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Abstract

:

One of the most high-tech, efficient and reliable surgical procedures is Total Hip Arthroplasty (THA). Due to the increase in average life expectancy, it is especially relevant for older people suffering from chronic joint disease, allowing them to return to an active lifestyle. However, the rejuvenation of such a severe joint disease as osteoarthritis requires the search for new solutions that increase the lifespan of a Total Hip Replacement (THR). Current trends in the development of this area are primarily focused on the creation of new materials used in THR and methods for their processing that meet the requirements of biocompatibility, long-term strength, wear resistance and the absence of an immune system response aimed at rejection. This study is devoted to the substantiation of one of the possible approaches to increase the reliability and durability of THR, based on the improvement of the implant design and postoperative rehabilitation technology, potentially reducing the risk of complications in the postoperative period.






Keywords:


endoprosthesis; total hip replacement; complication; ceramics; brazing ceramics with titanium alloy; osseointegration












1. Introduction


Increasing the intensity and improving the quality of treatment of patients with injuries and diseases of the musculoskeletal system (MSS) are some of the primary problems of modern healthcare. This is due to the need to provide high-quality medical care to a large number of people, the number of which is increasing every year due to the increasing frequency of local military conflicts, changes in the structure of nutrition, physical activity, environmental conditions, as well as man-made and other factors. A relatively recent analysis of data on the global burden of disease (Global Burden of Disease, GBD) showed that approximately 1.71 billion people worldwide have MSS diseases, of which about 343 million people suffer from osteoarthritis [1].



Osteoarthritis is the most common form of joint damage and one of the main rea-sons leading to deterioration in the life quality of a large number of people [2]. The in-cidence of osteoarthritis increases sharply with age and is observed in more than half of people aged 65 and over, and in 80% of people aged 75 and over [3]. Very often, patients with joint osteoarthritis with severe pain that do not respond to conservative treatment, in the presence of serious joint dysfunction (before the development of significant deformities, joint instability, contractures and muscle atrophy), are recommended to replace the natural joint with an artificial one—an endoprosthesis [4,5]. Despite the critical nature and undesirability of this surgical operation (total hip arthroplasty, THA), it really is the only possible option in the prevailing conditions for the patient, allowing him to maintain the ability to lead an active lifestyle. In addition, it should be noted that currently THA is one of the most high-tech surgical operations, and the designs of joint endoprostheses and their implantation technologies are constantly being improved, which in most cases makes it possible to achieve the desired result—to provide the patient with the highest possible quality of life.



Nevertheless, a joint endoprosthesis, as any implant, is a foreign body for the hu-man body, and therefore the immune system in most cases triggers a defense response aimed at its rejection. Against the background of secondary immunodeficiency, usually formed as a result of a long-term degenerative-dystrophic process in the joint and surgical stress, the process of pathological osteolysis of periprosthetic bone tissue can be triggered, leading to a decrease in the strength of fixation of the implant in the bone. However, this is not the only reason that can lead to structural changes and, ultimately, to the destruction of the periprosthetic bone. This process is complex and is deter-mined by a combination of demographic, constructive, surgical, rehabilitation and other factors. In other words, its initialization and course depend on age, gender, obesity, smoking, concomitant diseases, implant design, fixation method, therapeutic and rehabilitation strategies, etc. [6]. The destruction of the periprosthetic bone can lead to serious complications, including aseptic loosening, implant migration, and even a periprosthetic fracture and, as a result, the need for joint replacement—a technically more difficult, painful and expensive surgery.



For modular designs of total hip endoprostheses (total hip replacement, THR), an-other problem that reduces the reliability of THR is tribocorrosion [7]. Metal ions and wear particles released during tribocorrosion lead to undesirable consequences of both local and systemic nature [8]. In particular, they contribute to the appearance of pain, inflammation, edema, pseudotumors, genotoxicity [9], as well as the polarization of macrophages and accelerated corrosion by cells on the tapered interface of the stem with the endoprosthesis head [10,11]. In addition, biological fluids from the tissues surrounding the implant penetrate the interface of the modules and contribute to the formation of fretting corrosion [12,13,14]. In this regard, in recent years, a large number of publications have appeared, indicating an increase in the failure rate of modular THR associated with unfavorable local tissue responses [7,15].



The problems described above indicate that even well-studied and optimized de-signs of endoprostheses and joint replacement techniques, well-studied and optimized in relation to different quality criteria, still need to be improved. Modern trends in their improvement and development, formulated on the basis of an analysis of a large number of studies published in recent years, are presented in sufficient detail in [16]. This paper presents a new direction for improving the typical designs of modular hip replacements and postoperative rehabilitation strategies in order to reduce the risk of complications after THA.




2. Materials and Methods


2.1. Constructive and Technological Factors Influencing the Development of Complications after THR


THR is one of the most technologically advanced and successful surgical procedures consisting in replacing a natural hip joint with an artificial one, which in most cases leads to positive outcomes. However, serious complications associated with THR are also possible, which can be divided into three groups according to the timing of their occurrence:




	
Intraoperative (fractures of the hip, pelvis, damage to the great vessels, perforation of the femoral canal);



	
Early postoperative (suppuration, thrombosis, thrombophlebitis, dislocation of the endoprosthesis head, neuritis, decompensation of concomitant pathology);



	
Late postoperative (deep suppuration, periprosthetic fractures, aseptic loosening, instability of implants due to improper planning of the operation or as a result of operation, destruction of the endoprosthesis components).








It is evident that constructive and technological factors are mainly determined by late postoperative complications, namely, aseptic loosening, instability, periprosthetic fractures and destruction of the endoprosthesis components [17]. In order to minimize the influence of these particular factors on the development of complications after THR, the designs of endoprostheses and their implantation techniques are constantly being improved. When creating new designs, a systematic approach is used [18], taking into account their interaction with bone structures [19,20].



It should be noted that the main reason for THR failures (23%) is aseptic loosening against the background of periprosthetic osteolysis resulting from the activation of the innate immune response caused by the wear of the materials of the friction pairs [21]. The presence of wear debris in the periprosthetic tissue promotes the release of cytokines, which leads to inflammation and the activation of osteoclasts at the bone–implant interface and, ultimately, to the loosening and destruction of the implant. One of the main strategies to eliminate this problem to some extent, and thus to avoid revision THR, is to exclude or, at least, significantly reduce the wear of friction pair materials by increasing their wear resistance.



Currently, THR friction pairs are used:




	
Polymers (polytetrafluoroethylene (PTFE), ultra-high molecular weight polyethylene (UHMWPE), cross-linked polyethylene (XLPE), highly cross-linked polyethylene (HXLPE), vitamin E-blended polymers, polyether-ether-ketone (PEEK), poly 2-methacryloyloxyethyl phosphorylcholine (PMPC), polycarbonate-urethane (PCU));



	
Metals (Stainless steel, Cobalt-chromium-molybdenum (CoCrMo) alloys, Titanium alloys (Ti-6Al-4V), Zirconium alloy (Zr-2.5Nb));



	
Metal alloy surface coatings (Titanium nitride (TiN), Silicon nitride (Si3N4), Diamond-like carbon (DLC), aluminum, nanocrystalline diamond (NCD));



	
ceramics (aluminum ceramic, zirconia, zirconia-toughened alumina (ZTA), sapphire).








This is a fairly wide range of materials, which makes it possible to implement in THR many variants of two types of friction pairs [22]:




	
hard-on-soft bearings (metal-on-polyethylene (MOP) is a metal femoral head and a polyethylene acetabular liner, ceramic-on-polyethene (COP) is a ceramic femoral head and a polyethylene acetabular liner);



	
hard-on-hard bearings (metal-on-metal (MOM), ceramic-on-ceramic (COC), and ceramic-on-metal (COM) is a ceramic femoral head and a metal acetabular liner).








The use of modern materials in friction pairs has made it possible to significantly improve the quality of THRs. However, the average lifespan of even such endoprostheses is currently 10–15 years. This period of time is too short for patients under 60 years of age, because the probable life expectancy of these people is about 20–25 years [23].



There is an opinion that one of the promising options for a THR friction pair is COP, despite its unpopularity in the surgical community due to its high cost, complexity, lack of study and propensity to catastrophic destruction [24,25]. Another disadvantage of this pair is the potential for the development of increased fretting and tribocorrosion in the area where the metal stem mates with the ceramic head. However, this is a complex problem inherent in all THRs with modular stems, depending, among other things, on the physiological state of the patient and the qualifications of the surgeon [26,27,28,29,30,31]. At the same time, modular stems have a significantly longer service life compared to single-piece ones, as well as such advantages as the ability to adjust the stem length and remove the head from the acetabulum during revision surgery [32,33]. This contradiction is one of the reasons why a universal solution to the problem of fretting and tribocorrosion has not yet been found [34].



The desire to reduce the risk of complications after THR has led to the develop-ment of implants with variable structure materials, including a continuous internal area covered with a porous surface layer [35,36,37]. The evident idea of this approach is that the strength of the implant is provided by the inner region, and the ingrowth of bone tissue into the porous surface layer leads to its reliable fixation in the bone. In general, this idea has found experimental confirmation, but the loosening of the endo-prostheses components observed in some cases in the early postoperative period was an incentive to search for new endoprosthetic techniques.



For THR, along with materials of variable structure, it was proposed to use the cementless fixation of endoprostheses elements, which, according to the developers, should provide biocompatibility with body tissues, minimal bone remodeling, and stable primary and long-term biological fixation [38]. Recent data indicate excellent results of using THR with cementless fixation in the early postoperative period (at least two years after THA) [39]; similar results were obtained when analyzing the failure-free operation of the same THR for a long period of time (more than 18 years after THA) [40]. These and other facts contributed to the recognition of the cementless fixation technology, and now it has received significant development. It is believed that this technique served as the beginning of a new stage in the development of endoprosthetic technologies, the effectiveness of which is based, first of all, on the correspondence of the bone geometry, surface topology and the method of implant placement [41]. In addition, according to many THR specialists, cementless fixation helps to re-duce the risk of loosening of the THR components in the postoperative period.



The efficiency of cementless fixation can be significantly increased so that the best conditions for early osseointegration of implants are provided. To a certain extent, this can be achieved by improving the structures of THR in order to achieve the desired morphological, physicochemical, and biochemical properties of the surfaces of their elements, which are interfaced with bone tissue. Currently, most of the research in this area is focused on the study of the mechanical state of the bone after implant placement on the basis of phenomenological models of osseointegration or bone remodeling [42,43]. The study of such models allows to some extent to evaluate the influence of the geometry of the implant and the topography of the surface of its elements on the quality of THR. However, they do not fully take into account the biological processes occurring in the bone tissue and, therefore, they do not allow for the evaluation of the effect of the implant on the development of these processes. More reliable information can be obtained in the study of mechanobiological models describing biological processes occurring in the periprosthetic bone tissue together with the processes of changes in its structure and mechanical properties [44].




2.2. Mechanobiological Models of Implant Osseointegration


The healing of periprosthetic bone after THR, as the healing of bone fractures, occurs as a result of a cascade of complex biological events. In the modern interpretation, these events are described quite informatively in [45]. It is known that various molecules take part in them, which can be divided into three groups: (1) pro-inflammatory cytokines; (2) growth factors; and (3) metalloproteinases and angiogenic factors [46,47]. It is also known that biochemical processes leading to the healing of bone tis-sue occur in a certain spatial environment and in a certain time sequence [48]. If we take into account the essence of THR, then these facts are enough to formulate various hypotheses and build mathematical models of these processes [49].



The mandatory procedure for THR is the resection of the femoral head and prep-aration of the stem bed in the femur. It is accompanied by surgical trauma and damage to the blood vessels, which leads to the filling of the cavity formed in the bone with blood. After the installation of the implant, proteins from the blood and tissue fluid are adsorbed on its surface; platelets are activated, releasing adhesion molecules, lipids and growth factors, which, in turn, regulate the function of keratinocytes, as well as the processes of migration and proliferation of fibroblasts and endothelial cells [50,51,52]. It is known that an increase in the micro texture of the implant surface with the corresponding surface roughness promotes the adhesion and activation of platelets and, as a consequence, accelerates the healing and osseointegration processes [53,54].



After the implantation of the endoprosthesis, due to an extraordinary situation for the body, the homeostasis system is activated and a fibrin network begins to form in the periprosthetic space. A localized decrease in blood circulation causes cell necrosis and the immune system triggers an inflammatory response. Neutrophils and macro-phages, under the influence of chemical stimuli along the chemotaxis gradient, reach damage and remove necrotic cells from the tissue. In parallel with this, the process of angiogenesis is triggered, as a result of which a new vascular network is formed in the bone surrounding the implant [55,56]. As a result, osteogenic cells are able to migrate from the surface of the periprosthetic bone to the surface of the implant and differentiate into osteoblasts, which ultimately lead to the formation of a bone matrix. The development of this process depends on the mechanical state of the tissue and its changes and is regulated by growth factors [57]. It has been established that mechanical loading can lead to an increase in the secretion of growth factors, which, in turn, promotes the differentiation of osteogenic cells into osteoblasts and osseointegration of the implant [58,59]. At the moment, it is known that implants exposed to functional loading demonstrate a higher degree of contact with the bone than unloaded implants at an early stage of the postoperative period [60]. In this case, the stresses arising in the bone tissue during mechanical loading, contribute to an increase in the volume and density of bone tissue [61]. However, in the process of adaptation of bone tissue to mechanical stress, its resorption can occur [62], despite the fact that mechanical loading does not significantly affect the activation of osteoclasts in the periprosthetic bone [63].



A more detailed description of the biochemical processes occurring in the bone tissue after the implantation into it can be found in [64,65,66,67]. However, for the development of practically significant strategies for accelerated healing of periprosthetic tissues and osseointegration of implants after THR, it may be sufficient to study simplified models, since refined multifactorial models of most natural processes, including biochemical ones, as a rule, do not allow achieving the expected effect [68]. First of all, this is explained by the fact that the refinement of the mathematical model, which usually leads to its complication, simultaneously requires the refinement of the parameters included in it, which, as noted above, are very variable under THR conditions and depend on many uncontrollable factors. However, it is obvious that in all mathematical models that can potentially be used to study the processes of implants osseointegration, the results of numerous experimental studies should be taken into account, as, for example, in the model of A. Bailón-Plaza and M. van der Meulen, developed for the in silico research of the healing of bone fractures [69]. In this model, the migration of osteogenic cells is described considering their random dispersion, established experimentally, under the condition of contact inhibition. Cell proliferation is modeled considering the diffusion of nutrients and the conditions of logistic growth, in which the rate of cell division decreases linearly with an increase in their density and, as a consequence, with space limitation. In this case, the size of a stable cell population corresponds to the experimentally established maximum density at which cell death as a result of apoptosis is balanced by the mitosis of new cells. The experimentally confirmed enhancing and inhibiting effects of the extracellular matrix at its low and high density, respectively, are also taken into account. The system of equations of such a model in dimensionless form is represented as follows [69,70]:


    ∂  c m    ∂ t   = ∇ ·  [   D  c m   ∇  c m  −  C  c m    c m  ∇ m  ]  +  A m   c m   [  1 −  α m   c m   ]  −  F 1   c m  −  F 2   c m   



(1)






    ∂  c c    ∂ t   =  A c   c c   [  1 −  α c   c c   ]  +  F 2   c m  −  F 3   c c   



(2)






    ∂  c b    ∂ t   =  A b   c b   [  1 −  α b   c b   ]  +  F 1   c m  +  F 3   c c  −  d b   c b   



(3)






    ∂  m c    ∂ t   =  P  c s    (  1 −  k c   m c   )   (   c m  +  c c   )  −  Q  c d 2    m c   c b   



(4)






    ∂  m b    ∂ t   =  P  b s    (  1 −  k b   m b   )   c b   



(5)






    ∂  g c    ∂ t   = ∇ ·  [   D  g c   ∇  g c   ]  +  E  g c    c c  −  d  g c    g c   



(6)






    ∂  g b    ∂ t   = ∇ ·  [   D  g b   ∇  g b   ]  +  E  g b    c b  −  d  g b    g b   



(7)




where ∇ (*) = grad (*) is the gradient of the scalar function (*), ∇ ∙ [∇ (*)] = div [grad (*)] = ∇2 (*) is the divergence grad (*);    c m  ,  c c  ,  c b    are the current concentrations,    K  l m   =  1   α m    ,  K  l c   =  1   α c    ,  K  l b   =  1   α b      are the limiting concentrations,    A m  ,  A c  ,  A b    are the degrees of mesenchymal cells, chondrocytes and osteoblasts proliferation, respectively;    m c  ,  m b   ,    g c  ,  g b    are the matrix volumetric densities of the connective/cartilage tissue, bone tissue, chondrogenic and osteogenic growth factors, respectively;    D  c m   ,  C  c m     are haptotactic and haptokinetic rates of cell migration;    F 1  ,  F 2  ,  F  3      are functions that link cell differentiation with the concentration of growth factors;    P  c s   ,  P  b s     are constants representing connective/cartilage and bone matrix;    Q  c d 1   ,  Q  c d 2   ,  Q  b d     are constants representing matrix degradation;    D  g c   ,  D  g b     are the diffusion coefficients of chondrocytes and osteoblasts;    E  g c   ,  E  g b     are functions that link the production of growth factors with the concentration of growth factors;    d  g c   ,  d  g b     are decay constants. Sets of calculated model parameters:


   B m  =    A m     K  l m     =  α m   A m  ,  B c  =    A c     K  l c     =  α c   A c  ,  B b  =    A b     K  l b     =  α b   A b  ,  Q  c d 1   =  k c   P  c s   ,  Q  b d   =  k b   P  b s    



(8)






   D  c m   =    D h     K h 2  +  m 2    m ,  C  c m   =    C k       (   K k  + m  )   2     



(9)






   A m  =    A  m 0      K m 2  +  m 2    m ,  A c  =    A  c 0        (   K c  + m  )   2    m ,  A b  =    A  b 0        (   K b  + m  )   2    m  



(10)






   F 1  =    Y 1     H 1  +  g b     g b  ,  F 2  =    Y 2     H 2  +  g c     g c  ,  F 1  =    m c 6     B  e c  6  +  m c 6    ·    Y 3     H 3  +  g b     g b   



(11)






   E  g c   =    G  g c    g c     H  g c   +  g c    ·  m   K  g c  3  +  m 3    ,  E  g b   =    G  g b    g b     H  g b   +  g b     



(12)







It should be noted that the Equations (1)–(7)was used to study the processes of fracture healing in various versions. However, in the context of this work, its modification was of interest to study the processes of healing the periprosthetic tissues and osseointegration of implants. For example, the model used by P. Moreo and colleagues to study the process of osseointegration of dental implants can be considered quite plausible and suitable for these purposes [71]. In mathematical form, it is represented as a system of eight partial differential equations:


    ∂ T   ∂ t   = ∇ ·  [   D T  ∇ T −  H T  T ∇ p  ]  −  A T  T  



(13)






    ∂ C   ∂ t   = ∇ ·  [   D C  ∇ C −  (   K 1  ∇  f 1  +  K 2  ∇  f 2   )  C  ]  +  (   α  C 0   +    α C   f 1     β C  +  f 1    +    α C   f 2     β C  +  f 2     )   (  1 −  C N   )  C −    α  C B    f 1     β  C B   +  f 1    C −  A C  C  



(14)






    ∂ B   ∂ t   =    α  C B    f 1     β  C B   +  f 1    C −  A B  B  



(15)






    ∂  f 1    ∂ t   = ∇ ·  [   D  f 1   ∇  f 1   ]  +  (     α  T 1   p    β  T 1   + p   +    α  T 2    f 1     β  T 2   +  f 1     )  T −  A  f 1    f 1   



(16)






    ∂  f 2    ∂ t   = ∇ ·  [   D  f 2   ∇  f 2   ]  +    α  C 2    f 2     β  C 2   +  f 2    C +    α  B 2    f 2     β  B 2   +  f 2    B −  A  f 2    f 2   



(17)






    ∂  v f    ∂ t   =   −  α w   f 2     β w  +  f 2     (  1 −  v w   )   v f  B  



(18)






    ∂  v w    ∂ t   =    α w   f 2     β w  +  f 2     (  1 −  v w   )   v f  B − γ  (  1 −  v l   )   v w   



(19)






    ∂  v l    ∂ t   = γ  (  1 −  v l   )   v w   



(20)







A description of the state variables, parameters and coefficients of the model, as well as their numerical values, is given in Appendix A. Subsequently, these parameter values were taken as estimates for modeling the processes of implant osseointegration.



An important advantage of the Equations (13)–(20) are the ability to consider the effect of the implant surface roughness on the osseointegration process. In addition, it can be adapted to assess the effect on osseointegration of artificial extracellular matrices implanted in the periprosthetic space, cell therapy, and stimuli of various natures. At the same time, results that are important for practice can be obtained by studying even simpler models. For example, the following simplified models were proposed in [72]:



Model (1):


    ∂ C   ∂ t   = ∇ ·  [   D C  ∇ C − C  K 2  ∇  f 2   ]  + g  (  C ,  f 2  , B  )   



(21)






    ∂  f 2    ∂ t   = ∇ ·  [   D  f 2   ∇  f 2   ]  +  g  f 2    (  C ,  f 2  , B  )   



(22)






    ∂ B   ∂ t   =  g  C B    (  C ,  f 2  , B  )   



(23)




where    g C   (  C ,  f 2  , B  )  = σ  (  1 +    α C   f 2     β C  +  f 2     )  C  (  1 − C  )  −  (   α  C B   +  A C   )  C  ,    g  f 2    (  C ,  f 2  , B  )  =    α 2   f 2     β 2  +  f 2     (  C + B  )  −  A  f 2    f 2   ,    g  C B    (  C ,  f 2  , B  )  =  α  C B   C −  A B  B ,      α  C 2   =  α  B 2   =  α 2   ,    β  C 2   =  β  B 2   =  β 2   ;



The model (2):


    ∂ C   ∂ t   =  D C   ∇ 2  C + σ C  (  1 − C  )  −  (   α  C B   +  A C   )  C  



(24)






    ∂ B   ∂ t   =  α  C B   C −  A B  B  



(25)






    ∂  v f    ∂ t   = −  α w   (  1 −  v w   )   v f  B  



(26)






    ∂  v w    ∂ t   =  α w   (  1 −  v w   )   v f  B − γ  (  1 −  v l   )   v w   



(27)






    ∂  v l    ∂ t   = γ  (  1 −  v l   )   v w   



(28)







In Equations (21)–(23), in contrast to Equations (13)–(20), it is assumed that the stimulating effect of growth factors of type 2 on the secretion of osteogenic cells and osteoblasts is the same, and the absence of platelets and growth factors of type 1 in it does not allow assessing the effect of microrelief the implant surface for osteogenesis. The Equations (24)–(28) does not directly consider the influence of platelets and growth factors on the osseous integration of the implant. However, these factors are indirectly taken into account by the inclusion of osteogenic cells and osteoblasts, which allows an approximate assessment of the dynamics of osseointegration [72].



Considering the foregoing, a research plan was developed, shown in Figure 1 in the form of a scheme, on the ways to achieve the goals of this work, which are highlighted in green. At the same time, the THR is considered as a certain heterogeneous system, whose elements are synergistically related to each other [18]. Therefore, the synthesis of THR should be carried out taking into account many restrictions, conditions and criteria, which may be contradictory. In such cases, it would be ideal for the problem to build a Pareto-optimal set of solutions, the best of which can be determined either by a subjective method of expert assessments, or in the process of long-term operation of various THR designs. At the same time, some possible solutions with a high probability can be considered to meet all the THR quality criteria, even in cases where they only to a certain extent allow us to get closer to the goal. In this case, these are solutions that allow reducing fretting and tribocorrosion in the area where the metal stem meets the ceramic head, as well as intensifying the processes of implant osseointegration in the early postoperative period.





3. Results and Discussion


Taking into account the current level of technology and technical means of THA, the improvement of this surgical procedure, in addition to the direct improvement of the surgical technique, must necessarily include the elimination of the structural defects of implants and the improvement of postoperative rehabilitation strategies. At the same time, as noted above, an important role should be assigned to eliminating the causes of osteolysis and loosening of implants.



To reduce material wear, which is most conducive to the development of osteolysis, it is advisable to use well-proven ceramics-on-polyethylene (CoP) friction pairs in THR, provided that the disadvantages inherent in the ceramic heads are eliminated, such as the tendency to brittle fracture, increased fretting and tribocorrosion in the interface with metal stem. One approach to eliminate these disadvantages is to ensure that there is no moving contact between dissimilar materials and to reduce the likelihood of tensile stresses in the brittle head. To solve this problem, an extensive analysis of the current state of the art war was performed, which can be brief summarized as follows.



The known THR designs couple the ceramic head with the stem neck and are used adapter sleeves. Among them, there are plastic sleeves [73], whose disadvantage that they cannot provide reliable fixation of the stem neck and head from the relative axial movements that occur during the operation of the prosthesis due to their soft properties. This contributes to the violation of the joint biomechanics and the occurrence of a probable pain syndrome, which, ultimately, can lead to joint revision prosthetics. There are also THR designs, in which the taper interfaces of the titanium alloy adapter metal sleeve are made, both with the head and with the stem neck [74]. However, in [75], it was shown that, during the prosthesis operation, there are micro displacements of the sleeve, both rotational and translational, in the opening of the head and on the stem neck. Therefore, this phenomenon does not exclude the possibility of ceramic destruction when the prosthesis is exposed to extreme dynamic loads due to the presence of a movable taper junction between the head and the sleeve, which, thereby, also contributes to the occurrence of fretting corrosion and the release of its products into the surrounding tissues. The design of THR is also known as a patent for an invention [76], where, in order to exclude the mobility of the junction between the head and the metal sleeve, it was proposed to connect them by low temperature soldering where the head is made of single crystal sapphire or ruby. The disadvantage is that, in the available literature, the soldering of ceramics at low temperature with biocompatible solders is practically not found and is probably hardly possible, because only active metals can “wet” ceramics and among them only three are biocompatible, titanium, zirconium and hafnium, and, as it is known, solders based on titanium, zirconium and hafnium are high temperature. In this case, when applying brazing (high temperature) for anisotropic single crystals of sapphire or ruby to a metal sleeve having different temperature coefficients of linear expansion, there is a high probability of cracks being formed in the ceramics, which is unacceptable in products of this type. Given this analysis, an improved design of the ceramic head and its manufacturing technology was developed. A general view of an experimental sample of this head, made for tensile testing, and its internal structure is shown in Figure 2.



The head consists of an external ceramic element 1 with a spherical outer surface 2 and an inner blind hole in which a metal sleeve 3 is placed. The sleeve is limited by an outer cylindrical surface 4, ending with an end piece 5 and an inner blind axial taper surface 6. Ceramic head element 1 and a sleeve 3 are bonded by brazing, which ensures high strength of the joint and eliminates moving contact between dissimilar materials during operation. When assembling a metal stem with a head, its taper element mates with the corresponding conical surface 6 of the sleeve.



A titanium alloy, for example, BT1-0 or Ti-6Al-4V, is used as a metal element (sleeve), and alumina or zirconia ceramics are used as a ceramic element. The performed finite element analysis of the head design with no sleeve showed that the greatest stresses and strains in the ceramics were at the outlet in the head. In the presence of a sleeve, the zone with maximum stresses and strains shifted to the area where the ceramics are practically the thickest, and the values of stresses and strains reduced by more than 2 times [77], on the basis of which the thicknesses of the sleeve and ceramics 1 were selected, also considering the requirements of medical standards. To create a fixed joint between the ceramic element of the head and the titanium alloy sleeve, the technology of their brazing was developed, as well as the solder itself with the required biocompatibility index [78].



This head design combines all the advantages of both metal and ceramic heads. In it, the presence of a metal sleeve with a traditionally taper axial hole provides a fixed joint of the ceramic head with the sleeve due to the absence of micro-movements along the outer sleeve surface, thereby protecting the head from possible splitting in the taper connection, which significantly increases the stability of the THR. Thus, this head also improves the reliability and durability of the THR by reducing wear in the COP friction pair by eliminating fretting corrosion in the brazed joint, which has a significant impact on the development of the periprosthetic bone tissue osteolysis.



Another challenge to improve the reliability of THR is to provide the accelerated osseointegration of the implant. Its solution requires considering many factors that influence the course of this process. It was shown above that the best conditions for osseointegration are achieved with the cementless fixation of implants with a developed surface microrelief. This helps to increase the adsorption of proteins on the surface and the activation of platelets. Experimental data indicate that the concentration of platelets reaches the highest value on the surface of the implant and very quickly decreases with distance from it. In addition, it is known that the density of chondrocytes increases with an increase in the surface microrelief. With a sufficient accuracy for approximate models, the platelet population density at a point in space located at a distance x from the implant surface can be described by the dependence:


  p  ( x )  =  p  k 0   ·  e  − q x   ,    



(29)




where    p  k 0   = c o n s t   is a constant, depending on the nature of the microrelief; and   q = c o n s t   is an indicator of the rate decrease in density.



Considering that the dynamics of platelet density changes described by Equation (13) does not depend on changes in other variables of the state of Equations (13)–(20), it can be studied independently of these variables.



The solutions of Equation (13) with the initial conditions    T 1   (  x , 0  )  =  p  10   ·  e  − 2 x     and    T 2   (  x , 0  )  =  p  20   ·  e  − 2 x    , where    p  10   = 0.1   m g   m  m 2      and    p  20   = 0.5   m g   m  m 2      in dimensionless form were obtained in MATLAB and are shown graphically in Figure 3. Their analysis confirms the adequacy of the Equations (13)–(20), since the obtained dependences correspond to the experimental data. That is, the platelet population is grouped in the vicinity of the implant surface and rapidly decreases with distance from it. Nevertheless, platelet activation after THR triggers a cascade of biological events important for the healing of periprosthetic tissues, including the release of adhesion molecules that provide the movement of leukocytes to the inflammation area, lipids that affect cell permeability and the activity of many enzymes and growth factors that stimulate the proliferation and differentiation of fibroblasts, and endothelial cells. Evidently, an increase in the initial platelet density corresponds to an increase in biological processes, and, therefore, an increase in the surface microrelief contributes to a better osseointegration of the implant.



The osseointegration process consists of the formation of mature bone tissue on the implant surface, which is integrated with the host bone. For its initialization, it is necessary to provide a sequence of biological events that ensure the formation of a collagen matrix in the periprosthetic space. To analyze them, we used the simplified Equations (21)–(23) and Equations (24)–(28).



In [72] it was shown that the expressions    g C   (  C ,  f 2  , B  )   ,    g  f 2    (  C ,  f 2  , B  )   , and    g  C B    (  C ,  f 2  , B  )   , depending on the values of the model parameters, determine the course of the osseointegration process, which is determined depending on the mode parameter   χ =  α  C 2    (  1 +    α  C B      A B     )   , including stable and unstable modes, as well as bifurcation zones. In this regard, a comparative analysis of the nature of the change in the state variables of the Equations (13)–(15) depending on the value of  χ  was carried out. The study of the model equations in dimensionless form was carried out in the MATLAB environment by the finite element method using the pdepe function. In Figure 4 and Figure 5, the processes of changes in the concentration of osteogenic cells and osteoblasts are shown, respectively, at   χ = 2.8 ; 3.0 ; 7.5 ; 10  .



It is easy to see that the change in the cellular environment of the implant significantly depends on the mode of osseointegration and under different modes, characterized by the corresponding value of the coefficient of natural secretion of growth factors of type 2 in the environment of osteogenic cells (   α  C 2    ), which occurs in different ways. Considering this result, the issue of ensuring the desired mode of osseointegration, determined, inter alia, by the value of    α  C 2    , becomes relevant.



From Equation (24) it follows that the decrease in the density of osteogenic cells is influenced by their natural death, determined by the coefficient    A C    and growth factors of type 1, increasing the proliferation of osteoblasts, determined by the coefficient    α C   . In this regard, the nature of the processes of osseointegration depends on the total influence these factors, i.e., from the value of    α  C 2   +  A C   . The numerical solutions of the equations of the Equations (24)–(28) in dimensionless form depending on the value of    α  C 2   +  A C     were obtained at constant values of the osseointegration mode   χ = 3.0   and the coefficient of the natural secretion of growth factors of type 2 in the environment of osteogenic cells    α  C 2   = 1.0  , zero conditions at the boundaries and initial conditions, taking into account the change in osteogenic cells in the periprosthetic space at the initial moment of time. These solutions are shown graphically in Figure 6.



Finally, in order to elucidate the influence of one of the significant parameters of the Equations (24)–(28), namely, the diffusion coefficient of osteogenic cells    D C   , on the nature of osseointegration, the numerical solutions of Equations (24)–(28) were obtained in dimensionless form, shown in Figure 6 and Figure 7 depending on the    D C    at constant values   χ = 7.5  ,    α  C 2   = 2.5  ,    α  C B   +  A C  = 1.35 ,    zero conditions at the boundaries and initial conditions, considering the change in osteogenic cells in the periprosthetic space at the initial time.



An elementary analysis of the presented family of graphs indicates that the value of the diffusion coefficient of osteogenic cells also has a noticeable effect on the course of osseointegration. A decrease in    D C    leads to a reduction in the area of new bone tissue formation, and vice versa. It can be assumed that with the help of certain therapeutic procedures it is possible to achieve such a state of the periprosthetic tissues in which the best conditions for early osseointegration of the implant will be achieved.




4. Conclusions


The main goal of this study was to substantiate one of the possible approaches to reduce the risks of complications in the late postoperative period and, thereby, to increase the durability of THR. At the modern technological level, this can be achieved by eliminating the obvious shortcomings of THR designs and using postoperative therapeutic procedures that ensure reliable osseointegration of the implant immediately after its implantation.



On the face of it, the proposed head improvement of the modular stem would have little effect on THR durability. However, in reality, this improvement can significantly improve the reliability of the implant as a whole. Firstly, such a head has all the significant advantages in a CoP type pair, but, along with minimal wear of the pair materials, it is also characterized by the high strength inherent in metal-on-polyethylene (MoP) pairs. Secondly, the elimination of relative micromovements between THR elements made of dissimilar materials significantly reduces fretting and tribocorrosion, thus eliminating the main problem of a CoP pair, which is a high probability of osteolysis in bone tissue, caused by the appearance of many tiny wear particles. Consequently, the likelihood of the risk of postoperative complications leading to the need for early revision THR with such a head is significantly reduced.



However, late postoperative complications can also occur due to the loosening of the implant, which can occur for a number of objective and subjective reasons. Most often, as shown above, this is due to the poor osseointegration of the implant. The results of the numerical analysis performed in this study confirm the experimental data indicating that the course of osseointegration processes depends on many factors of both mechanical and biological nature. An important role in this is played by the type of periprosthetic bone tissue into which the implant is installed: spongy or cortical. It is clear that cortical tissue has significantly greater strength than spongy tissue, but it contains a much smaller number of osteogenic cells that can be involved in the process of osseointegration. Therefore, the formation of the bone matrix in the periprosthetic space should proceed better in the spongy tissue than in the cortical tissue. However, the placement of an implant in a space surrounded by spongy tissue is undesirable due to its low mechanical properties. In this regard, possible early postoperative therapy can be aimed at a temporary decrease in the density of periprosthetic cortical tissue in order to intensify the biological processes of osseointegration. At the same time, as the results of numerical modeling performed in this study show, the diffusion coefficient    D C    changes, which has a significant effect on the nature of the osseointegration process.



In addition, to ensure the best conditions for osseointegration, it is necessary to choose the optimal mode characterized by the parameter   χ ,   which, in turn, is determined by the coefficient of influence of growth factors of type 1 on the proliferation of osteoblasts    α  C B     and the coefficient of natural secretion of growth factors of type 2 in the environment of osteogenic cells    α  C 2    . It is known that a low-amplitude periodic load acting on damaged tissues has a stimulating effect on the differentiation of osteogenic cells [79,80] and the secretion of growth factor type 2 [81,82]. Therefore, the mode of osseointegration  χ  can be considered as a parameter that determines the intensity of the mechanical stimulation of osteogenic cells. However, at the same time, in [72], it is considered as some generalized parameter of stimulation, without specifying the nature of physical stimuli. Thus, for the best osseointegration of the implant in the early postoperative period, it is desirable to use rehabilitation procedures, including, for example, the low-amplitude high-frequency stimulation of periprosthetic tissues. Moreover, the stimulation parameters must be strictly individualized and take into account the biomechanical and biochemical state of a particular patient. In mathematical models, these states are reflected in the form of model parameters, which, as shown by the simulation results, have a significant impact on the nature of osseointegration.



It should also be noted that the mechanical stimulation of tissues damaged by a THR can lead to a better effect if artificial biodegradable extracellular matrices are placed in the periprosthetic space. This procedure can currently be performed by injection. As a result, more osteoblasts will be recruited for the formation of new bone matrix, which, in turn, will potentially contribute to an increase in the rate of implant osteointegration and an increase in the reliability of a THR.
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Model state variables




	
Platelets population density

	
  T  

	

	
   cells · m  L  − 1     




	
Osteogenic cells population density

	
  C  

	

	
   cells · m  L  − 1     




	
Osteoblasts population density

	
  B  

	

	
   cells · m  L  − 1     




	
Type 1 growth factors concentration (PDGF, TGF-β)

	
    f 1    

	

	
   ng · m  L  − 1     




	
Type 2 growth factors concentration (BMP, superfamily TGF-β)

	
    f 2    

	

	
   ng · m  L  − 1     




	
Fibrin network volume fraction

	
    v f    

	

	
   m  L  − 1     




	
Woven bone volume fraction

	
    v w    

	

	
   m  L  − 1     




	
Lamellar bone volume fraction)

	
    v l    

	

	
   m  L  − 1     




	
Concentration of adsorbed proteins (принимается в зависимoсти oт сoстoяния пoверхнoсти имплантата)

	
  p  

	
-

	
   μ g · m  m  − 2     




	
Constant model parameters




	
Platelet diffusion coefficient

	
    D T    

	
   1.365 ×   10   − 2     

	
   m  m 2  · d a  y  − 1     




	
Diffusion coefficient of osteogenic cells

	
    D C    

	
   0.133   

	
   m  m 2  · d a  y  − 1     




	
Diffusion coefficient of type 1 growth factors

	
    D  f 1     

	
   0.3   

	
   m  m 2  · d a  y  − 1     




	
Diffusion coefficient of type 2 growth factors

	
    D  f 2     

	
   0.1   

	
   m  m 2  · d a  y  − 1     




	
The coefficient of chemotaxis along gradient of growth factors type 1

	
    K 1    

	
   0.667   

	
   m  m 2  · d a  y  − 1   ·    (    ng   mL    )    − 1     




	
The coefficient of chemotaxis along gradient of growth factors type 2

	
    K 2    

	
   0.167   

	
   m  m 2  · d a  y  − 1   ·    (    ng   mL    )    − 1     




	
Linear platelet taxis coefficient

	
    H T    

	
   0.333   

	
   m  m 2  · d a  y  − 1   · μ  g  − 1     




	
The coefficient of platelet death due to inflammation

	
    A T    

	
   0.067   

	
    day  − 1     




	
The coefficient t of natural death of osteogenic cells

	
    A C    

	
   2 ×   10   − 3     

	
    day  − 1     




	
The coefficient of differentiation of osteoblasts into osteocytes

	
    A B    

	
   6.67 ×   10   − 3     

	
    day  − 1     




	
Natural decay rate of type 1 growth factors

	
    A  f 1     

	
   10   

	
    day  − 1     




	
Natural decay rate of type 2 growth factors

	
    A  f 2     

	
   10   

	
    day  − 1     




	
The coefficient of influence the concentration of adsorbed proteins on the secretion of growth factors of type 1

	
    α  T 1     

	
   6.67 ×   10   − 5     

	
     ng   mL   ·  day  − 1   ·    (    cells   mL    )    − 1     




	
The coefficient of natural secretion of growth factors type 1

	
    α  T 2     

	
     10   − 5     

	
     ng   mL   ·  day  − 1   ·    (    cells   mL    )    − 1     




	
The coefficient of natural proliferation of osteogenic cells

	
    α  C 0     

	
   0.25   

	
    day  − 1     




	
The coefficient of enhancing the proliferation of osteogenic cells by growth factors

	
    α C    

	
   0.25   

	
    day  − 1     




	
The coefficient of influence of growth factors type 1 on the proliferation of osteoblasts

	
    α  C B     

	
   0.5   

	
    day  − 1     




	
The coefficient of natural secretion of type 2 growth factors in the environment of osteogenic cells

	
    α  C 2     

	
   2.5 ×   10   − 3     

	
     ng   mL   ·  day  − 1   ·    (    cells   mL    )    − 1     




	
The coefficient of natural secretion of type 2 growth factors in the environment of osteoblasts

	
    α  B 2     

	
   2.5 ×   10   − 3     

	
     ng   mL   ·  day  − 1   ·    (    cells   mL    )    − 1     




	
The coefficient of influence of type 2 growth factors on bone synthesis

	
    α w    

	
     10   − 7     

	
    day  − 1   ·    (    cells   mL    )    − 1     




	
  Bone   remodeling   coefficient   ( determined   by   numerical   simulation   to   achieve    v l    09   within one year)

	
  γ  

	
-

	
-




	
Additional concentration of adsorbed proteins in the platelet environment

	
    β  T 1     

	
   0.1   

	
   μ g ·    (   mm 2   )    − 1     




	
Additional concentration of type 1 growth factors in the platelet environment

	
    β  T 2     

	
   10   

	
   ng ·  mL  − 1     




	
Additional concentration of type 2 growth factors in the environment of osteogenic cells

	
    β  C 2     

	
   10   

	
   ng ·  mL  − 1     




	
Additional concentration of type 2 growth factors in the environment of osteoblasts

	
    β  B 2     

	
   10   

	
   ng ·  mL  − 1     




	
Additional concentration of growth factors affecting the proliferation of osteogenic cells

	
    β C    

	
   10   

	
   ng ·  mL  − 1     




	
Additional concentration of growth factors affecting the proliferation of osteoblasts

	
    β  C B     

	
   10   

	
   ng ·  mL  − 1     




	
Additional concentration of type 2 growth factors affecting bone formation

	
    β w    

	
   10   

	
   ng ·  mL  − 1     




	
Limiting cell density

	
  N  

	
     10  6    

	
   cells ·  mL  − 1     








* References to literary from which the parameter values are taken are given in [68].
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Figure 1. Scheme of the study. 
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Figure 2. The improved ceramic head: (a) general view of the experimental sample; (b) elements of the internal structure (description of elements indicated by numbers is given in the text below). 
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Figure 3. Change in platelet population density: (a)   p  ( x )  =  p  10   ·  e  − 2 x    ; (b)   p  ( x )  =  p  20   ·  e  − 2 x    . 
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Figure 4. Dynamics of the processes of changes in the concentration of osteogenic cells in the periprosthetic space under different modes of implant osseointegration. 
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Figure 5. Dynamics of the processes of changes in the concentration of osteoblasts in the periprosthetic space under different modes of implant osseointegration. 
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Figure 6. Changes in the state variables of the Equations (24)–(28) depending on the parameters that determine the natural death of osteogenic cells and the influence of type 1 growth factors on the proliferation of osteoblasts: (a) Osteogenic cells population density; (b) Osteoblasts population density; (c) Fibrin network volume fraction); (d) Woven bone volume fraction; (e) Lamellar bone volume fraction. 
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Figure 7. Change in the state variables of the Equations (24)–(28) depending on the diffusion coefficient of osteogenic cells: (a) Osteogenic cells population density; (b) Osteoblasts population density; (c) Fibrin network volume fraction); (d) Woven bone volume fraction; (e) Lamellar bone volume fraction. 
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