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Objective: Scaphoid and lunate fractures have a relatively high incidence rate. Traditional carpectomy and carpal arthrodesis in the treatment of carpal osteonecrosis will lead to many complications. Three-dimensional (3D) printed tantalum has good biocompatibility and can be designed to match the patient’s personalized anatomical carpal structure. This study aims to investigate carpal function and prosthesis-related conditions after carpal bone replacement using 3D printed tantalum prostheses.
Methods: From July 2020 to January 2022 at our center, seven patients with osteonecrosis of the carpus received carpal bone replacement using 3D printed tantalum prosthesis. The Disability of the Arm, Shoulder and Hand (DASH) score and patient satisfaction, as well as the Mayo Wrist Scores (Cooney method, modified Green, and O’Brien wrist score), were used to evaluate the preoperative and postoperative wrist function of patients. The Visual Analog Scale (VAS) pain scores were also recorded before and after surgery. The angles of flexion, dorsiflexion, ulnar deviation, and radial deviation were measured using an arthrometer. The grip strength and pinch strength of the operated hand after carpal bone replacement and the contralateral healthy carpus were measured using a dynamometer. Radiographs were taken to confirm the condition and complications of the tantalum prosthesis.
Results: All seven patients were followed for 19.6 ± 2.7 months. At the last follow-up, the grip strength of the operated wrist joint after carpal bone replacement was 33.4 ± 2.3 kg, the pinch strength was 8.9 ± 0.7 kg, the flexion was 54.6° ± 0.8°, the dorsiflexion was 54.7° ± 1.7°, the ulnar deviation was 34.6° ± 1.9°, and the radial deviation was 25.9° ± 0.8°, all of which showed no statistically significant difference with the contralateral healthy carpus (p > 0.05). There were significant differences in the VAS, DASH, and MAYO scores between the preoperative and the last follow-up (p < 0.01). Patients had reduced postoperative pain and improved wrist function and range of motion (ROM), and the tantalum prostheses were stable.
Conclusion: The 3D printed tantalum brings us new hope, not only for hip or knee replacement, but also for joint replacement of other complex anatomical structures, and patients with other irregular bone defects such as bone tumors and deformity, which could realize personalized treatment and precise medicine.
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INTRODUCTION
Scaphoid and lunate fractures are quite common and account for 2% of total body fractures; scaphoid fractures account for 60%–70% of carpal fractures, and people who develop such fractures are mostly young adults (Borges et al., 2020). Due to the personalized anatomical structure, scaphoid and lunate fractures have a very high malunion rate. They may even lead to bone nonunion, osteonecrosis, and resorption collapse, resulting in pathological changes of the scapholunate joint after trauma (Penteado et al., 2012; Camus and Van Overstraeten, 2022). Many treatment options are used to treat scapholunate necrosis, including necrotic bone resection, vascularized tendon and bone replacement, scapho-trapezio-trapezoid fusion (STTF), proximal row carpectomy, and total carpal arthrodesis. However, patients with stage III-IV lunate osteonecrosis, STTF, proximal row carpectomy, and total wrist arthrodesis experience a greater sacrifice in carpal joint function (Fortin and Louis, 1993; Sauerbier et al., 2000; Meier et al., 2004; De Smet et al., 2005; Yasuda et al., 2005; Croog and Stern, 2008; Lumsden et al., 2008). This is also the reason why conventional surgery could not achieve satisfactory results. The lunate and scaphoid, combined with many ligaments of the carpus, trapezium, trapezoid, and distal radius, form the carpal joint, which is very important for the stability and force transmission of the carpus (Langer et al., 2019; Artuso et al., 2022). This urges us to find the best possible way to preserve the carpal bone or restore the anatomy of the carpus.
The emergence of artificial lunate prosthesis aims to preserve the normal intercarpal anatomy and maximize the function of the carpal joint. Artificial prosthesis replacement of avascular necrotic lunate is of great significance to maintaining the anatomical relationship and stability of each carpal bone and improving carpal joint function. The first generation of prosthetic material was silicone, but it was gradually disused due to its high incidence of prosthetic rupture and silicone synovitis (Swanson, 1970; Kato et al., 1986; Kaarela et al., 1998; Schuind et al., 2008). Many prosthetic materials have been applied in scaphoid and lunate replacement, such as silicone rubber, cobalt chromium molybdenum alloy, acrylic, cobalt chromium, and titanium; however, these materials may lead to synovitis, arthritis, stress shielding, and other complications. Finding the most suitable prosthetic material has always been a challenge for us (Lippman and McDermott, 1949; Agerholm and Goodfellow, 1963; Barber and Goodfellow, 1974; Marcuzzi et al., 2011; Parwaiz and Elnikety, 2018).
Porous tantalum is currently recognized by the medical community as the most biocompatible metal implant material. It has high porosity, low modulus of elasticity, high coefficient of friction, tissue endogeneity, and cartilage conductivity, and its primary and long-term stability in clinical application have been verified; however, traditional manufacturing methods cannot achieve the fabrication of personalized porous tantalum implant prostheses (Swanson, 1970; Shimko et al., 2005; Fan et al., 2021). The lunate, as a bridge for carpal joint movement, has an irregular shape, and its anatomical structure is complex. On the other hand, the anatomical shapes of the carpal bones vary greatly, and the commercialized carpal prosthesis cannot match the complex anatomical structure. Personalized three-dimensional (3D) printing technology can print the prosthesis completely according to the anatomical structure of the patient’s carpus. The 3D printed carpal prosthesis can not only restore the original anatomy of the capitate-lunate joint and radio-lunate joint but also realize the tight union among the proximal row of carpal bones to maximize the function and stability of the carpal joint (Kanagasuntheram et al., 2019). In this study, we performed lunate and scaphoid bone replacement with 3D printed tantalum, which we believed was the first attempt in the world. During the follow-ups, we found that patients had great improvement in grip strength and wrist movement after surgery, indicating that tantalum has good biocompatibility (Jiang et al., 2023).
TREATMENT PROCESS
Materials and methods
Patients with carpal fractures treated at our center from July 2020 to January 2022 were followed up. Surgical indications were as follows: 1. Patients who received 6 months of conservative treatment but still had symptoms; 2. Patients with stage III-IV lunate and scaphoid osteonecrosis; 3. Patients unable to work due to carpal symptoms; 4. Patients unwilling to continue to conservative treatment. Inclusion criteria were as follows: 1. Patients who underwent 3D printed tantalum carpal bone replacement due to carpal osteonecrosis; 2. Preoperative imaging data were complete. Exclusion criteria were as follows: 1. Patients with severe cardiovascular disease and other systemic diseases; 2. Local or distal active infection of the carpal joint; 3. Mental illness. Finally, seven patients were obtained: there were four cases of lunate replacement and three cases of scaphoid replacement, six were males and one was female, and the average age was 29.0 years (17–58 years). All patients underwent 3D printed tantalum carpal bone replacement.
All patients were informed before surgery of the risk of using 3D printed tantalum for carpal bone replacement, and second-stage surgery might be required. All surgeries were performed by the same senior surgeon. This study was approved by the hospital’s Ethics Committee (No. KY2023024). All patients signed the informed consent and agreed to be included in the study.
Preoperative application of personalized 3D printing technology
A 1:1 isometric lesion model was prepared before surgery, and a tantalum lunate or scaphoid prosthesis was fabricated according to the anatomical structure of the specific patient. A 3D computed tomography (CT) thin-slice scan (slice thickness, 1.0 mm; Siemens, Germany) of the carpus was performed. The DICM data were extracted and imported into MIMICS software to reconstruct the 3D data of the lesion and surrounding tissues; the reconstructed data were imported into SIEMENS NX 3D design software to convert the designed data into STL format and import it into a 3D printer (UP BOX, Beijing Tiertime Technology Co., Ltd., China). For raw material, polylactic acid polymer (PLA, Beijing Tiertime Technology Co., Ltd., China) was used for preparation of the personalized lesion models. The anatomical shape and the shape of the adjacent carpal articular surface were used to design the prosthesis individually. If the lunate and scaphoid bones were seriously damaged and there were obvious deformities, the carpal bone prosthesis on the affected side could be designed by flipping the healthy carpal bone using mirror image technology. The structure of the prosthesis was set according to the bony condition of the carpus. The appearance of the carpal prosthesis was highly polished, and the framework was a tantalum structure with a thickness of 3.5–4 mm. The prosthesis was a hollow structure, and three arc-shaped tunnels with a diameter of 1.5 mm were designed on the back side for suture fixation. The tantalum carpal prosthesis was printed after the design was completed (Figure 1). During the preparation of the lesion model, different colors were used to distinguish the lesion and the surrounding healthy tissue. This could help improve the surgical rehearsal and surgical plan. The prepared model and porous tantalum carpal prosthesis were sealed and packaged and sterilized with ethylene oxide for use in the surgery.
[image: Figure 1]FIGURE 1 | Carpal prosthesis design process. (A) Preoperative CT thin-layer scan; (B) Bilateral carpal 3D model reconstruction; (C) Mirror image of the healthy scaphoid coincides with the affected side after flipping; (D) Frontal view of the 3D model of the scaphoid prosthesis design; (E) Size measurement of the scaphoid prosthesis; (F) Frontal view of the 3D model of the lunate prosthesis design; (G) 3D printed tantalum scaphoid prosthesis; (H) 3D printed tantalum lunate prosthesis.
Surgical techniques
After successful anesthesia, C-arm fluoroscopy was applied to locate the proximal end, distal end and the axis of scaphoid, and mark the surgical incision. Routine surgery preparations were conducted. Sterile tourniquet and draping were applied intraoperatively, and the tourniquet pressure was set at 220 mmHg. The dorsal approach was chosen to incise the skin, subcutaneous tissue, and fascia and expose and retract the tendon of the extensor pollicis longus. A T-shaped capsulotomy was conducted to expose the scaphoid. Collapse of scaphoid and cartilage degeneration were observed; the proximal and distal end and surrounding tissue ligaments were relatively complete. The scaphoid and surrounding adhesion tissues were separated, the necrotic scaphoid was completely resected, the articular surface and the hyperplastic synovium around it were debrided, and the wound was rinsed with normal saline. The tantalum prosthesis was implanted into the scaphoid, and we tested its stability and whether impingement existed. The prosthesis was sutured with the surrounding tissue through the tunnels at the back. The wrist was moved, and C-arm fluoroscopy was used to confirm whether the prosthesis was in a good position and whether there was impingement with passive wrist joint movement. The incision was sutured, and the surgery was complete. The intraoperative blood loss and tourniquet time were recorded (Figures 2, 3).
[image: Figure 2]FIGURE 2 | The surgical process. (A) Debridement of the scaphoid necrotic tissue; (B) Implantation of the scaphoid prosthesis; (C) Intraoperative anteroposterior radiograph of the scaphoid prosthesis after implantation; (D) Intraoperative lateral radiograph of the scaphoid prosthesis after implantation.
[image: Figure 3]FIGURE 3 | Tantalum metal structure under electron microscope.
Postoperative treatment
Patients were advised to move the metacarpophalangeal joints appropriately; vancomycin was applied to prevent infection; analgesia and symptomatic treatment was given; regular incision dressing changes were conducted after surgery; the leakage of wound dressings was observed. Anteroposterior and lateral radiographs of the wrist joints were checked during the follow-ups. If the incisions healed normally and the prosthesis was well positioned, patients were instructed to move the operated limb in four directions, including carpal flexion, dorsiflexion, ulnar deviation, and radial deviation, to improve joint function and avoid postoperative thrombosis.
Outcome indicators
Preoperative and postoperative visual analog scale (VAS) scores, disability of the arm, shoulder and hand (DASH) scores and patient satisfaction, and Mayo wrist scores (Cooney method, modified Green and O’Brien wrist score) of the patients were recorded. The angles of flexion, dorsiflexion, ulnar deviation, and radial deviation of the carpus were measured using the arthrometer. Exacta™ (B&L Engineering, United States) was used to measure hand grip strength and pinch strength of the operated limb after carpal bone replacement and the contralateral healthy carpus. All patients were followed up for 19.6 ± 2.7 months (12–29 months). At the last follow-up, radiographs were required to confirm the condition and complications of the tantalum prosthesis.
Statistical analysis
Analysis was carried out by SPSS 22.0 statistical software (SPSS; Chicago, IL, United States). The count data were expressed as mean ± standard deviation. If conformed to normal distribution, a paired t-test was used, and p < 0.05 was considered statistically significant.
RESULTS
Follow-up results
All seven patients were followed up for 19.6 ± 2.7 months (12–29 months). At the last follow-up, the grip strength of the contralateral healthy carpal joint was 35.1 ± 3.1 kg, the pinch strength was 9.5 ± 0.7 kg, and the flexion was 56.6° ± 1.1°, dorsiflexion 58.3° ± 0.6°, ulnar deviation 36.9° ± 1.2°, radial deviation 28.3° ± 0.6°; grip strength of the operated side at the last follow-up was 33.4 ± 2.3 kg, pinch strength 8.9 ± 0.7 kg, and the flexion was 54.6° ± 0.8°, dorsiflexion was 54.7° ± 1.7°, ulnar deviation was 34.6° ± 1.9°, radial deviation was 25.9° ± 0.8°, and there was no statistical difference compared with the contralateral healthy carpus (p > 0.05) (Table 1). The preoperative VAS score was 6.9 ± 0.7, and at the last follow-up, the VAS score was 0.3 ± 0.2, which was significantly reduced (p < 0.01). The preoperative DASH score was 38.4 ± 0.6, and at the last follow-up it was 6.8 ± 0.4; the preoperative MAYO score was 7.3 ± 0.5, and the last follow-up it was 80.9 ± 1.2, both showing significant statistical differences compared with preoperative scores (p < 0.01) (Table 2). At the last follow-up, no complications such as osteoarthritis were found in the patients’ radiographic examinations.
TABLE 1 | The carpus receiving carpal bone replacement and the contralateral healthy carpus.
[image: Table 1]TABLE 2 | Data at the last follow-up of carpal bone replacement.
[image: Table 2]Typical case
The patient was admitted to the hospital due to left carpal pain and limited mobility for 2 years. The patient suffered left carpal joint swelling and pain with limited mobility due to a fall while exercising 2 years ago. Conservative treatment was conducted for half a year, but the condition did not improve. Magnetic resonance imaging (MRI) examination revealed an old fracture of the left scaphoid with necrosis. Physical examination showed mild swelling of the left carpal joint, obvious local tenderness on the radial and back side of the left carpal joint, and limited range of motion (ROM) of flexion, dorsiflexion, ulnar deviation, and radial deviation. At the 20-month follow-up appointment, the patient had no pain in the left carpal joint, the ROM of the left carpal joint had recovered satisfactorily, and the function was significantly improved. The grip strength was 34 kg, which was no different from that of the healthy side. The DASH score was 7, the MAYO wrist joint score was 79, and the tantalum prosthesis was stable without dislocation (Figures 4–6).
[image: Figure 4]FIGURE 4 | Typical case. (A) Preoperative MRI shows scaphoid osteonecrosis; (B) Preoperative CT also shows scaphoid osteonecrosis; (C) Anteroposterior radiograph of the carpal joint 2 days after surgery; (D) Lateral radiograph of the carpal joint 2 days after surgery.
[image: Figure 5]FIGURE 5 | Typical case. (A) Dorsiflexion function of the carpus 20 months after surgery; (B) Flexion function of the carpus 20 months after surgery; (C) Ulnar deviation function of the carpus 20 months after surgery; (D) ROM of carpal dorsiflexion 20 months after surgery.
[image: Figure 6]FIGURE 6 | Typical case. (A) Anteroposterior radiograph of the scaphoid prosthesis 20 months after surgery; (B) Lateral radiograph of the scaphoid prosthesis 20 months after surgery.
DISCUSSION
Avascular necrosis of the scaphoid and lunate can cause severe pain and limited carpal movement, and it may lead to carpal collapse and osteoarthritis. Relief of pain, preservation of carpal motion, maintenance of carpal strength, and good function are the keys to the treatment of carpal osteonecrosis. Many treatment options are used to treat necrosis of the scapholunate bone, including necrotic bone resection, vascularized tendon and bone replacement, STTF, carpectomy, and total carpal arthrodesis. Bone grafting has a risk of infection, and carpectomy and total carpal arthrodesis have a great impact on carpal joint function.
The preferred treatment for stage III-IV lunate and scaphoid osteonecrosis is carpal bone replacement. In 1970, Swanson. (1970) completed the first case of lunate replacement with a silicone prosthesis and later found that the silicone prosthesis could cause synovitis. Early artificial materials for carpal prostheses also included tendon prostheses, artificial ceramics, dental base acrylic resin powder, etc., Due to their poor stability, they are prone to cartilage wear and reactive inflammation in the long term and are no longer used in clinical practice. Kanatani et al. (2010) reported two cases of replacement of necrotic lunate with artificial silicone rubber. Both patients had wrist degeneration and carpal tunnel syndrome. Viljakka et al. (2014) reported the long-term follow-up of 53 cases where artificial silicone rubber had been used to replace necrotic lunate and confirmed that silicone rubber was not a suitable material for lunate replacement. At present, bone cement is mostly used in the fabrication of artificial lunate prostheses, but it is not easy to prepare the bone cement prosthesis corresponding to the articular surface and the shape of the original lunate bone. The appearance of the bone cement prosthesis is hard and rough, and chronic degeneration often occurs after surgery. In addition, the elasticity modulus of non-metallic material is significantly different from that of normal bone, which has a significant impact on stress conduction, so metal carpal prostheses are the first choice for replacement.
Nowadays, titanium and its alloys are the relatively mature bone filling materials in clinical application, but studies have found that long-term complications such as loosening and stress shielding of the prosthesis are prone to occur in the long-term follow-up after titanium prosthesis implantation (Parwaiz and Elnikety, 2018). In addition, the osseointegration ability and antibacterial properties of titanium alloy materials are still far from achieving the expected effects clinically. A variety of structural and coating property variation technologies for titanium alloys have been proposed, many of which are still in the experimental research stage.
Porous tantalum has a honeycomb-like 3D structure similar to human cancellous bone, with features of low elastic modulus and high coefficient of friction, which is very conducive to the adhesion and growth of bone cells, and its internal transportation network is also very conducive to nutrient exchange; in addition, studies have confirmed that porous tantalum has good biological safety, and most scholars recognize that a pore size of 400–600 μm and porosity of 60%–70% can meet the mechanical and biological properties requirements of a porous scaffold at the same time (Sauerbier et al., 2000; Meier et al., 2004). The relatively optimal unit cell structure is regular dodecahedron and diamond types, which have relatively better osteogenic activity and are widely applied in the field of orthopedics. Thus, porous tantalum is also called tantalum bone (Paka and Pokrowiecki, 2018; Han et al., 2019). Studies have found that the use of porous tantalum implants in arthroplasty may be associated with a reduced risk of infection (Bobyn et al., 1999; Cohen, 2002; Levine et al., 2006; Howard et al., 2011; Breer et al., 2012; Mohandas et al., 2014; Mohaddes et al., 2015; Tokarski et al., 2015), and Schildhauer et al. (2006) have found that tantalum can affect the adhesion of staphylococci and thus had antibacterial properties. In addition, porous tantalum has good osteoinductivity. A previous study (Welldon et al., 2008) suggested that porous tantalum could promote the adhesion and proliferation of osteoblasts better than pure tantalum and plastic, and the cells in the pores had a higher degree of bone differentiation.
To restore the patient’s hand function to the maximum extent, the most critical thing is to restore the anatomical structure of the patient’s carpus. The carpal joint is one of the most complex ones in the human body structure, and it is also the most flexible joint. Any change in its structure can affect the patient’s function. As a bridge for carpal joint movement, the lunate is complex and irregular in shape. In addition, the lunate and scaphoid, as the central axis of the carpal joint, play a vital role in carpal movement and force transmission. Toffoli et al. (2017) found that the shape of the lunate varied greatly from person to person. The artificial bio-prosthesis of the lunate needs to conform to the anatomical differences of individual carpal joints, but the commercialized lunate and scaphoid prostheses still cannot achieve the same effect as the original bone. This geometric mismatch will damage the ulnar cartilage and triangular fibrocartilage, resulting in arthritis of the carpus. For example, the size and strength of the tendon prosthesis and carbon fiber prosthesis cannot replace the scaphoid, which will cause the loss of patient strength and the collision between the prosthesis and surrounding tissues.
The technology of 3D printing is an ideal solution to the above problems. Compared with the previous laser printing additive manufacturing technology, powder bed electron beam additive manufacturing technology not only has the advantages in efficient manufacturing of complex structures but also outstanding features such as being clean and fast, reducing stress, etc., Porous titanium prepared by powder bed electron beam additive manufacturing technology has obtained CE, FDA, and CFDA certification and been applied in the clinic. At present, the global commercialized porous tantalum prosthesis is basically monopolized by Zimmer, United States, occupying one-third of China’s artificial joint market share. However, the preparation process used by Zimmer is traditional chemical vapor deposition technology, which cannot achieve personalized rapid manufacturing of porous tantalum prostheses, while 3D printing can fabricate carpal prostheses that perfectly match the patient’s specific anatomy. (Duan et al., 2018; Zhang et al., 2020; Zhang et al., 2022). It can produce a carpal prosthesis that perfectly fits the patient based on the patient’s specific anatomy. With the support of the National Key R&D program of China, we have overcome the high melting point of tantalum metal at 2,996°C and adopted electron beam printing technology, which has greatly improved the efficiency compared with laser printing. This enabled us to complete 3D printing within 72 h from image collection and finish the world’s first 3D printed porous tantalum radial head replacement. Follow-ups found that the functional recovery of the elbow joint was very good (Zhang et al., 2022). In this study, according to the specific anatomical structure of the patient, we designed a tantalum prosthesis that matched the patient’s carpus. The structure of the prosthesis was based on the condition of the carpal bone. The appearance of the prosthesis was fully polished, the structure was a porous tantalum metal structure, and the porosity was 75%. The hollow structure of the prosthesis was completely designed according to the elastic modulus of the carpal bone to reduce complications of stress shielding. The implanted 3D printed carpal prosthesis had the same size, structure, and shape as the original carpal bone to reconstruct the original anatomical structure of the carpus. The design of the 3D printed lunate prosthesis can realize the complete alignment of the capitate-lunate joint (concave surface of the lunate) and radio-lunate joint (convex surface of the lunate), which plays an important role in maintaining the stability of the prosthesis. This design not only takes into account the biomechanical structure of the capitate-lunate and radio-lunate articular surface but also the reconstruction of the ligaments around the lunate and scaphoid, restores its physiological and mechanical state, stabilizes the carpal bones, and improves postoperative carpal function to the greatest extent. Combining tantalum materials that are most suitable for implanting prostheses and powder bed electron beam additive manufacturing technology, we can realize personalized 3D printing tantalum carpal bone replacement, which has important innovative value and potentially huge economic and social value.
A postoperative follow-up study on the implantation of 3D printed tantalum prosthesis was conducted and found that the implanted tantalum carpal prosthesis could completely reconstruct the anatomical structure of the carpal joint, relieve pain, and restore the grip strength, pinch strength, and carpal movement of patients. During the follow-up, no complications such as arthritis, carpal pain, and cartilage damage caused by the prosthesis were found. This was because the 3D printed prosthesis completely matched the surrounding structure, and there was no impact or cartilage damage. On the other hand, the follow-up also found that the grip and pinch strength of the patients could better transmit force. We speculated that this was because the elastic modulus of tantalum was similar to that of cancellous bone, which could restore the anatomical structure of the carpus and the force of the elbow joint could be transmitted to the hand so that the patient could have better grip strength and ROM. Studies found that patients who used previous prostheses made of other materials had a decrease in grip strength and ROM. Maes-Clavier, (2011) observed that 58% of the patients had a decrease in strength at the last follow-up after scaphoid replacement using pyrocarbon prostheses. Pierrart et al. (2012) followed 11 patients with scaphoid pyrocarbon prostheses and found that only 1 patient’s grip strength recovered to the preoperative level; the rest of the patients lost their grip strength, which was only 27.42% of the uninjured side. Daruwalla et al. (2013) followed 12 patients with pyrocarbon prostheses in the scaphoid and found that the flexion and extension of the carpus were only 54% and 67% of those of the healthy side, and the radial and ulnar deviations were only 58% and 71% of those of the healthy side; the postoperative average grip strength was 65% of that of the contralateral hand, and the pinch strength was only 73% of that of the contralateral hand. This study also has some limitations. The follow-up period is relatively short. In addition, due to the small number of cases for carpal prostheses, the number of patients included in this group is also relatively small. Future multicenter case-controlled studies will overcome these limitations.
CONCLUSION
The 3D printed tantalum carpal prosthesis used in this study can completely match the patient’s anatomical structure, relieve pain, restore the patient’s carpal mobility, and reduce complications. We can apply 3D printing technology to achieve personalized and precise treatment. There is some basic research on 3D printing tantalum, but it lacks the support of clinical study. This study is an important supplement to the research on tantalum metal.
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 authors.
ETHICS STATEMENT
The studies involving humans were approved by the we have uploaded ethics to the attachment. 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) for the publication of any potentially identifiable images or data included in this article.
AUTHOR CONTRIBUTIONS
Conception and design: GC, FW, and LY; surgical operation: LY, HC, and RH; provision of materials: HF and RH; collection of data: YP, CH, CZ, and HC; data analysis: PY and RX; and manuscript writing: CZ and HC. All authors contributed to the article and approved the submitted version.
FUNDING
National Key R&D Program of China (No. 2016YFB1101404). Chongqing Key Laboratory of Precision Medicine of Joint Surgery.
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.
SUPPLEMENTARY MATERIAL
The Supplementary Material for this article can be found online at: https://www.frontiersin.org/articles/10.3389/fbioe.2023.1234052/full#supplementary-material
REFERENCES
 Agerholm, J. C., and Goodfellow, J. W. (1963). Avascular necrosis of the lunate bone treated by excision and prosthetic replacement. J. Bone Jt. Surg. Br. 45-B, 110–116. doi:10.1302/0301-620X.45B1.110
 Artuso, M., Protais, M., and Soubeyrand, M. (2022). Arthroscopic proximal carpal row replacement by semitendinosus and gracilis graft (carpus row plasty using the semitendinosus: carpus procedure). An anatomical study of 16 cases. Orthop. Traumatol.-Surg. Res. 108 (7), 103124. doi:10.1016/j.otsr.2021.103124
 Barber, H. M., and Goodfellow, J. W. (1974). Acrylic lunate prostheses. A long-term follow-up. J. Bone Jt. Surg. Br. 56-B (4), 706–711. doi:10.1302/0301-620X.56B4.706
 Bobyn, J. D., Stackpool, G. J., Hacking, S. A., Tanzer, M., and Krygier, J. J. (1999). Characteristics of bone ingrowth and interface mechanics of a new porous tantalum biomaterial. J. Bone Jt. Surg. Br. 81 (5), 907–914. doi:10.1302/0301-620x.81b5.0810907
 Borges, C. S., Ruschel, P. H., and Pignataro, M. B. (2020). Scaphoid reconstruction. Orthop. Clin. North Am. 51 (1), 65–76. doi:10.1016/j.ocl.2019.08.010
 Breer, S., Hahn, M., Kendoff, D., Krause, M., Koehne, T., Haasper, C., et al. (2012). Histological ex vivo analysis of retrieved human tantalum augmentations. Int. Orthop. 36 (11), 2269–2274. doi:10.1007/s00264-012-1640-4
 Camus, E. J., and Van Overstraeten, L. (2022). Kienbock's disease in 2021. Orthop. Traumatol.-Surg. Res. 108 (1S), 103161. doi:10.1016/j.otsr.2021.103161
 Cohen, R. (2002). A porous tantalum trabecular metal: basic science. Am. J. Orthop. (Belle Mead NJ) 31 (4), 216–217.
 Croog, A. S., and Stern, P. J. (2008). Proximal row carpectomy for advanced Kienbock's disease: average 10-year follow-up. J. Hand Surg. Am. 33 (7), 1122–1130. doi:10.1016/j.jhsa.2008.02.031
 Daruwalla, Z. J., Davies, K., Shafighian, A., and Gillham, N. R. (2013). An alternative treatment option for scaphoid nonunion advanced collapse (SNAC) and radioscaphoid osteoarthritis: early results of a prospective study on the pyrocarbon adaptive proximal scaphoid implant (APSI). Ann. Acad. Med. Singap. 42 (6), 278–284. doi:10.47102/annals-acadmedsg.v42n6p278
 De Smet, L., Robijns, P., and Degreef, I. (2005). Proximal row carpectomy in advanced Kienbock's disease. J. Hand Surg. Br. 30 (6), 585–587. doi:10.1016/j.jhsb.2005.06.024
 Duan, X., He, P., Fan, H., Zhang, C., Wang, F., and Yang, L. (2018). Application of 3D-Printed personalized guide in arthroscopic ankle arthrodesis. Biomed. Res. Int. 2018, 1–8. doi:10.1155/2018/3531293
 Fan, H., Deng, S., Tang, W., Muheremu, A., Wu, X., He, P., et al. (2021). Highly porous 3D printed tantalum scaffolds have better biomechanical and microstructural properties than titanium scaffolds. Biomed. Res. Int. 2021, 1–8. doi:10.1155/2021/2899043
 Fortin, P. T., and Louis, D. S. (1993). Long-term follow-up of scaphoid-trapezium-trapezoid arthrodesis. J. Hand Surg. Am. 18 (4), 675–681. doi:10.1016/0363-5023(93)90317-V
 Han, Q., Wang, C., Chen, H., Zhao, X., and Wang, J. (2019). Porous tantalum and titanium in orthopedics: a review. ACS Biomater. Sci. Eng. 5 (11), 5798–5824. doi:10.1021/acsbiomaterials.9b00493
 Howard, J. L., Kudera, J., Lewallen, D. G., and Hanssen, A. D. (2011). Early results of the use of tantalum femoral cones for revision total knee arthroplasty. J. Bone Jt. Surg. Am. 93 (5), 478–484. doi:10.2106/JBJS.I.01322
 Jiang, Y., Li, T., Yang, J., Wang, X., Song, X., Chen, G., et al. (2023). Sustained intra-articular reactive oxygen species scavenging and alleviation of osteoarthritis by biocompatible amino-modified tantalum nanoparticles. Front. Bioeng. Biotechnol. 11, 1118850. doi:10.3389/fbioe.2023.1118850
 Kaarela, O. I., Raatikainen, T. K., and Torniainen, P. J. (1998). Silicone replacement arthroplasty for Kienbock's disease. J. Hand Surg. Br. 23 (6), 735–740. doi:10.1016/s0266-7681(98)80086-7
 Kanagasuntheram, R., Geh, N., Yen, C. C., Dheen, S. T., and Bay, B. H. (2019). A composite 3d printed model of the midcarpal joint. Anat. Sci. Int. 94 (1), 158–162. doi:10.1007/s12565-018-0469-3
 Kanatani, T., Yamasaki, K., and Fujioka, H. (2010). Carpal tunnel syndrome associated with a fracture of a silicone implant for Kienbock's disease: two case reports. Hand Surg. Int. J. devoted hand Up. limb Surg. Relat. Res. J. Asia-Pacific Fed. Soc. Surg. Hand 15 (3), 225–227. doi:10.1142/s0218810410004886
 Kato, H., Usui, M., and Minami, A. (1986). Long-term results of Kienbock's disease treated by excisional arthroplasty with a silicone implant or coiled palmaris longus tendon. J. Hand Surg. Am. 11 (5), 645–653. doi:10.1016/s0363-5023(86)80004-1
 Langer, M. F., Unglaub, F., Breiter, S., Ueberberg, J., Wieskotter, B., and Oeckenpohler, S. (2019). Anatomy and pathobiomechanics of the scaphoid. Unfallchirurg 122 (3), 170–181. doi:10.1007/s00113-018-0597-1
 Levine, B. R., Sporer, S., Poggie, R. A., Della, V. C., and Jacobs, J. J. (2006). Experimental and clinical performance of porous tantalum in orthopedic surgery. Biomaterials 27 (27), 4671–4681. doi:10.1016/j.biomaterials.2006.04.041
 Lippman, E. M., and McDERMOTT, L. J. (1949). Vitallium replacement of lunate in Kienbock's disease. Mil. Surg. 105 (6), 482–484. doi:10.1093/milmed/105.6.482
 Lumsden, B. C., Stone, A., and Engber, W. D. (2008). Treatment of advanced-stage Kienbock's disease with proximal row carpectomy: an average 15-year follow-up. J. Hand Surg. Am. 33 (4), 493–502. doi:10.1016/j.jhsa.2007.12.010
 Maes-Clavier, C. (2011). Étude préliminaire d’une nouvelle arthroplastie de poignet par implant libre en pyroarbone. Amiens: Médecine. 
 Marcuzzi, A., Fini, N., Russomando, A., Portincasa, A., Landi, A., Sartini, S., et al. (2011). Utilisation of prosthesis RCPI in post-traumatic chronic diseases of the wrist: technique of implantation and results. GIOT 3 (7), 135–144. 
 Meier, R., van Griensven, M., and Krimmer, H. (2004). Scaphotrapeziotrapezoid (STT)-arthrodesis in Kienbock's disease. J. Hand Surg. Br. 29 (6), 580–584. doi:10.1016/j.jhsb.2004.03.005
 Mohaddes, M., Rolfson, O., and Karrholm, J. (2015). Short-term survival of the trabecular metal cup is similar to that of standard cups used in acetabular revision surgery. Acta Orthop. 86 (1), 26–31. doi:10.3109/17453674.2014.984114
 Mohandas, G., Oskolkov, N., McMahon, M. T., Walczak, P., and Janowski, M. (2014). Porous tantalum and tantalum oxide nanoparticles for regenerative medicine. Acta Neurobiol. Exp. (Wars) 74 (2), 188–196.
 Paka, K., and Pokrowiecki, R. (2018). Porous titanium implants: a review. Adv. Eng. Mater. , 1700648. 
 Parwaiz, H., and Elnikety, S. (2018). More than 40 years' follow-up of an unconstrained metal lunate replacement for the treatment of Kienbock's disease. BMJ Case Rep. 2018, bcr2017223546. 2017-223546. doi:10.1136/bcr-2017-223546
 Penteado, F. T., Dos, S. J., Caporrino, F. A., de Moraes, V. Y., Belloti, J. C., and Faloppa, F. (2012). Scaphoid nonunion advanced collapse classifications: a reliability study. J. Hand Microsurg 4 (1), 12–15. doi:10.1007/s12593-012-0062-2
 Pierrart, J., Bourgade, P., Mamane, W., Rousselon, T., and Masmejean, E. H. (2012). Novel approach for posttraumatic panarthritis of the wrist using a pyrocarbon interposition arthroplasty (Amandys®): preliminary series of 11 patients. Chir. Main. 31 (4), 188–194. doi:10.1016/j.main.2012.07.011
 Sauerbier, M., Trankle, M., Erdmann, D., Menke, H., and Germann, G. (2000). Functional outcome with scaphotrapeziotrapezoid arthrodesis in the treatment of Kienbock's disease stage III. Ann. Plast. Surg. 44 (6), 618–625. doi:10.1097/00000637-200044060-00007
 Schildhauer, T. A., Robie, B., Muhr, G., and Koller, M. (2006). Bacterial adherence to tantalum versus commonly used orthopedic metallic implant materials. J. Orthop. Trauma. 20 (7), 476–484. doi:10.1097/00005131-200608000-00005
 Schuind, F., Eslami, S., and Ledoux, P. (2008). Kienbock's disease. J. Bone Jt. Surg. Br. 90 (2), 133–139. doi:10.1302/0301-620X.90B2.20112
 Shimko, D. A., Shimko, V. F., Sander, E. A., Dickson, K. F., and Nauman, E. A. (2005). Effect of porosity on the fluid flow characteristics and mechanical properties of tantalum scaffolds. J. Biomed. Mater Res. B Appl. Biomater. 73 (2), 315–324. doi:10.1002/jbm.b.30229
 Swanson, A. B. (1970). Silicone rubber implants for the replacement of the carpal scaphoid and lunate bones. Orthop. Clin. North Am. 1 (2), 299–309. doi:10.1016/s0030-5898(20)30533-2
 Toffoli, A., Lenoir, H., Lazerges, C., Coulet, B., and Chammas, M. (2017). Clinical outcomes of proximal row carpectomy by preoperative midcarpal joint morphological classification: viegas type I versus type II. Hand Surg. Rehabilitation 36 (3), 181–185. doi:10.1016/j.hansur.2017.01.004
 Tokarski, A. T., Novack, T. A., and Parvizi, J. (2015). Is tantalum protective against infection in revision total hip arthroplasty?Bone Jt. J. 97-B (1), 45–49. doi:10.1302/0301-620X.97B1.34236
 Viljakka, T., Tallroth, K., and Vastamaki, M. (2014). Long-term outcome (22-36 years) of silicone lunate arthroplasty for Kienbock's disease. J. Hand Surg. Eur. 39 (4), 405–415. doi:10.1177/1753193413489460
 Welldon, K. J., Atkins, G. J., Howie, D. W., and Findlay, D. M. (2008). Primary human osteoblasts grow into porous tantalum and maintain an osteoblastic phenotype. J. Biomed. Mater. Res. A 84 (3), 691–701. doi:10.1002/jbm.a.31336
 Yasuda, M., Masada, K., Takeuchi, E., and Ando, Y. (2005). Scaphotrapeziotrapezoid arthrodesis for the treatment of Lichtman stage 3B Kienbock disease. Scand. J. Plast. Reconstr. Surg. Hand Surg. 39 (4), 242–246. doi:10.1080/02844310510006204
 Zhang, C., Cao, J., Zhu, H., Fan, H., Yang, L., and Duan, X. (2020). Endoscopic treatment of symptomatic foot and ankle bone cyst with 3D printing application. Biomed. Res. Int. 2020, 1–10. doi:10.1155/2020/8323658
 Zhang, C., Chen, H., Fan, H., Xiong, R., Huang, C., Peng, Y., et al. (2022). Radial head replacement using personalized 3D printed porous tantalum prosthesis. J. Mater. Res. Technol. 20, 3705–3713. doi:10.1016/j.jmrt.2022.08.027
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.
Copyright © 2023 Zhang, Chen, Fan, Xiong, He, Huang, Peng, Yang, Chen, Wang and Yang. 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.
OPS/images/fbioe-11-1234052-g005.gif





OPS/images/fbioe-11-1234052-g006.gif





OPS/images/fbioe-11-1234052-g003.gif





OPS/images/fbioe-11-1234052-g004.gif





OPS/images/fbioe-11-1234052-t001.jpg
Follow-up indicators Carpal bone replacement gr Contralateral healthy carpus

‘ Grip strength 33423 ‘ 351 £31 0172
‘ Pinch force 8907 ‘ 95407 Co1so
‘ Flexion 516+ 08 ‘ 566+ 11 ™
{ Dorsiflexion 547+ 17 583+ 06 Cooms
‘ Ulnar deviation Daasx1s 369+ 12 0086
‘ Radial deviation 259+ 08 ‘ 283406 o085






OPS/images/fbioe-11-1234052-t002.jpg
p indicators eoperative Postoperative
vas ‘ 69+07 03£02 00001
‘ MAYO ‘ 73+05 809 %12 0.0001 0.0001
‘ DASH ‘ 384£06 68 %04

MAYO, Mayo wrist score; VAS, visual analog scale; DASH, disability of the arm, shoulder and hand.





OPS/xhtml/nav.xhtml
Contents

		Cover

		Carpal bone replacement using personalized 3D printed tantalum prosthesis		Introduction

		Treatment process		Materials and methods

		Preoperative application of personalized 3D printing technology

		Surgical techniques

		Postoperative treatment

		Outcome indicators

		Statistical analysis





		Results		Follow-up results

		Typical case





		Discussion

		Conclusion

		Data availability statement

		Ethics statement

		Author contributions

		Funding

		Publisher’s note

		Supplementary material

		References









OPS/images/cover.jpg
& frontiers | Frontiers in Bioengineering and Biotechnology






OPS/images/fbioe-11-1234052-g001.gif





OPS/images/fbioe-11-1234052-g002.gif









OPS/images/crossmark.jpg
©

|





OPS/images/logo.jpg
P frontiers | Frontiers i

Bioengineering and Biotechnology





