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Abstract

:

Numerous clinical studies have reported cell-based treatments for cartilage regeneration in knee joint osteoarthritis using mesenchymal stem cells (MSCs). However, the post-surgery rehabilitation and weight-bearing times remain unclear. Phenomenological computational models of cartilage regeneration have been only partially successful in predicting experimental results and this may be due to simplistic modeling assumptions and loading conditions of cellular activity. In the present study, we developed a knee joint model of cell and tissue differentiation based on a more mechanistic approach, which was applied to cartilage regeneration in osteoarthritis. First, a phenomenological biphasic poroelastic finite element model was developed and validated according to a previous study. Second, this method was applied to a real knee joint model with a cartilage defect created to simulate the tissue regeneration process. The knee joint model was able to accurately predict several aspects of cartilage regeneration, such as the cell and tissue distributions in the cartilage defect. Additionally, our results indicated that gait cycle loading with flexion was helpful for cartilage regeneration compared to the use of simple weight-bearing loading.
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1. Introduction


Osteoarthritis (OA) of the knee is the most common result of arthritis that leads to pain, stiffness and decreased mobility, with this disease being one of the major causes of disability among non-institutionalized adults [1,2]. OA is a process of cartilage degeneration that involves the immune system, in which local inflammatory responses are observed with the production of proinflammatory cytokines [3,4]. The articular cartilage possesses limited reparative abilities and the associated osteochondral defects present in young patients generally do not heal but usually progress to degeneration of the surrounding cartilage [5]. There are a limited number of treatment options available to improve or reverse the process [3,4]. Additionally, with the exception of joint replacement, the most common treatments for OA are not widely applied and can be associated with substantial adverse events, high costs or both [6].



Mesenchymal stem cells (MSCs) have been proposed to possess potential in the cell-based treatment of cartilage lesions [7]. These cells show great promise as a therapeutic agent in regenerative medicine due to their multilineage potential, immunosuppressive activities, limited immunogenicity and relative ease of growth in culture [7]. Additionally, MSCs represent an autologous cell source that reduces the chance for rejection and disease transmission they are also less tumorigenic than their embryonic counterparts [8]. However, there are no studies that have quantitatively evaluated the degree of rehabilitation of an OA knee joint after injection or transplantation of MSCs.



Mechano-regulation algorithms have been suggested to evaluate the possible relationship between mechanical stimulation and the differentiation of cells and tissues [9,10,11,12,13,14,15]. These phenomenological computational models, however, have several problems, particularly regarding the general simplification, such as loading condition and simplified geometry [9,10,11,12]. Recently we studied to predict the mechanical properties of an optimum scaffold required for cartilage regeneration using three-dimensional knee joint developed from medical imaging and mechano-regulation theory [16].



Therefor, the aim of the present study was to investigate cartilage regeneration in OA or cartilage defects based on the knee joint mechano-regulation of MSC differentiation theory using a realistic model based on three-dimensional (3D) medical imaging. This model considers the effect of mechanical stimuli on cell mitosis and death and it also incorporates the influence of the tissues on cell dispersal rate We hypothesized that the prediction of mechano-regulated tissue differentiation would differ with respect to the loading conditions.




2. Materials and Methods


To investigate individual cellular model parameters of cartilage regeneration, a mechano-biological tissue-differentiation model that included theoretical descriptions of cellular processes was used according to a previous validation method [17]. This model has been employed to simulate the major aspects of normal conditions and cartilage regeneration [17,18]. Mechano-regulation processes are driven by the mechanical environment in the vicinity of the cell. A computational approach, such as finite element (FE) modeling, enables the evaluation of the mechanical stimuli within the extracellular matrix of a regenerating tissue. In this study, a cartilage defect within the knee joint was investigated using a poroelastic FE model. Briefly, the entire callus was assumed to consist of granulation tissue at the beginning of the stimulation regimen. Generally, once the subchondral bone is penetrated, MSCs invade the defect in the bone marrow. Given this, the stem cells were assumed to originate from the periosteum, outer cortical surface and medullary canal in a previous study [18]. This method was applied to generate the first phenomenological model. In the second model, adipose synovium-derived MSCs were used for cartilage defect implantation because we have had successful clinical experience with this approach [19,20,21].



To simulate the diffusion of stem cells throughout the callus, a diffusion coefficient was selected to predict 99% stem cell coverage at six weeks after implantation [12]. After this, the differentiation of the granulation tissue in a given element towards the fibrous tissue, cartilage or bone was determined by the stimulus factor (S) according to Equation (1):


S=γa+vb



(1)




where γ is the octahedral shear strain, ν is the fluid velocity and a (3.75%) and b (3 μm/s) are the scaling factors for each stimulus. Based on the mechano-regulation theory, S > 3 is predicted as fibrous connective tissue, 1 < S < 3 indicates cartilage, 0.53 < S < 1 indicates immature woven bone, 0.01 < S < 0.53 indicates mature woven bone and 0 < S < 0.01 indicates bone resorption [4,12,13,18,19,22].



Poroelastic material properties were updated according to a rule of mixtures based on the concentration of cells in a given element (nc), the volume fractions (φj) and material properties of the granulation tissue and j types of differentiated tissues in that element. For example, Young’s modulus (E) for a given element was calculated according to Equation (2):


E=(ncmax−nc)ncmaxEgranulation +ncncmax∑j=1ntEjφj



(2)




where ncmax is the maximum number of cells that can occupy any single element and Ej is Young’s Modulus of the jth differentiated tissue. The volume fraction φj of a given type of differentiated tissue was evaluated as the fraction of the last ten iterations for which this particular differentiated tissue type was predicted in the element. This enabled the material properties to change gradually and prevented instability in the algorithm [23]. Material property was calculated for each element by this formula using a custom FORTRAN script.



The two poroelastic FE models were developed to simulate in vivo mechnical conditions within knee joint OA mechano-regulation under different loading conditions. The first phenomenological axi-symmetric FE model of the knee was created, which included a meniscus, femoral condyle and articular cartilage layer to validate this approach (Figure 1). The pore fluid pressure was adjusted to zero at free. The meniscus and the cartilage surface could not penetrate each other in the axial direction. However, the surfaces were allowed to slide relative to each other. The cartilage defect size and depth were set at 5 mm each. Complete integration was assumed between the repair tissue and normal tissue. An axial ramp load of 800 N was applied for 0.5 s. All tissues were modeled as being biphasic based on the poroelastic theory. The material properties used for each tissue type are shown in Table 1. The meniscus was modeled as transversely isotropic and poroelastic with a higher stiffness in the circumferential direction [12].



The second poroelastic FE model of the knee joint (Figure 2c) was developed from real medical imaging based on a previously reported model [24,25,26] that was further developed. Briefly, a 3D FE model of a normal knee joint was developed using data from computed tomography (CT) (Figure 2a) and magnetic resonance imaging (MRI) scans (Figure 2b) of a healthy 37-year-old male subject. The CT and MRI models were developed with a slice thickness of 0.1 mm and 0.4 mm, respectively. Unlike the phenomenological model, this model was developed specifically for the tibial cartilage to describe an actual clinical situation. Contact was modeled between the femoral cartilage and the meniscus, the meniscus and the tibial cartilage and the femoral cartilage and the tibial cartilage for both the medial and lateral sides, which resulted in a total of six contact pairs. In short, the components were not penetrating. The second model developed at 64 mm2 with a depth of 3 mm. Two loading conditions were applied. The first condition was an axial ramp load of 1750 N, which was the same as that applied in the phenomenological model, and the second was a stance-phase gait cycle derived from the ISO14,243-1 standard [27]. All FE analyses were completed using ABAQUS 6.5 (Abaqus, Inc., East Providence, RI, USA) and the mechano-regulation theory was a user-defined subroutine constructed by the FORTRAN code.




3. Results


Figure 3 presents the phenomenological computational model of predicted patterns of tissue differentiation in cartilage defects. This results in higher cell death predictions in the superficial layer of the repair tissue as MSCs differentiate into fibroblasts and undergo death in the high-strain environment. This trend was also observed in a previous study [9].



The cell concentration and each tissue type formation observed in this study and Kelly and Prendergast’s study were compared in Figure 4 [9]. A minor difference was observed, but the overall trend is consistent. In particular, there were similar predictions for the simulated fibrous tissue formation (18% in the present study and 16% in the previous study) and bone formation (61% in the present study and 64% in the previous study) [9].



Figure 5 shows the pattern of regeneration of the cartilage defect in the knee joint model for axial and stance-phase gait cycle loadings. The predicted patterns of tissue differentiation after MSC implantation in the stance-phase gait cycle condition model were found to be remarkably different from those predicted by the axial force model. The stance-phase gait model was predicted to support early chondrogenesis, with the chondral region of the defect consisting primarily of immature cartilage tissue. Increased cartilage formation was predicted as the simulation of the defect repair progressed and a remarkably greater proportion of the defect consisted of cartilage tissue. A strong uniform band of fibrous tissue was maintained at the articular cartilage. Additionally, the remainder of the chondral portion of the defect consisted of cartilage tissue. However, in the axial force model, the simulations showed that the defect was partially shielded by the adjacent intact cartilage and the stimulus within the defect was low. As the regenerated tissue begins to stiffen, it begins to support loads and chondrogenesis is favored within the center of the defect. After a given period of time, increased bone formation is predicted to occur by endochondral ossification and particular regions of cartilage begin to differentiate into fibrous tissue, ultimately resulting in a reduction in the amount of cartilage within the defect. Figure 6 showed cell concentration in axial force model and stance phase gait model. Axial force model cell death was found in articular surface, but stance phase gait model cell death was prevented because rotation or translation because controlled axial force was exerted only at the defect region. Figure 7 shows tissue type formation after 40 iterations in axial force model in stance phase gait model. In 40 iterations, greater amounts of cartilage tissue formation were predicted, with 56% in the stance-phase gait model and 29% in the axial force model.




4. Discussion


The most important finding of this study was that different results were found with respect to the loading conditions in a real knee joint model for mechano-biological tissue differentiation.



Cartilage defects possess a very limited intrinsic healing capacity. Curl et al. described 53,569 hyaline cartilage lesions in 19,827 patients that received total knee arthroplasty [28]. Similarly, a more recent prospective survey of 993 consecutive knee arthroscopies showed evidence of articular cartilage abnormality in 66% of the patients [29]. Several techniques for articular cartilage defect treatment have been described recently with various results and indications [24,30]. Microfracture represents a widely used technique for the repair of symptomatic articular cartilage defects of the knee [31,32]. The penetration of the subchondral bone plate in these defects causes clot formation in the defect. This clot contains pluripotent, marrow-derived MSCs, which can induce fibrocartilage repair as they possess varying amounts of type II collagen [30]. However, the microfracture technique is limited for treating large-sized defects. Small defects can spontaneously undergo repair with the hyaline cartilage, while larger defects undergo repair only with fibrous tissue or fibrocartilage, which are biochemically and biomechanically different from normal hyaline cartilage [3]. A recent review paper indicated that osteochondral autograft transfer may achieve higher activity levels and a lower risk of failure compared to the microfracture technique for cartilage lesions greater than 3 cm2, although there was no significant difference for lesions smaller than 3 cm2 at midterm [33]. Therefore, degeneration may occur, which can subsequently progress to osteoarthritic changes [34].



Recently, MSCs have been recommended for use in the cell-based treatment of cartilage lesions. Chondrogenesis of MSCs was primarily reported by Ashton et al. [35] and a defined medium for the in-vitro chondrogenesis of MSCs was primarily reported by Johnstone et al. [36], who used micromass culture with transforming growth factor-beta and dexamethasone. With regard to the in-vivo studies, the transplantation of MSCs into full-thickness articular cartilage defects has been attempted under various conditions. Some studies recently reported that adipose-derived MSCs therapy for young and even elderly patients with knee OA was effective with respect to cartilage healing, reducing pain and improving function [19,20,21]. Additionally, Kim et al. demonstrated that the implantation of MSCs for knee OA resulted in improved clinical and second-look arthroscopic outcomes compared to those reported after an injection of MSCs [37]. Another recent study recommended that non-weight-bearing conditions with only toe-touching for 8 weeks may have similar effects to those achieved within the period used in other treatments for cartilage regeneration when MSCs were injected to OA patients [38]. However, the authors also stated that although this prolonged period of non-weight-bearing may enable some native repair, it decreased and delayed the recovery of knee function after injections as evidenced by an initial decline of the Knee Society Clinical Rating System function score [38]. Therefore, an optimal rehabilitation protocol for the injection and implantation of MSCs should be further investigated and determined.



To date, the Prendergast mechano-regulation theory has been applied to a number of different scenarios of bone healing and cartilage regeneration and it has displayed tremendous promise as a theory that could accurately describe the course of mesenchymal tissue differentiation in response to a wide spectrum of mechanical conditions [12,17,18]. However, all of these studies performed simulations from a microfracture perspective [12,17,18,39]. Moreover, the stem cells were assumed to originate from the periosteum, the outer cortical surface and medullary canal according to mechano-regulation tissue differentiation [12,17,18,39].



The objective of the present study was to perform a robust test of this theory by applying it to a MSC implantation model in knee OA where different mechanical loadings were used to alter the cartilage regeneration response. One of the main strengths of this study is that the modeling technique used to test the mechano-regulation theory is dissimilar to those typically used to investigate the mechano-regulation of cartilage regeneration. Many previous computational studies examining the mechano-biology of cartilage regeneration only investigated the physiological axial load. Additionally, they described boundary and contact conditions that do not accurately reflect clinical situations using simple phenomenological computational models. Our knee joint model that was developed from real medical imaging could successfully predict the patterns of cellular differentiation in osteochondral defect regeneration. A previous study demonstrated regeneration through both endochondral and direct intramembranous ossification in the base of the defect, with cartilage formation occurring at the center of the defect and fibrous tissue formation superficially [40]. This pattern of repair was also found in the present model. We also found that gait cycle loading was better than vertical loading for cartilage regeneration. However, in the simple vertical loading model, increased bone formation was predicted to occur via endochondral ossification and particular regions of the cartilage began to differentiate into fibrous tissue, ultimately leading to a reduction in the amount of cartilage within the defect. Due to an increase in the magnitude of fluid flow within the defect, the stimulus for fibrous tissue formation is increased [41]. This increase in strain also promotes cell death at the articular surface [41]. Thus, preventing this fibrous tissue formation superficially and any subsequent cell death by an appropriate rehabilitation protocol would be beneficial in avoiding long-term failure of tissue repair.



There are also several limitations to this study. First, we assumed that cell movement can be described using a diffusion equation of a non-linear relationship that exists between mitosis/cell death and the magnitude of strain experienced by cells; and that tissue differentiation is regulated by a combination of the magnitude of octahedral shear strain and fluid flow within the tissue, which may not be completely accurate. Second, we did not account for the rate at which cells differentiate and produce a matrix and we did not attempt to model the effects of growth factors, such as transforming growth factor-beta. Third, we did not model the scaffold. The MSCs are not actually injected directly but should rather be implanted in combination with a scaffold.



Fourth, our model could not be validated using experimental data. It is very challenging to find experimental data with identical conditions. There are also advantages of using computational simulations to predict the results in this way. In addition, we validated it with previous computational results.



Finally, the developed models did not consider cells that only migrate into the defect from the exposed cancellous bone and it was instead assumed that MSCs could only enter the defect through implantation.



Developments of computational technology have now enabled researchers to perform simulations from a patient- or subject-specific perspective in the orthopedic field. Our results were obtained using a 3D model developed from real medical imaging and our results demonstrate that stance-phase loading was better than axial loading for cartilage regeneration. This is because simple vertical loading may cause excessive strain, while a stance-phase gait cycle prevents this strain at the cartilage defect due to the relationship with other loadings. The advantage of using such an approach is that it is one of the key features of computational methods in tissue engineering that enables the expedition of the testing of new constructs and the development of strategies for identifying the optimal therapy for each patient [42]. From this perspective, our results could provide patient-specific rehabilitation guidelines for the implantation of MSCs.



In conclusion, we developed a computational approach to simulate tissue differentiation that was tested by attempting to simulate cartilage regeneration and the results yielded tissue formation patterns similar to those observed clinically. Although we found that a stance-phase gait was better than axial loading in the context of cartilage regeneration, a more complex study protocol is required for future investigations and such a protocol should include consideration of the effects of passive flexion after axial force or crutches in weight-bearing.
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Figure 1. Schematic of the phenomenological axi-symmetric FE model of the knee including a femoral condyle, articular cartilage layer and meniscus for validation. 






Figure 1. Schematic of the phenomenological axi-symmetric FE model of the knee including a femoral condyle, articular cartilage layer and meniscus for validation.



[image: Applsci 09 01868 g001]







[image: Applsci 09 01868 g002 550]





Figure 2. A realistic 3D knee joint model developed using data from (a) CT and (b) MRI scans. (c) Schematic representations of the cartilage defect model and the boundary conditions for cartilage regeneration prediction. 
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Figure 3. Predicted patterns of tissue differentiation with 5 mm cartilage defect in a simulation of (a) 25 iterations and (b) 50 iterations. 
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Figure 4. Comparison of prediction of (a) cell concentration at the articular surface and (b) percentage of tissue types between this study and a previous study [9] for validation. 
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Figure 5. Pattern of regeneration of the cartilage defect in the knee joint model in 10, 20 and 40 iterations for (a) axial and (b) stance-phase gait cycle loading. 
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Figure 6. Comparison of the prediction of cell concentration between the axial loading and the stance-phase gait loading model. 
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Figure 7. Percentage of each tissue type formation in the axial loading and the stance-phase gait loading model after 40 iterations. 
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Table 1. Material properties used in this simulation.
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	Granulation Tissue
	Fibrous Tissue
	Cartilage
	Immature Bone
	Mature Bone
	Cortical Bone





	Young’s modulus (MPa)
	0.2
	2
	10
	1000
	6000
	17,000



	Poisson’s ratio (ν)
	0.167
	0.167
	0.167
	0.3
	0.3
	0.3



	Permeability

(m4/Ns×10−14)
	1
	1
	0.5
	0.1
	0.37
	0.001



	Porosity
	0.8
	0.8
	0.8
	0.8
	0.8
	0.04



	Diffusion coefficient (mm2/iteration)
	0.8
	0.1
	0.05
	0.01
	0.01
	-











© 2019 by the authors. Licensee MDPI, Basel, Switzerland. This article is an open access article distributed under the terms and conditions of the Creative Commons Attribution (CC BY) license (http://creativecommons.org/licenses/by/4.0/).
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