did not present any complications at the follow-up. Pediatric facial fractures

updates have unique patterns and must be treated with caution, considering the particularities of pediatric
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1. Introduction

Academic Editors: Christiaan J. Facial fractures are frequently encountered in emergency departments [1], and they

A. van Bergen and Cinzia Maspero are traumas that can cause disabilities [2]. For the proper treatment of facial fractures,
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Revised: 19 April 2023 facial surgeons [2]. Although they are less common among children, and more frequent
Accepted: 27 April 2023 among adults [3], pediatric facial fractures may have a negative impact on children’s de-
Published: 28 April 2023 velopment [4], are frequently associated with severe injuries and can cause morbidity and

disability [5]. In order to reduce the negative effects and to achieve an optimal therapeutic
result, it is necessary that the initial evaluation is thorough, the established diagnosis is
= correct and the treatment is instituted immediately [4].

Pediatric facial fractures have a relatively low incidence, ranging from 4.6% [6] to
14.7% [7] among patients under the age of 18, and have a complex etiology, which varies
depending on the age of the child, but accidents occurring during the playing of different
sports [8], traffic accidents [9] and fall injuries [10] are among the etiological factors that
are most frequently incriminated. Despite the relatively low incidence, pediatric facial
fractures have a significant morbidity [6] because due to the anatomical particularities
of the pediatric patient [11], the force required to produce a pediatric facial fracture is
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much higher than the one required to produce a similar fracture in adult patients [7].
Pediatric facial fractures must be treated differently to those that occur among adult
patients, both due to the different anatomy of the child, but also due to the impact on
future growth and development [12]. In early childhood, the midface is protected by
the mandible and the forehead, which can be more prominent. This characteristic makes
midface fractures rarer until the age of six [5], but as the child grows, the midface becomes
more prominent, and the incidence of midface fractures also increases [12]. Pediatric
facial fractures generally occur without displacement due to them having flexible sutures
and a more flexible facial skeleton. The strength of the mandible and maxilla is also
increased by unerupted permanent teeth [13]. Pneumatization and the development of the
paranasal sinuses ensure additional resistance to fractures among children. The ethmoid
and maxillary sinuses begin to develop in utero, and at birth, the maxillary sinuses appear
as small sacs in the mesenchyme of the lateral nasal wall [14]. The ethmoid sinuses almost
reach their final size at the age of 12 years, and the maxillary sinuses mature at 9 years
of age [15]. The sphenoid bone begins to pneumatize at the third year of life, and the
development of the nose and paranasal sinuses continues until they reach their final size,
around the age of 18 [14].

These anatomical particularities also influence diagnosis because pediatric facial
fractures have distinct imaging characteristics [16]. Two-dimensional radiography offers
limited information that can be used for the diagnosis of pediatric facial fractures, especially
for midface and condylar fractures, but panoramic radiography is useful for the initial
imaging evaluation when a fracture in the body of the mandible is suspected [16]. The
best imaging modality for the diagnosis of facial fractures is computed tomography (CT),
which allows the precise visualization of anatomical details necessary for the treatment
of fractures [16], and in children, the specificity and sensitivity of head and face CT for
detecting facial fractures is high: up to 100% [17]. However, small children are often
uncooperative, and the imaging examination can only be performed under sedation [18].
In addition, CT requires a higher dose of radiation [16]. Due to these disadvantages, the
diagnosis of pediatric facial fractures is often based solely on clinical examination [19].

The treatment of pediatric facial fractures varies based on the confirmed diagnosis and
must account for children’s and adolescents” active growth [20]. Generally, some principles
of the reduction and stabilization of oral and maxillofacial fractures that apply to adults
can also be applied to pediatric patients [20], but the different anatomical characteristics
of children, as well as their active growth, must be considered when opting for a certain
therapeutic approach [21]. In children, a conservative treatment is generally preferred,
but when the fractures are severe, rigid fixation can be used for short periods of time in
order not to compromise the developing dentition or skeletal growth [20]. The clinical
characteristics of pediatric facial fractures differ among the various populations studied [22],
and knowledge of these characteristics is essential in order to ensure a good prevention and
an optimal therapeutic management. The authors were unable to find a publication that
described the clinical features of pediatric facial fractures in the area that was researched
up until the time this research was conducted.

The aim of this study was to describe the main clinical patterns of pediatric facial
fractures (such as fracture location, fracture pattern, treatment, complications, evolution)
among a sample of children and adolescents from NW Romania.

2. Materials and Methods
2.1. Ethical Considerations

The study was authorized by the University of Oradea’s Ethics Committee (IRB
No. 3402/15.04.2018) and was carried out in accordance with the guidelines outlined in
the 2008 Declaration of Helsinki and its following amendments. The legal guardians of the
minors who participated in the study signed consent forms allowing the anonymous use of
their medical information. Patients aged 18 had the possibility to complete a consent form,
allowing the anonymous use of their medical data.
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2.2. Participants and Data Collection

In order to complete this retrospective study, the medical records of patients admitted
to a tertiary hospital for oral and maxillofacial surgery in the north-west region of Romania
were analyzed. The analyzed medical files belonged to patients who were admitted between
1 January 2002 and 31 December 2011 (a period of 10 years). All medical records were
verified impartially by two authors to prevent a bias occurring (R.I.J. and A.E.M.), and all
the collected data were centralized using Microsoft Excel software. It must be emphasized
that not all the patients admitted in this hospital needed surgery, but the specific focus of
the hospital is oral and maxillofacial surgeries.

Data were extracted from the medical records of patients hospitalized during the men-
tioned period, and the following variables were analyzed: type of facial fracture (maxillary,
mandibular and combined); fracture amplitude (total and fissure); fracture displacement
(with displacement and without displacement); associated lesions (hematoma, laceration
and abrasion); type of treatment instituted (orthopedic, cerclage, osteosynthesis plates and
combined); treatment evolution (favorable and unfavorable); complications after treatment
(absent, osteitis and vicious consolidation). The ages of the patients (0-6 years, 7-12 years
and 13-18 years) and their living environments (urban and rural) were also considered.

The following criteria were required for patients to be included in the study: patients
aged 18 years or less; patients who had at least one facial fracture line at the time of
admission; patients who had undergone imaging that confirmed the presence and trajectory
of the fracture line; patients who benefited from fracture treatment in the host institution;
patients who were followed-up for at least 8 weeks after intervention and treatment.

The following exclusion criteria were considered: patients aged 19 years or more;
patients who did not have facial fractures; patients who did not undergo imaging to
confirm the fracture line and its trajectory; patients who were initially treated in another
hospital; patients who were followed-up for less than 8 weeks after treatment; patients who
did not have complete information in the medical records. Patients for whom the consent
for the anonymous use of medical data was not signed were also excluded.

2.3. Statistical Analysis

Microsoft Office Excel/Word 2013 (Microsoft, Redmond, WA, USA) and IBM SPSS
Statistics 25 (IBM, Chicago, IL, USA) were used for the statistical analysis. Quantitative
variables were reported as means with standard deviations or medians with interpercentile
ranges, and Mann-Whitney U/Kruskal-Wallis H tests were used to compare the groups.
Fisher’s Exact Tests were used to compare qualitative variables that were stated in absolute
forms or as percentages. Data from the contingency tables were detailed using Z-tests with
a Bonferroni correction.

3. Results

During the investigated period of time, 12,645 patients were admitted in the host
institution, but after applying the inclusion and exclusion criteria, 142 patients remained in
the study (Figure 1).

The final sample consisted, therefore, of 142 patients, divided into three age categories,
as follows: 0-6 years (n = 8), 7-12 years (n = 22) and 13-18 years (n = 112) (Figure 2).
Fifty-five patients were from a rural environment, and eighty-seven were from an urban
environment (Figure 3). Ninety-four patients had a mandibular fracture, thirty-six had a
midface fracture and twelve had a combined fracture (Figure 4).
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Patients admitted in the host institution
n=12,645

Patients with facial trauma

n=1569
Excluded patients
No fracture line - n=251
> No known etiology - n=15
Incomplete data - n=296
Older than 18 years - n=865
. 2

Final number of patients
n=142

Figure 1. Study flowchart.
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Figure 2. Distribution according to age.
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Figure 3. Distribution according to living environment.
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Figure 4. Distribution according to type of fracture.

The mean age of the patients was 14.93 = 3.75 years, with a median of 17 years.

Data in Table 1 show the distribution of patients according to the type of fracture and
age/living environment. In the studied sample, mandibular fractures predominated in
the 13-18 age group (84%), the proportion of which is similar to those of midface (69.4%)
and combined (66.7%) fractures. However, in the 7-12 years age group, nine midface
fractures (25% of all fractures) and four combined fractures (33.3% of the total number of
combined fractures) were recorded. Among the patients from a rural environment, midface
fractures were most frequently identified (52.8%), while among the patients from an urban
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environment, mandibular fractures accounted for more than half of the total number of
patients living in an urban environment (62.8%). Patients living in the urban environment
were more frequently associated with combined fractures than midface fractures (91.7%
vs. 47.2%), while patients living in the rural environment were more frequently associated
with midface fractures than combined fractures (52.8% vs. 8.3%).

Table 1. Type of fracture and age/age group/living environment.

Fracture (n, %) Mandibular Midface Combined
Age p*
Mean + SD 15.32 + 3.63 14.02 + 4.01 14.58 + 3.75
Median (IQR) 17 (14-18) 16 (10.25-17) 16 (10.25)-18 0.139
Age Group p**
0-6 years 6 (6.4%) 2 (5.6%) 0 (0%)
7-12 years 9 (9.6%) 9 (25%) 4 (33.3%) 0.067
13-18 years 79 (84%) 25 (69.4%) 8 (66.7%)
Living environment p**
Rural 35 (37.2%) 19 (52.8%) 1 (8.3%) 0.017
Urban 59 (62.8%) 17 (47.2%) 11 (91.7%) :

n—number; %—percentage; * Kruskal-Wallis H Test; ** Fisher’s Exact Test.

Data in Table 2 show the locations of mandibular fractures. Fractures of the mandibular
angle (50%) were most frequently diagnosed, followed by lateral fractures (34%), subcondy-
lar fractures (33%) and paramedian fractures (28.70%). Only a small number of patients
had fractures of the vertical ramus, median fractures or coronoid fractures.

Table 2. Location of the mandibular fractures.

Fracture Location No. Percentage *
Mandibular angle 47 50%
Lateral 32 34%
Subcondylar 31 33%
Paramedian 27 28.70%
Vertical ramus 3 3.20%
Median 2 2.10%
Coronoid 2 2.10%

* out of the total number of mandibular fractures.

Data in Table 3 show the locations of the midface fractures. Disjunctions of the malar
bone were the most frequent ones (47.2%), followed by alveolar fractures (30.6%) and nasal
fractures (22.2%). Le Fort I, IT and III fractures were identified in six patients, while orbital
floor fractures were diagnosed in five patients.

Table 3. Location of the midface fractures.

Fracture Location No. Percentage *
Disjunction of the malar bone 17 47.2%
Alveolar 11 30.6%
Nasal 8 22.2%
Orbital floor 5 13.9%
Le Fort 1 2 5.6%
Le Fort I 2 5.6%
Le Fort IIT 2 5.6%
Malar dysfunction 17 47.2%

* out of the total number of mandibular fractures.

Most of the patients had total mandibular fractures (n = 93, 98.9%), midface fractures
(n =30, 83.3%) and combined fractures (n = 11, 91.7%). Patients with fissures were more
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frequently associated with midface fractures than they were with mandibular fractures
(16.7% vs. 1.1%), while patients with total fractures were more frequently associated with
mandibular fractures than they were with midface fractures (98.9% vs. 83.3%). Most
mandibular fractures (n = 87, 92.6%) and midface fractures (n = 29, 80.6%) were without
displacement, but for combined fractures, the distribution between displaced and non-
displaced fractures was equal. Patients with displaced fractures were more frequently asso-
ciated with combined fractures than they were with mandibular fractures (50% vs. 7.4%)
(Table 4).

Table 4. Type of fracture and amplitude/displacement.

Fracture (1, %) Mandibular Midface Combined p*
Amplitude
Fissure 1(1.1%) 6 (16.7%) 1(8.3%) 0,002
Total 93 (98.9%) 30 (83.3%) 11 (91.7%) ‘
Displacement
No 87 (92.6%) 29 (80.6%) 6 (50%) 0,001
Yes 7 (7.4%) 7 (19.4%) 6 (50%) '

n—number; %—percentage; * Fisher’s Exact Test.

Data in Table 5 show the distribution of patients according to the type of fracture and
the presence of associated lesions. Most patients diagnosed with a mandibular fracture
(76.6%) did not present any hematoma, but they presented lacerations (83%) or abrasions
(77.7%). A total of 80.6% of the patients diagnosed with midface fractures had an as-
sociated hematoma, and 91.7% of the patients diagnosed with combined fractures had
an associated hematoma. The observed associations were statistically significant, and Z
tests with Bonferroni correction detailed the following: patients with hematomas were
more frequently associated with combined fractures or midface fractures than they were
with mandibular fractures (91.7%/80.6% vs. 23.4%); patients with lacerations were more
frequently associated with combined fractures or midface fractures than they were with
mandibular fractures (58.3%/47.2% vs. 17%); patients with abrasions were more frequently
associated with combined fractures or midface fractures than they were with mandibular
fractures (83.3%/44.4% vs. 22.3%).

Table 5. Type of fracture and associated lesions.

Fracture (1, %) Mandibular Midface Combined p*

Hematoma

No 72 (76.6%) 7 (19.4%) 1(8.3%)

Yes 22 (23.4%) 29 (80.6%) 11 (91.7%) <0.001
Laceration

No 78 (83%) 19 (52.8%) 5 (41.7%)

Yes 16 (17%) 17 (47.2%) 7 (58.3%) <0.001
Abrasion

No 73 (77.7%) 20 (55.6%) 2 (16.7%)

Yes 21 (22.3%) 16 (44.4%) 10 (83.3%) <0.001

n—number; %—percentage; * Fisher’s Exact Test.

The instituted treatment was, in general, orthopedic, for all three types of fractures
(mandibular—86.2%; midface—91.7%; combined—66.7%). Most patients had favorable
evolutions of mandibular (n = 91, 96.8%), midface (n = 36, 100%) and combined (n = 11,
91.7%) fractures. Most fractures did not present any complications at the follow-up. Ac-
cording to the Fisher’s Exact Test, the associations between treatment choice, evolution and
complications were not statistically significant (Table 6).

153



Children 2023, 10, 800

Table 6. Type of fracture and treatment/evolution/complications.

Fracture (n, %) Mandibular Midface Combined p*
Treatment
Orthopedic 81 (86.2%) 33 (91.7%) 8 (66.7%) 0.085
Osteosynthesis plates 1(1.1%) 1(2.8%) 0 (0%) :
Cerclage 5 (5.3%) 0 (0%) 0 (0%)
Combined 7 (7.4%) 2 (5.6%) 4 (33.3%)
Evolution
Favorable 91 (96.8%) 36 (100%) 11 (91.7%) 0.229
Unfavorable 3 (3.2%) 0 (0%) 1 (8.3%) )
Complications
No complications 91 (96.8%) 36 (100%) 11 (91.7%)
Osteitis 3 (3.2%) 0 (0%) 0 (0%) 0.124
Vicious consolidation 0 (0%) 0 (0%) 1 (8.3%)

n—number; %—percentage; * Fisher’s Exact Test.

4. Discussion

The clinical patterns of pediatric facial fractures are diverse, are influenced by a multi-
tude of factors, can have different degress of severity and various locations and can cause
complications [23,24]. It was initially assumed that age, gender and living environment
could have an impact on the clinical patterns of pediatric facial fractures among the an-
alyzed sample of children and adolescents, and these variables were investigated. The
different locations of mandibular and midface fractures, as well as the amplitude and the
displacement of fracture fragments, were considered to be important for drawing valid
conclusions regarding the clinical characteristic of pediatric facial fractures. Knowing about
the various treatment approaches, the short-term evolution and the possible complications
helped to outline a clear picture regarding the morbidity of these fractures.

Age has a great influence on the clinical characteristics of pediatric facial fractures [23].
The patients included in this study were distributed in three different age groups, 0-6 years,
7-12 years and 13-18 years, respectively. This type of age distribution was preferred because
it includes three important stages of development (preschool, school and adolescence) [23].
At the same time, the distribution of the three age groups respects the chronology of primary,
mixed and permanent dentition. Primary teeth begin to erupt immediately after birth [25],
with the stage of deciduous dentition ending at the age of six, when permanent teeth
begin to erupt [26]. With the onset of the eruption of permanent teeth, the stage of mixed
dentition begins, which ends when all permanent teeth have been exfoliated and the second
permanent molars erupt, which usually occurs at the age of 12 [26]. After all primary teeth
have been exfoliated, the growth of permanent dentition begins [26]. In the current study,
the most frequently affected patients were included in the 13-18 years age group, which is
a situation that was similar to studies from other populations [27,28]. Ferreira et al. (2016)
reviewed a total of 2071 pediatric facial fractures among a sample of 1416 patients. They
divided the patients into six different age group, as follows: 0-3 years, 46 years, 7-9 years,
10-12 years, 13-15 years and 16-18 years. Eight hundred and seventy-nine patients (62%)
belonged to the last two age groups (13-15 years and 16-18 years) [27]. Hoppe et al. (2014)
investigated a sample of 285 patients with pediatric facial fractures. They distributed the
patients into four different age groups, as follows: 0-2 years, 3-8 years, 9-14 years and
15-18 years. Most fractures were identified in the last age group (15-18 years).

The patients were also distributed according to the living environment, urban or rural
ones, because it has been demonstrated that the living environment and environmental
circumstances influence different aspects of pediatric trauma [29]. Fractures have a higher
incidence among patients living in urban environments, which is probably due to the
higher population density and a greater exposure to different sports [30], but also due to
the high degree of community violence in the urban environment [31]. In this study, a
predilection for fractures occurring among patients living in the urban environment was
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observed, as well, with more than half of the patients included in this study sample living
in an urban environment.

Regarding the location, fractures can involve the mandible, the midface or they can
be combined. The literature usually identifies pediatric mandibular fractures as the most
common pediatric facial fractures [32,33]. The mandible is a U-shaped bone that has
13 muscle attachments for muscles that perform numerous functions. The innervation
of the mandible is provided by the lower alveolar nerve and its branches [34]. Iida and
Matsuya (2002) identified, among a sample of 174 pediatric patients from Osaka, that
56% of facial fractures involved the mandible. The most frequent locations of mandibular
fractures were condylar fractures, followed by fractures in the canine region and mandibular
angle fractures. Eleven percent of patients were diagnosed with midface fractures [32].
Mukhopadhyay S. (2018) identified 131 mandibular fractures among a sample of 89 children.
The most frequent locations were the condylar region, the angle of the mandible, the
parasymphysis, the body of the mandible and the symphysis [33]. In this study, mandibular
fractures were the most frequent ones, as well, but the preferred locations were slightly
different compared to those in the previously cited studies. Thus, in this study, most
mandibular fractures occurred at the level of the mandibular angle, followed by lateral
mandibular fractures, and only then by subcondylar fractures. The predominance of
mandibular fractures is most likely due to the prominent position of the mandible in the
facial skeleton [35]. Pediatric mandibular fractures are, in general, without displacement or
with minimal displacement due to the high elasticity of the cortical bone [36]. This is in
agreement with this study, where most mandibular fractures were not displaced.

Hematomas are among the associated lesions that are most frequently identified after
facial fractures. They are produced by the extravasation of blood from the marrow into
tissue spaces [37]. In the present study, hematomas were most frequently associated with
midface and combined fractures. Chapman et al. (2009) reported orbital hematomas as
frequent complications in fractures involving the orbital roof [38], and Ferreira et al. (2015)
identified an association between midface and combined fractures and associated lesions
such as hematomas or abrasions [39]. The results are similar to this study, where associated
injuries such as hematomas, lacerations and abrasions were identified especially in midface
and combined fractures.

The treatment of pediatric facial fractures offers various possibilities, and researchers
must take into account the age of the child. Among younger children, non-surgical treat-
ments are preferred due to their higher healing and remodeling capacity, but also in order
to avoid the impairment of future craniofacial growth [7,40]. Along with the increase in
age and severity of the fracture, the need for surgical interventions in the management of
pediatric facial fractures also increases [41]. Among pediatric patients, open reduction and
internal fixation increase the risk of intramaxillary teeth injuries, developmental disorders
and the need for future surgical reinterventions [5], but the development of bio-resorbable
plates has been proven to be effective in reducing the risks of the surgical management of
pediatric facial fractures [42]. In this study, most of the mandibular, midface and combined
fractures were treated conservatively and orthopedically, with favorable evolution. The
high osteogenic potential of pediatric patients is one of the factors responsible for the
favorable evolution of these fractures [43].

In a previously published paper, the authors aimed to identify the main etiology
among this sample of patients and offered information regarding the epidemiology (age,
gender, living environment, fracture line and associated soft tissue lesions) [44]. However,
due to the large amount of information, it was considered that addressing all issues related
to pediatric facial fractures in a single manuscript would make the reading experience hard
and redundant. Clinical patterns, treatment, evolution and complications were, therefore,
not presented in the first article. Although the sample remains the same, this paper pre-
sented a large amount of information regarding the aforementioned issues, which helps
in understanding the different fracture patterns, their treatment approach and evolution.
Etiology was not discussed since it was presented in the previous paper. It is the authors’
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opinion that the present study provides valuable information regarding the clinical patterns
of pediatric facial fractures in the investigated region. This information can be used for
establishing predictable therapeutic protocols, but also for rapidly and correctly diagnos-
ing pediatric facial fractures. The implementation of pediatric facial fracture prevention
programs can also take into account the information presented in this study.

However, the study also has some limitations. The retrospective nature of this research
may determine that the data recorded at the time of admission, as well as the data recorded
at the follow-up, may be incorrect or incomplete. The unicentric approach used limits the
number of cases to a single oral and maxillofacial surgery center, which makes it possible
for cases registered and treated in other institutions to present differences among the
investigated characteristics. Another limitation is the absence of a long-term follow-up,
since in this study, only post-fracture healing was evaluated. The small number of children
diagnosed with pediatric facial fractures can also be considered as a limitation.

5. Conclusions

Most pediatric facial fractures were recorded in the 13-18 years age group. Mandibular
and combined fractures predominated among patients living in an urban environment,
and midface fractures predominated among patients living in a rural environment. Most
fractures were total fractures, but without the displacement of fractured fragments. Most
patients with associated lesions such as hematomas, lacerations and abrasions were more
frequently associated with midface or combined fractures than they were with mandibular
fractures. For the majority of patients, the instituted treatment had a favorable evolution,
without complications at the follow-up.
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