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Editorial on the Research Topic
Fractures and deformities of the lower extremity in children and adolescents: etiology, diagnosis and treatment



Orthopedic and trauma conditions in children can have a significant impact on lifestyle and mobility due to the rapidly growing skeletal structure of the patient, despite the extremely favorable healing potential of children. Pediatric orthopedic disorders and fractures present, are treated, and progress differently than those of adults and require special attention. Children are therefore a special group of patients with very specific and highly variable orthopaedic problems that require highly specialized orthopaedic care.

The anatomical characteristics of the pediatric bone are responsible for the peculiarities of pediatric orthopedic disorders and fractures, which require specific diagnostic methods and treatment options. Knowledge of the anatomy and characteristics of bone growth, as well as the specific dynamics in this age group, is essential for the treatment of such disorders and injuries. In particular, children are often treated as small adults, sometimes leading to inaccurate clinical assessment, misinterpretation of radiographic findings, inappropriate treatment selection and follow-up. Therefore, it is imperative that the pediatric orthopaedic surgeon managing patients with fractures have the knowledge and skills to competently apply all available techniques for proper management.

There is still much debate regarding the optimal management of pediatric traumatic and non-traumatic disorders, as the anatomic regions of interest vary between age groups. Although there have been tremendous advances in both non-operative and operative treatment techniques for pediatric traumatic and non-traumatic disorders in recent decades, current treatment strategies have relatively limited scientific evidence. In particular, traditional non-operative treatment guidelines have been challenged by surgical treatment. However, it is unclear whether this translates into improved outcomes. As a result, there are numerous techniques available, and the most effective technique for some pediatric traumatic and non-traumatic conditions has yet to be determined.

The field of pediatric orthopaedics and traumatology is approaching its adult counterpart in terms of increasing hyperspecialization, as reflected in the number and quality of scientific publications and the emergence of subspecialty journals. In such a diverse and rapidly changing environment, the aim of the special issue “Fractures and Deformities of the Lower Extremity in Children and Adolescents: Etiology, Diagnosis and Treatment”, co-edited by Xin Tang, hunyou Chen and Federico Canavese, was to collect scientific articles reporting the results of different treatment modalities of a wide spectrum of pediatric traumatic and non-traumatic lower extremity pathologies, of high scientific quality, representative of different academic and medical settings, and covering both clinical aspects and innovations in pediatric orthopaedics and trauma surgery. The different original articles were carefully analyzed by 2 to 4 reviewers and the 3 guest editors.

The special issue contains a total of 21 articles, of which 9 are trauma related Zhi et al., Ding et al., Miao et al., Li et al., Hu et al., Liu et al., Qiao et al., including one systematic review Li et al. and one narrative review Li et al., and 12 are non-trauma related Fang et al., Xie et al., Wang et al., Hong et al., Chen et al., Ren et al., Verdoni et al., Lu et al., Cuevas-Martínez et al., Wu et al., Li et al., Lin et al.

The original articles focusing on lower extremity trauma examined the epidemiology of anterior cruciate ligament and risk factors for concomitant meniscal tears Zhi et al., changes in serum vitamin C levels in children with limb fractures Ding et al., lower extremity alignment (LEA) in children with recurrent patellar dislocation Miao et al., the management of unstable subtrochanteric pediatric femoral fractures Li et al., the outcome of reimplantation of extruded bone segments in open lower limb fractures Hu et al., the surgical treatment of distal tibial diaphyseal-metaphyseal junction fractures Liu et al., and the outcome of diaphyseal femoral fractures in children aged 2–6 years. The systematic review compared the outcome of submuscular plating and elastic stable intramedullary nailing for diaphyseal femoral fractures Li et al., while the narrative review reported on arthroscopic fixation techniques for tibial eminence fractures.

Among the articles dealing with orthopedic pathologies, two evaluated the results of the Kidner procedure Fang et al. and arthroeresis for flexible flatfoot Xie et al.; four dealt with various aspects of developmental dysplasia of the hip, including the cartilage of the acetabulum Wang et al., Hong et al., the individual characteristics that may influence ultrasound examination Chen et al., and the effect of hip dysplasia on acetabular development Ren et al.; two dealt with lower limb deformities, including bilateral lower limb lengthening for achondroplasia Verdoni et al. and the use of interlocking nail fixation in the treatment of lower limb deformities Lu et al.; one reported on the impact of functional hallux limitus on quality of life Cuevas-Martínez et al.; one evaluated the radiographic appearance of congenital thumb duplication Wu et al.; one focused on the outcome of proximal femoral bone cysts Li et al.; and one assessed the clinical reliability and validity of a video-based markerless gait assessment method Lin et al.

The special issue should be of interest not only to pediatric orthopaedic surgeons, but also to adult orthopaedic surgeons interested in the latest news and trends in the rapidly evolving field of pediatric orthopaedic and trauma surgery.

The Guest Editors would like to express their gratitude to Frontiers for entrusting them with this challenging and rewarding task, and to all the authors whose research contributed to this special issue, without whose efforts nothing would have been possible.
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Purpose: To investigate the clinical efficacy of modified kidner procedure combined with subtalar arthroereisis in the treatment of adolescent type II painful accessory navicular with flexible flatfoot.



Methods: From January 2018 to January 2022, 25 adolescent patients (40 feet) with painful type II accessory navicular and flexible flatfoot admitted to our hospital were enrolled in the study, including 13 males (23 feet) and 12 females (17 feet). All patients underwent modified kidner procedure combined with subtalar joint arthrodesis. The Meary's Angle, the first metatarsal Angle of talus (APTMT), the second metatarsal Angle of talus, Pitch Angle, talus tilt Angle, talonavicular coverage Angle (TCA), talus calcaneal Angle (LTCA), and calcaneal Angle were measured on weight-bearing anteroposterior and lateral x-ray films before operation and at last follow-up. The American Orthopaedic Foot and Ankle Society (AOFAS) midfoot score and visual analogue scale (VAS) were used to evaluate the improvement of foot function and pain.



Results: All patients were followed up for average 17.4 ± 2.6 months (12–24). The incisions of 25 patients healed by first intention. The weight-bearing anteroposterior and lateral x-ray films of the foot showed that the suture anchors did not pull out or break, and the foot arch did not collapse further. There was no screw withdrawal or secondary operation to remove the screw in all patients. At the last follow-up, the postoperative visual analogue scale (VAS) score of the affected foot was significantly lower than that before operation (P < 0.01), and the American Orthopaedic Foot and Ankle Society (AOFAS) foot function score was significantly higher than that before operation (P < 0.01). At the last follow-up, the weight-bearing anteroposterior and lateral foot x-ray films showed that: The Meary's Angle, the first metatarsal Angle of the talus (APTMT), the second metatarsal Angle of the talus, Pitch Angle, talar tilt Angle, talonavicular overbite Angle (TCA), talocalcaneal Angle (LTCA), and calcaneal Angle significantly improved when compared with those before operation (P < 0.01).



Conclusions: The modified kidner procedure combined with subtalar arthroereisis has a good clinical effect in the treatment of adolescent type II painful accessory navicular with flexible flatfoot, which can effectively improve the pain symptoms, improve the foot function and imaging manifestations, and correct the flatfoot deformity.



KEYWORDS
modified kidner procedure, subtalar arthroereisis, accessory navicular, flexible flatfoot, clinical efficacy





Introduction

The accessory navicular (AN) bone is a frequently encountered accessory bone, located posteriorly to the navicular bone and often present bilaterally (1). It represents a secondary ossification center of the navicular bone and is inherited as an incomplete autosomal dominant trait, with an incidence rate ranging from 4% to 21% (2–4). Approximately 10% of individuals with AN experience pain symptoms (5). During development, a synchondrosis forms between the accessory navicular and navicular bone ossification centers (4), filled with cartilage and fibrous tissue. Compression, excessive motion, or torsion can trigger painful AN. AN was classified according to Geist (6) into three types: type 1, os tibiale externum, os naviculare secundarium, no cartilaginous connection to the navicular tuberosity. Type 2, prehallux, bifurcate hallux, triangular or heart-shaped, connected to the navicular tuberosity by fibrocartilage or hyaline cartilage. Type 3, an especially prominent navicular tuberosity and is occasionally symptomatic as a result of painful bunion formation over the bony protuberance. Type II AN accounts for approximately 70% of clinically symptomatic AN cases (7). For initial adolescent cases of painful AN, non-surgical treatments such as brace immobilization, anti-inflammatory drug use, and customized corrective insoles are usually preferred. If non-surgical interventions fail to yield results within 3 to 6 months, surgical intervention may be necessary. Surgical options include the Kidner procedure, modified Kidner procedure, simple excision, modified excision, percutaneous drilling, fusion, and modified fusion (8). Among these options, the modified Kidner procedure has advantages as it preserves tendon insertion on other tarsal bones except the AN. Additionally, a suture anchor is inserted into the navicular bone to reinforce the posterior tibial tendon insertion, which promotes early postoperative recovery (9).

The presence of AN can disrupt the normal structure of the posterior tibial tendon (PTT), compromising its ability to support the medial arch of the foot and invert the foot. This can lead to biomechanical alterations in the arch and contribute to the development of flatfoot (10). Recent studies have shown a correlation between AN and flatfoot, with 35% of individuals with AN also exhibiting flatfoot deformities (11). Flatfoot deformities can further contribute to or worsen AN-related symptoms. Treating painful AN alone may not adequately address the underlying flatfoot deformity (12, 13). The Kidner procedure has been shown to alleviate or eliminate AN-related pain. However, its long-term effectiveness in correcting arch collapse remains uncertain (13).

Subtalar arthroereisis is an effective method for the treatment of flexible flatfoot, with good postoperative ankle functions and both radiological and clinical outcomes (14). Biomechanical experiments have demonstrated that the subtalar arthroereisis screw can effectively reduce subluxation between the calcaneus and talus during weight-bearing. This is due to its design, which aligns with the directional characteristics of the sinus tarsi. Implementation of the subtalar arthroereisis screw evenly distributes axial stress across the anterior and posterior aspects of the sinus tarsi (i.e., subtalar anterior and posterior joint surfaces) during weight-bearing (15). This helps restore the normal motion axis of the subtalar joint, correct the force line of the foot, mitigate excessive eversion, and significantly reduce mechanical load on the posterior tibial tendon insertion (16). Currently, there is no standardized treatment for adolescent flexible flatfoot combined with painful AN. Treatment approaches must be tailored based on a comprehensive evaluation of clinical symptoms, imaging findings, and surgical experience. Commonly employed procedures include AN excision and reconstruction of the posterior tibial tendon insertion (17). Therefore, this retrospective study analyzed patients with adolescent type II painful AN syndrome combined with flexible flatfoot who were treated at our hospital between January 2018 and January 2022. The study aimed to investigate the clinical efficacy of a modified Kidner procedure combined with subtalar arthroereisis.



Methods

Inclusion criteria were as follows: (1) Presence of navicular tuberosity protrusion, tenderness, and meeting the clinical diagnostic criteria for painful AN; (2) Confirmation of type II AN based on foot imaging data; (3) Age between 9 and 14 years; (4) Ineffectiveness of conservative treatment for a minimum of 6 months, including brace fixation, orthotics, oral non-steroidal anti-inflammatory drugs, etc.; (5) Presence of medial arch collapse or disappearance, restoration of the medial longitudinal arch under non-weight-bearing conditions, and meeting the diagnostic criteria for flexible flatfoot: the arch of the foot disappears when the child is standing but re-appears when the child is sitting or standing on tiptoes; and (6) Undergoing a modified Kidner procedure combined with subtalar arthroereisis with at least 1 year of follow-up after surgery.

Exclusion criteria were as follows: (1) Navicular bone fracture; (2) Navicular bone ischemic necrosis; (3) Tarsal fusion; (4) Severe hindfoot valgus deformity (the valgus angle of the hindfoot >15 degree); (5) Type II AN without obvious pain symptoms; (6) History of foot or lower limb surgery on the affected side; (7) Secondary surgery combined with multiple internal medical diseases, neurological or muscular disorders; and (8) Congenital flatfoot or flatfoot caused by iatrogenic factors, trauma, rheumatic diseases, etc.

The study included a total of 25 cases (40 feet), comprising 13 males (23 feet) and 12 females (17 feet), with an age range of 9 to 14 years (mean age 11.28 ± 1.51 years) and a disease duration of 12 to 24 months (mean 17.4 ± 2.6 months). Based on weight-bearing x-ray, CT, and MRI imaging results, all cases were diagnosed with type II AN. The primary reported symptoms were medial foot pain that worsened after exercise. Physical examination revealed significant protrusion at the medial navicular bone of the affected foot, accompanied by local skin redness, swelling, and tenderness upon palpation.



Surgical procedure

The surgeries were performed by a consistent surgical team. Patients underwent general anesthesia and were placed in a supine position with a pneumatic tourniquet applied to the thigh of the affected limb. A 3–4 cm arc-shaped incision was made centered at the tuberosity of the navicular bone. Layer by layer, the AN and posterior tibial tendon were exposed. The AN was carefully detached, and after cutting its fibrous connection to the navicular bone, it was sharply excised from the tibialis posterior tendon. The remaining end of the posterior tibial tendon insertion was thoroughly cleaned, and any remaining fibrous connections and the navicular bone's tuberosity were repaired using a bone knife and bone forceps. Special care was taken to protect the plantar insertion of the posterior tibial tendon during this process. Subsequently, a suture anchor was placed in the navicular body, and the tibialis posterior tendon insertion was sutured to the fresh bone surface of the navicular bone. The incision was then closed layer by layer, and sterile dressings were applied with pressure, followed by deflation of the pneumatic tourniquet. Then, a 1.5 cm skin incision was made along the skin crease at the sinus tarsi of the affected foot. A minimally invasive scissors was used to carefully separate the sinus tarsi, and the interosseous ligament between the calcaneus and talus was incised. Following the anatomical structure, a guide wire was inserted into the tarsal canal from the anterior lateral to posterior medial direction. Subsequently, the tarsal screw trial was sequentially inserted from small to large along the guide wire, ensuring satisfactory positioning based on anteroposterior, lateral, and calcaneal axial views.



Postoperative management

The affected limb was elevated and immobilized in an inward rotation long leg plaster cast. After 2 weeks, the sutures were removed. At 6 to 8 weeks, the plaster cast was discontinued, and active toe exercises were encouraged. After 8 weeks, gradual introduction of partial weight-bearing exercises with the aid of custom-made arch supports was initiated. At the 12-month postoperative mark, weight-bearing anteroposterior and lateral x-ray images were taken to assess healing at the osteotomy site, enabling patients to bear full weight and walk normally. At the final follow-up, weight-bearing anteroposterior and lateral x-ray images of the affected foot were used to measure the talar-first metatarsal angle (Meary's angle), anteroposterior talo-first metatarsal angle (APTMT), talar-second metatarsal angle, calcaneal pitch angle (Pitch angle), talar tilt angle, talocalcaneal angle (TCA), lateral talocalcaneal angle (LTCA), and calcaneal angle. The American Orthopaedic Foot and Ankle Society (AOFAS) midfoot score and visual analog scale (VAS) for pain were employed to evaluate treatment outcomes. Occurrence of related complications was recorded.



Statistical methods

The collected data were analyzed using SPSS 26.0 software. The chi-square test was used for categorical data, and mean ± standard deviation (SD) was used to represent normally distributed data. Intergroup comparisons were conducted using paired t-tests. A significance level of 0.05 was applied.



Results

A total of 25 patients were followed up for 12–24 months after surgery, with an average follow-up duration of 15.2 months. Complete bony union at the fusion site was observed 3 months after surgery. The assessments before surgery and at the last follow-up showed a significant reduction in pain during movement in the AN following surgical treatment. Weight-bearing anteroposterior and lateral x-ray examinations of the affected foot at the last follow-up revealed a significant decrease in the talar-first metatarsal angle (Meary's angle), anteroposterior talo-first metatarsal angle (APTMT), talar-second metatarsal angle, talar tilt angle, talocalcaneal angle (TCA), lateral talocalcaneal angle (LTCA), and calcaneal angle compared to before surgery, with statistical significance (P < 0.01). The calcaneal pitch angle (Pitch angle) significantly increased compared to before surgery, with statistical significance (P < 0.01). Detailed results can be found in Table 1.


TABLE 1 Comparison of parameters before and after operation.

[image: Table 1]

One year after surgery, the visual analog scale (VAS) scores for pain in the affected foot were significantly lower compared to the preoperative scores in the same group, with statistical significance (t = 14.50, P < 0.01). Furthermore, there was a significant improvement in the American Orthopedic Foot and Ankle Society (AOFAS) foot function scores of patients compared to their preoperative scores, with statistical significance (t = −17.98, P < 0.01). The results are presented in Table 2. Typical cases are illustrated in Figures 1, 2.


TABLE 2 Comparison of AOFAS and VAS before and after operation.

[image: Table 2]


[image: Figure 1]
FIGURE 1
An 11-year-old male patient with bilateral type II painful accessory navicular (AN) combined with flexible flatfoot underwent a modified Kidner surgery combined with subtalar arthroereisis tarsal screw implantation. (A) Lateral x-ray images of left feet before surgery: Meary's angle: 16, APTMT: 14, Talar-second metatarsal angle: 19, Pitch angle: 15, TCA: 52, Calcaneal angle: 51, Talar tilt angle: 35, LTCA: 16. (B) Lateral x-ray images of right feet before surgery: Meary's angle: 16, APTMT: 11, Talar-second metatarsal angle: 13, Pitch angle: 17, TCA: 51, Calcaneal angle: 51, Talar tilt angle: 33, LTCA: 18. (C) AP x-ray images of both feet before surgery, (D) Lateral x-ray images of left feet 1-year postoperative follow-up: Meary's angle: 4, APTMT: 3, Talar-second metatarsal angle: 3, Pitch angle: 17, TCA: 36, Calcaneal angle: 49, Talar tilt angle: 24, LTCA: 9. Parameters shows good positioning of the anchor screw and tarsal screw and good alignment of foot arch. (E) Lateral x-ray images of right feet 1-year postoperative follow-up: Meary's angle: 4, APTMT: 1, Talar-second metatarsal angle: 3, Pitch angle: 18, TCA: 42, Calcaneal angle: 46, Talar tilt angle: 23, LTCA: 8. Parameters shows good positioning of the anchor screw and tarsal screw and good alignment of foot arch. (F) AP x-ray images of both feet 1-year postoperative follow-up, showing correction of AN deformity in both feet.
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FIGURE 2
An 10-year-old female patient with bilateral type II painful accessory navicular (AN) combined with flexible flatfoot underwent a modified Kidner surgery combined with subtalar arthroereisis tarsal screw implantation. (A) Lateral x-ray images of left feet before surgery: Meary's angle:30, APTMT: 16, Talar-second metatarsal angle: 23, Pitch angle: 16, TCA: 56, Calcaneal angle: 37, Talar tilt angle: 40, LTCA: 20. (B) Lateral x-ray images of right feet before surgery: Meary's angle: 20, APTMT: 13, Talar-second metatarsal angle: 20, Pitch angle: 18, TCA: 55, Calcaneal angle: 30, Talar tilt angle: 36, LTCA: 13. (C) AP x-ray images of both feet before surgery. (D) Lateral x-ray images of left feet 1-year postoperative follow-up: Meary's angle: 5, APTMT: 13, Talar-second metatarsal angle: 10, Pitch angle: 20, TCA: 43, Calcaneal angle: 35, Talar tilt angle: 23, LTCA: 11. Parameters shows good positioning of the anchor screw and tarsal screw and good alignment of foot arch. (E) Lateral x-ray images of right feet 1-year postoperative follow-up: Meary's angle: 2, APTMT: 1, Talar-second metatarsal angle: 3, Pitch angle: 14, TCA: 33, Calcaneal angle: 36, Talar tilt angle: 20, LTCA: 5. Parameters shows good positioning of the anchor screw and tarsal screw and good alignment of foot arch. (F) AP x-ray images of both feet 1-year postoperative follow-up, showing correction of AN deformity in both feet.


All patients experienced primary wound healing without any instances of infection, hematoma, nerve injury, or calcaneal anterior process fracture. There were no reported cases of subtalar arthroereisis screw loosening or the need for a second surgery to remove the screw. One case (1 foot) experienced pain in the tarsal sinus area, which was considered related to the slightly larger size of the tarsal screw. The symptom resolved with a single regional anesthetic injection. Two cases (2 feet) had mild residual AN pain after surgery, which was attributed to insufficient correction of hindfoot valgus. The symptoms of both feet improved after using custom foot pads for one year. Anteroposterior and lateral x-ray examinations of the affected foot revealed that the suture anchors had not loosened or broken, and there was no further collapse of the foot arch.



Discussion

The accessory navicular bone is a common variation in the skeletal structure of the foot and is one of the most frequent symptomatic accessory bones. Its exact cause is still unclear, but it has been recognized for a long time, first described by Bauhn in 1605 (18). While the presence of the accessory navicular bone usually does not cause symptoms, it can lead to painful AN when accompanied by medial foot pain. Painful AN is associated with factors such as local irritation of the accessory navicular prominence, abnormal traction of the Achilles tendon, and pathological changes in the accessory navicular itself (19). Patients typically experience pain, tenderness, swelling, and a palpable prominence along the medial arch between the ages of 11 and 15, with symptoms worsening during weight-bearing, walking, physical activity, and wearing shoes. The presence of the accessory navicular bone alters the shape and insertion point of the Achilles tendon, affecting its function and leading to flat feet and strain. The Achilles tendon plays a crucial role in maintaining the medial longitudinal arch and its dysfunction can result in arch collapse and characteristic secondary deformities of flat feet (20, 21). Studies have shown that 35% of patients with accessory navicular exhibit flat foot deformities (11). These deformities are characterized by the absence of the medial longitudinal arch, forefoot abduction, hindfoot valgus, and often accompanied by Achilles tendon contracture.

Patients with painful accessory navicular (AN) in the foot commonly present with pain and tenderness on the medial side of the midfoot. Physical examination often reveals swelling and tenderness specifically on the medial side of the navicular bone. For patients with painful AN and flexible flat feet, conservative treatment is generally recommended. This may involve wearing corrective shoes, using braces, receiving massages, and undergoing muscle training (22). If symptoms persist despite conservative measures, surgical treatment may be considered as an option (17). The goal of surgical treatment for painful AN is to improve symptoms, restore the function of the posterior tibial tendon, improve the force line, and reshape the arch of the foot. The Kidner procedure, first proposed in 1929, is considered the standard surgical procedure for treating painful AN. However, the traditional procedure has drawbacks such as significant trauma, slow recovery, and the need for long-term immobilization. To address these limitations, the modified Kidner procedure has been developed. This procedure not only retains the advantages of the traditional procedure but also preserves the tendon's insertion point on other tarsal bones besides the accessory navicular (AN). Additionally, a wire anchor is inserted into the navicular bone to reinforce the tendon's insertion point, promoting early postoperative recovery. Several studies have reported successful outcomes with the modified Kidner procedure. Lee et al. (23) achieved a clinical better result by performing modified Kidner procedurein 14 cases of type II painful AN. Kim et al. (24) utilized the modified Kidner procedure in patients with painful AN, with 7 cases showing excellent results and 4 cases showing good results. The procedure is considered simple to perform, provides strong grip strength, and has minimal impact on the navicular bone. These factors contribute to effective tightening of the posterior tibial tendon and strengthening of its insertion point on the navicular bone, facilitating early postoperative recovery. However, our team's findings suggest that the improvement achieved with a single Kidner procedure in improving the foot arch is relatively limited compared to previous reports (25). In Garras's study (11), three patients required removal of the arthroereisis plug because of impingement pain, but in our cases, we had no instances of arthroereisis screw loosening and no need for additional surgery to remove the screw. Garras suggests that the pain may be caused by larger screws. But as our patients are younger than those of Garras, they may have more growth potential and tolerate the screws better. Specifically, we observed slight improvements in the Pitch angle and TMA ap, measuring only 1.9° and 0.7°, respectively, compared to preoperative values (26). Previous research has also indicated that regardless of whether Kidner surgery or AN fusion is performed, the calcaneal pitch angle increases but does not significantly affect the TNCA (Talo-navicular coverage angle) and T1MT (Talo-first metatarsal angle) (27, 28). Biomechanical experiments have demonstrated the effectiveness of the subtalar arthroereisis screw in reducing subluxation between the talus and calcaneus during weight-bearing. Its design aligns with the orientation of the sinus tarsi, enabling even distribution of axial stress across the anterior and posterior aspects of the sinus tarsi, which are the anterior and posterior joint surfaces of the subtalar joint (15). Consequently, the subtalar arthroereisis screw restores the normal motion axis of the subtalar joint, corrects the force line of the hindfoot, restores the foot arch, eliminates excessive valgus, and significantly reduces the mechanical load on the posterior tibial tendon insertion point. Therefore, the subtalar arthroereisis screw has the potential to alleviate pain and correct the deformity associated with flat feet (29). Ruiz Picazo et al. (30) have also reported the effectiveness of the subtalar arthroereisis screw in treating flexible flat feet, leading to good postoperative functionality and imaging results. This serves as one of the theoretical foundations for this clinical study. In recent years, the use of the subtalar arthroereisis screw has gained popularity as a safe, effective, and minimally invasive treatment option, demonstrating significant improvement in patients with flat foot deformity (31, 32).

This study investigated the use of the modified Kidner procedure combined with the subtalar arthroereisis screw in 25 cases (40 feet) of adolescent patients with painful accessory navicular (AN) and flexible flat feet. The aim was to prevent the development of later varus deformity of the high arch through early intervention. The imaging results demonstrated significant reductions in various angles, including the talar-first metatarsal angle (Meary's angle), anteroposterior talo-first metatarsal angle (APTMT), talar-second metatarsal angle, talar tilt angle, talocalcaneal angle (TCA), lateral talocalcaneal angle (LTCA), and calcaneal angle compared to the pre-surgery measurements. These reductions were statistically significant (P < 0.01). Additionally, the calcaneal pitch angle (Pitch angle) significantly increased compared to the pre-surgery measurements, also with statistical significance (P < 0.01). All patients achieved successful wound healing without any complications such as wire anchor or tarsal screw loosening, detachment, or removal. The modified Kidner procedure combined with the subtalar arthroereisis screw yielded favorable outcomes in terms of AOFAS foot and VAS scores, with statistically significant differences observed before and after surgery. This treatment not only alleviated preoperative pain symptoms at the navicular bone but also resulted in better correction of the flat foot deformity. Moreover, it facilitated a faster recovery of the foot arch and reduced the duration of non-weight-bearing requirements. Throughout the study, no cases required the removal of the wire anchor or tarsal screw. It is believed that the tarsal screw, which involves solely soft tissue surgery, does not impact the foot development of adolescents. In cases without symptoms, the removal of the tarsal screw was not recommended. However, individual variations among patients may affect the optimal customization of tarsal screws, potentially leading to mild overcorrection and post-surgical complications such as pain. Future research could explore the use of 3D printing technology for personalized customization of tarsal screws.

This study has some limitations. This was a retrospective study with a small sample size which may lead to bias. Future biomechanical studies of subtalar arthroereisis in children would be useful.

In conclusion, the combination of the modified Kidner procedure and tarsal screw insertion represents a departure from the traditional approach of using a single procedure. The authors argue that the treatment of adolescent patients with painful AN and flexible flat feet should encompass both interventions. The key focus of treatment is to stabilize the subtalar joint, remove the accessory navicular bone, reconstruct the posterior tibial tendon, and alleviate pain. This comprehensive approach effectively restores the normal biomechanical structure of the foot and ankle, improves foot function and imaging results, and corrects the deformity associated with flat feet.
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Introduction: The role of vitamin C in pediatric fractures has not received much attention, although it is known to be a factor in osteoporotic fractures in the elderly. This case-control study aimed to investigate the changes in serum vitamin C levels among children with limb fractures.



Methods: We recruited 325 children with and 316 children without limb fractures hospitalized between January 2021 and December 2021. Following admission, basic demographic data of all participants were collected, and fasting serum vitamin C levels were determined using ultra-high-performance liquid chromatography-tandem mass spectrometry.



Results: The mean age of the fracture group was 5.1 years (95% CI, 4.83–5.33). The serum vitamin C levels in the fracture group (4.48 µg/ml) were significantly lower than those in the control group (8.38 µg/ml) (p < 0.0001). Further subgroup analysis of the fracture group revealed that serum vitamin C levels decreased significantly after 4 years of age and there was a significant difference in the duration after injury between <6 and >6 h (p = 0.0224). Spearman’s rank correlation coefficient suggested that age and vitamin C levels were negatively correlated in the fracture group.



Conclusion: In general, children with limb fractures had lower serum vitamin C levels, especially those aged 4 years and over.
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1. Introduction

Vitamin C, also known as ascorbic acid, is indispensable for bone collagen synthesis and an important antioxidant that can alleviate oxidative stress responses (1, 2). Owing to the absence of the L-gluconolactone oxidase enzyme in the liver, the human body cannot synthesize vitamin C (2, 3). Thus, if supplementation is not provided in the daily diet, it will eventually lead to a vitamin C deficiency (4).

The relationship between vitamin C and fractures has attracted widespread attention (5, 6). The role of vitamin C in bone metabolism is notable as it is associated with the hydroxylation of collagen and the expression of non-collagenous proteins, such as alkaline phosphatase, osteonectin, and osteocalcin. Vitamin C also promotes the expression of genes related to osteoblastogenesis and osteoclastogenesis via the Wnt/β-catenin/ATF4 signaling pathways (7–9). Preclinical and clinical studies have shown that vitamin C deficiency inhibits collagen synthesis and decreases bone formation. In vivo and in vitro studies have shown that vitamin C deficiency stimulates osteoclastogenesis by upregulating the RANKL/RANK pathway, and inhibits osteoblastogenesis by decreasing pro-collagen I mRNA expression and hydroxylation of collagen fibers (7–11) Thus, this deficiency has been a critical risk factor in osteoporotic fractures (11, 12). As the elderly require increased amounts of vitamin C, most studies have focused on the role of vitamin C status in fractures in elderly populations (10, 11, 13). It has been shown that serum vitamin C levels are significantly lower in older adults with fractures caused by low-impact injuries (13, 14).

Limb fractures are common in the pediatric trauma setting, including supracondylar humerus, forearm, femoral shaft, and tibial fractures (15, 16). Many studies have addressed that children with limb fractures are frequently deficient in vitamin D (17, 18); several reports exist on spontaneous fractures in infancy and young children with scurvy (19). Nevertheless, limited clinical data exist targeting the variation of vitamin C in children with limb fractures caused by trauma.

In this study, we investigated serum vitamin C levels in children with limb fractures and compared them with those of other patients. Additionally, we explored the factors that influence serum vitamin C levels among patients with fractures.



2. Materials and methods


2.1. Participants

In this case-control study, 715 participants were hospitalized at the authors’ hospital between January 2021 and December 2021. In the fracture group, qualified patients met the following inclusion criteria: (1) age ≤14 years; (2) first fracture; (3) duration after injury ≤24 h; (4) mild or moderate trauma according to Clark’s classification (16); and (5) all fractures surgically treated. Conditions excluded from the study included fractures related to bone metabolic diseases, long-term drug use affecting bone metabolism, pathological fractures, congenital diseases, fatigue fractures, and neuromuscular diseases.

The control group consisted of 364 hospitalized patients without fractures during the same period. In addition, these patients had no history of fractures for at least 1 year. Those with bone metabolic diseases, neuromuscular diseases, tumors, infectious diseases, congenital skeletal deformities, and long-term use of drugs that affect bone metabolism were excluded.

The study was conducted in accordance with the Declaration of Helsinki and approved by the Ethics Committee of the Institutional Review Board of the authors’ hospital. Informed consent was obtained from all participants included in the study and one parent or guardian of each child.



2.2. Data collection and evaluation

Basic demographic data of all participants, including sex, age, height, weight, body mass index (BMI), and clinical diagnosis were collected. Additionally, information on fractures, such as the type of injury, duration of time after injury, and fracture site, was recorded.

Venous blood was collected from each participant immediately after admission, and the serum concentrations of vitamin C were analyzed using ultra-high-performance liquid chromatography-tandem mass spectrometry. The simple steps were as follows: 1 ml of fasting venous blood was collected, and the blood was slowly poured into a coagulation tube, centrifuged at 3,000 rpm at 4°C for 15 min, 200 μl of the upper serum layer was transferred into a 1.5 ml centrifuge tube, and 2 μl of the protective agent was added. All steps were completed within 4 h, and blood samples were stored in a −20°C refrigerator for testing. Ultra-high-performance liquid chromatography-tandem mass spectrometry was used to quantitatively determine the concentrations of serum vitamin C. Firstly, internal standard working solution and calibration working solution were prepared. Subsequently, 60 μl serum and 60 μl internal standard working solution were poured into a 1.5 ml centrifuge tube, shaken for 5 min, and centrifuged at 12,000 rpm for 10 min. Thereafter, 70 μl supernatant was transferred into a 96-well sample. A 96-well sample plate covered with a silica gel plate was placed in the autosampler. The application software was started and the liquid chromatography and mass spectrometry conditions were set to establish the sample list. The vitamin C concentration of the serum sample was calculated and analyzed by the application software. The established vitamin C reference range was 6–25 μg/ml. Finally, the serum concentration of vitamin C in all participants was recorded.



2.3. Statistical analysis

Descriptive analysis was conducted. Continuous variables were tested for normality: normally distributed variables were analyzed using an independent sample t-test and variables that were not normally distributed were analyzed using the Mann–Whitney U-test. Categorical variables were analyzed using the Chi-square test. Subgroup analysis and Spearman’s rank correlation were used to analyze the relationship between vitamin C levels and related risk factors in the fracture group. All statistical analyses were performed using MedCalc® Statistical Software, version 20.106 (MedCalc Software Ltd, Ostend, Belgium). A two-tailed p-value < 0.05 indicated statistical significance.




3. Results

In total, 325 patients (200 boys, 125 girls) were included in the fracture group. The mean age was 5.1 years (95% CI, 4.83–5.33) (Table 1). All fractures were caused by mild or moderate trauma according to Clark’s classification. The most common type of fracture was upper limb fracture (86.2%), including supracondylar fractures of the humerus, lateral condyle fractures, and ulna and radius fractures. Femoral shaft and tibial fractures accounted for all lower limb fractures (13.8%). The control group included 318 patients (216 boys, 102 girls) with a mean age of 5.0 years (95% CI, 4.67–5.33) (Table 1). Diseases in the control group included tenosynovitis (21.7%), muscular torticollis (28.6%), skin lacerations (11.6%), and others (34.9%). There were no significant differences in age, sex, and BMI between the fracture and control groups (Table 1). Overall, the median serum vitamin C level was 4.48 µg/ml in the fracture group and 8.38 µg/ml in the control group (Mann–Whitney U-test, p < 0.0001) (Table 1).


TABLE 1 Comparison of patient characteristics between fracture and control groups.
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The fracture group was compared with the control group for various diseases including tenosynovitis, muscular torticollis, skin laceration, and other diseases (Figure 1). The serum vitamin C level was significantly lower in the fracture group than in the control group for all diseases.
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FIGURE 1
Comparison of serum vitamin C status between fracture group and non-fracture diseases in the control group. (A–D), muscular torticollis (Mann–Whitney U-test, p = 0.0026), tenosynovitis (Mann–Whitney U-test, p < 0.0001), skin laceration (Mann–Whitney U-test, p < 0.0001), and other diseases (Mann–Whitney U-test, p < 0.0001), respectively.


We further analyzed the relationship between age, sex, BMI, duration of time after injury, injury site, and serum vitamin C levels in the fracture group (Table 2). The vitamin C level decreased after the age of 4 years, and was significantly different from that of the children under the age of 4 years (Mann–Whitney U-test, p < 0.05). There was a significant difference in the duration after injury between <6 and >6 h (Mann–Whitney U-test, p = 0.0224).


TABLE 2 Variations in vitamin C levels in the fracture group.
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Spearman’s rank correlation coefficient was used to analyze the correlation between age, BMI, duration after injury, and vitamin C level in the fracture group (Figure 2). The results showed that age and vitamin C levels were negatively correlated (ρ = −0.170, p = 0.0020). BMI and vitamin C levels were also negatively correlate (ρ = −0.1446, p = 0.0091), while vitamin C levels were not significantly associated with the duration after injury.
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FIGURE 2
Spearman’s rank correlation coefficient analysis of factors regarding the change in vitamin C in the fracture group. (A) Age (ρ = −0.170, p = 0.0020); (B) Duration after injury (ρ = 0.0716, p = 0.1985); (C) BMI (ρ = −0.1446, p = 0.0091).




4. Discussion

Previous studies have reported that Vitamin D is associated with pediatric limb fractures (16, 17). However, subsequent studies on serum vitamin C status after pediatric limb fractures have not attracted enough attention (20, 21). This study analyzed the serum vitamin C levels in children with limb fractures. We found that the vitamin C level in children with fractures was significantly lower than that in the control group. The serum vitamin C levels reported so far for healthy subjects are above 5 µg/ml (28 µmol/L) (4, 20), and our study showed the serum vitamin C level in children with limb fractures to be below this standard. This finding is similar to that in previous studies of adult fractures (13, 21, 22). For example, Falch measured the serum ascorbic acid concentration in 40 elderly patients with hip fractures caused by low-impact injuries and clarified that the serum ascorbic acid levels in older patients were relatively low (13).

Fracture may be a critical factor in the reduction of serum vitamin C levels. Blood vessels in the fracture area rupture to form a hematoma, resulting in the loss of serum vitamin C (23). However, owing to oxidative stress, a large amount of vitamin C is consumed at the fracture site. Oxidative stress is an imbalance between the production of oxidant and antioxidant species, with the disruption of redox signaling and/or molecular damage caused by overproduction of reactive oxygen species (ROS) (24). Animal experiments and clinical studies have shown that excessive activation of inflammatory cells produces a large number of ROS, leading to acute oxidative stress at fracture sites (8, 23). Vitamin C, as an antioxidant, participates in redox reactions to neutralize ROS and alleviate oxidative stress, which inevitably leads to the excessive consumption of vitamin C (23, 25). It is worth noting, however, that because insufficient intake of vitamin C can increase the risk of fracture (6), the possibility of vitamin C deficiency before fractures are sustained cannot be ruled out. Although the blood of the fracture group was collected within 24 h, it could not objectively reflect the serum vitamin C status of children before the fracture.

Recent research has shown that aging impairs the body’s ability to fight oxidative stress (25, 26). Older adults are more susceptible to oxidative stress than younger adults, and fractures can lead to higher levels of oxidative stress. Thus, fracture-related serum vitamin C levels may vary with age. In this study, the correlation analysis revealed that vitamin C levels negatively correlated with age; therefore, age may be considered an influencing factor for the reduction of serum vitamin C levels in pediatric fractures. We speculated that older children were more likely to experience more severe oxidative stress at the fracture site than were younger children, thus requiring more vitamin C consumption. Furthermore, the different dietary intake and nutritional status of infants and preschool-aged, school-aged, and adolescent children may result in different serum vitamin C levels before the fracture (27). Infants typically obtain a certain amount of vitamin C through the intake of dairy products. The diet of preschool-aged, school-aged, and adolescent children has diversified, and their vitamin C intake may be insufficient. Moreover, BMI is primarily affected by age (28); therefore, vitamin C levels are negatively correlated with BMI. Additionally, vitamin C levels may be influenced by the duration after injury (14). This study found that the level of vitamin C was significantly lower in the first 6 h and gradually increased over time in the later period. This indicates that the oxidative stress response intensely consumed vitamin C during the early fracture period. In the later stage, oxidative stress is weakened, thus reducing the consumption of vitamin C under the body’s compensatory function. Therefore, vitamin C deficiency after injury is likely to be temporary. A meta-analysis demonstrated that oral vitamin C supplementation did not improve first-year functional outcomes in orthopedic patients (5). Thus, the therapeutic effects of vitamin C on pediatric fractures need more research support.

Our study had some limitations. First, this study only examined fracture cases that occurred as a result of low-impact injuries that required surgical treatment but did not examine fractures treated conservatively in outpatient clinics. Second, despite rigorous screening, the control group was not representative of a healthy population. Finally, although the serum vitamin C in the fracture group was deficient according to the reference range (6–25 µg/ml) set by the kit, this requires sufficient supporting clinical data.



5. Conclusions

This study revealed that serum vitamin C levels were significantly lower in children with limb fractures than they were in children without fractures, and were generally below the normal range. Oxidative stress and acute depletion after fracture might be the main factors. Vitamin C insufficiency was more likely to be present in children with limb fractures who were older than 4 years and within 6 h after injury. However, vitamin C insufficiency after fracture may be temporary, and further research is needed to address this.



Data availability statement

The raw data supporting the conclusions of this article will be made available by the authors, without undue reservation.



Ethics statement

The studies involving humans were approved by Medical Ethics Committee of Jinan Children’s Hospital. The studies were conducted in accordance with the local legislation and institutional requirements. Written informed consent for participation in this study was provided by the participants’ legal guardians/next of kin. Written informed consent was obtained from the individual(s), and minor(s)' legal guardian/next of kin, for the publication of any potentially identifiable images or data included in this article.



Author contributions

YD and TL: designed the whole study and revised the manuscript. YD, ML, and PM: enrolled patients and extracted clinical data. YD and XL: performed the statistical analyses and prepared tables and figures. CW and JY: supervised and administrated the study. YD and TL: contributed to the manuscript preparation. All authors contributed to the article and approved the submitted version.



Conflict of interest

The authors declare that the research was conducted in the absence of any commercial or financial relationships that could be construed as a potential conflict of interest.



Publisher's note

All claims expressed in this article are solely those of the authors and do not necessarily represent those of their affiliated organizations, or those of the publisher, the editors and the reviewers. Any product that may be evaluated in this article, or claim that may be made by its manufacturer, is not guaranteed or endorsed by the publisher.



References

1. Barrios-Garay K, Toledano-Serrabona J, Gay-Escoda C, Sánchez-Garcés MÁ. Clinical effect of vitamin C supplementation on bone healing: a systematic review. Med Oral Patol Oral Cir Bucal. (2022) 27:e205–15. doi: 10.4317/medoral.24944

2. Aghajanian P, Hall S, Wongworawat MD, Mohan S. The roles and mechanisms of actions of vitamin C in bone: new developments. J Bone Miner Res. (2015) 30:1945–55. doi: 10.1002/jbmr.2709

3. Oakes B, Bolia IK, Weber AE, Petrigliano FA. Vitamin C in orthopedic practices: current concepts, novel ideas, and future perspectives. J Orthop Res. (2021) 39:698–706. doi: 10.1002/jor.24947

4. Rowe S, Carr AC. Global vitamin C status and prevalence of deficiency: a cause for concern? Nutrients. (2020) 12:2008. doi: 10.3390/nu12072008

5. Hung KC, Chiang MH, Wu SC, Chang YJ, Ho CN, Wang LK, et al. A meta-analysis of randomized clinical trials on the impact of oral vitamin C supplementation on first-year outcomes in orthopedic patients. Sci Rep. (2021) 11:9225. doi: 10.1038/s41598-021-88864-7

6. Sun Y, Liu C, Bo Y, You J, Zhu Y, Duan D, et al. Dietary vitamin C intake and the risk of hip fracture: a dose–response meta-analysis. Osteoporos Int. (2018) 29:79–87. doi: 10.1007/s00198-017-4284-9

7. Lis DM, Baar K. Effects of different vitamin C-enriched collagen derivatives on collagen synthesis. Int J Sport Nutr Exerc Metab. (2019) 29:526–31. doi: 10.1123/ijsnem.2018-0385

8. Choi HK, Kim GJ, Yoo HS, Song DH, Chung KH, Lee KJ, et al. Vitamin C activates osteoblastogenesis and inhibits osteoclastogenesis via Wnt/β-catenin/ATF4 signaling pathways. Nutrients. (2019) 11:506. doi: 10.3390/nu11030506

9. Finck H, Hart AR, Jennings A, Welch AA. Is there a role for vitamin C in preventing osteoporosis and fractures? A review of the potential underlying mechanisms and current epidemiological evidence. Nutr Res Rev. (2014) 27:268–83. doi: 10.1017/S0954422414000195

10. Torbergsen AC, Watne LO, Wyller TB, Frihagen F, Strømsøe K, Bøhmer T, et al. Micronutrients and the risk of hip fracture: case-control study. Clin Nutr. (2017) 36:438–43. doi: 10.1016/j.clnu.2015.12.014

11. Sun LL, Li BL, Xie HL, Fan F, Yu WZ, Wu BH, et al. Associations between the dietary intake of antioxidant nutrients and the risk of hip fracture in elderly Chinese: a case-control study. Br J Nutr. (2014) 112:1706–14. doi: 10.1017/S0007114514002773

12. Sharma Y, Popescu A, Horwood C, Hakendorf P, Thompson C. Relationship between vitamin C deficiency and cognitive impairment in older hospitalised patients: a cross-sectional study. Antioxidants. (2022) 11:463. doi: 10.3390/antiox11030463

13. Falch JA, Mowé M, Bøhmer T. Low levels of serum ascorbic acid in elderly patients with hip fracture. Scand J Clin Lab Invest. (1998) 58:225–8. doi: 10.1080/00365519850186616

14. Hill-Mündel K, Schlegl J, Biesalski HK, Ehnert S, Schröter S, Bahrs C, et al. Preoperative ascorbic acid levels in proximal femur fracture patients have no postoperative clinical impact, while ascorbic acid levels upon discharge have a major effect on postoperative outcome. J Clin Med. (2019) 9:66. doi: 10.3390/jcm9010066

15. Bixby SD. Pitfalls in pediatric trauma and microtrauma. Magn Reson Imaging Clin N Am. (2019) 27:721–35. doi: 10.1016/j.mric.2019.07.009

16. Clark EM, Ness AR, Tobias JH. Bone fragility contributes to the risk of fracture in children, even after moderate and severe trauma. J Bone Miner Res. (2008) 23:173–9. doi: 10.1359/jbmr.071010

17. Liu TJ, Wang EB, Li QW, Li LY. High prevalence of vitamin D insufficiency in Chinese children with upper limb fractures. Genes Dis. (2020) 7:408–13. doi: 10.1016/j.gendis.2019.05.005

18. Yang G, Lee WYW, Hung ALH, Tang MF, Li X, Kong APS, et al. Association of serum 25(OH)Vit-D levels with risk of pediatric fractures: a systematic review and meta-analysis. Osteoporos Int. (2021) 32:1287–300. doi: 10.1007/s00198-020-05814-1

19. Paterson CR. Congenital vitamin C deficiency or fractures due to non-accidental injury? Int J Pediatr Child Health. (2018) 6:23–6. doi: 10.12974/2311-8687.2018.06.3

20. Crook J, Horgas A, Yoon SJ, Grundmann O, Johnson-Mallard V. Insufficient vitamin C levels among adults in the United States: results from the NHANES surveys, 2003–2006. Nutrients. (2021) 13:3910. doi: 10.3390/nu13113910

21. Malmir H, Shab-Bidar S, Djafarian K. Vitamin C intake in relation to bone mineral density and risk of hip fracture and osteoporosis: a systematic review and meta-analysis of observational studies. Br J Nutr. (2018) 119:847–58. doi: 10.1017/S0007114518000430

22. Martínez-Ramírez MJ, Palma Pérez S, Delgado-Martínez AD, Martínez-González MA, De la Fuente Arrillaga C, Delgado-Rodríguez M. Vitamin C, vitamin B12, folate and the risk of osteoporotic fractures. A case-control study. Int J Vitam Nutr Res. (2007) 77:359–68. doi: 10.1024/0300-9831.77.6.359

23. Dephillipo NN, Aman ZS, Kennedy MI, Begley JP, Moatshe G, Laprade RF. Efficacy of vitamin C supplementation on collagen synthesis and oxidative stress after musculoskeletal injuries: a systematic review. Orthop J Sports Med. (2018) 6:2325967118804544. doi: 10.1177/2325967118804544

24. He L, He T, Farrar S, Ji L, Liu T, Ma X. Antioxidants maintain cellular redox homeostasis by elimination of reactive oxygen species. Cell Physiol Biochem. (2017) 44:532–53. doi: 10.1159/000485089

25. Wang Z, Ehnert S, Ihle C, Schyschka L, Pscherer S, Nussler NC, et al. Increased oxidative stress response in granulocytes from older patients with a hip fracture may account for slow regeneration. Oxid Med Cell Longev. (2014) 2014:819847. doi: 10.1155/2014/819847

26. Assar ME, Angulo J, Rodríguez-Mañas L. Frailty as a phenotypic manifestation of underlying oxidative stress. Free Radic Biol Med. (2020) 149:72–7. doi: 10.1016/j.freeradbiomed.2019.08.011

27. Rampersaud GC, Pereira MA, Girard BL, Adams J, Metzl JD. Breakfast habits, nutritional status, body weight, and academic performance in children and adolescents. J Am Diet Assoc. (2005) 105:743–60; quiz 761. doi: 10.1016/j.jada.2005.02.007

28. De Onis M, Onyango AW, Borghi E, Siyam A, Nishida C, Siekmann J. Development of a WHO growth reference for school-aged children and adolescents. Bull World Health Organ. (2007) 85:660–7. doi: 10.2471/blt.07.043497












	
	TYPE Original Research

PUBLISHED 02 October 2023
DOI 10.3389/fped.2023.1258835






[image: image2]

Mid-term assessment of subtalar arthroereisis with Talar-Fit implant in pediatric patients with flexible flatfoot and comparing the difference between different sizes and exploring the position of the inserted implant

Huan-guang Xie†, Li Chen†, Xiang Geng, Chen Wang, Chao Zhang, Xu Wang, JiaZhang Huang and Xin Ma*

Department of Orthopedic Surgery, Huashan Hospital, Fudan University, Shanghai, China

EDITED BY
Shunyou Chen, Xiamen University, China

REVIEWED BY
Yunfeng Yang, Tongji University, China
Wenhao Zheng, Second Affiliated Hospital and Yuying Children's Hospital of Wenzhou Medical University, China

*CORRESPONDENCE Xin Ma maxinhuashan0318@163.com

†These authors have contributed equally to this work and share first authorship

Abbreviations
FFF, flexible flatfoot; STA, subtalar arthroereisis; CPA, calcaneal pitch angle; LMA, lateral Meary angle; TDA, talar declination angle; MLAA, medial longitudinal arch angle; AOFAS, American Orthopaedic Foot and Ankle Society.

RECEIVED 14 July 2023
ACCEPTED 14 September 2023
PUBLISHED 02 October 2023

CITATION Xie H, Chen L, Geng X, Wang C, Zhang C, Wang X, Huang J and Ma X (2023) Mid-term assessment of subtalar arthroereisis with Talar-Fit implant in pediatric patients with flexible flatfoot and comparing the difference between different sizes and exploring the position of the inserted implant.
Front. Pediatr. 11:1258835.
doi: 10.3389/fped.2023.1258835

COPYRIGHT © 2023 Xie, Chen, Geng, Wang, Zhang, Wang, Huang and Ma. This is an open-access article distributed under the terms of the Creative Commons Attribution License (CC BY). The use, distribution or reproduction in other forums is permitted, provided the original author(s) and the copyright owner(s) are credited and that the original publication in this journal is cited, in accordance with accepted academic practice. No use, distribution or reproduction is permitted which does not comply with these terms.



Background: Subtalar arthroereisis (STA) has gained growing acceptance as a viable approach solution for the management of pediatric flexible flatfoot. However, STA still remains controversial. The purpose of this study is to assess the effect of STA using the Talar-Fit implant for treating pediatric flexible flatfoot. Specifically, the aims of the study are as follows: first, to present the mid-term outcomes of STA using the Talar-Fit implant; second, to compare the radiographic and clinical outcomes associated with varying sizes of Talar-Fit implant; and third, to analyze the optimal position of the inserted implants.



Methods: A retrospective analysis was conducted on a cohort of 57 pediatric patients diagnosed with flexible flatfoot (77 feet) who underwent STA utilizing Talar-Fit between January 2014 and December 2021. The participants were categorized into five groups according to the size of the implant: Group 8, Group 9, Group 10, Group 11, and Group 12. The evaluation included the assessment of clinical function using the American Orthopaedic Foot and Ankle Society (AOFAS) ankle–hind foot score, as well as the assessment of radiographic data such as the calcaneal pitch angle (CPA), lateral Meary angle (LMA), talar declination angle (TDA), and medial longitudinal arch angle (MLAA) were evaluated. Furthermore, the position of the inserted implants was also recorded, including angle, depth, and distance. The comparison of pre- and postoperation was conducted using the paired Student's t-test, whereas the analysis of differences among subgroups was performed using the Wilcoxon rank-sum test. A P-value < 0.05 is considered statistically significant.



Results: In total, 57 pediatric patients (77 feet) were successfully followed-up for an average period of 26.8 months. The overall AOFAS score significantly improved from 58.6 ± 10.9 to 85.2 ± 8.6 (P < 0.001). Furthermore, the LMA decreased from 20.3° ± 3.6° to 4.5° ± 1.3°, the CPA increased from 14.8° ± 1.6° to 23.6° ± 2.7°(P < 0.05), the TDA decreased from 40.2° ± 2.3° to 25.5° ± 3.2°(P < 0.05), and the MLAA decreased from 140.1° ± 2.8° to 121.4° ± 3.9°(P < 0.05). No statistically significant differences were observed among subgroups regarding the final outcomes. The improvements of CPA, TDA, and MLAA among different groups were significantly different; however, the adjusted P-values were all greater than 0.05. The implant were inserted at a mean angle of 89.5° ± 2.4°, a mean depth of 0.9 mm ± 2.1 mm, and a mean distance of 9.9 mm ± 0.9 mm. Eight patients experienced complications, including six cases of pain occurrence and two cases of implant dislocation.



Conclusion: STA with Talar-Fit has demonstrated satisfactory mid-term outcomes. A Talar-Fit with a larger size may demonstrate a superior effect when compared with that of a smaller size. The implants were inserted in a similar position, indicating that the medial edge of the implant may be possible to transcend the midline of the talus neck.
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1. Introduction

Flexible flatfoot (FFF) is a prevalent orthopedic condition in clinical settings, particularly among the pediatric population, with a reported incidence rate of 5% (1). However, the etiology and pathological process of flexible flatfoot remain unclear (2). Flexible flatfoot is often characterized by the depression of the medial longitudinal arch, abduction of the forefoot, and eversion of the hindfoot, which may be caused by the excessive eversion of the subtalar joint (3). Other features, such as spasm of the peroneus and contracture of the gastrocnemius aponeurosis or Achilles tendon, are usually observed either individually or in conjunction with all of the aforementioned factors. Moreover, the majority of patients are often asymptomatic with a normal medial longitudinal arch. However, the main characteristics become more evident in weight-bearing, and some patients also suffer from subjective symptoms such as foot or ankle pain, gait changes, clumsiness, and easy fatigue after standing for long periods of time or walking long distances.

Treating flexible flatfoot still remains controversial (4). If not treated appropriately, some sequelae may occur, such as developing rigid flat feet and osteoarthritis, which can potentially destroy the mechanical axis of the lower limb (5). Most researchers recommend that patients exhibiting mild symptoms generally should be treated with conservative measures, such as utilizing orthopedic shoes or arch pads, while patients with persistent symptoms (such as persistent pain, gait changes, and easy fatigue) (6) should consider surgical treatment. Surgical procedures include subtalar arthroereisis (STA), osteotomies, arthrodesis, and soft tissue surgeries including tendon lengthening and transfer (7, 8). Currently, subtalar arthroereisis is gaining popularity in clinical settings due to its notable advantages of simple operation, less trauma, and better prognosis (9). STA refers to the insertion of implants into the sinus tarsi to correct excessive pronation of the subtalar joint and sustain its neutral position, consequently correcting the deformity of the flatfoot. Chambers first introduced the procedure in 1946, which gained popularity in the 1970s (10, 11). Through clinical observation, Fernández de Retana pointed out that the STA is indicated four or more of the following criteria are met: (1) no radiographic or clinical improvement after 2 years of conservative treatment; (2) valgus angle of hindfoot >10°; (3) FFF combined with Achilles tendon contracture; (4) Viladot footprint type II, III, or IV; (5) Meary angle <10°; (6) Moreau–Costa–Bartani angle >130° or Kite angle >25° (12). A wide variety of implants are now available on the market as a result of technological improvements. Vogler classified them into three types in 1987 based on their biomechanical characteristics: axis-altering devices, impact-blocking devices, and self-locking wedges. Among these types, self-locking wedges are the most commonly used in clinical practice (8). In 2012 (13), Graham and Jawrani further divided the self-locking wedge type into three types: type IA, type IB, and type II. The difference among these three types lies in the geometric design and the specific location of implantation for the implants. Type IA is designed in a cylindrical geometry, while type IB is characterized by a conical shape. Notably, both of these structures are inserted into the tarsal sinus in a lateral to medial orientation. Type II is featured with a medial-cylindrical and lateral-conical geometry, and inserted in an orientation from anterior-lateral-distal to posterior-medial-proximal. The representative implants include MBA, Talar-Fit, and HyproCure, which are widely recognized and routinely employed in clinical practice at present.

However, STA still remains controversial (14). Using the Talar-Fit as an example, the provided guidelines recommend inserting the screws into the tarsal sinus; however, many researchers prefer to insert implants into the sinus tarsal canal along the longitudinal axis of the sinus tarsal canal, anchoring them in the sinus tarsal canal (15). As a consequence, there is no uniform standard regarding the position and orientation of implants following modification. In a study conducted by Wang et al. (16), a comparison was made between two different types of devices, with two different insert positions, in order to assess the ability to correct the flatfoot deformity. The study utilized a cadaveric flatfoot model and found that HyproCure exhibited greater correction ability in both the transverse and sagittal planes when compared with Talar-Fit. Furthermore, he proposed that insertion into the canalis portion would be more beneficial compared with insertion into the sinus portion. Husain (17) studied the biomechanics of STA using screws of different sizes, finding a positive correlation between the size of the screw and the degree of restriction on the subtalar joint, with 6, 8, 9, 10, and 12 mm screws reducing the range of motion by 32.0%, 44.8%, 59.0%, 65.5%, and 76.8%, respectively. Based on the aforementioned information, it can be argued that the selection of implants should take into account the position and size of these implants.

Therefore, the aims of this research are as follows: to present the mid-term outcomes of STA with Talar-Fit implant for treating pediatric flexible flatfoot, to compare the radiographic and clinical outcomes associated with different sizes of Talar-Fit implant, and to analyze the optimal position of the inserted implants.



2. Materials and methods


2.1. Study design

A retrospective study was conducted on pediatric patients diagnosed with FFF who underwent STA with Talar-Fit (Osteomed, Addison, TX, USA) implant. The study received ethical approval from the Ethics Committee of Huashan Hospital.



2.2. Patients

The inclusion criteria for this study were as follows: (a) patients diagnosed with functional and symptomatic FFF and required surgery; (b) patients between the ages of 9 and 18 years at the time of the operation; (c) patients who had undergone STA at Huashan Hospital between January 2014 and December 2021; and (d) patients who had a successful postoperative follow-up of at least 1.5 years.

The exclusion criteria for this study were as follows: (a) patients with rigid flatfoot; (b) patients who had other deformities (neurogenic or neuromuscular disorders); and (c) patients with a history of lower limb surgery or trauma.

A total of 57 children with FFF (77 feet) were finally included in this study. The decision to conduct subgroup analysis was made considering the different sizes of the implants. Consequently, the patients were divided into five groups: Group 8, Group 9, Group 10, Group 11, and Group 12, with the numbers indicating the size of the implant.



2.3. Surgical technique

The patients were placed in a supine position and underwent surgery while under general anesthesia. A 2 cm incision was made obliquely at the body surface projection of the sinus tarsi. Blunt scissors were utilized to identify the subcutaneous tissue in order to protect the interosseous ligament and superficial nerve branches. Following exposing the tarsal sinus, a guide pin was inserted into the tarsal sinus along the direction of the tunnel. Subsequently, the trial implants were inserted using the guide pin, starting smaller sizes to larger sizes, until the desired hindfoot correction was achieved. The calcaneal axial, weight-bearing AP, and lateral perspectives were examined to check the position of trial implants and evaluate the ability of deformity correction following each implantation. Finally, the screw position and the ability of deformity correction were reevaluated by inserting the most suitably sized implant. The incision was closed layer by layer (Figure 1).


[image: Figure 1]
FIGURE 1
Illustration of some parts of the subtalar arthroereisis. (A) Make an incision and expose the tarsal sinus. (B) Insert a guide pin and insert the trial implant through the guide pin. (C) Check the position of trial implants. (D,E) AP and lateral perspectives after the permanent implant was inserted.


In cases where patients presented with gastrocnemius contracture or Achilles tendon contracture, a simultaneous procedure of gastrocnemius recession (18) or percutaneous Achilles tendon lengthening (19) was performed. Furthermore, in cases where patients exhibit an accessory scaphoid and experience pain at the site of the accessory scaphoid during rest, surgical intervention involving the removal of the accessory scaphoid and simultaneous reconstruction of the posterior tibialis tendon is necessary (20).

A 6-week period of immobilization with a short leg cast was implemented for all patients following the operation. The participants were allowed to engage in functional exercise after 6 weeks.



2.4. Outcome assessment


2.4.1. Radiographic outcome

Pre- and postoperative lateral radiographs were performed under weight-bearing in order to assess the surgical outcomes (21). The calcaneal pitch angle (CPA), the lateral Meary angle (LMA), the talar declination angle (TDA), and the medial longitudinal arch angle (MLAA) were measured. The specific measuring methods are displayed in Figure 2.


[image: Figure 2]
FIGURE 2
Lateral view of radiograph, demonstrating the measured angles. CPA formed by a line connecting the two most inferior points on the calcaneus and another line parallel to the ground. LMA formed by the axis of the first metatarsal and the longitudinal axis of the talus. TDA formed by a line parallel to the ground and the longitudinal axis of the talus. MLAA formed by a line connecting the most inferior points on the calcaneus and the caput tali and another line connecting the most inferior points on the head of the first metatarsal and the caput tali.


An anteroposterior view of postoperative x-ray illustrated the position of implants (22), including depth, orientation, and distance, which are shown in Figure 3.


[image: Figure 3]
FIGURE 3
Anteroposterior view of x-ray, demonstrating the position of implant. Angle θ presents the orientation, defined as the angle formed between the talar bisection and the longitudinal axis of implant. Line segment a presents the depth, defined as the perpendicular distance from the medial edge of the implant to the longitudinal talar bisection line. Line segment b presents the distance, defined as the perpendicular distance from the lateral edge of the implant to the lateral calcaneal wall.




2.4.2. Clinical outcome

The clinical evaluation was evaluated using the AOFAS ankle–hind foot score, and the postoperative complications were also recorded.




2.5. Statistical analysis

The results were presented as the mean and standard deviation. SPSS 17.0 statistical software was utilized for the data analysis. The paired Student's t-test was used to compare the AOFAS scores and angular measurements of pre- and postoperative conditions. The Wilcoxon rank-sum test was utilized to analyze the outcome differences among subgroups due to the variations in sample sizes and the non-normal distribution of outcomes within each group. In addition, the sample size of each group was small. Significant differences were defined as P < 0.05.




3. Result


3.1. General characteristics

Among the 57 patients (77 feet) included in our study, 20 (16.1%) were female and 37 (83.9%) were male, with an average age of 13.9 years (range, 11–18). All patients were thoroughly followed-up for a minimum of 18 months, with an average duration of 26.8 months (range, 18–63 months). To estimate the effects of implants with different sizes, the patients were categorized into five groups: Group 8 (n = 6), Group 9 (n = 15), Group 10 (n = 24), Group 11 (n = 24), and Group 12 (n = 8). The baseline characteristics of different groups were presented in Table 1, and no statistically significant differences were observed among the five groups.


TABLE 1 Comparison of baseline characteristics and outcomes among subgroups.
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3.2. Clinical and radiographic outcomes

The changes of clinical outcomes were investigated using the AOFAS ankle–hind foot score. It was observed that the mean AOFAS score was 58.6 ± 10.9 prior to the operation, which significantly increased to 85.2 ± 8.6 during the last follow-up (P < 0.05). Similar to the radiographic results, all of the angles were changed. Specifically, Meary's angle exhibited a significant decrease from 20.3° ± 3.6° preoperatively to 4.5° ± 1.3° at the last follow-up (P < 0.05), the calcaneal pitch angle increased from 14.8° ± 1.61° to 23.6° ± 2.7° (P < 0.05), the talar declination angle was also significantly decreased from 40.2° ± 2.3° to 25.5° ± 3.2° (P < 0.05), and the medial longitudinal arch angle decreased from 140.1° ± 2.8° to 121.4° ± 3.9° (P < 0.05) (Table 2).


TABLE 2 Outcome comparisons between preoperative and last follow-up.
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3.3. Subgroup analysis

Table 3 provides a clear description of the improvements observed in several parameters, including different angles and AOFAS score measured in different groups. On this basis, the effect of different sizes of implants could be evaluated. The study revealed that there was no statistically significant difference in the Meary angle across the five groups, despite improvements in the AOFAS score (P > 0.05). However, the calcaneal pitch angle, talar declination angle, and medial longitudinal arch angle exhibited significant differences (P < 0.05). However, when doing pairwise comparisons between groups, the adjusted P-values were found to be greater than 0.05.


TABLE 3 Comparison of the changes of the outcomes among subgroups.
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Table 4 also clearly depicts the position of different sizes of implants. It is evident that the average angle of orientation observed in the entire patient population was 89.5° ± 2.4°, and the depth and distance measurements were 0.9 mm ± 2.1 mm and 9.9 mm ± 0.9 mm, respectively. By further observation, it was determined that there were no significant differences among these five groups on the position of implants.


TABLE 4 Comparison of the position of the inserted implants among subgroups.
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3.4. Complications

Eight patients experienced complications, including six cases of pain occurrence and two cases of implant dislocation (Table 5). Among the six cases of pain occurrence, three patients received conservative treatment in the form of regional block therapy, two patients underwent implant removal after 2 years, and one patient underwent reoperation during the follow-up period. Among the two cases of implant dislocation, one patient was treated non-operatively, while the other underwent implant removal after 2 years.


TABLE 5 Complications among subgroups.
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4. Discussion

In recent years, podiatrists have increasingly utilized subtalar arthroereisis in treating pediatric FFF (24). As aforementioned, the concept was first introduced by Chambers in 1946. He inserted autologous bone graft into the tarsal sinus to correct the flatfoot by restricting the excessive eversion of the subtalar joint. In 1952, Grice modified the procedure. A cortical bone graft was used to hold the sinus tarsi open and create extra articular subtalar arthrodesis (8). However, this surgery was no longer adopted due to high incidence of complications such as secondary osteoarthritis. Thus, most of the podiatrists continue to endorse the concept proposed by Chambers, arguing that it is fundamental to restrict the excessive eversion of the subtalar joint without resorting to arthrodesis (23). This provides a direction for the treatment of pediatric FFF. Nowadays, the progressive advancement of technology and materials has facilitated the gradual maturation of subtalar arthroereisis, resulting in the emergence of numerous implant options available in the market. Nevertheless, the use of subtalar arthroereisis continues to be a topic of controversy, particularly with regard to product selection, size choice, and implants positioning.

In recent years, there are lots of reports on subtalar arthroereisis, including biomechanical assessment and clinical follow-up. The majority of scholars believe that STA is beneficial to FFF, which is also confirmed by a retrospective study conducted by Graham et al. (25). By conducting a retrospective analysis of clinical and radiographic data from a sample of 83 adult cases who underwent STA with the implantation of a self-locking wedge type, it was found that most of the patients were satisfied with the functional outcomes of their feet, which exhibited significant changes in relevant angles. Specifically, the mean angle of talar declination and talar second metatarsal decreased by 5.7° and 19°, respectively, whereas the mean angle of calcaneal pitch increased by 0.8°. De Pellegrin et al. (26) investigated the clinical and radiographic outcomes of 485 FFF children treated with the calcaneo-stop implant within 4.5 years, and the result demonstrated that 93.7% of the patients were satisfied, and no complications were reported during the course of the study. The result was also consistent with that of our study, even when the Talar-Fit implant was utilized. In this study, 90.0% of the patients were satisfied with the provided services. The AOFAS ankle–hindfoot score was significantly improved from 58.6 ± 10.9 to 85.2 ± 8.6 during the last follow-up (P < 0.05), with related angles changed at different levels.

The selection of the implant size is crucial to this procedure. Insufficient correction of deformity may occur if the implant size is smaller. However, if the implant size is larger, it raises an additional concern regarding the potential for overcorrected deformities. In this regard, different scholars hold different views. Yang pointed out that the principle entails selecting the minimal size that is capable of effectively correcting the deformity and can be stably maintained in the tarsal sinus during the movement of the patients (23). However, according to the study by Wang et al. (15), the selection of implant size should be different. They suggested that selecting the larger option would be the optimal choice, provided that both the smaller and larger options yielded satisfactory outcomes. He insisted that selecting the larger one could decrease the incidence of postoperative sinus tarsi pain. Cook et al. (22) conducted a prospective study, identifying the size of implants as a risk factor of postoperative complications, and also suggested that if both small and large sizes yield satisfactory results, choosing larger sizes may potentially reduce postoperative pain. In addition, another biomechanical assessment in a cadaveric study conducted by Husain (17) reported that the ability of correction increased with the size of implants. In our study, some interesting results were found. It is clear that there were no significant differences observed in the Meary's angle and the AOFAS scores as the size increased. However, the calcaneal pitch angle, the talar declination angle, and the medial longitudinal arch angle were significantly different. As for deeper analysis of pairwise comparisons across groups, the differences were not significant. It was observed that STA not only restricted excessive eversion of the subtalar joint but also raised the head of the caput tali when considering these differences (9). The calcaneus was elevated concurrently with the elevation of the caput tali. Consequently, a bigger size of implants could lead to more obvious elevation of the caput tali. It was recommended to choose the larger option if both sizes were sufficient.

Another key point of this surgery is the positioning of the inserted implants. However, the specific normative standards for Talar-Fit have not yet been definitively established. In addition, there are limited reports available to help guide the management of this surgery. Some researchers believe that implants should be inserted into the tarsal sinus in the direction of the tunnel, with the head of the implant not crossing the midline of the talus neck (23). This study investigated the exact position of Talar-Fit inserted. It was found that the longitudinal axis of the implant was perpendicular to the midline of the talus neck, forming a nearly 90° angle. The angle might be a judgement standard for orientation of the inserted implant. Upon closer observation, the overall depth of the implant was found to be inconsistent with previous reports. As the result showed, the average depth was 0.9 mm ± 2.1 mm. Moreover, the average depths in different groups were 1.38 mm ± 1.70 mm, 1.35 mm ± 2.1 mm, 1.00 mm ± 2.91 mm, 0.76 mm ± 1.23 mm, and −0.03 mm ± 1.5 mm, respectively. A primary observation of depths revealed that the depth decreased as the size increased. However, the results of the statistical analysis did not reveal any significant difference between the groups. The result indicated that each size of Talar-Fit might exceed the midline of the talus neck. Thus, it was hypothesized that the medial edge of the implant might exceed the midline of the talus neck. Further research is still required to determine the extent to which depth can be exceeded, as some researchers consider depth as a risk factor for developing sinus tarsi pain (14, 15, 27, 28).

While this study provides valuable insights, it has some limitations. First, the presence of information bias and selection bias should be acknowledged due to the retrospective design of this study. Second, there was no comparison made between the evaluation of STA and the patients treated with conservation treatment. Third, the sample size was small, resulting in smaller sample sizes across subgroups. A prospective and randomized controlled study should be conducted in the future to confirm our results.



5. Conclusions

In conclusion, the findings of our study indicated that subtalar arthroereisis with Talar-Fit implant proved to be an effective treatment for pediatric flexible flatfoot. Furthermore, it was demonstrated that a larger implant size could generate a superior effect compared with the small one. In addition, the present study determined the exact position of Talar-Fit inserted, and indicated that the medial edge of the implant might be able to exceed the midline of the talus neck. Future research can seek to increase the sample size to provide long-term outcomes, and RCTs must be conducted to improve the quality of such studies.
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Purpose: The purpose of this study was to observe whether developmental dysplasia of the hip (DDH) affects the development of the femoral head growth plate and to analyze the risk factors.



Methods: We selected female patients aged between 11 and 20 years with unilateral DDH and unclosed femoral head growth plate (s). The selected patients underwent anteroposterior radiography of the hip joint to compare the degree of development of the femoral head growth plate on both sides and to identify risk factors that affect the development of the growth plate in the femoral head.



Results: We included 48 female patients with unilateral DDH, with an average age of 14 years (range: 11.1–18.5 years) and an average BMI of 20.4 kg/m² (range: 15.5 kg/m²−27.9 kg/m²). Among them, 23 patients had earlier development of the femoral head growth plate on the affected side than on the healthy side, while the degree of development of the femoral head growth plate in 25 patients was the same as that on the contralateral side. When the Tönnis angle was greater than 29.5°C and/or the Reimers migration index was greater than 48.5%, there was a statistically significant difference in the acceleration of femoral head growth plate development.



Conclusion: An abnormal relative position of the acetabulum–femoral head caused by DDH can accelerate closure of the femoral head growth plate in immature female patients. The risk factors are a Tönnis angle greater than 29.5°C and/or Reimers migration index greater than 48.5%.
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Introduction

The epiphyseal plate is a crucial structure during human growth and development, serving as the foundation of skeletal development (1). In long bones, it's a cartilaginous structure located between the epiphysis and diaphysis, regulating the growth of the bone shaft through endochondral ossification until the epiphysis and diaphysis are completely fused. Abnormal development or damage to the growth plate may lead to severe limb deformities and length discrepancies during bone growth. The growth of the epiphyseal plate primarily depends on the activity of cartilage cells (2). Genetics, race, nutritional status, hormone secretion, and external environmental factors are among the many factors that may affect the activity of epiphyseal plate cartilage cells. Mechanical loading is a significant external factor that can regulate the growth of epiphyseal plate cartilage. Usually, the growth plate can be affected by various complex forces, such as compression, tension, and shear forces. As stress increases, the shape of the epiphyseal plate changes as it adapts to the mechanical influences (3, 4).

The treatment of developmental dysplasia of the hip (DDH) is linked to the maturity of hip joint development (5–8). The degree of epiphyseal plate development is a marker of skeletal maturity. We can assess the maturity of the hip joint by the degree of development of the femoral head growth plate. The hip joint is a ball-and-socket joint composed of the femoral head and the acetabulum. The development of the femoral head growth plate is related to the normal head-acetabulum relationship. When the head-acetabulum relationship changes, the mechanical load on the femoral head will also change. Some studies have revealed that changes in hip joint mechanical loading patterns during growth can cause proximal femoral deformities (9, 10). This suggests that the development of the proximal femoral epiphysis is related to hip joint loading pattern. Hip joint loading pattern is related to hip joint structural development. DDH patients typically have an abnormal head-acetabulum relationship, resulting in a smaller contact area between the femoral head and the acetabulum, leading to abnormal stress on the femoral head growth plate. The mechanical regulation of endochondral ossification in the epiphyseal plate and the pathological mechanism of progressive skeletal deformities are closely related, especially when skeletal development is immature (11, 12).

Based on the above, we hypothesize that in DDH patients with immature skeletal development, the abnormal head-acetabulum relationship of the hip joint will cause changes in the development of the proximal femoral head growth plate.



Patients and methods


Patient selection

From January 2014 to December 2020, a total of 128 female DDH patients between the ages of 11 and 20 were selected from our center. The inclusion criteria were as follows: (1) unilateral hip dysplasia, the affected hip joints of the patients all met the criteria of Tönnis angle more than 10°, lateral center-edge angle less than 25°C, and incomplete dislocation; (2) all patients included in the study had standard pelvic radiographs, without obvious pelvic rotation; (3) the affected hip joints had either simple developmental dysplasia or subluxation, and at least one of the femoral head epiphyses had not yet closed.

The exclusion criteria were as follows: (1) patients with bilateral femoral head growth plate completely closed; (2) history of hip joint surgery; (3) other diseases affecting bone epiphyseal development, such as multiple epiphyseal dysplasia (MED) and Legg-Calvé-Perthes disease (LCPD); (4) endocrine disorders and neuromuscular dysplasia that affect bone epiphyseal development.

According to the development of the femoral head growth plate on the affected side, the patients were divided into the group with earlier development of the femoral head growth plate on the affected side (i.e., the femoral head growth plate on the affected side developed earlier than that on the contralateral side) and the group with unaffected development of the femoral head growth plate on the affected side (i.e., the femoral head growth plate on the affected side had no change compared to that on the contralateral side).



Observation indicator

With reference to the female adolescents skeletal development indicators, based on the Tanner-Whitehouse 3 (TW3) method, the development of the femoral head growth plate was classified into four grades (see Figure 1) (13). Standard pelvic anterior-posterior radiographs were obtained using the Definium-6000 digital x-ray imaging system (GE-Healthcare) and standard x-ray imaging procedures. Two experienced pediatric orthopedic surgeons graded the degree of development of the femoral head growth plate on the PACS system, as well as measured the lateral CE angle, Tönnis angle, and Reimers migration index.


[image: Figure 1]
FIGURE 1
The developmental grades of the growth plate of the femoral head. Stage (A) (Grade 1): the beginning of the closure of the growth plate, with the chondrocyte gap narrowing and bone trabeculae visible. Stage (B) (Grade 2): partial closure of the growth plate (with less than 50% closure), usually starting from the middle and the chondrocyte gap between the trabeculae narrowing compared to Stage (A). Stage (C) (Grade 3): almost complete closure of the growth plate (with more than 50% closure), with some gaps still visible on one or both sides. Stage (D) (Grade 4): complete closure of the growth plate, with the residual or complete disappearance of the chondrocyte gap.




Statistical methods

SPSS 26 statistical software (IBM, Armonk, NY, USA) was used for statistical analysis. Independent sample t-tests were performed on the age, BMI, lateral CE angle, Tönnis angle, and Reimers migration index of the early-developing group and the unaffected group. P < 0.05 indicates statistical significance. The risk threshold value was calculated through the ROC curve.




Results

48 female patients with unilateral DDH were selected. Among them, 23 cases had earlier femoral head growth plate development on the affected side, while 25 patients had no affected femoral head growth plate development. The average age of the early femoral head growth plate development group was 13.9 years, while the average age of the unaffected femoral head growth plate group was 14.1 years (P = 0.783). The average BMI of the early femoral head growth plate development group was 20.5 kg/m², while that of the unaffected femoral head growth plate group was 20.3 kg/m² (P = 0.836).

In radiographic measurement, the average lateral CE angle of the early femoral head growth plate development group was −6.1°C, while that of the unaffected femoral head growth plate group was −1.6°C (P = 0.099). The average Tönnis angle of the early femoral head growth plate development group was 33.8°C, while that of the unaffected femoral head growth plate group was 26.0°C (P = 0.002). The average Reimers migration index of the early femoral head growth plate development group was 50%, while that of the unaffected femoral head growth plate group was 41% (P = 0.003) (Table 1). By calculating the risk threshold value through ROC curve (Figure 2), when the Tönnis angle is greater than 29.5°C and/or Reimers migration index is greater than 48.5%, accelerated the development of femoral head growth plate (see Figures 3, 4).


TABLE 1 Compares the age, BMI, and imaging measurements of two groups.
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FIGURE 2
ROC curve. Tönnis angle AUC (Area Under Curve) is 0.748; Reimers migration index AUC (Area Under Curve) is 0.745.



[image: Figure 3]
FIGURE 3
A 12-year-old girl with hip dysplasia on the right side, where the tönnis angle is 41.2°, and the Reimers migration index is 53%. The growth plate on the affected side closed earlier than that on the healthy side.



[image: Figure 4]
FIGURE 4
A 13-year-old girl with hip dysplasia on the left side, where the tönnis angle is 25.4°, and the Reimers migration index is 24%. The developmental status of the growth plate of the femoral head is consistent on both sides.




Discussion

The Hueter-Volkmann law (also known as the bone epiphysis pressure law) describes the relationship between bone epiphysis growth rate and the pressure to which they are subjected (14). Increased pressure on the epiphyses inhibits bone growth, while decreased pressure accelerates it. However, excessive pressure can impede normal epiphyseal growth. Mechanical stress can accelerate the formation of secondary ossification centers, regulate the entry of capillaries into cartilage ossification and growth plates, and affect the growth rate of growth plates at the cellular level. If the pressure on one side of the growth plate exceeds a certain level or with a high-pressure load, it can cause an increase in cell apoptosis. The abnormal mechanical environment affects the development of growth plates during immature skeletal development and is related to the pathological mechanism of progressive skeletal deformities (11, 12, 15–29).

Under normal circumstances, the hip joint only bears partial weight. However, when developmental dysplasia of the hip (DDH) occurs, the force surface can gradually shift to the edge of the acetabulum, and even show point-surface contact. This can significantly increase the pressure on the hip joint, up to 2–3 times that of normal. This change becomes more obvious as the Tönnis angle increases and the degree of lateral displacement of the femoral head increases. It can lead to occlusion of the lateral artery of the femoral head growth plate and affect the development of the growth plate. Clinical studies have also found that excessive stress can affect the growth and development of bone epiphyseal growth plates. Changes in hip joint load patterns during growth can cause proximal femoral deformities (30, 31). However, there were few studies on the development of growth plate of femoral head in DDH. Our research found that when the Tönnis angle was greater than 29.5°C and/or Reimers migration index was greater than 48.5%, the femoral head growth plate was in an unfavorable mechanical environment. This may cause accelerated closure of the femoral head growth plate in immature female DDH patients. This highlights the importance of early intervention.

The key to the treatment of children with DDH is to obtain concentric reduction (32). When the shape of the femoral head is not spherical, concentric reduction is impossible (33). The less circular the shape of the femoral head, the worse the treatment effect (34, 35). The shape of the femoral head is not only related to age but also to the growth environment around the femoral head growth plate. When the femoral head growth plate is in an unfavorable stimulation environment or there is a lesion, it can cause changes in the shape of the femoral head (35–38). This is also the principle of conservative treatment for DDH in infancy (39). In immature patients with skeletal development, when the mechanical environment of the femoral head growth plate improves, it can cause deformation of the femoral head shape (40–42). Therefore, early intervention is necessary when abnormal head-acetabulum relationships are occurred to prevent abnormal growth and development of the epiphysis and growth plates due to long-term abnormal mechanical stress, which can affect the postoperative effect. Early improvement of the mechanical environment of the femoral head growth plate can achieve good femoral head shape and good head-acetabulum matching.

The limitations of this study were that: (1) it was a preliminary study on the effect of abnormal head-acetabulum relationships on the development of the femoral head growth plate growth plate in female unilateral DDH; (2) the sample size was limited, and there was a lack of comparison between gender and normal adolescents. (3) Different rotational positions of the lower limbs maybe affect the the observation of growth plates. The subsequent studies were that: (1) determine whether a postoperative plasticity of the femoral head will occur when the Tönnis angle is greater than 29.5°C and/or the Reimers migration index is greater than 48.5%; (2) increase the sample size and comparisons between genders. (3) To compare the development of femoral head growth plate between DDH and normal adolescents.

In conclusion, our findings demonstrate that the development of femoral head growth plates in immature female DDH patients and found that DDH can cause adverse changes in the mechanical environment of the femoral head growth plate, which can lead to early closure and may have a negative impact on the later treatment. The risk factors are a Tönnis angle greater than 29.5°C and/or Reimers migration index greater than 48.5%.
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Objectives: Recurrent patellar dislocation (RPD) greatly affects active young individuals, necessitating the identification of risk factors for a better understanding of its cause. Previous research has connected RPD to lower limb alignment (LEA) abnormalities, such as increased femoral anteversion, tibial external rotation, knee valgus, and flexion. This study aims to use EOS technology to detect RPD-related LEA anomalies, enabling three-dimensional assessment under load conditions.



Methods: A total of 100 limbs (50 in the RPD group, 50 in the control group) were retrospectively analyzed. In the RPD group, we included limbs with recurrent patellar dislocation, characterized by dislocations occurs at least two times, while healthy limbs served as the control group. We used EOS technology, including 2D and 3D imaging, to measure and compare the following parameters between the two groups in a standing position: Femoral neck shaft angle (NSA), Mechanical femoral tibial angle (MFTA), Mechanical lateral distal femoral angle (mLDFA), Medial proximal tibial angle (MPTA), Anatomical femoral anteversion (AFA), External tibial torsion (ETT), and Femorotibial rotation (FTR).



Results: The significant differences between the two groups were shown in NSA 3/2D, MFTA 3/2D, mLDFA 3/2D, MPTA 3D, AFA, FTR. No significant difference was shown in MPTA 2D, ETT between the RPD group and the control group. Further binary logistic regression analysis. Further binary logistic regression analysis was conducted on the risk factors affecting RPD mentioned above. and found four risk factors for binary logistic regression analysis: mLDFA (3D), AFA, NSA(3D), and FTR.



Conclusions: EOS imaging identified abnormal LEA parameters, including NSA, MFTA, mLDFA, MPTA, AFA, and FTR, as risk factors for RPD. Children with these risk factors should receive moderate knee joint protection.



KEYWORDS
EOS imaging system, 3D analysis, recurrent patellar dislocation, lower extremity alignment, standing position





1. Introduction

Patellar dislocation (PD) is a common unstable knee disease that affects young individuals (1, 2). It occurs when the patella moves sideways out of trochlea groove of the femoral condyle. The annual incidence rate of pediatric PD has been reported to range from 2/100,000 to 107/100,000, accounting for 0.4% of pediatric emergency hospitalizations in surgical wards (3, 4). This greatly reduces patients’ physical activity and lead to long-term complications in adulthood, such as pain, chronic instability, cartilage deterioration and early-onset osteoarthritis (5, 6). Importantly, patients with prior PD have a 22.7–86.2% risk of experiencing a recurrent patellar dislocation (RPD) (7–9). RPD is an important cause of disability in young and active people. Therefore, correct identification of the risk factors for RPD is crucial for the study of the pathophysiology and etiology of RPD (10, 11).

When the knee joint moves back and forth between flexion and extension, the trajectory of the patella depends on the complex three-dimensional motion sequence between the femur, tibia, and patella. The anatomical basis of these movements is the interaction between the joint surface, bone structure, meniscus, ligaments, and muscles. While the initial onset of patellar dislocation is often attributed to accidental injury, the recurrence of this condition is multifactorial, with contributions from various mechanical factors. These factors include lower extremity alignment (LEA), dysfunction of the medial patellofemoral ligament or internal oblique muscle, excessive tension of the lateral retinaculum, systemic joint relaxation (12–18), as well as the alignment of the knee extension device, namely the Q angle (19, 20), and the shape and depth of the femoral sulcus. Among these factors, LEA is extremely important in the pathophysiology and etiology of RPD (21–24). During complete knee flexion, as the knee transitions from an extended state to a flexed state, the patella moves distally relative to the femur, ultimately aligning with the femoral groove. This movement is guided by the complex rotation of the tibia relative to the femur, which in turn is controlled by the consistency of the femur tibia joint surface and the forces of the muscles and ligaments, with significant individual differences. Previous studies have shown that LEA abnormalities, such as increased femoral anteversion angle, increased tibial external rotation, increased tibial external rotation, knee valgus, and knee reflection, are associated with RPD (21–30).

Several studies have shown that the kinematics of the patellofemoral joint observed in the non-weight-bearing posture are significantly different from the kinematics of the patellofemoral joint observed in the weight-bearing posture (31–33). Compared to non-weight-bearing measurements, weight-bearing conditions can alter the measurement of relative force lines due to changes in gravity, muscle strength, and knee joint geometry. Alfredsson et al. reported a radiographic system for examining and evaluating weight-bearing knee joints, including a model for measuring femoral and tibial rotation, patellar translation, and Q-angle (34–37). These previous studies on LEA for RPD were based on two-dimensional (2D) measurements, such as transverse images from plain films or computed tomography (CT) scans. Due to the influence of radiation source position and limb positioning on 2D measurements, there may be limitations in accurately evaluating these force factors. Therefore, the lower limb function in three-dimensional (3D) evaluation should lead to more clinically relevant conclusions.

We urgently needed a new option that can three-dimensionally evaluate lower extremity alignment under weight-bearing conditions. Fortunately, in 2019, our hospital obtained the EOS-3D imaging system (EOS Imaging, Paris, France), which has been applied in many centers around the world. The system can scan the coronal plane and sagittal plane at the same time, and provide the three-dimensional shape of both lower limbs in an upright state under load (38). The two advantages of this system are that it exposes patients to lower radiation doses than traditional radiography (39–41). In addition, traditional radiography uses point source geometry, which can lead to spatial distortion. The EOS system uses a collimator to generate parallel beams, thus minimizing the aforementioned spatial distortion (38).

The purpose of this study was to use EOS technology to identify LEA anomalies related to RPD, which allows for a three-dimensional evaluation of LEA under load conditions.



2. Materials and methods


2.1. Patient selection


2.1.1. Inclusion criteria


	(1)Patients with recurrent patellar instability, having experienced at least two patellar dislocations, despite non-operative treatment. (2) History of two or more positive imaging signs, including patellar dislocation, fracture of the medial patellar medial facet or the lateral femoral condyle, or injuries to the vastus medialis obliquus and the medial patellofemoral ligament on radiographs or magnetic resonance imaging (15, 42). (3) Both lower limbs were analysed to determine whether both knees showed symptoms of RPD. RPD diagnosis is performed by Dr. Haiqing Cai, a paediatric knee disease specialist with 25 years of experience.





2.1.2. Exclusion criteria


	(1)Patients with a single episode of patella dislocation. (2) Patients with a history of prior knee surgery. (3) Patients with a history of other knee injuries or dislocations due to direct trauma. (4) Patients with other types of patella dislocation, including habitual or fixed dislocation. After capturing EOS images, we conducted visual assessments to detect limb motion, excluding any images displaying S-shaped curves or bone cortex discontinuity as they were deemed unacceptable.





2.1.3. Control group

Healthy young volunteers without knee complaints or a history of knee injuries were chosen. We reviewed the outpatient medical history system, identified patients who had undergone systemic EOS, and selected individuals who did not exhibit unequal lower limb lengths, abnormal power lines, or discomfort-related complaints for the control group. We tried to select patients around 14 years old who could match the age range of RPD patients. Because these patients just underwent regular EOS during routine follow-up, we only needed to retrieve the data from the database, so there was no need to ask these patients to take EOS again.




2.2. EOS examination and analysis


2.2.1. The EOS imaging system

Anteroposterior and lateral images (tube voltage: 80 kV; tube current: 200 mA) were acquired simultaneously using the EOS imaging system with the patient in an upright posture to bear the physiological load. The patients applied the load evenly to both lower extremities, with the patella facing forward, and then rotated 15° in both directions to avoid superimposition of the anatomical references on the lateral radiographs for a total of two EOS images. Each 3D model was reconstructed from these biplanar x-ray images using a sterEOS workstation (EOS Imaging Inc., Paris, France). The 3D models of the lower extremities were obtained using semi-automatic adjustments of the anatomical reference points over the bone contours followed by fine manual manipulation (Figure 1) (43–46).


[image: Figure 1]
FIGURE 1
SterEOS workstation (EOS imaging Inc., Paris, France).




2.2.2. The following variables were measured and analyzed


	(1)NSA: Femoral neck shaft angle (NSA)

	(2)Mechanical femoral tibial angle (MFTA)



The frontal femoral plane represents the angle between the femoral mechanical axis and the tibial mechanical axis, with a positive angle for valgus and a negative angle for varus alignments.


	(3)Mechanical lateral distal femoral angle (mLDFA)



The frontal femoral planet represents the lateral angle between the femoral mechanical axis and the axis across the most distal point of the medial and lateral condyles and is always expressed as a positive angle.


	(4)Medial proximal tibial angle (MPTA)



The frontal femoral plane is the medial angle between the tibial mechanical axis and the line connecting the centers of the medial and lateral tibia plateaus.


	(5)Anatomical femoral anteversion (AFA)



This represents the angle between the femoral neck axis and the bicondylar axis (the axis between the centers of the spheres fitted to the medial and lateral femoral condyles). It is measured by projecting it onto a plane perpendicular to the mechanical axis of the femur. A negative value indicates femoral retroversion.


	(6)External tibial torsion (ETT)



This represents the angle between the line tangential to the posterior portion of the tibial plateau and the bimalleolar axis. It is measured by projecting it onto a plane orthogonal to the mechanical axis of the tibia with a positive angle for external rotation (when the malleoli are turned externally in relation to the tibial plateau) and a negative angle for internal rotation (when the malleoli are turned internally in relation to the tibial plateau).


	(7)Femorotibial rotation (FTR)



It is the angle between the posterior bicondylar axis and the axis in contact with the posterior part of the tibial plateau with a positive angle for external rotation of the tibial plateau relative to the femoral condyles and a negative angle when it is internally rotated.



2.2.3. The reference axes were defined as follows


	(1)Femoral mechanical axis: the line connecting the center of the femoral head and the center of the trochlea.

	(2)Femoral anatomical axis: the line drawn down the center of the femur's diaphysis.

	(3)Tibial mechanical axis (correspond with tibial anatomical axis): the line connecting the center of the tibial spines and the center of the distal articular surface of the tibia.






2.3. Statistical analysis

The Student's t-test without correspondence was used to compare the mean values between the two groups. For these parameters, which had significant and clinically important differences between both groups according to the Student's t-test, the relationships between each parameter of the LEA and RPD were assessed using binary logistic regression. All analyses were performed using SPSS version 24.0 (IBM Corp., Armonk, NY), and statistical significance was set at an alpha level of 5%.




3. Results


3.1. Cohort characteristics

We gathered data from a cohort of 31 patients with recurrent patellar dislocation (RPD), comprising 19 with bilateral involvement and 12 with unilateral symptoms. This allowed us to collect a total of 50 affected limbs and 12 healthy limbs from the RPD group. Additionally, we included 19 patients in the control group, totaling 38 healthy lower limbs. In summary, our study involved a collection of 50 affected limbs and 50 healthy limbs for analysis. Among the limbs affected by RPD, 10 belonged to male patients and 40 belonged to female patients, with an average age of 13.6 ± 1.73793 years. There were 22 on the right side and 28 on the left side. Among the healthy limbs, 20 belonged to males and 30 belonged to females, with an average age of 12.8 ± 2.28571 years. There were 28 on the right and 22 on the left (Table 1).


TABLE 1 Summary of demographic and clinical data of RPD and control groups.
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3.2. Lower extremity alignment (LEA)

The mean values and standard deviations of the alignment parameters are described in Table 1. Significant and clinically important differences between the two groups were shown in NSA 3/2D, MFTA 3/2D, mLDFA 3/2D, MPTA 3D, AFA, and FTR. There was no significant difference in MPTA 2D and ETT between the RPD group and the control group, respectively (Table 1).



3.3. Logistic regression analysis

Further binary logistic regression analysis was conducted on the risk factors affecting RPD mentioned above. Because there may be a linear relationship between MFTA, mLDFA, or MPTA, it was found that the P value of the Hosmer and Lemeshow test of mLDFA was higher (0.892) when one of the three was selected and included in the regression analysis model. When MFTA was selected, the P value was (0.866). When MPTA was selected, the P value was only (0.356). Therefore, we selected four risk factors for binary logistic regression analysis: 3D mLDFA, AFA, 3D NSA, and FTR (Table 2).


TABLE 2 Logistic regression analysis.

[image: Table 2]




4. Discussion

Recurrent knee pain conditions in children and adolescents, such as patellofemoral pain syndrome (PFPS) (47, 48) and RPD, significantly restrict young individuals, especially young athletes, from returning to regular sports activities. Utilizing imaging techniques to identify patients at a higher mechanical risk for these conditions is crucial. EOS technology offers a low-radiation method for measuring the three-dimensional lower limb force lines while patients bear weight. This approach provides unique advantages over traditional x-rays, CT scans, or MRI.


4.1. Coronal plane malformation

Our study demonstrated that coronal plane deformities of the lower limbs in RPD patients, including smaller NSA, smaller mLDFA, and larger MPTA, lead to the exacerbation of genu valgus, potentially affecting the Q angle-a potential risk factor for habitual patellar dislocation.



4.2. Horizontal rotation deformities

Previous studies have shown that the measurement results of femoral and tibial torsion obtained through EOS imaging are comparable to those obtained from 2D CT scans (49). It has good consistency in the results of measuring femur, tibia, and femoral tibial torsion based on 3D CT reconstruction technology. In Yan's study, there was no trend of increasing (or decreasing) variability between the two methods, as the mean values of CT and EOS measurements increased. This indicates good consistency between the two methods in measuring femur, tibia, and femur tibia torsion (50).


4.2.1. Anatomical femoral anteversion (AFA)

As we know, the strategies for treating RPD vary from case to case (51–53). Recently, excessive femoral anatomical anteversion angle (AFA) has been found in RPD patients (54–56), and recurrence of patellar dislocation has been found by causing distal femoral internal rotation and incorrect coupling between the patella and the femoral trochlear (54, 57, 58). To address this risk factor, some studies have suggested performing distal femoral circumcision (DDFO) for these patients (59–63). However, there is significant controversy regarding the AFA threshold for DDFO. Nelitz et al. (63) proposed a threshold of AFA >25°, while Weber et al. (64) proposed a lower threshold, suggesting AFA >20°. In addition, it is recommended to combine other factors (such as the “J” sign) with AFA when determining DDFO (65, 66).

However, measuring AFA often requires a CT examination of the lower limbs and a large amount of radiation is often avoided by doctors and patients, which cannot be widely used in clinical practice. At the same time, conducting lower limb CT scans on normal individuals is unethical, which may result in insufficient research data for the relevant control population (63–65). However, EOS technology provides a new method for measuring AFA under the premise of a small amount of radiation. The application of this method can obtain AFA data in the physical examinations of healthy individuals, thus providing assistance for more in-depth research.

This study applied the latest EOS technology to obtain the AFA when the patient was standing. A similar trend was observed in the femur as in previous studies (with an increase in AFA in RPD compared to normal) (Figure 2 and Table 3) (14, 21, 24, 29, 70). Through statistical analysis, it was found that an abnormal increase in AFA may be one of the risk factors for RPD.


[image: Figure 2]
FIGURE 2
The boxplot of anatomical femoral anteversion: RVD VS CONTROL (analyzed by independent-samples t-test)= 23.0°VS 17.5°, P = 0.002.



TABLE 3 Summary of the lower extremity alignment measured in the different studies.

[image: Table 3]

Because all RPD patients in this study had not undergone DDFO surgery, it is not possible to further determine the threshold of DDFO, which requires further research in the future.



4.2.2. External tibial torsion (ETT)

In this study, we did not find any abnormal rotation of the tibia in RPD patients relative to the control group (Figure 3), which is consistent with previous studies (Table 3) (21, 22, 24, 29). However, this is different from the research by Takai and Takagi, whose data showed a decrease in tibial torsion in patients with RPD (29, 70).


[image: Figure 3]
FIGURE 3
The boxplot of external tibial torsion: RPD VS CONTROL (analyzed by independent-samples t-test)= 30.3°VS 29.8°, P = 0.704.


There is currently little literature on using EOS to measure tibial torsion deformity in patients with RPD. Therefore, due to the lack of relevant comparative data, we can only temporarily understand it as an error caused by different measurement methods. However, from the perspective of RPD pathology, so-called miserable malalignment syndrome may exist, including excessive femoral anteversion, with, or without increased external tibial torsion (71). The position of the tibial tuberosity relative to the femoral trochlea further complicates the process of patella entry into the trochlea (14). The increase in the external rotation of the tibia seems to be more likely to cause external displacement of the tibial tubercle, thereby affecting the trajectory of the patella. This also supports the fact that patients with RPD are more likely to have an increase in tibial external rotation torsion rather than a decrease in tibial external rotation torsion.



4.2.3. Femorotibial rotation (FTR)

This study showed that, under weight-bearing conditions, in the RPD group, the tibia rotated more outward at the knee joint relative to the femur compared to the control group (Figure 4). This is generally consistent with previous research results (Table 3) (14, 21, 22, 24, 29, 70).


[image: Figure 4]
FIGURE 4
The boxplot of femorotibial rotation: RPD VS CONTROL (analyzed by independent-samples t-test) = 7.3°VS 2.0°, P = 0.004.


As mentioned above, the position of the tibial tuberosity relative to the femoral trochlea further complicates the process of patella entry into the trochlea (14). Therefore, the lateral rotation of the tibia relative to the femur during the weight-bearing position also affects the position of the tibial tubercle and may result in misclassified malalignment syndrome. Therefore, an excessive increase in FTR may also be one of the risk factors for RPD.




4.3. Limitations

This study has several limitations. Firstly, we did not investigate other potential risk factors for RPD, such as foot anomalies. Future research should consider examining a combination of these risk factors. Secondly, due to the higher susceptibility of female patients to RPD, it is essential to increase the number of female patients in control groups for upcoming studies. Additionally, using unaffected limbs from some RPD patients as controls in the control group might potentially impact the final data analysis. Therefore, future research should aim to expand the collection of control group data to reduce this potential source of bias.




5. Conclusion

EOS is suitable for LEA screenings in adolescents and children. The 3D-EOS imaging system identified abnormal LEA parameters, including NSA, MFTA, mLDFA, MPTA, AFA, and FTR, as risk factors for RPD. Providing moderate knee joint protection for children with these identified risk factors is advisable to reduce the likelihood of RPD.
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Background: Achondroplasia is one of the main causes of disharmonic dwarfism. Patients with achondroplasia might have physical and psychological limitations due to their disproportionate stature. Surgical limb lengthening is the only practical option available to achieve a stature comparable to normal population range. The purpose of this study is to analyze results and complications of our lengthening protocol.



Methods: A retrospective analysis was performed on 33 patients with achondroplasia (21 females and 12 males) undergoing simultaneous bilateral tibia or femur lengthening in four surgical stages from 2017 to 2021 (46 lengthening procedures, with a total of 56 tibias and 36 femurs). For each patient, patients’ characteristics and antero-posterior and lateral radiographs were obtained. The following parameters were analyzed: duration of lengthening with external fixator, amount of lengthening, complications or events that influenced outcomes and the healing index (HI).



Results: The average tibial and femoral gain was 7.9 cm and 6.9 cm, respectively. The tibiae achieved better results than the femurs (p = 0.005). Nineteen complications were reported for 92 segments (20.7%), and the variables influencing complications were: step (p = 0.002) and fixation duration (p = 0.061).



Conclusions: Bilateral parallel lower limb lengthening in four surgical steps may be a viable technique in patients with achondroplasia.
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limb lengthening, achondroplasia, external fixation, outcomes, complications, tibia, femur





1. Introduction

Achondroplasia is the most common form of skeletal dysplasia and represents one of the main causes of disharmonic dwarfism (1, 2). The cause of the disease lies in a mutation of the FGFR3 (Fibroblast Growth Factor Receptor 3) gene, which is expressed at the level of growth cartilage (1, 3). The clinical phenotype is characterized by disproportionately reduced stature with rhizomelia, an average-size trunk, a disproportionately large head, a prominent forehead, and a flattened bridge of the nose (1). Mild to moderate hypotonia might be present at birth, usually due to a spinal cord compression in the cervical spine. This condition can cause a retardation in motor skills development, while cognitive development is normal (2, 4). In the first year of life growth rate is similar to non-affected children; in the first decade, it drops to the 3rd percentile, while it can increase again during puberty. The average height in adult age is 131 ± 5.6 cm in men and 124 ± 5.9 cm in women (4). Patients with achondroplasia might have physical and psychological limitations due to the disproportionate stature of the body and difficulties in daily life activities (5).

In addition to drug therapy, surgical limb lengthening is one of the possible elongation procedures and represents a challenging pathway burdened by a high rate of complications. However, this procedure remains the only practical option for patients with achondroplasia to achieve a stature comparable to the normal population range at maturity and restore body proportions more similar to the normal population (6, 7). The purpose of this therapy is not merely cosmetic but primarily functional; with hypometric limb lengthening, it is also possible to correct associated axial deviations and prevent joint degeneration. It also enables patients to gain greater autonomy in daily life activities, such as personal hygiene, use of public transportation, and sports, all while improving their psychological and emotional state (8). The biological principle at the base of surgical limb lengthening is gradual and constant tissue traction. This strategy can activate proliferative and biosynthetic functions. After osteotomy and an external fixator (EF) placement, ex-novo bone production begins. It is called “distraction osteogenesis” and consists of three different stages: latency phase, distraction (usually 1 mm/day), and consolidation (9).

Moreover, lengthening protocols used in achondroplasia are numerous. However, there need to be more specific and universal guidelines regarding the patient's age at the beginning of surgery, the sequence of steps, the surgical technique, and the length gain for each bone segment (10). The limb lengthening protocol proposed in this study is the staged limb lengthening protocol, which involves simultaneous bilateral lengthening of the tibia and femur with EF in four surgical stages, as described by Peretti et al. (11). Our study aims to analyze the results and complications of our lengthening protocol in patients with achondroplasia. In addition, the present work aims to analyze any significant differences between tibial and femoral lengthening by comparing length gain, consolidation time, time with EF, and associated complications.



2. Materials and methods

A retrospective analysis was performed on 33 patients with achondroplasia undergoing simultaneous bilateral tibia and femur lengthening in four surgical stages, as described by Peretti et al. (11). All patients (21 females and 12 males) were operated on by the same orthopedic surgeon from 2017 to 2021. The diagnosis of achondroplasia had already been made by specialists at an early age for all patients who came to our institution to undergo the lower limb lengthening procedure. An initial interview was conducted to assess the patient's physical condition and any comorbidities, explain the protocol, describe the principle of operation of an external fixator and its management at home, elucidate clinical goals and possible complications, estimate the duration of treatment, frequency of follow-up visits, and the importance of physiotherapy and psychological support. Following written informed consent, all these patients underwent surgery. Forty-six lengthening procedures were performed, with a total of 92 bone segments lengthened (56 tibias and 36 femurs). The mean age of patients at first surgery was 8.73 years (range 6–15). At the time of data analysis, five patients had completed the whole lengthening protocol, fourteen patients completed the 3° step, seven patients the 2°, and seven the 1° step. Table 1 describes patients and bone length characteristics. Clinical details and antero-posterior and lateral radiographs were obtained from archived medical records, the hospital computer service, and the image archiving and communication system. The parameters analyzed were: the duration of lengthening with EF and its removal, the lengthening device, the amount of lengthening achieved for each bone segment (through analysis of radiographs), the presence of complications and events that influenced the outcome, and the healing index (HI), expressed as days of EF application per centimeter of lengthening of each bone (12).


TABLE 1 Patients and bone length characteristics.

[image: Table 1]


2.1. Surgical procedure and follow-up

The procedure of limb lengthening was performed in four surgical steps as described by Peretti et al. (11). All patients underwent simultaneous bilateral transverse lengthening of the affected bones; the first phase of our protocol involves the tibiae, the second the femurs, the third the tibiae, and the fourth the femurs. Patients could access the different phases approximately 1 year after EF removal. A ring fixator with a 2-ring structure was used for tibial lengthening, an osteotomy was performed at the level of the distal 1/3 of the fibula with multiple drill holes through an anterior approach and completed with an osteotome. The proximal ring was applied parallel to the knee joint, and the distal ring parallel to the ankle joint. The second surgical step consisted of another osteotomy of the tibia at its proximal 1/3 with the same technique. The periosteum was then carefully closed. The rings were connected to each other through adjustable bars. A single-sided pediatric limb reconstruction system was used for femoral lengthening; in this case, a single osteotomy of the distal diaphyseal-metaphyseal junction was performed. After surgery, there was an initial latency phase, and distraction was started after the fourth postoperative day in the ward, achieving a daily increase of 1 mm. The average length of hospitalization was about 5–7 days for each surgery. During hospitalization, special attention was paid to physiotherapy; regular range of motion (ROM) physiotherapy was provided for adjacent joints, particularly the knee and hip. The patient was encouraged to walk with the help of a walker to reduce osteopenia from immobilization, improve circulation, and maintain muscle mass.

The first follow-up visit was scheduled ten days after hospital discharge, then patients were monitored monthly, and during those visits, all joints were clinically and radiologically examined. When the planned lengthening was achieved, the distraction phase was stopped, and the consolidation phase began to allow the regenerated bone to consolidate. The EF was removed only after three cortices of the regenerated bone in the antero-posterior and lateral radiographs were observed. In specific cases, the bone segments were protected for 4–6 weeks with patella tendon support casts for the legs and prophylactic titanium elastic nails (TENs) for the femur (13). Radiographic measurements were performed using the Picture Archiving and Communication System (PACS). x-rays were performed using a radiopaque calibration object, a sphere with a known diameter of 20 mm. Acquired length (cm) was defined as the difference in the length of the long bone measured two times, immediately before and after lengthening. The tibial length was measured from the most proximal part of the tibial eminence to the midpoint of the tibial plafond (14) (Figure 1). Femur length was measured from the most proximal part of the femoral head to the most distal part of the femoral condyle (Figure 2). Both absolute and percent elongation from initial length were calculated together with HI.


[image: Figure 1]
FIGURE 1
Radiographic measurements of the tibia before surgery (left image) and after removal of the external fixators (right image).



[image: Figure 2]
FIGURE 2
Radiographic measurements of the femur before surgery (left image) and after removal of external fixators (right image).




2.2. Statistical analysis

Statistical analyses were performed using R software v4.1.3 (R core Team, Vienna, Austria). The distribution of continuous variables was tested with the Shapiro–Wilk test; based on the test results, parametric and nonparametric tests were applied to compare subgroups (t-student or Mann Whitney). Correlation tests were performed according to Pearson's and Spearman's methods. Differences between the proportions of categorical variables were assessed by Fisher's exact test or chi-square test for trend, in case of multiple ordered categories. Logistic regression models, selected according to Akaike's information criterion (AIC), were run to assess the influence of different variables on the occurrence of complications. P values less than 0.05 were considered statistically significant. P values less than 0.1 were considered as significance trends.




3. Results


3.1. Tibial lengthening

The average tibial gain was 7.9 cm (range 5.1–9.7 cm). Planned lengthening of 30% or more was achieved in 93% of patients. The greatest gains were achieved in the first step of tibial lengthening compared with the second step (p < 0.001). No significant differences were reported regarding patients' gender. A negative correlation between the percentage of increase and the preoperative value was found (p < 0.001, r = −0.817), meaning that the smaller the initial length, the greater the gains obtained (Figure 3). The mean duration of EF was 295 days (9.7 months) and the mean healing index for the tibia was 38 days/cm. Significant differences in fixation duration by step were reported (1st vs. 3rd, p = 0.005) with no significant differences between males and females (p = 0.582). In addition, significant correlations emerged between fixation duration and preoperative bone length (p < 0.001, r = 0.438) and augmentation percentage (p < 0.001, r = 0.380) (Figures 4, 5). The positive association with preoperative bone length indicates a longer fixation time with greater length, while the negative association with augmentation percentage indicates a lower augmentation percentage when the duration is longer.


[image: Figure 3]
FIGURE 3
Scatter plot showing the negative correlation between preoperative bone size and percentage of increase.
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FIGURE 4
Scatter plot relating fixation duration and preoperative values.
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FIGURE 5
Scatter plot relating the percentages of increase and the duration of fixation.




3.2. Femoral lengthening

At the end of the femoral lengthening procedure, the average lengthening achieved was 6.9 cm (range 2.1–9.5 cm). Planned lengthening of 30% or more was achieved in 67% of patients. Greater gains were obtained in the first stretching procedure compared to the second step. No significant differences were reported regarding patients' gender. The average duration of fixation in the femur was 302 days (9.9 months) with an average healing index of 44 days/cm. Comparing femoral and tibial lengthening (Figure 6), the tibiae achieved better results than femurs (p = 0.005).


[image: Figure 6]
FIGURE 6
Comparison of tibia and femur with respect to percentage increase (left) and duration of fixation (right).




3.3. Complications

We defined the complications as “all adverse and unexpected conditions that altered the plan of care”, as defined by Ilizarov (15). Superficial skin infections were not included, which, although they occurred in most patients, were mild and rapidly healed. There was a total of 19 complications for 92 segments (20.7%, 9 tibial and 10 femoral), and are summarized in Table 2. The most common complication, which occurred in 7 patients, was premature consolidation. This complication occurred in 5 cases in the fibula and 2 cases in the femur. Those patients were treated with revision corticotomy. All patients who underwent premature consolidation achieved the expected lengthening. One patient underwent corticotomy for the opposite reason: delayed union of the regenerate in the femur, bilaterally; after a conservative approach, corticotomy resolved the problem and the patient achieved a 41% percent gain of original length. In two patients, a fracture of the bone regenerate occurred after EF removal due to an accidental fall; in one case the fracture involved both femurs, in the other only the right one. The two patients were differently treated: one subject underwent repositioning of the EF, while the other subject with a bilateral fracture was treated with titanium elastic nails (TENs) (Figures 7, 8). Only one patient had an infection during the femoral lengthening process. The patient manifested fever and increased inflammatory indices. The patient tested positive for methicillin-sensitive S. aureus and was successfully treated with antibiotic therapy without removing the EF. This adverse event is classifiable as a grade II infection according to Saleh Scott and Checketts–Otterbuns (16). We had 1 patient with a neurologic complication, a popliteal sciatic nerve stupor on day 1 after surgery. The patient was returned to the operating room for removal of a Kirschner wire. The symptoms resolved completely in the following days.


TABLE 2 Complications.
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[image: Figure 7]
FIGURE 7
Postoperative radiograph after placement of a uniaxial external fixator following diaphyseal fracture of the right femur.



[image: Figure 8]
FIGURE 8
Postoperative radiograph after TENs placement following bilateral femur fracture.


There were no significant differences between femur and tibia in terms of complications. Comparing the first steps (1st and 2nd) and second steps (3rd and 4th), more complications occurred in the first steps (17/54) than in the second steps (2/36) with a significant difference between the proportions (p = 0.002). Considering gender, age, step, bone segment, fixation duration (weeks) we used multiple logistic regression analysis and the only variables influencing complications were: step (p = 0.002) and fixation duration (trend, p = 0.061). This trend suggests that each week of EF is associated with a 4.7% increased risk of developing complications.




4. Discussion

This study shows that our four-stage limb lengthening protocol was able to perform an average gain of 7.9 cm with a mean duration of EF of 295 days for the tibias and an average gain of 6.9 cm with an average duration of EF 302 days for the femurs. In addition, this protocol reports a decent complication rate, compared to the available literature. Nineteen complications were reported for 92 segments (20.7%). The present study also underlies which factors could modify the complication rate. The only variables influencing complications were: step (p = 0.002) and fixation duration (trend, p = 0.061).

The literature shows that tibial and femoral lengthening represents a stressful orthopedic procedure associated with multiple adverse events. From the studies conducted by Chilbule et al. (17) and Burghardt et al. (18), the complications were 33 out of 36 lengthened segments (92%), 28 out of 28 lengthened segments (100%), respectively. In contrast, in the study by Venkatesh et al. (19), all 20 patients reported temporary joint stiffness and fractures of bone regenerate occurred in 15% of cases. Extensive stretching can also lead to excessive pressure on the open growth cartilage, resulting in growth inhibition: this was demonstrated in a study by Song et al. (20), which found premature closure of the physis after lower limb lengthening in more than 50 percent of patients with achondroplasia. Numerous stretching protocols are tested in achondroplasia, but there still needs to be more specific guidelines. In our study, moderate, parallel, bilateral lower limb lengthening was adopted and fractionated into four surgical steps, as proposed by Peretti et al. (11). We observed a lower complication rate using this method than in the literature. More specifically, out of a total of 46 lengthening procedures, 38 achieved the intended goal. The average bone length gain was 7.9 cm for the tibia and 6.9 cm for the femur, with an overall average height gain at the end of treatment of 29.6 cm. We hypothesize that splitting the lengthening into four times reduces the trauma on the soft tissues and joints. We obtained better results during the first two steps and in the tibia than in the femur; this latter aspect was also shown by Park et al. (21) in bilateral parallel lengthening but performed in only two steps (1° step tibiae, 2° step femurs). Consistent with the Griffith et al. study, we did not find a higher rate of adverse events in patients undergoing successive lengthening of the same bone; on the contrary, we saw a significant decrease in the frequency of complications (22). This decreased rate is probably due to an adequate recovery time between procedures, waiting at least 1 year after EF removal to proceed with the following procedure, which translates into a minimum wait of 2 years between the start of one lengthening and the next. In support of this claim, Tjernström et al. suggested that the time required for bone remodeling after a lengthening is at least 1 year (23). A more detailed comparison of the experience of other authors is presented in Table 3.


TABLE 3 The experience of other authors in limb lengthening.

[image: Table 3]

Our study also demonstrated that each week of EF placement is associated with a 4.7% increase in the risk of developing complications. Therefore, the duration of EF treatment should be sufficient to ensure satisfactory lengthening and good-quality bone regenerate. At the same time, external fixation should not be excessively prolonged to avoid further complications. Thus, in cases where the quality of the bone regenerate is still not optimal after a long period of fixation, removal of the EF and preventive treatment with titanium elastic nails (TENs) is recommended to prevent the fracture risk. This procedure is the “lengthening then rodding”, which has already been described in the literature and tested in one of our patients (13).

Our study has several strengths: it ranks third in terms of sample size among scientific studies of the last two decades on lower limb lengthening with EF, preceded by a study by Paley (25) (75 patients, including 66 patients with achondroplasia) and a study by Shabtai et al. (24) (50 patients). Moreover, the same surgeon performed all lengthening procedures, thus zeroing interoperator variability. The data we collected enrich the current literature, which needs to include recent results regarding fractional lengthening in four surgical steps performed in pediatric patients 6 years of age and older. Finally, the results of the present study also offer some insights for further studies, such as the preventive treatment of regenerated fractures with TENs. Our study has some limitations that need to be considered. First, it is a retrospective, noncomparative study conducted in a single center, with no direct comparison between extensive and moderate lengthening and different surgical protocols. Second, this retrospective analysis did not include quality-of-life questionnaires or patient-reported outcome measures (PROMs) at the beginning and end of treatment, which is essential to integrate clinical outcomes and understand the real impact on the patient's daily life. However, Kim et al. (31) showed that limb lengthening improves the quality of life of patients with achondroplasia despite the high rate of complications. In addition, questionnaire scores improve significantly if humerus lengthening is also performed (8), a procedure that only three of our patients have undergone so far. Third, other fixation methods are now available for limb lengthening, such as intramedullary nails, which still need to be tested in our center and might be interesting to compare with EF results. Such devices are commonly used in limb lengthening with underlying etiologies other than dwarfism of achondroplasia. Indeed, they have as a limitation the preoperative bone length that must be at least 17.5 cm in order to lengthen the limb by 5 cm, and this requirement is not always met in the child with achondroplasia. However, in the aforementioned Paley study, the intramedullary nail is identified as a promising alternative to EF, as it could be associated with fewer complications and less psychological stress for the patient (25).

In our opinion, the future challenge of surgery will be finding the correct treatment combined with the latest pharmacological therapy (33). Finally, as already expressed in the literature, we reiterate the importance of a multidisciplinary approach to the patient with achondroplasia. Pediatricians, geneticists, pulmonologists, neurologists, endocrinologists, and rheumatologists should be involved and collaborate with the figure of the orthopedic surgeon (34). Furthermore, we reiterate the importance of close collaboration with physical therapists, ideally specialized in these highly specific procedures. Constant monitoring and efforts to maintain the ROM in adjacent joints, the assessment of motor patterns, and the preservation of muscle trophism are fundamental pillars of this therapeutic synergy. In addition, our patients and their families are always counseled with psychological support throughout the lengthening process to help them cope with the long journey ahead and possible complications.



5. Conclusion

Our study suggests that bilateral parallel lower limb lengthening, fractionated into four surgical steps and undertaken at pediatric age, could be a viable technique in patients with achondroplasia. Based on our experience, we suggest that limb lengthening should be started at the pediatric age of 6–8 years. The future challenge of surgery will be finding the ideal treatment combination with drug therapy. A multidisciplinary approach to the patient with achondroplasia, together with psychological support, remains recommended for all patients who undergo this path.
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Objectives: This review evaluates the safety and efficacy of submuscular plating (SMP) vs. elastic stable intramedullary nailing (ESIN) in the treatment of pediatric femur shaft fracture.



Method: Studies comparing the efficacy and safety of SMP and ESIN in pediatric shaft fracture were retrieved from five databases (PubMed, Embase, Cochrane, OVID, and Web of Science) from inception to March 2023 using a systematic literature search strategy. A total of 13 outcome measures, such as perioperative parameters, clinical outcomes, and radiographic results, were included in the meta-analysis.



Results: Eight eligible studies involving 491 patients were included in the narrative synthesis. There were no significant differences in baseline characteristics between the two groups. Meta-analysis showed reduced radiation time (RT), soft tissue irritation and angular deformation in the SMP group than in the ESIN group. However, the SMP group had greater estimated blood loss (EBL) than the ESIN group. The duration of surgery, length of hospital stay (LOS), implant removal, complications requiring surgery, Flynn score, incidence of infection, fracture healing time, and limb length discrepancy (LLD) were similar between the two groups. Only one study reported higher incidences of fracture nonunion or delayed healing in the ESIN group.



Conclusion: SMP is an effective and safe intervention superior to ESIN in reducing soft tissue irritation, angular deformation and radiation time. Given the presence of potential bias and heterogeneity, surgeons should select the treatment that would provide the best outcomes for EBL, LOS, operation time, and bone nonunion or delayed healing based on their experience.



Systematic Review Registration: https://www.crd.york.ac.uk/prospero/display_record.php?ID=CRD42023404118, Identifier PROSPERO (CRD42021228512).
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Introduction

Pediatric femoral fractures are the second most common diaphyseal fracture and the most common pediatric orthopedic injury requiring hospitalization (1), representing about 2% of all pediatric fractures (2). Despite the consensus on the surgical treatment for patients over five years old (3), the selection of fixation method in skeletally immature patients remains controversial (4, 5).

An optimal surgical strategy for pediatric femoral shaft fracture depends on the age and weight of the child, characteristics of the fracture, and accompanying damage (4). In addition, an effective fixation approach should provide adequate primary stability to permit early mobilization, even early weight bearing, maintain fracture biology, minimize scaring and tissue irritation, prevent blood transfusion and serious complications, as well as reduce operation time and radiation exposure (6). The main options for surgical fixation include external fixation, open or submuscular plating fixation, rigid intramedullary nailing, and ESIN (7). External fixation is frequently associated with complications, and open reduction and internal fixation have increased risks of blood transfusion and impaired blood supply to the fracture site. Furthermore, several studies have reported avascular necrosis in rigid intramedullary nailing (8–10). On the other hand, ESIN and SMP have become the most popular fixation approaches for pediatric femoral shaft fractures in recent years (11, 12). ESIN has always been the preferred method of fixation for length stable femoral shaft fracture (13), and has recently demonstrated positive clinical outcomes with low incidences of complications in unstable femoral shaft fracture (14). SMP is an alternative option for length-unstable femoral fractures due to minimal invasion and soft tissue irritation, reliable initial stability that allows for early range of motion (ROM), and satisfactory healing rate, which increased its applicability over ESIN (15, 16).

Both approaches have been recommended in guidelines, but high-level evidence on their efficacy and safety is lacking (3, 15). As a result, neither of these techniques is considered the gold standard, and the selection of either approach remains highly debated (17). A few meta-analyses have compared ESIN with other procedures (18, 19) but not with SMP. Therefore, this study was conducted to evaluate the clinical efficacy, radiology outcomes and safety of SMP vs. ESIN in treating pediatric femoral fractures.



Methods


Search strategy

This study was performed in accordance with the Preferred Reporting Items for Systematic Reviews and Meta-Analysis (PRISMA) 2020 statement (20) and was registered in PROSPERO (CRD42021228512). Studies comparing the efficacy and/or safety of SMP and ESIN in pediatric femoral shaft fracture and published in English were systematically searched in PubMed, Embase, The Cochrane Library, and Web of Science from inception to March 2023 using the following terms: “Femoral Fractures”, “Femoral Fracture”, “Fracture, Femoral”, “Fractures, Femoral”, “elastic stable intramedullary nailing”, “elastic stable intramedullary nails”, “elastic stable intramedullary nail”, “elastic nailing”, “elastic nail”, “elastic nails”, “Flexible Intramedullary Nail”, “Flexible Intramedullary Nails”, “flexible intramedullary nailing”, “flexible nails”, “flexible nail”, “flexible nailing”, “Submuscular plating”, “bridge plating”, and “Submuscular bridge plating”. The detailed search strategy is shown in Supplementary Text S1. The references of all eligible studies were also manually searched. All included studies were evaluated independently by two investigators, and any disagreement was resolved by consensus.



Eligibility criteria

The inclusion criteria were as follows: (1) Randomized-controlled trial (RCT), cohort study, or case-control study; (2) Conducted in skeletally immature children aged five years or older; (3) Study included closed or Gustilo I femoral shaft fractures without other injuries that require concomitant treatment; (4) At least one perioperative measure, including operation time, EBL, LOS, incidence of complication, and radiation expose time; (5) Sufficient data for calculating odds ratio (OR) or weighted mean difference (WMD).

The exclusion criteria were: (1) Reviews, letters, editorial comments, case reports, conference abstracts, adult studies, non-clinical studies, unpublished articles, and non-English articles; (2) Outcome measures cannot be extracted completely; (3) Fewer than 20 cases in two groups (SMP and ESIN); and (4) Patients on whom more than one internal fixation method has been applied.

Postoperative plaster assisted fixation was not excluded from our analysis since it is a routine procedure performed in pediatric fracture surgery and should not have an impact on the study results.



Data extraction

Data were extracted independently by two investigators, and any discrepancy was resolved by discussion with a third investigator. Extracted data included study characteristics (first author, publication year, study period, country of study, study type, number of cases), demographics (patient age, patient weight, gender, fracture stability), perioperative parameters (duration of surgery, EBL, RT and LOS), clinical outcomes (soft tissue irritation, implant removal, complications requiring surgery, Flynn score, and infections), and radiographic outcomes (fracture healing time, angular deformation, LLD, and fracture non-union or delayed healing). Continuous variables were expressed as mean ± standard deviation using a validated mathematical method (21, 22).



Quality assessment

Quality assessment was performed using the Cochrane Collaboration's risk of bias assessment (RoB) tool for RCTs and the Newcastle–Ottawa Scale (NOS) for retrospective and prospective cohort studies. Studies with a score of 7–9 were regarded as high-quality. Discrepancies in quality assessment results were resolved through discussion between the two independent investigators.



Statistical analysis

Evidence synthesis was completed using Review Manager 5.3 (Cochrane Collaboration, Oxford, UK). Continuous and categorical variables were compared between groups using WMD and OR with confidential intervals (CIs), respectively. Heterogeneity among studies was assessed by the chi-squared (χ2) test (Cochran's Q) and inconsistency index (I2) (23). When I2 > 50%, a random-effects model was used for data analysis; otherwise, a fixed-effects model was used. Furthermore, sensitivity analyses were performed for outcomes with significant heterogeneity to evaluate the effect of the included studies. Publication bias was evaluated using funnel plots in Review Manager 5.3 (Cochrane Collaboration, Oxford, UK).




Results


Literature search and study characteristics

We initially identified 491 relevant publications from Pubmed (n = 28), Cochrane Library (n = 1), Embase (n = 33), OVID (n = 374), and Web of Science (n = 55). The study selection process is shown in Figure 1. After removing duplicates, the title and abstract of 165 articles were screened, and the full texts of 66 articles were assessed for eligibility. Finally, 8 studies involving 491 patients (216 in SMP group, 275 in ESIN group) were included in the meta-analysis (12, 24–30), including 2 prospective cohort studies (25, 27), 3 retrospective cohort studies (24, 28, 29), and 3 RCTs (12, 26, 30). The characteristics and quality scores of each included study are summarized in Table 1. All the included prospective and retrospective cohort studies were identified as high quality according to NOS (Supplementary Table S1). In addition, the RCTs were also of good quality with a low risk of bias according to the RoB assessment (Figure 2).


[image: Figure 1]
FIGURE 1
Flowchart of study screening.



TABLE 1 Baseline characteristics of include studies and methodological assessment.
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FIGURE 2
Publication bias in RCTs summary of the risk of bias across the 3 included RCTs; judgements regarding each risk of bias item for each included study.




Demographics

No significant differences were noted in patient age (WMD: −0.16; 95% CI: −0.73, 0.41; P = 0.58), gender (WMD: −0.16; 95% CI: −0.73, 0.41; P = 0.58), weight (WMD: −0.16; 95% CI: −0.73, 0.41; P = 0.58) and fracture stability (WMD: −0.16; 95% CI: −0.73, 0.41; P = 0.58) (Table 2).


TABLE 2 Demographics and clinical characteristics of included studies.
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Perioperative parameters


Duration of surgery

Duration of surgery was reported in 5 studies including 309 patients (137 in SMP and 172 in ESIN) (12, 26, 27, 29, 30). No significant difference was observed in the duration of surgery between the two groups [WMD: 7.07; 95% CI: (−1.01, 15.15); P = 0.09], but there was significant heterogeneity among the studies (I2 = 94%, P < 0.00001) (Figure 3A).


[image: Figure 3]
FIGURE 3
Forest plots of perioperative parameters: (A) duration of surgery; (B) radiological time; (C) estimated blood losing; (D) length of stay.




RT

Five studies involving 283 patients (127 in SMP and 156 in ESIN) reported radiation time (12, 24, 26, 29, 30). The pooled results showed that radiation time was significantly shorter in the SMP group than in the ESIN group [WMD, −17.3; 95% CI: (−29.02, −5.58); P = 0.004]. There was significant heterogeneity among the studies (I2 = 93%, P < 0.00001) (Figure 3B).



EBL

Five studies (12, 26, 27, 29, 30) reported EBL. The meta-analysis showed significantly greater EBL in SMP than in ESIN [WMD = 27.31, 95% CI: (4.39, 50.24), P = 0.02], with significant heterogeneity among the studies (I2 = 96%, P < 0.00001) (Figure 3C).



LOS

Five studies (n = 300) discussed LOS (132 in SMP and 168 in ESIN) (12, 27–30). Meta-analysis showed similar LOS between the two groups [WMD: 0.62; 95% CI: (−0.1, 0.35); P = 0.09], with significant heterogeneity among studies (I2 = 98%, P < 0.0001) (Figure 3D). Furthermore, funnel plots revealed a slight publication bias in all of the above four perioperative parameters (Figures 4A–D).


[image: Figure 4]
FIGURE 4
Funnel plots: (A) duration of surgery; (B) radiological time; (C) estimated blood losing; (D) length of stay; (E) soft tissue irritation; (F) implant remove; (G) comlication need to surgery; (H) flynn score(excellent and satisfactory); (I) flynn score(excellent); (J) infection; (K) fracture union time; (L) angular deformation; (M) limb length discrepancy; (N) non-union or delay union.





Clinical outcomes


Soft tissue irritation

Five studies reported soft tissue irritation, encompassing 431 patients (188 in SMP and 243 in ESIN) (12, 24–28, 30). The analysis results indicated significantly lower soft tissue irritation in the SMP group than in the ESIN group [OR: 0.15; 95% CI: (0.01, 0.37), P < 0.0001], with no significant heterogeneity among the studies (I2 = 0%, P = 0.96) (Figure 5A).


[image: Figure 5]
FIGURE 5
Forest plots of clinical outcomes: (A) soft tissue irritation; (B) implant remove; (C) comlication need to surgery; (D) flynn score(excellent and satisfactry); (E) flynn score(excellent); (F) infection.




Implant removal

Implant removal was reported in six studies with a total of 381 patients (12, 24–28), of whom 296 decided to remove their internal fixation devices (44.93% in SMP and 55.07% in ESIN). No significant difference was found in implant removal [OR: 1.98; 95% CI: (0.72, 5.43), P = 0.18]. However, there was moderate heterogeneity (I2 = 58%, P = 0.18) (Figure 5B) and slight publication bias in the studies (Figure 4F).



Complications requiring surgery

Although all 8 studies reported postoperative complications, meta-analysis was performed on only 5 studies, involving 17 cases (6 SMP vs. 11 ESIN) of complication in 323 patients (12, 24, 26–28). There was no significant difference in the incidences of complications requiring surgery between the two groups [OR: 0.61; 95% CI: (0.23, 1.64), P = 0.33] and no significant heterogeneity among the studies (I2 = 5%, P = 0.38) (Figure 5C). Reasons for secondary surgery were re-fracture, loss of reduction, deep infection, delayed union or non-union, and excessive deformity.



Flynn score

Flynn scores are rarely or poorly reported in most studies, and thus we performed subgroup analyses according to that patients have an Excellent or Satisfactory result or have an Excellent result only. We then further compared the clinical efficacy of the two interventions.

Flynn scores for child femoral shaft frame were pooled from 5 studies (26–30) involving 297 subjects (131 in SMP and 166 in ESIN). Neither the Excellent/Satisfactory [OR: 1.27; 95% CI: (0.34, 4.69), P = 0.72] nor Excellent subgroups [OR: 1.97; 95% CI: (0.72, 5.39), P = 0.19] showed a significant difference in the number of patients between the two interventions. There was significant heterogeneity in the latter subgroup (I2 = 61%, P = 0.04) (Figure 5E) but not in the former subgroup (I2 = 0%, P = 0.78) (Figure 5D). The funnel plot revealed a slight publication bias in Flynn score in the Excellent subgroup but not in the Excellent/Satisfactory subgroup.



Infections

Infections were reported in three studies (12, 25, 26), with an overall incidence of less than 7%. Infections were reported in 3 patients by Chen et al. (SMP: 1/30; ESIN: 2/28), 5 patients by Dey et al. (SMP: 2/19; ESIN: 3/18), and 1 patient by James et al. (SMP: 1/20). There was no significant difference in the incidence of infection between the two groups [OR: 0.76; 95% CI: (0.21, 2.80), P = 0.68], and there was no significant heterogeneity in the results (I2 = 0%, P = 0.61) (Figure 5F).




Radiographic results


Fracture healing time

Four studies involving 187 patients (92 in SMP and 95 in ESIN) reported fracture healing time (12, 26, 29, 30), which was defined as the first observation of cortical continuity in more than 3 directions on the anteroposterior lateral x-ray. Meta-analysis indicated no significant difference in fracture healing time between the two groups [OR: −0.5; 95% CI: (−1.26, 0.26), P = 0.20]. However, there was significant heterogeneity (I2 = 96%; P < 0.00001) (Figure 6A) and publication bias (Figure 4K).


[image: Figure 6]
FIGURE 6
Forest plots of radiographic results: (A) fracture union time; (B) angular deformation; (C) limb length discrepancy; (D) non-union or delay union.




Angular deformation

Four studies involving 308 patients (125 in SMP and 183 in ESIN) (12, 24, 27, 30) discussed angular deformation. The results revealed that the SMP group had a significantly lower angular deformation rate than the ESIN group [OR: 0.4; 95% CI: (0.16, 0.99); P = 0.05] (Figure 6B), with no significant heterogeneity (I2 = 0%, P = 0.94) (Figure 4L).



LLD

The incidence of complication was reported in 8 studies with 491 patients (216 in SMP and 275 in ESIN) (12, 24–30). Meta-analysis indicated no significant difference in the incidence of complication between the two groups [OR: 0.8; 95% CI: (0.20, 3.22); P = 0.75] (Figure 6C), with no heterogeneity (I2 = 0%, P = 0.75) (Figure 4M).



Nonunion or delayed healing

Only Sutphen et al. reported 4 cases of nonunion or delayed healing, all of which were observed in the ESIN group (Figure 6D).




Sensitive analysis

To evaluate the influence of each individual study on the pooled WMD, we performed one-way sensitivity analyses on duration of surgery, RT, EBL, LOS, and fracture healing time (Figure 7). The pooled WMD for RT and fracture healing time remained unchanged after excluding each individual study. However, with the presence of heterogeneity for LOS and duration of surgery after the exclusion of Dey et al. for the former and Milligan et al. for the latter, the statistical significance of the results has changed [LOS: P = 0.009, WMD: 10.92, 95% CI: (0.07, 1.59); Duration of surgery: P = 0.009, WMD = 10.92, 95% CI: (2.71, 19.12)]. The heterogeneity in EBL also decreased (I2 = 77%, P = 0.45) when the two studies (27, 30) were excluded, and the significant difference in EBL disappeared [WMD: 7.16, 95% CI: (−11.50, 25.81), P = 0.45]. Collectively, these results indicate that the above studies were the primary sources of heterogeneity for these parameters.


[image: Figure 7]
FIGURE 7
Sensitively analysis of: (A) duration of surgery; (B) radiological time; (C) estimated blood losing; (D) length of stay; (E) fracture union time.





Discussion

Children over the age of 5 with femoral shaft fractures have been previously shown to benefit from surgical treatment (31). However, there is currently no clear consensus on the optimal method of fixation. Commonly used fixation approaches include external fixation, rigid antegrade intramedullary nailing, common plate, SMP and ESIN. Among them, ESIN and SMP are the most widely used approaches recommended by guidelines (15). However, given potential adverse events, further research into the best treatment is warranted.

In this meta-analysis, we extracted 13 parameters from the eligible studies. Four parameters were significantly different between the two groups, while eight parameters were not. Bone nonunion or delayed healing was only reported by one study, and both occurred in the ESIN group. For perioperative parameters, the radiation exposure time was shorter in the SMP group than in the ESIN group, possibly because multiple fluoroscopies are required during ESIN fixation to achieve a more precise reduction. Studies have (32, 33) hinted that surgeons should consider the potential damages of this procedure when planning the surgical strategy. In addition, we found that the SMP group had significantly greater EBL than the ESIN group. Though, the additional bleeding in the children did not cause shock or require blood transfusions. Therefore, EBL does not have a major influence on the selection of interventions.

The ESIN group had a higher incidence of soft tissue irritation than the SMP group. These irritation symptoms partially led to early removal of internal fixation devices, wound complications, and decreased patient satisfaction. Other studies reported an equally high incidence of soft tissue irritation in ESIN (34, 35). Moreover, the ESIN group exhibited higher degrees of angularity during follow-up. It was reported that the weight of patients may influence the incidence of angular deformities after ESIN (36, 37). Therefore, the child's weight should be taken into account during ESIN. In unstable fractures, ESIN was found to be inadequate for controlling rotations whereas SMP provided good stability (38, 39). These evidence indirectly supports the reliability of this conclusion.

ESIN is associated with several surgical complications, including angular deformities, soft tissue irritation, and LLD (40), which are more common in length-unstable femoral fractures and fractures that involve the proximal or distal third of the femur (13). As a result, many researchers have shifted to SMP for pediatric femoral shaft fractures and achieved positive outcomes in children with length unstable fractures or greater body weight or fractures involving one-third of the distal and proximal ends. Nonetheless, no meta-analysis of the efficacy and safety of SMP and ESIN was conducted before. Here, we pooled the data from 8 studies published before 2023 and found that SMP results in a lower incidence of angular deformities. Body weight, fracture stability, and the thickness of ESIN may impact the results. Across the four studies reporting angular deformation, no statistical differences were found in baseline fracture stability [OR: 1.67; 95% CI: (0.08, 36.53); P = 0.74] between SMP and ESIN groups. Our results possibly indicate that SMP can provide more fixation stability. Conversely, the four study does not report the thickness of ESIN and only two of them provided body weight, so we cannot ignore the impact of ESIN thickness and body weight on the incidence of angular deformity. Due to their low incidence rates, delayed fracture healing and nonunion were reported in only one study, and all cases were observed in the ESIN group.

There were no significant differences in the incidences of postoperative infections, patient satisfaction, and postoperative complications requiring surgery between the two groups. While SMP involves a larger incision and hence greater soft tissue damage than ESIN, there was no increased risks of soft tissue complications such as exudation, infection, and wound dehiscence. Although the ESIN group has a higher incidence of angular deformities, our meta-analysis did not indicate a higher risk of LLD, which is contrary to the results of some case-control studies (34, 40, 41). In addition, while ESIN was associated with longer radiation exposure time, it did not affect fracture healing time, which may be attributed to the presence of both closed reduction and elastic fixation. Notably, the pooled results for both parameters were highly heterogeneous, and sensitivity analysis did not identify the source of heterogeneity. Hence, these findings should be interpreted with caution. The removal of studies did not abrogate the heterogeneity in LOS and surgical time but altered the statistical significance of the differences between the two groups. The new WMD indicated that SMP results in longer surgical time and LOS than ESIN. Furthermore, sensitivity analysis reduced the heterogeneity in EBL and abrogated the statistical significance between the two groups. We speculate that the stability of the results may be influenced by two studies (27, 30), and EBL is associated with the surgical skills and experience of the surgeon.

However, there are still several limitations to our study. First, the number of included studies was small and not all of them were RCTs. Due to the lack of high-quality research in this area, further RCTs are warranted to provide more reliable clinical results. Second, there is still high heterogeneity in LOS, surgical time, RT, and fracture healing time. Although we have conducted sensitivity analysis, the sources of heterogeneity could not be eliminated. Therefore, these results should be interpreted with caution. Furthermore, due to limited studies, effective conclusions cannot be drawn on the incidence of bone nonunion and delayed healing. Last, the removal of internal fixation devices was recommended in both groups, which may affect the reliability of the results. The operation time for their removal and postoperative complications are meaningful research topics, but due to insufficient data from the literature, these parameters could not be examined in this study.



Conclusion

SMP is an effective and safe intervention superior to ESIN in reducing soft tissue irritation, angular deformation, and radiation time. However, Flynn score, incidence of infection, fracture healing time, and LLD are similar between the two approaches. Given the presence of potential bias and heterogeneity, surgeons should select the treatment that would provide the best outcomes for EBL, LOS, operation time, and bone nonunion or delayed healing based on their experience.
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Objective: To examine the correlation between specific indicators and the quality of hip joint ultrasound images in infants and determine whether the individual infant suit ultrasound examination for developmental dysplasia of the hip (DDH).



Method: We retrospectively selected infants aged 0–6 months, undergone ultrasound imaging of the left hip joint between September 2021 and March 2022 at Shenzhen Children’s Hospital. Using the entropy weighting method, weights were assigned to anatomical structures. Moreover, prospective data was collected from infants aged 5–11 months. The left hip joint was imaged, scored and weighted as before. The correlation between the weighted image quality scores and individual indicators were studied, with the last weighted image quality score used as the dependent variable and the individual indicators used as independent variables. A Long-short term memory (LSTM) model was used to fit the data and evaluate its effectiveness. Finally, The randomly selected images were manually measured and compared to measurements made using artificial intelligence (AI).



Results: According to the entropy weight method, the weights of each anatomical structure as follows: bony rim point 0.29, lower iliac limb point 0.41, and glenoid labrum 0.30. The final weighted score for ultrasound image quality is calculated by multiplying each score by its respective weight. Infant gender, age, height, and weight were found to be significantly correlated with the final weighted score of image quality (P < 0.05). The LSTM fitting model had a coefficient of determination (R2) of 0.95. The intra-class correlation coefficient (ICC) for the α and β angles between manual measurement and AI measurement was 0.98 and 0.93, respectively.



Conclusion: The quality of ultrasound images for infants can be influenced by the individual indicators (gender, age, height, and weight). The LSTM model showed good fitting efficiency and can help clinicians select whether the individual infant suit ultrasound examination of DDH.
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Introduction

Developmental Dysplasia of the Hip (DDH) is a common type of bone and joint diseases among infants, including hip dislocation, subluxation, dysplasia with or without instability and other subtypes (1). The incidence of this disease varies significantly among different ethnic groups and countries and regions, ranging from 0.15%–2% (2). It has been established that early diagnosis of DDH can lower the need for surgery, prevent complications, and improve the prognosis for infants.

Common techniques used for examining Developmental Dysplasia of the Hip (DDH) include ultrasound, x-ray, CT, MRI, and others. Currently, ultrasound and x-ray are the most commonly used methods for screening and diagnosing DDH (3). Ultrasound is the preferred imaging method for infants under 6 months of age because secondary ossification centers typically develop between 3 and 6 months. Furthermore, ultrasound provides optimal visualization of the hip before the formation of femoral head ossification centers (4). When the femoral head’s ossification center starts to develop, it can make it difficult to see the lower iliac limb point in ultrasound imaging. Therefore, for the diagnosis of DDH in infants older than six months, x-ray is often used (3). CT is better suited to display the bone cortical structure and is therefore used (5). Magnetic resonance technology has excellent soft tissue resolution and can be used for three-dimensional evaluation, making it an important auxiliary tool in the diagnosis and treatment of DDH. Each type of imaging test has its own advantages and disadvantages. For example, there is radiation exposure when using x-rays and their accuracy can be affected by the position of the child, resulting in false positives and false negatives (6). CT scans make child more radiation exposure and cannot show soft tissue structure, so they are often used for pre-surgical evaluation. MRI scans are very expensive and require sedation, making them inconvenient. Compared to other imaging tests, ultrasound examinations are safer and more reliable. However, the accuracy of ultrasound imaging diagnosis depends on the quality of the images produced.

In clinical practice, it has been found that the quality of hip joint ultrasound images in some young infants is not optimal, while some older infants’ ultrasound images can clearly display standard sectional anatomy and thus obtain accurate ultrasound diagnosis. Therefore, age alone cannot be used as the sole basis for ultrasound examination of DDH, as this may be related to individual development such as infant age, height, weight, and other factors.

In this research, we assessed the factors that affect the quality of ultrasound images in infants by considering their gender, age, height, and weight. We objectively assigned weights to the evaluation scores of the images using the entropy weight method and used a deep learning model-LSTM to develop the model. Long-short term memory network (LSTM) is a type of neural network that possesses temporal prediction characteristics (7). It comprises three gate structures, namely, forgetting gate, input gate, and output gate. It can extract and analyze various data characteristics, enabling dynamic time-point data analysis and prediction. Our goal was to investigate the suitability of ultrasound examinations for diagnosing DDH among different individuals and provide guidance for selecting the ultrasound examination.



Methods


Study population

Between September 2021 and March 2022, a retrospective data collection was conducted at Shenzhen Children’s Hospital. We included 150 infants, comprising of both 77 male and 73 female infants, aged between 0 and 6 months. All infants received hip joint ultrasound examination during this period and were included in the study for entropy weight calculation. Inclusion criteria as following: infants with complete individual developmental indicator data for gender, age, height, and weight, who have undergone hip joint ultrasound examination. Exclusion criteria were infants with incomplete individual developmental indicator data for gender, age, height, and weight, who have not undergone hip joint ultrasound examination, and infants with hip joint or related muscle lesions. From July 2022 to December 2022, a prospective collection of data was conducted at the Ultrasound Department of Shenzhen Children’s Hospital. The data involved 290 infants between the ages of 5 and 11 months who underwent hip joint ultrasound examination, including both 153 male and 137 female infants. Specifically, there were 50 cases each for infants aged 5, 6, 7, and 8 months, and 30 cases each for infants aged 9, 10, and 11 months. This study was approved by the Ethics Committee of Shenzhen Children’s Hospital (approval number: 2022078). All patients were informed of the examination method and purpose and signed informed consent prior to examination. The participants of the study were requested to provide their personal information, including gender, age, height, and weight, on the day of their examination. The individual indexes of these demographic variables were recorded for each subject as part of the data collection process (Figure 1).


[image: Figure 1]
FIGURE 1
Flowchart of the present study.




Ultrasound examination

In this study, the GE LOGIQ-E9 ultrasonic diagnostic instrument (America) and 9l linear probe with a frequency range of 5.0–9.0 MHz were employed for imaging of the hip joint. The ultrasound coronal plane of Graf’s method was chosen as the standard imaging technique for this purpose. The imaging procedures were conducted by experienced senior physicians who possess the necessary expertise and technical skills in ultrasound imaging. In the standard imaging, four markers were identified, namely the iliac bone, bony rim point, lower iliac limb point, and glenoid labrum, as illustrated in Figure 2. These markers were selected based on their ability to provide accurate and reliable measurements of the hip joint. The utilization of a standardized imaging protocol and the identification of these markers allowed for consistent and reproducible imaging of the hip joint, ensuring the validity and reliability of the data obtained in this study.


[image: Figure 2]
FIGURE 2
Measurement of the neutral coronal plane of the hip joint using the graf method. (A) Iliac bone, (B) bony rim point, (C) lower iliac limb point, (D) glenoid labrum.




Score of ultrasound image quality

In this study, considering there was no relationship between straightness of iliac bone and individual indicators such as weight and age in children, three anatomical structures were included to evaluate image quality. The quality of the ultrasound images was evaluated by two doctors based on the clarity of the three critical anatomical structures displayed in the hip joint ultrasound images, as outlined in Tables 1, 2. Each structural point was assigned a score ranging from 1 to 5, with a score of 3 or higher indicating that the image was of sufficient quality for accurate measurements to be taken. By employing these standardized scoring criteria, the experienced doctors were able to assess the quality of the ultrasound images objectively and consistently, ensuring that the images used in subsequent analyses were of sufficient quality and accuracy.


TABLE 1 Image quality scores.

[image: Table 1]


TABLE 2 Image quality scores (image plate).
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Assigning weights with entropy weight method

150 ultrasound images of hip joints were retrospectively selected. Two doctors scored the quality of ultrasound images according to the clarity of the three key anatomical structure displayed in the ultrasound images of hip joints (Tables 1, 2). Each structural point is scored with a total score of 5, 3 or above was qualified, indicating that the image can be measured. All images were scored by two senior doctors, and the average score of each item was used to calculate the additional weight of each anatomical structure by entropy weight method, as seen in Appendix.

A total of 290 prospective ultrasound images of the left hip joint of the subjects were manually scored. The entropy weight method was used to calculate weights for each anatomical structure, and the final quality-weighted scores for all 290 images were obtained. A final ultrasonic image quality score greater than 3 points indicates clear and measurable image structure, allowing for accurate diagnosis.



Consistency of manual and AI measurement of α angles and β angles

15 cases (>6 months) were randomly selected from ultrasonic images whose final score was greater than 3 points for manual and AI automatic measurement of α Angles and β Angles, and recorded the measured angles for consistency test.



Statistical methods

Statistical analysis was performed using SPSS 26.0 software. Normally distributed data were presented as mean ± SEM. The intra-class correlation coefficient (ICC) was used to investigate the correlation between the anatomical structure scores of each ultrasound image in the two groups. Pearson correlation analysis was used to assess the association of individual indices such as height and weight, with the image quality score. Independent sample t-test was conducted for comparison of the image quality scores between male group and female group. The image quality scores were also grouped according to month age, and ANOVA was performed for analysis. The ICC was used to test the correlation between manual measurement and AI measurement of α Angles and β Angles. A P value of less than 0.05 was considered statistically significant. An LSTM model was constructed using Matlab software with 240 training sets and 50 test sets (Figure 3). The closer the determination coefficient of the fitting model is to 1.0, the higher the fitting efficiency. Conversely, the closer it is to zero, the less efficient it is.


[image: Figure 3]
FIGURE 3
Schematic diagram of the LSTM fitting model.





Result


Ultrasonic image quality score

A total of 50 ultrasound images of the left hip joint, which were less than 6 months old, were retrospectively collected and assessed for four anatomical structures. The scores of Doctor 1 for bony rim point, lower iliac limb point, and glenoid labrum were respectively 3.17 ± 1.13, 3.27 ± 1.35, and 2.52 ± 1.03. Similarly, Doctor 2’s scores for the same structures were 2.99 ± 0.99, 3.21 ± 1.23, and 2.47 ± 0.85, respectively. The ICC values for the scores of bony rim point, lower iliac limb point, and glenoid labrum in hip joint ultrasound images were 0.78, 0.88, and 0.79, respectively (Table 3). Both doctors’ scores showed good consistency, and the average score for each item was used in the analysis.


TABLE 3 Consistency test of two doctors’ image scores.
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Weight of each anatomical structure of hip joint

In this study, the weights of each anatomical structure obtained by entropy weight method were respectively bony rim point: 0.29, lower iliac limb point: 0.41, glenoid labrum: 0.30. That means the last weighted score of ultrasound image quality = bony rim point × 0.29 + lower iliac limb point × 0.41 + glenoid labrum × 0.30 (Figure 4). And the proportion of the final weighted score of ultrasound image lower than 3 in each month were 16%, 20%, 14%, 14%, 33%, 27%, 43%.


[image: Figure 4]
FIGURE 4
(A) The image structure of the 5-month-old subject was not clearly displayed, scoring only 2.30. (B) In contrast, the 8-month-old subjects had a clearly displayed image structure, achieving a score of 4.01.




Individual index

The participants’ height, weight, and image quality scores followed a normal distribution. Height and weight were found to be negatively correlated with the weighted scores of the final image quality, with respective correlation coefficients (R) of −0.16 and −0.59 (P < 0.05). The male and female groups had weighted scores of 3.22 ± 0.59 and 3.37 ± 0.58, respectively, with a statistically significant difference (P < 0.05). The final image quality’s weighted scores were grouped by the participants’ age in months. ANOVA analysis showed statistically significant differences in age in months.



LSTM model fitting of individual index and final image quality weighted fraction

The fitted model of LSTM for the test set shows a good match between the predicted and actual values, as seen in Figure 5. The relative errors were almost below 10%, as depicted in Figure 6.


[image: Figure 5]
FIGURE 5
Comparison of the predicted values using LSTM model with the actual values in the testing dataset.



[image: Figure 6]
FIGURE 6
The relative error between the predicted values and the actual values of the LSTM model in the testing dataset.




Comparison of consistency of manual and AI measurement

Fifteen cases older than 7 months with image quality scores greater than 3 points were randomly selected for manual and AI measurement of α Angles and β Angles. ICC test was performed and the intra-group consistency were 0.98 (α Angles group) and 0.93 (β Angles group), respectively (Table 4).


TABLE 4 Consistency inspection of α angle and β angle between manual measurement and AI measurement.
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Discussion

To determine whether a section of DDH ultrasonic image is standard and whether accurate ultrasonic diagnosis can be performed, there are several studies available that assess the quality of DDH ultrasonic images. Hongmei Dong et al. (8) evaluated ultrasonic images of DDH and conducted quality control on three anatomical structures: the iliac bone, lower iliac limb point, and glenoid labrum. During the evaluation, the investigators considered various factors such as the image gain, the drawing line used during measurement, and the size of the image. Abhilash et al. (9) employed a 10-point scale to assess various factors, including the ilium, labrum, os ischium, femoral head, motion artifact, and other imaging artifacts, such as limited penetration or excessive image noise. The scores assigned to each indicator evaluation were 2, 1, 2, 1, 2, and 2, respectively, to artificially assign weights to each indicator. However, both of these evaluation methods are inevitably subjective. In this study, we excluded other evaluation indicators, such as drawing lines and image size, that would not affect the diagnosis. To reduce human subjectivity in the evaluation process, we introduced the entropy weight method to objectively assign weight to scores.

The entropy weight method is a scientific approach to decision-making that evaluates indicators’ objective weighting comprehensively based on the information contained in the evaluation objects (10). This method can decrease the subjectivity of artificial ratings and is extensively employed in various fields such as chemistry, architecture, and engineering technology. It is mostly used in public health and infectious diseases, but its usage in the medical sector is limited (11, 12). In this study, the final image quality score, calculated using the entropy weight method, is more objective and reliable than direct human scoring and artificial weighting.

According to the present guidelines, ultrasound screening can be selected for infants who are younger than 6 months (1). This is because after 6 months, the role of ultrasound becomes limited due to the formation of the secondary ossification center of the femoral head, which blocks the deep structures of the hip joint. At this stage, x-ray diagnosis is recommended instead. However, it’s important to note that the 6-month threshold is a broad boundary. Previous studies have demonstrated that high-quality ultrasound images can be acquired, enabling accurate diagnoses even for infants with secondary ossification centers in later months (13). In infants older than 8 months, the proportion of image quality scores under 3 points increase significantly. Our results showed that for older infants, particularly those aged 7–8 months, the small ossification center may not obstruct the lower iliac limb point, allowing for precise ultrasound diagnosis of DDH in these cases. Aside from age, infant growth and development rates differ among individuals, which can impact ultrasound examination results. Therefore, it is not reasonable to solely rely on age as a determinant for examination methods. The aim of this study is to establish a dependable foundation for making ultrasound decisions based on an individual’s unique characteristics.

Several individual indicators have been found to affect the quality of two-dimensional ultrasound images, and numerous scholars have conducted related research. Several studies have confirmed that body mass index has a significant impact on ultrasound image quality, particularly for abdominal examinations (14–16). This is because the abdomen tends to accumulate fat. Likewise, when examining children’s hip joints, the probe is typically positioned at areas with high fat concentration, which can also affect image quality. Additionally, there are differences in growth and development between male and female infants. Therefore, this paper examines the correlation between infants’ individual indexes (gender, age, height, and weight) and ultrasound image quality, and concludes that gender, age in months, height, and weight all have an impact on the ultrasound image quality score.

Currently, LSTM is mainly used in the form of a composite network, connected with a Convolutional Neural Networks (CNN) network, for disease diagnosis, differential diagnosis, risk assessment, and classification of ultrasound images, among others (17–20).As the data of infant age is in the form of a time series, an LSTM model was employed in this study. The final image score, which was calculated using the entropy weight method, was used as the dependent variable, while infant gender, age, height, and weight were used as the independent variables for model fitting.

Enter the infant’s gender, age, height, and weight to predict the quality score of its ultrasound image. The R2 regression model has achieved a score of 0.95, which can accurately estimate whether children are suitable for an ultrasound examination, providing clinicians with a basis for conducting the examination. Ultrasound is an economical, quick, and radiation-free method, and this model provides a better option for screening older children’s hip joints, making parents more comfortable with accepting ultrasound. Subsequently, 15 images featuring subjects with ultrasonic image scores greater than 3 were randomly chosen for automatic scanning using AI (21). The obtained measured values exhibited a high degree of consistency with those that were manually measured, thus indicating that the anatomical structure of the images analyzed in this study was clear, accurate, and diagnosable. This paper serves as further evidence of the efficacy of this image quality scoring method.

In this study, the number of older subjects was limited, and the method of image quality assessment was restricted to specific anatomical structures, without considering the overall image quality. However, with the advancement of science and technology, the penetration of ultrasonic instruments is increasing, which will lead to an improvement in image quality. In the future, if the sample size is expanded and objective evaluation values of the overall ultrasonic image are added, using computer technology such as gray mapping function, image contrast, contrast-to-noise ratio (CNR), and high contrast spatial resolution (22), it can avoid subtle visual differences caused by advanced mode and image differences caused by different machines. This will make the score more objective and truthful, thereby improving the accuracy of the assessment.



Conclusion

The quality of ultrasound images for infants can be influenced by their gender, age, height, and weight. However, high-quality hip joint ultrasound images can still be reliably measured by both manual and AI methods, with consistent results for α and β angles above three anatomical structures: bony rim point, lower iliac limb point, and glenoid labrum. This allows for a good evaluation of ultrasound image quality. The LSTM model has also shown good fitting efficiency, which can help guide clinicians in determining whether the individual infant suit ultrasound examination of DDH. This can help reduce the waste of medical resources and avoid the radiation exposure associated with x-ray examinations.
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Appendix

The process of image evaluation model based on entropy weight method as follows:


	(1)According to the anatomy structure score of each image, a scoring matrix of anatomical structure indicators for each image is obtained, with m images and n indicators, Xij represents the value of the j-th indicator of image i.

	(2)Equation for calculating the weight of image i in the j-th index:



[image: Eq]


	(3)Equation for calculating the entropy value of the j-th index, of note, q < 0, [image: Eq] and n is the number of images in the following equation:



[image: Eq]


	(4)Calculate the difference coefficient of the j-th index. For the j-th index, the greater the difference between index values, the greater the left and right sides of image evaluation, and the smaller the entropy value. The difference coefficient is defined as follows:



[image: Eq]

In the formula 0 ≤ gj ≤ 1


	(5)To find the weight coefficient of the j-th index:
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Background: Treating subtrochanteric femur fractures in pediatric patients remains challenging, and an optimal fixation device has yet to be established. This study aimed to asess the clinical and radiological outcomes of Ortho-Bridge System (OBS) treatment for length-unstable subtrochanteric femur fractures in children aged 5–16 years.



Methods: We conducted a retrospective review of pediatric patients with subtrochanteric femur fractures treated with OBS between January 2018 and December 2021. The study included 19 children (12 boys, 7 girls) with an average age of 10.4 ± 2.6 years. Two of the patients had pathological fractures associated with aneurysmal bone cyst. Demographic information, mechanism of accident, fracture type, associated neurovascular injuries, surgical duration and blood loss, were collected from the hospital database. Time to union and postoperative complications were recorded. Clinical and radiological outcomes were assessed using the Harris scoring system at the latest follow-up.



Results: Injuries resulted from vehicle accidents in 10 patients (52.6%), falls over 3 meters in height in 3 patients (15.8%), and sports-related injuries in 6 patients (31.6%). The average patient weight was 41.5 kg (range: 21–78). Of the fractures, 14 (73.7%) were complex, and 5 (26.3%) were spiral. The average surgical duration was 111 min (range: 90–180), and the average surgical blood loss was 134 ml (range: 70–300). The mean time to union was 12.7 weeks (range: 8–16). No cases of infection, malunion, implant failure, or femoral head osteonecrosis were reported. Leg length discrepancy of 10 mm was observed in one patient. All patients achieved excellent results according to the Harris scoring system.



Conclusion: This study suggests that the OBS may serve as an effective alternative fixation option for managing length-unstable subtrochanteric femur fractures in school-aged children.
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Introduction

Subtrochanteric femur fractures are uncommon in children, accounting for only 4%–10% of all pediatric femoral fractures (1, 2). Despite their low frequency, these fractures require emergency care and have a high hospitalization rate. According to Pombo and Shilt's definition, subtrochanteric fractures are those occurring within 10% of the total femur length below the lesser trochanter (3). These fractures are unstable due to the strong muscular forces on the proximal fragment, causing flexion, abduction, and external rotation. Treatment options depend on the patient's age, weight, fracture pattern, associated injuries, and the surgeon's experience (4, 5). While spica casting remains a common treatment for patients under 5 years old, older children (aged 5–16 years) typically require surgery (6).

Various methods are available for managing femoral fractures in children, such as titanium elastic nails (TENs), locking plates, or external fixators (6). The optimal treatment for subtrochanteric femur fractures in school going children is still controversial. TENs are a well-established surgical option for children under 11 years of age, whereas rigid locking intramedullary nails are recommended for adolescent patients (7). With advancements in surgical techniques, TENs have been extended to include length-stable (transverse or short oblique) fractures in the proximal 1/3 of the femoral diaphysis and subtrochanteric fractures (8). However, in cases of spiral or comminuted subtrochanteric fractures, or fractures in heavy children (over 45 kg), TENs have a high failure rate. In such situations, locking plates are a viable alternative. Pediatric proximal femur locking plates may not always be readily available in developing countries, and standard locking plates used for subtrochanteric femur fractures may not provide sufficient fixation points in the short proximal femur segment, potentially compromising stability.

In this article, we introduce another internal fixation instrument for subtrochanteric fractures, namely the Ortho-Bridge System (OBS). The OBS was developed and designed in China with independent intellectual property rights held by Walkman Biomaterial Co., Ltd., Tianjin, China (patent number: ZL200510010654.3). It primarily comprises rods, clamps, and screws (Figure 1, Supplementary file S1), which can be freely combined by the surgeon to form individual internal fixation complexes. Unlike the single position and direction of screws in standard plate fixation, OBS screws offer adjustable positions and directions to match specific situations, enhancing versatility and ease of use (Figure 2). Angular screw options provide better resistance to pull-out and improved stability. This three-dimensional adjustability of OBS screws stands as the primary advantage of this system over traditional plate fixation, making it a preferred choice for treating pediatric subtrochanteric fractures. Biomechanical and clinical analyses have demonstrated favorable results with OBS for pelvis and long bone metaphyseal fractures, particularly in aged patients with osteoporosis (9). To the best of our knowledge, there have been limited reports on the use of OBS in the treatment of pediatric subtrochanteric femur fractures. Therefore, this retrospective study was conducted to assess the effectiveness of OBS in managing length-unstable subtrochanteric femur fractures in school going children.


[image: Figure 1]
FIGURE 1
Basic components of the ortho-bridge system. (A,B) Connecting rods with different diameter, (C–H) various clamps, (I) screws.



[image: Figure 2]
FIGURE 2
Models and typical cases of OBS fixation. (A,B) Model of a double-rod OBS. (C,D) OBS fixation for subtrochanteric femur fracture of a 6-year-old girl. (E,F) Model of the OBS composed of double rods and special anatomical clamp. (G,H) OBS fixation for subtrochanteric femur fractures of a 15-year-old boy.



Patients and methods

The charts and radiographs of all pediatric patients with subtrochanteric femur fractures ﬁxed with OBS (Walkman Biomaterial Co., Ltd., Tianjin, China) at our institution between January 2018 and December 2021 were reviewed retrospectively. A subtrochanteric femur fracture was deﬁned as a fracture occuring within 10% of the total femur length below the lesser trochanter. Fracture instability was characterized as “length unstable” if it was complex with multiple fragments, long oblique or spiral where the length of the fracture was twice as long as the femur's diameter at the fracture level (10). Inclusion criteria included: (1) patients aged 5–16 years with open growth plates at the time of fracture; (2) length-unstable subtrochanteric femur fractures treated with OBS; and (3) a follow-up period exceeding 12 months. Exclusion criteria included: (1) patients aged over 16 years or those with closed growth plates at the time of fracture; (2) length-stable (transverse or short oblique) femoral fractures; (3) fractures associated with neurovascular injuries; (4) open fractures; (5) cases of refracture or nonunion following prior surgery; and (6) a follow-up period of less than 12 months. The study protocol was approved by the Ethics Committee of Wuhan Fourth Hospital (No: KY2023-034-01).

Demographic information, mechanism of accident, fracture types, and associated neurovascular injuries were collected from the hospital database. Operation time, blood loss, duration of follow-up, time to union and postoperative complications were also documented. Anteroposterior (AP) and lateral radiographs of the femur were assessed for union, implant migration, alignment, or re-fracture in the case of recent trauma. Radiographic union was deﬁned as the bridging of three out of the four cortices and the disappearance of the fracture line on radiographs. Secondary displacement referred to a loss of bone alignment accompanied by >10° of angulation, rotation or impaired bone length. Malunion was defined as varus or valgus >10° or anterior bowing >15°. All the patients were clinically followed until the OBS was removed and they regained normal function. In our institution, hardware removal was routinely performed at 6–12 months after radiographic fracture union. Clinical assessments included evaluating limb lengths, alignment, and hip motion. Hip function was assessed using the Harris Hip Score scale at the latest follow-up (11).



Surgical technique

A brief description of the technique is given here. The surgeries were conducted by three experienced pediatric orthopedists. All patients were positioned supine and given general anesthesia. A straight lateral incision (several centimeters long) was initiated at vastus ridge level on the greater trochanter. The fascia lata was opened, and a periosteal elevator was used to gently lift the vastus lateralis muscle from the bone, without causing harm to the periosteum. After exposing the bone fragments, the fracture was reduced under direct vision with traction manually, or via a fracture table. Following the indirect reduction of the fracture, a submuscular route was prepared for plate insertion along the femur's shaft using an elevator. For more minimally invasive plate placement, the entry point was typically located laterally to the distal femoral metaphysis, where a 3–5 cm incision was made anterolaterally.

The Ortho-Bridge System (OBS) consists of rods and clamps of various sizes that can be freely matched according to patient's age, weight, and fracture patterns. A common combination involves a double-rod system combined with a proximal femoral or humeral anatomical clamp. Rods with diameters of 3.5 mm or 4.5 mm are respectively paired with screws of corresponding sizes and modules. The connecting rods can be bent and shaped. Three to four points of fixation on the main proximal and distal fragments allow for stability. In order to disperse the stress, the rods length is maintained at a minimum of four to five times the femur's diameter. The distal end of the OBS can be positioned laterally to the distal femoral metaphysis, with screws introduced through small lateral incisions using a minimally invasive technique.

Upon selecting two rods of appropriate length, three or four sliding clamps were affixed to the connecting rods. A proximal femoral or humeral anatomical clamp was placed on the lateral aspect of the proximal femur to match its contour. The push-pull technique with an articulated tension device or spreader and the reduction forceps is an elegant and regularly used way to correct residual deformity. After ﬁxation of the OBS to main fragments with 2–3 screws, a tension device was applied between the clamps to either distract the fracture or achieve interfragmentary compression, facilitating complete proximal reduction. The distal screws have to be slightly loosened to enable the clamps to slide on the rods, before being retightened. Multiple locking screws at various angles and long screws extending up to the femoral neck were utilized for proximal ﬁxation (Figures 3, 4). The set screws were inserted into the clamps to tighten the connection rods and clamps.


[image: Figure 3]
FIGURE 3
OBS fixation for a typical length-unstable subtrochanteric femur fracture. Preoperative (A,B) and early postoperative (C,D) radiographs of a 7-year-old boy. The fracture healed at 12 weeks follow-up visit (E,F), and the implant was removed after one year (G,H).
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FIGURE 4
OBS fixation for a complex subtrochanteric femur fracture. Preoperative (A,B) and early postoperative (C,D) radiographs of a 10-year-old boy. The fracture healed at 16 weeks follow-up visit (E,F), and the implant was removed after one year (G,H).


In cases of complex fragmental fractures, we can adapt by using lateral sliding clamps on the rods and inserting screws at different angles to fix the fragments. The small fragment is gently reduced with a small hook. Three-dimensional screws placement can increase the stability of fixation. Fluoroscopy should be taken to make sure femoral alignment was reduction and the screws do not violate the growth plate. At last, routine closure is performed for the surgical wound.

To alleviate postoperative pain and maintain correction, all patients are immobilized in a long leg lateral splint for duration of 3–4 weeks after surgery. After removing the splint, knee and hip movement was started. Patients are advised to refrain from weight-bearing activities until radiographic healing of the fractures was confirmed.



Statistical analysis

Quantitative data was expressed as the mean and range. Statistical analysis was performed using the IBM SPSS statistics version 18 software (SPSS Inc., Chicago, Illinois).




Results

As shown in Table 1, there were 12 boys and 7 girls with an average age at the time of surgery of 10.4 years (range: 6.2–15.1). The causes of the injuries were as follows: vehicle accidents in 10 patients (52.6%), falls over 3 meters in height in 3 patients (15.8%), and sport-related injuries in 6 patients (31.6%). The average weight of the patients was 41.5 kg (range: 21–78). The affected side was the right femur in 6 cases (31.6%) and the left in 13 cases (68.4%). Two patients sustained pathologic fractures involving aneurysmal bone cyst (ABC). One patient sustained an ipsilateral tibia fracture, and another had an ipsilateral radius fracture. All fractures were closed fractures without any neurovascular injuries. The study included 14 (73.7%) complex fractures and 5 (26.3%) spiral fractures. The average time from injury to surgery was 4.5 days (range: 3–8).


TABLE 1 Patient demographics, fracture data, operative data, complications, and functional outcomes.

[image: Table 1]

The average operation time was 111 min (range: 90–180) and the average surgical blood loss was 134 ml (range: 70–300). The average hospitalization time was 11.5 days (range: 7–14). The mean follow-up period was 14.5 months (range: 12–18). Radiographic follow-up revealed that the mean time to achieve union was 12.7 weeks (range: 8–16). Throughout the follow-up period, there were no patients with superﬁcial or deep infection, implant failure, malalignment, or refracture. Additionally, no cases of osteonecrosis of the femoral head or heterotopic bone formation were observed. At the latest follow-up, one case exhibited limb lengthening of 10 mm on the operative side, attributable to excessive traction during fracture fixation. All patients had their implants removed after fracture union, with no complications reported. All patients achieved excellent results based on the Harris scoring criteria at the latest follow-up.



Discussion

Pediatric subtrochanteric femur fractures can be challenging to treat due to the instability and displacement of the short metaphyseal fragments, as well as limited remodeling potential of the proximal femur. So far, there are several methods of managing subtrochanteric femur fractures, including simple spica casting for younger children and surgeries with internal or external ﬁxation for older children. Spica casting following traction requires a prolonged hospital stay and demonstrates the limited capability of restoring the limb length and alignment (6). The most suitable ﬁxation device for treating pediatric subtrochanteric femur fractures has not been determined. In our current study, we have demonstrated that using OBS for ﬁxing these fractures can lead to good functional outcomes.

As shown in Table 2, there are several ﬁxation device options for subtrochanteric femur fractures, including TENs, standard locking plates, and external ﬁxators (12–15). TENs has been widely applied in treating patients with length stable fractures and those weighing less than 49Kg. However, high failure rate were reported when it used in managing length unstable, proximal or distal femur fractures, and in heavy children. Sink et al. reported a 22% complication rate in fractures of the proximal 1/3 of the femur treated with TENs (18). To enhance the strength of elastic nails, many scholars have made improvements in the placement technique and the number of nails used. It has been noted that pushing the nail into the greater trochanter apophysis or the posterior femoral neck cortex has improved the mail's support strength (8). Satisfactory results have been achieved in the treatment of length stable fractures, such as transverse or short oblique subtrochanteric fractures. Regarding long oblique subtrochanteric fractures, a comparative study by Tang et al. found similar outcomes between TENs and plate fixation (16). However, their study did not include complex fractures, and the age range of the patients was between 7 and 10 years. In some young children, the narrow medulla of the femur cannot accommodate three TENs, and this method does not improve stability. In our study, out of the 19 cases, 14 had complex fractures, making it challenging to achieve local three-point support. The short proximal segment tends to flex and rotate due to the pull of attached muscles. Complications after TENs fixation are related to the severity of comminuted fractures, and the probability of complications is significantly higher in the group with unstable fractures.


TABLE 2 Comparision of our study with those in the literature reporting results of treatment for pediatric subtrochanter femur fractures.

[image: Table 2]

There are 5 children in the article, weighing over 50 kg. Multiple studies have indicated that children weighing more than 49 kg are five times more likely to experience complications after undergoing elastic nail surgery compared to other children (10). Compared to TENs, rigid locking intramedullary nails have the advantages such as strong stiffness, anti torsion force, and biomechanical stability. However, rigid nailing requires an entry point located laterally to the tip of the trochanteric physis to prevent harm to blood vessels near the proximal femur. It is suitable only for older patients who have a sufficiently large medullary canal for nail placement. There is a potential risk of growth arrest in the greater trochanter apophysis, resulting in coxa valga and heterotopic bone formation when the trochanteric physis is violated (19). Very proximal and distal femoral fractures remain challenging to treat with rigid nails. In case of polytrauma or open injuries, external ﬁxation is considered an alternative (14). However, it has limited applicability in closed fractures due to an increased risk of pin tract infection, refracture, and loss of reduction. Additionally, in subtrochanteric femur fractures, there may not be enough space for pin placement in the proximal femoral segment.

For decades, plate fixation has been used for length unstable femur fractures, and has delivered anatomical reduction and adorable clinical outcomes (20). Patrikov et al. have used reconstruction or bridging steel plates to effectively treat comminuted proximal femoral fractures in children (21). However, the use of standard locking plates for these pediatric subtrochanteric femur fractures, as shown in Figures 3, 4, may offer only minimal points of fixation due to the short proximal segment, which might not provide a robust construct. Danişman et al. have achieved good results in treating pediatric subtrochanteric fractures by using adult proximal humerus locking plates (17). This can be a viable alternative, especially in regions where pediatric proximal femur locking plates are not available.

In our institution, we have adopted the OBS for treating length-unstable subtrochanteric fractures, and this approach has yielded satisfactory clinical outcomes. The OBS is a novel type of fracture fixation device, which combines the structural principles of locking plates, external fixators, and spine screw-rod systems. The system comprises connecting rods, fixing clamps, and screws. During the operation, the choice and assembly of fixed and anatomical clamps, as well as connecting rods, can be customized according to the patient’s age, weight, and fracture type to achieve personalized fixation. Indirect reduction procedures and less invasive operative techniques are preferred because they cause minimal damage to the blood supply to the fragments, contributing positively to the healing process. The anatomical module of the proximal humerus or femur allows the placement of multiple locking screws into the patient’s femoral neck at different angles, resulting in increased angular stability. For younger children, when the size of anatomical clamps is too large, as shown in Figure 2, the proximal end of the connected rods can be pre-bent, and a nail can be inserted into the femoral neck through a single-hole clamp, or slide clamps can be attached to the rod, allowing screws to be placed in various directions to achieve three-dimensional fixation within limited space.

Biomechanical analysis indicates that the OBS can withstand a higher axial load and distribute the load to the femur, making it better suited for early functional exercise and fracture healing (22). The combination of connecting rods and clamps can better disperse stress to avoid stress concentration and reduce the risk of metal fracture. When bearing weight, the connecting rods can slide slightly in the axial direction to form dynamic compression which stimulates callus formation, prevents stress shielding, and reduces the risk of osteoporosis. In our study, all fractures healed well, with an average time to union of 12 weeks, including pathological fractures. We achieved favorable outcomes using the OBS for treating length-unstable subtrochanteric femur fractures in children aged 5–16 years. Although one child had a slight leg length discrepancy, it did not affect limb function. However, the OBS has certain disadvantages when compared to intramedullary devices. These include traditional plate-related issues like blood loss due to open reduction, extensive soft tissue dissection, and longer incision scars.

Our study has several limitations. First, this retrospective study involved a small number of cases, giving the low incidence of pediatric subtrochanteric femur fractures. Second, there was no control group with different implants. Third, the OBS is relatively costly compared to TENs or classic compression plates, which is a significant drawback to consider in fracture management. To further assess the technique's effectiveness, well-designed, multicenter and prospective trials comparing it with pediatric proximal femur locking plating or intramedullary nailing are needed. We will try to gather more data and enhance the study's evidence level in the future work.



Conclusion

This study reports the promising outcomes of using OBS for ﬁxing subtrochanteric femur fractures with length-unstable patterns in children of 5–16 years old. The OBS offers customization based on the patient's age, weight, and fracture type, allowing for individualized treatment. The use of screws in various directions enhances fixation strength. In summary, this system offers personalization, flexibility, convenience, and stability, making it a viable alternative for treating pediatric subtrochanteric femur fractures.
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Background: Functional Hallux Limitus (FHL) is a dynamic foot dysfunction characterized by a limitation of hallux dorsiflexion when the first metatarsal head is under load. FHL plays a role in the development of osteoarthrosis in the first metatarsophalangeal joint (IMTPJ). Forefoot disorders can significantly impact an individual's quality of life, leading to dysfunction and pain. The aim of this project was to evaluate the quality of life of school-aged individuals with and without FHL using the Foot Health Status Questionnaire (FHSQ).



Methods: A case-control study was conducted to evaluate the outcomes in paediatric age. A total sample of 116 children between 6 and 12 years old was used to conduct this research. The sample was divided into two groups: (i) the healthy group (n = 58) and the FHL group (n = 58). The FHSQ was completed and the FHL test was performed in a seated position to classify the patients into the selected group.



Results: Non-significant changes were observed when the mean values of the FHSQ domains were compared between the groups with and without FHL, except for the “general foot health” domain (p = 0,024) associated with the specific foot health section (section 1) of the Questionnaire. For the domains linked with the general well-being section (section 2), there was not a statistically difference in the mean of the scores obtained between the two school-aged groups with and without FHL, being slightly lower in the group with the presence of FHL for the overall health and physical function domains. Both the healthy and case groups obtained and identical range of scores (10–100) for the “foot pain” domain. Nevertheless, the mean of the score was lower for the participants with FHL.



Conclusions: The perception of the quality of general foot health was poorer in the school-aged group with FHL. Variables such as foot pain and footwear are likely contributors influencing the perception of foot health quality. The school-aged population with FHL faces a decline in the quality of foot life. Ensuring adequate foot control in children and implementing future foot programs for this population are imperative for enhancing school children's perception of foot health and managing the development of pain and footwear-related issues.



KEYWORDS
FHSQ, foot, health related quality of life, functional hallux limitus, hallux limitus





1. Introduction

Functional hallux limitus (FHL) pathology is described as a functional inability of the proximal phalanx of the hallux to perform the dorsiflexion movement (DF) during the complete gait cycle and the final phase of propulsion (1, 2). Therefore, this impairment only occurs in a closed kinetic chain. In an advanced limitation phase of the first metatarsophalangeal joint (IMTPJ) and mainly in adulthood, FHL can develop and degenerate into hallux limitus, followed by hallux rigidus and even hallux valgus (3). Joint osteoarthrosis is very common in adulthood, being present in 10% of people between the ages of 20 and 34 years and increasing in incidence proportionally with age (3). When this limitation appears in both closed and open kinetic chains, it is called hallux limitus and is the previous step to culminating in total restriction of movement in this joint, called hallux rigidus (4).

Forefoot disorders can deteriorate the quality of life of individuals causing dysfunction and even pain (4) but the incidence and prevalence of FHL remain unclear and very poorly understood (1).

In the initial approach, the foot has important functions for cushioning and transmitting ground reaction forces when standing and throughout the whole gait cycle. FHL is fundamental to the study of foot biomechanics in the sagittal plane. Dananberg described in his sagittal plane theory that a block in any joint that generates a movement in this plane will cause a compensation in another joint that may be located above or below the affected joint (5). A biomechanical decompensation that generates high plantar fascia tension, for example, will result in greater opposing forces between the downward vertical forces of the plantar flexion motion of the first metatarsal head compared to the upward vertical forces of hallux extension, causing a limitation or restriction of the IMTPJ DF motion (2). A decreased DF range of the IMTPJ causes insufficient physiological locking of the lateral column of the foot and hinders the correct advancement of forces and center of mass during dynamics, in addition to an insufficient windlass mechanism. Consequently, the foot will be unstable during the stance phase and the IMTPJ pivot during the propulsive phase will be ineffective (2).

Based on these antecedents, it is necessary to study the effects of the presence or absence of FHL at school age, to know if at early ages with a functional limitation of the IMTPJ, quality of life can be negatively affected and to avoid, as far as possible, greater future affectations, such as osteoarthrosis, among other biomechanical compensations that cause pain and secondary pathologies.

Finally, our hypothesis was that school children with FHL would show poor values associated with foot health and quality of life in comparison with school children without FHL. Thus, the aim of this project was to evaluate the quality of life in school-aged individuals with and without FHL using the FHSQ.



2. Material and methods


2.1. Participants

A case control study was carried out in multiple schools from different places in Catalonia (Spain) and was developed between January 2022 and February 2023. The sampling method was consecutive to recruit 116 children aged between 6 and 12 years with a mean ± SD (9.55 ± 1.54) years. This study was performed consecutively and conveniently.

This case control study followed all the criteria of the Strengthening the Reporting of Observational Studies in Epidemiology (STROBE) guidelines (6) assessed FHSQ results in school-aged children with and without functional hallux limitus.

For this project, all subjects met the inclusion criteria to be part of the study and did not show any of the exclusion criteria.

The following inclusion criteria for both groups of participants were met: (1) age between 6 and 12 years; (2) absence of musculoskeletal disorders or significant general conditions; (3) absence of previous surgical treatment or trauma to the lower extremities; (4) having flexible feet; (5) participants with and without FHL; (6) parents and children who agreed to complete the FHSQ, (7) legal guardians who agreed to sign the written informed consent, and (8) subjects interested in participating and completing all phases of the study.

The exclusion criteria were: (1) age not between 6 and 12 years; (2) patients under treatment with any medication that could affect the final results; (3) presence of musculoskeletal disorders or neurological disease; (4) hypermobility syndrome; (5) participants with a IMTPJ angular value of less than 10° with knee extension and with an ankle angular value of less than 10° with the knee extended; and 6) subjects who refused to comply with the guidelines for participating in the study.

The research was approved by the Human Ethics Committee of the Universitat de Barcelona, Barcelona, Spain (Ethics Code: IRB 00003099). All actions complied with all current regulations on human experimentation, as well as the Declaration of Helsinki and Organic Law 3/2018, of December 5, on protection of personal data and guarantee of digital rights (7).



2.2. Procedure

The study was performed by an expert podiatrist with more than 10 years' experience in biomechanical evaluation.

The legal documentation and FHSQ were given to the volunteers' legal guardians interested in participating in the study, to be read and completed calmly at home.

The FHSQ is a foot health status questionnaire and has been recognized as a validated tool (8). Section 1 is associated with specific foot health and consists of 13 questions reflecting four foot health-related domains: pain, function, footwear, and general foot health. For each section, different questions are answered with specific words (“none”, “very mild”, “mild”, “moderate”, “severe”). The first section has demonstrated a high degree of content, criterion, and construct validity (Cronbach α = 0.89–0.95) and high retest reliability (intraclass correlation coefficient = 0.74–0.92). The section 2 is linked with general well-being and includes questions that reflect four general health-related domains: general health, physical activity, social capacity and vigour. The domains and questions in this section are largely adapted from the Medical Outcomes Study 36-Item Short-Form Health Survey, which has been validated for use in the Spanish population (9).

The day of sample collection, participants came to the designated location, carrying the necessary documentation described in the inclusion criteria. Subsequently, they removed their shoes and socks. They were then measured and weighed by the clinician to ensure that the anthropometric measurements were current. Once these data were obtained, the body mass index (BMI) was calculated, and the participating subjects were checked to ensure that they did not meet any exclusion criteria.

Next, the clinician checked the range of motion of the IMTPJ and ankle DF to discard hallux rigidus (HR) and ankle equinus. To assess this, the patient was in a seated position and the subtalar joint was in a neutral position, then maximum DF of the ankle was performed with the knee extended. To verify that the DF of the IMTPJ was greater than 10°, it was measured with an arm goniometer (10).

After selecting the participants who met all the study inclusion criteria, they completed the FHL test described by Dananberg and scientifically validated (11), and were classified into the corresponding group according to the presence or absence of FHL. To perform the FHL test, the subject is placed in a seated position, barefoot and without socks so that the clinician can perform the test. The test consists of holding the foot with one hand and placing the thumb under the first metatarsal head. Then, with the contralateral hand, pressure is exerted on the proximal phalanx of the first toe to perform DF of the IMTPJ. If both forces are similar, the result for the FHL test is negative (FHL−), whereas if the force for IMTPJ DF is greater than that exerted under the first metatarsal head, it is considered a positive result (FHL+).

Data acquisition from the FHSQ was performed by entering the score for each individual and for each specific question into the software (The Foot Health Status Questionnaire, Version 1.03), which transforms the raw scores and sums them into sections. Scores range from 0 to 100, with 0 being the worst value and 100 the best value. In addition, the software provides graphical illustrations of the results (8, 12). To facilitate the response and adapt it to the subjects participating in this study, the FHSQ was translated into Spanish (13).

The outcome measurements for subjects diagnosed with functional hallux limitus and healthy matched-paired controls included foot pain, foot function, footwear, general foot health, overall health, physical function, social capacity, and vigor.

To calculate the sample size for this study, the specific levels of confidence, power and equal size groups were applied using the Epidat software version 4.2 created by public organizations and aimed at epidemiologists and other health professionals that analyze tabulated data (14). To achieve statistical confidence, a statistical power of 80% with a β error of 20%, an α error of 0.05 and a two-tailed test were established. A total sample of 116 school-aged children aged between six and twelve years were included in the study and divided into two groups of 58 subjects each. One group had FHL and the other did not.

Statistical analyses were carried out with the Statistical Package for the Social Sciences (SPSS software, version 19.0). Parametric data were described as normal mean, standard deviation (SD) and range (minimum-maximum values). Normality was tested with the Kolmogorov–Smirnov test for the variables studied (p > 0.05) in the data on FHSQ results. Independent t-tests were used for outcome variables that were normally distributed. The non-parametric Mann–Whitney “U” test was performed to consider contrasts between the two groups with or without FHL.

In all analyses, a statistically significant result was considered when p < 0.05 (with 95% confidence interval).




3. Results

Out of the 116 participants recruited for this study, a total of 58 were diagnosed with FHL and the other 58 were healthy. The total sample consisted of 54 boys and 62 girls, and no significant results were observed between the two groups based on quantitative sociodemographic and descriptive data (Table 1).


TABLE 1 Quantitative sociodemographic and descriptive data for patients diagnosed with functional hallux limitus, healthy controls and total sample.

[image: Table 1]

The values obtained were not significant to determine differences between the study groups. This indicates that there was no relationship between the presence or absence of FHL and weight, height, BMI, sex, or foot size among the study sample aged 6–12 years used for this project.

Table 2 shows the relationship between the population samples studied and the FHSQ results obtained for each domain. Section 1 is associated with specific foot health outcomes: foot pain, foot function, general foot health, and footwear showing significant differences (p < 0.05) for general foot health. They showed a worse QoL related to foot health for FHL, with the FHL group having lower scores than children without FHL, but not significant differences for foot pain, foot function and footwear (p > 0.05). The section 2 is linked with general well-being assesses four domains without showing significant differences (p < 0.05) for overall health, physical function, social capacity, and vigor.


TABLE 2 The relation between positive and negative FHL patients and FHSQ scores.
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4. Discussion

This study contributes to a greater understanding of the influence of FHL on the quality of life of the school-age population by comparing self-reported FHSQ scores of a sample of 116 school-aged individuals. A decrease in the general score of the FHSQ would mean that FHL is certainly affecting foot health at this early stage. Utilising research for health professionals to advance in their practice will ensure appropriate knowledge and will provide high-quality advice and care to this target population in the future. However, to the best of the authors' knowledge, the lack of epidemiological studies addressing FHL makes it challenging to accurately assess the impact of this condition on school children.

A comparison of the mean scores obtained in the FHSQ between both groups revealed a relationship between the perception of general foot health and the presence of FHL. This lower perception of general foot health seems to be related to the lower scores obtained for foot pain and the footwear domain. Similar observations were addressed in the study performed by López_López et al. (15) in school-aged children to determine whether arch height has an effect on the health-related quality of life. The study reported that the children experience foot pain, restrictions in terms of footwear and, in general, a worse state of foot health. Nevertheless, they couldn't establish a relationship between these findings and the height arch which differs from this study where the score of the general foot health domain was directly related to the presence of FHL.

The outcomes of this investigation are aligned with findings shown in populations experiencing foot problems associated with the first MTPJ, particularly in more advanced stages, characterized by progressive subluxation and osteoarthritis. Lazarides et al. (16) and López et al. (17) have suggested that disorders involving the first MTPJ, such as hallux valgus or hallux rigidus may have an adverse impact on the perception of general foot health during adulthood and among older individuals when compared to the earlier stages such as in FHL dysfunction. Consequently, effective management of alterations in the first MPTJ during the initial stages can potentially embrace a positive influence on the status and perception of general foot health in the later life stages which is aligned with the current study perspectives. Similarly, the presence of hallux valgus has been correlated with a lower quality of life, increased foot pain, disability, and functional limitations, as demonstrated in a study performed by Gonzalez-Martin et al. (18) involving a random population sample of 1,837 individuals in Spain. Furthermore, Gilheany et al. (3) examined foot health among adult patients with hallux valgus and hallux rigidus, who were candidates for surgery to address these conditions. The Foot Health Status Questionnaire (FHSQ) was administered both pre- and post-surgery. The hallux valgus group exhibited consistently low scores in areas of pain, foot function, shoe fit, and overall foot health. Notably, individuals with hallux rigidus scored even lower, indicating that as the motion of the first metatarsophalangeal joint becomes severely limited, general foot health markedly deteriorates. In contrast to the outcomes of this study, it is evident that hallux valgus and hallux rigidus conditions affect in depth of the first metatarsophalangeal joint (MTPJ), leading to tissue degeneration and a decline in overall quality of life.

To mitigate potential significant biases in this study, the participants presenting generalized ligamentous laxity were excluded so this condition was adopted as an exclusion criterion. This condition is common within the school-age population and is characterized by excessive joint mobility associated, among others, with foot pain and several foot disorders. The resolution of exclusion was based on the results of the study conducted by Palomo-López et al. (19) after analysing a sample of 100 participants from 18 to 35 years old with and without general ligamentous laxity and the correlation of this condition with FHSQ domains. The results suggested that general ligamentous laxity is related to more foot pain, greater restrictions in terms of footwear and a worse state of foot health thus, it was considered as an uncontrolled condition that could affect the interpretation of the results of the current study. The present study had some limitations such as including a larger and a diverse sample of individuals from various countries or even different country regions. Including different ethnicities would make a worthwhile contribution to the strength of this research and may help to identify if there is a cultural difference related to FHL disease in terms of pain, footwear, foot health perception and well-being thus, future research would be beneficial for improving the knowledge in this field and target population once addressing these limitations.



5. Conclusions

The perception of the quality of general foot health was poorer in the school-aged group with FHL. Variables such as foot pain and footwear are likely contributors influencing the perception of foot health quality. The school-aged population with FHL faces a decline in the quality of foot life. Ensuring adequate foot control in children and implementing future foot programs for this population are imperative for enhancing school children's perception of foot health and managing the development of pain and footwear-related issues.
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Objective: To explore the reliability and validity of gait parameters obtained from gait assessment system software employing a human posture estimation algorithm based on markerless videos of children walking in clinical practice.



Methods: Eighteen typical developmental (TD) children and ten children with developmental dysplasia of the hip (DDH) were recruited to walk along a designated sidewalk at a comfortable walking speed. A 3-dimensional gait analysis (3D GA) and a 2-dimensional markerless (2D ML) gait evaluation system were used to extract the gait kinematics parameters twice at an interval of 2 h.



Results: The two measurements of the children's kinematic gait parameters revealed no significant differences (P > 0.05). Intra-class correlation coefficients (ICC) were generally high (ICC >0.7), showing moderate to good relative reliability. The standard error of measurement (SEM) values of all gait parameters measured by the two walks were 1.26°–2.91°. The system software had good to excellent validity compared to the 3D GA, with ICC values between 0.835 and 0.957 and SEM values of 0.87°–1.71° for the gait parameters measured by both methods. The Bland–Altman plot analysis indicated no significant systematic errors.



Conclusions: The feasibility of the markerless gait assessment method using the human posture estimation-based algorithm may provide reliable and valid gait analysis results for practical clinical applications.
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1. Introduction

In clinical practice, abnormal gait is one of the most common symptoms in pediatric orthopedic clinics (1), accounting for approximately 35.5% of pediatric orthopedic outpatient visits (2, 3). Gait abnormality in children is a non-specific symptom that has many causes, including trauma, deformity, inflammation and tumors (3). However, most of these effects are physiological. Therefore, distinguishing between physiological and pathological gaits is challenging for doctors.

Owing to the particularity of children, outpatient doctors in clinics typically employ the visual method to make qualitative judgments, which mainly depend on their subjective experiences (4). This approach often leads to missed diagnosis of the disease, and it is impossible to give a quantitative basis for diagnosis. In addition, some doctors rely heavily on imaging tools for evaluation (5), which not only increases outpatient imaging examination rates but also impacts children's health due to radiation and other factors. At present, in some developed areas, doctors can make an accurate 3-dimensional gait analysis (3D GA) of the human gait using professional equipment (6–8). To date, this method has been applied to the diagnosis and treatment of cerebral palsy, flatfoot, and other diseases in children (9, 10). 3D GA is based on the principles of biomechanics and applies computer-aided and infrared camera technology to systematically analyze the kinematics and dynamics of gait and has good reliability and validity (11, 12). However, owing to the need for expensive equipment and professional technicians to operate it, 3D GA is currently only applied in a few medical centers with gait laboratories (13). Other shortcomings of this gait assessment technique include the need to mark subjects' joints, poor co-operation of children, difficulty, and long processing time for data collection. Therefore, there is an urgent need for a better, lower cost, more intelligent, and more reliable walking posture analysis system for children to analyze their gait for application in routine clinical practice.

With the development of human posture estimation algorithms, it is possible to use video captured with handheld devices and output by motion capture system software to assist in medical treatment (14–16). By recording a video of a subject walking, the movements in each frame of the video and the joint angles can be captured and tracked to obtain relevant gait parameters, which are then used to assist in the diagnosis and treatment of diseases. Sabo et al. (17) provided a simple gait monitoring method based on a human posture estimation algorithm for elderly people who need to be in a long-term care environment. Ouyang et al. (18) applied a human pose estimation algorithm based on the OpenPose framework to analyze the movements of patients with attention deficits before and after being treated with medication to assess drug efficacy. Similarly, based on the OpenPose system, Viswakumar et al. (19) tested the influence of different clothing or lighting conditions on joint angle measurement and found that joint angle is not easily affected by ambient light and clothing changes and has good accuracy. However, at present, the markerless gait evaluation system based on the human posture estimation algorithm is mainly used on adults (20, 21). As there are certain differences in gait between children and adults, a system suitable for adults cannot simply be applied to children. Therefore, a markerless gait evaluation system for children is needed.

The software is primarily based on existing human posture detection algorithm, Keypoints And Poses As Objects (KAPAO) (22). This new single-stage 2D multiplayer keypoint-and-pose detection method was proposed by researchers at the University of Waterloo, Canada. Its advantage is that it is not based on thermal map to estimate key points. Compared with previous algorithms, the algorithm is stable and fast. When developing this type of system software, it is important to ascertain its reliability and validity (11). However, to the best of our knowledge, current research on the reliability of this markerless gait assessment method is more applicable to adults (23–25), whereas there are few studies that explore the reliability and validity of the markerless gait assessment method for children. DDH is one of the common diseases in pediatric orthopedics. Children often have abnormal gait with limited movement of hip and knee joints. It has always been the focus of pediatric orthopaedic surgeons to pay attention to the gait changes of children with DDH. The markerless gait assessment method is expected to provide relevant data for pediatric orthopedic surgeons, but its reliability and accuracy have not been verified.

In summary, this study aimed to develop a practical clinical markerless gait evaluation software based on a human posture estimation algorithm and to verify its reliability and validity by recruiting TD children and DDH children, in order to evaluate the feasibility of this method for clinical application. The software is assumed to have good reliability and validity.



2. Methods


2.1. Subjects

The study subjects were healthy volunteers, and the inclusion criteria were as follows: (1) children aged 3–11 years, (2) can walk 10 m independently and smoothly. Eighteen TD children (males: females = 8:10) and ten DDH children (males: females = 4:6) were included in the current study based on the inclusion criteria. Table 1 shows participants' characteristics and demographics. All parents of the children provided informed consent for the testing, and the study was conducted in accordance with the Declaration of Helsinki. The protocol was reviewed and approved by the institutional review board of the First Affiliated Hospital of the Air Force Medical University.


TABLE 1 Demographic characteristics of the participants.

[image: Table 1]



2.2. Experimental setup

The markerless gait evaluation system consisted mainly of a smartphone camera (1,920 × 1,080 pixels at 30 frames/s) and video analysis software at the computer terminal. The software is primarily based on existing human posture detection algorithm, Keypoints And Poses As Objects (KAPAO) (22). KAPAO is a top-down approach for pose estimation that enhances the YOLOv5 object detection algorithm by adding 17 keypoints outputs in the detection head. This allows it to simultaneously detect the human body's position and the positions of 17 corresponding keypoints. Figure 1 demonstrates an example of KAPAO predicting human keypoints. To detect human bounding boxes and keypoints, KAPAO modifies the YOLOv5 output to adapt it to the task of human pose estimation. Initially, the input image undergoes feature extraction through a backbone network. Subsequently, four feature layers extracted from the backbone network are passed to Feature Pyramid Network (FPN) and Path Aggregation Network (PAN) for multi-scale fusion (26). Next, KAPAO decodes bounding boxes and their keypoints. The KAPAO model encodes human bounding boxes and keypoints together. Each output box consists of a bounding box and 17 keypoints, with each keypoint treated as a class of bounding box. If the class of the bounding box corresponds to a human, the model decodes the human and its keypoints. However, if the class corresponds to keypoints, the model decodes the center of the box as a keypoint. Finally, a matching algorithm is employed to merge human bounding boxes and keypoints, resulting in the final output (Figure 2).


[image: Figure 1]
FIGURE 1
Example output for pose estimation based on KAPAO.



[image: Figure 2]
FIGURE 2
Image of the output of the markerless gait evaluation system.


In the task of child gait recognition, it is often necessary for adults to provide guidance to encourage children's cooperation during testing. Consequently, other individuals may appear in the background of the recorded video. Identifying the correct individuals from the video is an urgent issue to be addressed. DeepSORT (27) is a tracking algorithm evolved from SORT (28), which assigns a unique label to each person appearing in the video and tracks their trajectories. For tracking individuals, the DeepSORT algorithm employs a Convolutional Neural Network (CNN) to extract features from the human bodies and uses a Kalman filter to predict their trajectories. Figure 3 displays the structure of the DeepSORT algorithm. Firstly, the DeepSORT algorithm collects all the detection boxes from the current frame's object detection output and matches them with the predicted boxes from the Kalman filter output using a cascading matching algorithm. Successfully matched detection boxes are forwarded to the next Kalman filter cycle. Detection boxes that could not be matched in the cascading matching are further matched based on Intersection over Union (IoU). This process results in three scenarios: (1) If a detection box successfully matches a predicted box, the detection box is updated and sent to the Kalman filter for predicting the next round of predicted boxes. (2) If a detection box does not match any predicted box, and if an appropriate predicted box is not found, it signifies the appearance of a new trajectory in the image. A new trajectory is then created and sent to the Kalman filter for prediction. (3) If a predicted box does not match any detection box, two possibilities exist. If the predicted box is in a non-deterministic state, it is considered a false positive due to detection algorithm errors, and the trajectory is discarded. However, if the predicted box is in a deterministic state, it is possible that the trajectory is obscured by objects or has exited the camera's view. Therefore, a threshold is set, and if a re-match occurs within the threshold, it implies the trajectory was obscured. If no re-match occurs beyond the threshold, it suggests the trajectory has exited the camera's view, and the trajectory is directly discarded. Note: Non-deterministic states transition to deterministic states after successful matching in multiple rounds.


[image: Figure 3]
FIGURE 3
Deep sort pipeline.


The software mainly consists of three modules: (1) a video acquisition module: obtains the vide (the video contains gait images of children or adults walking, and the video does not restrict shooting scenes and shooting equipment); (2) a human posture detection module: detects the human body detection frame of each human body object in the video and the human body keypoints in the frame using the preset human body posture detection algorithm; and (3) a human body tracking module: matches the human body detection frame of each human body object in the video frame by frame and generates the continuous gait feature of the human body object according to the human body key points in the matched human body detection frame (Supplementary Video S1). The two-dimensional coordinates of the hip, knee, and ankle joints of the human object in the video are extracted, and the required kinematic angle is calculated according to these coordinates. The flexion and extension angles of the hip joint in the sagittal plane are calculated by the angle between the long axis of the thigh and the reference line perpendicular to the ground: the flexion and straightening angles are positive and negative, respectively. To calculate the flexion and extension angles of the knee joint in the sagittal plane, the extension line of the long axis of the thigh is used as the reference line. The angle is the angle between the reference line and the long tibial axis. Once again, the flexion and straightening angles are positive, and negative, respectively.

A smartphone with an instrumented 3D GA with plug-in-gait model was used to record each child's gait. Measurements were conducted using an eight-camera motion analysis system at a sampling frequency of 100 Hz. (MX-T 20S; Vicon; Oxford, UK). A total of 38 reflective spherical markers were affixed to the body surface anatomy of the participants. For example: lateral condyle of femur, medial condyle of femur, anterior superior iliac spine, anterior inferior iliac spine and the head of the fifth metatarsal, etc. The joint angle was calculated using visual 3D software.



2.3. Data collection

First, we set up a video capture device [mainly composed of smartphones installed on tripods at a height of 75 cm (19) in a 3D GA room to record the subject's sagittal plane. Specifically, the smartphone recording in the sagittal plane was parallel to the subject's sidewalk, and the distance from the sidewalk was 250 cm to capture the 8-meter-long sidewalk in the field of view of the camera. The camera parameters were set to 1,920 × 1,080 pixel images at 30 frames/s, and each subject wore shorts and a t-shirt and walked barefoot on the sidewalk at their usual speed (Supplementary Video S2). Two complete walking tests were then performed. The interval between the two walking tests was approximately 2 h. The subjects could walk on the sidewalk before the test to familiarize themselves with the experimental process.



2.4. Data analysis

3D GA and markerless motion capture software were used to extract the kinematic angle of each frame from the video. Three complete gait cycles for each participant were used in the analysis. The gait parameters in the gait cycle were calculated and analyzed using Excel (: maximum flexion angle of the hip joint in the sagittal plane, maximum extension angle of the hip joint, minimum flexion angle of the hip and knee joints, maximum flexion angle of the knee joint, and range of motion (ROM) of the joint.

SPSS 26.0 (IBM, Armonk, United States) was used for data processing and statistical analyses. Validity and reliability included both relative and absolute values. First, a paired sample t-test was used to compare the difference between the two measurements, and the relative reliability was analyzed using the intra-class correlation coefficient (ICC). An ICC value less than 0.5, between 0.50 and 0.75, between 0.75 and.09, and above 0.9 indicates poor, moderate, good, and excellent reliability, respectively (29). The absolute reliability was analyzed using the standard error of measurement (SEM). [image: Eq] (SD is the standard deviation of the average value of the two tests) (30). The error provided by SEM was consistent with the unit of measurement, and an error between 2° and 5° was considered acceptable (31). To detect whether there was a systematic error, the difference between the two measurement results was analyzed using the Origin 2022 Bland–Altman diagram, and the 95% consistency limit (limit of agreement) was marked on the Bland–Altman diagram.




3. Results


3.1. Reliability verification

There was no significant differences in the gait parameters between the two measurements using the markerless gait evaluation system software (P > 0.05). In terms of relative reliability, the ICC values of all gait parameters ranged from 0.736 to 0.894. Specifically, the ICC value of the maximum flexion angle of the hip joint of TD children was 0.736, indicating moderate reliability, and the ICC values of the other gait parameters were greater than 0.75, indicating good reliability. In terms of absolute reliability, the SEM values of all gait parameters were less than 3°, and the reliability was acceptable (Tables 2, 3).


TABLE 2 Measurement of sagittal mean angle and test-retest reliability in DDH children by two-dimensional markerless (2DML) method.

[image: Table 2]


TABLE 3 Measurement of sagittal mean angle and test-retest reliability in DDH children by two-dimensional markerless (2DML) method.

[image: Table 3]



3.2. Validity verification

There was no significant difference in gait parameters between the markerless gait evaluation system software and the 3D GA (P > 0.05). In terms of relative reliability, the ICC values of all gait parameters ranged from 0.835 to 0.957. The validity reliability was good or excellent. In terms of absolute reliability, the SEM values of all gait parameters were less than 2°, and the reliability was good (Tables 4, 5). The Bland-Altman diagram analysis showed that there was almost no systematic deviation and the consistency was good (Figures 4, 5).


TABLE 4 Sagittal plane mean angles and concurrent validity of TD children for the 2-dimensional markerless (2D ML) method and 3-dimensional gait analysis (3D GA).

[image: Table 4]


TABLE 5 Sagittal plane mean angles and concurrent validity of DDH children for the 2-dimensional markerless (2D ML) method and 3-dimensional gait analysis (3D GA).

[image: Table 5]


[image: Figure 4]
FIGURE 4
Two methods for parametric measurements of TD children using Bland–Altman plots (2D ML, 2-dimensional markerless; 3D GA, 3-dimensional gait analysis).



[image: Figure 5]
FIGURE 5
Two methods for parametric measurements of DDH children using Bland–Altman plots (2D ML, 2-dimensional markerless; 3D GA, 3-dimensional gait analysis).





4. Discussion

This study evaluated the simultaneous validity of a markerless gait assessment method based on the KAPAO algorithm with 3D GA and its test-retest reliability in terms of gait in children. To the best of our knowledge, this is the first quantitative evidence based on human pose estimation algorithms for children's gaits.

Compared to the 3D GA system, the markerless gait evaluation system based on the human posture estimation algorithm is easier to popularize and use, and the characteristic of not marking is more helpful to encourage children's co-operation. Compared with traditional visual qualitative analysis, it has obvious advantages and can provide accurate quantitative evidence for disease diagnosis. In recent years, human pose estimation algorithms have developed rapidly. Osokin et al. (32) proposed a bottom-up method for multi-person attitude estimation based on an open pose. This method has better accuracy and faster operation speed (26 frames/s); Cheng et al. (33) suggested a new bottom-up human posture estimation method—HigherHRNet—which solves the problem of time-scale changes in bottom-up multi-person attitude estimation, locates keypoints more accurately, deals with scale changes more effectively. At present, research on human posture estimation algorithms is more focused on adults, whereas research on children remains limited. Given that children and adult's gaits differ, there is an urgent need to develop a markerless motion capture system that can be applied to children's gait. Accordingly, this study used the open-source KAPAO human posture estimation algorithm (34)—a new single-stage 2D multi-person keypoint and attitude detection method proposed by researchers at the University of Waterloo in Canada that can compensate for some of the defects in the thermal map. In the algorithm verification, we observed that KAPAO is faster and more accurate than other methods for extracting children's gait data. Therefore, we developed a markerless gait evaluation system using the KAPAO human posture estimation algorithm to evaluate children's gait. To ensure the accuracy of children's crowd recognition, we established corresponding gait datasets. Based on this, the reliability and validity of the system were analyzed and the feasibility of its practical clinical application was discussed.

Previous studies have examined the reliability of physiotherapists' analyses of children's gait. Ross et al. (35) used GAITRite trails and single cameras to explore the reliability of hip, knee, and ankle angles in the sagittal plane, including marked and unmarked. In the case of marked planes, experienced physiotherapists showed good to excellent reliability (ICC: 0.77–0.97), and in unmarked case, experienced physiotherapists showed moderate to good reliability (ICC: 0.51–0.86). Saner et al. (25) used a two-dimensional real-time motion tracking method to test whether hip and knee angles in the sagittal plane were consistently measured, which also showed good to excellent reliability (ICC >0.75), and the results of the two measurements were in good agreement. In this study, the markerless motion capture system based on the KAPAO human posture estimation-based algorithm showed moderate to good test-retest reliability (ICC: 0.736–0.894), which is consistent with the results of Ross et al.

Some past reliability studies relied only on the relative coefficient for the evaluation without considering absolute error (31, 36). In contrast, we measured the absolute error and found that the SEM values of all gait parameters were less than 3°, which indicates good absolute reliability, thus providing more comprehensive and useful data. The correlation coefficient of the two measurements of the markerless gait evaluation system software has moderate to good reliability. One possible factor is that the gait repeatability of children is lower than that of adults (37). Stolze et al. (38) tested the spatio-temporal gait parameters of adults and children and demonstrated that the test-retest reliability of children was worse than that of adults and the variability between groups was higher. Sutherland et al. (37) found that children's gait is more likely to vary than that of adults, and the variability decreases with age; therefore, in this study, moderate to good test-retest reliability was an acceptable result for children's gait.

According to the present study's results, the software of the markerless gait evaluation system has good or even excellent validity compared to 3D GA software and can accurately calculate the relevant joint angle gait parameters. Testing revealed that the correlation coefficient of gait parameters measured by the two methods was 0.835–0.957, and all SEM values were less than 3°. At the same time, the Bland–Altman diagram analysis indicated that the results measured by the two methods are in good agreement. Together, these data demonstrate that the markerless gait evaluation system has good accuracy. This study mainly tested whether the software of the markerless gait evaluation system could accurately and reliably measure children's gait parameters, which are currently lacking in research on markerless gait evaluation systems. In the field of markerless gait assessment systems, most studies have focused on adults and children with cerebral palsy (39, 40). Sandau et al. (24) applied their 2DML method on ten healthy adults and found that knee joint kinematics generally overestimated knee flexion and hip joint kinematics by 2.8 ± 1.9 and 0.4 ± 1.5°, respectively, compared with the 3DGA system. Liang et al (41) combined OpenPose and 3DPoseNet markerless pose estimation algorithms to recognize the gait of the elderly with moderate to good reliability and validity. Andrea Castelli et al. (13) proposed a 2D ML technique for sagittal kinematics analysis of the lower extremities using a single camera that tested all joints of adults with a high correlation (0.82 < R2 < 0.99). Evelina et al. (39) tested the reliability of gait parameters in children with cerebral palsy. Compared with the 3DGA, the 2DML method overestimated the knee flexion/extension angle by 3.3–7.0°. The reliabilities of the 2DML and 3DGA were mostly good to excellent. However, there are few studies on TD children or DDH children, and significant differences in gait among different groups. Compared to TD children, children with cerebral palsy have more variability in some kinematic gait variables. Therefore, it is of great significance to design a markerless gait evaluation system for children and to test its reliability and validity.

In addition, it should be noted that when evaluating children's gait, younger children are sometimes more difficult to get to cooperate with procedures and require reasonable guidance from their parents (42). While doing so, parents may be photographed in the video; therefore, accurately extracting the gait parameters of the tested children under the backgrounds of different personnel is critical (18). The system software designed in this study captured and measured the gait parameters of the tested children and was adjusted so as to not be affected by the surrounding environment as much as possible.

This study not only verified the reliability and effectiveness of the markerless gait evaluation system software in TD children, but also verified its reliability and effectiveness in the population of DDH children. The results show that the system software has good reliability and effectiveness in these two kinds of population. From the measurement results, it can be seen that the range of motion of hip joint and knee joint of children with DDH is smaller than that of children with typical development. This parameters can provide quantitative reference data for pediatric orthopaedic surgeons and provide help for disease diagnosis and follow-up.

This study has several limitations. Firstly, the sample size of the test was insufficient, the source was singular, the testers were all TD children and DDH children, the age span of the children was large (3–11 years), and children or patients of other age groups were not tested. In practical applications, we found that the compliance of young children is poor and it is difficult for most children under three years of age to co-operate with the examiner's instructions to carry out corresponding operations (Supplementary Video S3). In the future, we will further improve the method and extend it to more age groups and patients (e.g., those with congenital talipes equinovarus and hemiplegia). Secondly, considering the limited outpatient environment and time, the actual interval between the two tests was too short, which may have led to highly reliable analytical results. In future research, the test scene should be expanded and the test time extended to reduce this factor's impact on the results. Finally, the extracted gait parameters are limited, especially the comparison of temporal and spatial parameters and angle change curves is lacking. In future research, we will explore how to obtain spatio-temporal parameters and angle change curves through the developed markerless motion capture system and test its reliability and validity.



5. Conclusion

In this study, based on a human posture estimation algorithm, a low-cost markerless gait evaluation system for children was developed that can quickly and intelligently obtain gait parameters related to human walking using ordinary mobile phone cameras. Such an approach overcomes the shortcomings of traditional gait analysis systems, including high cost, limited site availability, and dependence on markers. The test results showed that the method has good reliability and effectiveness, can accurately calculate the relevant gait evaluation parameters of TD children and DDH children, provides reliable gait analysis results, and can be widely used in routine clinical diagnosis and treatment.
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Objective: This study aimed (i) to evaluate the radiographic characteristics of patients with congenital thumb duplication (CTD) type C2 according to the classification of Wu et al., (ii) to describe the various subtypes of type C2 CTD, and (iii) to propose a classification system that allows the identification of different surgical strategies based on the radiographic anatomy of this specific subtype of duplication.



Methods: We retrospectively reviewed 92 patients (92 thumbs) with type C2 CTD according to the Wu et al. classification in our institution between August 2015 and April 2021. All CTDs were classified according to the interphalangeal joint alignment of the main thumb at the posteroanterior radiograph of the thumb before operation: type I (no deviation), type II (ulnar deviation), and type III (radial deviation).



Results: All CTDs (n = 92) could be classified according to the proposed classification system: 76 (82.6%) were type I, 10 (10.9%) were type II, and six were type III (6.5%). According to the Kim system of subtype classification, there were 55 (59.8%) type 1, 24 (26.1%) type 2, and 13 (14.1%) type 3 cases.



Conclusions: The suggested classification completes the Wu et al. system and has the potential to guide surgical treatment in children with type C2 CTD.



Level of evidence: III.
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Introduction

Congenital thumb duplication (CTD) is one of the most common hand deformities in children (1–3). The local anatomy can be particularly complex and can include bony abnormalities and abnormal localization of tendons and thenar muscle (4–6). Therefore, simple excision of the supernumerary thumb may be insufficient, and adequate bony and soft tissue reconstruction is required (7–9).

Wassel–Flatt type III CTD, in which the duplicated thumb has a bony attachment at the level of the proximal phalanx, is a rare malformation as it accounts for between 3% and 10% of all CTDs (2, 6, 7). Furthermore, few reports on CTD III alone, mostly with a small number of patients, are available in the literature (2, 8–11). For example, Horii et al. described 11 cases of type III CTD treated with radial thumb excision and size augmentation and concluded that the technique provides a functionally good thumb (12). Kim et al. divided 32 cases of type III CTD into three subtypes (1–3) based on the alignment of the duplicated thumb and evaluated the applied surgical procedures and outcomes. However, these works have not described the special cases of type III CTD in which the supernumerary thumb is connected by bone tissue to the proximal phalanx and which do not correspond to the classic bifurcated phalanx (2). No study to date has specifically evaluated the radiographic features of proximal phalanx deformity in type III CTD.

To overcome some of these problems, Wu et al. introduced a modified radiographic classification for CTD that allows the classification of all forms of CTD with excellent inter- and intra-observer reliability (10). Specifically, type C2 of the Wu et al. classification includes all types of type III CTD described in the works of Horii et al. and Kim et al. In particular, it allows the various subtypes to be identified on the basis of bony connection, regardless of the presence of a typical proximal bifurcated phalanx (1, 2, 10–12).

The objectives of this study were (i) to evaluate the radiographic characteristics of patients with CTD type C2 according to the classification of Wu et al. who were seen at our center between August 2015 and April 2021, (ii) to describe the various subtypes of type C2 CTD, and (iii) to propose a classification system that allows the identification of different surgical strategies based on the radiographic anatomy of this specific subtype of duplication.



Materials and methods

After securing approval from the Institutional Review Board (IRB) of our hospital (316B01) and obtaining informed consent from the parents or legal guardians of the study participants, we retrospectively reviewed the medical records of 92 children (n = 92 thumbs) who were diagnosed with type C2 CTD according to the Wu et al. classification between August 2015 and April 2021 at our institution (10).

The inclusion criteria were as follows: (1) confirmed diagnosis of type C2 CTD according to the Wu et al. classification, (2) complete clinical and radiological data, and (3) treatment exclusively performed at our institution.

Patients with incomplete clinical and radiological data, CTD other than type C2 according to the Wu et al. classification, and those managed elsewhere were excluded.


C2 CTD subtypes

The authors proposed a new system for classifying the various subtypes of C2 CTD from the Wu et al. classification.

The identification of the various subtypes is essentially based on the alignment of the interphalangeal (IP) joint of the main thumb rather than that of the supernumerary thumb.

Type I identifies cases in which there is no axial deviation; the alignment of the IP joint of the main thumb is good, with no radial or ulnar deviation. Type II identifies cases where there is ulnar deviation of the main thumb; the IP joint of the first thumb has deviated to the ulnar side. Type III identifies cases with radial deviation of the main thumb; the alignment of the IP joint of the main thumb has radial deviation (Figure 1).


[image: Figure 1]
FIGURE 1
Subtypes of type C2 CTD based on the Wu et al. classification (10). Type I: good IP alignment of the main thumb without radial or ulnar deviation. Type II: ulnar deviation of the IP joint of the main thumb. Type III: radial deviation of the IP joint of the main thumb.




Surgical strategies

The classification system of CTD type C2 subtypes is based on the radiographic and clinical anatomy of the duplications and is related to the surgical procedures that can be implemented.

For type I forms with good alignment of the main thumb and IP, the surgical option is excision of the supernumerary thumb and reconstruction of the soft tissues (tendons, thenar muscle, flexor or extensor longus of the thumb) (Figures 2A,B). Another option is Bilhaut–Cloquet surgery, which includes reconstruction of the distal phalanx alone (Figure 2C) or both the distal and proximal phalanges (Figure 2D) with soft tissue reconstruction, with or without nail bed reconstruction (8, 12–14).


[image: Figure 2]
FIGURE 2
Surgical reconstruction of type I duplication. (A) resection of the distal phalanx and partial resection of the proximal phalanx; reconstruction of the collateral ligament is needed. (B) Resection of proximal and distal phalanx with reconstruction of the collateral ligament and thenar muscle. (C) Bilhaut–Cloquet procedure at the distal phalanx only. (D) Bilhaut–Cloquet procedure at the proximal and distal phalanx. (C) and (D) require soft tissue reconstruction with or without nail bed reconstruction.


For type II duplications, with ulnar deviation of the main thumb and IP, the supernumerary thumb is excised, and an osteotomy of the proximal phalanx and reconstruction of the periosteal ligament/sleeve must be performed (Figure 3).


[image: Figure 3]
FIGURE 3
Reconstruction of type II duplication with ulnar deviation; the extra thumb is excised, and corrective osteotomy of the proximal phalanx and ligament/periosteal sleeve reconstruction is performed.


For type III CTDs, with radial deviation of the main thumb and IP, the supernumerary thumb is excised and an osteotomy of the proximal phalanx, a reconstruction of the periosteal ligament/sleeve, and a reconstruction of the thenar muscle or flexor tendon must be performed (Figure 4A); in this group, another option is Bilhaut–Cloquet surgery (Figure 4B) (8, 12–14).


[image: Figure 4]
FIGURE 4
Reconstruction of type III duplication with radial deviation. (A) The extra thumb is excised, and corrective osteotomy of the proximal phalanx, a reconstruction of the ligament/periosteal sleeve, and a reconstruction of the thenar muscle or flexor tendon are performed. (B) Bilhaut–Cloquet procedure and soft tissue reconstruction with or without nail bed reconstruction.




Statistical analysis

All statistical analyses were performed using the SPSS 22.0 statistics package (SPSS, Chicago, IL, USA). Categorical parameters are expressed as frequencies and percentages. Quantitative data are expressed as the mean ± standard deviation and range. The chi-squared test was used to compare the gender, side, bifurcation level, and dominant thumb in these groups. The tests were two-sided, and a p-value of <0.05 was considered significant.




Results

A total of 35 girls and 57 boys with CTD (n = 92 thumbs) met the inclusion criteria. The right side was involved in 58 patients (63%), and the left side was involved in 34 patients (37%). The male-to-female and right-to-left ratios were 1.6:1 and 1.7:1, respectively. The average age at the time of surgery was 29.3 ± 2.8 months (range 11–159).

Among included thumbs, 86 out of 92 could be classified according to the Wassel–Flatt (3) classification as type III, while 92 out of 92 were classified as type C2 according to the Wu et al. classification.

According to the Kim et al. system, 55 (59.8%) CTDs, including two cases of special pathoanatomy that were shown as distal bifurcation incisura of the proximal phalanx, were type 1 (Figure 5A); 24 (26.1%), including 13 cases of special pathoanatomy that were shown as a phalanx slightly widened to accommodate both distal phalanges with an interphalangeal joint deviation of the main thumb but not typical bifurcation, a proximal coaxial bifurcation of the proximal phalanx with a common epiphysis, or a proximal widened basal deformity of the proximal phalanx without typical bifurcation, were type 2 (Figures 5B–E); and 13 (14.1%), including 12 cases of special pathoanatomy that were shown as a proximal widened basal deformity of the proximal bifurcation phalanx with a common epiphysis, were convergent type 3 (Figures 5F,G).


[image: Figure 5]
FIGURE 5
Radiographs of the special pathoanatomy of CTDs in parallel type (A), divergent type (B–E), and convergent type (F, G) groups.


All CTDs (n = 92) could be classified according to the proposed system: 76 (82.6%) had no deviation of the IP joint of the main thumb (type I), 10 (10.9%) had an ulnar deviation of the IP joint of the main thumb (type II), and 6 (6.5%) had a radial deviation of the IP joint of the main thumb (type III).

Table 1 shows the gender, laterality, size of hypoplastic duplications, type of surgical procedure, and bifurcation level at the proximal phalanx according to the Kim et al. system and Wu et al. classification (Table 1).


TABLE 1 Kim et al. (2) and Wu et al. (10) systems according to demographic characteristics of patients.

[image: Table 1]

Table 2 compares the proportion of IP joint alignment characteristics of the main thumb in patients with CTD according to the Kim et al. classification system (Table 2).


TABLE 2 Alignment of the interphalangeal joint of the main thumb according to the Kim et al. system.

[image: Table 2]



Discussion

Our study found that classifying C2 CTDs into three subtypes (I, II, and III) based on the alignment of the IP joint of the main thumb allows the radiological appearance of these three subtypes to be identified (2, 10). The system is useful for classifying the various proximal phalanx deformities of C2 CTDs and may potentially aid in surgical strategy, but the role of the classification in guiding surgical treatment requires further investigation. In addition, surgical management depends not only on radiographic features but also on thumb development and size, parental choice, and healthcare setting.

Kim et al. introduced a system of three subtypes, 1–3, and found that collateral ligament reconstruction after excision of only the distal phalanx of the supernumerary thumb with preservation of the proximal phalanx of the main thumb is associated with better clinical and radiographic outcomes than excision of the proximal phalanx of the extra thumb (2). However, the subtype system introduced by Kim et al. is not complete regarding the pathoanatomy of proximal phalanx deformities and therefore its use in surgical practice is limited (2).

Our findings showed type C2 CTD is prevalent in boys with a right-sided trend, which is in accordance with most previous reports. In particular, Kim et al. (n = 32), Baek et al. (n = 5), and Horii et al. (n = 11) reported a male-to-female ratio ranging between 1.5–1.7 and 1, while in our series (n = 92), the ratio ranged between 1.6 and 1; in addition, these previous studies reported right-to-left ratio between 1.8–4 and 1, while in our series the ratio ranged between 1.7 and 1 (2, 8, 12). These discrepancies may be related to differences in samples, economic status, level of medical care, and environmental factors (2, 8, 10–12).

According to the Kim et al. system, type I CTD was the most common (59.8%), followed by type II (26.1%) and type III (14.1%) (2). Although all CTDs of our series could be classified according to the system of Kim et al., the incidence of the various subtypes we found in our work is different from those reported in the study of Kim et al. (type I: 59.8% vs. 43.75%; type II: 26.1% vs. 43.75%; type III: 14.1% vs. 12.5%); in addition, the number of cases was relatively low and some pathoanatomical characteristics of CTDs may have not been included due to their rarity. There were two (3.6%), 13 (54.2%), and 12 (92.3%) cases of special pathoanatomy in subtypes I, II, and III, respectively (Figure 5). In addition, the Kim et al. subtype system is based solely on the interval between the main and duplicate thumbs and not on the morphological features of the main thumb (2). For example, in the divergent or convergent type, the alignment of the IP of the main thumb may be without deviation, with ulnar deviation, or with radial deviation; this aspect was not considered by Kim et al. Some surgeons do not rely on a subtype system to determine treatment but may instead use a combination of skin, tendon, and skeletal features to guide surgical decisions (13–17).

The classification system we used in this work is based on a radiographic analysis of the alignment of the IP joint of the main thumb and its anatomy. All CTDs could be classified according to this system; in particular, the most frequent subtype was the one with no deviation (type I; 82.6%), followed by the one with ulnar deviation (type II; 10.9%) and the one with radial deviation (type III; 6.5%). It is interesting to note that the duplication of the distal phalanx originates in most cases at the level of its distal part in type I (60.5%) and II (100%) and from its most proximal part in type III (83.3%). This finding is important as IP joint alignment of the main thumb and duplication characteristics can influence the choice of surgical treatment. In patients with type I deformity, the surgical treatment implies the excision of the distal phalanx in association with partial preservation of the proximal phalanx of the extra thumb to maintain the remaining digit in good alignment; alternatively, the proximal phalanx can be completely excised and the thenar muscle reconstructed or a Bilhaut–Cloquet procedure can be performed (Figures 2A–D) (2, 11, 12). Although the Bilhaut–Cloquet procedure allows obtaining a normal-sized thumb with a stable interphalangeal joint, it has limitations, such as the technical difficulty of combining all segments of a duplicated thumb, possible later physeal growth arrest, joint stiffness, and nail-plate deformity (8, 12). We found that the most common type of duplication with thumbs of comparable size could be successfully treated with the Bilhaut–Cloquet procedure: type A in 75% of cases, followed by type C in 16.7% of cases.

In patients with type II deformity, the surgical treatment includes excision of the extra thumb, corrective osteotomy of the proximal phalanx, and ligament/periosteal sleeve reconstruction (Figure 3).

In patients with type III deformity, the surgical treatment must consider the complex pathoanatomy of the deformity, including bony deformity and abnormal location of tendons and thenar muscle (18–20). Surgery includes excision of the extra thumb, corrective osteotomy of the proximal phalanx, a reconstruction of the ligament/periosteal sleeve, and a reconstruction of the thenar muscle or flexor tendon; alternatively, the Bilhaut–Cloquet procedure and soft tissue reconstruction with or without nail bed reconstruction can be performed (one case with similar size of hypoplastic duplications in this study) (Figures 4A,B). Although more research is needed to confirm whether such procedures are feasible for such small thumbs, surgery may be postponed until the thumb is large enough.

It should be noted that certain limitations were observed in the present study: (1) this is a descriptive and retrospective study, but it includes a relatively large cohort of patients with type C2 CTD and all subtypes are likely to be represented; (2) even though they have been used in multiple publications, none of the classification systems used in this study have had their reliability tested; (3) although the proposed classification has some advantages compared to previously published systems, it still has not yet been tested to guide surgical treatment; (4) finally, most patients (89.1%) underwent simple excision and soft tissue reconstruction of the extra thumb, but not exactly the procedure we now propose, such as the Bilhaut–Cloquet procedure and corrective osteotomy of the proximal phalanx. Therefore, further clinical studies with large sample sizes and long follow-ups of patients treated with the different procedures are needed to verify their reliability and feasibility.



Conclusion

There is space for developing new classification systems, which are fully comprehensive and easy to use in clinical practice. The proposed classification system based on radiographic pathoanatomy complements the system of Wu et al. and can improve communication between professionals. It may potentially aid in surgical strategy, but as our results are preliminary, the role of the classification in guiding surgical treatment in children with type C2 CTD needs to be further investigated.
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Objective: The aim of this study is to summarize and demonstrate the different sterilization methods and surgical techniques for open fractures with impacted bone segments in the lower limbs.



Methods: A retrospective analysis was conducted on the clinical characteristics, treatment methods, and outcomes of a case involving a 10.5 cm extruded segment of the femur in a 9-year-old male with a right femoral comminuted fracture treated at our center. Additionally, a retrospective review and summary were conducted on all reported cases of open fractures with impacted bone segments in the lower limbs.



Results: Our center treated a 9-year and 11-month-old male child who presented with a Gustilo type IIIB open fracture of the femur along with a large segment of the femur being ejected as a result of a car accident. The child was resuscitated to correct hypovolemic shock, underwent emergency wound debridement, and had Ilizarov external fixation of the femur. The ejected femur segment was sterilized using ethylene oxide and re-implanted four days after the injury. A literature review showed that out of the cases of open fractures with impacted bone segments in the lower limbs, there were 14 cases involving the femur and 5 cases involving the tibia. Among them, sterilization was performed using povidone-iodine in 6 cases, high-pressure steam sterilization in 3 cases, and other methods including gamma-ray irradiation and soaking in antibacterial solution were used in the remaining cases. In terms of surgical methods, 7 cases were fixed with locking plates, 3 cases were fixed with external fixation devices, 1 case was immobilized in a cast, 1 case was fixed with an intramedullary rod, and 4 cases involved a combination of external fixation and internal fixation. The average time for re-implantation was 7.6 days after the injury. There were no serious complications such as infection or non-union observed in any of the cases during follow-up.



Conclusion: Ethylene oxide can be considered a reliable choice for the reimplantation of displaced bone segments in open fractures after sterilization.



KEYWORDS
open fracture, bone extrusion, femoral fracture, reimplantation, ethylene





Introduction

High-energy open fractures pose a challenging task in orthopedics due to their increased risk of infection and potential for delayed or nonunion healing. When traumatic compression leads to significant bone defects, the complexity of the condition is further exacerbated (1). In cases where the extruded bone fragments are lost, reconstruction can be considered using vascularized autogenous bone grafts or allografts (1, 2). However, when the extruded bone segment is retained, the challenge lies in its decontamination, sterilization, and timing of reimplantation. Open fractures with associated bone loss have a relatively low incidence, often classified as more severe Gustilo type III fractures. Prospective studies have found that the infection rate for Gustilo type IIIA open fractures is 45%, while the infection rate for Gustilo type IIIB fractures is 61% (3). Therefore, special attention is required for the sterilization of implanted bone grafts in order to reduce the infection rate. Currently, there is limited information available regarding the management of extruded bone segments. Different scholars have reported various cleaning methods such as high-pressure sterilization and 10% povidone-iodine soaking for the treatment of extruded bone segments (1, 4). However, there is still controversy regarding the sterilization methods, fixation techniques, and reimplantation procedures for extruded bone segments. In this case report, we present a successful reimplantation of an extruded segment of the femur in a 9-year-old boy using ethylene oxide sterilization. To our knowledge, this is the first reported case of successful reimplantation of an extruded bone segment using ethylene oxide sterilization. The patient provided consent for publication and presentation of the case data.



Methods

We retrospectively reviewed a case involving a 9-year and 11-month-old male child who presented with a Gustilo type IIIB open fracture of the femur, along with a comminuted fracture of the right femur and a large segment of the femur being extruded, as a result of a car accident. The right femur experienced a high-energy injury, resulting in a predominant fracture in four segments, including the proximal segment of the femur, the free segment in the middle of the femur, the extruded segment of the femur, and the distal metaphyseal segment of the femur. Additionally, a 3 cm open wound is visible on the lateral aspect of the distal femur. The child was resuscitated to correct hypovolemic shock, underwent emergency wound debridement, and had Ilizarov external fixation of the femur. The extruded segment of the femur was sterilized using ethylene oxide before re-implantation.

A literature review was conducted using the keywords “Extruded,” “Femur,” “Tibia,” and “Reimplantation” to search the PubMed database for articles published up until October 2023.


Case Introduction

A 9-year-old boy sustained a right femoral Gustilo IIIB open fracture as a result of a collision between a motorcycle and a car. A approximately 3 cm wound was visible on the lateral aspect of the right thigh, accompanied by a 10.5 cm extruded segment of the femur. The fracture involved the midshaft of the right femur, with comminuted fracture at the distal end and extrusion of the femoral segment. The extruded femoral segment was not covered by periosteum. No significant nerve or vascular injury was identified in the right femur. The dorsalis pedis and posterior tibial pulses of the patient are palpable, and sensation in various areas of the lower leg is normal (Figure 1).


[image: Figure 1]
FIGURE 1
(A) A 4 cm open wound is visible at the distal end of the right femur. (B) Shows a plain radiograph of the femur, demonstrating a segmental fracture with significant bone loss in the right femoral diaphysis.


The patient was transferred to our hospital from an external facility 12 h after the injury. After correcting the patient's blood loss and assessing vital signs, intravenous administration of cefazolin and tetanus toxoid was performed. The patient was taken to the operating room 3 h after admission. A copious pulsatile irrigation with normal saline and wound debridement was performed on the patient's right thigh through the open wound. The periosteum and soft tissue envelope surrounding the bone defect were well preserved. Subsequently, an Ilizarov external fixation frame was applied to stabilize the proximal, midshaft, and distal fragments of the femur. An external fixation ring was placed at the site of the extruded femoral segment for fixation purposes (Figure 2).


[image: Figure 2]
FIGURE 2
Ilustrates the emergency surgery performed on the patient to stabilize the fractured end of the femur, following correction of vital signs after injury.


Reconstruction of the extruded segment of the femur is crucial for the restoration of femoral structure. Firstly, we washed the 10.5 cm extruded femoral segment with a large amount of normal saline to remove severe contamination. Subsequently, the extruded femoral segment was sterilized using ethylene oxide, with a controlled concentration of 800–1,000 mg/L, temperature of 55–60°C, and relative humidity of 60%–80%, for a total sterilization time of 6 h. After sterilization, the extruded femoral segment was dissected within the sterilization cabinet to avoid residual ethylene oxide. On the 4th day of the initial surgery, the sterilized extruded femoral segment was reimplanted through the use of external fixation pins for stabilization (Figure 3).


[image: Figure 3]
FIGURE 3
On the 5th postoperative day, shows a right lateral view x-ray of the femur, indicating a generally restored femoral alignment, but still presenting some degree of angular deformity.


During a follow-up examination 3 months postoperatively, formation of callus was observed at the fracture site. At 7 months postoperatively, the fracture line disappeared, and cortical bone continuity was achieved, leading to the removal of the external fixation device. At 18 months postoperatively, the femur had achieved bony union, albeit slightly more curved compared to the unaffected side. During a follow-up at 60 months postoperatively, the femurs were approximately equal in length, with slight local curvature observed in the right femur. The range of motion of the knee joint is 0°–135° (Figures 4–6).


[image: Figure 4]
FIGURE 4
Taken 7 months postoperatively, shows a right lateral view x-ray of the femur, indicating fracture healing, followed by the removal of the external fixation device.



[image: Figure 5]
FIGURE 5
Taken during a 5-year follow-up examination, shows a right lateral view x-ray of the femur, demonstrating equal length of both femurs, good remodeling of the right femur, and slight bending seen on the lateral view.



[image: Figure 6]
FIGURE 6
Taken during the 5-year follow-up, shows normal knee joint function.


Simultaneously, 19 cases of pediatric patients with open fractures and impacted bone segments in the lower limbs were also evaluated (Table 1). Among them, there were 14 cases involving the femur and 5 cases involving the tibia. Among the cases, 6 cases were sterilized using povidone-iodine, 3 cases were sterilized using high-pressure steam, and the remaining cases were treated with gamma-ray irradiation or soaking in antibacterial solution. In terms of surgical methods, 8 (42.1%) cases were fixed with locking plates, 3 (15.8%) cases were fixed with external fixation devices, 1 (5.3%) case was immobilized in a cast, 1 (5.3%) case was fixed with an intramedullary rod, and 4 (21.1%) cases involved a combination of external fixation and internal fixation. The average time for re-implantation was 7.6 days after the injury. There were no serious complications such as infection or non-union observed in any of the cases during follow-up.


TABLE 1 General information of children with open fractures and extruded bone Segments in lower limbs.
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Discussion

Open fractures have always been a high-risk condition for infection due to factors such as the extent of soft tissue damage, wound cleanliness and irrigation methods, time of treatment post-injury, and antibiotic coverage (18). When open injuries are associated with an extruded bone segment, the situation becomes even more challenging. Adequate sterilization of the extruded bone segment, delayed replantation, stable fixation, and good patient health condition play critical roles in the decision-making process for replantation. Even with meticulous debridement and sterilization, re-implantation of an extruded bone segment exposed to severe contamination can still lead to devastating infections.

Currently, there are no specific guidelines for disinfection applied to the replantation of traumatic extruded bone segments. As early as 1965, Kirkup reported the successful replantation of a 25 cm extruded femoral segment using high-pressure boiling sterilization (10). Since then, several scholars have described their successful experiences with various sterilization techniques for extruded bone segments, including boiling, gamma-ray irradiation, high-pressure sterilization, and soaking in povidone-iodine, Betadine, and antibiotic solutions (1, 4–17, 19). Mat-Salleh et al. used discarded bone fragments from hip arthroplasty as samples and found that 0.5% chlorhexidine was significantly superior to povidone-iodine and alcohol in disinfecting contaminated bone (20). Some researchers analyzed the histomorphology of rat allografts after sterilization with high-pressure sterilization, gamma irradiation, and ethylene oxide and found no significant differences among the three groups (21). Mortazavi et al. (22) conducted a systematic review of the literature on contamination related to bone transplantation and found that the contamination rate of dislodged bone tissue during surgery was close to 40%. It was discovered that soaking the dislodged bone tissue in a 5% povidone-iodine solution for 10 min successfully removed the contamination and maintained cell viability. There have been some comparative studies on the effectiveness of different sterilization methods, but there is still a lack of unified standards. The choice of sterilization method also needs to consider the sterilization equipment commonly used in the medical facility.

High-pressure steam sterilization appears to have an advantage in eliminating pathogens, but some scholars also have concerns about the loss of graft bone activity and excessive loss of skeletal strength (23). Researchers used dry heat, high-pressure steam, ethylene oxide, and gamma radiation as four sterilization methods to treat dental scaffolds and found that all four methods achieved effective sterilization while preserving the molecular arrangement of the extracellular matrix (24). However, Zhou et al. studied the impact of gamma irradiation and ethylene oxide sterilization on the mechanical strength of cortical bone grafts and found that ethylene oxide sterilization was superior to gamma irradiation and better preserved the mechanical properties of cortical bone (25). Previous studies have indicated that ethylene oxide sterilization has no adverse effects on tendon biomechanical properties (26). Kurup et al. (27) collected cancellous bone washings from patients, which were sterilized using ethylene oxide and then used for treating benign bone lesions, non-unions, and other conditions. The low infection rate confirms that ethylene oxide can be a reliable choice for sterilizing allogeneic bone grafts and also offers good cost-effectiveness. We used ethylene oxide to sterilize the extruded bone segment before replantation. After a follow-up of 60 months, good bone fusion and no complications such as infection were observed. We believe that adequate sterilization and appropriate preservation of bone graft viability are both crucial. In cases where the surrounding soft tissues are intact but bone replantation is not feasible due to severe damage or contamination, options for reconstructing bone defects include allograft transplantation, guided membrane technology, or traction osteogenesis as alternative methods (28, 29).

There is no unified time frame for replanting extruded bone segments. The reported time ranges from immediate replantation to up to 65 days after trauma, with an average of 7.6 days. A retrospective study on open fractures of the limbs suggests that internal fixation should be performed as soon as general and local conditions have improved and infection is under control. The longer the delay in fixation, the higher the infection rate (30). The delay in replantation time is mainly dependent on the stability of the patient's vital signs and the contamination of the extruded bone segment. In our case, due to the child's traumatic shock after injury, Ilizarov external fixation was first performed to stabilize the fracture at both ends under the premise of stable vital signs, avoiding further displacement of the fracture. On the fourth day post-injury, after sterilization with ethylene oxide, the extruded bone segment was replanted and fixed with external fixation pins. There is no strict time restriction for replanting the extruded bone segment as long as the patient's vital signs are stable and inflammation is under control; generally, good bone fusion can be achieved. During the initial emergency surgery in our case, due to the incomplete nature of the femur, intramedullary fixation was omitted, resulting in slightly suboptimal alignment of the fractured femoral shaft. On the most recent follow-up, despite successful fracture remodeling, a residual posterior angulation of the midshaft femur was still observable on the lateral x-ray. Common surgical approaches for pediatric femoral shaft fractures include intramedullary nailing, external fixation, and a combination of both. Intramedullary nailing provides reliable central fixation and excellent resistance against bending forces, albeit with limited rotational stability. External fixation allows for effective control of rotational and shearing forces, though it exhibits relatively weaker resistance against bending forces and carries a slightly higher risk of complications. The combination of intramedullary nailing and external fixation combines the advantages of both fixation methods and has been proven to be superior in fracture alignment and early weight-bearing, although it requires a longer learning curve and surgical time (31).



Conclusion

When facing the extrusion of a large bone segment, the management of each case should consider the replantation of the extruded bone segment on an individualized basis. When feasible, sterilization of the contaminated extruded bone segment with ethylene oxide can be considered. In cases involving open multiple fractures, Ilizarov external fixation is a good choice as it is associated with relatively smaller trauma and can stabilize multiple fractures.
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Objective: Malformations of the lower limbs caused by hypophosphatemic rickets in older children are mostly complex, occurring on multiple planes without a single apex and showing arcuate bending of the diaphysis combined with torsion deformity, and are difficult to correct. This study retrospectively investigated the effect of and indicators for multi-segment osteotomy with interlocking intramedullary nail fixation in the treatment of bony deformity caused by hypophosphatemic rickets.



Methods: The clinical data of 21 hypophosphatemic rickets patients seen between August 2007 and March 2022 were collected. The age range of the patients at the first surgery was 11 years and 1 month old to 15 years and 3 months old, with an average age of 12 years and 8 months. There were 6 males and 15 females. All patients had abnormal alignment of their lower limbs, with 32 limbs having varus deformity and 10 limbs having valgus deformity.



Results: A total of 67 surgeries were performed across the 21 patients, including 24 cases of femoral osteotomy with antegrade intramedullary nail fixation, 6 cases of femoral osteotomy with retrograde intramedullary nail fixation, and 20 cases of tibial osteotomy with interlocking intramedullary nail fixation. A total of 34 limbs eventually underwent interlocking intramedullary nail fixation, 9 with genu valgum and 25 with genu varus. All 21 patients were followed up for a period of 14∼96 months, with an average of 42.6 months. The ends of the osteotomies achieved bony union in 4–9 months (average 6.8 months), after which normal weight-bearing walking could be resumed. No infection, vascular or neurological complications, or nonunion occurred. During postoperative follow-up, the alignment the lower limbs passed through zone 1 in 13 limbs, zone 2 in 12 limbs, and zone 3 in 5 limbs. The overall rate of an excellent effect was 83.3%.



Conclusion: For lower limb deformity caused by hypophosphatemic rickets in older children, multi-segment osteotomy and strong fixation with interlocking intramedullary nails can achieve good correction outcomes.
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Introduction

Calcium and phosphorus levels play a very important regulatory role in normal bone metabolism. Hypophosphatemic rickets is a group of calcium deposition disorders characterized by low blood phosphorus caused by phosphorus reabsorption dysfunction in the proximal renal tubules that leads to increased phosphorus excretion by the kidneys. The main clinical manifestations of hypophosphatemic rickets are abnormal alignment of the lower limbs (severe genu varus or genu valgum and arcuate bending of long bones), short stature, dental abnormalities (such as periodontal abscess), and pain, with an incidence of approximately 1/20,000. The disease has high teratogenic and disability rates, which place a considerable burden on society and the families of patients (1).

The most common type of hypophosphatemic rickets is X-linked hypophosphatemia, caused by the mutation of the phosphorus regulatory gene homologous to endopeptidases on the X chromosome; other forms of the disease include those caused by autosomal inheritance of mutations and sporadic cases. The clinical manifestations include an insensitivity to the usual dose of vitamin D, resulting in continued manifestations of active rickets after 2–3 years old. Laboratory features of the disease include decreased blood phosphorus, increased urine phosphorus, and generally normal blood calcium. Orthopedic manifestations include progressive genu varus and/or genu valgum; arcuate bending and torsion deformity of the diaphysis may occur as the disease progresses, and thus older children and adolescent patients may present with a compound deformity across multiple planes without a single vertex. Paley et al. (2) believed that this deformity is caused by a gradual bending deformation of the bone under the action of long-term abnormal stress due to the insufficient mechanical strength of the bone due to rickets.

Albright et al. (3) first described vitamin D-resistant rickets in 1937, for which treatment mainly depended on large doses of vitamin D. In the 1950s and 1960s, some scholars published their experiences in the orthopedic treatment of hypophosphatemic rickets (4–6). Vitamin D and a brace were mainly used to prevent and control the progression of the deformity. If severe deformity occurred, an osteotomy and cast fixation was performed. With the extensive use of antibiotics, Sofield and Millar (7) published their 10-year follow-up results on multi-segment osteotomy and intramedullary fixation in 1959. The cases included osteogenesis imperfecta and hypophosphatemic rickets, and the results showed that the deformity was effectively corrected and maintained.

Because familial hypophosphatemic rickets is a rare disease, there are currently no standard treatment guidelines or expert consensus for the bony malformations it causes. The initial treatment of hypophosphatemic rickets should be medical. Rubinovitch (8) reported that mild deformities of less than 15 degrees can be spontaneously corrected with appropriate drug treatment. Surgical intervention should be considered when the effect of medical treatment is not satisfactory. Pedersen (6) reported that after the individual enters adulthood, a gradually worsening genu varus leads to an obvious swing gait, easy fatigue, and frequent low back pain and hip and knee joint pain. Therefore, it is necessary to provide timely alignment correction to minors. Currently, full-length x-rays of both lower limbs are used to assess alignment abnormalities of the lower limbs and to develop surgical plans.

Some author believed that patients with residual growth potential greater than 3 years had good results with growth modulation method. The effect is poor for patients with little growth potential and near puberty. Due to the long duration of the disease, patients at this age have formed multiple plane complex deformities without a single vertex. For the correction of such complex deformity, the fixation method should be used after osteotomy is still inconclusive. In this study we recruited older children and teenagers with delayed epiphyseal closure treated with multi-segment osteotomy and interlocking intramedullary nail fixation to correct complex deformities of the patients' lower limbs. There are no reports about the application of this method for correcting deformities in patients in this age group. This study retrospectively investigated the effect of and indications for multi-segment osteotomy and interlocking intramedullary nail fixation in the treatment of hypophosphatemic rickets with bony deformity.



Materials and methods


General information

The medical records of all patients with hypophosphatemic rickets admitted to our department from August 2007 to March 2022 were reviewed, and 21 patients were finally selected for this study. Inclusion criteria: ① At least one part of the long bone of the lower limbs was treated by osteotomy and fixation with intramedullary nail; ② patients were clearly diagnosed with hypophosphatemic rickets in the endocrine clinic ③ patients were treated with regular oral medication for more than one year, and the preoperative blood phosphorus value recovered to more than 1 mmol/L. Exclusion criteria: ① The residual growth potential is greater than 3 years when undergoing intramedullary nail fixation; ② The follow-up is less than 12 months. The age of patients when they obtaining a definite diagnosis ranged from 2 year 3 months to 8 years, with an average age of 4 years 10 months. Conventional oral drugs mainly include phosphate solution, vitamin D and calcium. Vitamin D was stopped one week before surgery, and was continued after recovery of non-weight-bearing flexion and extension activities 2 weeks after surgery. The ages of the patients when they first underwent intramedullay nail fixation surgery were between 11 years 1 month and 15 years 3 months, with an average age of 12 years 8 months. There were 6 male patients and 15 female patients. All patients had an abnormal alignment in both lower limbs: 32 limbs had varus deformity, and 10 limbs had valgus deformity.



Radiological evaluation

Anteroposterior and lateral views of both knee joints and full-length radiographs of both lower limbs were taken before surgery. The full-length radiographs of both lower limbs were taken in the weight-bearing position with the patella located directly in front of the knee joint to eliminate errors caused by limb rotation. The mechanical lateral distal femoral angle (mLDFA), medial proximal tibial angle (mMPTA), mechanical axis deviation distance (MAD) between the mechanical axis and the center point of the knee joint, and the posterior inclination angle of the tibial plateau (Figure 1) were measured on the full-length anteroposterior radiographs of both lower limbs according to Paley's method (9). The patient's preoperative range of motion (ROM) was recorded, and the deformity angle at the center of rotation and angulation (CORA) was measured for deformity analysis and osteotomy planning. The diameter and length of the medullary cavity were measured, and appropriate intramedullary nails were selected.


[image: Figure 1]
FIGURE 1
Measurement of the mLDFA, MPTA, and MAD values in the alignment for the lower limbs according to Paly's method (3).




Surgical methods

Femoral and tibial intramedullary nails of the TRIGEN series from Smith & Nephew were used. Antegrade intramedullary nailing on the femur is described here as an example of the surgical procedures performed on the patients. First, the patient was placed in the supine position on the x-ray–permeable operating table; the patient was then positioned under a fluoroscope, and a 2–3 cm skin incision was made at the preoperatively planned CORA site to separate and expose the bone. Subperiosteal dissection and osteotomy were performed to remove a wedge-shaped bone fragment. Using a manual reamer, the bone was reverse reamed from the site of the osteotomy to the proximal femur, and the reamer broke through the cortex from the tip of the greater trochanter. Then, the manual reamer drill was used in an antegrade direction to ream from the first to the second osteotomy site planned before surgery. The skin and soft tissues were incised again with periosteum dissected. Another wedge-shaped bone piece was removed by osteotomy, and the drill continued to ream antegradely to the distal metaphysis. A guide wire was inserted through the opening of the greater trochanter. After proximal reaming was completed, the intramedullary nail was inserted along the guide wire. The interlocking screw was driven in at the proximal femur with a collimator; after that, the distal femur needs to be internally rotated when the osteotomy ends are aligned, and the distal locking is completed while maintaining the knee joint in a rotational neutral position to correct the external rotational deformity of distal femur. If the osteotomy site was still unstable, single-cortical locking plate technique was used to increase the local stability of the osteotomy site.



Postoperative follow-up and evaluation

Anteroposterior and lateral x-ray of the femur or tibia were taken at 6 weeks, 3 months, and half a year after surgery. Full-length anteroposterior and lateral x-ray of the lower limbs and knee joint were taken once a year after the osteotomy was healed. The mLDFA, mMPTA, MAD and the posterior inclination angle of the tibial plateau of the affected limb was measured on the full-length anteroposterior radiographs of lower limbs. The final correction was evaluated according to the knee joint zoning method described by Stevens (10) (Figure 2). If the mechanical alignment of the lower limb passed through the knee joint in zone 1, the effect of the surgery was considered excellent; if it passed through zone 2, it was considered good; and if it passed through zone 3, it was considered poor.


[image: Figure 2]
FIGURE 2
Stevens’ knee joint zoning. The knee joint is evenly divided into four parts: zone 1 is the medial and lateral central quarters, zone 2 is the medial and lateral edge quarters, and zone 3 is the outside edge of the knee joint.




Statistical methods

SPSS 17.0 software was used to analyze the normality of the data using the 1-sample Kolmogorov‒Smirnov test. The results showed that the distributions of the variables were not normal. Therefore, we used the Wilcoxon signed-rank test for nonparametric paired data to calculate the difference in mLDFA, MPTA, and MAD between the genu valgum group and the genu varus group before and after surgery.




Results

The 21 patients included in this study received a total of 67 surgeries (Table 1), including 24 cases of femoral osteotomy with antegrade intramedullary nail fixation, 6 cases of femoral osteotomy with retrograde intramedullary nail fixation, and 20 cases of tibial interlocking intramedullary nail fixation; 6 cases of osteotomy with intramedullary nail with an additional unicortical locking plate to increase stability; 8 cases of tibial osteotomy with locking plate internal fixation, 6 cases of proximal tibial epiphysiodesis with eight plate, 1 case of distal femoral osteotomy with k-wire fixation, 1 case of interlocking screw removed, and 1 case of hollow screw fixation. Among a total of 50 cases of osteotomy and intramedullary nail fixation, 8 cases involved single femoral osteotomy alone, 1 case of single tibial osteotomy, and the rest underwent multi-segment osteotomy. Due to economic and family reasons, 6 patients only received surgical treatment on the most severe deformed side of the limb. A total of 34 limbs received interlocking intramedullary nail fixation, and 2 limbs were fixed by other methods. Of the limbs receiving intramedullary nail treatment, 9 limbs had genu valgum, and 25 limbs had genu varus. All 21 patients were followed up for 14–96 months (average 42.6 months). The osteotomy achieved clinical union in 4–9 months (average 6.8 months), and returned to normal weight-bearing walking. No infection, vascular or neurological complications, or nonunion occurred. All patients had good range of motion of the hip and knee joints before surgery and no pain; at the last follow-up after surgery, there was no restriction of motion of the hip and knee joints and no complaints of pain. Typical cases are shown in Figure 3.


TABLE 1 Patient general information and surgical treatment data.
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FIGURE 3
Typical case. A and B are the preoperative full-length radiograph and body image of the patient; C and D are the postoperative radiograph and body image of the patient.


In the genu valgum group, the average preoperative mLDFA was 70.6 degrees (65∼80 degrees), while the mLDFA at the final follow-up after surgery was 86.6 degrees (79–95 degrees); there was a significant difference (P = 0.021 < 0.05). The average MPTA preoperatively was 89.8 degrees (80∼102 degrees), while that at the final follow-up after surgery was 88 degrees (84–93 degrees); there was no significant difference. The preoperative MAD was 67.1 mm lateral (48–95 mm), and the MAD at the final follow-up after surgery was 8.4 mm (3∼28 mm) lateral; the difference was significant (P = 0.017 < 0.05).

In the genu varus group, the average preoperative mLDFA was 101.9 degrees (91–110 degrees), and the average mLDFA at the final follow-up after surgery was 95.1 degrees (83–104 degrees); the difference was significant (P < 0.001). The average preoperative MPTA was 77.4 degrees (66–86 degrees), and the average MPTA at the final follow-up after surgery was 85.2 degrees (74–95 degrees); the difference was significant (P = 0.001). The preoperative MAD was 77.4 mm medial (57–106 mm), and the postoperative MAD at final follow-up was 23.8 mm medial (6∼45 mm); the difference was significant (P < 0.001) (See Table 2).


TABLE 2 radiological outcomes of deformity correction

[image: Table 2]

Significant deviations were observed in the preoperative alignment of the lower limbs in the 34 limbs that received intramedullary nail correction. At postoperative follow-up, the alignments were located in zone 1 for 13 limbs, 12 limbs in zone 2, and 5 limbs in zone 3. Three limbs had just completed osteotomy with intramedullary nail on the femoral side or the tibial side; their treatment is ongoing, and therefore, the final alignment of the lower limbs cannot be evaluated for the time being. One patient refused further surgery after the completion of the femoral side surgery. After surgery, the patient was only followed up with ordinary x-ray examinations and did not undergo full-length x-ray of the lower limb.

For 20 cases who underwent tibial interlocking intramedullary nail fixation, the average preoperative posterior inclination angle of the tibial plateau was 75.2 degrees (61–84 degrees), and the average postoperative posterior inclination angle of the tibial plateau was 74.4 degrees (61–81 degrees) at the final follow-up; there was no significant difference. In 3 cases, recurrence of proximal tibia deformity was observed at follow-up, and the interlocking intramedullary nail was removed, and proximal tibial osteotomy and locking plate fixation were performed for revision.

For 30 cases who underwent intramedullary nail fixation of the femur, 1 case underwent removal of the interlocking screw due to concerns about growth arrest 5 months after retrograde intramedullary nail surgery. The osteotomy healed well at the follow-up 1 year after surgery, and the correction of the osteotomy on distal femur was partially lost at this time, but the deformity showed no progression at the 6-year follow-up after surgery. Another patient underwent bilateral femoral osteotomy with antegrade intramedullary locking nails. One year after surgery, the right femoral head had slipped from the epiphysis, and the left proximal femoral varus deformity worsened. Proximal interlocking screw replacement and hollow screw internal fixation were performed as reported by Li et al. (11) (Figure 4). The postoperative recovery was satisfactory, and the deformity of the proximal femur was not exacerbated during the 4-year follow-up.


[image: Figure 4]
FIGURE 4
A and B are the follow-up of the patient one year after the completion of osteotomy and fixation; C shows a slipped capital femoral epiphysis happened in the right hip after minor trauma and exacerbation of coxa varus on the left side; D, reduction and fixation with longer interlocking screw and hollow screws.




Discussion

The literature on the surgical treatment of children with familial hypophosphatemic rickets consists mostly of small case reports, among which the treatment methods used vary, and the evaluation criteria for surgical indications and postoperative follow-up are not clearly proposed. Stanitski (12) and Kanel (13) reported the use of an external fixator to correct deformities in hypophosphatemic rickets. The advantage of this method is that early weight-bearing is possible without immobilization, and thus, oral medication does not need to be adjusted. The complications included a few cases of needle tract infection and 1 case of fascial compartment syndrome. These two groups of patients were all followed up for a short time, and no recurrence was reported. Choi et al. (14) reported the application of the Ilizarov technique for osteotomy correction and simultaneous limb lengthening. The authors proposed that if the patient's serum phosphorus level is less than 2.5 mg/dl, bone lengthening during osteotomy is not recommended.

Stevens et al. (15, 16) proposed the application of guide growth in the treatment of bony malformations of familial hypophosphatemic rickets and achieved good outcomes. The patients in that study were all less than 10 years old. In 2017, Horn et al. (17) published the results of growth modulation with a eight plate in the treatment of bony deformity in hypophosphatemic rickets. The authors found that the efficacy of the growth modulation in patients with remaining growth potential of more than 3 years was significantly better than that of patients with less than 3 years of growth potential; the effects of guide growth for pubertal patients were poor.

Petje (18) reported the treatment results of a large number of osteotomies, approximately 98 cases. The authors found that in patients with recurrence after external fixation, the proportions of recurrence in the metaphysis and the diaphysis were the same, while 12 cases of intramedullary nails had recurrence only in the metaphysis at the distal and proximal ends. Song et al. (19) reported on 55 cases of surgical treatment and similarly found that among patients treated with an intramedullary nail, malformation recurrence only occurred in the metaphysis, while there was no recurrence of the malformation in the diaphysis. The authors advocated the use of elastic intramedullary nails and external fixators for osteotomy correction for young children with narrow medullary canals. An external fixator can correct multiplane complex deformity and lengthen the limb it at the same time, but the patient is prone to recurrence of the deformity and development of the lengthening site refracture, while intramedullary fixation with elastic nail alone has the problem of poor stability on osteotomy site; the combined use of the two can greatly enhance the fixation stability, maintain the correction effect and prevent refracture. Additionally, the combined procedure can reduce the use time of the external fixator and the probability of needle tract infection are lessened.

For adolescent and adult patients with closed epiphyses, the current consensus is that intramedullary fixation is the best method because it can effectively prevent the recurrence of the malformation (20). Osteotomy and intramedullary nail fixation assisted by external fixators has been promoted by scholars in recent years (21, 22). It has been reported that with this method, after intraoperative osteotomy and temporary fixation with an external fixator, the angle of the alignment of the lower limb can be precisely adjusted, and the interlocking intramedullary nail can be used to complete the final strong fixation and achieve good outcomes.

All patients in the group in the current study were older than 11 years and were of prepubertal age without epiphyseal closure. Patients with hypophosphatemic rickets are characterized by a short stature and low growth rate. According to Horn et al. (17), the residual growth potential of patients in this age group is insufficient to meet the needs of guide growth treatment. In addition, among patients of older age, the arcuate bending and torsion deformity of the dialysis cannot be solved by growth modulation. In this group of cases, to prevent further exacerbation of the deformity in the limb that was not treated with osteotomy, 6 patients temporarily underwent epiphysiodesis with a eight plate. The follow-up evaluation of these 6 patients only showed that the deformity did not exacerbate, but no correction was obtained, which further confirmed that guide growth is not a suitable deformity correction method for patients in this age group. In clinical practice, we found that the inner diameter of the medullary cavity in patients in this age group was close to that of adults and could accommodate the interlocking intramedullary nail after reaming. Therefore, we attempted to perform fixation with the interlocking intramedullary nail after osteotomy, achieving the goal of strong fixation and early exercise, and also reduce the chance of relapse.

When using interlocking intramedullary nail fixation for patients with an open epiphysis, the primary problem is avoiding interference with growth and development. For the femoral side, antegrade intramedullary nail fixation was mainly used. The proximal entrance was at the tip of the greater trochanter, and the distal end of the intramedullary nail terminated in the metaphysis. All interlocking screws were placed in the metaphysis without causing epiphysiodesis and did not affect femoral growth. Regarding the epiphysiodesis effect of the intramedullary nail passing through the epiphysis of the greater trochanter, we considered that the growth pattern of the greater trochanter epiphysis could be characterized as accumulative growth, accounting for a very small proportion of the development of femoral length and mainly affecting the morphological development of the proximal femur. After the epiphysiodesis, a coxa valga effect is produced; in contrast, the deformity of the proximal femur in hypophosphatemic rickets is coxa vara, which is helpful for the control and improvement of the proximal femoral deformity. No further aggravation of the proximal femoral deformity was found in our follow-up.

In this group of patients, 6 femurs underwent retrograde intramedullary nail fixation. We chose to insert the tail end of the intramedullary nail deep into the secondary ossification center of the distal femur to ensure that all the distal interlocking screws were all located in the metaphysis and avoid the epiphysiodesis. At the same time, the lengthened tail cap is used to flatten the end of the tail cap with the femoral intercondylar fossa cartilage, retaining the possibility of secondary removal. In addition, the intramedullary nail is not routinely removed after the osteotomy has healed. The retention of the nail can produce a space-occupying effect, avoid the formation of bone bridges, and affect length development. For the tibial intramedullary nail, because the entry point is located in the proximal metaphysis of the tibia, the main concern is that the genu recurvatum deformity could occur after the development of epiphysiodesis. We also used metaphyseal interlocking with an extended tail cap. In the postoperative follow-up, the posterior inclination of the tibial plateau was not significantly different from the preoperative level, and no deformity occurred.

The treatment outcome of patients was evaluated according to the knee joint zonal method of Stevens (10), and the final mechanical alignment of the lower limb was located in zones 1 and 2 for a total of 25 limbs, with an overall good rate of 83.3%. For patients with the final alignment of the lower limbs in zone 2, 8 limbs had insufficient correction of femoral varus, with an mLDFA greater than 93 degrees; 1 limb had insufficient correction of femoral valgus; and 3 patients had insufficient correction of the tibial side, with an MPTA less than 80 degrees. For patients with the final alignment of the lower limb in zone 3, the tibial side was insufficiently corrected in 4 limbs, and the femoral side was insufficiently corrected in 1 side.

The main characteristic of femoral side deformity is that the patient has deformity in both coronal plane and sagittal plane, and often combined with torsion deformity, so there are multiple deformity CORA points. Therefore, at least two sites should be selected in the design of the osteotomy procedure; in five of the eight cases with inadequate femoral side correction, only a single osteotomy was performed. Another reason for inadequate correction is that the preoperative anteroposterior and lateral x-ray projections can only reflect partial deformities, and it is difficult to accurately calculate the CORA point of the malformation; thus, it is difficult to precisely control the intraoperative osteotomy.

At the same time, the choice of antegrade or retrograde intramedullary nail fixation can also influence the effect of deformity correction. Due to the wide medullary cavity of the distal femur, the stability of antegrade intramedullary fixation in the distal osteotomy site of the femur is weakened, and intraoperative loss of correction is prone to occur. Most genu valgus deformities are mainly located at the distal femur, and therefore, for patients with severe deformities of genu valgum happened in distal femur, the use of retrograde intramedullary nails is recommended. Although the distal control of retrograde intramedullary nail has strong, genu varum patients often also present with arcuate bending deformity of the sagittal plane of the middle and upper segment of the femur. The working length of retrograde intramedullary nail for proximal fixation after multi-segment osteotomy is too short, and the stability is not good. So antegrade intramedullary nails should still be chosen for patients with larger arcuate bending of the middle and upper segments. For poor control of the distal deformity in correction of the distal femur, the future solution can refer to the experience of adult patients (20–22). After temporary fixation with an external fixator for precisely adjusting the alignment, the fixation is completed by the antegrade intramedullary nail fixation assists with the intramedullary blocking screw technique.

The main reason for the insufficient correction of tibial deformities is that in some patients, the deformity is very close to the proximal metaphysis of the tibia, and the intramedullary nail fixation needs to retain a certain length at the proximal to accommodate the interlocking screws in the metaphysis and control the bone fragments. The osteotomy cannot be completed at the true CORA level, and thus, the proximal tibial deformity is still retained during the surgery. During the follow-up, 3 patients experienced the deformity recurrence and worsened with weight-bearing after surgery. The lower limb alignment was shifted back to zone 3, so the intramedullary nail was removed, and proximal tibial osteotomy and locking plate fixation were performed for revision. A possible solution to avoid this situation is to keep the osteotomy line as close to the proximal tibia as possible. At this time, the problem of the wide medullary cavity of the proximal segment of the tibia and the poor stability of intramedullary fixation need to be addressed. During the insertion of the intramedullary nail, due to the relative osteoporosis of the patient itself, the nail is easy to swing and lead to the loss of correction. A possible solution is to use the suprapatellar approach for intramedullary nail implantation, which helps to control the angulation of the sagittal plane of the proximal bone fragment and facilitates intraoperative fluoroscopic monitoring. The addition of a single cortical locking plate or blocking nails can also help to increase fixation strength.

Proximal femoral deformities in hypophosphatemic rickets are mostly mild coxa vara. No patient in this group underwent subtrochanteric valgus osteotomy for coxa vara deformity, so conventional locking was typically performed by most surgeons in the direction from the greater trochanter to the lesser trochanter, and no worsening of the deformity of the proximal femur was found in postoperative follow-up. Reconstructional locking along the femoral neck were used in 3 patients. One patient developed a right slipped capital femoral epiphysis due to minor trauma one year after surgery, and the left coxa vara also worsened. Li et al. (11)reported that a similar situation can occur in children after internal fixation of femoral neck fractures. They believed that the causes of slipped femoral epiphyses are coxa vara caused by poor fracture reduction, the position of metal internal fixation, and premature weight-bearing. The reasons for the slipped epiphysis in this patient were mainly that the patient had coxa vara deformity, and the front of the interlocking screw in the reconstruction direction was located only in the metaphysis (Figure 4), resulting in the concentration of stress here. The rickets makes the weak metaphyseal cancellous bone region more fragile, so the epiphysis slipped under the action of weight-bearing varus scissor stress. Based on this situation, we do not recommend the routine use of the reconstruction direction for proximal locking. If the osteotomy site is near the proximal femur, and the reconstructive locking method must be used. The appropriate length should be selected so that the interlocking screw could passes through the physis plate and enters the secondary ossification center of proximal femur to complete the locking.

The limitation of this article is that the number of cases is insufficient to conduct a more detailed statistical analysis for the undercorrection cases to obtain more information that can help improve correction schedule. In future studies, full-length CT examinations of the lower limbs should be added to accurately evaluate torsional deformities of the lower limbs and formulate surgical correction plans. At the same time, preoperative and postoperative pelvic x-rays should be routinely taken to monitor the evolution of proximal femoral deformity.



Summary

Older children and adolescents suffered hypophosphatemic rickets with open epiphyses mostly present with complex lower limb deformities in multiple planes without a single apex; treatment is currently difficult, and there is no consistently recommended treatment method. In this group of patients, multi-segment osteotomy and strong fixation with interlocking intramedullary nails were used, and good correction results were achieved, but there are certain limitations. Incomplete correction of the femoral deformity was the main cause of the postoperative alignment of the lower limb in zone 2; insufficient correction of the proximal tibial deformity was the main cause of the recurrence of postoperative tibial varus deformity. These problems remain to be further addressed by improving the intraoperative temporary fixation methods, precise control of osteotomy, and adding other assisted internal fixation.
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Introduction: To investigate the epidemiological features and prevalence of cruciate ligament injuries (CLI) in children and adolescents, and to examine the potential risk factors associated with concomitant meniscal tear (MT) among this population.



Methods: The demographic data and injury details of children and adolescents with CLI from Southeast China were analyzed to describe their distribution characteristics, alongside an analysis of the prevalence of MTs, the most frequent complication. In addition, binary logistic analysis was employed to ascertain the risk factors linked to MT in individuals suffering from CLI.



Results: A total of 203 patients with CLI (n = 206) met the inclusion criteria, with a male-to-female ratio of 2.3:1. Notably, a higher proportion of females were aged ≤16 years old compared to males, who predominated in patients aged >16 years (P = 0.001). Among children and adolescents, anterior cruciate ligament (ACL) injuries were the primary type of CLI, accounting for 88.18% (179/203) of all cases. The majority of cases (132/203, 65.02%) were sustained during sports activities, and sprains were the predominant mechanism of injury (176/203, 86.7%). Additionally, the most common associated injury was an MT (157/203, 77.34%). The posterior horn is the most frequently affected site for both medial MT (62.93% out of 73 cases) and lateral MT (70.19% out of 73 cases). Moreover, vertical tears constituted the majority of medial MTs (59.48% out of 116 cases). Furthermore, patients with a higher BMI faced an increased risk of associated MT in comparison to non-overweight patients (88% vs. 73.86%; P = 0.038). Each increase in BMI unit was linked with a 14% higher probability of associated MT occurrence in children and adolescents with CLI (OR = 1.140; P = 0.036).



Discussion: ACL injuries are a common form of knee ligament injury among children and adolescents, especially those over the age of 16, and are often the result of a sprain. Meniscal posterior horn injury is the most commonly associated injury of youth with CLI. Additionally, overweight or obese people with CLI are at a greater risk of developing MT.
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Introduction

The incidence of cruciate ligament injuries (CLI) has significantly increased in the past two decades, particularly among children and adolescents, due to increased sports participation (1–5). Additionally, there has been a recent sharp rise in anterior cruciate ligament (ACL) reconstruction among patients younger than 15 years old (4, 6). While CLI epidemiological investigation in children and adolescents has been thoroughly researched in Europe and the United States (2, 3, 7, 8), it remains under-researched in Asian countries, particularly China.

The cruciate ligaments are a crucial structure for maintaining proper biomechanics of the knee joint (9). Disruptions of these ligaments can cause immediate and long-term adverse effects. It has been shown that adults who experienced CLI in childhood have a 105 times greater risk of developing osteoarthritis compared to those without such injuries (10). This creates a significant economic burden on society. Furthermore, isolated ACL injuries are infrequent, with other concurrent injuries often present, such as additional ligament injuries, meniscal tears (MT), articular cartilage injuries, and bone injuries (11, 12).

The objective of this study is to investigate the epidemiological characteristics and prevalence of CLI in children and adolescents from Southeast China, as well as to identify the risk factors for concurrent MT in this demographic.



Methods

This study, conducted at a large tertiary care hospital in Southeast China, aimed to investigate CLI in pediatric patients over a ten-year period from January 2013 to December 2022.

Inclusion criteria consisted of patients diagnosed with traumatic CLI, 18 years of age or younger at the time of injury, and complete medical information (i.e., chart notes, medical history, radiographic records, follow-up notes, etc.).

The study excluded patients with CLI caused by non-traumatic factors, who were older than 18 years at the time of injury, or who had incomplete clinical and radiographic records. To compare the epidemiological characteristics of patients with initial vs. recurrent CLI, we did not exclude patients with a history of previous CLI. However, patients with previous surgery in the surrounding area were excluded.

Demographic information was collected, detailing age, gender, and body mass index (BMI). Additionally, comprehensive data was gathered on cruciate ligament injuries, indicating the affected side, diagnosis (ACL or posterior cruciate ligament), frequency, time of treatment (within or exceeding 8 weeks from injury), mechanism, and causes (sports, traffic accident, and daily life). Additionally, information on associated injuries, such as damage to the meniscus, cartilage, collateral ligaments, and bones, was also obtained.


Analysis of cruciate ligament injuries

We present a comprehensive profile of CLI distribution using a three-fold approach. This approach allowed for a more objective and precise analysis of CLI distribution among the patient population. In particular: (1) patients' ages were grouped into two categories: those under 16 years old and those over 16 years old; (2) patients were classified as non-overweight (BMI < 24 kg/m2) or overweight (BMI ≥ 24 kg/m2) according to the Chinese BMI guidelines (13, 14); (3) patients were then divided into two cohorts: acute (patients who received therapy within 8 weeks of their injury) and chronic (patients who received treatment more than 8 weeks after their injury) (15).



Analysis of concomitant meniscal tears in children and adolescents with CLI

Based on our findings and previous studies (16–18), concurrent MT is the most common complication observed in children and adolescents diagnosed with CLI. This study was designed to investigate in detail the characteristics and distribution of concurrent MT in this population.

The investigation focuses on the following aspects: (1) CLI patients with different sex, BMI (non-overweight or overweight), and ages (under or over 16 years old); (2) the different types (ACL or PCL injury), phases (acute or chronic), and frequency (initial or recurrent) of CLI; (3) the medial or lateral MT (M/L MT) location, determined by dividing the meniscus into the anterior horn (AH), posterior horn (PH), and body using the 1/3 equal division method; (4) the types of MT, classified based on tear morphology, include bucket handle (vertical longitudinal), vertical radial, horizontal, oblique, and complex tears (Figure 1).


[image: Figure 1]
FIGURE 1
The distribution of cruciate ligament injuries in children and adolescents is presented in (A), while (B) outlines the classification of meniscal tears according to O’Connor's classification. In (C), the meniscus is divided into 1/3 equal parts and the resulting injuries are distributed accordingly. ACL, anterior cruciate ligament; PCL, posterior cruciate ligament; MM, medial meniscus; LM, lateral meniscus; PH, posterior horn; AH, anterior horn.


In addition, this study also examined the risk factors associated with coexisting MTs in children and adolescents diagnosed with CLI from the above aspects.



Statistical analysis

Statistical analysis was conducted utilizing SPSS 26.0. Descriptive statistics were employed to determine the frequency of various factors investigated. The variables were compared using the Chi-Square Test. Furthermore, binary logistic analysis was utilized to determine risk factors related to MT in patients with CLI. Odds ratios (OR) with 95% confidence intervals were reported for associations. Statistical significance was considered at P < 0.05.




Results

A total of 203 patients with a confirmed diagnosis of CLI (n = 206) met the study criteria. Of these, 179 patients (88.2%) had ACL rupture, 21 patients (10.3%) had posterior cruciate ligament (PCL) rupture, and 3 patients (1.5%) had both ACL and PCL rupture. The majority of patients were older than 16 years (n = 124, 61.1%), while 79 patients (38.9%) were 16 years or younger. Injury occurred slightly more often in the right knee (n = 104, 51.2%) compared to the left knee (n = 99, 48.8%) (Table 1).


TABLE 1 Demographic of children and adolescents with cruciate ligament injury.
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Gender distribution

There were more male patients (n = 142, 70%) than female patients (n = 61, 30%), with an approximate ratio of 2.3:1 (Table 1). In patients younger than 16 years (n = 79), 43% were female and 57% were male, whereas in patients 16 years and older (n = 124), 21.8% were female and 78.2% were male (P = 0.001, Figure 2A).
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FIGURE 2
Characterization of cruciate ligament injuries in children and adolescents. Gender distribution of patients with ACL injuries at different ages (A), body mass index distribution of ACL injuries at different ages (B), and distribution of causes of ACL injuries (C) are examined. *P < 0.05; **P < 0.01; ***P < 0.001.




Body mass index distribution

According to the BMI criteria for Chinese children and adolescents (13, 14), 75.4% of patients (n = 153) were classified as non-overweight and 24.6% (n = 50) as overweight (Table 1). Among patients aged 16 years or younger (n = 79), 16.5% were overweight and 83.5% were not overweight. However, in patients over 16 years of age (n = 124), 29.8% were overweight and 70.2% were normal weight (P = 0.031, Figure 2B).



Mechanism of injury

The majority of cases of CLI were caused by sprains (n = 176, 86.7%), followed by falls (n = 20, 9.9%), and the least by accidents (n = 7, 3.4%). Furthermore, most patients sustained their injuries during sports activities (n = 132, 65%), followed by injuries in daily life (n = 59, 29.1%) and traffic accidents (n = 12, 5.9%) (Table 1). Patients younger than 16 years (n = 79) were more likely to be injured during activities of daily living (n = 32, 40.5%), whereas patients older than 16 years (n = 124) were more likely to be injured during sports activities (n = 88, 71%) (P = 0.015, Figure 2C).



Associated injuries

The data show that a minority of patients (n = 37, 18.2%) have a single CLI, while the vast majority (n = 166, 81.8%) have additional injuries (Table 1). Among those with combined injuries, 157 patients (77.3%) have associated MT, 45 patients (22.2%) have associated cartilage lesions, 12 patients (5.9%) have associated collateral ligament injuries, and 8 patients (3.9%) have associated bone injuries.



Distribution characteristics of MT in patients with CLI

A total of 157 patients had MT, including 53 patients with MMT, 41 patients with LMT, and 63 patients with bilateral injuries (Figure 1).

The frequency of MT was comparable among CLI patients of different ages and sexes (Table 2).


TABLE 2 Characteristics of associated meniscal tears in children and adolescents with cruciate ligament injury (CLI).
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ACL injuries were associated with MT in 83.8% of cases, while PCL injuries had an association of 23.81%. Patients with both ACL and PCL ruptures had a 66.7% incidence of MT (P < 0.001, Table 2, Figure 3A).
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FIGURE 3
Distribution of concomitant meniscal tears in children and adolescents with cruciate ligament injury. (A) Characteristics of meniscal tears in different types of cruciate ligament injury. (B) Characteristics of meniscal tears in CLI children and adolescents with different body mass indexes. (C) Characteristics of meniscal tears at different stages of cruciate ligament injury. (D) Characteristics of meniscal tears in relation to the frequency of cruciate ligament injuries. (E) Distribution of different types of meniscal tears. ACL, anterior cruciate ligament; PCL, posterior cruciate ligament; MM, medial meniscus; LM, lateral meniscus. *P < 0.05; **P < 0.01; ***P < 0.001.


Overweight patients had a higher incidence of MT (88%) compared to their non-overweight counterparts (73.9%) (P = 0.038, Table 2, Figure 3B).

In the acute phase, there was a 71.8% association with MT, whereas in the chronic phase, there was an 83.9% association (P = 0.041, Table 2, Figure 3C).

Among patients with CLI who experienced a single injury, 74.3% (133 out of 179) had concomitant MT, and 100% (n = 24) had concomitant MT among those with a history of re-injury (P = 0.005, Table 2, Figure 3D).

The most common location for MMT and LMT in single meniscal injury cases was the PH, with MMT occurring in 73 cases (63%) and LMT in 73 cases (70.2%) (Table 2). Among multiple sites, MT, PH, and body injuries were found to be the most common type. Specifically, the MMT group had 19 cases (16.4%) with injuries at multiple sites, while the LMT group had 13 cases (12.5%).

Of the 116 cases of MMT observed in the distribution of MT types, vertical tear was the most common type, accounting for 59.48% (69/116), while complex tear was the most common type in LMT, accounting for 41.35% (43/104) (P = 0.008, Table 2, Figure 3E).



Risk factors for concomitant MT in children and adolescents with CLI

Binary logistic regression analysis revealed that both ACL injury and BMI were significant risk factors for MT. The ACL injury had an OR value of 16.871 (5.595–50.868, P = 0.000), while the OR value of BMI was 1.140 (1.009–1.289, P = 0.036), indicating that they are risk factors for the occurrence of concomitant MT in children and adolescents with CLI (Table 3).


TABLE 3 Risk factors for meniscal tear in patients with cruciate ligament injuries.
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Discussion

This study presents significant findings on the incidence of CLI in pediatric and adolescent populations from Southeast China, coupled with a summary of variables influencing associated MT in these demographics.

Individuals over the age of 16 are more prone to CLI, particularly ACL injuries, reflecting age-related risks, which consistent with prior research (2, 5, 8, 19). The observed phenomenon can be attributed to the anatomical configuration of the ACL in the knee joint. Comparisons demonstrate that PCL is 1.3–2 times thicker and approximately twice as stronger as ACL, thereby providing it with greater resistance against higher forces (20–22). It is possible that changes in stress distribution to the anterior cruciate ligament (ACL) occur after the closure of the epiphyseal growth plate and complete ossification of the tibial epiphysis, which typically happens around the age of 16 (23). Another probable contributor to ACL injuries is the practice of competitive sports like basketball, football, rugby, or similar, which involve sudden stops or turns (19, 24).

Sprains were identified as the leading cause of CLI, accounting for 86.7% of cases. A possible explanation is that young patients have improper movement patterns or inadequate neuromuscular control, leading to hyperextension injuries from valgus or rotational forces (25, 26). In particular, sports activities accounted for 65% of CLI cases. This trend may be related to increased participation in sports, especially among young people (1, 5, 8). Additionally, the increasing prevalence of obesity among adolescents increases the likelihood of injury during sports participation (27, 28). In addition, decreased muscle tone in youth athletes may also play a role in susceptibility to ACL injuries (29).

CLI often results in additional complications, with 81.8% of patients experiencing associated injury in the current study. Furthermore, this risk is particularly notable in males over the age of 16, which is consistent with prior research (4). The increased involvement in high-intensity athletics and greater physical activity, primarily found in teenage males, may be responsible for this occurrence. Furthermore, our research revealed a higher percentage of overweight patients over the age of 16. Modifications to stress dissemination patterns raise stress transference to the cruciate ligament, leading to an increased probability of injuries in those with a high BMI (27). In particular, individuals with higher BMI have a twofold increase in the likelihood of experiencing a combined ACL injury compared to the risk of an isolated ACL injury (16).

The most frequently reported simultaneous injury among children and teenagers with CLI is MT, particularly in the PH of the meniscus, as per our investigations and earlier studies (17, 18, 30). This could be attributed to the higher PH strain as the knee flexion angle increases, even with an intact ACL. When the ACL tears, the restriction of the PH becomes more pronounced, causing damage due to increased stress (31).

In addition, medial meniscus injuries are more common than lateral meniscus injuries, which is consistent with previous research (32, 33). The rotational element common in ACL injuries may significantly contribute to the development of tears in the medial meniscus due to the added strain. Additionally, Allen et al.'s findings indicate that when the knee flexes at a 60° angle, the medial meniscus is subjected to three times the normal stress, increasing the likelihood of MMT occurrence (34).

Vertical tears are the most frequently found type of meniscal tear, particularly in medial meniscus tears, which is consistent with previous studies (19). This is due to longitudinal and radial tears being more common orientations when excessive force is applied to the meniscus, while horizontal tears are more common in degenerative cases (35).

Higher BMI is identified as a risk factor for the development of MT in individuals with CLI. Specifically, overweight patients exhibit a higher susceptibility to MT when compared to non-overweight patients (21). The meniscus serves a critical role in supporting load distribution and shock absorption in the knee joint, while also reducing stress on the articular cartilage and subchondral bone (22, 23). It is believed that the meniscus transmits more than fifty percent of the load in the knee joint, which provides a physiological explanation for the correlation between BMI and MT (24). Consequently, an increased BMI may potentially escalate the strain and pressure in the knee joint during rotation, thereby elevating the risk of developing MT.

The results of our study have significant implications for clinical practice and highlight the need for targeted interventions to reduce the incidence of CLIs and MTs in the youth population. First, the higher prevalence of ACL injuries in youth involved in sports underscores the importance of incorporating injury prevention programs into athletic training programs. In addition, the association between BMI and the likelihood of MT suggests that nutritional counseling and weight management strategies may be beneficial in this population. Clinicians should consider counseling young patients on healthy lifestyle choices as part of their routine care. In addition, our research highlights the need for early and accurate diagnosis of CLI and MT to facilitate timely intervention.

Our study has limitations, as it is retrospective and possibly affected by selection and observational biases. It only comprises patients referred to our institution, and the sample size is small. Therefore, future epidemiologic studies investigating adolescent cruciate ligament injuries with larger samples would be worthwhile. Additionally, this study did not include patients who suffered from cruciate ligament injuries during adolescence but did not receive treatment until adulthood. We also recognize the limitations of BMI as an indicator of body composition, especially in youth athletes who may have increased muscle mass and the need for more nuanced measures in future research. Furthermore, the current study did not explore the treatment of CLI in children and adolescents, which is a future focus of our research.

In conclusion, this study offers significant insight into the typical causes and features of both CLI and injury complications occurring in children and adolescents. ACL injuries are a common form of CLI among children and adolescents, especially those over the age of 16, and are often the result of a sprain. Meniscal posterior horn injury is the most common complication of CLI in youth. Additionally, vertical tears represent the most commonly observed type of MT. Furthermore, individuals with CLI who are overweight or obese are at a higher risk of developing MT. A comprehensive understanding of CLI in this age group could facilitate the creation of successful measures for prevention and targeted interventions, thereby reducing the escalating rates and possible long-term consequences of these injuries.
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The introduction of new internal fixation devices and arthroscopic techniques has led to significant changes in the surgical treatment of tibial eminence fractures (TEFs) in children. In recent years, arthroscopic surgery has arisen as the gold standard for the treatment of TEFs. This popularity of arthroscopic techniques has reduced surgical complications and improved patient prognosis. In this paper, we investigate the current situation of the use of arthroscopic fixation techniques for pediatric TEFs. We searched the PubMed database using the terms “arthroscopic treatment and tibial eminence,” “arthroscopic treatment and tibial spine,” “tibial eminence avulsion”, “tibial spine fracture”, with no limit on the year of publication. From these articles, we reviewed the use of various arthroscopic TEFs fixation techniques reported in the current literature. Overall, we found that the choice of fixation method seems to have no effect on clinical outcomes or imaging results. However, if an easy, strong fixation that is less prone to epiphyseal damage is desired, as a junior practitioner, the anchor technique should be mastered first, whereas for senior practitioners, a variety of fixation techniques for TEFs should be mastered, including anchors, sutures, and screws, so that personalized fixation can be achieved with the least amount of trauma, operative time, and complications. Higher quality studies are needed in the future to provide Useful evidence to determine the optimal fixation technique in terms of clinical outcomes, function, and complications.
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1 Introduction

Tibial eminence fractures (TEFs), a serious intra-articular injury of the knee joint in children equivalent to the rupture of anterior cruciate ligament (ACL) in adults, was first described by Poncet in 1875 (1). This injury commonly occurs during a fall from a bicycle or during a knee hyperextension with valgus external rotation maneuver during sports activities, and results in fractures of the intercondylar spine of the tibia that are not fully ossified. These injuries are most prevalent in boys aged 8–14 years old (2–4). In rare cases, TEFs may also occur as a result of direct trauma or hyperextension of the knee (5). In 1959, Meyers and McKeever were the first to propose the typing of TEFs, with their classification still widely used today (6). Type I lesions are undisplaced or minimally displaced fractures involving the anterior margin of the spine; Type II fractures present with a superior displacement of the anterior part of the fragment, with the posterior portion still attached to the rest of the proximal tibia (termed the “bird's beak” pattern); in Type III lesions the fragment is completely detached. Type III fractures can be further divided into Type IIIA, in which only the ACL insertion is involved, and Type IIIB, in which the whole tibial eminence is involved (7). In addition, the Type IV (Figure 1) refers to the displacement and comminution of fracture fragments (8). Of these different types, type I fractures can be treated with closed reduction by hyperextension of the knee, whereas type II or type III fractures, for which closed reduction fails, require surgical treatment. Recently, Green et al. (9) introduced a new MRI-based classification, which evaluates fractures quantitatively based on the degree of fragment displacement and tissue involvement. This system was shown to help surgeons to make clinical decisions. Arthroscopic techniques are gradually becoming the gold standard for the surgical treatment of TEFs due to the higher post-operative pain, soft-tissue damage, and delay in rehabilitation of the open surgery. Besides, arthroscopy has several advantages, including that it allows for direct visualization of intra-articular injuries, the ability to accurately reduct the fracture fragments, and the simultaneous management of other concomitant intra-articular injuries (10).


[image: Figure 1]
FIGURE 1
The classification of TEFs (Dr. Wei Dai redrew the picture.).


We searched the PubMed database using the terms “arthroscopic treatment and tibial eminence,” “arthroscopic treatment and tibial spine,” “tibial eminence avulsion”, “tibial spine fracture”, with no limit on the year of publication. From these articles, we reviewed the use of various arthroscopic TEFs fixation techniques reported in the current literature.

Currently, there are no high-quality prospective randomized controlled trials to indicate the optimal fixation technique for TEFs. As such, in this study, we reviewed arthroscopic techniques and fixation methods for TEFs in children and adolescents with the aim of informing surgeons on the optimal treatment modality.



2 Kirschner wires

Arthroscopic Kirschner wire fixation of TEFs is relatively poorly documented, with only one article in German. In this article, the authors arthroscopically reduct the fracture fragments, followed by fixation with Kirschner wire or cannulated screw; all 19 minor patients regained normal range of motion without pain or epiphyseal injury. However, three patients experienced residual mild instability compared to the healthy side, but with no secondary cartilage or meniscus injury; one patient had a malunion of fracture (shifting up about 2 mm), but with no intercondylar notch impingement or impaired knee extension (11). The paper did not give the number of cases or results of fixation with Kirschner wires alone. Although the smooth surface and smaller diameter of Kirschner wire made it possible to avoid epiphyseal injury, the disadvantages of backing out of the pins, instable fixation, intercondylar notch impingement, and interference to MRI have prevented later authors from choosing this method.



3 Cannulated screws

Cannulated screws are the classic method of fracture fixation. Their use in the arthroscopic fixation of TEFs was first reported in 2002, by Reynders et al. (12); instead of passing through the center of the fracture fragments, the cannulated screws were drilled through the anterior edge of the fractures, and the screw tails and the washer were utilized to hold down the fragments. This resulted in instable fixation, loosening of the fragments (81.25%, 13/16), and susceptibility to knee extension deficits (25%, 4/16). With the advancement of arthroscopic techniques, an increasing number of surgeons have begun to use cannulated screws to penetrate the fracture fragments for arthroscopic fixation, and although there is still some laxity in the joint or intercondylar notch impingement post-operatively, most of the patients still regained a reasonable level of knee function (13–17). In addition, in 2018, Shin et al. (18) found that in their 27 patients who underwent screw fixation, the affected limb was on average 6.2 mm longer than the healthy side postoperatively. In conclusion, the biomechanics of cannulated screw fixation of TEFs are excellent, however, the screw may cause fragmentation of the fractures, popliteal neurovascular injury, and intercondylar notch impingement, ultimately resulting in the need for a second surgery to remove the internal fixation in some patients.



4 Pull-out sutures

Sutures with bone tunnel fixation was introduced as a method to overcome the complications of other techniques, including the intercondylar notch impingement or the interference to MRI. In 2005, Ahn et al. (19) reported a cohort of 14 cases of TEFs, all of which were fixed with sutures through the bone tunnels. All patients achieved complete healing of the fracture and a normal range of motion, and one case showed mild laxity (2 mm anterior shift on the KT-2000 test). In this study, two in five adolescents were found to have an affected limb that was 10 mm longer than the healthy side at final follow-up. Because pull-out sutures are easier, many other authors have taken this approach and obtained good results, with some authors knotting the sutures pulled out of the tibial tunnel at the tunnel opening outside the joint (20, 21), or fixing them outside the joint with partially threaded cancellous bone screws (6.5 mm) (22), or by knotting the suture after passing it through a 3-hole titanium plate (23). In general, the more sutures with tibial tunnels, the better the fracture reduction, particularly in those fragmented fractures. However, in children and adolescents with immature epiphysis, more tunnels are more prone to epiphyseal injury; hence, two to three small tunnels are more appropriate.



5 Metallic suture

Osti et al. (24) first reported an arthroscopic technique in which the tibial tunnel was passed with a metallic suture and then fixed to the distal tibia with a cortical bone screw. All 10 patients in their cohort achieved fracture healing at six to eight weeks postoperatively and returned to sports at six to nine months postoperatively. Overall, the prognosis was excellent/good and fair/poor in 80% and 20% of patients, respectively. However, the patients in this study were 17–41 years old, and therefore, it is speculated that these are all cases of mature epiphysis. Thus, whether this technique can be used in children and adolescents with unclosed epiphyses remains unclear.



6 Meniscus arrows

Meniscus Arrows is an absorbable material, which can be considered as the smallest absorbable screw in diameter (1.1 mm); it has a resistance to pullout force of 68 N for single one and a pullout force of 122 N for three pieces (25). This material was used for the fixation of TEFs in one study, which found that the fractures of all 12 children healed successfully without displacement or limitation of joint motion, allowing return to sports (26).



7 Anchors

The anchor technique has been extensively used and continuously improved in shoulder injuries such as glenoid labral tears and rotator cuff tears, and eventually becoming the standard fixation technique for shoulder arthroscopy with increasing application in other areas of orthopedics. The different types of anchor technique include single-row fixation and the double-row suture bridge. In 2008, In et al. (27) were the first to use four absorbable anchors for arthroscopic fixation of TEFs in patients with comminuted fractures and immature epiphysis with favorable results. In the same year, Vega et al. (28) adopted a similar technique for fixation of TEFs (6 adolescents, 1 adult), with the important difference that Vega et al. used only one metal anchor. In this study, the anterior drawer test, Lachaman test, and pivot shift were negative, the mean distance of anterior tibial shift was 2 mm (range 1–3 mm), and all the patients returned to the pre-injury level of sport at the final follow-up. In 2012, Mann et al. (29) pioneered the introduction of the double-row suture bridge to the treatment of TEFs, which was first used for larger rotator cuff tears and later for the treatment of avulsion fractures of the greater tuberosity of the humerus. The authors concluded that this technique is suitable for all types of TEFs, and is able to apply uniform planar compression to the avulsed fracture fragments rather than the point compression fixation from a single row of anchor, thereby promoting fracture healing and preventing fragmentation. Although Mann et al. did not state whether their case was adolescents or not, this technique was quickly recognized and widely accepted, with several variations of the procedure ultimately being derived (30–34). Overall, due to the increasing popularity of arthroscopic manipulation techniques, the fact that anchor technique results in little damage to the epiphysis and fixation is very stable, it has gained popularity in recent years, showing the potential to become a mainstream surgery in the future.



8 Comparison of different fixation techniques


8.1 Biomechanical comparison

Several prior studies in animal models have been conducted to compare the different arthroscopic techniques used to treat TEFs. In one study, Sawyer et al. (35) randomly divided the fractured knees of 24 young pigs into three treatment groups: the suture group, the cannulated screw group, and the PushLock anchor group. After the manipulation, all specimens were subjected to two stages of biomechanical testing: cyclic dynamic testing and the ultimate tensile load test. The results showed no statistically significant difference between the results of the cyclic dynamic testing between the three groups (P = 0.412). For the ultimate load test, there was no difference between the screw (183 ± 82.5 N, P = 0.007) and suture groups (199 ± 55.8 N, P = 0.017); however, the PushLock group (340 ± 117 N) was subjected to significantly higher mean ultimate failure loads. Therefore, the authors concluded that this suture bridge provided better results in terms of ultimate failure loads compared with the cannulated screw group and suture fixation, and that this technique therefore deserves clinical promotion.

In another study, Hapa et al. (36) divided 49 adult sheep knees equally into seven groups: group 1 (No. 2 FiberWire suture), group 2 (No. 2 UltraBraid suture), group 3 (No. 2 MaxBraid suture), group 4 (No. 2 Hi-Fi suture), group 5 (No. 2 OrthoCord suture), group 6 (titanium anchor), and Group 7 (EndoButton + No. 2 FiberWire); the specimens were then subjected to cyclic dynamic testing and the ultimate tensile load test. The results of this analysis revealed that after the initial 100 cycles of testing, Group 7 had the smallest displacement of (1.8 ± 1.2) mm, which was statistically significant. However, when a comparison was made after 100 cycles, there was no statistical difference among the seven groups. In this study, the authors defined failure of the ultimate tensile load test as three conditions: suture rupture, suture cutting into the bone, and ACL rupture, of which the most frequent in the seven groups was suture rupture, with the highest ultimate tensile load in group 7. Therefore, the authors concluded that fixation of TEFs with the EndoButton can achieve greater initial fixation strength than suture anchors or various high-strength sutures. However, it is worth noting that the only one of ACL rupture occurred in the EndoButton group, which would make revision surgery more difficult in real world scenarios. This is because, in the case of suture rupture or suture cutting through the bone, revision surgery with other internal fixation techniques are strong enough for chronic TEFs; whereas, in the case of ligament rupture, it must undergo anterior cruciate ligament reconstruction with greater damage and slower rehabilitation.

In a cadaveric study, Li et al. (37) divided the knee joints of 24 adult cadavers equally into four groups: group A (screws), group B (traditional FiberWire suture), group C (FiberWire neckwear knots technique), and group D (suture bridge); the specimens were then subjected to cyclic dynamic testing (100 N, 500 cycles) and the single tensile failure test. All four groups passed the cyclic dynamic test, with group C having the highest ultimate tensile load (P < 0.05) and group D having the smallest displacement distance (P < 0.05). In conclusion, the authors noted that both the neckwear knots technique and the suture bridge technique showed superior biomechanical properties, with the former having the highest ultimate tensile load and the latter having the smallest displacement after undergoing cyclic loading, indicating it could be a good choice for the treatment of TEFs.

However, the above study specimens were not representative of the characteristics of children's skeleton, Johnstone et al. (38) matched the age and side of 12 knees from 6 children's cadavers, and divided them into a double screw group and the suture group, in which the double screw group was fixed with two 4 mm × 35 mm partially threaded cannulated screws, and the suture group was fixed with two No. 2 FiberWire sutures through the anterior 1/3 and posterior 1/3 of the cruciate ligament, and then pulled through the bone tunnels on the medial and lateral side of the fracture fragment to be knotted and fixed outside the joint. Overall, this study found no major differences in ultimate loads between the two groups; although the double screw group showed increased ligament stiffness and decreased stretch compared to those in the suture group, these differences did not reach significance. The authors concluded that the screw and suture techniques have similar biomechanical properties in the treatment of TEFs. In addition, the pediatric TEFs model had lower ultimate loads, and was more prone to failure than the adult cadaveric and porcine bone specimens used in previous studies. Unfortunately, due to the limited number of pediatric cadaveric specimens, the authors did not test the single-row fixation or double-row suture bridge technique, which have been widely recognized as useful in greater tuberosity fractures of the shoulder.



8.2 Comparison of clinical studies

Callanan et al. (39) reviewed the outcomes of 68 children with TEFs, classified as Meyer & McKeever type II or III, followed up for at least 12 months. There were 33 cases in the suture group and 35 cases in the screw group, with no inter-group differences in the seven items of postsurgical arthrofibrosis, ACL reconstruction, meniscal procedures, instability, range of motion, return to sport, or time to return to sport. Although the fracture fragments were found to be elevated a significantly greater distance on postoperative imaging in the suture group (5.4 vs. 3.5 mm; P = 0.005), this did not affect prognosis. In addition, the screw group had a higher incidence of reoperations (13 vs. 23; P = 0.03), with a reoperation rate nearly three times higher than that of the suture group (OR: 2.9; P = 0.03). The authors conclude that the clinical outcomes of both suture and screw fixation techniques are basically the same, and that postoperative elevation of the fracture fragments does not affect the surgical outcome. Overall, the authors supported the use of suture fixation, especially in the case of comminuted fracture fragments, given the greater likelihood of a second surgery (planned or unplanned) after screw fixation and the avoidance of postoperative MRI artifacts.

In 2022, Jain et al. (40) published a prospective adult-based randomized controlled trial in which the authors concluded that suture transosseous tunnel fixation was superior to screw fixation in the treatment of TEFs, with better clinical and functional outcomes and a lower chance of secondary surgery.



8.3 Systematic evaluations

Several systematic evaluations investigating the optimal arthroscopic technique for TEFs have also been published. In 2016, Osti et al. (41) published a systematic evaluation in which the authors included 24 articles, not strictly limited to adolescents, after an extensive search of the literature in Italian and English, including 13 retrospective and 11 prospective studies. The authors concluded that the arthroscopic technique was superior to the open technique, achieving reductions in the incidence of postoperative pain and infection, in addition to shortening the length of hospital stay. Analysis of the clinical and imaging findings revealed no difference between the various fixation methods available at the time, and the authors recommended that surgeons choose the appropriate fixation technique based on their own experience.

In 2022, Chang et al. (42) performed a meta-analysis of studies investigating screw vs. suture fixation; after an extensive search of the English language literature, the authors included only five retrospective cohort studies (level 3 evidence), not strictly limited to adolescents. The results showed that there was no significant difference in clinical outcome scores between screw and suture fixation, but there was a higher risk of requiring a second operation due to complications after screw fixation (RR: 2.33) and the need to remove the internal fixation (RR 8.52), especially when used in children with a non-closed epiphysis.

Unlike previous researchers, in 2023, Limone et al. (5) systematically evaluated 12 articles exclusively on TEFs in children and adolescents (age <16 years) after an extensive search of the English language literature. They included predominantly retrospective studies comprising a total of 381 knees, in patients (222 males and 142 females) with a mean age of 12.1 years, and a mean follow-up of 45.7 months. The article focused on comparing screw fixation with suture fixation; however, due to heterogeneity between studies, articles on the two types of fixation were not comparable in terms of follow-up time, age, trauma etiology, and time of injury (P < 0.01). The results showed that the suture fixation technique was superior to screw fixation in terms of Tegner, IKDC, and Lysholm scores (P < 0.001), and that the need for a second surgery to remove the internal fixation was lower (P < 0.001), but there was a higher chance of developing arthrofibrosis postoperatively (P < 0.05).

Unfortunately, the above literature did not provide a clear answer regarding which fixation technique has the best efficacy, but we can consider it in the context of knee fibrosis, which is the most common postoperative complication (5). The Tibial Spine Research Interest Group showed that the risk factors for arthrofibrosis include prolonged braking time after surgery, combined ACL injury, age younger than 10 years, more severe injury, delayed time from injury to surgery, and screw fixation (compared to suture fixation) (43). Therefore, the optimal approach should be easy, strong, and less prone to epiphyseal damage technique, which would reduce operative time and immobilization time, or even eliminate the need for immobilization postoperatively. Considering this aspect, together with the previous biomechanical analysis, it is reasonable to assume that the double-row suture bridge is a sufficiently secure and easy to perform technique that is essentially free of epiphyseal damage and deserves to be emphasized, as has been demonstrated in arthroscopic surgery of the shoulder joint (44).




9 Conclusion

The development of arthroscopic techniques and new types of fixation has led to a significant number of innovations in the surgical treatment of TEFs in children and adolescents, and due to the paucity of high-quality, prospective, randomized controlled studies, it is not possible to specify which fixation technique has the best efficacy. The advantages and disadvantages of these six techniques were in Table 1. Overall, anchor fixation can be applied to all types of fractures and is not prone to metaphyseal injury; for type II fractures, a single row of anchors is enough, whereas for type III fractures with significant displacement, the presence of entrapment, or where the posterior hinge has broken, the double-row of anchors should be used in the suture bridge technique. Conversely, in cases where the fracture fragment is large and thick and the epiphysis is almost mature, cannulated screws may be a easier option. Therefore, we recommend that junior doctors should initially focus on mastering the anchor technique, while senior doctors should gain experience with a variety of TEFs fixation techniques, including anchors, sutures, and screws, in order to achieve personalized fixation with minimal trauma, shortest operative time, and the lowest rate of complications.


TABLE 1 The advantages and disadvantages of these six techniques.
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Purpose: This study aims to demonstrate the use of the cartilaginous to osseous acetabular angle ratio (AAR) in surgical decision-making for hip dysplasia.



Methods: Data were collected from patients who underwent an MRI of the hip after conservative treatment for developmental dysplasia of the hip between August 2019 and 2022. The data included demographic information as well as an anteroposterior pelvic radiograph. The osseous acetabular index (OAI) was measured using x-ray, while the cartilaginous acetabular index (CAI) and the cartilaginous acetabulum head index (CAHI) were measured using MRI. The square of the CAI to OAI, AAR, was calculated. The patients in the residual hip dysplasia (RHD) group were categorized as having an OAI above 20°. During the postoperative follow-up, we evaluated the patients in this group who underwent Bernese triple pelvic osteotomy. Data on surgical patients with an observation period that exceeded 1 year were collected and analyzed. The distribution of the AAR among the different groups was analyzed. A receiver operating characteristic (ROC) predictive model was constructed using the AAR of the patients in the normal and surgical groups to evaluate the need for surgery.



Results: It was found that there was a significant difference in the OAI, CAI, CAHI, and AAR between the RHD group (OAI 26.15 ± 3.90°, CAI 11.71 ± 4.70°, CAHI 79.75 ± 6.27%, and AAR 5.88 ± 4.24) and the control group patients (OAI 16.77 ± 5.39°, CAI 6.16 ± 3.13°, CAHI 85.05 ± 4.91%, and AAR 2.71 ± 2.08) (p < 0.001). A total of 93.5% of the control group patients had an AAR ≤5, while only 6.5% had an AAR >5. The results of postoperative imaging follow-up were “excellent” in 52 patients and “good” in 3, while the functional follow-up results were excellent in 53 and good in 2. In 15 patients, the observation period exceeded 1 year. The mean observation period was 633.1 ± 259.6 days and the preoperative CAHI was 71.7 ± 4.8%. Of the patients with an AAR >5, a substantial 94.8% (55/58) of them were reported to have undergone surgery, while all patients with an AAR less than or equal to 5 did not undergo surgery (91/91). Based on the ROC, a cutoff value of 5.09 was identified for the need for surgery in children with RHD.



Conclusions: A surgical decision for residual hip dysplasia can be based on the AAR. An AAR >5 may be a potential indicator for surgical intervention in patients with RHD.
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1 Introduction

Developmental dysplasia of the hip (DDH) is a congenital musculoskeletal disorder commonly found in children (1). Despite early treatment, residual hip dysplasia (RHD) occurs in a significant proportion of patients, with a rate of prevalence ranging from 3.5% to 17% (2, 3). In addition, it has been identified as the leading cause of early-onset degenerative osteoarthritis. The osseous acetabular index (OAI) is commonly used to assess acetabular dysplasia and determine the necessity of surgery (4). RHD is generally characterized by an acetabular index >20° (5). However, it is widely acknowledged that osseous development of the acetabulum may not accurately reflect acetabular development after bone maturation. Therefore, an accurate evaluation of the cartilaginous development of the acetabulum is crucial (6, 7). The cartilaginous acetabular index (CAI) fully forms at birth and extends almost to the bony acetabulum in adulthood. It remains constant throughout childhood (5). According to several studies, the normal value of the CAI is ≤10° (8, 9). Despite the clinical awareness of acetabular development and the initiation of DDH treatment, a significant proportion of patients with RHD continue to exist. Merckaert et al. reported that the acetabular angle ratio (AAR) could potentially serve as a predictor of acetabular development and surgical intervention and defined its threshold as 5. However, it is worth noting that his study had only a small sample size for analysis and lacked a surgical intervention group or follow-up (9). Against this background, the purpose of this study is to retrospectively analyze data from children with RHD in both operated and non-operated groups, aiming to predict and guide surgical treatment for RHD.



2 Materials and methods


2.1 Retrospective analysis of patients

A retrospective study was conducted on children who underwent an MRI of the hip after conservative treatment for DDH between August 2019 and August 2022. The inclusion criteria were as follows: patients aged 4–14 years with a previous conservative treatment for hip dislocation or hip dysplasia (including Pavlik harness and closed reduction), with good matching of the hip head and acetabulum (confirmed by the abductive internally rotation position of a pelvic x-ray); this conservative treatment is referenced to Bian (10). The exclusion criteria were as follows: hip subluxation, femoral deformity (femoral head deformity, femoral head necrosis, and flat and short hip deformity), Perthes’ disease, cerebral palsy, and metabolic disorders such as mucopolysaccharidosis and mucolipidosis. Data were collected from a cohort of 152 patients. 44 patients were present in both groups; in group 1, 37 were bilateral and 31 were present in only group 1. In group 2, in addition to the 44 in group 1, another 7 were included in group 2 bilaterally and 33 were included in group 2 unilaterally. The cohort comprised of 25 males and 127 females, with an average age of 83.1 ± 26.8 months.



2.2 Measurement of x-ray and MRI images

The OAI was determined by measuring the angle between the line connecting the inferior edge of the ilium and the lateral edge of the bony acetabulum, and Hilgenreiner's line, as illustrated in Figure 1. The CAI was measured as the maximum diameter of the femoral head in the coronal plane of the T1-weighted image, the inferior edge of the ilium and the lateral edge of the cartilaginous acetabulum, and the Hilgenreiner's line, as shown in Figure 2. The AAR was calculated as the value of the square of the CAI to OAI. The cartilaginous acetabulum head index (CAHI) was used to evaluate the lateral cartilaginous acetabular coverage of the femoral head. The measurement of CAHI has been mentioned by Nakamura et al. (11). The results of Sales de Gauzy et al. showed that the range of the CAHI for a normal hip is 77%–93%, and if the CAHI is <77%, it represents inadequate coverage of the femoral head by the acetabulum (12). We conducted measurements in T2 images for the purpose of better identification of cartilage borders. The coronal images of the maximum diameter of the femoral head were obtained on a T2-weighted image, and the distance from the innermost edge of the femoral head cartilage to the outermost edge of the acetabular cartilage (A) and the maximum transverse diameter of the femoral head (A + B) were measured, and the CAHI = A/(A + B) × 100% as shown in Figure 3. The normal value of the OAI at birth is below 30°, reducing rapidly in the first 4 years toward 15 ± 5.5° and remaining stable until full hip ossification at maturity (13–15). We defined patients with RHD as having an OAI > 20° on the x-ray, as described by Merckaert et al. (9), and they were categorized as group 1, the residual hip dysplasia group, while healthy patients were categorized as group 2, the control group. The data of the two groups, as well as the distribution of the AAR in each population, were statistically analyzed.


[image: Figure 1]
FIGURE 1
Measurement of the OAI in children with hip dysplasia.
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FIGURE 2
Measurement of the CAI in children with hip dysplasia.
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FIGURE 3
Measurement of the CAHI (A/(A + B)) in children with hip dysplasia.




2.3 Follow-up of postoperative patients

The patients in group 1 who underwent the Bernese triple pelvic osteotomy were subjected to imaging and functional follow-ups. The follow-up time was calculated as the period between the date of the patient's surgery and the final follow-up time. All surgical patients had a mean follow-up time of 26.7 ± 9.0 months. The x-rays of the patients at the end of the follow-up period were obtained, and the OAI and center edge (CE) angles were measured for imaging evaluation according to the modified Severin classification (16). The follow-up of hip function was performed according to the modified McKay criteria (17). In this subgroup of patients who underwent surgery, the period between the diagnosis of RHD and the time of surgery was defined as the observation period. Data on the patients who underwent surgery with an observation period of more than one year were collected and their preoperative parameters analyzed. In addition, a comparison of the AAR of surgical patients with that of non-surgical patients was performed. Since the surgical patients showed satisfactory follow-up results, we initially identified this subgroup of patients as those who needed surgery.



2.4 Statistical methods

The data collected were analyzed using SPSS 26.0 software. The mean ± standard deviation (SD) was used to represent normally distributed data. Comparisons between groups were made using independent sample t-tests. The receiver operating characteristic curve (ROC) curve was constructed with their AAR vs. group 2. We also evaluated the significance of the AAR do decide whether to perform surgery. A p-value of less than 0.05 was considered statistically significant.




3 Results

The study included 149 hips of patients in group 1, with a mean OAI of 26.15 ± 3.90°, a mean CAI of 11.71 ± 4.70°, a mean CAHI of 79.75 ± 6.27%, and a mean AAR of 5.88 ± 4.24. Group 2 consisted of 91 hips of patients, with a mean OAI of 16.77 ± 5.39°, a mean CAI of 6.16 ± 3.13°, a mean CAHI of 85.05 ± 4.91%, and a mean AAR of 2.71 ± 2.08. The results are presented in Table 1.


TABLE 1 Statistical results of group 1 and group 2 of OAI, CAI, CAHI and AAR.

[image: Table 1]

The independent sample t-test comparing the OAI, CAI, CAHI, and AAR in group 1 and group 2 showed a significant difference in imaging parameters between the normal and the residual acetabular dysplasia group of patients (p < 0.001). An analysis of the AAR distribution pattern showed that 93.5% of group 2 patients had an AAR ≤ 5, while only 6.5% had an AAR >5.

The preoperative CAHI of 55 patients was 75.0 ± 5.2%. The postoperative OAI was measured at a mean of 13.4 ± 5.7° and a CE angle of 29.7 ± 6.0°, and imaging follow-up was done according to the modified Severin classification; the results were “excellent” in 52 patients and “good” in 3. No limp or hip pain was reported and the hip showed good mobility. Functional assessment was performed according to the modified McKay criteria, and the results were excellent in 53 patients and good in 2. The observation period exceeded 1 year in 15 patients, with a mean of 633.1 ± 259.6 days. The preoperative CAHI was 71.7 ± 4.8%.

Surgical patients accounted for 94.8% (55/58) of those with an AAR >5% and 0% of patients with an AAR ≤5. On the other hand, non-surgical patients accounted for 100% (91/91) of those with an AAR ≤5. Three non-surgical patients with an AAR >5 refused treatment, and therefore were not followed up. The results are presented in Table 2.


TABLE 2 Distribution of hips with AAR greater than 5 versus less than 5 and with or without surgery in group 1.

[image: Table 2]

In the ROC analysis, the area under the curve was 0.981, the standard error was 0.009, p < 0.01, the 95% confidence interval was 0.962–0.999, and the cutoff value was 5.09, which suggests that using the AAR as an indicator for surgery in children with RHD is a sensitive approach, as shown in Figure 4 and Table 3.


[image: Figure 4]
FIGURE 4
ROC for the necessity of surgery in children with DDH diagnosed by the AAR.



TABLE 3 Area and 95% confidence interval of AAR as an indicator for surgery in children with RHD.
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4 Discussion

The treatment of DDH is a complex procedure that involves various aspects such as the acetabular and femoral structures, the soft tissues, and their interrelationships. Age is also an important factor to consider. Initially, x-ray was used as a diagnostic and treatment tool for DDH. It is a quick and easily accessible imaging tool; however, it comes with the drawback of radiation exposure and difficulties in evaluating the soft tissue portion of the hip joint. In contrast, MRI is a fast, non-invasive, highly sensitive, and specific examination that does not involve radiation like x-rays or CT scans. It offers a wide range of information about the femoral head, acetabulum, and labrum. MRI has proven to be advantageous in demonstrating bone, cartilage, and soft tissue structures (18, 19). Previously, the CAI was mainly measured on T2-weighted images (11), in which the morphology of the labrum and any damage could also be clearly observed. However, it is easier to differentiate between osseous and cartilaginous acetabular structures using T1-weighted images. Hip dysplasia is characterized by an abnormality in the relationship between the femoral head and the acetabulum (20). Some studies recommend secondary surgery for the treatment of RHD before the age of 5 or 6 based on radiographic evaluation (21, 22). However, predicting acetabular remodeling solely based on radiographic evaluation is challenging. In addition to evaluating the osseous acetabulum, it is important to assess the cartilaginous acetabulum in order to predict future acetabular development. The timing of surgery in patients with RHD is still a matter of debate (23, 24).

Fisher et al. first suggested the use of MRI to measure the OAI vs. CAI in order to assess osseous and cartilaginous coverage. They discovered that all hips with an OAI >30° and a CAI >10° exhibited varying degrees of dysplasia (25). Walbron et al. conducted a study to determine adequate acetabular coverage and found that an OAI of <18° on radiographs was considered sufficient (26). In a similar study, Huber et al. (8) analyzed 115 normal hips of 73 children using MRI and found that the CAI remained consistent during growth, with a mean CAI of 5°. In addition, approximately 90% of the CAI measurements remained below 10°, suggesting that hips beyond of this range could be classified as RHD. In our study, the control group exhibited a mean CAI of 6.16° ± 3.13°, which falls within the normal range of the CAI. In line with the findings of Huber et al. and Li LY, we also define hip dysplasia as an OAI <20° (5, 8). Furthermore, the measurements of the OAI on MRI correlate with those of the OAI on plain radiographs (5). Therefore, it became more convenient for us to measure the OAI on x-rays.

Merckaert et al. reported that the AAR can serve as a predictor of acetabular development and surgical intervention. This study marks the first instance in which the AAR has been proposed as an indicator of the trend of development in the cartilaginous acetabulum (9). In our own research, we observed a notable disparity in the AAR between patients in group 1 and group 2, with a p-value <0.05. Within the subgroup of residual acetabular dysplasia, we discovered a substantial proportion of patients exhibiting favorable cartilage development and head coverage. Specifically, 91 patients (61.1%) displayed these positive outcomes, as demonstrated by their AAR measurements, all of which were <5. Although this subset of patients was diagnosed with dysplasia on x-ray, they showed a favorable trend of cartilage development. Therefore, if their cartilaginous acetabulum continues to develop as expected, then they do not require subsequent surgical intervention. Fifteen patients remained poorly covered with cartilage after an observation period of more than 1 year, and this group of patients may not initially require continued observation. Since the AAR is >5 in this group of patients, it means that their cartilage is insufficiently developed, and this congenital insufficiency is not a favorable trend for them even after observation. Therefore, when we find patients with RHD, we need to perform MRI to evaluate their cartilage acetabular development and calculate the AAR, so as to predict their future development trend and whether they need surgical intervention at a later stage.

Figure 5 depicts a patient who experienced bilateral hip dislocation at 6 months of age and received conservative treatment. Regular follow-up revealed dysplasia at 3 years of age, with the left side being more severely affected. At 7 years and 8 months, she had an MRI, the left side was more affected on x-ray than before. The patient was followed up until 8 years and 7 months. A retrospective analysis of the AAR showed a value of 0.06, which meant adequate coverage. Figure 6 presents another case of a child with RHD. As shown in Figure 6A, the child was 9 years old and had previously experienced bilateral DDH and RHD, which were treated conservatively. An x-ray revealed that the left side was more affected. As shown in Figure 6C, the child underwent a left Bernese triple pelvic osteotomy at the age of 9 due to left-side pain. The child is now 11 years old, with a postoperative period of 2 years, and radiographic and functional follow-ups based on the modified Severin classification and the modified McKay criteria indicate excellent results. A retrospective analysis of preoperative and postoperative MRI findings is summarized. As shown in Figure 6B, the preoperative MRI reveals a left CAI of 16.1° and an AAR of 10.36, which are significantly higher than 5. On the other hand, Figure 6D displays the postoperative MRI with a left CAI of −14.3° and a well-covered femoral head. The patient in Figure 5 has a preoperative AAR <5 and does not require surgery. In contrast, the patient in Figure 6 has a preoperative AAR >5 and theoretically should have undergone surgery, which was confirmed by the actual surgical decision taken, highlighting the predictive value of the AAR.


[image: Figure 5]
FIGURE 5
(A) A child with a bilateral DDH with bilateral hip dislocation was diagnosed at 6 months and treated conservatively. (B) A child 3 years and 7 months of age with developmental dysplasia with residual acetabular dysplasia. (C) A child 6 years and 3 months of age. (D) A child 7 years and 8 months. (E) The same age as (D), left CAI 1° with good cartilage coverage (CAHI 85.6%). (F) A child 8 years and 7 months of age with a normalized left hip.
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FIGURE 6
(A) A child 9 years old, previously treated conservatively with bilateral RHD. (B) An MRI of a 9-year-old child showing a left CAI of 16.1° and an AAR of 10.36. (C) An 11-year-old child, 2 years after the performance of Bernese triple pelvic osteotomy on the left side. (D) A postoperative MRI of a child with a left CAI of −14.3°.


We performed the procedure of Bernese triple pelvic osteotomy in a subset of RHD patients, taking into account the surgeon's experience and radiographic findings. A total of 55 children were treated with surgery due to RHD, all of whom had an AAR >5. However, three children were not included in the study as their families refused to give consent for surgery, and therefore, these children were not followed up. We achieved satisfactory imaging and functional outcomes in all patients who underwent surgery, which aligns with the findings of Merckaert et al. (9). Their research indicated that children with an AAR >5 required surgical intervention, whereas those with an AAR <5 exhibited adequate cartilage coverage and therefore did not require surgery. Moreover, we conducted an in-depth analysis of the AAR results between the control and the surgical groups. Through predictive modeling and an ROC analysis, we determined a cutoff value of 5.09. This value serves as a potential indicator for surgical intervention in patients with dysplasia. In the future, we plan to conduct a prospective study using an AAR >5 as a reference for determining the need for surgery. Furthermore, we discovered instances of an AAR >5 in patients with normal hips. For example, one patient exhibited an OAI of 13°, a CAI of 9°, and a calculated AAR of 6.23. Another patient showed an OAI of 16°, a CAI of 10°, and an AAR of 6.25. However, it was relatively easy to identify and exclude these patients based on their history and radiographs recorded during clinic visits. It was possible that these irregularities were a result of systematic errors.

There have been reports of studies conducted using the cartilaginous center edge (CCE) angle as a reliable imaging index for evaluating hip dysplasia and prognosis. In a retrospective study by Takeuchi et al. (27), 119 patients with RHD were examined, and it was discovered that if the CCE angle measured >13° on MRI at 2 years of age, it indicated that the acetabulum would develop normally. Similarly, Nakamura et al. (11) conducted a retrospective evaluation of 92 patients with acetabular dysplasia without a history of DDH to assess the role of MRI in predicting regression. If the CCE angle measured ≥23°, it suggested that the hip would develop appropriately without the need for surgical intervention. However, even with adequate cartilage, normal and complete ossification is not always possible, and Wakabayashi et al. (28) reported that an abnormal loading of the acetabular cartilage could lead to an edematous alteration or dysregulation of proteoglycan distribution, resulting in impaired acetabular cartilage ossification and, ultimately, acetabular dysplasia. Therefore, follow-up is a dynamic monitoring process, and intervention is also necessary when there is an abnormality in the process of cartilage ossification. We suggest that an MRI is still needed at the age of 8 years to assess the presence of abnormal cartilage ossification and the need for surgical intervention in patients with RHD who are being followed up. Although many surgeons currently choose to observe patients with RHD, it is theoretically necessary to determine the development of the cartilaginous acetabulum based on the AAR. If the AAR is >5, there is no need to continue observation, and immediate surgical intervention can be initiated. In this study, we found that 15 patients showed no improvement in acetabular development after more than 1 year of observation, and the retrospective analysis of their cartilage development was insufficient. However, the timing of surgery needs to be determined, as also the patient's age, the risk of surgery, the parents’ wishes, etc. More often, the timing of intervention is chosen after the patient attains 5 years of age (29).

Our study also has some limitations. DDH is a complex disease, and the patient cases we studied were limited to RHD with a well-matched head and acetabulum after conservative treatment, without any deformity of the acetabulum or femur. This represents only a small proportion of DDH cases. In addition, we examined only a small number of patients and the follow-up period was relatively short. Moreover, the measurements of imaging data were limited to only one observer, which did not account for the differences among different observers.

In conclusion, for patients with RHD with a well-matched head and acetabulum, surgical decisions can be made on the basis of the AAR. An AAR >5 may serve as a potential indicator for surgical intervention in RHD patients.
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Background: The management of femoral fractures in children aged two to six years is still controversial. The purpose of this study was to assess the results of closed reduction and elastic stable intramedullary nail (ESIN) fixation in completely displaced fractures of the femoral diaphysis in children in this age group.



Methods: A retrospective review of all children with acute completely displaced fractures of the femoral diaphysis in children aged 2–6 years treated from 2013 to 2020 was performed. A total of 34 patients were treated who met the inclusion criteria: Group 1: 21 fractures (transverse and short oblique); Group 2: 13 fractures (long oblique and spiral) that underwent closed reduction and elastic stable intramedullary nail (ESIN) fixation. No differences existed between the 2 groups with respect to age, extremity, sex, time to treatment, mechanism of injury, or fracture displacement. Demographic characteristics and radiographs were reviewed, and the following parameters were documented: surgery time, time to union, return to activities, range of motion of knee joints, and complications. Major complications were defined as those with presumptive long-term side effects or those requiring a reoperation. No major complications were observed in the two groups. All included fractures were treated by a single senior paediatric surgeon. The mean follow-up period was 28.4 months (range 24–45 months). The level of significance was set at p < 0.05.



Results: Thirty-four children with acute completely displaced fractures of the femoral diaphysis were included: Group 1: 21 fractures; Group 2: 13 fractures. The patients included 15 girls (44.1%) and 19 boys (55.9%), with an average age of 4.4 years (range 2.8 to 6.5 years). The mean follow-up period was 28.4 months (range 24.2–45.0 months). The demographic characteristics did not differ between the two groups of patients. Overall, successful closed reduction and elastic stable intramedullary nail (ESIN) fixation could be achieved in all 34 patients. The mean surgical time was 40.4 and 43.0 min in Group 1 and Group 2, respectively (p = 0.857). Fluoroscopy time was not significantly different between the two groups (37.0 vs. 36.1 s, respectively; p = 0.247). Cosmetic results were described as good and satisfactory by all patients. There were no refractures and no incidences of nonunion or growth arrest in the proximal epiphysis. Only two patients suffered from a superficial infection, which was resolved after the pins were shortened and oral antibiotics were administered.



Conclusion: Closed reduction and elastic stable intramedullary nail (ESIN) fixation can be successfully used to treat completely displaced fractures of the femoral diaphysis in children aged two to six years. This technique is efficient and minimally invasive, and the results are satisfactory.
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Background

Fractures of the femoral diaphysis comprise approximately 4% of all long-bone fractures in children and are the second most frequent localization affecting the lower extremities (1–4). Historically, paediatric diaphyseal fractures of the femur have been treated conservatively with a hip spica cast for the femur and traction (4–10). More recently, a trend towards aggressive treatment of these fractures in patients of different ages has been observed: elastic stable intramedullary nailing (ESIN) for school-aged children (11) or even adolescents (12, 13); rigid intramedullary nails for adolescents; and external fixation for complex fractures or for children suffering multiple severe injuries (14) to allow for easier mobilization and quicker recovery while decreasing the risk of late deformity.

Since the late 1980s, ESIN has been reported to be safe and effective in treating diaphyseal fractures of the femur in school-age children (15–24), but in the case of younger children, there is no consensus and continuing debate between those surgeons preferring nonoperative methods and those supporting a more aggressive approach such as ESIN (25, 26). Recently, several authors have focused on examining the results of extending flexible intramedullary stabilization into the preschool age group (25, 27–29). The guidelines of the German Society of Paediatric Surgery (30) recommend that femoral shaft fractures be treated by ESIN in children older than 2–3 years of age to avoid complications and economic burdens on families. Convenience with transport, earlier motion, no secondary displacement and decreased burden on the patients' care provider are among the potential advantages of ESIN.

The purpose of this study was to evaluate the effect of treating femoral fractures in children aged two to six years using closed reduction and ESIN. We investigated whether the use of ESIN would yield good results for acute completely displaced fractures of the femoral diaphysis.



Methods


Patients

This study was approved by the Institutional Ethical Review Board of Dalian Women and Children's Medical Group (approval number DLET-KY-2022-03). Written informed consent was obtained from all guardians for anonymized data analysis and publication. A total of 36 patients with acute completely displaced fractures of the femoral diaphysis were treated at our hospital from October 2013 to September 2020. Patients with a confirmed diagnosis of acute completely displaced fractures of the femoral diaphysis were divided into two groups according to the type of fractures, fracture: Group 1 included 21 fractures (transverse and short oblique), and Group 2 included 13 fractures (long oblique and spiral).

The inclusion criteria were as follows: (1) patients with a confirmed diagnosis of acute completely displaced fractures of the femoral diaphysis; (2) treatment [closed reduction and elastic stable intramedullary nail (ESIN) fixation] at our institution within 48 h of injury; (3) standard preoperative anteroposterior (AP) and lateral injured leg radiographs; (4) follow-up duration > 18 months; and (5) complete clinical and radiographic data.

The exclusion criteria were as follows: (1) poly-traumatized patients with other associated fractures; (2) open, comminuted or pathological fractures; (3) follow-up less than 18 months; and (4) incomplete clinical and radiographic data.

A total of 34 of 36 patients were followed up for a mean of 28.4 months (range 24.2–45.0 months). All surgeries were performed by a single senior paediatric surgeon, and the average surgery time was 41.4 min (range 25.0–50.0 min). The injured leg was immobilized with a single leg-spica brace for 4 weeks and evaluated radiologically and clinically.



Surgical procedures

The patients were placed on an orthopaedic fracture table, general anaesthesia was administered, the skin was prepared, and reduction of the fracture by traction guided by fluoroscopy was performed (Figures 1A,B, 2A,B). The size of the ESIN is determined by the canal diameter at the isthmus of the femur on the AP x-ray, and then, the ESIN size is selected to be ∼40% of that measurement to obtain at least 80% canal fill (4, 15, 16). Nails preangled, as described by Ligier et al. (15), at 45° approximately 2 cm from one end were used. An entry point was made approximately 2.0–3.0 cm above the physis on the lateral side with the help of a bone awl. A nail was then inserted through the entry point into the medullary canal by rotator movements of the wrist and advanced up to the fracture site. Another nail was introduced using the same technique from the medial side and advanced up to the fracture site. The nails were then placed across the already reduced fracture site one by one. Fluoroscopy was used to ensure that both nails were in the canal across the fracture site. The traction was released when the nails had crossed the fracture site, after which the nails were advanced further. The medial nail was advanced until it was within 2 cm of the proximal femoral capital physis, whereas the lateral nail was inserted until it was approximately 1 cm from the greater trochanteric physis. The nails were left in a protruding position approximately 0.5–1.0 cm from the distal end to ensure that they could be easily removal later in the healing process (Figures 1C,D, 2C,D) (31).


[image: Figure 1]
FIGURE 1
Typical short oblique fracture of left femur of a 4 years old boy. (A) The initial AP x-ray of left femur preoperative. (B) lateral x-ray of left femur preoperative. (C) An entry point was made with the help of a bone awl approximately 2.0–3.0 cm above the physis on the lateral side. (D) C-arm result after closed reduction and ESIN fixation. (E) 10 months follow-up AP x-ray of left femur. (F) 10 months follow-up lateral x-ray of left femur.



[image: Figure 2]
FIGURE 2
Typical long spiral fracture of left femur of a 3 years old boy. (A) The initial AP x-ray of left femur preoperative. (B) lateral x-ray of left femur preoperative. (C) An entry point was made with the help of a bone awl approximately 2.0–3.0 cm above the physis on the lateral side. (D) C-arm result after closed reduction and ESIN fixation. (E) 9 months follow-up AP x-ray of left femur. (F) 9 months follow-up lateral x-ray of left femur.


Postoperatively, patients remained in the hospital for pain control; generally, within 2 days, they were deemed comfortable enough to be discharged home on oral analgesia. During the postoperative period, the limb was immobilized with a single-leg hip spica brace for 4 weeks based on the preoperative fracture pattern and fracture healing to reduce postoperative pain and facilitate home care. Then, the patients were encouraged to perform exercises with active, active-assisted and passive knee range of motion. Weight bearing status depended on the fracture configuration after the bridging callus appeared, but in general, partial weight bearing was started at approximately 6 weeks and progressed to full weight bearing when the fracture line was not visible on AP and lateral x-rays.



Postoperative evaluation

Then, fixation and bone union were radiographically examined on patients scheduled for postoperative follow-up visits at two weeks, four weeks, six weeks, three months and six months postoperatively and thereafter at half-year intervals. Bone union was indicated by the disappearance of the fracture lines in 3 of the 4 cortices on both the AP and lateral radiographs of the fracture. Delayed healing was characterized by a lack of solid bone union on both the AP and lateral radiographs six months after surgery. At each follow-up, the patients were assessed radiologically and clinically. The nails were removed when complete healing of the fracture occurred (usually between 8 and 10 months). The final results were evaluated using the criteria of Flynn et al.



Statistical analysis

SPSS v22 (IBM Corp., Armonk, NY, USA) was used for statistical analysis. Categorical data were compared with the χ2-test. For nonnormally distributed data, the Mann‒Whitney U-test for independent samples was conducted. The differences in the continuous data between the two groups were compared with independent-samples t-tests. The level of significance was set to p < 0.05.




Results

Thirty-four patients who met the inclusion criteria were treated at our institution during the study period. The average patient age at the time of injury was 4.4 years (range, 2.8–6.5), and the mean length of follow-up was 28.4 months (range 24.2–45.0 months), Group 1 included 21 (61.8%) fractures (transverse and short oblique), and Group 2 included 13 (38.2%) fractures (long oblique and spiral). The baseline characteristics did not differ between the two groups of patients. The fractures were equally divided between the left and right sides. All of the fractures were closed and reduced, and all were neurovascularly intact. The mean surgical time was 40.4 and 43.0 min in Group 1 and Group 2, respectively (p = 0.857). The fluoroscopy time was not significantly different between the two groups (37.0 vs. 36.1 s, respectively; p = 0.247). The clinical outcome according to the criteria of Flynn et al. (22) was excellent in 19 out of 21 (90.5%) patients in Group 1 and good in the remaining two patients. A similar outcome was found in patients in Group 2, with excellent in 12 out of 13 (92.3%) patients and good in the remaining 1 patient. The overall complication rate was 19.0% (4/21) in Group 1 and 23.1% (3/13) in Group 2 (p = 0.781). Four complications were noted in Group 1: three cases of pin site infection. Three complications were noted in Group 2: two cases of pin site infection. There were no refractures or incidences of nonunion, growth arrest in the distal epiphysis, or limb length discrepancy within 1.0 cm in either group (Table 1) (Figures 1E,F, 2E,F).


TABLE 1 The demographic characteristics, evaluation results and complications of the patients and fractures.
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Discussion

Our study shows that acute completely displaced fractures of the femoral diaphysis in children aged 2–6 can successfully be treated by closed reduction and ESIN fixation with good functional outcomes; only a few cases of pin site infection were detected among the patients. These problems, due to prominent hardware at the nail insertion site, were resolved within a few days by giving oral antibiotics and analgesics. In addition, there were equal operating times and radiation exposure in the two groups. There was no clinic-radiological difference in terms of time to fracture site union and full weight bearing between the two groups. The range of motion at the hip and knee was normal in all patients after the removal of the ESINs. There were no patients with angulation deformities in the sagittal plane or coronal plane in either group.

Transverse and short oblique femoral shaft fractures in children have been treated by closed reduction and ESIN fixation in the past based on good results and fewer complications. In recent years, surgeons have preferred these operative techniques for long oblique and spiral fractures of the femoral shaft; therefore, the majority of paediatric femoral shaft fractures are now treated operatively. Families benefit more from shorter hospital stays and less economic burden and complications than from conservative treatment, such as submuscular plating or external fixation. ESIN is often recommended as the best treatment for children aged 6–12 years, ideally weighing less than 50 kg (13, 20, 32–34). There are no previous comparative studies between Group 1 and Group 2 femoral shaft fractures in preschool-aged patients. In our study, the number of patients in each group with a normal range of motion at the hip and knee joints was the same at the final follow-up. Similar results were obtained by the studies of Khazzam et al. (35), Gyaneshwar et al. (36) and Lohiya et al. (37). The average duration of progression to full weight bearing in our study was 10.4 weeks in Group 1 and 11.0 weeks in Group 2 (p = 0.479). In the study by Lohiya et al. 10 (37), the mean duration to full weight bearing was 10.5 weeks.

In our research, minor complications were observed in 19.0% of Group 1 and 23.0% of Group 2 with no major complications. In the study by Gyaneshwar et al. (36), the minor complication rate was significantly higher, 47.06% of patients in the titanium group and 35.29% of patients in the stainless steel group. Fewer major complications were found. There was no significant difference in the malunion deformity rate in either group in the sagittal and coronal planes. Wall et al. (38) reported that the malunion rate in the titanium group was 23.2% (13/56), which was much higher than our report. This difference may be because their study did not include the same age group as ours. Moroz et al. and Ho et al. reported that patients older than 10 years of age who underwent ESIN for femoral shaft fractures showed a higher complication rate than younger patients (13, 24). Canavese F et al. also found that a higher rate of complications was observed in patients aged 13 years or older (39). All of the patients in our series were younger than 6 years and had a low rate of complications. We recommend two surgical procedures to reduce minor complications: first, the diameter of the selected ESINs must be as large as possible to fill at least 80%, or even nearly 100% of the canal, to ensure the reliability of fixation; second, after pin cutting, the surgeon should ensure that approximately 0.5–1.0 cm is located at the distal end of the ESINs, which cannot be palpated on the shin.

ESINs prebent in a double C-type configuration with a degree three times the diameter of the intramedullary canal represent the best treatment for transverse fractures in a diaphyseal long bone fracture. Theoretically, the canal diameter at the isthmus should be measured, and 2 equally sized ESINs should be selected to fill at least 80% of the canal of the isthmus (4, 15, 16). Two prebent “C”-shaped nails are generally thought to be an essential part of the ESIN technique in Group 1 fractures, but no evidence for this is available for Group 2 fractures, including long oblique and spiral fractures. Kaise et al. (40) demonstrated in vitro that prebent ESINs are important in providing stability in spiral femoral shaft fractures but that the degree of prebending needs to be >30°. Kaiser et al. (41) also recommended the use of a 3rd nail in ESIN in paediatric femur fractures to improve the stability of the osteosynthesis and to reduce peri- and postoperative complications, especially in long oblique and spiral fractures. This is the first mention of the idea of “stacking” the canal. Busch et al. (42) advised that treatment with four ESINs should be considered for skeletally immature patients presenting with length-unstable femur fractures. The concept of “stacking” the femoral canal is mentioned again.

In our Group 2, all patients were treated by two traditional “C shaped” techniques, with ESINs 2.0–3.0 mm in diameter. None of the 13 patients needed a 3rd or 4th ESIN or spica cast, and all patients recovered satisfactorily. In general, there are two reasons for this: first, these patients are younger than the children included in the Kaise et al. study (40). Similarly, the diameter of their canals is limited, and double equally sized ESINs, which are selected to fill more than 80% of the canal of the isthmus, already result in sufficient stiffness and resistance to rotation and axial loading; second, fracture instability leads to malunion due to shortening, varus or recurvatum, and the retrograde 2C configuration creates a construct that utilizes 6 points of intramedullary contact to create stable fixation (15).

Some researchers reported that children treated with ESIN for femoral shaft spiral fractures required further surgery for either unacceptable varus deformity, shortening, or insufficient stability (43). Other authors have commented on the unsatisfactory fixation obtained by ESIN alone in spiral or other complex femoral fractures; Kraus et al. (44) reported external fixation for these fractures, and Sink et al. (45) preferred submuscular plating. In our study, the total outcome according to Flynn's criteria (22) was excellent in 91.2% of patients and satisfactory in 8.8%, with no poor results. However, the clinico-radiological results were not significantly different between the two groups at the final follow-up.

Spica casting and traction are still the recommended treatments for children in their first and second years. In the third year, children are managed nonoperatively and operatively; nevertheless, there is still no strong evidence of a preferred method for surgically treated children. However, ESIN is a widely accepted treatment for femoral shaft fractures in children older than 3 years (4, 5, 10, 28–30, 46). Several studies have reported the safety and benefits of ESIN for preschool femur fractures, including ease of transporting children, fewer minor complications and decreased economy burdens (25, 28, 29, 45, 47). These disadvantages were less common in our study. We confirmed that treatment with ESIN resulted in similar outcomes to those when spica casts and traction are used for treating these fractures in young children with fewer complications.

The analysis of our results showed some limitations. First, to the best of our knowledge, this is the first retrospective study, with a relatively low number of patients, that has compared the clinical and radiological outcomes of femoral shaft fractures in in both Group 1 and Group 2 treated by closed reduction and ESIN fixation in preschool-age children. The retrospective nature of our study is prone to selection and observational biases. Second, it represents a single surgeon's experience. Third, future prospective cohort research would be useful to explore these variables and better define the role of ESIN fixation in length-unstable femur fractures in these children.



Conclusions

Treatment with a retrograde 2C configuration of ESINs should be considered for skeletally immature patients presenting with length-unstable femur fractures. In our series, all femur fractures treated with these methods achieved union with no significant complications or hardware failure. As a consequence, we recommend that young children with femoral diaphyseal length-unstable fractures with an open physis be treated with this ESIN technique.
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Objective: Elastic stable intramedullary nail (ESIN) is a commonly used method for treating diaphyseal fractures of the tibia, but its application in Distal Tibial Diaphyseal Metaphyseal Junction (DTDMJ) fractures has been a subject of controversy. This study aims to evaluate the clinical efficacy of the Elastic stable intramedullary nail-Kirschner wire (E-K) technique in treating pediatric DTDMJ fractures, providing better clinical decision-making for clinicians in diagnosing and treating such fractures.



Methods: We conducted a retrospective analysis of patients aged 3–9 years who received treatment at our hospital from January 2019–January 2021 for distal tibial diaphyseal metaphyseal junction (DTDMJ) fractures. Based on their surgical procedures, they were categorized into the Elastic Stable Intramedullary Nail—Kirschner wire group (E-K) and the ESIN group. Demographic data, surgical duration, clinical outcomes, complications, and imaging data were recorded.



Results: The study included a total of 57 patients, with 24 cases in the E-K group and 33 cases in the ESIN group. There were 30 males and 27 females. The average age was (6.25 ± 1.59) years in the E-K group and (6.27 ± 1.48) years in the ESIN group. There were no significant differences between the two groups in terms of gender, age, weight, time from injury to surgery, follow-up time, side of injury, associated injuries, nail site infection, deep infection, and nail removal time (P > 0.05). Neither group experienced nonunion or refracture. The E-K group exhibited significantly lower coronal and sagittal plane angular values at the final follow-up compared to the ESIN group (P < 0.001). In the E-K group, the final follow-up coronal plane angle was 2.67 (1.09)°, while in the ESIN group, it was 6.55 (2.05)°. The final follow-up sagittal plane angle was 3.12 (1.54)° in the E-K group and 7.58 (1.48)° in the ESIN group. Both groups showed good alignment in the initial postoperative x-rays, with no statistically significant differences. However, during clinical healing, the ESIN group exhibited significant displacement, whereas the E-K group had minimal displacement, demonstrating a significant statistical difference (P < 0.001). There was a statistically significant difference in the AOFAS joint function assessment between the two groups (P = 0.027).



Conclusion: The E-K technique is a viable option for treating DTDMJ fractures in pediatric patients, with well-established clinical efficacy. Its advantages include a straightforward surgical procedure, safety, and a low incidence of severe complications.
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1 Introduction

Tibial fracture is a common type of long bone fracture in children (1–4), accounting for approximately 15% of cases (2). These fractures occur in both male and female children, although the incidence may vary slightly between boys and girls. Around 50%–70% of pediatric tibial fractures occur in the distal one-third of the tibia, while 19%–39% occur in the middle one-third of the tibia (5, 6).

Pediatric distal tibial diaphyseal metaphyseal junction (DTDMJ) fractures represent a specific type of tibial fracture in children, often presenting as oblique, comminuted, or transverse fractures (7, 8). This region's fractures are not typically treated with ESIN and have historically been managed with open reduction and plate fixation, while some open fractures may be treated with external fixation devices. In recent years, the application of Elastic Stable Intramedullary Nails (ESIN) has gradually been introduced. ESIN offers advantages such as minimally invasive surgery, shorter hospitalization, faster healing, and early weight-bearing (8). However, ESIN treatment has also presented a range of issues, including axial instability, loss of reduction, and angular deformities.Open reduction and plate fixation can achieve an ideal anatomical reduction of the fracture but involve significant surgical trauma and impact the blood supply to the fracture site, which can further affect the healing process. External fixation treatment is relatively challenging in terms of care, costly, and associated with a higher rate of complications (9, 10).

In recent years, in order to find a minimally invasive and simple yet effective method for reducing and internal fixation in the treatment of such fractures, we attempted to apply the technique of combining elastic nails with Kirschner wires to fractures at the tibial diaphyseal-metaphyseal junction. Considering the inability of elastic nails to generate interfragmentary compression within the medullary canal at this location, we enhanced the stability by combining percutaneous fixation with Kirschner wires and external immobilization with a cast, resulting in preliminary favorable treatment outcomes.



2 Materials and methods


2.1 Clinical and radiographs evaluation

The study retrospectively analyzed the patients aged 3–9 with DTDMJ fractures who underwent treatment at our hospital from January 2019–January 2021. Based on the surgical methods, the study population was divided into the E-K group and the ESIN group. Inclusion criteria: (1) Patients diagnosed with DTDMJ fractures; (2) Aged between 3 and 9 years old. Exclusion criteria: (1) Gustilo grade 2 and 3 open fractures were excluded. (2) Patients with pathological fractures, neuromuscular disorders, metabolic diseases, previous tibial fractures, or those who had undergone internal fixation. (3) Patients with a follow-up time of less than 24 months or incomplete medical records. This study obtained informed consent from the parents and received approval from the institutional ethics review committee. DTDMJ is defined based on “The AO Pediatric Comprehensive Classification of Long Bone Fractures” (7, 8).

During the perioperative period, the following assessments were made using anteroposterior and lateral x-ray images of the tibia and fibula: Evaluation of the location and displacement of DTDMJ fracture, as well as the presence of fibular fracture. Fracture line length less than twice the bone width was defined as a mild oblique fracture. Fracture displacement was considered unstable when it exceeds two-thirds of the diameter and/or has an angulation of 30°. Malunion was defined as coronal or sagittal plane angulation greater than 4°, and the limb length discrepancy (LLD) of ≥1 cm was considered as a complication. During follow-up, the activity range of the ankle joint was evaluated using the AOFAS (American Orthopaedic Foot & Ankle Society) criteria, and the AOFAS score and any complications at the last follow-up were recorded. Our clinical healing assessment criterion was x-ray evidence of bridging callus at the fracture site in three directions (11–13).



2.2 Surgical treatment

The surgeries were performed by experienced senior Pediatric orthopedic surgeons. The pediatric patients were placed in a supine position under general anesthesia. The choice of ESIN (Elastic Stable Intramedullary Nailing) was based on the narrowest width of the tibial shaft medullary canal, with the diameter of a single intramedullary nail being 30%–40% of the minimum width of the medullary canal. The ESIN was pre-bent into an arc, with the arc height being approximately 3–5 times the minimum diameter of the tibial medullary canal. Two ESINs with the same curvature were inserted, with their apex positioned at the site of the fracture. A small incision was made on the medial or lateral aspect of the proximal tibia, approximately 1–2 cm from the epiphyseal plate. The periosteum was bluntly dissected, the bone membrane was incised, and a bone trocar was inserted at a 45° angle into the medullary canal. Two elastic intramedullary nails were inserted into the medullary canal, reaching the site of the fracture. Repositioning of the fracture ends was achieved using 1–2 Kirschner wires (2.0 mm) for leverage and manipulation. Once satisfactory fracture reduction was confirmed under fluoroscopy, Kirschner wires were percutaneously inserted to secure the proximal and distal fracture ends. The direction of the intramedullary nails was adjusted, and they were advanced. After successful fracture reduction, the intramedullary nails were continued to be advanced, ensuring they extended at least 1 cm beyond the distal epiphyseal plate. The intramedullary nails were then fixed in place, and the nail tails were bent for easy removal of the nails and to prevent migration. The nail tips were cut, leaving approximately 1–2 cm of the nail tails, slightly rotated dorsally.The Kirschner wires were bent externally and partially broken, followed by an x-ray examination to confirm the correct positioning of both the intramedullary nails and Kirschner wires. Once confirmed, the incision was closed. External immobilization with a cast was applied, and after 4–6 weeks, when bridging callus was observed in two or more directions at the fracture site, the Kirschner wires could be removed. The cast continued to be applied until clinical healing of the fracture (Figures 1, 2).


[image: Figure 1]
FIGURE 1
Case1: A 5-year-old boy had a fracture of the distal tibial diaphyseal metaphyseal junction(DTDMJ). X-ray films showed coronal valgus deformity of the distal tibiofibular fracture with displacement. The coronal valgus angulation remained uncorrected after treatment with the ESIN technique.



[image: Figure 2]
FIGURE 2
Case2: A 6-year-old girl presented with a fracture of the distal tibial diaphyseal metaphyseal junction(DTDMJ). X-ray films showed coronal varus deformity of the distal tibiofibular fracture with displacement. After treatment with E-K technique, the coronal varus Angle of the distal tibiofibular fracture was completely corrected.




2.3 Statistical analysis

We conducted the statistical analysis using SPSS statistical package program (version 19.0, SPSS Inc., Chicago, Illinois, USA). Categorical data were assessed with the Chi-square (χ²) test, while continuous data were analyzed using Student's t-test. In cases with smaller sample sizes in specific groups, the Fisher exact test was employed. The results are presented as mean ± SD (range), median (range), or n (%). Statistical significance was considered at p < 0.05.




3 Results

As shown in Table 1, the E-K group included 24 patients, comprising 14 males and 10 females, while the ESIN group included 33 patients, with 16 males and 17 females (P = 0.641). The average age of patients in the E-K group was 6.25 ± 1.59 years, and in the ESIN group, it was 6.27 ± 1.48 years (P = 0.961). Both groups were followed up for at least 2 years (P = 0.068). There were no significant differences between the two groups in terms of gender, age, weight, time from injury to surgery, follow-up duration, injured side, and associated injuries (Table 1).


TABLE 1 Patient demographics.

[image: Table 1]

As shown in Table 2, both groups did not experience nonunion or refracture. The final follow-up angular values in the coronal and sagittal planes were significantly lower in the E-K group compared to the ESIN group (P < 0.001). In the E-K group, the coronal plane angular value at the final follow-up was 2.67 (1.09)°, while in the ESIN group, it was 6.55 (2.05)°. The final follow-up sagittal plane angles were 3.12 (1.54)° in the E-K group and 7.58 (1.48)° in the ESIN group. Both groups exhibited good alignment on initial postoperative x-rays, with no statistically significant differences. However, at the point of clinical healing, the ESIN group showed noticeable displacement compared to the E-K group, with a significant statistical difference (P < 0.001). There was a statistically significant difference in the AOFAS joint function assessment between the two groups (P = 0.027) (Table 2).


TABLE 2 Radiological and clinical outcomes.
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There were no significant differences between the two groups in terms of nail tract infection, deep infection, or nail removal time. Limb length discrepancy (LLD) was more pronounced in the ESIN group (4.18 ± 1.63 mm) compared to the E-K group (6.62 ± 1.64 mm) (P < 0.001). However, in both groups, LLD was less than 1.0 cm, and no gait abnormalities were observed during the follow-up.



4 Discussion

Pediatric tibia fractures are the third most common long bone fractures, following forearm and femur fractures (14). The incidence of tibia fractures in both boys and girls is increasing year by year. The average age is 8 years, and the incidence does not significantly vary with age. 70% of pediatric tibia fractures occur as isolated fractures, with 30% occurring in conjunction with a same-side fibula fracture. Tibia fractures occur in the distal third in 50%–70% of cases and in the middle third in 19%–39% of cases (5–7).

Children's bones are in a stage of growth and development, and they have a strong capacity for bone remodeling and correction after fractures. For the vast majority of cases, conservative treatment is highly effective and is the preferred method for treating pediatric tibia fractures (14). However, for severe displaced fractures caused by high-energy injuries such as falls from heights, traffic accidents, open fractures, comminuted fractures, and cases involving instability and associated injuries, achieving acceptable stability and alignment through conservative treatment can be challenging. Common complications in such cases include limb length discrepancy, angular deformities, and rotational malalignment (15). In recent years, there has been a growing trend in literature reporting cases of pressure sores, compartment syndrome, nursing difficulties, and psychological issues. Non-surgical treatment of long spiral diaphyseal tibia fractures may result in a recurrence rate of 2%–5%. Uludağ and others reported 65 cases of unstable diaphyseal tibia fractures in children treated with closed reduction and cast immobilization, with 25 cases experiencing recurrence, and approximately one-third of these children were under 11 years of age (16). Recurrence often occurred during the second to third week of cast immobilization. Some researchers also suggest that if there is more than a 5° internal rotation at the distal tibia fracture site, secondary reduction may be necessary, as residual angular deformity is a primary cause of nonunion in these fractures (17–19).

The ESIN technique was first reported by Ligier at Nancy Hospital in France in 1983 and has since been widely adopted in North America and Europe (14). Around the year 2000, cases related to ESIN started to be reported in China. This technique, known for its advantages of minimal trauma, a short learning curve, and early weight-bearing for children, gradually found application in the treatment of long bone diaphyseal fractures in pediatric patients. In recent years, there has been a growing trend in the use of ESIN for pediatric tibia diaphyseal fractures, particularly for transverse and short oblique fractures. Researchers such as Ke evaluated the outcomes of ESIN treatment in 16 cases of tibia diaphyseal fractures, all of which achieved pain-free healing within five years, without any complications such as growth inhibition or refracture (20).

Pediatric DTDMJ fractures (7, 8) represent a specific type of tibial fracture in children. These fractures pose challenges for surgical reduction and fixation due to their proximity to the epiphyseal plate, axial instability, local force imbalances, and irregular fracture lines (21, 22). In 2014, Cravino and colleagues (23) first reported the use of ESIN in the treatment of 18 cases of tibial diaphyseal-metaphyseal junction fractures. The results showed that this minimally invasive technique was as effective as in diaphyseal fractures and had fewer complications.

In pediatric DTDMJ fractures, ESIN usually cannot provide effective fixation through its elastic modulus and cross-stress. Postoperatively, complications such as fracture redisplacement, non-union, angular deformities, and shortening displacement are more likely to occur (20). In our clinical study, we found that children in the ESIN group showed noticeable coronal and sagittal angular deformities and worsened alignment on initial postoperative x-rays and during clinical healing of the fracture compared to the E-K group, with statistically significant differences. Therefore, we believe that, in combination with the rigid characteristics of Kirschner wires, leveraging Kirschner wires for fracture reduction and percutaneous fixation can achieve and maintain satisfactory reduction, reducing the risk of axial reduction loss.Our clinical healing assessment criterion involved x-ray examination, which showed bridging callus formation in three directions at the fracture ends. We did not include cases of tibia fractures with severe open injuries classified as Gustilo-Anderson grade II and III in our study. There were no deep infections or osteomyelitis observed in our patients, possibly due to thorough debridement and appropriate antibiotic use. In the ESIN group, tibial shortening was observed due to factors such as axial displacement and angular deformities. At the final follow-up, LLD was found to be smaller in the E-K group compared to the ESIN group, but both groups had LLD less than 1 cm.The AOFAS functional evaluation score was 75.7% in the ESIN group and 100% in the E-K group, with a significant statistical difference (P = 0.027). This difference may be related to the noticeable coronal and sagittal angular deformities and poor alignment observed in the ESIN group. The E-K technique also faces some challenges: the addition of Kirschner wires may pose risks such as vascular and nerve damage, Kirschner wire displacement, needle tract infection, and the unknown potential for damage or interference with the distal tibial growth plate.

Our study has the following inherent limitations. The study is a clinical retrospective study with a relatively small sample size, which makes it difficult to avoid bias in the results. Further clinical data is needed to verify the results of this study. Additionally, this is a single-center study, and it is difficult to determine whether this has an impact on treatment outcomes. A multicenter study is needed to increase scientific validity and provide reference for the treatment of DTDMJ fractures in children.



5 Conclusion

E-K technique is a viable choice for the treatment of DTDMJ fractures in children, with proven clinical effectiveness. Its advantages include simple surgical procedures, safety, and reliability, with a low incidence of severe complications. However, further prospective research is needed to compare E-K with other treatment modalities.



Data availability statement

The original contributions presented in the study are included in the article/Supplementary Material, further inquiries can be directed to the corresponding author.



Ethics statement

Ethical approval was not required for the study involving humans in accordance with the local legislation and institutional requirements. Written informed consent to participate in this study was not required from the participants or the participants’ legal guardians/next of kin in accordance with the national legislation and the institutional requirements. Written informed consent was obtained from the individual(s), and minor(s)' legal guardian/next of kin, for the publication of any potentially identifiable images or data included in this article.



Author contributions

YL: Conceptualization, Data curation, Formal Analysis, Funding acquisition, Investigation, Methodology, Project administration, Resources, Software, Supervision, Validation, Visualization, Writing – original draft, Writing – review & editing. SD: Data curation, Investigation, Methodology, Supervision, Writing – original draft. YY: Conceptualization, Formal Analysis, Investigation, Writing – review & editing.



Funding

The author(s) declare financial support was received for the research, authorship, and/or publication of this article.

Ningbo Public Welfare Fund Project (2023S125).



Conflict of interest

The authors declare that the research was conducted in the absence of any commercial or financial relationships that could be construed as a potential conflict of interest.



Publisher's note

All claims expressed in this article are solely those of the authors and do not necessarily represent those of their affiliated organizations, or those of the publisher, the editors and the reviewers. Any product that may be evaluated in this article, or claim that may be made by its manufacturer, is not guaranteed or endorsed by the publisher.



References

1. Griffet J, Leroux J, Boudjouraf N, Abou-Daher A, El Hayek T. Elastic stable intramedullary nailing of tibial shaft fractures in children. J Child Orthop. (2011) 5(4):297–304. doi: 10.1007/s11832-011-0343-5

2. Economedes DM, Abzug JM, Paryavi E, Herman MJ. Outcomes using titanium elastic nails for open and closed pediatric tibia fractures. Orthopedics. (2014) 37(7):e619–24. doi: 10.3928/01477447-20140626-52

3. Monget F, Sapienza M, McCracken KL, Nectoux E, Fron D, Andreacchio A, et al. Clinical characteristics and distribution of pediatric fractures at a tertiary hospital in northern France: a 20-year-distance comparative analysis (1999–2019). Medicina (Kaunas). (2022) 58(5):610. doi: 10.3390/medicina58050610

4. Shannak AO. Tibial fractures in children: follow-up study. J Pediatr Orthop. (1988) 8(3):306–10. doi: 10.1097/01241398-198805000-00010

5. Hong P, Rai S, Liu X, Tang X, Liu R, Li J. Which is the better choice for open tibial shaft fracture in overweight adolescent with open physis: a comparative study of external fixator plus elastic stable intramedullary nail versus external fixator alone. Injury. (2021) 52(10):3161–5. doi: 10.1016/j.injury.2021.06.021

6. Heo J, Oh CW, Park KH, Kim JW, Kim HJ, Lee JC, et al. Elastic nailing of tibia shaft fractures in young children up to 10 years of age. Injury. (2016) 47(4):832–6. doi: 10.1016/j.injury.2015.10.024

7. Slongo TF, Audigé L, AO Pediatric Classification Group. Fracture and dislocation classification compendium for children: the AO pediatric comprehensive classification of long bone fractures (PCCF). J Orthop Trauma. (2007) 21(10 Suppl):S135–60. doi: 10.1097/00005131-200711101-00020

8. Slongo T, Audigé L, Lutz N, Frick S, Schmittenbecher P, Hunter J, et al. Documentation of fracture severity with the AO classification of pediatric long-bone fractures. Acta Orthop. (2007) 78(2):247–53. doi: 10.1080/17453670710013753

9. Egger A, Murphy J, Johnson M, Hosseinzadeh P, Louer C. Elastic stable intramedullary nailing of pediatric tibial fractures. JBJS Essent Surg Tech. (2020) 10(4):e19.00063. doi: 10.2106/JBJS.ST.19.00063

10. Bauer J, Hirzinger C, Metzger R. Quadruple ESIN (elastic stable intramedullary nailing): modified treatment in pediatric distal tibial fractures. J Pediatr Orthop. (2017) 37(2):e100–3. doi: 10.1097/BPO.0000000000000705

11. Kizkapan TB, Misir A, Oguzkaya S, Ozcamdalli M, Uzun E, Sayer G. Reliability of radiographic union scale in tibial fractures and modified radiographic union scale in tibial fractures scores in the evaluation of pediatric forearm fracture union. Jt Dis Relat Surg. (2021) 32(1):185–91. doi: 10.5606/ehc.2021.78465

12. Fisher JS, Kazam JJ, Fufa D, Bartolotta RJ. Radiologic evaluation of fracture healing. Skeletal Radiol. (2019) 48(3):349–61. doi: 10.1007/s00256-018-3051-0

13. Grigoryan M, Lynch JA, Fierlinger AL, Guermazi A, Fan B, MacLean DB, et al. Quantitative and qualitative assessment of closed fracture healing using computed tomography and conventional radiography. Acad Radiol. (2003) 10(11):1267–73. doi: 10.1016/s1076-6332(03)00467-7

14. Ligier JN, Metaizeau JP, Prévot J. L'embrochage élastique stable à foyer fermé en traumatologie infantile [closed flexible medullary nailing in pediatric traumatology]. Chir Pediatr. (1983) 24(6):383–5.6671261

15. Lin L, Liu Y, Lin C, Zhou Y, Feng Y, Shui X, et al. Comparison of three fixation methods in treatment of tibial fracture in adolescents. ANZ J Surg. (2018) 88(6):E480–5. doi: 10.1111/ans.14258

16. Uludağ A, Tosun HB. Treatment of unstable pediatric tibial shaft fractures with titanium elastic nails. Medicina (Kaunas). (2019) 55(6):266. doi: 10.3390/medicina55060266

17. Flynn JM, Hresko T, Reynolds RA, Blasier RD, Davidson R, Kasser J. Titanium elastic nails for pediatric femur fractures: a multicenter study of early results with analysis of complications. J Pediatr Orthop. (2001) 21(1):4–8. doi: 10.1097/00004694-200101000-00003

18. Karaman I, Halici M, Kafadar IH, Guney A, Oner M, Gurbuz K, et al. Mid-term results of the elastic intramedullary nailing in paediatric long bone shaft fractures: a prospective study of 102 cases. J Pediatr Orthop B. (2014) 23(3):212–20. doi: 10.1097/01.bpb.0000444460.95927.05

19. Pennock AT, Bastrom TP, Upasani VV. Elastic intramedullary nailing versus open reduction internal fixation of pediatric tibial shaft fractures. J Pediatr Orthop. (2017) 37(7):e403–8. doi: 10.1097/BPO.0000000000001065

20. Kc KM, Acharya P, Sigdel A. Titanium elastic nailing system (TENS) for tibia fractures in children: functional outcomes and complications. JNMA J Nepal Med Assoc. (2016) 55(204):55–60. doi: 10.31729/jnma.2847

21. Wang X, Shao J, Yang X. Closed/open reduction and titanium elastic nails for severely displaced proximal humeral fractures in children. Int Orthop. (2014) 38(1):107–10. doi: 10.1007/s00264-013-2122-z

22. Shen K, Cai H, Wang Z, Xu Y. Elastic stable intramedullary nailing for severely displaced distal tibial fractures in children. Medicine (Baltimore). (2016) 95(39):e4980. doi: 10.1097/MD.0000000000004980

23. Cravino M, Canavese F, De Rosa V, Marengo L, Samba A, Rousset M, et al. Outcome of displaced distal tibial metaphyseal fractures in children between 6 and 15 years of age treated by elastic stable intramedullary nails. Eur J Orthop Surg Traumatol. (2014) 24(8):1603–8. doi: 10.1007/s00590-013-1402-z












	
	TYPE Original Research

PUBLISHED 24 June 2024
DOI 10.3389/fped.2024.1331089






[image: image2]

Surgical outcomes of proximal femoral bone cysts in pediatric patients: a retrospective study of 41 cases

Taichun Li1, Zhenzhen Dai2, Qichao Ma1, Han Zhou2, Hai Li2* and Ziming Zhang1*

1Shanghai Children's Hospital, School of Medicine, Shanghai Jiao Tong University, Shanghai, China

2Xinhua Hospital, School of Medicine, Shanghai Jiao Tong University, Shanghai, China

EDITED BY
Federico Canavese, Centre Hospitalier Regional et Universitaire de Lille, France

REVIEWED BY
Yuxi Su, Children‘s Hospital of Chongqing Medical University, China
Haoqi Cai, Shanghai Children's Medical Center, China
İlhan Bahşi, University of Gaziantep, Türkiye

*CORRESPONDENCE Hai Li lihai@xinhuamed.com.cn
Ziming Zhang zhangziming@xinhuamed.com.cn

RECEIVED 31 October 2023
ACCEPTED 12 June 2024
PUBLISHED 24 June 2024

CITATION Li T, Dai Z, Ma Q, Zhou H, Li H and Zhang Z (2024) Surgical outcomes of proximal femoral bone cysts in pediatric patients: a retrospective study of 41 cases.
Front. Pediatr. 12:1331089.
doi: 10.3389/fped.2024.1331089

COPYRIGHT © 2024 Li, Dai, Ma, Zhou, Li and Zhang. This is an open-access article distributed under the terms of the Creative Commons Attribution License (CC BY). The use, distribution or reproduction in other forums is permitted, provided the original author(s) and the copyright owner(s) are credited and that the original publication in this journal is cited, in accordance with accepted academic practice. No use, distribution or reproduction is permitted which does not comply with these terms.



Purpose: The aim of this study was to evaluate the surgical outcomes of proximal femoral bone cysts in pediatric patients.



Methods: We retrospectively analyzed 41 pediatric patients (31 males and 10 females, mean age 7.47 ± 2.67 years, range 2.03–14.67 years) diagnosed with proximal femoral bone cysts treated at a single institute between March 2009 and November 2021. Data included demographics, preoperative details, intraoperative conditions, surgical techniques, postoperative outcomes, recurrence, and complications.



Results: Of the participants, 68% presented with simple bone cysts and 32% with aneurysmal bone cysts. Prior to surgery, 32% exhibited pathological fractures. Surgical methods included lesion curettage, defect filling using allograft bone and Minimally-Invasive Injectable Graft ×3, and varied fixation techniques. Postoperative recurrence (17%) was associated with cyst location between the capital femoral epiphysis and the linea intertrochanterica (P = 0.010). At the final assessment (mean follow-up: 26.51 ± 18.99 months), all showed radiological bony union with 93% rated as “good” and 7% as ‘fair’ based on Ratliff hip scores. Complications arose in 20% of patients, significantly correlated with prior pathological fractures (P = 0.007) and their association with the linea intertrochanterica (P = 0.004). Those with fractures reported higher intraoperative blood loss (P = 0.015) and longer surgery durations (P = 0.012) compared to those without.



Conclusion: Treating pediatric proximal femoral bone cysts using techniques such as lesion curettage, defect filling, and selective internal fixation yields favorable outcomes. The presence of pathological fractures can prolong surgical time, increase intraoperative blood loss, and elevate postoperative complication risks. Hence, early surgical intervention for these cysts is recommended to prevent fractures.
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Introduction

Bone cysts, characterized as benign osteolytic lesions, are most commonly observed in children and adolescents. The primary sites of manifestation are the proximal humerus and femur (1). Treatment objectives for these cysts include preventing pathologic fractures, promoting healing, and minimizing recurrence (2). Currently, strategies to promote cyst healing encompass a range of interventions, including steroid injections, curettage and grafting, internal fixation, or a combination thereof. Measures aimed at mitigating recurrence risk and constraining the scope of recurrence entail employing diverse approaches, such as high-speed burr, phenol application, sclerotherapy, cryotherapy, argon beam coagulation, and the utilization of synthetic bone substitutes, among others. Furthermore, pharmacological agents like polidocanol are frequently employed in embolization therapy for aneurysmal bone cyst (ABC) (1). Notably, bone cysts are the leading cause of pathologic fractures in pediatric patients, with the proximal femur being the secondary most common site of fracture (3, 4).

During weight-bearing activities, the pertrochanteric and subtrochanteric regions of the proximal femur experience significant tension and bending forces. Consequently, fractures in these regions can lead to complications such as coxa vara, limb length discrepancies, and avascular necrosis (AVN) of the femoral head (5). These complications underscore the challenge pediatric surgeons face when managing proximal femoral bone cysts (6).

There's a continuing debate over the optimal treatment strategy for proximal femoral bone cysts in the pediatric population (5–10). The use of Flexible Intramedullary Nails (FINs) has been proposed to disrupt the cyst wall, thus promoting healing by allowing cyst fluid mobility and reducing wall pressure (11). Similarly, the Locking Compression Pediatric Hip Plate (LCP-PHP) was designed to improve the safety and efficacy of both inter- and subtrochanteric osteotomies, as well as to aid in the management of femoral neck fractures (12). However, literature addressing the efficacy of ESINs or LCP-PHP in the internal fixation of these cysts remains scarce. With our institution's retrospective data, we aim to provide valuable insights into the treatment outcomes and methodologies.



Materials and methods

With the endorsement of our institution's review board, we conducted a retrospective review of patient records spanning from 2009 to 2021. Criteria for inclusion comprised of male patients below 16 years and female patients under 14 years, with a definitive diagnosis of proximal femoral bone cyst and pathological confirmation of either simple bone cyst (SBC) or ABC. Exclusions encompassed patients with incomplete records, a postoperative follow-up of less than 12 months, or a closed epiphyseal plate at intervention time.



Data collection

We procured data from the institutional databases, extracting demographics, clinical specifics, and imaging details. Metrics encompassed patient age, gender, cyst details (side, size, location), pathology category, fixation method, operative details (time, blood loss, transfusion), and outcomes(healing, treatment duration, follow-up, recurrence, complications). Treatment duration was defined from implant to internal fixation removal, excluding biopsy and bone graft instances. Active bone cysts were defined as those <1 cm from the epiphysis edge (1). Bone cysts in the proximal femur, with a bone cyst index (cyst area/square diameter of diaphysis) >3.5 (13), or occupying >85% of a long bone's diameter (14), were labeled as high fracture risk. Treatment strategies followed Erol et al.'s classification (7).



Surgical procedures


	•Biopsy + Curettage + Bone Grafting: Employing a modified Watson-Jones approach (15), a longitudinal incision from the greater trochanter is created in line with the femur's orientation. After establishing a cyst or fracture window and removing the lesion, the void is filled with allograft bone and Minimally-Invasive Injectable Graft X3 (MIIG X3, Wright Medical Technology).

	•Biopsy + Curettage + FIN + Bone Grafting: After the initial approach, FIN placement adheres to Metaizeau's technique (16), with two 2.5–3.5 mm FINs (AO Synthes®) retrogradely inserted under C-arm fluoroscopy. Post-FIN insertion, the site is packed with allograft bone and MIIG X3.

	•Biopsy + Curettage + LCP-PHP (+ K-Wires) + Bone Grafting: Using the modified Watson-Jones strategy, LCP-PHP guidelines (12) informed the fixation. K-wires added stability for particular cysts with an epiphyseal edge distance under 1 cm. Direct observation ensured accurate fracture realignment.





Postoperative management and follow-up

After surgery, the impacted limb is secured using either a hip spica cast or brace for a period of six weeks. Subsequent to its removal, patients begin a phased regimen of weight-bearing exercises. Scheduled follow-ups occur at 6 weeks, 3, 6, 9, and 12 months post-operation, and then annually. X-rays are used to monitor the bone cyst healing process and the union of fractures.

The prognosis derives from post-surgical imaging results. These are categorized following the Neer Classification system as modified by Chang et al. (17). This system identifies four healing stages: Healed (Grade I), Healing with a defect (Grade II), Persistent cyst (Grade III), and Recurrent cyst (Grade IV). Both Grades III and IV typically necessitate further treatment. A coxa vara deformity is described as a femoral neck-shaft angle under 120° (18). The Ratliff criteria, assessing pain, mobility, activity, and radiological evidence, determine the treatment's final outcome, which can be categorized as either good (clinically, no or negligible pain, full or minimal restrictive hip movement, and normal activity or the avoidance of games. Normal or some deformity of the femoral neck in the radiograph), fair (clinically, occasional pain, hip movement restriction less than 50%, and normal activity or the avoidance of games. Severe deformity of the femoral neck, mild avascular necrosis in the radiograph), or poor (clinically, disabling pain, hip movement restriction more than 50%, and restricted activity. Severe AVN, degenerative arthritis, arthrodesis in the radiograph) (19).



Statistical analysis

We utilized IBM SPSS Statistics 22.0 for data assessment. Quantitative datasets underwent evaluation via independent-samples t-test or Mann-Whitney U test. Categorical sets were analyzed using the chi-square or Fisher's exact test. A P-value below 0.05 was considered significant.



Results

In total, 41 patients were incorporated into the final analysis, 31 of whom were male and 10 female. At the time of surgery, the average age was 7.47 ± 2.67 years, ranging from 2.03 to 14.67 years. The average follow-up duration was 26.51 ± 18.99 months, with a range of 12.20 to 82.13 months. Diagnostically, 28 patients (68%) presented with SBCs, while 13 (32%) had ABCs. Thirteen patients (32%) exhibited active bone cysts, and 28 (68%) had latent cysts. Treatment modalities varied: 31 patients were stabilized with LCP-PHP (Figures 1 and 2), 7 with FINs (Figure 3), and 3 underwent only biopsy and bone grafting (Table 1). The incidence of pathological fractures was 32% (13/41), where 12 were stabilized with LCP-PHP and one with FINs. All patients achieved lesion healing (modified Neer grade I or II) post-treatment. However, 7 out of 41 required additional curettage and bone grafting due to persistent or recurrent lesions (modified Neer grade III or IV). According to the Ratliff hip scores, 38 cases (93%) reported good outcomes, while 3 cases (7%) had fair results.


[image: Figure 1]
FIGURE 1
An 8.9-year-old male diagnosed with a SBC in the proximal left femur concomitant with a fracture. (A) Preoperative radiograph. (B) Radiograph taken 3 days following biopsy, curettage, LCP-PHP procedure, and bone grafting. (C) Radiograph captured 6.2 years post-surgery.
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FIGURE 2
A 7.8-year-old male diagnosed with a SBC in the proximal left femur with an associated fracture. (A) Preoperative radiograph. (B) Radiograph taken 3 days post-biopsy, curettage, LCP-PHP, K-Wires procedure, and bone grafting. (C, D) Radiographs at 1.8 years post-surgery and following the removal of the internal fixation. As time progresses and the patient's femoral neck undergoes growth and development, the K-wire initially placed across the epiphyseal plate now appears to be positioned outside it.



[image: Figure 3]
FIGURE 3
A 6.28-year-old male diagnosed with a SBC in the proximal right femur. (A) Preoperative radiograph. (B) Radiograph taken 3 days post-biopsy, curettage, FIN procedure, and bone grafting. (C, D) Radiographs at 1.4 years post-surgery and following the removal of the internal fixation.



TABLE 1 Demographics and postoperative outcomes of 41 patients.

[image: Table 1]

Upon categorizing 41 cases based on the preoperative presence of pathological fractures, it was observed that bone cysts involving the linea intertrochanterica had a higher likelihood of coinciding with pathological fractures (P < 0.05). Patients with these fractures (n = 13) demonstrated an average surgery duration of 118.23 ± 28.77 min and an intraoperative blood loss of 269.23 ± 266.57 ml. Notably, 69.2% (9/13) of this subset needed intraoperative blood transfusion. In contrast, those without pathological fractures (n = 28) averaged a surgery duration of 95.79 ± 23.64 min with a blood loss of 58.21 ± 52.64 ml (P < 0.05). A mere 3.6% (1/28) among them required intraoperative blood transfusion (P < 0.05) (refer to Table 2).


TABLE 2 Comparative analysis based on the presence or absence of pathological fractures pre-surgery.
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In this investigation, 14 complications were identified across 8 patients. Specifically, 7 patients presented with a leg length discrepancy (LLD) of 20 mm or less, while 2 exhibited coxa vara and femoral neck shortening deformities. Additionally, premature epiphyseal closure was noted in 2 patients, and a high riding greater trochanter was observed in another (Figures 4, 5). Such manifestations—LLD, coxa vara, a high riding greater trochanter, premature closure of the epiphysis, and femoral neck shortening—were classified as post-surgical morphological disturbances in the proximal femur.


[image: Figure 4]
FIGURE 4
A 6.76-year-old female diagnosed with a SBC in the proximal left femur, combined with a fracture. (A) Preoperative radiograph. (B) Radiograph taken 3 days post-biopsy, curettage, LCP-PHP procedure, and bone grafting. (C) Radiograph at 1.9 years post-surgery, revealing premature closure of the epiphysis, shortening of the femoral neck, and coxa vara.



[image: Figure 5]
FIGURE 5
An 8.7-year-old male diagnosed with an ABC in the right proximal femur, accompanied by a fracture. (A) Preoperative CT scan, coronal section. (B) Radiograph taken 3 days post-biopsy, curettage, FIN procedure, and bone grafting. (C) Radiograph at 2.2 years post-surgery showing LLD with the right femur being 2 cm shorter. (D) Radiograph at 5.4 years post-surgery, highlighting premature closure of the epiphysis, deformity due to femoral neck shortening, elevated position of the greater trochanter (high riding), and coxa vara.


Upon examining determinants of post-surgical morphological disturbances in the proximal femur, our analysis revealed that cases with preoperative pathological fractures exhibited a heightened susceptibility to these post-surgical morphological disturbances in the proximal femur (P < 0.05) (Table 3).


TABLE 3 Analysis of risk factors of complication of all 41 patients.
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In our study, bone cysts exhibited a 17% recurrence rate (7/41), with the median time to recurrence being 14.27 months post-surgery (range 9–56 months). Subsequent to allograft bone reimplantation and X3 injection, all individuals achieved bony union at the last assessment. Analysis of potential risk factors indicated no significant correlation between recurrence and parameters such as age, gender, pathology type, presence of preoperative pathological fractures, type of internal fixation, or intraoperative blood loss (P > 0.05). Notably, cysts located between the capital femoral epiphysis and the linea intertrochanterica were markedly associated with recurrence (P < 0.05) (Table 4).


TABLE 4 Analysis of risk factors for relapse.
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Discussion

In this study, 41 pediatric proximal femur bone cysts were addressed through lesion curettage, subsequent defect filling with allograft bone and MIIG X3, and, when deemed necessary, internal fixation—yielding commendable clinical and radiographic outcomes. Notably, the cyst's position in the proximal femur was associated with both the onset of pathological fractures and the likelihood of postoperative recurrence. The presence of pathological fractures could prolong surgical time, increase intraoperative hemorrhage, potentially require blood transfusion, and amplify postoperative complication risks. Consequently, proactive surgical treatment is recommended for proximal femur bone cysts.

The proximal femur, subjected to substantial mechanical stress, is particularly vulnerable to the risks of fractures and deformations when compromised by a benign tumor. Lesions in this location present pronounced challenges owing to their distinct anatomical position, and the complexity is amplified when faced with imminent or established fractures (6). Notably, bone cysts often span from the subtrochanteric region to the femoral neck, with the bone cortex typically being attenuated and more prone to fracture. In current practice, an array of fixation methods are employed to bolster the reconstructive strength, facilitating early mobilization in treating pathological fractures or high-risk lesions in the proximal femur. Moreover, it's imperative to account for the unique anatomical and vascular attributes of the femoral neck and head when managing these conditions (6, 9). Guided by our clinical observations, we ardently support surgical interventions that entail complete lesion excision, defect rectification, and firm internal fixation. Such a strategy seeks to foster bone cyst and fracture healing while mitigating potential complications.

Neer et al. (20) documented 24 instances of proximal femoral simple bone cysts (SBCs) concurrent with pathological fractures. These cases underwent treatment via curettage and bone grafting, resulting in a 17% (4 cases) reoperation rate, with re-fracture occurring in 3 out of the 4 reoperated cases. Wilke et al. (21) found that, among 11 patients with proximal femoral bone cysts, 73% (8 patients) initially managed without internal fixation eventually necessitated some iteration of internal stabilization. Similarly, Lin et al. (9) reported a 78% failure rate in initial conservative treatments. Notably, among nine patients who initially abstained from internal fixation, eight necessitated subsequent surgical interventions. Given these findings, an initial internal fixation approach is advocated for children presenting with pathologic fractures in the proximal femur, aiming to curtail the likelihood of follow-up surgeries (9, 21). While this strategy might not expedite the bone cyst healing timeline, it facilitates a swifter return to regular activities and minimizes the logistical and emotional toll of successive surgeries on patients and their kin.

In the series by Wilke et al., 60% (three out of five) of the patients treated with FINs for proximal femoral bone cysts necessitated additional surgeries to switch to longer FINs (21). It is generally observed that the stability of fracture fixation can be significantly improved by placing the end of the lateral intramedullary nail into the greater trochanter and positioning the medial nail as proximally as possible to the epiphysis. It's noteworthy that FINs are infrequently employed for the fixation of femoral neck fractures. Most prior literature has predominantly addressed their application in non-pathological femoral neck fractures, specifically of the Delbet type IV (22, 23). A salient challenge for patients with proximal femoral cysts is the necessity to create a window at the lesion site for its removal, undermining the merits of employing intramedullary nails for minimally invasive interventions. Rigorous curettage stands out as a paramount procedure in the therapeutic regimen for bone cysts (24, 25). Presently, our inclination leans toward using LCP-PHP for internal fixation in cases of fractures or potential fractures instigated by proximal femoral bone cysts. This proclivity stems from the heightened vulnerability of the lesioned area post-fenestration and curettage with a high-speed burr, coupled with the possibility of the lesion compromising the zone buttressed by the distal end of the intramedullary nails.

Schrader et al. (26) conducted a retrospective analysis of 15 pediatric patients presenting with pathological fractures due to benign lesions and observed an average union time of 17 weeks. This stands in contrast to the findings of Erol et al. (7), where the average time to union was reported as 10 weeks, ranging between 8 to 12 weeks. Yet another study pinpointed the mean duration for healing at 4.9 months (9). It is imperative to recognize that the ultimate therapeutic objective extends beyond merely achieving fracture union; it also encompasses the total eradication of the bone cyst.



Recurrence

Tomaszewski et al. observed a 13.6% recurrence rate in pediatric patients with proximal femoral bone cysts, with each case reappearing within 4–6 months post-surgery (5). In a study by Erol et al., merely 5 of the 58 patients diagnosed with bone cysts exhibited less than 80% obliteration of the cystic defect. Interestingly, four of these patients showed progressive cortical thickening without necessitating reoperation. However, one required subsequent curettage, bone grafting, and additional internal fixation 12 months after the primary procedure (7). Past literature primarily reported recurrence within the initial 2 years, with a minority emerging in the third and fourth years post-intervention (27). At our institution, we noted a 17.1% recurrence rate, with a median recurrence time of 14.27 months (ranging between 9 to 56 months) post-surgery. All these recurrent cases eventually achieved complete healing following extended curettage and bone grafting procedures. Despite our efforts to pinpoint risk factors associated with bone cyst recurrence, we found no direct correlation to either the pathological type or the mode of internal fixation. Yet, it's worth noting that bone cysts located between the capital femoral epiphysis and the linea intertrochanterica exhibited a significantly elevated recurrence rate compared to cysts in other areas.



Complications

LLD can arise from damage to the proximal femoral epiphysis. Although the distal femoral epiphysis accounts for approximately 66% of the femur's overall longitudinal growth (28), injuries to the proximal segment can impede this growth. Tomaszewski et al. reported LLD in 13.3% (4 out of 30) of patients with proximal femoral bone cysts and tumor-like manifestations, with one undergoing contralateral distal femur epiphysiodesis (5). Schrader et al. documented a 27% prevalence of LLD among 15 pediatric patients afflicted with benign tumor-induced pathological fractures (26). In this study, we identified seven instances of LLD, all ≤20 mm, none of which currently necessitated surgical intervention. Patrikov et al. associated two instances of LLD among six patients with proximal femoral bone cysts and concurrent pathological fractures to potential harm from a 5.0 mm, 130° LCP-PHP traversing the growth plate. They advocated for a 3.5 mm diameter LCP-PHP (8). Contrarily, our findings did not confirm this correlation. Typically, when internal fixation crossed the growth plate, an additional 2 mm K-wire was employed, avoiding plate disorganization. Biannual standing full-leg X-rays are recommended until skeletal maturity.

AVN stems from a series of pathological processes due to disruptions in the blood supply to portions of the femoral head (29). Our findings indicated that using LCP-PHP and elastic intramedullary nailing for internal fixation imparted minimal disruption to the femoral head's vascular supply. Furthermore, no cases of femoral head necrosis emerged in our study.

In the study by Lin et al., the incidence of coxa vara following pathological fractures of the proximal femur was 14% (9). In contrast, a systematic literature review reported an incidence rate of 18.5% after non-pathological fractures (30). These findings suggest that children with pathological fractures of the proximal femur do not face a heightened risk of coxa vara development compared to those with non-pathological fractures. Jamshidi et al. administered treatment to 14 pediatric cases of proximal femoral SBCs using a proximal locking plate combined with a fibular strut allograft. Out of these, one case manifested a mild coxa vara deformity (10). In our study, however, three cases exhibited a coxa vara deformity, accompanied by shortening of the femoral neck. Potential contributing factors to this outcome may include growth plate disorganization, suboptimal fracture reduction, or insufficiently secure stabilization of fracture ends through internal fixation.

Given that children are in a developmental phase with their proximal femoral epiphysis still open, the decision on internal fixation needs to strike a balance between ensuring fracture stability and minimizing potential harm to the growth plate. The distinctive anatomical position of the proximal femur renders treatment of its bone cysts unique, necessitating proactive intervention even if fractures aren't present (21). Utilizing the modified Watson-Jones surgical approach offers a clear view of the lesion site, facilitating fracture reduction under direct visualization. In our institution, children with bone cysts coexisting with pathological fractures experienced notably more intraoperative blood loss and prolonged surgical durations compared to those without such fractures. Moreover, postoperatively, these children exhibited a higher incidence of aberrant proximal femoral morphology. Consequently, we advocate for aggressive management of proximal femoral bone cysts, especially in cases where the cyst index exceeds 3.5, or where the cyst encompasses more than 85% of the long bone's diameter, signifying elevated fracture risks.



Limitations

This study is influenced by the constraints inherent to retrospective designs. Moreover, given that multiple physicians administered the treatments to these pediatric patients, potential heterogeneity might have been introduced. Our institution's infrequent application of FIN renders comparison of outcomes across various internal fixation methods challenging. While patients were monitored for a minimum of one year, extended follow-up remains imperative to gauge both cyst recurrence and protracted complications.



Conclusion

In pediatric patients, proximal femoral bone cysts can be effectively treated through lesion curettage, defect filling with allograft bone and MIIG X3, complemented by a selective approach to internal fixation. The presence of pathologic fractures preoperatively can lead to extended surgical durations, elevated intraoperative bleeding, and a heightened likelihood of requiring blood transfusions and experiencing post-operative complications. Therefore, proximal femoral bone cysts that have not yet suffered a pathologic fracture should be closely observed and actively treated.
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Introduction: It has been reported that the cartilaginous roof of the acetabulum is thicker in infants with developmental dysplasia of the hip (DDH) than in those with healthy hips. However, there is limited research on the changes in the thickness of acetabular cartilage after follow-up or treatment of DDH. This study aims to report the thickness of acetabular cartilage before and after treatment of DDH.



Materials and methods: In this prospective study, infants with clinical suspicion of DDH were enrolled in the pediatric outpatient service in our hospital from January 2022 to August 2023. The thickness of acetabular cartilage was measured in the standard coronal plane. Borderline hips (Graf IIa type) were monitored with monthly ultrasound examination until they were classified as normal hips (Graf I type), while dysplastic hips (Graf IIb type or worse) were treated with the Pavlik harness until they were also classified as normal hips in the final ultrasound examination.



Results: A total of 592 children [median age, 96 days (interquartile range, 70–142 days); 197 boys] were enrolled in the study. The thickness of acetabular cartilage in dysplastic hips (4.3 ± 1.6 mm) was greater than that in normal hips (3.0 ± .39 mm, P < 0.001) and borderline hips (3.1 ± .57 mm, P < 0.001). In borderline hips, the thickness of acetabular cartilage decreased from 3.1 ± .57 mm in the initial evaluation to 2.9 ± .53 mm in the final follow-up scan (P = 0.01). In dysplastic hips, the thickness of acetabular cartilage decreased from 4.3 ± 1.6 mm in the initial evaluation to 3.5 ± .51 mm after treatment (P = 0.003). The thickness of acetabular cartilage in dysplastic hips after treatment remained greater than that in normal hips (P < 0.0001).



Conclusion: The thickness of acetabular cartilage decreased after follow-up or treatment of DDH. Further research is required to determine whether cartilage that remain thicker in dysplastic hips than that in normal hips after treatment should be considered an early indicator of residual acetabular dysplasia.
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Introduction

Developmental dysplasia of the hip (DDH) includes a broad spectrum of disorders affecting the developing hip, ranging from subtle dysplasia detected by ultrasound and/or radiography without any clinical findings to a dislocated hip that can or cannot be reduced (1). DDH is a major cause of hip osteoarthritis, which can lead to severe disability in young adults (2). Clinical examination alone is not sensitive enough to identify every child with DDH. The sensitivity has been reported to be as low as 50% (1). Ultrasound has been widely used in screening DDH in infants younger than 6 months. The most commonly known ultrasound techniques used worldwide are the Graf (3) technique and the Harcke technique (4), which are recommended by clinical practice guidelines from several medical academies or institutions (1, 5, 6). With both ultrasound techniques, it was proven that hip sonography could detect abnormality not detected by clinical examination or radiograph (6, 7). However, universal screening by ultrasound may cause initial overtreatment without reducing the prevalence of surgical treatment (8, 9). According to the Graf method, treatment is required for any hip classified as type IIa minus or worse, i.e., with an alpha value of <60° by the end of the 12th week of life (3, 10). However, whether a hip with an alpha angle of slightly <60° should be treated is controversial (11). A study showed that many mild forms of DDH resolve without treatment (12). What's more, the interrater variability of Graf's alpha angle is problematically high (13), which may potentially alter the final diagnosis in 50%–75% of infants if scanned by a nonexpert (14).

If diagnosed and treated early, most cases of DDH are potentially reversible. Splints and braces, such as the Pavlik harness, to maintain abduction and flexing of the hips, are considered the gold standard for DDH treatment under 6 months of age with a reducible hip (15). Closed reduction and spica casts are the first-line treatment for a late-diagnosed dislocated hip (at >6 months of age). Open reduction is indicated when closed methods fail (16).

In infants with DDH, there is a hypertrophied ridge of acetabular articular cartilage and labrum in the superolateral aspect of the acetabulum (17, 18). Damage to the epiphyseal acetabular cartilage may hinder hip growth and development (18). Graf (3) considered that in a dysplastic hip, the wide as-yet unossified cartilage roof must finally ossify to become a normal joint. This makes acetabular cartilage thickness a potential indicator, in addition to the alpha angle, to describe pathological changes in DDH. Arthrographic indices (19), such as the cartilaginous acetabular index, enable assessment of the lateral labral margin. A cartilaginous acetabular index of >10◦ at the age of 5 years can predict poor acetabular development, but this modality is invasive (20). Ultrasound has been used to assess the cartilaginous roof of the acetabulum (21, 22). However, there is limited research on the changes in the thickness of acetabular cartilage after follow-up or treatment of DDH. This study aims to report the thickness of acetabular cartilage before and after treatment of DDH.



Materials and methods


Patients

The study was approved by the institutional review board of our hospital and registered on the Chinese clinical trial registry website (http://www.chictr.org.cn, number ChiCTR2000040953). The datasets generated during and/or analyzed during the current study are available from the corresponding author upon reasonable request. The participants consisted of a consecutive sample of infants who met the predetermined inclusion criteria. Written informed consent was obtained from the parent(s) or guardian(s) of the infants. The infants were enrolled in the pediatric outpatient service in our hospital from January 2021 to August 2023. The inclusion criteria were infants with clinical suspicion of DDH, usually because of breech presentation, asymmetric folds, family history of developmental dysplasia, and a hip click. Borderline or dysplastic hips were followed up or treated by the Pavlik harness until they were classified as normal based on monthly ultrasound evaluation and physical examination. Infants were excluded if a standard coronal plane was not achieved in the ultrasound examination or if the last ultrasound evaluation of hips was not undertaken before the follow-up or treatment was over (Figure 1).


[image: Figure 1]
FIGURE 1
Flowchart of the study.




Ultrasound imaging

Ultrasound of the hip was performed with an ultrasonic machine (Logiq E9, GE Medical Systems, or Philips EPIQ 7 system, Philips) equipped with a 7 or 10 MHz transducer.

Ultrasound examination of all infants was performed and interpreted by one radiologist (C.Z., with 10 years of experience in DDH evaluation). Part of the archived images of infants were reevaluated by another two radiologists (K.H. and Y.Z., with 5 and 2 years of experience in DDH evaluation, respectively) to test the interrater agreement of the measurement of the thickness of acetabular cartilage.

The ultrasound assessment of the hips was performed with the Graf technique (3, 9). The thickness of the acetabular cartilage was measured in the standard coronal plane. The intersection of the wing of the ilium and the bony roof of the acetabulum was considered the starting point for measurement. The thickness was measured along the baseline from the starting point to the boundary of the acetabular cartilage. Slight flexion and extension movement of the hip of the infant during ultrasound examination assisted by the investigator or guardian could make the boundary of the acetabular cartilage adjacent to the femoral head get clearer display (Figure 2, Supplementary Video 1).


[image: Figure 2]
FIGURE 2
Measurement of alpha angle and the thickness of acetabular cartilage of hips in ultrasound images. Both were evaluated in the standard coronal plane described by Graf (10). Images (a,b) were from a 46-day-old female infant identified to be normal after a follow-up scan of hips 1 month later. Images (c,d) were from a 118-day-old female infant accepting treatment with the Pavlik harness for 1 month with a history of breech presentation. The same values of alpha angle (59°) were evaluated in these two patients. The thickness of acetabular cartilage in d was thicker than that in b. This provided more information to pediatric orthopedists in addition to alpha angle.




Thickness of acetabular cartilage

Relationships of the thickness of acetabular cartilage with age, length, and weight of infants were described. The thickness of acetabular cartilage in different types of hips was compared. Correlations between the thickness of acetabular cartilage and alpha angle were analyzed. Changes in the thickness of acetabular cartilage after follow-up scan in borderline hips or after treatment in dysplastic hips were described. Test performance characteristics by using the thickness of acetabular cartilage from the first scan to help detect DDH that required treatment were determined and compared with clinical reference standard diagnosis.

Interrater reliability was calculated (intraclass correlation coefficient) to confirm the reliability of the assessment of the thickness of acetabular cartilage.



Statistical analysis

Statistical analyses were performed using SPSS 22.0 (IBM) and Prism 8.0 (GraphPad). The differences in the thickness of acetabular cartilage in different sex or age groups were tested with an independent-sample t-test, considering data were from the two independent groups. The differences in the thickness of acetabular cartilage from multiple groups, that is, the groups of normal hips, borderline hips, and dysplastic hips, were tested with ANOVA. Pearson correlation analysis was used for the assessment of the correlation between the thickness of acetabular cartilage and length, weight, or alpha angle. The changes in cartilage thickness before and after follow-up scan or treatment were analyzed by a paired-sample t-test, considering the data were from the same group of samples. P < 0.05 was considered to indicate a statistically significant difference.




Results


Patient characteristics

A total of 592 infants [median age, 96 days (interquartile range, 70–142 days); 197 boys] were enrolled in the study. The cohort included those with normal hips (n = 508), borderline hips (Graf IIa, later normalizing spontaneously; n = 52), or dysplastic hips (Graf IIb or worse, n = 32) clinically diagnosed after more than 6 months of follow-up (Figure 1).



Relationships of cartilage thickness with sex, age, length, and weight in infants with normal hips

There was no difference in the thickness of acetabular cartilage between the boys (2.9 ± .39 mm, n = 114) and the girls (3.0 ± .38 mm, n = 394) (P = 0.31). Infants with normal hips were divided into two groups according to age less than or more than 90 days, which was considered the age for hips to reach maturity (1, 10). There was no difference between the thickness of acetabular cartilage in younger infants (3.1 ± .41 mm, n = 110) and that in elder infants (3.0 ± .39 mm, n = 398) (P = 0.12). No correlation between the thickness of acetabular cartilage with length (Pearson r = 0.11, P =0 .21) or weight (Pearson r = .12, P = 0.16) of infants was found.



Thickness of acetabular cartilage in different types of hips

There was no difference in the thickness of acetabular cartilage between normal hips (3.0 ± .39 mm) and borderline hips (3.1 ± .57 mm, P = 0.09). The thickness of acetabular cartilage in dysplastic hips (4.3 ± 1.6 mm) was greater than that in normal hips (P < 0.001) and borderline hips (P < 0.001) (Figure 3).


[image: Figure 3]
FIGURE 3
The thickness of acetabular cartilage in normal hips, borderline hips, and dysplastic hips. ns, no significant differences, **, P < 0.001.




Correlation between the thickness of acetabular cartilage and alpha angle

No correlation between the thickness of acetabular cartilage and alpha angle was found in normal hips (P = 0.50, Figure 4a) or borderline hips (P = 0.58, Figure 4b). In dysplastic hips, the thickness of acetabular cartilage increased with the decrease in alpha angle (P < 0.001, Figure 4c).


[image: Figure 4]
FIGURE 4
Correlation between the thickness of acetabular cartilage and alpha angle in normal hips (a), borderline hips (b), or dysplastic hips (c).




Thickness of acetabular cartilage before and after follow-up or treatment

The thickness of acetabular cartilage evaluated in the last ultrasound examination was compared with that in the first examination for hips that were followed up or treated. In borderline hips, the thickness of acetabular cartilage decreased from 3.1 ± .57 mm in the first evaluation to 2.9 ± .53 mm in the last follow-up scan (P = 0.01). In dysplastic hips, the thickness of acetabular cartilage decreased from 4.3 ± 1.6 mm in the initial evaluation to 3.5 ± .51 mm after treatment (P = 0.003) (Figure 5). The thickness of acetabular cartilage in dysplastic hips after treatment remained greater than that in normal hips (P < 0.0001).


[image: Figure 5]
FIGURE 5
Comparison of the thickness of acetabular cartilage between the primary and the last ultrasound evaluation. The thickness of acetabular cartilage deceased after follow-up in borderline hips (A) or after treatment in dysplastic hips (B). **P < 0.01.




AUC of cartilage thickness to determine treatment or not

Receiver operating characteristic curves were generated (Figure 6) for the thickness of acetabular cartilage from the first scan to help detect dysplastic hips that required treatment. The area under the receiver operating characteristic curve was 0.85 (95% CI, 0.77–0.93, P < 0.0001). With a cutoff value of 3.3 mm (the value with the highest Youden index), the thickness of acetabular cartilage can detect dysplastic hips with a sensitivity of 81.3% and a specificity of 73.9%.


[image: Figure 6]
FIGURE 6
Receiver operating characteristic curve for the thickness of acetabular cartilage to detect hips that required treatment.




Interrater reliability

Ultrasound images from 50 hips were randomly selected for reevaluation of the thickness of acetabular cartilage. The interrater repeatability of the intraclass correlation coefficient was 0.91 [(95% CI: 0.86–0.95), P < 0.001].




Discussion

The thickness of the acetabular cartilage of infants was evaluated in this study. We confirmed that the thickness of acetabular cartilage in dysplastic hips was greater than that in normal hips. The thickness of acetabular cartilage in borderline hips and dysplastic hips decreased after follow-up or treatment.

The mean thickness of acetabular cartilage in normal hips we measured (3.0 mm) is greater than that of the cartilage measured by Soboleski and Babyn (2.6 mm) (21). This is due to the different measuring methods used in the two studies. Soboleski and Babyn used the apex of the alpha angle as the starting point for measuring the thickness of cartilage (21). This may underestimate the thickness of acetabular cartilage in a considerable part of immature hips (e.g., Figure 2c).

In our study, we confirmed that the more severe the dysplasia, the greater the thickness of acetabular cartilage. Tréguier et al. (22) reported 15 irreducible neonatal dislocated hips. The thickness of acetabular cartilage was between 5 and 7 mm, which was greater than the mean thickness (4.3 mm) of dysplastic hips in our study. This is because 97% (31/32) of dysplastic hips in our study are non-dislocated hips, with relatively mild dysplasia compared to dislocated hips. In dysplastic hips, articular hyaline cartilage may also contribute to the thicker cartilage, which was confirmed by Nishii et al. (23) using MRI in patients aged 16–44 years, considering the physis and epiphysis in the adult patients should have already been ossified.

The thickness of acetabular cartilage decreased after follow-up in borderline hips or treatment in dysplastic hips. This change in cartilage thickness reflects the gradual ossification of the cartilage over time, which is promoted by harness treatment in a direction conducive to the normalization of acetabulum morphology. The cartilage thickness in dysplastic hips after treatment (3.5 ± .51 mm) was still greater than that in normal hips (3.0 ± .42 mm). Some cartilaginous indicators based on MRI or hip arthrography have been proposed to be used as early warning indicators of residual acetabular dysplasia (24). The residual acetabular dysplasia may require acetabuloplasty to protect the hip in the later stage (24) or total hip arthroplasty in adulthood (25). Whether the still thicker cartilage measured by ultrasound should be considered as an indicator of residual acetabular dysplasia needs to be further studied.

There are some issues that need to be addressed. First, the acquisition of ultrasound images was performed by a single operator, and the interexaminer reliability still needs to be clarified. In future studies, acetabular cartilage should be imaged by multiple ultrasound operators to determine the consistency between different examiners. Second, the thickness of acetabular cartilage in our study was measured in the superior lateral part of the cartilaginous roof of the acetabulum, which was evaluated in the standard coronal plane. However, in some dislocated hips, the standard coronal plane may not be achievable by ultrasound. In such cases, the thickness of the acetabular cartilage could be measured after the hips are reduced.



Conclusions

The thickness of acetabular cartilage decreased after follow-up or treatment of DDH. Further research is required to determine whether cartilage that remain thicker in dysplastic hips than that in normal hips after treatment should be considered an early indicator of residual acetabular dysplasia.
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Supplementary Video 1

Slight movement of the infant's thigh during ultrasound imaging of the hip may facilitate recognition of the boundary of acetabular cartilage.
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Gait variables (°) First processing Second processing t-value p-value IcC 95% ICC

Mean (SD) Mean (SD)
Maximum hip extension ~12.99 (4.18) ~13.16 (5.26) 0522-0917
Maximum hip flexion 3036 (451) 3077 (3.40) . 0.423-0892
Hip ROM 43.35 (6.21) 43.93 (6.75) —0.980 0.566 0.793 0.530-0917 291
Minimum knee flexion 7.91 (3.81) 831 (4.06) 0214 0.317 0.894 0.743-0.959 1.26
Maximum knee flexion 60.24 (3.36) 6046 (3.06) -1.085 0.692 0752 0.449-0.900 158
Knee ROM 5150 (4.94) 5215 (5.23) -1242 0.784 0831 0.609-0.932 207

First processing: gait parameters tested by markerless motion capture system software for the first time.
Second processing: gait parameters tested by markerless motion capture system software for the second time.
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Gait variables (°)

Maximum hip extension

First processing
Mean (SD)
~9.04 (1.75)

Second processing
Mean (SD)
~9.25 (1.17)

t-value

p-value

95% ICC

0296-0935

Maximum hip flexion

2697 (2.75)

27.61 (2.28)

0310-0937

Hip ROM

3601 (3.79)

36.87 (2.69)

0.423-0951

Minimum knee flexion

10.56 (2.09)

1035 (1.65)

0528-0963

Maximum knee flexion

58.20 (2.95)

5789 (1.60)

0323-0939

Knee ROM

47.64 (2.84)

47.44 (1.82)

0.287-0.934
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Gait variables (°)

Maximum hip extension

Maximum hip flexion

2D ML
Mean (SD)
~12.99 (4.18)
3036 (451)

-13.34 (4.32)
30.63 (4.13)

t-value

p-value

i[ee

95% ICC

0.858-0.980
0.886-0.984

95% LOA

—3.27 10 429
~3.54 10 2.75

Hip ROM

43.35 (6.21)

4395 (5.06)

0810-0.973

—651 to 4.42

Minimum knee flexion

791 (381)

7.46 (3.77)

0.793-0970

—3.57 to 448

Maximum knee flexion

60.24 (3.36)

6121 (4.72)

0573-0938

—6.90 to 4.98

Knee ROM

51.50 (4.94)

53.75 (6.07)

0.731-0.964

—7.48 o0 464
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Gait variables (°)

Maximum hip extension

2D ML

Mean (SD)
—9.04 (1.75)

3D GA

Mean (SD)
—9.15 (1.90)

t-value

p-value

[

95% ICC

0618-0976

95% LOA

—1.99 to 221

Maximum hip flexion

26.97 (275)

2742 (334)

0.448-0.966

—4.61 t0 3.72

Hip ROM

3641 (3.85)

3697 (4.32)

0.431-0.965

—6.20 to 5.09

Minimum knee flexion
Maximum knee flexion

10.56 (2.09)
58.20 (2.95)

9.95 (2.08)
58.79 (3.20)

0.666-0.979
0588-0.975

—1.65 to 2.87
—4.26 10 3.08

Knee ROM

47.64 (2.84)

4884 (2.77)

0.463-0.967

—-4.97 to 2.57
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Characteristics D
Mean (SD)

Age, years 622 (2.02) 608 (222)
Body height, cm 118.47 (15.46) 119.88 (15.90)
Body mass, kg 24.23 (8.86) 2256 (6.51)
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Characteristics
n (%)

Kim et al. system

Gender

Male
33 (60.0)

Female

Laterality
Right

Left

Dominant thumb

Ulnar

Radial

Bifurcation level

Distal

Proximal
15 (27.3)

55 (59.8)

16 (66.7)

11 (45.8)

24 (26.1)

8 (61.5)

10 (76.9)

13 (14.1)

W et al. system

47 (618)

30 (39.5)

76 (82.6)

6 (60.0)

0(0)

10 (10.9)

4 (66.7)

5 (83.3)

6(6.5)

Total

57 (62.0)

36 (39.1)

Chi-squared

23.048

p-value

0.000
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IP alignment Characteristics
(Wu et al.

Main

. classification)

No deviation (type A)

Kim et al. classification

|
55 (100)

Il
15 (62.5)

1]
6 (46.1)

76 (82.6)

thumb.

Ulnar deviation (type B)

0(0)

8(333)

2 (154)

10 (10.9)

Radial deviation (type C)

0(0)

1(42)

5 (38.5)

6 (65)

Total

55 (59.8)

24 (26.1)

13 (14.1)

92

Chi-squared

37.487

p-value

0.000
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Number | Age | Weight | Femur | Fracture type | Treatment | Time to union Major complications

of cases | (year) | (Kg) | fracture method
location
Abdelgawad et al. Al types Average 133 | One had implant failure,one had deep
(12) weeks infection,10 had an average LLD of 9.9 mm
Parikheetal. (13) 36 588 | 1829 |ST Al types TEN NA Two had malunion >1° one had fracture at
nail insertion site,one had loss of reduction
and nail repositi had LLD of 2 cm
Galal et al. (14) 14 38115 NA [ST Al types EF 6-12 weeks | Four had pin site infection
Cha et al. (8) 17 512 | 2038 [T Al types TEN 3-6months | Three had malunion >5, five had LLD of
1-2 cm
Lakhani etal. (15) 30 8-14 NA st Spiral or complex | SP 8-18 weeks | One had LLD of 3 mm
Basa et al. (5) 20 |46-144] NA [T All types except | TEN 4-7 months | Three had malunion <5°
severdy
‘comminuted
Hongetal. (16) | 16 (TEN) |84=15| 358=10 | ST Al types except | TEN 118+2.0 weeks | None
16 (plate) | 84+1.4| 362+13 severely e 132+ 1.7 weeks
Danisman etal. (17) 9 7-12 NA |[sT Al types P 6-10 weeks | One had LLD of 10 mm,one had coxa valga
and LLD of 16 mm
Current study 19 62151 2178 |ST Complex or spiral | OBS. 8-16 weeks | One had LLD of 10 mm

TEN, titanium elastic nails; NA, not available; ST, subtrochanteric; SP, submuscular plate; LP, locking plate; EF, external fixator; LLD, Leg length discrepancy; OBS, Ortho-
TV
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uantitative descriptive
data
Age (years)

Total group (n=116)
Mean +SD (Range)
9.55 +1.54 (6.00-12.00)

FHL (n=58)

Mean + SD (Range)
972 % 136 (7.00-12.00)

Healthy (n =58)
Mean +SD (Range)
9.38+1.69 (6.00-12.00)
36.74 £ 13.09 (17.95-90.00)

0515

36.73 = 11.40 (17.95-90.00)

36.72+9.53 (20.00-66.00)

0730°

Weight (Kg)

140.64 £ 11.03 (113.00-176.00)

140.90 = 9.78 (120.00-167.00)

140.40 £ 12.22 (113.00-176.00)

0764

Height (cm)
BMI (kg/m?)

18.29 = 4.01 (11.00-40.00)

18.21 = 3.26 (14.00-30.00)
24/34 (41.40/58.60)

18.38 + 4.67 (11.00-40.00)
30/28 (51.70/48.30)

0264°

Sex

54/62 (46.60/53.40)

35.50 £ 411 (15.00-42.00)

0418

Foot size

35.86+3.35 (15.00-43.0)

36.22+ 2.34 (30.00-43.00)

Kg, kilogram; Crm, centimeter; m? square meter; % Percentage; SD, standard deviation; N, number.

*Mann-Whitney U-test was used.

bphar sxact taet was (ssd. Wi sl the analvsss: b<0.05 fwith a 95% confidence TMervall was considered statistically sighificant
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Total group (n=116)

FHL (n=58)

Healthy (n=58)

p-Value

1. Specific foot health

Mean + SD (Range)

Mean + SD (Range)

Mean + SD (Range)

Foot Pain 90.26 + 16.15 (10.00-100) 88.15+17.99 (10.00-100) 92.37 + 13.90 (10.00-100) 0.285"
Foot function 94.02 + 12.62 (43.75-100) 92.56 + 14.22 (43.75-100) 95.47 + 10.72 (43.75-100) 0.098"
Footwear 60.42 + 17.68 (8.33-75) 58.48 + 18.37 (16.67-75.00) 62.36 * 16.90 (8.33-75) 0.285"
General foot health 78.45 + 21.07 (25-100) 73.14 + 23.87 (25-100) 83.75 +16.43 (25-100) 0.024"
2. General well-being
Overall health 84.91 + 18.90 (30-100) 84.31 £ 17.58 (30-100) 85.52 +20.28 (30-100) 0.255"
Physical function 94.88 + 11.88 (22.22-100) 94.44 £ 10.96 (55.56-100) 95.31 + 12.82 (22.22-100)
7So:ia| ;cily 93.32 £ 14.03 (25-100) 94.61 + 13.87 (ZS—]BOJ 92.03 + M.Hi (37.50-100) ]
Vigor 78.40 + 17.30 (25-100) 79.53 +16.79 (25-100) 77.26 + 17.86 (37.50-100) 0515

SD. standard deviation; N, number.

In all the analyses, p < 0.05 (with a 95% confidence interval) was considered statistically significant

MMann-Whithey Li-test was used.
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Gender

Age (year
+month)

Weight
(Kg)

Mechanism of
injury

Pathology

Associated
injury

Type of
fracture

Operation
time (min)

Blood
loss (ml)

Time to
union

Complications

Harris

score

1 M 8+7 30 | Sports injury s %0 80 Exc
2 [F 645 21 [Sportsinjury | ABC c 110 150 16 Exc
3 M 13+2 70 | Vehicle accident I 120 180 12 Exc
4+ M 15+1 78 | Vehicle accident B % % 12 Exc
5 |M 13+8 60| Vehicle accident ) 120 150 12 Exc
6 M 14+3 60 Vehicle accident C 110 130 12 Exc
7 M 10+3 41| Vehicle accident Ipsilateral e 180 300 16 Exc
radius fracture
8 M 9+7 32 Fall from height C 110 120 12 Exc
9 |F 744 28| Vehicle accident © 100 100 12 Exc
10 [F 11+2 40 | Sports injury c 120 130 14 Exc
n_[F 1046 38 | Vehicle accident € 120 140 12 Exc
12 M 845 30 | Sportsinjury | ABC c 150 250 16 Exc
13| M 18 40| Vehicle accident < 110 110 16 Exc
14 M 6+2 25 Fall from height S 90 70 8 Exc
5| M 12+5 63| Vehicle accident Ipsilateral tibia | S 140 170 16 LLD of lem | Exc
fracture
6 M 8+9 29 | Sports injury s 70 70 10 Exc
17 |F 1n+2 38 | Sports injury C % 100 13 Exc
18 |F 7411 30 | Vehicle accident < % 100 12 Exc
19 [F 1045 35 | Fall from height c 100 120 12 Exc

ABC. ansursvisl bone cvst: S spival: € comple 11D tsg lsnath: discrenancy: Exc: excallsnt
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Cases

Huetal.

Gender/
Age (Y)

Location/
Length (cm)
Femur/10.5

Sterilization methods

Ethylene oxide

Surgical techniques

Tlizarov external fixator

Replantation

Fansa et al. (1)

Femur/12

10% Povidone-Todine soaking

Conversion from external fixation to
locking plate

Abell (4)

Femur/19

Benzalkonium chloride soaking

Aizah et al. (5)

Femur/8

Gamma ray irradiation

Locking plate

Tibia/12

External fixator

Canovas et al. (6)

boiling for 20 min

Farrelly et al. (7)

Tibia/15

1% Povidone-lodine rinse

External fixator + locking plate

Harper (8)

Femur/9

0.5% Neomycin soaking

External fixator + intramedullary rod

Kirkup et al. (9)

Femur/25

High-pressure steam sterilization after boiling

Internal fixation

Mazurek et al. (10)

Femur/13

4% Cl Gluconate soaking

Locking plate

Meininger et al. (11)

Tibia/20

Saline flush

Intramedullary rod + screws

Immediately

Moosazadeh (12)
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First postoperative radiograph

Coronal Angulation (degree) | 258 (0.78) | 527 (204) | <0001
Sagittal Angulation (degree) 283 (096) | 639 (169) | <0001

Fracture position (degree) 132 (1.83) 0.92 (0.03) 0.288
i union radiograph
Coronal Angulation (degree) | 2.67 (1.09) | 6555 (205) <0001

Sagittal Angulation (degree) 312 (154) 7.58 (1.48) <0.001
Fracture position (degree) 094 (0.03) 0.88 (0.05) <0.001
AOFAS:

Excellent 22 (91.7%) 21 (63.6%)

Good 2 (8.33%) 4 (12.1%)

Pass 0(0.00%) 7 (21.2%)

Poor 0 (0.00%) 1(3.03%)
Hardwarae removal (months) 6.88 (0.88) 667 (0.96) 0.398
Non-union 24 (100%) 33 (100%) -
Deep infection 24 (100%) 33 (100%)
Refracture 24 (100%) 33 (100%)
Pin tract infection 24 (100%) 33 (100%)

LLD (mm) 6.62 (1.64) 418 (1.63) <0.001

LD, T [t discaspanicsr: NOFAS; Arisfican orhopedic foot And ailds sacisty.
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Age (years) 625 (1.59) 627 (1.48)
Gender
Male 14 (58.3%) 16 (48.5%)
Female 10 (41.7%) 17 (51.5%)
Weight (kg) 228 (424) 224 (3.09) 0678
Side

10 (41.7%) 19 (57.6%)

Left 14 (58.3%) 14 (42.4%)
Presence of fibular fracture
No
Yes
Concomitant injuries
No

1 (4.17%)
23 (95.8%)

1 (3.03%)
32 (97.0%)

23 (95.8%) 32 (97.0%)

Yes 1 (4.17%) 1(3.03%)
From injury to surgery (days) 204 (036) 2,06 (0.35) 0843
Operation time (mins) 3638 (5.27) 366 (4.76) 0.892
Radiological union 192 (0.24) 195 (0.23) 0552
Follow-up time 262 (2.57) 274 (221) 0.068

E-K: Elastic stable intramedullary nail combined with Kirschner wire.
ESIN: Elastic stable intramedullary nail; Concomitant injuries: head, thoracic and
abdarinal peliic ines.
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3.93+2.09

600+ 4.56

11.78£5.20

2053+3.27

36.95 +7.08

3940+ 6.82

1143

865

11.32

-11.71

8.451

392

<0.01

<001

<0.01

<001

<0.01
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Age
Mean age (years)

Group 1
(n=21)

Group 2
(n=13)

p-value

Sex, n (%)

Female

Male

Side of fracture

11

Surgery time (min)

404

C (%)

19.0% (4/21)

Union of fracture (weeks)

45

imb length discrepancy (cm)

041

Fluoroscopy time (s)

37.0
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“Total (hip)

Group 1
149

Group 2
91

p-value

OAI (degrees)

26.15+3.90

16.77 £ 539

CAI (degrees)

1171 +4.70

6.16+3.13

CAHI (%)

79.75+627

85.05 = 491
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5.88+4.24

271+2.08
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Authot

lournal

Year  Surgical protocol

Patients = Results

Complications

Shabtai, L. Children (24) | 2021 | External Fixation. 50 Lenghtening: 76% complication rate, 45% of these
Two steps. « Mean tibiae lenghtening: 5.2 cm, mean | required additional surgery
1 tibiae and femurs HI tibiae: 1.4 months/cm
II: tibiae and femurs + Mean femurs lenghtening: 7.2 cm,
mean HI femurs: 1 month/cm
Mean duration of external fixation:
+ 67 months (range 4.4-10.5 months)
Paley, D. Children (25) 2021 | External fixation or intramedullary | 75 Lenghtening: 1% permanent sequelae
nail. « Mean height gain 27 cm in
Single step. achondroplasia
Tibiae or femurs (14 patients) + Mean height gain 17 cm for
Tibiae and femurs simultaneously ‘hypoachondroplasia
(64 patients) Mean duration of external fixation: NA
Dossanov B. Nature, 2021 | External fixation. 12 Lenghtening 50% complication rate
Scientific Reports (26) Single step: + Regenerate lenght: 8.5+ 0.6 cm
tibiae (8 patients) or femurs + % increase: 53% £ 5%
(4 patients) Mean duration of external fixation:
. 838£37 days
Leiva-Gea A. Arch Ortho | 2020 | External fixation. 21 Lenghtening: 45% complication rate
Traum Surg (27) Two steps. « Tibiae + Femurs: 14.43 £ 141 cm
I: simultaneous bilateral Mean duration of external fixation:
lengthening of the femur and tibia « 261.12:£50.11 days
1I: humeral lengthening
Ko, K. Clin Orthop Surg (28) | 2019 | External fixation. 15 Lenghtening: 85% complication rate
Three steps + Mean tibiae lenghtening: 8.5 cm, mean
I: controlateral tibia and femur HI tibiae: 29.0 days/cm
1I: controlateral tibia and femur + Mean femurs lenghtening: 8.3 cm,
111 humeri mean HI femurs: 29.6 days/cm
Mean duration of external fixation: NA
Chilbule SK. Indian ] Orthop | 2016 | External fixation. 9 Lenghtening: 90% complication rate
(7) Two steps. « Mean tibiae lenghtening: 15.4 cm, mean
I bilateral tibiae HI tibiae: 25.7 days/cm
11: bilateral femurs + Mean femurs lenghtening: 9.9 cm,
TI1: bilateral humeri mean HI femurs: 25.6 days/cm
Mean duration of external fixation: NA
Donaldson J. ] Orthop (29) | 2015 | External fixation. 10 Lenghtening 70% complication rate
Two steps. « Height gain: 20.5 cm
I: controlateral tibia and femur Mean duration of external fixation: NA
1I: controlateral tibia and femur
Park KW. Yonsei Med J (21) | 2015 | External fixation. 28 Lenghtening: 95% complication rate
Two steps. « Tibiae mean lenghtening: 9.8 cm
1 bilateral tibiae « Femurs mean lenghtening: 8.4 cm
11: bilateral femurs Mean duration of external fixation: NA
Burghardt R. ] Orthop (18) | 2015 | External fixation. 14 Lenghtening: 100% superficial infections
Single step: + Tibiae mean lenghtening: 13.5 cm 20 peroneal nerve damage (reversible)
Tibiae + Mean Healing index: 0.7 months/cm | 3 premature consolidation
Mean duration of external fixation: 5 rigidity
+ 8.8 months
Kocaoglu M. Acta Orthop | 2014 | External fixation. 2 Lenghtening 82% complication rate
Traumatol Turc (30) Single step « Mean tibiae lenghtening: 6.64 cm, mean
simultaneous bilateral lengthening HI tibiae: 34.3 days/cm
of the femur and tibia « Mean femurs lenghtening: 7.07 cm,
‘mean HI femurs: 31.2 giomi/cm
+ Mean height gain: 169 cm
Mean duration of external fixation: NA
Kim §J. Clin Orthop Relat | 2012 | External fixation. 2 100% complication rate
Res (31) Two steps. iae lenghtening: 9.1 cm, mean
1 bilateral tibiae HI tibiae: 35 days/cm
11: bilateral femurs + Mean femurs lenghtening: 10.2 cm,
‘mean HI femurs: 34 days/cm
Mean duration of external fixation: NA
Venkatesh K. ] Bone Joint | 2009 | External fixation. 20 Lenghtening: 100% rigidity
Surg (19) Protocol not specified « Femurs mean lenghtening: 9.2 cm 15% fractures
Femural lenghtening (393%)
Mean duration of fixation period:
+ 108 months
Vaidya SV. ] Pediatr 2006 | External fixation. Protocol not | 24 Lenghtening: 97% complication rate
Orthop (32) specified « Tibiae mean lenghtening: 6.84 cm,

‘Tibial lenghtening

mean HI tibiae: 26.06 /cm
Mean duration of external fixation: NA
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Age at surgery (years)

No
recurrence
(n=34)
7712270

Recurrence
(n=7)

627236

Gender [female, no. (%)]

8 (24%)

2 (29%)

Staging [active bone cyst, no.
%)]

9 (27%)

4 (57%)

Location [between the capital
femoral epiphysis and the linea
intertrochanterica, no. (%)]

6 (18%)

5 (71%)

Pathology type (ABC), n (%)

11 (33%)

2 (29%)

Combined pathologic fracture,
no. (%)

11 (32%)

2 (29%)

Internal fixation [LCP-PHP), no.

(%))

27 (79%)

4 (57%)

Use of Kirschner pins [no. (%)]

9 (27%)

3 (43%)

Number of complication cases
[no. (%)]

7 (21%)

1(14%)

Preoperative RBC (10'%/L)

459048

440030

HGB (g/L)

12832 £12.59

12214 £8.40

Preoperative Het (%)

3754%370

3680 %272

Operative time (min)

10121 +28.18

111142127

Intraoperative blood loss (ml)

125.88 + 19591

12143 = 96.68

Intraoperative transfusion (ml)

50.00 = 103.72

8571 = 14639

Follow-up time (months)

2504 +19.23

33.64+17.33
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Age at surgery (years)

Non-growth plate
disorganization
(n=33)
745%276

growth plate
disorganization
(n=8)
7.55+247

Gender [female, no.

6 (18%)

4 (50%)

Stage [active, no. (%)]

11 (33%)

2 (25%)

Pathology type
[ABC, no. (%)]

11 (33%)

2(25%)

Cyst location
[involvement of linea
intertrochanterica,
no. (%))

17 (52%)

4 (50%)

Pathological fracture
at presentation
[no. (%)]

7 (21%)

6 (75%)

Internal fixation
[LCP-PHP, no. (%)]

24 (73%)

7 (88%)

Intraoperative blood
Toss (ml)

96.67+97.68

24250 % 354.67

Intraoperative
transfusion (ml)

43.94+94.17

106.25 +161.33

Number of recurrent
cases [no. (%)]

6 (18%)

1(13%)
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Parameter

Age at surgery (years)

Pathological
fracture
(n=13)
813191

No pathological
fracture (n=28)

716294

P

Gender [female, no. (%)]

3(230)

7 (25.0)

Stage [active, no. (%)]

3(3.)

10 (357)

Cyst location
[involvement of linea
intertrochanterica, no.

11 (84.6)

10 (357)

Pathology type (ABC, no.
[%])

5(38.5)

8(286)

RBC (10"°/L)

444059

461039

Preoperative HGB (g/L)

12346+ 16.19

129.04£9.57

Preoperative Het (%)

3646+ 4.56

37.86+294

Operative time (min)

11823 +28.77

9579 = 23.64

Intraoperative blood loss
(ml)

269.23 % 266,57

5821 +52.64

Intraoperative blood
transfusion (ml)

165.38 + 141.99

536+28.35

Number of recurrent cases
[no. (%)]

2(15.4)

5(17.9)

Number of patients with
complications [no. (%)]

6(46.2)

2(7.)

Follow-up duration
(months)

3176+ 2336

2407+ 1651

RBC, red blood cell: HGB, hemoglobin: Hct, hematocrit.
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A

smp ESIN Mean Difference Mean Difference
Dey 2018 107 19 19 1 16 18 207% -0.30 [-1.43,0.83) -
El-Adly 2022 63 02 25 62 04 25 372% 0.10(-0.08, 0.28) m
James 2022 1182 187 20 1571 749 20 45%  -3.89(-7.27,-0.51)
Yigit 2020 7 03 28 78 02 32 376% -0.80(-0.93,-0.67) u
Total (95% Cl) 92 95 100.0%  -0.50 [1.26, 0.26] <
Heterogeneity: Tau? = 0.40; Chi* = 68.99, df = 3 (P < 0.00001); I = 96% TS 4
Test for overall effect: Z = 1.28 (P = 0.20) Favours [SMP) Favours [ESIN]
B SMP ESIN Odds Ratio Odds Ratio
—Study or Subgroup  Events Total Events Total Weight M-H, Fixed,95%Cl M-H, Fixed, 95% Cl
EI-Adly 2022 2 25 4 25 218%  0.46(0.08,275) —_—
James 2022 o 20 1 20 87% 0.32(0.01, 8.26) —
Li 2020 [ 45 4 77 19.6% 0.18 (0.01, 3.41) — v
Sutphen 2016 4 35 13 61 49.8%  0.48(0.14,1.59) o
Total (95% Cl) 125 183 100.0% 0.40 [0.16, 0.99] -
Total events 6 22
Heterogeneity: Chi? = 0.41, df = 3 (P = 0.94); I = 0%
Test for overall effect: Z = 1.99 (P = 0.05) R T T
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- 9 X d, 95% C|
Chen 2018 0 30 0 28 Not estimable
Dey 2018 o 19 0 18 Not estimable
El-Adly 2022 0 25 0 25 Not estimable
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Li 2020 [ 45 [ 7 Not estimable
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Yigit 2020 0 28 0 32 Not estimable
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D SMP ESIN Odds Ratio Odds Ratio
- ¥ M-H, Fixed, 95% CI
Chen 2018 0 30 0 28 Not estimable
Dey 2018 0 19 0 18 Not estimable
El-Adly 2022 0 25 [ 25 Not estimable
James 2022 0 20 0 20 Not estimable
Li 2020 0 45 [ Not estimable
Milligan 2020 0 14 0 14 Not estimable
Sutphen 2016 0o 35 4 61 100.0%  0.18(0.01,3.44) ——
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Authors Study period Country Study design Patients (n) Median follow-up (months) Quality score

SMP/ESIN

Chen et al. (25 2005.1-2017.6 Prospective cohort 3028 8
Milligan et al. (28) 2009.4-2017.4 UK Retrospective cohort 14114 636 8
Li et al. (27) 2008.1-2018.1 CH Prospective cohort 45/77 24 9
Sutphen et al. 24) | 20011201410 | USA Retrospective cohort 35/61 48 8
Yigit et al. (29) - Turkey Retrospective cohort 28/32 2938 9
Dey et al. (26) 20113-20154 India RCT 1918 262 -
El-Adly et al. (30) 2018-2020 India RCT 25025 12 -
James et al. (12) 2013120166 India RCT 2020 2 -

SMP, submuscular locked plate: ESIN, elastic stable intramedullary nailing: RCT, randomized controlled trial.
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Studies | No. of patients | WMD or OR 95% Cl p-value

SMP/ESIN

Heterogeneity

Chi2 | df | p-value

Age (years) 7 181/214 010 (<074, 0.94] 082 3628 | 6 | <0.00001

Gender (male) 8 2161275 113 [0.77, 1.68] 053 552 | 7 060 0
Weight (kg) 4 112/147 1.30 (0.8, 3.27] 020 763 | 3 005 61
Unstable fracture 7 202261 3.00 [0.46, 19.62] 025 1079 | 2 0005 81
Duration of surgery 5 137172 7.07 [-1.01, 15.15] 0.09 6716 | 4 | <0.00001 9%
RT () 5 127/156 -17.30 (<2902, -558] | 0.004 5080 | 4 | <0.00001 93
EBL (ml) 5 137172 2731 (439, 50.24] 0.02 10558 | 4 | <0.00001 9
LOS (day) 5 132/168 062 [-0.10, 1.35] 0.09 180.63 | 4 | <0.00001 98
Soft tissue irritation 7 188/243 015 [0.07, 031] <0.00001 | 143 | 6 096 0
Implant remove 6 163/218 198 [0.72, 5.43] 018 952 | 4 005 58
Flynn score (excellent) 5 131/166 197 [0.72, 539] 019 1016 | 4 004 61
Flynn score (satisfactory and excellent) 5 131/166 27 [0.34, 4.69] 072 050 | 2 078 0
Infection 3 69166 076 [0.21, 2.80] 0.68 098 | 2 061 0
Fracture union time (week) 4 92195 —050 [-1.26, 0.26] 020 6899 | 3 | <0.00001 9%
Angular 4 125/183 040 [0.16, 099] 005 041 | 3 094 0
LLD 8 216/275 080 [0.20, 3.22] 075 095 | 2 062 0
Non-union or delay healing 8 216/275 018 [0.01, 3.44] 025 - - - -

SMP, submuscular locked plate; ESIN, elastic stable intramedullary nailing; WMD, weighted mean difference; OR, odds ratio; CI, confidence interval; RT, radiation time; EBL:
establish blood Joss: LOS: length of hospital stay: 11D, Eimb length discrepancy.
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A

Dey 2018
El-Adly 2022
James 2022
1i2020

Yigit 2020

Total (95% Cl)
Heterogeneity: Tau® =
Test for overall effect:

B

Dey 2018
El-Adly 2022
James 2022
Sutphen 2016
Yigit 2020

Total (95% CI)

sMp ESIN Mean Difference
72 107 19 805 119 18 19.9% -850 (-15.81,-1.19)
60 115 25 544 105 25 209% 560 (-0.50,11.70)
11002 3078 20 9696 1608 20 129% 13.06(-2.16,28.28)
737 97 45 545 81 77 228% 19.20(15.84,22.56)
655 255 28 59 33 32 235%  6.50(5.02,7.98)
137 172 100.0%  7.07 [-1.01,15.15)
1.67; Chit = 67.16, df = 4 (P < 0.00001); I* = 94%
1.71 (P =0.09)
SMP ESIN Mean Difference
509 129 19 695 14.5 18 225% -18.60 (-27.46, -9.74]
50 106 25 45 74 25 246% 500 (-0.07,10.07)
6292 2355 20 11116 273 20 17.6% -48.24 (:64.04,-32.44)
8881 4493 35 13332 10243 61  9.7% -44.51(-74.21,-1481)
U7 26 28 408 3 32 257%  -6.10(7.52-4.68)
127 156 100.0% -17.30 (-29.02, -5.58)

Heterogeneity: Tau® = 138.65; Chi* = 59.80, df = 4 (P < 0.00001); I = 93%
Z=289 (P =0.004)

Test for overall effect:

Cc

Dey 2018
El-Adly 2022
James 2022
1i2020

Yigit 2020

Total (95% Cl)

SMP

718 207
67.56 16.7
92,09 54.86
1064 266
1121 137

ESIN

19
25
20
45
28

774 248
1244 47
86.75 53.53

517 189

937 137

137

172

Mean Difference

18
25
20
77
32

20.3%
21.7%
15.0%
214%
21.7%

-5.60 (-20.36, 9.16)
55.12(48.32, 61.92)
5.34 (-28.25, 38.93]
54.70 (45.86, 63.54]
18.40 (11.45, 25.35)

100.0%  27.31[4.39, 50.24)

Heterogeneity: Tau? = 618.71; Chi* = 105.58, df = 4 (P < 0.00001); I* = 96%

Test for overall effect:

D

El-Adly 2022
James 2022
1i2020
Milligan 2020
Yigit 2020

Total (95% CI)
Heterogeneity: Tau®

Test for overall effect:

234 (P=002)

smp ESIN
13 02 25 112 03
60218 20 428 1
59 08 45 4 09
6321 14 78 3
29 02 28 3102

132

=0.5!

168

hi® = 180.63, df = 4 (P < 0.00001); I* =
.68 (P = 0.09)

Mean Difference
9

246%  0.18(0.04,032)
17.9%  1.74(084,2:64)
237%  1.90(1.59,221)

91%  -1.50(-3.42,042)
247%  -0.20 -0.30, -0.10)
100.0% 0.62 [-0.10, 1.35)

98%

Mean Difference
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-

<

-1

-50 50 100
Favours (SMP] Favours [ESIN]

Mean Difference
9

pemiy
-

e

=100

-50 50 100
Favours [SMP) Favours [ESIN)

Mean Difference

>

4 2 2 4
Favours (SMP) Favours [ESIN]





OPS/images/fped-11-1256630/fped-11-1256630-g004.jpg





OPS/images/fped-11-1256630/fped-11-1256630-g005.jpg
A sup EsiN 0dds Ratio Odds Ratio

Chen 2018 2 30 7 28 R3% 0210004114 — ]

Dey 2018 0 19 2 18 49%  017(001,378) —

EL-Adly 2022 0 25 4 25 87% 009(000,18) T |

James 2022 120 2 20 37%  047(004,569) s
020 4 45 31 77 414%  014[005,045) e

Miligan 2020 0 14 4 14 8% 0080000166 T |

Sutphen 2016 18 14 61 196%  010(001,079] =

Total (95% CI) 188 243 100.0%  0.45(0.07,031) >

Total events

Heterogeneiy: Ch 5

0.1 10
Test for overall effect; Favours (SMP) Favours (ESIN)

B smp ESIN Odds Ratio Odds Ratio
Ghen 2018 20 30 23 28 224% 087(0.23,3.25)
719 16 18 143% 1.06(0.13, 8.47)
20 3 20 191%
s a5 7T
Y 2 14 1 14 152%
Sulphen 2016 0 3 0 61 200%
Total (95% CI) 163 218 100.0%
001 o1 10
Favours [SMP) Favours [ESIN]
swp EsIN Odds Ratio Odds Ratio
Chen 2018 o 3 o 28 Not estimable
Dey 2018 2 19 2 18 176%  094(0.12,7.50) P
James 2022 12 4 20 364%  021(002,208) — ol
12020 145 177 69% 173(0.11,2831) =
Miligan 2020 114 4 14 6%  019(002,200] —r
Sutphen 2016 135 0 61 34% 535(021,13487) —
Total (95% CI) 163 218 1000%  0.61[0.23,1.64]
-
Total events
Heterogeneity: Chi L o FS
Tt ovam a2+ Favours [SMP] Favours (ESIN)
smp EsiN Odds Ratio Odds Ratio
Dey 2018 19 19 18 18 Not estimable
ELAdly 2022 25 25 25 2 Not estimable
Li2020 44 45 76 77 308%  058(004,949) —
Miligan 2020 18 14 13 14 230%  1.00(0.06,17.75) —
Yigit 2020 % 28 28 %2 462% 186(031,1101) ——
Total (95% CI) 131 166 100.0%  1.27[0.34,4.69] ——
Total events
Heterogeneity: Chi
001 o1 10
Test for overal effect: Favours (SMP] Favours (ESIN]
E swe esm odes tio o tio
Dey2018 15 19 14 18 185% 1.07(0.22,5.13) ==
El-Adly 2022 28 25 19 25 17.0% 3.63(0.66, 20.11) i
12020 40 45 42 T7 248%  66TRI.18 721 ——
Miligan 2020 7 14 10 14 185% 0.40(0.08, e
Yigit 2020 24 28 24 32 212% 2.00(0.53, 541 S
Total (95% CI) 31 166 100.0%  197(072,539]
-
Total events
Heterogeneity: Tau? = 0.78;
Tos oreveral effect 21526 0.1 LS e
e EsIN dds Ratio dds Ratio
F s si o o
Chen 2018 130 2 28 383%  045(004,524) — 1
Dey2018 2 19 3 18 528%  059(009,401) — e
James 2022 120 0 20 89% 3150128216 ]
Total (95% CI) 66 100.0% 076021, 2380 ——
otal events
S —_—
Heterogeneity: Ch T o

Test for overall effect: Favours (SMP] Favours [ESIN]
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ED group UD group P value

Age (year) 13912202 1406 + 185 0.783
BMI (kg/m’) 2050372 20312254 | 0836
LCEA () —6.05+9.23 ~164+8.90 0099
‘Tonnis angle (°) 33819.19 2600 £ 681 0.002
RMI (%) 50.17 +10.03 40.88 1052 0.003

D, earlier development of the femoral head growth plate; UD, unaffected
development of the femoral head growth plate; LCEA, lateral CE angle; RM,
reimers migration index

The bold valiss resrssent statisically siorificant diffemmncss betwesh the: grouns:
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Parameter RPD group | Control group | P value

Age 13.60 = 1.73 12.80=2.28 052
Gender

(Male/female) 10/40 2030 0.029
Li 22128 28/22 023

NSA 3D 13041 +5.35 133.76 + 6.65 0.007
NSA 2D 13326+ 6.03 13624 +7.84 0.036*
META 3D 252+253 0.65=3.00 0.001*
MFTA 2D 111%269 ~0.16+3.10 0.031*
mLDFA 3D 83922267 85.60 %231 0.001
mLDFA 2D 8481318 86.28+2.54 0.012
MPTA 3D 8837 =204 87.21+337 0.040°
MPTA 2D 8693 2,00 86.61 % 2.89 0521
AFA 25.96+10.77 17.53 +15.76 0.002
ETT 3034+7.04 29.75+8.47 0704
FTR 7.26+8.52 1.95+926 0.004

RPD, recurrent patella dislocation; NSA, femoral neck shaft angle; MFTA,
mechanical femoral tibial angle; mLDFA, mechanical lateral distal femoral angle;
MPTA, medial proximal tibial angle; AFA, anatomical femoral anteversion; ETT,
external tibial torsion; FTR, femorotibial rotation,

*p<0.05.
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95% Cl. for EXP

Parameters
B)
NSA 3D
LDFA 3D
AFA 0051 0,005 1052 1015 1091
FTR 0061 0,042 1.063 1.002 1127

NSA, femoral neck shaft angle; mLDFA, mechanical lateral distal femoral angle;
AFA, anatomical femoral anteversion; FTR, femorotibial rotation.

*p<0.05.
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Modality Mean angle RPD VS normal

MFTA AFA ETT FTR

Dejour (14) | CT 15.6°VS
(NWB) 108
Erkocak (22) | CT 147°VS | 302°VS
(NWB) e | 2607
Takai (29) CT 30.1°VS 235°VS 9.1°VS
(NWB) 207" 255° 547
Diederrichs | MRI 03VS | 253VS | 94°VS
@ (NWB) 130" 2530 57
Prakash (24) | CT 192VS 314V | 115°VS
(NWB) 1200 30, 48>
‘Takagi (66) | CT LEVS L0 | 309°VS | 216°VS | 151°VS
(WB) 17.0 329" 5.4
Present study | EOS 3D: 60VS | 303VS | 73°VS
WB) 25vs o7, 1757|298 20
2D
1L1°VS
—0.2

MFTA, mechanical femoral tibial angle; ETT, external tibial torsion; AFA, anatomica
femoral anteversion; FTR, femorotibial rotation; RPD, recurrent patella dislocation:
NWB, non-weight-bearing; W8, weight-bearing.

%< 0.05.
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