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Abstract

:

A titanium alloy implant of appropriate pore size can potentially enhance osseointegration and soft tissue integration. However, the human clinical application of such implants has not been reported. Here, we present a case of limb salvage surgery for a bone tumor using customized three-dimensional (3D)-printed Ti6Al4V radius and ulna implants. The patient presented with local recurrence at the proximal junction of the ulna and underwent a re-wide excision. Single forearm bone surgery was performed using another 3D-printed implant after resection of the recurrent tumor with an ulnar implant. Host osseointegration and soft tissue integration of the retrieved implant were quantified through histological evaluation. The total tissue integration rates of the implant at the proximal and distal bone junctions were 45.96% and 15.03%, respectively. The mesh structure enhanced bone integration by up to 10.81% in the proximal and by up to 8.91% in the distal bone junction. Furthermore, the soft tissue adhesion rates of the implant shaft were 59.50% and 50.26% in the axial and longitudinal cuts, respectively. No area was left unoccupied throughout the shaft of the implant. Overall, these results indicate that the 3D-printed Ti6Al4V titanium alloy implant with a rough surface has considerable tissue integration ability.
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1. Introduction


Three-dimensional (3D) printing technology is rapidly advancing in the medical field [1,2,3,4,5]. In orthopedic surgery, 3D printing is now widely performed to customize implants [6,7,8,9,10]. This novel additive manufacturing method facilitates the rapid and cost-effective fabrication of customized implants [3,11,12,13,14,15,16]. Unlike the traditional metal casting method, 3D printing technology facilitates the production of implants with a constant internal pore. A few in vitro studies and in vivo animal experiments have demonstrated the potential of a titanium alloy implant with appropriate porosity to enhance the osseointegration of implants [11,12,15,17,18,19,20,21]. Some studies have developed titanium alloy implants with a bioactive coating—however, animal and in vitro studies on these implants are still underway [22,23,24].



Soft tissue adhesion is essential for limb salvage surgery in treating orthopedic tumors to effectively reestablish the muscle origins or insertions that are detached during surgical tumor resection. Furthermore, soft tissue adhesion can reduce the dead space to prevent postoperative infection. The Trevira tube is a specially designed surgical envelope that has been widely used for this purpose to enhance the attachment of soft tissue around megaprostheses [25]. However, to our knowledge, no study has evaluated the integration of a 3D-printed titanium implant in human bones and soft tissues.



Here, we report the successful osseointegration and soft tissue integration ability of a 3D-printed titanium implant during limb salvage surgery in treatment of a bone tumor and demonstrate the potential of this implant to appropriately design the host bone junction and implant surface.




2. Materials and Methods


2.1. Patient Information


A 40-year-old man presented with two-week long paresthesia in his right hand and limited forearm rotation. The patient demonstrated a limited motion range of the elbow and forearm due to dislocation of the radial head that was attributed to a traumatic injury during childhood. Five years prior, he underwent orthopedic surgery employing an external fixator to repair a traumatic fracture in his right wrist. Although the range of motion of his elbow and forearm was already limited, further exacerbation was evident upon presentation. Magnetic resonance imaging (MRI) revealed an infiltrative tumor on his forearm that affected both the radius and ulna. The tumor, which was presumed to have originated from the external fixator pin site of the radius, was later confirmed as being a desmoplastic fibroma of the bone through core needle biopsy. No distant metastasis was observed. Although gain of function could not be guaranteed by reconstruction of both forearm bones, the patient nevertheless opted for anatomical reconstruction because of the already limited range of motion of the affected forearm prior to tumor presentation.



Limb salvage surgery was performed with 3D-printed customized implants for both forearm bones, excluding the wrist and elbow joints (Figure 1A,B). The details of implant design, production, and verification for this patient are provided in our previous study [26]. A routine postoperative evaluation revealed local recurrence around the shaft of the proximal ulna within a year. Therefore, the patient underwent another limb salvage surgery, in which a single forearm bone was reconstructed in fusion of remaining distal radius and proximal ulna with a functional position following removal of the ulnar implant with the recurred tumor (Figure 2A–C). The institutional review board of our institute approved this study, and the patient provided written informed consent (NCC2017-0129).




2.2. Implant Design and Fabrication


Preoperative computed tomography (CT) and MR images were obtained to design implants for the radius and ulna. Virtual bone cutting was performed with an adequate bone margin; the implant shape was derived from the mirror images of contralateral normal bones [10]. To enhance the immediate fixation strength and promote osteogenesis, the bone junction was designed to contain a half-cylindrical plate with multiple screw holes and a 1-cm skirt to surround the end of the host bone at the base of the plate (Figure 3A,B). A mesh with an edge length of 2.5 mm (dode-thin structure; Magics RP 22, Materilaise, Belgium) was used for the surface at the end of the host bone (Figure 3C). The implant body and half-cylindrical plates had a robust structure with a rough surface (average roughness of 48 nm). The implant was fabricated using an electron melting beam 3D printer system (ARCAM A1, Arcam AB, Mölndal, Sweden) and Ti6Al4V metal powder. The length and weight of the final implant were 15 cm and 67 g, respectively.




2.3. Quantitative Analysis of Tissue Integration


To evaluate osseointegration, the titanium alloy implant, along with the surrounding tissues, was cut and pathologically analyzed. The retrieved implant and surrounding tissues were fixed in 10% buffered neutralized formalin. The implant with adjacent ulnar fragments was placed in paraffin to generate a 6-µm-thick specimen. Specimens of the proximal and distal junctional regions were generated through longitudinal sectioning (Figure 4A–C and Figure 5A–C). Transverse and longitudinal sections were analyzed for the middle implant body (Figure 6A,B) through staining with Weight’s hematoxylin (nuclei staining) and Ponceau Acid Fuchsin solution using Goldner’s trichrome method. The tissues are stained red and blue; mature bone is stained blue. The red-stained areas with and without osteocytes were classified as premature bone and fibrous tissue, respectively.



The porous surface of the implant for each segment of the proximal and distal junctional regions (Proximal [P] 1–5 for the proximal bone implant area; Distal [D] 1–5 for the distal bone-implant area) was examined (Figure 4C and Figure 5C). To quantify integration, the rates of bone-to-implant contact (BIC, %), soft tissue-to-implant contact (SIC, %), and total contact (TC, %) were calculated by dividing the bone, soft tissue, and total contact lengths of each segment on the basis of their corresponding metal surface lengths. Moreover, as the middle shaft specimens were bone-free, only the SIC rate was used to analyze soft tissue integration of the implant (Figure 6A,B).





3. Results


3.1. Bone Contact Surface


The TC rates for the whole proximal and distal junctions were 45.96% and 15.03%, respectively, and those for the mesh structured segments (P4 and D4) were 82.05% and 16.92%, respectively. Total tissue integration involves osseous union (bone-to-implant contact, BIC) and fibrous union (soft tissue-to-implant contact, SIC). Osseous union was observed in the P1, P2, P4, and D4 segments, whereas only fibrous union was revealed in the other segments. The P1 and P2 segments exhibited rough surfaces without the mesh, however, gaps between the metal implant and the host bone were almost absent. A mesh was utilized to enhance osseointegration to the P4 and D4 segments, and the measured gaps for these segments were 0.2–0.5 and 0.7–1.2 mm, respectively. The BIC rates for the mesh-enhanced P4 and D4 segments were 10.81% and 8.91%, respectively. For rough surfaces without the mesh, segments with accurate contact between the host bone and implant presented osseointegration (21.93% for P1, 26.47% for P2). However, other rough surfaces with a gap between the bone and the implant did not present osseointegration (Figure 4C and Figure 5C and Table 1).




3.2. Soft Tissue Contact Surface


The soft tissue surrounded the shaft of the implant and was firmly attached to the implant surface. The SIC rates for the axial and longitudinal cuts were 59.50% and 50.26%, respectively. No area of the implant shaft was left uncovered by the soft tissue (Figure 6A,B).





4. Discussion


The 3D printing method for producing Ti6Al4V titanium alloy implants has been recently used for clinical applications. Because 3D printing is an additive manufacturing technique, the porosity and roughness of a surface can be appropriately adjusted using this technique. Previous studies have reported that a titanium alloy implant with appropriate porosity or roughness can enhance tissue integration [11,12,15,17,18,19,20,21]. However, to our knowledge, this potential has not yet been evaluated in a clinical application in humans. In this study, a retrieved 3D-printed titanium alloy implant from the human forearm was histologically analyzed for its osseointegration and soft tissue integration ability. The junctional region of this implant comprised a semi-circular patient-specific skirted plate and a mesh structure at the edge of the bone contact surface. Major considerations during the follow-up period included bone remodeling at the bony ends of the host and osteo/fibrosynthetic effects caused by the mesh structure or the roughness of the implant surface.



An appropriate pore structure is important to overcome small gaps that are formed between the implant and the host bone. We observed that osteointegration with such small gaps was achieved at segments containing the mesh structure but not at those not containing the mesh structure. A few animal studies have previously focused on the osteointegration of a 3D-printed titanium implant [11,12,15,20,21,27], and three of these specifically focused on using vertebral cages for flat bones [12,15,20]. However, it is difficult to compare the results of these studies with those of the present study, which used the long tubular bone. Another experimental animal study exhibited bone ingrowth at the cortical surface of flat bones and at the implant contact area [21,27]. Herein, the total bone growth rate was less than 10%, and the osseointegration rate for the implant most proximal to the host bone bed was approximately 20%. Another study focused on osseointegration in the long bones of animals in accordance with the pore size of the implant produced through selective laser sintering, a 3D printing method [11]. Therein, the small and large implant pores had diameters of 700 µm and 1500 µm, respectively, and the osseointegration rates were 32.2% (72.4 mm/224.9 mm) and 40.6% (42.9 mm/105.7 mm), respectively. In the present study, the pore size of the meshed region of the implant was observed to be 2200 µm (2.2 mm), which is greater than that of the large pores in the aforementioned study. Because of several differences between the two studies, such as pore size, recipient species (sheep vs. human), and implant design (exterior collar vs. internal contact surface), direct comparison of osseointegration rates did not yield significant results. However, implant osseointegration was nevertheless achieved upon overcoming small gaps between the implant and host bone, concurrent with previous studies.



The novel design of the present implant enhanced the structural mechanical strength properties and thus can potentially protect against cortical atrophy. A half plate with a skirt at the base was utilized at the junctional site between the implant and the host bone. A temporary reduction of the implant to the bone defect was easily achieved by inserting the bony end into the skirt during screw fixation. Moreover, both ends of the host bone did not present cortical atrophy in serial plain radiographs during a 1-year postoperative follow-up evaluation. Several studies have reported the occurrence of cortical atrophy, a common bone remodeling pattern, at the end of the host bone following limb salvage surgery for long bone extremities [28,29,30,31]. Cortical atrophy can result from stress shielding, surgical damage of the periosteum, or impaired blood supply. To protect against cortical bone atrophy, the skirt of the presenting 3D-printed implant surrounding the host bone was designed to provide a large bone contact surface for osseointegration and even stress distribution. However, postoperative follow-up evaluation after one year revealed that the small gap between the rough surface of the skirt and the host cortical surface induced the growth of fibrous tissue rather than new bone formation. Therefore, long-term follow-up evaluation is needed to determine whether this fibrous tissue induces cortical atrophy or cortical bone thickening.



Considerable soft tissue adhesion around the implant and fibrous scar tissue was observed. The reattachment of soft tissues to the implant, including tendons, ligaments, joint capsules, and muscles, using the Trevira tube (Attachment tube; Implantcast, Buxtehude, Germany) served as a reliable surgical alternative [25]. However, 3D-printed implants with a rough surface (roughness average of 48 nm) showed direct and robust attachment to the soft tissue without the need for additional material. Moreover, rough and smooth surfaces can be customized throughout 3D-printed implants, such that they are expected to be selectively attached to muscle and joint capsules while preventing the adhesion of neurovascular bundles. Further clinical experience is required to determine whether the histological characteristics of soft tissue adhesion facilitate functional rehabilitation.



This study has some limitations. This was a case report of only one patient. Because of ethical considerations, it is difficult to further investigate the tissue integration of 3D-printed implants in humans. To our knowledge, no study has quantitatively analyzed tissue integration of implants in humans. Another major limitation of this study is that we did not perform mechanical tests to compare the adhesion strength and tensile force. Mechanical experiments and histological evaluation could not be performed because of the limited availability of specimens. Ultimately, a histological quantitative analysis was accurately performed as it was considered to be more valuable than mechanical tests, which can damage adhesive tissues.




5. Conclusions


In conclusion, this study shows that minimization of the gap between the implant and host bone is essential for high osseointegration achieved by a 3D-printed implant, and a mesh structure could help overcome small gaps.
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Figure 1. Primary surgery. (A) Intraoperative photograph and (B) postoperative plain radiograph showing the general configuration of an implant. 
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Figure 2. Revisional surgery. Photographs showing (A) wide excision of the ulnar implant, (B) the soft tissue bed after resection of the recurred tumor, and (C) the retrieved ulnar implant with the recurred tumor. 
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Figure 3. Bone implants of the radius and the ulna. Photographs showing (A) 3D-printed implants of both forearm bones with the host bone models, (B) a volar view of the ulnar implant, and (C) the mesh-structured junctional area of the implants. The asterisk (*) indicates the ulnar implant. 
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Figure 4. Analyzed segments of the proximal region. Micro-computed tomographic images showing (A) the longitudinal view and (B) axial view, with scout images in the upper right corner. Photomicrograph ((C): Goldner’s trichrome staining, 1× magnification) of the histological specimen of the longitudinal section showing the analyzed segments (P1–P5). 
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Figure 5. Analyzed segments of the distal region. Micro-computed tomographic images showing (A) a longitudinal view and (B) axial view, with scout images in the upper right corners. Photomicrograph ((C): Goldner’s trichrome staining, 1× magnification) of the histological specimen of the longitudinal section showing the analyzed segments (D1–D5). 






Figure 5. Analyzed segments of the distal region. Micro-computed tomographic images showing (A) a longitudinal view and (B) axial view, with scout images in the upper right corners. Photomicrograph ((C): Goldner’s trichrome staining, 1× magnification) of the histological specimen of the longitudinal section showing the analyzed segments (D1–D5).
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Figure 6. Analyzed sections of the ulnar implant shaft. Photomicrograph ((A,B): Goldner’s trichrome staining, 1× magnification) of the histological specimens of the longitudinal and axial sections, with scout images in the upper right corners showing soft tissue adhesion without the uncovered area. 
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Table 1. Measurements for the 3D-printed implant and bone contact surfaces.
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	Measured Segment
	BIC (%)
	SIC (%)
	TC (%)





	Proximal
	
	
	



	P1
	21.93
	0
	21.93



	P2
	26.47
	0
	26.47



	P3
	0
	60.77
	60.77



	P4
	10.81
	71.24
	82.05



	P5
	0
	21.53
	21.53



	Overall
	8.47
	37.5
	45.97



	Distal
	
	
	



	D1
	0
	34.13
	34.13



	D2
	0
	50.81
	50.81



	D3
	0
	0
	0



	D4
	8.91
	8.01
	16.92



	D5
	0
	1.74
	1.74



	Overall
	2.32
	12.71
	15.03







BIC: rate of bone-to-implant contact, SIC: rate of soft tissue-to-implant contact, TC: rate of total contact.
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