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Off-the-shelf 3D printed titanium cups in primary total hip arthroplasty
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Abstract
Three-dimensional (3D)-printed titanium cups used in primary total hip arthroplasty (THA) were developed to combine the benefits of a low elastic modulus with a highly porous surface. The aim was to improve local vascularization and bony ingrowth, and at the same time to reduce periprosthetic stress shielding. Additive manufacturing, starting with a titanium alloy powder, allows serial production of devices with large interconnected pores (trabecular titanium), overcoming the drawbacks of tantalum and conventional manufacturing techniques. To date, 3D-printed cups have achieved dependable clinical and radiological outcomes with results not inferior to conventional sockets and with good rates of osseointegration. No mechanical failures and no abnormal ion release and biocompatibility warnings have been reported. In this review, we focused on the manufacturing technique, cup features, clinical outcomes, open questions and future developments of off-the-shelf 3D-printed titanium shells in THA.

Key Words: Socket; Highly porous; Additive manufacturing; Ultraporous; Trabecular; Beam melting

©The Author(s) 2021. Published by Baishideng Publishing Group Inc. All rights reserved. 

Castagnini F, Caternicchia F, Biondi F, Masetti C, Faldini C, Traina F. Off-the-shelf 3D printed titanium cups in primary total hip arthroplasty. World J Orthop 2021; 12(6): 376-385  URL: https://www.wjgnet.com/2218-5836/full/v12/i6/376.htm  DOI: https://dx.doi.org/10.5312/wjo.v12.i6.376

Core Tip: Three-dimensional printed titanium cups theoretically provide a porous, rough surface that improves local vascularization and osseointegration, while avoiding stress shielding because of the low elastic modulus. We herein discuss the manufacturing, main features, and clinical results obtained with 3D-printed titanium cups, with a focus on the open questions and possible future developments to improve this newborn device and technology.

INTRODUCTION
Acetabular component loosening is one of the most frequent reasons for revision in primary total hip arthroplasty (THA)[1]. Uncemented third-generation sockets were designed to improve local vascularization and the subsequent bony ingrowth promoted by the porosity of the cup surface and the biocompatibility of the metal alloy coating[2,3]. The long-term clinical and radiological performance and reliable safety profile of third-generation tantalum cups in primary THA is outstanding, even if some sporadic concerns have arisen after consulting registry data[4]. Highly porous titanium implants were developed based on the previous solid experience with third-generation, highly porous tantalum cups. The aim was to overcome drawbacks related to the cost of tantalum, which is a rare metal. 3D printed cups are a specific stand-alone type of highly porous titanium cups[2]. While they share the material and porosity with other highly porous titanium cups, because of additive manufacturing, 3D printed cups have larger pore sizes and higher porosity, reproducing trabecular bone-like elastic modulus in unique monoblock implants with no coatings[2]. 3D-printed cups may exhibit differences in the surface and beyond the surface with different biological advantages than traditionally manufactured highly porous titanium cups, including improved osseointegration, reduced stress shielding, and have unique failure modalities like cracking and ion release[2,5].

MANUFACTURING TECHNIQUES
3D printed cups are produced using additive manufacturing, an industrial process that transforms 3D computer models into devices by layer-on-layer, titanium alloy powder-based fusion technology. This production method is very different from the manufacturing of traditional implants, usually by subtracting machinery and forming. Additive manufacturing is particularly suitable for custom made implants, complex geometries, and diverse surfaces, even with serial production. On the other side, conventional techniques are mainly limited to mass production and off-the shelf devices because of manufacturing constraints[5]. These features allow additive manufacturing devices to integrate surface porosity within a monoblock implant, which improves osseointegration and potentially reduces stress shielding by mimicking the stiffness of the periprosthetic bone (Figure 1). The additive manufacturing process is a powder bed fusion technology that adopts electron beam melting (EBM) and/or laser beam melting (SLM) energy sources for producing titanium alloy cups[6]. Both techniques start with a titanium alloy powder, whose chemical and physical properties are chosen as a function of the production technique and the powder bed fusion technology. The powder can be processed using a computer-aided design (CAD) model. The device is produced by a beam, with melting and bonding the powder layer after layer with precisely controlled cooling[ 5,6].
Some important differences exist between the two main additive manufacturing technologies. EBM technology is driven by a higher power source, requires a vacuum chamber at 600-1000°C, and is controlled by electromagnetic lenses that focus the beam, which is regulated by a deflection coil. A preheating scan is required, however, the support during manufacturing is scarce because of the high speed and the vacuum environment. On the other hand, SLM is characterized by a much lower power source, is performed in a purified inert gas atmosphere at 200°C, and is controlled by a CAD mechanical mirror system. Preheating is not required, and the support during manufacturing is more intense. A most striking difference between EBM and SLM is the powder that is used. EBM used larger particles (45-150 μm vs 20-100 μm) and thicker powder layers (50-200 μm vs 20-100 μm)[5-7]. Post processing steps include cleaning (removal of excess powder), surface finishing, and thermal treatment, particularly for SLM.
The manufacturing technology has a noticeable impact on the final qualities of the device. The surface is rougher and the CAD design is more accurately reproduced after EBM manufacturing. Moreover, the mechanical properties of EBM devices are good because there are residual tensile stresses. The superior mechanical properties mean that heat treatment is not required, which reduces the manufacturing costs and makes EBM faster and more cost-effective than SLM[8]. The biocompatibility of the devices produced with the two different technologies is dependable, and neither dermal irritation nor delayed hypersensitivity were demonstrated in animals[6,9]. A comparative study cell reported that adhesion, proliferation, and activity were more pronounced in the SLM cohort[10].

CUP FEATURES
A complete list of off-the-shelf 3D printed titanium cups is shown in Table 1. Nearly all the 3D printed cups have similar features, which include a porous surface structure of interconnected pores larger than 200 μm with a porosity higher than 50% (Figure 2). The elastic modulus and coefficient of friction were rarely provided by the manufacturers. Many cups had multihole designs with even augments, making the devices adaptable for massive bone stock loss and cup revision settings.

PRECLINICAL STUDIES
Few preclinical studies of 3D printed titanium cups are available. Jahnke et al[11] compared the micromotion of 3D printed cups (EPore) and conventional sockets in sawbone models. The 3D printed cups had acceptable micromotion, lower than of conventional cups with low wall thickness. The investigators reported that the wall thickness, together with the highly porous surface, contributed to 3D cup stability, allowing peripheral micromotion of the sockets, and at the same time, provided rigidity with the thicker walls[11]. Dall’Ava et al[12] evaluated the outer surfaces of three off-the -shelf 3D printed titanium cups (Delta TT, Trident II Tritanium, and Mpact 3D Metal). The three cups have differences as wall thickness, pore size, porosity, and metallic structure. Some molten beads were present, with differences of size and density related to the production technology[12]. Dall’Ava et al[13] compared 3D printed cups (Delta TT) with conventional cups (Pinnacle Porocoat, DePuy, United States). Pore size, porosity, and the mechanical features of the pores of the 3D printed caps and the conventional cups were significantly different. A visual assessment revealed higher percentages of bony attachment and tissue ingrowth for the 3D printed cups, but the differences comparison with the conventional sockets were not significant[13]. Hothi et al[14] compared three 3D printed cups with conventional sockets. Two of the 3D-printed acetabular shells were produced by EBM (Delta TT and Mpact 3D) and one by laser rapid melting (Trident II Tritanium). Structural cavities were evident in all the 3D-printed cups and in none of the conventional sockets, with a significantly higher density, but no difference in cavity size, in the laser rapid melting socket. The presence of cavities was attributed to suboptimal manufacturing parameters, gas entrapment, or gaps in the starting powder beads[14].

CLINICAL AND RADIOLOGICAL OUTCOMES
A systematic review of the outcomes and survivorship of 3D printed titanium cups in THA was conducted following retrieval of published studies indexed in the PubMed/MEDLINE database. {query box: ["highly" (All Fields) AND "porous" (All Fields)]} OR ["trabecular" (All Fields) OR "trabecularization" (All Fields) OR "trabecularized" (All Fields)] OR "pore" (All Fields) OR {"3D" (All Fields) AND ["printed" (All Fields) OR "printing" (MeSH Terms) OR "printing" (All Fields) OR "print" (All Fields) OR "printings" (All Fields) OR "prints" (All Fields)]} OR ["printed" (All Fields) OR "printing" (MeSH Terms) OR "printing" (All Fields) OR "print" (All Fields) OR "printings" (All Fields) OR "prints" (All Fields)] OR "3D printed" (All Fields) OR {["porosity"(MeSH Terms) OR "porosity" (All Fields) OR "porosities" (All Fields)] OR ["addit manuf" (Journal) OR ["additive" (All Fields) AND "manufacturing" (All Fields)] OR "additive manufacturing" (All Fields)]} AND "cup" (All Fields) AND ["hip" (MeSH Terms) OR "hip" (All Fields)] AND ["arthroplasty" (MeSH Terms) OR "arthroplasty" (All Fields) OR "arthroplasties" (All Fields)]; double check for 3D printed titanium cup brands, as listed in the paper by Dall’Ava: Ti-Por, Delta TT, Trinity, EcoFit, C-Fit, Mpact, Redapt, Trident, G7 {query box: Cup brand AND "cup" (All Fields) AND ["hip" (MeSH Terms) OR "hip" (All Fields)]}.
Ten papers were included. The two largest studies were registry reports, one from Registro dell'Implantologia Protesica Ortopedica (RIPO) and the other from the New Zealand arthroplasty registry. The RIPO registry study investigated the mid-term outcomes of 9864 Ti-Por cups, compared with other cementless cups (Figure 3). The non-stratified survival rates showed that the 3D printed cups had a significantly higher survival rate (98.7% vs 97.9%) at 7 years. The survival rates with cup aseptic loosening as the study end point showed that Ti-Por cups performed better than the other cementless cups (99.9% vs 99.5%). With similar articulation surfaces, Ti-Por cups achieved survival rates comparable to those of the control group[15].
The New Zealand registry compared 2192 3D-printed cups (1397 Delta TT cups, 640 Ti-Por, and 155 Polymax cups) and other cementless sockets (Pinnacle, Trident, and RM). The outcomes were similar in both cohorts with no differences in the revision rates and functional scores (P = 0.058, hazard ratio: 1.29) while additive manufactured sockets were more frequently implanted in younger patients; the rates of aseptic cup loosening and deep infections were similar in both cohorts. Polymax cups achieved the lowest rates among the 3D cups[16].
Perticarini et al[17] published the first clinical and radiographic description of a 3D printed cup (Delta TT) cohort with a follow-up of 72 months. The clinical and radiographic outcomes of 134 THAs were satisfying, with 99.3% of the sockets radiographically stable at final follow-up. Only one case of aseptic cup loosening was reported. It occurred in a high-grade dysplastic patient, and was caused by the high dislodging forces of the lengthened abductor muscles (no femoral shortening was performed). The cup was successfully revised with another Delta TT device. The survival rate at mid-term was 99.3%[17]. 
Berend et al[18] evaluated 400 hips with G7 cups at a minimum follow-up of 1 year. Clinical and radiographic outcomes were satisfactory, with no radiolucent lines; two cup failures occurred because of impaired bony ingrowth[18]. 
Berend et al[19] updated the results of the previous case series at a minimum follow-up of 3 years in 152 implants. The clinical outcomes significantly improved, and the radiographic findings showed no radiolucent lines. The overall survival rate at 3.4 years was 99.5%, one case required cup revision because of failed bony ingrowth[19]. 
Massari et al[20] reported dual-energy x-ray absorptiometry outcomes of 3D printed cups (Delta TT): they found a reduction of bone mass density at 6 months, with slight recovery and stabilizing by 24 months. The bone mass variation was dependent on the body mass index. They reported also a significant clinical improvement with respect to the pre-operative status and no cases of failed cups[20].
Imai et al[21] compared the hip replacement outcomes of 101 3D printed cups (SQRUM TT) and 35 hydroxyapatite-coated sockets (SQRUM HA) in low-grade dysplastic patients receiving the same stems and the same bearings. The short-term clinical outcomes significantly improved in both the cohorts, achieving similar results. The radiographic 2-year outcomes showed that the 3D printed cups had a higher rate of radiolucent lines and fibrous ingrowth than the conventional hydroxyapatite sockets[21]. 
Bistolfi et al[22] evaluated the metal ion levels in the blood and urine in a cohort of 19 patients with conventional cups (Delta PF) and 19 with 3D printed cups (Delta TT). At 24 months, differences in the blood and urine levels of titanium, aluminum, and vanadium ions in of the two cohorts were not significant. A trend of decreasing ion levels was evident in both cohorts[22]. 
Castagnini et al[23] published a retrospective comparison of 24 metachronous bilateral THAs, a Ti-Por cup on one side and a hydroxyapatite-coated socket on the other side (Figure 4). The mid-term clinical outcomes showed comparable rates of cup loosening and radiographic osseointegration in both cohorts. The Ti-Por group had more evident medial stress shielding, but the difference was not significant (P = 0.067). Neither was the decrease in acetabular radiographic density in the DeLee and Charnley Zone II[23,24].
 Alamanda et al[25] used multiacquisition variable-resonance image combination magnetic resonance imaging to assess the radiological osseointegration of 3D printed cups, evaluating 19 Trident II Tritanium shells and 20 Trident sockets as a control group. The 3D cup cohort achieved significantly better outcomes in terms of bony ingrowth (P = 0.009) with good osseointegration in 99.4% of the cases compared with 91.6% for the conventional cups. Only 0.6% of the bone-cup interface, measured in nine acetabular zones, were fibrotic compared with 8.3% of the conventional cups, mainly involving the central posterior zone[25]. 
The outcomes of 3D printed ACT sockets were retrospectively assessed in 108 hips by Geng et al[26] at an average follow-up of 48 months. A significant clinical improvement was observed, with 106 of 108 (91.3%) patients satisfied with the outcome. No acetabular cup failed: some transient radiolucent lines completely disappeared after 6 months. Radiographic signs of osseointegration were evident in all the cups. The overall survival rate was 99.1% at 72 months, with cup survival rate achieving 100%[26]. 
In summary, the clinical and radiological outcomes of 3D-printed titanium cups were dependable at mid-term, with large sized studies providing data not inferior to conventional cups. No mechanical failures were recorded and the metal ion release was reassuring. Some radiological findings of fibrotic ingrowth and radiolucent lines were also reported, making longer follow-up and more preclinical studies of 3D printed cups desirable.

OPEN QUESTIONS AND FUTURE DEVELOPMENTS
The first open question about 3D-printed cups is about manufacturing. The layer-over-layer production and the highly porous structure may predispose to delamination and fatigue fracture, and the findings about cavities are not reassuring[14]. Another concern is related to the balling effect of metallic droplets on the molten surfaces, potentially causing cracking and undesired roughness on the inner surface that compromises the locking mechanism and the liner seating, wear, and hardness. While some concerns of fatigue fractures and liner failures may be raised, to date no mechanical failures of 3D-printed cups have been reported, only a case of hemispherical modulus failure in a hip revision[27,28]. Similarly, no cases of delamination failure or mechanical problems related to the liner could be found.
The stress shielding and the fibrous membrane interface issues in the medial zone may be reasons of concern in 3D printed cups. It is likely that these findings are mainly related to the different stress distribution around the periprosthetic acetabular bone and the improved circumferential grip of the highly porous sockets. Thus, it can be hypothesized that a device with nonuniform porosity may reduce medial stress shielding and improve long-term osseointegration. However, in mechanical testing, Le Cann et al[28] demonstrated that the opposite condition (micro-roughness around the peripheral rim and macro-roughness on the rest of the cup) promoted better primary stability by reducing the damage of the supportive circumferential bone[28]. To date, many doubts exist about the optimal pore size, porosity, and porous surface extension of titanium devices although fundamental investigations addressing this topic were carried out in the 1980s for tantalum metal blocks[29-32]. Some investigators have reported that the use of pores that were too large could be detrimental for osseointegration by promoting fibrous tissue growth, at least for a short time[33]. Some data on ultraporous titanium cups are available from laboratory and clinical cohort studies, but no definitive conclusions can be drawn, as long-term follow-up is lacking and the tested populations are small.
Another aspect to be developed is related to the cup stabilization provided by high friction coefficients in highly porous devices. Theoretically, the high friction coefficient and the better initial scratch fit would improve primary stability, possibly enhancing the secondary bony ingrowth. Some investigators have found improvements with some less porous cups (plasma-sprayed devices)[34]. Unfortunately, there have been no supporting studies with definitive results comparing ultraporous cups and more recent surface textures, as described by Goldman et al[35]. In that study, ultraporous DePuy Gription cups did not provide better resistance to bending loads in comparison to standard DePuy Porocoat titanium bead sockets following implantation in seven cadaver models. 
3D-printed cups have a good biosafety profile, that needs to be confirmed in large clinical studies[6,22]. More in vivo and long-term studies are needed to evaluate and compare the biocompatibility of 3D-printed medical devices, considering the possibility of immunological rejection and inflammatory reactions that can account for the failure of metallic implants.
To date, the optimal 3D printing technique is still unknown. The 3D printed cups that have been evaluated in preclinical studies differ in pore size, porosity and structure, and some features that are dependent on the manufacturing method[12]. Moreover, while additive manufacturing is a highly efficient method with up to a 50% reduction of production costs and up to a 75% reduction of raw material use, the fine balance between efficiency and quality is yet to be determined[8,9,36]. More studies of the optimization of the energy requirements and scanning speed and their influence on the product quality and the subsequent need for post processing stages would be welcomed.
The possibility of achieving a good elastic modulus and a very highly porous surface makes 3D-printed cups particularly appealing for revision procedures when the bone stock is severely compromised. To date, short-term data on the use of 3D-printed cups are available in the literature; long-term data are lacking[37]. The preliminary short-to-midterm outcomes indicate that off-the-shelf 3D-printed titanium cups are dependable. Castagnini et al[38] reported no loosening of Ti-Por devices at a minimum follow-up of 5 years. Gallart et al[39] described two cases of Delta TT loosening out of 72 implants with augments, prevalently for revision hips, after more than 2 years. Steno et al[27] reported no re-revisions for loosening of Delta TT devices more than 3 years after implantation[27,38-40].

CONCLUSION
In summary, 3D printed cups produced using additive manufacturing demonstrated reliable clinical and radiographic mid-term outcomes, even in large patient series. These implants also had a reliable safety profile. The metal ion levels and rates of deep infection were comparable to control groups, and no cases of mechanical failure were reported. Nonetheless, to date no clinical studies have demonstrated significantly better outcomes when compared with conventional cups with the same bearing forces. Clinical trials and registry studies with longer follow-up are required to confirm the theoretical benefits of 3D-printed cups in terms of osseointegration and a decreased rate of aseptic loosening.
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Figure Legends
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Figure 1 Layer-by-layer additive manufacturing was used to produce a monoblock cup with an ultraporous surface (Ti-Por, Adler Ortho). Courtesy of Adler Ortho.
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Figure 2 The highly porous surface structure has a large number of deep, interconnected pores (Ti-Por, Adler Ortho). Courtesy of Adler Ortho.
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Figure 3 A Ti-Por cup was implanted in a 59-year-old woman with primary osteoarthritis The socket has an hemispheric design with a rough surface with multiple spikes. A: Primary osteoarthritis; B: The socket has a hemispherical design.
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Figure 4 A bilateral total hip arthroplasty, with a Ti-Por cup on the right and a hydroxyapatite-coated socket on the left. The different surface roughness is evident. Both the cups had good radiographic osseointegration at 3 years.

Table 1 Off-the-shelf 3D printed titanium cups that are commercially available
	Cup
	Manufacturer
	Pore size (µm)
	Porosity (%)
	Design
	Modularity
	Notes
	Available clinical studies

	Fixa Ti-Por
	Adler Ortho, Milan, Italy
	700
	70
	Hemispherical
	Yes
	
	Yes

	Agilis Ti-Por
	Adler Ortho, Milan, Italy
	700
	70
	Hemispherical
	No, Delta ceramic
	Large ceramic-on-ceramic heads
	No

	Polymax Ti-Por
	Adler Ortho, Milan, Italy
	700
	70
	Hemispherical
	No, XLPE
	
	Yes

	Omnia Ti-Por
	Adler Ortho, Milan, Italy
	700
	70
	Hemispherical
	Yes
	Multihole, Ti augments
	No

	Delta TT
	Lima Corporate, San Daniele, Italy
	640
	65
	Hemispherical
	Yes
	Elastic modulus: 1.12 GPa
	Yes

	Delta One TT
	Lima Corporate, San Daniele, Italy
	640
	65
	Hemispherical
	Yes
	Multihole, Ti augments
	Yes

	Delta Revision TT
	Lima Corporate, San Daniele, Italy
	640
	65
	Hemispherical, triflanged
	Yes
	Commercially pure Ti,
multihole, Ti augments
	Yes

	SQRUM TT
	Kyocera, Kyoto, Japan
	640
	60
	Hemispherical
	Yes
	Coefficient of friction: 1.09
	Yes

	Mpact 3D Metal
	Medacta, Castel San Pietro, Switzerland
	600-800
	75
	Hemispherical
	Yes
	Multihole, Ti augments
	No

	Trinity Plus
	Corin, Cirencester, United Kingdom
	300-900
	50-90
	Hemispherical
	Yes
	Even multihole
	No

	Ecofit Epore
	Implatcast, Buxtehude, Germany
	100-500
	60
	Hemispherical
	Yes
	Multihole
	No

	Redapt
	Smith and Nephew, Menphis, United States
	202-934
	60-80
	Hemispherical
	Yes
	Multihole
	No

	Trident II Tritanium
	Stryker, Mahwah, United States
	100-700
	55-65
	Hemispherical
	Yes
	Laser rapid melting technology
	Yes

	G7
	Zimmer, Warsaw, United States
	475
	70
	Hemispherical
	Yes
	Even multihole shells
	Yes

	3D ACT
	ITI Medical Equipment, Changzhou City, China
	600-800
	80
	
	Yes
	Coefficient of friction: 1.08
	Yes
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