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Background: The purpose of this study is to evaluate the clinical effectiveness and determine the differences, if any, between the trifocal bone transport (TFT) technique and the bifocal bone transport (BFT) technique in the reconstruction of long segmental tibial bone defects caused by infection using a monolateral rail external fixator.



Methods: A total of 53 consecutive patients with long segmental tibial bone defects caused by infection and treated by monolateral rail external fixator in our department were retrospectively collected and analyzed from the period January 2013 to April 2019, including 39 males and 14 females with an average age of 38.8 ± 12.4 years (range 19–65 years). Out of these, 32 patients were treated by the BFT technique, and the remaining 21 patients were managed by the TFT technique. The demographic data, operation duration (OD), docking time (DT), external fixation time (EFT), and external fixation index (EFI) were documented and analyzed. Difficulties that occur during the treatment were classified according to Paley. The clinical outcomes were evaluated by following the Association for the Study and Application of the Method of Ilizarov (ASAMI) criteria at the last clinical visit.



Results: All patients achieved an infection-free union finally, and there was no significant difference between the two groups in terms of demographic data and both ASAMI bone and functional scores (p > 0.05). The mean defect size and OD in TFT (9.4 ± 1.5 cm, 161.9 ± 8.9 min) were larger than that in BFT (7.8 ± 1.8 cm, 122.5 ± 11.2 min) (p < 0.05). The mean DT, EFT, and EFI in TFT (65.9 ± 10.8 days, 328.0 ± 57.2 days, 34.8 ± 2.1 days/cm) were all less than those in BFT (96.8 ± 22.6 days, 474.5 ± 103.2 days, 60.8 ± 1.9 days/cm) (p < 0.05). Difficulties and complications were more prevalent in the BFT group than in the TFT group (p < 0.05).



Conclusion: Both the trifocal and BFT techniques achieve satisfactory clinical outcomes in the reconstruction of long segmental tibial bone defects caused by infection using a monolateral rail external fixator. The TFT technique can significantly decrease the DT, EFT, EFI, difficulties, and complications compared with the BFT technique.
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INTRODUCTION

Long segmental tibial bone defects, a common clinical problem, can result from high-energy injury, the radical removal of contaminated bony fragments in an open fracture, a bone tumor resection, or a repeated debridement of infected non-union (1, 2). The management of this complex problem is a challenge for the treating surgeons and patients, combined with exhausting and prolonged procedures, as well as various complications (3–5). Different technical options have been proposed to reconstruct bone defects, including acute shortening, vascularized or non-vascularized autografts, allografts, bone substitutes, and the Masquelet technique (6–13). However, the long duration of restricted weight-bearing, the limited source of autogenous grafts for large defects, infection, and uncertain union rates remain major concerns.

The treatment of bone defects has been revolutionized by the bone transport technique as seen by its worldwide use. A lot of published data have declared that this distraction osteogenesis (DO) technique is an effective and practical method for the reconstruction of large bone defects due to the complete eradication of infection and its powerful effects (14–20). The traditionally used bifocal bone transport (BFT) technique is a single-level transport with one osteotomy site, with the main drawbacks of long frame duration, unsatisfactory regenerates, and increasing complication incidence (17). The concept of trifocal bone transport (TFT), which is regarded as a double-level bone transport with two osteotomy sites, has been proposed to shorten the treatment duration for faster regeneration (17, 21–23). Although satisfactory clinical outcomes have been reported by many previous studies, there are only limited data focusing on a comparison of final clinical results and differences between the two techniques.

Therefore, the purpose of this study is to evaluate the clinical effectiveness and determine the differences, if any, between the trifocal and the BFT techniques in the reconstruction of long segmental tibial bone defects caused by infection using a monolateral rail external fixator.



PATIENTS AND METHODS

A total of 62 consecutive patients with long segmental tibial bone defects caused by infection and managed by the bone transport technique with a monolateral rail external fixator (Limb Reconstruction System, LRS, Orthofix, Verona, Italy) in our department were retrospectively collected and analyzed from the January 2013 to April 2019 period. The inclusion criteria were as follows: patients with tibial bone defects more than or equal to 6 cm treated by the trifocal and BFT techniques, age older than 18 years, with a 24-month minimum follow-up. We excluded patients with pathological fracture, age older than 65 years, vascular and nerve injury, bone tumor, poor compliance, smoking habit, any other illness that can affect bone healing (such as diabetes), and those managed by a circular external fixator.

After the application of exclusion criteria, 53 patients were rendered eligible for this study, including their 53 injured limbs (left limb in 22 and right limb in 31). There were 39 males and 14 females with an average age of 38.8 ± 12.4 years (range 19–65 years). Thirty-two patients were treated by the BFT, and the remaining 21 patients were managed by the TFT. The etiology of bone defects was chronic osteomyelitis in 36 patients and infected non-union in 17 patients. With regard to bone defect location, there were 8 cases in the proximal one-third of the tibial shaft, 29 cases in the middle, and 16 cases in the distal. The mean previous operation was 2.6 ± 1.0 times (range 1–5 times). A meticulous debridement of the affected tissues, the installation of a monolateral rail external fixator, and a percutaneous minimally invasive cortical osteotomy using the Gigli saw were performed in all the patients. The average bone defect size after radical debridement was 8.5 ± 1.9 cm (range 6–13 cm) measured intraoperatively. There were 11 injured limbs that suffered active infection with drainage and sinus. Samples of the infected tissues were cultured, and antibiotic susceptibility tests were conducted in each patient. The culturing results showed Staphylococcus aureus in 25 cases, Methicillin-resistant Staphylococcus aureus in 17, Pseudomonas aeruginosa in 7, and Escherichia coli in 4.

The demographic data, operation duration (OD), docking time (DT), external fixation time (EFT), and external fixation index (EFI) were collected and analyzed. All patients were followed up at a minimum of 2 years after frame removal, and none was lost. The clinical outcomes were evaluated by following the Association for the Study and Application of the Method of Ilizarov (ASAMI) criteria (24) at the last follow-up. Difficulties that occurred during the treatment were classified and documented according to Paley (25). Informed consent was obtained from all patients for their data to be documented and published in our study. The Ethical Committee of our institution approved this study.


Surgical Procedures

The same team performed all surgical procedures. The patients were positioned supine on a radiolucent table under continuous general or regional anesthesia. The incision was carried down to the periosteum corresponding to the previous surgical incisions when possible, protecting the healthy skin or subcutaneous tissues. The infected and devitalized bone and soft tissues were radically resected after complete hardware removal, and the samples were sent to culture for a sensitive antibiotic examination. The bony ends were resected until cortical bleeding, called the paprika sign (26), which manifests in healthy osseous tissue. Frequent alternating irrigation with hydrogen peroxide, physiological saline, and iodine liquid during and after debridement is critical.

Antibiotic-impregnated cement beads were applied for patients with severe infection. Meticulous hemostasis was performed before wound closure. The vacuum sealing drainage technique was used for those with soft tissue defects or those that could not be initially closed without tension. Subsequently, local tissue flap or direct suture without tension was performed to reconstruct the small soft tissue defects, whereas flap transfer or free skin grafting was used to cover the larger wound.

Length and axis restoration of the injured extremity was achieved first when the monolateral external fixator was installed. Two or three Schanz screws fixed by the connecting rail were inserted into the proximal and distal bony ends, respectively. For the BFT, the other two screws were inserted into the planned transport bony fragment and fixated at the sliding block. Every screw needed to be on the same plane. According to the location of the bone defect, a percutaneous cortical osteotomy with minimal invasion was conducted using Gigli saw. The framework of the TFT was similar but with two intermediate transport fragments fixated by the corresponding sliding blocks, as well as two osteotomy sites at the appropriate site. Bone defects larger than 8 cm or those that exceeded 40% of the injured bone underwent a TFT procedure (21, 27). When the bone defect was located at the upper or lower third tibial shaft, two osteotomies were conducted in the longer bony segment (tandem transport). One osteotomy was performed on each side of the defect when the patient suffered a central defect (converging transport). The detailed manipulations are shown in Figure 1.


[image: Figure 1]
FIGURE 1 | Schematic diagram of the two bone transport techniques for the management of the lower third bony segmental defects in the tibia (from left to right). (A) Bifocal bone transport technique. (B) Trifocal bone transport technique.




Postoperative Management

Sensitive antibiotic therapy was performed until the infection had been resolved, depending on the clinical manifestations and laboratory indicators. The small soft tissue defects were treated by direct suture or local tissue flap. The larger soft tissue defects were managed by free skin grafting or flap transfer.

All patients were encouraged to undergo the isometric muscle and joint range of motion exercise on the postoperative second day, and early full-weight-bearing was also encouraged. The foot was kept in a neutral position using a rigid shoe with an elastic band, preventing ankle equinus contracture. Regular pin site care was performed every day using medical alcohol or iodophors.

After a 7-day latency period, bone transport started at a rate of 0.25 mm in the BFT group, 4 times per day. In the TFT group, the bony fragment near the bone defect was transported 0.5 mm 4 times per day, while the other bony fragment was transported at a rate of 0.25 mm 4 times per day (tandem transport). As for converging transport, each bony fragment on both sides of the bone defect was transported 0.25 mm 4 times per day. Notably, the transport speed was modified according to the patient’s tolerance level and the radiological quality of the regenerate. After docking, bone transport continued for 4 or 5 days to compress the docking site, and the regenerate was allowed to consolidate.

During the bone transport phase, the patients were asked to pay regular clinical visits twice a month, while it was once a month during the consolidation period. The monolateral external fixator was dynamized and followed by removal when satisfactory consolidation (three uninterrupted cortices appeared at the distraction zone) and docking site complete union were achieved on the standard anteroposterior and lateral radiographs. After frame removal, a functional brace was used to prevent refracture at the docking site or bending in the distraction zone.



Statistical Analysis

Statistical analysis was performed with SPSS 22.0 (IBM Corp., NY, USA). Independent-sample t-tests were used to analyze the continuous variables, which were expressed as the mean, standard deviation, and range of the observations. The count variables were analyzed by using the χ2 or Fisher’s test, expressing as a number. A statistically significant difference was set at p < 0.05.




RESULTS

There were no statistically significant differences in demographic data between the two groups (p > 0.05), except for the mean defect size (p < 0.05). The typical BFT is shown in Figures 2, 3, while TFT is exhibited in Figures 4, 5.


[image: Figure 2]
FIGURE 2 | A 42-year-old man who suffered chronic osteomyelitis in his right tibia after internal fixation treatment followed by a road traffic accident and successfully treated by the bifocal bone transport (BFT) technique from proximal to distal. (A) Preoperative anteroposterior (AP) and lateral radiographs. (B) Preoperative general appearance, showing soft tissue defects with drainage and sinus. (C) AP and lateral radiographs immediately after radical debridement and installation of the monolateral external fixator; there were 6-cm bone defects. A BFT technique from proximal to distal was performed to reconstruct the injured limb.



[image: Figure 3]
FIGURE 3 | Images of the same patient shown in Figure 2. (A) Radiographs reveal the complete consolidation and docking site union. (B) General appearance before frame removal, showing the satisfactory range of motion of knee and ankle joint results. (C) Radiographs 6 months later after removing the external fixator.



[image: Figure 4]
FIGURE 4 | A 53-year-old man suffered chronic osteomyelitis in his right tibia after internal fixation treatment due to a crushing injury caused by a heavy object and was successfully managed by the trifocal bone transport technique (tandem transport, from proximal to distal). (A) Preoperative radiographs indicated that the infectious lesion was located at the distal one-third of the tibial shaft. (B) Removal of devitalized bone and soft tissue by radical debridement; the soft tissue defect was treated by using a local tissue flap. (C) There were 9-cm bone defects, and a trifocal tandem bone transport from proximal to distal was conducted for the limb reconstruction.



[image: Figure 5]
FIGURE 5 | Images of the same patient shown in Figure 4. (A) Complete consolidation and docking site union after docking in 3 months. (B) Satisfactory functional recovery before monolateral external fixator removal. (C) Radiographs 9 months later after removing the frame.


The mean OD was 122.5 ± 11.2 min in the BFT group, while it was 161.9 ± 8.9 min in the TFT group (p < 0.05). The DT in BFT was longer than that in TFT (96.8 ± 22.6 days, 65.9 ± 10.8 days, p < 0.05), as well as the EFT (474.5 ± 103.2 days, 328.0 ± 57.2 days, p < 0.05). All patients achieved an infection-free union finally. The average EFI in BFT (60.8 ± 1.9 days/cm) was larger than that in TFT (34.8 ± 2.1 days/cm) (p < 0.05). More details are given in Table 2.


TABLE 1 | Demographics of the two groups.
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TABLE 2 | Comparison of the results of the two groups.
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According to the ASAMI bone results, in the BFT group, 13 patients were in excellent condition, 15 were in good condition, 3 fair, and 1 poor. In the TFT group, 11 patients were in excellent condition, 8 in good condition, and 2 fair. The ASAMI functional results showed that, in the BFT group, 10 patients were in excellent condition, 16 were good, and 6 fair. In the TFT group, 8 patients were excellent, 10 good, and 3 fair. There was no significant difference between the two groups in both ASAMI bone and functional scores (p > 0.05) (Table 3).


TABLE 3 | Results of ASAMI scores.

[image: Table 3]

Based on Paley, there were 43 problems, 20 obstacles, and 31 complications in the BFT group, and 17 problems, 8 obstacles, and 11 complications were observed in the TFT group. The mean difficulties in BFT (2.9/patient) were larger than those in TFT (1.7/patient) (p < 0.05). Complications were more prevalent in the BFT group (31 complications of 32 patients) than in the TFT group (11 complications of 21 patients) (p < 0.05). More details are given in Tables 4, 5.


TABLE 4 | Difficulties during treatment in the two groups.
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TABLE 5 | Summary of complications in the two groups.
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Five patients in BFT and two patients in TFT suffered deep pin tract infection and were successfully managed by screw replacement and intravenous antibiotics. The axial deviation was observed in seven cases in BFT and three cases in TFT. These patients underwent apparatus modification, docking site revision, and malalignment correction with regional anesthesia under image intensifier control. Three patients in BFT and one in TFT suffered soft tissue incarceration. Surgical intervention was performed to resect the interposed soft tissues, freshen the bone ends, and reopen the medullary canal. Joint stiffness was observed in 16 patients (11 in BFT and 5 in TFT) and successfully treated by a surgical release. Four patients in BFT suffered delayed union, and the “accordion maneuver” technique contributed to satisfactory outcomes. One patient developed non-union in the BFT group and finally achieved bone union by autogenous iliac crest bone grafting. No neurovascular injury, psychological problems, and refracture were observed in the 53 patients.



DISCUSSION

The ultimate way of treating bone defects is to reconstruct a fully functional extremity without any unacceptable deformities or limb length discrepancy (24). Undoubtedly, the treatment of a long segmental bone defect is a challenge for orthopedic surgeons, especially when it is accompanied by deep infection. It is necessary for most treating surgeons to manage bone defects and infection simultaneously. Options for the treatment of bone defects are varied (6–13), while the subsequent outcomes are not completely satisfactory. The concept of DO given by Ilizarov, in which bone regeneration occurs when it is subjected to tensile stress, contributes to managing this complex problem (28).

At present, the two common techniques for long bone defects are acute shortening followed by relengthening (AST) and bone transport using an external fixator. However, neurovascular injury, limb discrepancy, and blood circulation obstacles are problems worth considering when the AST is performed on patients with bone defects >5 cm (13, 20, 29). The bone transport technique has been widely applied to manage bone defects for decades (14, 16–20, 30), and problems, including infection, deformity, joint stiffness, or limb discrepancy, can be resolved simultaneously. The main drawback of the bone transport technique is the long procedure done in a cumbersome frame, resulting in inconveniencing the daily life of patients and producing numerous complications, including pin tract problems, joint stiffness, pain, and psychological symptoms. These problems have been the main obstacles to the extended application of bone transport. In addition, many patients with bone defects caused by an infection usually undergo several previous operations that fail and develop compromised surrounding soft tissues. Therefore, a treatment of shorter duration and fewer complications is really a goal worth striving for.

Several methods have been developed to reduce the EFI, reduce the potential complications, and achieve satisfactory clinical results. Gupta et al. (31) performed a three-stage treatment in 14 consecutive patients with tibial-infected non-union using a long lateral locked plate and a six-pin monorail fixator. In this group of patients, the mean defect size was 6.4 cm and the mean external fixator index was 21.2 days/cm, while the complication rate was 0.5 per patient. The researchers declared that composite fixation reduces the fixator time and the associated complications for patients with a segmental tibial defect due to an infected non-union and provides high emotional acceptance of final clinical outcomes. Gulabi et al. (32) developed a technique to reduce complications by using a circular external fixator combined with an intramedullary nail to achieve union, limb lengthening, and regenerate stability. In their treatment of five tibial non-union patients with bone defects, they acquired satisfactory outcomes in all cases. Similarly, Kocaoglu et al. (26) also summarized their experience with DO in the management of bone defects and limb shortening due to a radical debridement of chronic osteomyelitis using an external fixator combined with an intramedullary nail. Although the mentioned techniques involve less duration in the external fixator, their combination with a nail cannot accelerate regenerate consolidation and resolve chronic infection simultaneously. Furthermore, the external treatment, combined with the internal fixation treatment, requires several additional surgical interventions. It is difficult for most patients to accept this combined treatment due to their unpleasant experiences in numerous previous operations.

The TFT technique was proposed to accelerate the defect closure and shorten the treatment duration. Considering the biological characteristic of incapable speed up lengthening in just one osteotomy site, the TFT was derived from the theoretical basis of distraction simultaneously using two osteotomy leads to effectively double lengthening speed. In this procedure, the regeneration time is theoretically decreased to 50%, and the total treating time is reduced accordingly (24). Additionally, the regenerate consolidation time is inversely proportional to the bone defect length, and two shorter fragments are, therefore, capable of rapid consolidation compared with only one fragment.

Borzunov (21) performed an experimental comparison in the treatment of tibial defects by first using the BFT and multilevel techniques and subsequently extending them to clinical application. For the management of patients with large tibial defects that ranged from 12 to 14 cm using multilevel techniques, distraction duration could be reduced by 2.5 times, and the fixation period could be reduced between 1.3 and 1.9 times. Sala et al. (33) compared the clinical outcomes of TFT and BFT in the treatment of postinfectious segmental tibial bone defects with a combined Ilizarov and Taylor spatial frame method. In their retrospective study of 12 patients with atrophic tibial non-unions, although the average lengthening size was increased (9.7 cm in TFT, 5.5 cm in BFT) in the TFT group, there was a shorter mean period in the frame (379 days in TFT, 457 in BFT). In addition, the TFT technique reduced the mean lengthening index (1.31 months/cm in TFT, 2.63 months/cm in BFT).

In the present study, the clinical results of 53 patients with long segmental tibial bone defects treated by the bifocal or TFT technique were retrospectively analyzed and compared. The mean defect size was significantly increased in the TFT group (9.4 ± 1.5 cm in TFT, 7.8 ± 1.8 cm in BFT). In contrast, the mean DT (65.9 ± 10.8 days in TFT, 96.8 ± 22.6 days in BFT), the mean EFT (328.0 ± 57.2 days in TFT, 474.5 ± 103.2 days in BFT), and the mean EFI (34.8 ± 2.1 days/cm in TFT, 60.8 ± 1.9 days/cm in BFT) were significantly reduced. The results were comparable to those of the previous studies (21, 33).

A previous study reported that hypoplastic bone formation was a common complication when bone defects exceed 5 cm or 40% of the injured bone when treated by BFT (27). The regenerate consolidation will be affected by the osteotomy technique and the location, distraction length, and blood supply of the transported fragment. In our study, there were four patients who suffered delayed consolidation in the BFT group, but none was observed in the TFT group. Based on our experience, we recommend the low-energy osteotomy technique, timely lengthening speed adjustment, and the application of the TFT technique in massive bone defects for avoiding the problem of delayed consolidation.

Although additional surgical procedures of one transport sliding block and an osteotomy site in TFT may increase the complications corresponding to Schanz screws and the distraction zone, faster regeneration and early frame removal have counteracted this negative effect. In this study, the BFT group showed a statistically significant increase in the mean rate of difficulty (2.9 difficulties/patient in BFT and 1.7 difficulties/patient in TFT) and complication (1.0 complications/patient in BFT and 0.5 complications/patient in TFT), and this can be explained by the longer frame duration in these patients. The only shortcoming in the TFT group was the significantly increased operation time (161.9 ± 8.9 min in TFT, 122.5 ± 11.2 min in BFT).

Furthermore, compared with previous studies (17, 29, 33), the Ilizarov circular external fixator is relatively cumbersome, complex, difficult to learn, time-consuming, and fraught with a lot of potential complications. The monolateral rail external fixator used in this study, working on the same principles as the Ilizarov circular external fixator, is portable, easy to construct, and has a short learning curve. It is also easy to adjust the sliding clamps adapted to the transporting bone fragments without altering the nut bolts over the threaded rods, unlike in the Ilizarov circular external fixator.

The clinical results of the present study reveal that both BFT and TFT achieve satisfactory outcomes in the reconstruction of long segmental tibial bone defects caused by infection using a monolateral rail external fixator. Although there were no significant differences between BFT and TFT in the final bone and functional results, the EFI, difficulties, and complications were significantly decreased in the TFT group. Our experience suggests that the most vital step is radical debridement of the infectious tissues in the reconstruction of bone defects caused by infection. In addition, a comprehensive understanding of frames, prudent patient selection, appropriate pin insertion, meticulous care, early detection of complications, and proper intervention or psychological counseling all ensure satisfactory results.

The present study may be limited by its retrospective nature with only a single-center small sample size, and, therefore, a conservative attitude should be adopted while making interpretations of our results. Multicentered trials with larger sample sizes, life quality assessments, and mental evaluations should be adopted in future investigations.



CONCLUSION

Both the trifocal and the BFT techniques achieve satisfactory clinical outcomes in the reconstruction of long segmental tibial bone defects caused by infection using a monolateral rail external fixator. The TFT technique can significantly decrease the DT, EFT, EFI, difficulties, and complications compared with the BFT technique.
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