Name of Journal: World Journal of Orthopedics
Manuscript NO: 68673
Manuscript Type: MINIREVIEWS

Diagnosis, treatment and complications of radial head and neck fractures in the pediatric patient

Macken AA et al. Proximal radius fractures in children

Arno A Macken, Denise Eygendaal, Christiaan JA van Bergen

Arno A Macken, Christiaan JA van Bergen, Department of Orthopedic Surgery, Amphia Hospital, Breda 4818 CK, Noord-Brabant, Netherlands

Arno A Macken, Denise Eygendaal, Department of Orthopedic Surgery and Sports medicine, Erasmus Medical Centre, Rotterdam 3015 GD, South-Holland, Netherlands

Author contributions: van Bergen CJ coordinated the paper; Macken AA performed the literature search, wrote the initial manuscript, and prepared the tables and figures; All authors contributed to the conception and outline of the paper, and provided substantial contribution to writing, reviewing, editing, and approved the final manuscript. 

Corresponding author: Christiaan JA van Bergen, MD, PhD, Surgeon, Department of Orthopedic Surgery, Amphia Hospital, Molengracht 21, Breda 4818 CK, Noord-Brabant, Netherlands. cvanbergen@amphia.nl

Received: May 30, 2021
Revised: August 11, 2021
Accepted: February 12, 2022
Published online: March 18, 2022


Abstract
Radial head and neck fractures represent up to 14% of all pediatric elbow fractures and can be a difficult challenge in the pediatric patient. In up to 39% of proximal radius fractures, there is a concomitant fracture, which can easily be overlooked on the initial standard radiographs. The treatment options for proximal radius fractures in children range from non-surgical treatment, such as immobilization alone and closed reduction followed by immobilization, to more invasive options, including closed reduction with percutaneous pinning and open reduction with internal fixation. The choice of treatment depends on the degree of angulation and displacement of the fracture and the age of the patient; an angulation of less than 30 degrees and translation of less than 50% is generally accepted, whereas a higher degree of displacement is considered an indication for surgical intervention. Fractures with limited displacement and non-surgical treatment generally result in superior outcomes in terms of patient-reported outcome measures, range of motion and complications compared to severely displaced fractures requiring surgical intervention. With proper management, good to excellent results are achieved in most cases, and long-term sequelae are rare. However, severe complications do occur, including radio-ulnar synostosis, osteonecrosis, rotational impairment, and premature physeal closure with a malformation of the radial head as a result, especially after more invasive procedures. Adequate follow-up is therefore warranted.
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Core Tip: This article presents the latest evidence-based insights in pediatric proximal radius fractures. A stepwise progression of treatment is warranted, starting with closed reduction and immobilization, and progressing to more invasive measures in case of unsuccessful reduction. Open reduction with internal fixation is left as the last option due to the high risk of complications and inferior functional results.


INTRODUCTION
Radial head or neck fractures can be a difficult challenge in the pediatric patient. Limited data are published on the subject, and there is controversy surrounding the optimal treatment and expected results[1,2]. This article aims to provide an overview of the currently available literature on the diagnosis, classification, treatment, outcomes and complications of proximal radius fractures in the pediatric patient. 

Development and anatomy of the radial head and neck
Ossification of the radial head occurs between the ages of 3 years and 5 years, and the radial head fuses with the radial shaft between the ages of 14 years and 17 years[2,3]. The epiphysis of the radial head is covered by the annular ligament, which lies in continuity with the joint capsule. The capsule extends to the proximal metaphysis. Therefore, part of the radial neck is localized outside of the joint capsule. The blood supply to the radial head enters through the metaphysis to retrogradely perfuse the radial head. The posterior interosseous nerve, which provides innervation to the digital extensor muscles, runs directly over the radial neck. The anatomic angle of the radial neck relative to the radial shaft is up to 15 degrees valgus and 10 degrees apex posterior[2]. Knowledge of this anatomy is essential when evaluating a fracture and indicating the appropriate treatment.

Epidemiology of proximal radius fractures
Elbow fractures represent 10% of all fractures occurring in the pediatric population[4]. Unlike in adults, proximal radius fractures are relatively rare, representing up to 14% of all pediatric elbow fractures[4,5]. Radial head and neck fractures occur most frequently in children aged 7 years to 12 years[3,6]. The majority of proximal radius fractures are radial neck fractures (89%), and these fractures occur more frequently in younger patients compared to radial head fractures[7]. A concomitant fracture occurs in up to 39% of radial head or neck fractures, and can easily be missed on the initial interpretation of the radiographs[5,7]. 

Trauma mechanism
The most common trauma mechanism for radial head and neck fractures is valgus loading with the elbow in extension, such as a fall on an outstretched hand. The force through the lateral capitellum compresses the radial head, causing it to break at the weakest point, which is often the radial neck at the metaphysis. A second injury mechanism is a radial head dislocation, which is most commonly seen in relation to radial head fractures[4].

CLINICAL PRESENTATION
Children with a proximal radius fracture present with symptoms of pain and limited range of motion after a fall or other type of trauma. Patients generally refuse to move the affected elbow. In some cases, pain may be referred to the wrist. Physical examination shows swelling, and pain exacerbated by motion, particularly with attempted pronation and supination. There is tenderness on palpation of the proximal radius[2,8,9]. Neurovascular examination should be performed, with specific consideration to the posterior interosseous nerve[10,11]. Attention should also be paid to soft-tissue swelling to assess the rare risk of forearm compartment syndrome[12].

Concomitant injuries
A concomitant fracture is seen in up to 39% of cases[5,7]. A retrospective study of 494 proximal radius fractures showed that 25% of the concomitant fractures were missed on the initial analysis of radiographs. In retrospect, 56% were visible, and 44% radiographically occult[7]. A high index of suspicion of additional fractures is therefore required. 
The most common concomitant injury is a fracture of the olecranon. Less common are ulnar metadiaphyseal fractures, ulnar fractures as part of a Monteggia fracture-dislocation and medial epicondyle fractures. Risk factors for concomitant fractures include joint effusion, young children, and complete or displaced proximal radius fractures[5,7]. In addition to concomitant fractures, other injury patterns can accompany a proximal radius fracture, such as elbow dislocation or acute longitudinal radioulnar disruption (ALRUD or Essex-Lopresti injury). In general, fractures in the pediatric patient can be easily missed due to the unique characteristics of the pediatric bone and varying clinical presentation, with patients not always being able to clearly communicate their symptoms[13]. Therefore, when assessing a child with a suspected fracture of the proximal radius, thorough examination of the wrist, shoulder and contralateral arm should be performed to exclude associated injuries.

IMAGING
Conventional radiographs are used for the diagnosis and grading of radial head and neck fractures in the pediatric patient. Anteroposterior and lateral views are made. In case of a high clinical suspicion of a fracture, such as a positive fat pad sign, but no fracture on standard radiographical views, an additional radial head-capitellum (Greenspan) view can be made to allow for easier visualization of the radial head[14]. Some studies have shown the effectiveness of the Greenspan view in identifying fractures which were occult on regular views, providing additional information in up to 21% of patients[14,15]. However, other studies dispute the added value of this view reporting only one additionally identified fracture in 32 and 125 patients[16,17].
A bilateral radiograph of the wrist can be made to exclude additional injuries such as an ALRUD injury. Nondisplaced radial neck fractures can be difficult to detect and are often occult on the initial radiograph. Fat pad signs may aid in diagnosing a nondisplaced fracture in combination with high clinical suspicion (Figure 1)[18]. However, since a part of the radial neck lies outside the joint capsule, joint effusion and fat pad signs may be absent in radial neck fractures. In these cases, a nondisplaced radial neck fracture is easily missed[7]. 
Imaging modalities other than plain radiographs play a less prominent role in the assessment of proximal radius fractures in children. Magnetic resonance imaging may be used to visualize the pre-ossified elbow in young children but is not routinely indicated. In addition, magnetic resonance imaging may be useful in assessment of ligamentous integrity in case of elbow instability, dislocation, or secondary instability after successful treatment of the fracture[2,19]. Computed tomography may be used in planning operative fixation, specifically in cases of comminuted radial head fractures in older children and adolescents[2]. However, in the majority of cases plain radiographs are sufficient. 

Determining fracture displacement
Angulation and translation of the proximal radius fracture are essential in the choice of treatment. There are several ways to determine these two measures. A simple way to determine angulation is to draw a line perpendicular to the articular surface of the radial head and a line through the center of the radial shaft, the angle is measured at the intersection of the lines (Figure 2A). Angulation should be measured using the radiograph that shows the greatest abnormality[2]. For the translation of the fracture, the percentage of the uncovered radial metaphysis is divided by the total width of the metaphysis. Alternatively, the distance in millimeters from the center of the proximal part to the center of the distal part of the radius can be measured (Figure 2B)[2].

Classification
Several classification systems of proximal radius fractures using conventional radiographs are available. Commonly used are the Judet classification, Metaizeau's modification of the Judet classification, and the O'Brien classification (Table 1, Figure 3)[20-22]. These classifications are useful for the choice of treatment.

TREATMENT AND OUTCOME
The treatment options for proximal radius fractures in the pediatric patient range from conservative measures, such as immobilization alone and closed reduction followed by immobilization, to more invasive options, including closed reduction and percutaneous pinning and open reduction with internal fixation. The choice of treatment depends on the degree of angulation and displacement of the fracture. Generally, an angulation of fewer than 30 degrees (O'Brien type I or Judet grade I or II) and translation of less than 50% or 3 millimeters (Metaizeau grade I or II) is accepted[2,3,23]. A higher degree of displacement is usually an indication for surgical treatment[3,23,24]. Studies comparing immobilization with percutaneous intervention and percutaneous with open treatment have shown that a conservative approach leads to better outcomes in terms of patient-reported outcome scores, range of motion and fewer complications[3,4,25]. However, these results may be confounded by the fact that more severely displaced fractures are often treated more aggressively. Nonetheless, it is advised to initially attempt a conservative approach and follow a stepwise progression to more invasive options if the former fails to achieve an adequate and stable reduction (Figure 4). 

Immobilization
The indication for non-surgical treatment is an isolated fracture with less than 30 degrees angulation and less than 50% translation, on the initial presentation or after closed reduction. In addition, some studies have shown superior results of non-surgical treatment in children younger than 10 years of age, suggesting that non-surgical treatment should be more liberally indicated for younger children[22,26-28]. The affected arm is splinted in a long-arm cast or pressure bandage for 1 wk, followed by range of motion exercises without loading. If reduction is required, the arm is immobilized for 2 wk to 4 wk depending on patient age and injury severity[29,30]. If there is no concomitant injury, the patient may return to full usage of the elbow after 4 wk[2,3]. Immobilization, with or without closed reduction, results in good to excellent outcomes in terms of range of motion and Mayo Elbow Performance Index in the majority of patients[3]. 

Closed reduction
In case fractures do not meet the criteria for direct immobilization, closed reduction under anesthesia is attempted. Various techniques have been described to reduce the proximal radius fracture[29,30]. (1) Patterson maneuver: With the elbow in extension and the forearm supinated, distal traction and varus force is applied while pressing directly over the radial head; (2) Israeli technique: With the elbow in flexion and the forearm supinated, pressure is applied directly over the radial head while pronating the forearm; (3) Neher-Torch technique: With the elbow in extension and the forearm supinated, two thumbs stabilize the radial head while distal traction, varus force and lateral pressure are applied. This technique requires at least two persons; and (4) Elastic bandage technique: An elastic bandage is tightly wrapped around the forearm starting at the wrist progressing proximally over the elbow. This may lead to a spontaneous reduction.
Overall success rate of closed reduction is approximately 25%, with higher success rates in lower Judet grade fractures[31]. A recent retrospective study of 70 children found that a longer time from injury to presentation and larger degree of angulation was associated with unsuccessful closed reduction; in only one of the 14 patients presenting more than 24 h after injury and none of the 10 patients with an angulation larger than 60 degrees the fracture could be successfully reduced[31].
If the fracture is successfully reduced, non-surgical treatment is sufficient. Otherwise, percutaneous pinning is the next step in the treatment ladder. 

Percutaneous pinning
Besides the above-mentioned reduction maneuvers, the fracture can be reduced percutaneously in several ways. Kirschner wires can be used to position the fragment, either by placing the wire into the fragment and levering it into position (joystick technique) or by pushing the fragment with the blunt end of the wire. Kirschner wires can then be used to fixate the fragment (Figure 5A and B). 
Alternatively, an elastic, flexible intramedullary nail can be used (Metaizeau technique). The nail is pre-bent and inserted at the distal radius through a standard radial styloid approach or a dorsal approach over Lister's tubercle. The nail is advanced in a retrograde fashion across the fracture site into the proximal fragment. The nail can be rotated to reduce the fragment and is left in place for permanent fixation (Figure 5C)[32]. Previous studies found no difference in functional and radiographic results between the two percutaneous techniques[28,33,34]. However, fluoroscopy and operating times are greater when using the Metaizeau technique[34].
Percutaneous fixation is generally performed under guidance of radiographic fluoroscopy. However, a recent retrospective study of 50 children showed the feasibility of percutaneous pinning under ultrasound guidance, reporting comparable outcomes between the two types of imaging guidance[35]. Using ultrasound may reduce the amount of radiation exposure in children with proximal radius fractures.
Following percutaneous fixation of a proximal radius fracture, the patient is placed into a long-arm cast for 4 wk, after which the Kirschner wires are removed and elbow range of motion exercises can be started. In case an intramedullary nail is used, it is removed after 3 mo to 6 mo[2,3,24]. If initial percutaneous fixation fails, there is controversy surrounding the choice for a second attempt at percutaneous fixation before continuing onto internal fixation. It is thought that multiple attempts may damage the blood supply to the radial head and increase the risk of complications. However, only one study has assessed this problem and found no association between multiple attempts and worse outcomes[28]. It is generally accepted to continue to the next step in the treatment ladder if a single attempt at percutaneous fixation is unsuccessful. 

Open reduction and internal fixation
The indication for open reduction and internal fixation is a fracture with more than 30 degrees angulation or more than 50% translation, which is unstable and cannot be reduced adequately with the previously mentioned methods. In addition, in case of concomitant injuries that may result in instability, internal fixation can be indicated. A lateral approach through the Kocher or Kaplan interval is used. The forearm should be pronated to avoid the posterior interosseous nerve. The method of fixation varies greatly. Kirschner wires can be placed through the fracture to fixate the proximal fragment; titanium elastic nails can be placed in the radial shaft; or in some cases, screws are used to reattach the radial head[3,24]. If deemed necessary, the annular ligament can be repaired. Transcapitellar pin fixation has been used in the past but is no longer advised due to the tendency of these pins to break inside the joint, which may result in chondral damage of the capitellum. Fixation may not always be necessary after open reduction, and in rare cases, a stable situation is achieved with open reduction leaving the joint capsule intact. However, two studies have reported cases of non-union, synostosis and avascular necrosis after open reduction without fixation, arguing that open reduction should always be accompanied by adequate fixation[3,19].
Open reduction and internal fixation have been associated with a greater loss in range of motion and increased rates of osteonecrosis and synostosis compared to closed reduction techniques[3,25,36]. However, these results are controversial due to open reduction being more frequently used in fractures with a higher degree of displacement and more concomitant injuries. Worse outcomes have also been reported with increasing age, and better outcomes are achieved in children of 10 years or younger[3,8,27,28]. However, older children have been reported to sustain more severe fractures. Nonetheless, two studies have shown worse outcomes with increasing age while statistically correcting for the degree of fracture displacement[8,28]. Long-term results of pediatric proximal radius fractures are positive; a study of 24 patients treated conservatively or with open reduction and internal fixation with a mean follow-up of 19 years reported no complaints in 86% of patients, a mean decrease in flexion arc of 3 degrees compared to the uninjured population, and no osteoarthritis[37].

Intra-articular fractures
Intra-articular fractures are less common in skeletally immature children compared to skeletally mature adolescents (52 vs 7 per cent) and may be missed on radiographic imaging[38]. Recent case series have reported rapid radiocapitellar degeneration and progressive radial head subluxation in pediatric patients with an intra-articular radial head fracture[39,40]. This type of fracture should not be underestimated and should, in contrast to extra-articular fractures, be treated more aggressively.

COMPLICATIONS
Various complications have been reported after radial head or neck fractures in children. Overall, the complication rate increases with increasingly invasive treatment and is highest after open articular surgery[3]. General complications related to surgery or anesthesia, such as infection or postoperative bleeding, are not mentioned here. Common complications or complications with severe consequences that are specific to radial head or neck fractures are discussed in descending order of severity.

Radio-ulnar synostosis
Radio-ulnar synostosis is a complication involving a bony or soft-tissue connection that is formed between the proximal radius and ulna during post-traumatic remodeling. It has a reported incidence of approximately 1% after radial head or neck fractures in children and occurs predominantly after open reduction or delayed treatment[3]. Synostosis is the most severe complication in terms of functional results and typically presents as an inability to rotate the forearm with an intact flexion arc. The diagnosis is confirmed on conventional radiographs or computed tomography. Treatment is surgical and involves excision of the synostosis. A common problem is the recurrence of the synostosis after excision, and a wide variety of additional techniques have been proposed to prevent this problem, including rotation osteotomy, the interposition of a silicone spacer, interposition of a free fat graft, interposition of a pedicled or free muscle flap, or nonsteroidal anti-inflammatory drugs. Due to the low incidence of post-traumatic radio-ulnar synostosis, the available evidence for all techniques is based on a handful of cases[41-47]. No conclusion can be drawn as to which technique is superior. Although pronation and supination motion is partly restored in most cases, the functional results of these procedures vary greatly, and a large proportion of patients have poor long-term outcomes[41-47]. Radio-ulnar synostosis is associated with open treatment of proximal radius fractures. Therefore, the incidence of synostosis is most effectively reduced by using minimally invasive techniques when possible[3,25,36]. Furthermore, it is the senior authors’ practice to remove bone dust using gel or water and avoid interfering with the radio-ulnar space. 

Avascular necrosis
Due to the main blood supply to the radial head entering through the metaphysis and running retrogradely to the radial head, it is vulnerable to disruption in the case of a radial neck fracture. This may result in osteonecrosis of the radial head. The reported incidence of avascular necrosis after proximal radius fractures in children is approximately 1%[3]. The occurrence of avascular necrosis is associated with a higher degree of fracture displacement and open treatment[3,48]. Patients with avascular necrosis present with a new and increasing pain at the elbow and restriction of movement. In addition, swelling is seen in some cases. Symptoms of post-traumatic necrosis can first occur several years after the initial injury[49]. The diagnosis is confirmed using conventional radiographs. Initial treatment is conservative with range of motion exercises and may provide relief in some cases. If severe symptoms persist, avascular necrosis can be treated surgically using bone grafting or radial head resection[3,49]. However, these interventions often do not provide sufficient pain relief or restore range of motion entirely and are associated with poor outcomes in the pediatric population[3,49]. Overall, the presence of avascular necrosis is associated with worse functional outcomes and restricted elbow motion at long-term follow-up[48,49].

Posterior interosseous nerve injury
The posterior interosseous nerve may be injured during the initial trauma or during surgery, resulting in transient or permanent nerve palsy. Iatrogenic injury of the posterior interosseous nerve is rare; a recent systematic review including 751 cases reported no cases of permanent iatrogenic nerve injury[3]. Risk of injury to the posterior interosseous nerve can be reduced by pronating the forearm during the (lateral) surgical approach. Transient neurological deficits in both the radial and ulnar nerves after treatment of proximal radius fractures are reported in approximately 1% of pediatric patients[3]. The typical clinical presentation of posterior interosseous nerve palsy includes limitations in finger and thumb extension together with radial deviation when extending the wrist, due to preserved function of the extensor carpi radialis longus and brevis. The posterior interosseous nerve does not have cutaneous branches, and there will be no loss of sensory function. Available follow-up data of proximal radius fracture-related posterior interosseous nerve palsies in children are limited. Case reports of adults generally show spontaneous recovery between 2 mo and 6 mo after injury, and operative intervention is rarely required[10,11,50,51]. 

Non-union
After treatment of a proximal radius fracture, non-union can occur. However, the incidence of non-union is low, with two studies reporting 0% and 0.7% non-union in children with a proximal radius fracture, respectively[27,28]. Patients may present with a decreased range of motion, mostly affecting supination. In addition, intermittent pain or functional complaints are reported in some cases, as well as valgus deformity[52]. The diagnosis is confirmed using conventional radiographs. The time between fracture and presentation for non-union varies greatly and is reported up to 8.5 years in rare cases[19]. Depending on the severity of the symptoms, a non-union can be treated conservatively with range of motion exercises. In case of severe symptoms, a non-union can be treated surgically with open reduction and internal fixation, with the option of bone grafting. In some cases, radial head resection is required[52]. Results of both conservative and operative treatment vary greatly. In general, improvement in complaints and range of motion is seen, but various remaining abnormalities are seen on follow-up radiographs[19,52]. In case of radial head resection, improvement in range of motion often comes with complaints of instability[52]. However, the available evidence is limited and relies on a small case series.

Mal-union
If the fracture consolidates in a non-anatomical position, it is considered a mal-union. The reported incidence of mal-union is equally low, ranging from 0% to 4%[3,27,28]. Patients may present with elbow pain and restricted motion, which can occur up to decades after the initial injury in rare cases[53,54]. The diagnosis is made using conventional radiographs. Depending on the severity of the symptoms, a mal-union of the radial neck or head can be treated with corrective osteotomy or radial head resection[55]. Limited data are available on the results of surgical interventions in these patients. Case series have shown overall pain reduction after osteotomy, but contrasting results with regards to restoring range of motion[53,54,56]. Mal-union of the proximal radius should be distinguished from partial growth arrest or injury of the growth plate of the radius, resulting in a posttraumatic malformation of the radial head, most commonly an enlargement of the radial head and an incongruent proximal radioulnar joint[8,26].

Heterotopic ossification
Heterotopic ossification may occur in the soft-tissue surrounding the elbow after a proximal radius fracture. The incidence is approximately 2% after a proximal radius fracture in children[3]. Patients with heterotopic ossification may present with restricted motion, swelling of the joint, joint and muscle pain, or in some cases fever[57-59]. The severity of heterotopic ossification ranges from mild symptoms that resolve spontaneously to complete ankylosis. The presence of heterotopic ossification is confirmed on radiographs or computed tomography. The use of medications such as vitamin-K antagonists or nonsteroidal anti-inflammatory drugs have been suggested to prevent heterotopic ossification but are not routinely advised in children[60,61]. Treatment options for heterotopic ossification include range of motion exercises and excision of the ossification through arthroscopic or open surgery[57-59]. Limited data on the results of surgical excision of heterotopic ossification around the elbow in children are available, but the few reported cases show good results and no recurrence[57-59].

Physeal arrest or premature physeal closure
The damage caused to the growth plate by the fracture or consequential treatment may result in an arrest or premature closure of the physis, but it may also be the result of avascular necrosis. The incidence of premature physeal closure after a proximal radius fracture in children is approximately 1.5% but is not always reported, and a physeal arrest may be missed in the absence of symptoms[3]. Symptoms can include mild restriction of motion, pain, a clicking sensation, or a visible deformity such as cubitus valgus, but growth arrest can also be asymptomatic[62]. Closure of the physis or physeal arrest, with malformation of the radial head as a result, may be seen on conventional radiographs. Approximately 25% of growth in the radius occurs in the proximal physis[63]. Therefore, there is less remodeling potential than distally, but a lower chance of symptoms due to longitudinal deficiency. In most cases, physeal arrest or premature closure can be treated conservatively, with range of motion exercises. In case of severe symptoms, surgical treatment can be attempted using corrective osteotomy or bone lengthening procedures[64]. Limited data are available on the results of these interventions, and conflicting results are reported, with most treated children showing an improved range of motion, but worsened outcomes in a selection of cases[64].

Decreased range of motion
Elbow stiffness is the most common complication, reported in up to 31% of patients[27]. It is often caused by soft-tissue contraction and fibrous tissue formation, but can also be caused by bone overgrowth. It has been associated with injury severity, concomitant fractures and multiple attempts at closed and open reduction and has been correlated with a worse functional outcome[48]. Elbow stiffness is best prevented by early mobilization and adequate guidance during rehabilitation, preferably by a physiotherapist. If conservative treatment, including static progressive splinting, is unsuccessful and elbow motion is severely limited, the stiff elbow can be released arthroscopically or with open surgery. This generally results in improved range of motion, but rarely to the extent that it matches the unaffected side[65].

Radial head overgrowth
Post-traumatic osseous overgrowth of the radial head or neck is a common radiographic finding after fracture of the pediatric proximal radius, reported to occur in 18% to 37% of patients[66]. It is often asymptomatic but may result in restricted motion. 

CONCLUSION
Radial head and neck fractures remain challenging injuries in the pediatric patient. Fractures are classified based on the initial angulation and translation, which determine the type of treatment. With proper management, generally good to excellent results are achieved, and long-term sequelae are rare. However, severe complications such as synostosis, osteonecrosis or (partial) growth arrest do occur, especially after more invasive procedures. Complications such as stiffness and radial head overgrowth are more common but can generally be treated successfully with conservative measures. There is controversy in the literature regarding the treatment of older pediatric patients nearing skeletal maturity and whether they should be approached in a similar fashion as adult patients. Furthermore, apart from striving to use the least invasive treatment options, there is limited data available on prevention of specific complications. In addition, the rate of missed fractures and missed concomitant injuries is relatively high. Future research should focus on more accurate diagnosis, expanding the closed and percutaneous treatment options, and prevention of complications. 
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Figure Legends
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Figure 1 Fat pad sign. Lateral radiograph of a 13-year-old boy, showing an anterior and posterior fat pad sign without visible fracture. A proximal radius fracture was identified using computed tomography.
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Figure 2 Measurement of angulation and translation of the proximal radius fracture. A: Angulation measurement. Angulation of a proximal radius fracture is measured by drawing a line perpendicular to the surface of the radial head (blue line) and a line through the middle of the radial shaft (orange line). The angle is measured at the intersection of the two lines (white arc); B: Translation measurement. Translation of a proximal radius fracture is calculated by dividing the length the uncovered part of the metaphysis (orange line) by the total width of the proximal radius (blue line), multiplying by one hundred provides the percentage of translation. Alternatively, the distance from the middle of the proximal part to the middle of the distal part can be measured in millimeters (continuous white line). 
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Figure 3 Anteroposterior radiograph of proximal radius fracture. A: Grade I fracture. Anteroposterior radiograph of a 5-year-old boy with a proximal radius fracture that is (nearly) nondisplaced. Judet grade I; Metaizeau grade I; O’Brien type I; B: Grade II fracture. Radiograph of a 9-year-old girl with a proximal radius fracture in 27 degrees of angulation and 17% translation. Judet grade II; Metaizeau grade II; O’Brien type I; C: Grade III fracture. Anteroposterior radiograph of a 10-year-old girl with a proximal radius fracture in 58 degrees of angulation and 55% translation. Judet grade III; Metaizeau grade III; O’Brien type II; D: Grade IV fracture. Anteroposterior radiograph of a 7-year-old girl with a proximal radius fracture in 87 degrees of angulation and 80% translation. Judet grade IVb; Metaizeau grade IVb; O’Brien type III.
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Figure 4 Treatment flowchart. Treatment flowchart that plots the stepwise progression from conservative to increasingly invasive treatment of pediatric proximal radius fractures. Starting from the left, orange boxes represent points of decision-making and blue boxes represent treatment options. Boxes placed lower in the chart represent more invasive procedures than those placed above.
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Figure 5 A fracture can be reduced percutaneously in several ways. A: Percutaneous Kirschner wire fixation. Lateral radiograph of a 7-year-old boy with a proximal radius fracture after percutaneous reduction and fixation using two Kirschner wires; B and C: Intramedullary nail: Anteroposterior radiograph of a 10-year-old girl with a proximal radius fracture that was reduced and fixated using a flexible intramedullary nail (Metaizeau technique) (B), Lateral radiograph of a 10-year-old girl with a proximal radius fracture that was reduced and fixated using a flexible intramedullary nail (Metaizeau technique) (C).

Table 1 Classification systems
	
	Angulation, degrees
	Translation

	Judet
	
	

	I
	Nondisplaced or horizontal shift
	

	II
	< 30
	

	III
	30-60
	

	IVa
	60-80
	

	IVb
	> 80
	

	Metaizeau's modification
	

	I
	Non-displaced or horizontal shift
	< 3 mm

	II
	< 30
	< 50%

	III
	30-60
	> 50%

	IVa
	60-80
	> 100%

	IVb
	> 80
	

	V
	Epiphyseal separation

	O'Brien
	
	

	Type I
	< 30
	

	Type II
	30-60
	

	Type III
	> 60
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