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Abstract: Total Knee Arthroplasty is a surgical procedure that constitutes one of the solution treatments for osteoarthritis of 

the knee. It is an extremely common procedure, with a very high rate of success, especially during the first years after implantation. 

However, the main concern regarding this surgery is the aseptic loosening of the components, which can occur later on, due to the 

reduction in the proximal tibia’s bone mass. The tibial components currently used include the metallic tibial tray, the polye thylene 

insert and the standard stem (polyethylene tip). Additionally, other components can also be used, such as long stems, that provide 

better prosthesis fixation and alignment, and metaphyseal sleeves, which promote the mechanical support when the tibial defects are 

more significant. The aim of this study was to analyse the bone remodelling process after a total knee arthroplasty, using six different 

implant configurations, which include three different stem lengths, with or without the presence of a metaphyseal sleeve. A three-

dimensional model of the tibia was obtained from CT images and the prosthesis components were modelled in Solidworks. The bone 

remodelling model used maximizes the bone’s structural stiffness, taking into account the metabolic cost associated with bone 

maintenance. The applied loads included the knee joint reaction forces and muscle tendon forces at six different time instances of 

the walking gait. The results obtained after the bone remodelling simulations were analysed and their density distributions were 

qualitatively and quantitatively compared. The results showed that the density distributions of the implanted tibia depend on the 

prosthesis geometry. The models with the standard stem showed relatively low values of bone mass change, whereas long stems 

lead to bone apposition in the regions surrounding the stem and significant bone resorption in the proximal regions. The presence of 

the metaphyseal sleeve increased the values of bone resorption. Although short stems may be the better option for long-term success 

of the total knee arthroplasty, a longer stem and a metaphyseal sleeve should be used when the clinical status of the patient requires 

it.  
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1. Introduction 

 
The knee joint has an extremely intricate three-dimensional 

geometry and, consequently, a very complex mechanical 

response under physiological loads. The stability of this joint is 

provided by the menisci, ligaments and muscle forces, and it is 

essential for daily activities, such as walking, running, stair 

climbing, among others (Bendjaballah et al., 1995). The knee is 

very susceptible to injuries, with osteoarthritis being the most 

common pathology that leads to total knee arthroplasty (TKA), a 

surgical procedure in which the damaged cartilage and bone 

tissues are removed and replaced by artificial (femoral, tibial and 

patellar) components. TKA is one of the most common 

orthopaedic procedures performed and its number is set to grow 

by 673% between 2005 and 2030, in the United States of 

America (Kurtz, 2007).  

Arthroplasty registers over the years have noted aseptic 

loosening as the most common cause of failure. One of the 

causes of the component loosening may be the fact that 

component implantation leads to alterations in the tibial load 

transfer (Cawley et al., 2012). More specifically, the load is 

partially transferred through the prosthesis, unloading the 

periprosthetic bone and resulting in stress shielding (Jaroma et 

al., 2016). Bone loss in the proximal tibia after implantation is one 

of the concerns regarding the TKA prosthesis and, therefore, 

studying the mechanical behavior of the assembly of the tibia 

with the implant is extremely important, in order to predict the 

prosthesis’ performance. That is why many clinical studies have  

been conducted over the years, in which different implantation 

techniques have been assessed, as well as the  influence of  the  

 

implant design and material on the tibial bone density. 

Additionally, finite element method (FEM) studies have widely 

been used to analyse the biomechanics of the intact and 

implanted bone. By including bone remodelling simulations in the 

FEM, it became possible to predict bone adaptation after a 

prosthetic implantation and consequent loading variation (Garcı́a 

et al., 2002). In light of this, Cawley et al., (2012) and Chong et 

al. (2011) both investigated bone remodelling in the proximal tibia 

through computational finite element simulations, using different 

cemented and uncemented tibial fixation cases. Quílez et al. 

(2015) take on a wider variety of implant components, including 

metaphyseal sleeves, which are used in revision TKA. Zhang et 

al. (2016) study the effect of implant material, design and 

alignment on the stress shielding felt in the tibia and Jia et al. 

(2017) test different stem lengths and materials, taking bone 

remodelling into account. 

This work focuses on the analysis of the density 

distribution of the tibia, after being implanted with six different 

configurations of prosthesis (three different stem lengths with and 

without sleeve), using a bone remodelling model to simulate the 

dynamic behaviour of the bone tissue, and make conclusions 

about the optimal design of the TKA prosthesis. 

 

2. Methods and Materials 

 

2.1. Bone Remodelling Model 

 

The bone remodelling model used in this work was 

developed in 1999 by Fernandes et al. (1999), in which bone is 
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considered a periodic porous material, with variable density, 

equivalent linear elastic properties and orthotropic symmetry. 

The periodicity of the bone is obtained by the repetition of an 

open unit cell, that mimics the structure of trabecular bone. The 

unit cell is cubic, with rectangular holes with dimensions 𝑎1, 𝑎2 

and 𝑎3. At each point of the microstructure, bone is not only 

defined by these parameters, but also by the unit cell orientation 

given by the Euler angles 𝜽 = {𝜃1, 𝜃2, 𝜃3}𝑇. The relative density of 

bone is, therefore, given by 𝜌 = 1 − 𝑎1𝑎2 − 𝑎1𝑎3 − 𝑎2𝑎3 +

2𝑎1𝑎2𝑎3, with 𝑎𝑖 ∈ [0,1], 𝑖 = 1,2,3. The extreme values 𝑎𝑖 = 0 and 

𝑎𝑖 = 1 correspond to compact bone and void, respectively, 

whereas intermediate values correspond to trabecular bone 

(Fernandes et al., 2002; Folgado et al., 2004; Quental et al., 

2014). 

Mathematically, the bone remodeling process is addressed 

as the minimization of the combination of the structural 

compliance and the metabolic cost of the organism when 

maintaining bone tissue. Considering that the bone occupies a 

volume Ω, with boundary Г and is subjected to a set of load 

conditions, defined by the surface loads 𝒕𝒑,the respective 

displacement fields 𝒖𝒑, and considering as the design variables 

the parameters 𝒂 and 𝜽, the optimization problem can be stated 

as: 

 

𝑚𝑖𝑛 {∑ 𝑎𝑝

𝑁𝐶

𝑃=1

(∫ 𝑡𝑖
𝑝

Г

𝑢𝑖
𝑝

𝑑Г) + 𝑘 ∫ 𝜌(𝒂)𝑚

𝛺

𝑑𝛺} 
 

(1) 

where 𝑁𝐶 is the number of load cases with the respective load 

weight factors 𝑎𝑝, satisfying ∑ 𝑎𝑝𝑁𝐶
𝑃=1 = 1. 

There are two terms in the cost function (equation 1): the 

first one is a weight average of the structural compliance for each 

load case, whereas the second one represents the metabolic 

cost associated with bone maintenance. More specifically, the 

parameters 𝑘 and 𝑚 control the total amount of bone mass. The 

former parameter includes biological factors, like age, gender, 

disease status and hormonal state, which vary a lot from subject 

to subject, whereas the latter is a corrective factor for the 

preservation of the intermediate densities. In qualitative terms, 

the higher the value of 𝑘, the lower the bone mass, because the 

maintenance cost is higher. Additionally, the higher the value of 

𝑚, the higher the emphasis on intermediate densities (Fernandes 

et al., 1999; Quental et al., 2014). 

 

2.2. Geometric modelling 

 

The three-dimensional model of the right tibia was obtained 

from medical CT images. The freeware program ITK-SNAP was 

used to perform image segmentation, using the global 

thresholding technique to increase the image contrast, then the 

active contour method, in which the solid model starts being 

generated and, finally, the manual segmentation, to correct 

inevitable errors from the previous step. The segmented model 

was afterwards imported to another freeware program called 

MeshLab, responsible for filtering and applying smoothing 

operations, essential for surface mesh adjustments. After that, 

the model was imported to Solidworks®, where the ScanTo3D® 

toolbox was used to automatically create the solid tibia and the 

initial surface mesh, which was the starting point of the finite 

element model creation in ABAQUS®. 

The prosthesis components were also created using the 

Solidworks® software, taking real models under consideration. 

The tibial components typically include a  tray, an insert and a 

stem, which can differ in length (in this work a standard, a 75 mm 

and a 115 mm stem were used). In some cases, a metaphyseal 

sleeve can be added to the prosthesis. These components were 

combined into six different models, which aim to mimic the six 

different combinations of prosthesis that can be used whether in 

a primary TKA or in a revision TKA. The prosthesis components 

can be seen in Figure 1. 

  
Figure 1 – Prosthesis components. A. Isometric view of the model with 

the standard stem. B. Frontal view of the model with the standard stem 

and sleeve. C. 75 mm stem (on the left) and 115 mm stem (on the 

right). 

The six groups of components were assembled into the 

intact tibia. In order to do that, to simulate the proximal resection 

of the damaged tibia, a horizontal cut was made with a height of, 

approximately, 10 mm with reference to the high side of the tibia 

(Schnurr et al., 2011). In addition, cement was modelled under 

the tibial tray in all six models. Figure 2 contains the six different 

models assembled into the tibia. 

 

2.3. Finite element model 

 

As mentioned, the model used considers bone a linearly 

elastic orthotropic material. All the remaining materials were 

considered to be homogeneous, isotropic and linear elastic. 

Compact bone was attributed a Young’s modulus of 17 GPa 

(Quental et al., 2014) and a Poisson’s coefficient of 0.3. The tibial 

tray, made of Cobalt-Chromium was attributed a Young’s 

modulus of 210 GPa and a Poisson’s coefficient of 0.3 (Kluess et 

al., 2010). The stems and sleeve, made of titanium, had a 

Young’s modulus of 110 GPa and a Poisson’s coefficient of 0.36 

(Darwish, 2008). The UHMWPE insert was attributed 0.5 GPa 

and 0.3 as the Young’s modulus and the Poisson’s coefficient, 

respectively (Completo et al., 2008). Finally, the PMMA cement 

had a 2.5 GPa Young’s modulus and a 0.3 Poisson’s coefficient 

cement (Darwish, 2008). 

The interactions between the bone and the cement, the tray 

and the tibial insert, the tray and the cement and the bottom of 

the tray and the stem were considered as fully bonded, using the 

Tie option (Dassault Systèmes Simulia, 2012). However, the 

interactions bone-stem, tray-bone and sleeve-bone were all 

modelled as a contact with a coefficient of friction associated 

(0.3, 0.4, 0.3/0.6, respectively) (Rancourt et al., 1990; Shirazi-Adl 

et al., 1993; Taylor et al., 1995), as well as the Small Sliding  

option activated, meaning that limited sliding between these 

components was allowed to a certain extent. 

A B C 
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The distal end of the tibia was fixed and the applied loads 

were divided into two groups: the loads associated with the 

muscle tendons and the joint reaction forces in the tibiofemoral 

articulation. 

The muscles considered in the finite element analysis were 

the biceps femoris (BF), the semimembranosus (SM) and the 

TRIPOD (sartorius, gracialis and semitendinosus), as well as the 

patellar tendon (PT). The forces were computed based on the 

work of Adouni et al. (2012), who performed a finite element 

analysis at six different time instances of the walking gait: 0%, 

which corresponds to heel strike, 5%, 25%, 50%, 75% and 100%, 

which corresponds to toe-off. These six time instances 

correspond to the six steps used in the finite element analysis. 

The muscle forces were computed, using the orientation of the 

muscles obtained from Aalbersberg et al. (2005) and the ratio to 

body weight values obtained from Adouni et al. (2012).  

The reaction forces were collected from a public database 

(“Database « OrthoLoad”). In this case, the chosen subject was 

male and measurements were made during approximately four 

seconds while he performed the walking activity. The six walking 

gait instances of interest were identified and selected taking into 

account the work of Heinlein et al. (2009) and were afterwards 

converted to new values, considering the average weight for 

women of 70Kg.  

The elements chosen for the mesh were tetrahedral and 

linear (four-noded). For the model of the intact tibia, the size of 

the elements used was of 2mm, which was shown in a previous 

convergence study to be sufficient to obtain the desired solution, 

associated with a lower computational cost than more refined 

meshes. For the model of the assembly with the prosthesis, the 

size of the elements used for the tibia was of 1.8mm, 1mm for 

the cement 2mm for the tray and insert, 2.2mm for the stem and 

2.5mm for the sleeve, when used. 

 

2.4. Validation of the simulations 

 

The parameters 𝑘 and 𝑚, which correspond to the cost of 

bone maintenance per volume and the correction factor for the 

intermediate densities,  respectively,  were  determined  from  a 

quantitative  and  qualitative analysis  of  the  bone  remodelling 

model applied to the intact tibia, in which the CT density values 

were used as an initial condition. To assess the performance of 

a model, a set of metrics is often required. In this case, four 

different types of errors were calculated. The root mean square 

error (RMSE) and the mean absolute error (MAE) have both 

been used for years to assess model performance. The RMSE 

is, by definition, never smaller than MAE, mainly because MAE 

gives the same weight to all errors, whereas the RMSE gives 

more weight to errors with larger absolute value. Therefore, 

RMSE is better at revealing model performance differences 

(Chai et al., 2014). To relate the absolute errors with the 

magnitude of the CT density values, the respective relative errors 

of RMSE and MAE were also calculated. Equations 2 and 3 

represent the absolute and relative differences, referred to as 

∆𝜌𝑎 and ∆𝜌𝑟, respectively, and the formulas for the RMSE and 

the MAE, which were used for both of these two differences, are 

shown in equations 4 and 5, respectively. 

 ∆𝜌𝑎 = |𝜌𝑅𝐸𝑀
𝑖 − 𝜌𝐶𝑇

𝑖 |, (2) 

 
∆𝜌𝑟(%) =

|𝜌𝑅𝐸𝑀
𝑖 − 𝜌𝐶𝑇

𝑖 |

𝜌𝐶𝑇
𝑖

, 
(3) 

 

𝑅𝑀𝑆𝐸 = √
1

𝑛
∑ ∆𝜌𝑖

2

𝑛

𝑖=1

, 

(4) 

 
𝑀𝐴𝐸 =

1

𝑛
∑ |∆𝜌𝑖|

𝑛

𝑖=1

, 
(5) 

where 𝑛 is the total number of nodes of the tibia, 𝜌𝑅𝐸𝑀
𝑖  are the 

bone densities for node 𝑖, which resulted from the bone 

remodeling simulation and 𝜌𝐶𝑇
𝑖  are the bone densities for node 𝑖 

from the CT scan images (Quental et al., 2014).  

After determining the value of the parameters 𝑘 and 𝑚, the 

bone remodelling model was applied to the models with implant. 

In all six models, only the part of the bone is subjected to bone 

remodelling and its initial density distribution corresponds to the 

solution obtained in  the  simulations  for the  model of the  intact 

tibia. However, since the meshes of the two models are different, 

a Matlab® routine was used to map the densities of the nodes of 

 
Figure 2 - Isometric views of a coronal cut of the six different final assemblies. A. Standard stem. B. 75 mm stem. C. 115 

mm stem. D. Standard stem with sleeve. E. 75 mm stem with sleeve. F. 115 mm stem with sleeve. 
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one mesh to the other. 

 

2.5. Results analysis method 

 

To analyse the results obtained after the bone remodelling 

process, two different approaches were taken into account. The 

first is a qualitative approach, in which figures are presented, that 

include a two-dimensional view of the tibia, where the regions of 

bone equilibrium, apposition and resorption are depicted. To 

complement this approach, a quantitative one was also used, in 

which the tibia was divided into 15 regions (Figure 3) and the 

change in bone mass (in percentage) was calculated for each 

one of these regions. In order to do this, seven transversal planes 

were used to divide the tibia horizontally and an eighth plane was 

used to divide it into the medial and lateral sides. Regions 1 and 

2 are positioned immediately below the tibial component, regions 

5 and 6, 9 and 10 and 13 and 14 surround the standard, 75 mm 

and 115 mm stems’ end, respectively, and regions 3 and 4, 7 and 

8 and 11 and 12 are adjacent to the tibial tray, the 75 mm stem 

and the 115 mm stem, respectively. The even regions are on the 

medial side of the tibia, whereas the odd regions are on the 

lateral side, except for region 15, which includes the distal end of 

the tibia. It is also relevant to mention that regions 5, 6, 9, 10, 13 

and 14, which are all positioned at the tip of one of the three 

stems, have the same height. 

The change in bone mass, computed for each region, is 

given by: 

 

∆𝑚(%) =
∑ (𝜌𝑖

𝑓𝑖𝑛𝑎𝑙
− 𝜌𝑖

𝑖𝑛𝑖𝑡𝑖𝑎𝑙)
𝑛𝑣
𝑖=1 × 𝑉𝑖

∑ 𝜌𝑖
𝑖𝑛𝑖𝑡𝑖𝑎𝑙𝑛𝑣

𝑖=1 ×  𝑉𝑖

× 100, 

(6) 

where 𝑛𝑣 is the number of nodes in each region, 𝜌𝑖
𝑖𝑛𝑖𝑡𝑖𝑎𝑙 and 

𝜌𝑖
𝑓𝑖𝑛𝑎𝑙

 are the tibia’s densities before and after the simulation, 

respectively, and 𝑉𝑖 is the volume associated with each node 𝑖. 

 

 

 

Figure 3 - Division of the tibia into regions (1-15). Anterior view of a 
coronal cut. A. Standard stem. B. 75 mm stem C. 115 mm stem. 

3. Results 
 

3.1. Bone remodelling parameters 𝑘 and 𝑚 

 

Several combinations of values of 𝑘 and 𝑚 were tested: 𝑚 

ranged from 2 to 6 and to each of these values, a 𝑘 between 

2,5 × 10−2 and 5 × 10−4 was assigned. The desired solution is 

the one closest to the original bone density distribution. Only the 

results with the parameter 𝑚 of 4, 5 and 6 are present in Table 1 

for the sake of briefness. 

Lower values of the parameter 𝑚, such as 𝑚 = 2 and 𝑚 =

3 were excluded from the solution because, even though the 

exterior surface of the tibia presented higher values of density 

(indicating the presence of cortical bone), the epiphysis of the 

tibia had low density values. Moreover, the medullary canal of 

the tibia’s diaphysis was practically inexistent. The results for 

𝑚 = 4 were also excluded from the solution because when 

comparing them with the results for 𝑚 = 6 (for the same 𝑘 = 5 ×

10−3), even though the exterior surface of the tibia and its 

medullary canal were very similar in both cases, there were much 

lower density values in the tibia’s epiphysis for 𝑚=4. 

Furthermore, by opting for a solution with 𝑚=6, the quantitative 

analysis was being respected, being that 𝑀𝐴𝐸𝑎 was the only 

metric for which the lowest error value did not correspond to 𝑚 =

6.  

Therefore, the final values of the parameters 𝑚 and 𝑘 

chosen for the bone remodelling model simulations of the 

assembly of the tibia with the prosthesis, were 6 and 5 × 10−3 

(Figure 4), respectively. By going for this solution, more 

importance is being attributed to the high density values in the 

epiphysis, despite the slightly less defined medullary canal. In 

addition, the quantitative analysis is also being respected, since 

the solution is associated with the lowest error value for the 

𝑅𝑀𝑆𝐸𝑎. 

 

 
Figure 4 - Density distribution resulting from the bone remodelling 

model simulation, for m=6, k=0,005. A. Global view B. Anterior view of a 
coronal cut. C. Lateral view of a sagittal cut. 

 

3.2. Density distributions 

 

The results of the bone remodelling for the cases of the 

standard, 75 mm and 115 mm stems (without sleeve) are shown 

in figures 5, 7 and 9 for the case of the standard, 75 mm and 115 

mm stems (without sleeve) and in figures 6, 8 and 10 for the case 

of the standard, 75 mm and 115 mm stems (with sleeve) 

respectively. When compared with the initial distribution, the 
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bone adaptation was categorized into bone apposition, bone 

resorption and equilibrium, which was defined for a percentage 

of change in bone mass between -4% and 4% (Quental et al., 

2013). 

In Figure 5, which shows the model of the standard stem, it 

is possible to identify a decrease in bone mass (BM) in the 

proximal regions (1 and 2) immediately under the tibial tray (this 

is more evident in Figure 5C, which is a top view of the implanted 

tibia). On the other hand, an increase in BM can be observed 

around the tibial tray and standard stem, in regions 3 to 6. 

Regions 7 to 15 show no significant alterations in BM.  

In the case of the 75 mm stem, the decrease in BM in the 

proximal regions (1 and 2) is more evident than in the previous 

model, as can be seen especially in Figure 7A and B. Figure 7 

also shows significant bone formation in the regions adjacent to 

the entire length of the stem its tip. Regions 11 to 15 show no 

significant changes. 

Figure 9, which shows the model of the 115 mm stem, 

indicates that the loss of BM in the proximal regions is even 

higher, since the resorption (blue colour) can now be seen in the 

beginning of the tibia’s diaphysis and not just only in its epiphysis 

and metaphysis (from regions 1 to 6). Bone apposition around 

the stem is, once again, noticeable (although less evident than 

the apposition around the 75 mm stem in Figure 7), as well as at 

its tip.  

Table 2 contains the percentage of BM variation for each of 

the regions, except for the region 15, which did not undergo any 

significant changes in any of the models, and the BM change 

total for both the medial and the lateral sides of the tibia. 

Additionally, From these values, it can be seen that the bone loss 

was higher on the lateral side of the tibia and also on the proximal 

regions of all the models. Moreover, the loss in the proximal 

regions increases with the increase of the stem length. The same 

can be said about the global BM variation: a small loss was 

obtained for the model of the standard stem (-0,26%), a slightly 

higher loss was obtained for the model of the 75 mm stem (-

0,93%) and a more significant loss was obtained for the model of 

the 115 mm stem (-2,58%). 

Figure 6 contains the results for the model of the standard 

stem with sleeve. Similarly to the three models without sleeve, a 

decrease in BM in the proximal regions can be seen, right under 

the tibial tray. Bone formation can also be seen in the interface 

of the tibial tray and sleeve with the tibia. It is possible to observe 

significantly more bone resorption after including the 

metaphyseal sleeve in the prosthesis. Regions 7 to 15 show no 

significant alterations in BM.  

In Figure 8, bone resorption is evident not only in the 

proximal regions but also in the interface of the sleeve with the 

tibia, where it is slightly more substantial than in the model with 

the standard stem. Bone formation around the 75 mm stem and 

its tip occurs, as it also did in the model without sleeve (Figure 

7). There is also more bone resorption happening near the 

exterior surface of the tibia’s diaphysis in the model with the 

sleeve. Regions 11 to 15 show no significant changes. 

In Figure 10, bone resorption in the proximal regions and at 

the interface between the sleeve and the tibia can be seen as 

well, and bone densification continues to occur around the 115 

mm stem and at its tip, although it is less evident than the bone 

formation around the 75 mm stem. 

Table 3 contains the percentage of BM variation for each of 

the regions, except for the region 15, which did not undergo any 

significant changes  in  any  of  the  models,  and  the  BM  change 

 

Table 1 - Values of RMSE and MAE for both the relative and absolute differences ∆𝜇 (for 𝑚 ranging from 4 to 6 and all the values of 𝑘). The lower 

value observed for the results of each metric is marked green. 

𝒎 𝒌 𝑹𝑴𝑺𝑬𝒂 𝑴𝑨𝑬𝒂 𝑹𝑴𝑺𝑬𝒓 𝑴𝑨𝑬𝒓 

 2,5 × 10−2 0,2162 0,1585 0,3246 0,2436 

 1 × 10−2 0,2155 0,1580 0,3252 0,2435 

 7,5 × 10−3 0,2021 0,1469 0,3185 0,2305 

 5 × 10−3 0,1873 0,1352 0,3187 0,2192 

4 2,5 × 10−3 0,1750 0,3437 0,2182 

 1 × 10−3 0,1866 0,1276 0,4093 0,2444 

 7,5 × 10−4 0,1950 0,1321 0,4345 0,2584 

 5 × 10−4 0,2081 0,1402 0,4706 0,2809 

 2,5 × 10−2 0,2398 0,1801 0,3215 0,2573 

 1 × 10−2 0,1960 0,1412 0,2935 0,2134 

 7,5 × 10−3 0,1861 0,1340 0,2949 0,2085 

 5 × 10−3 0,1763 0,1280 0,3057 0,2090 

5 2,5 × 10−3 0,1721 0,1253 0,3457 0,2230 

 1 × 10−3 0,1892 0,1327 0,4205 0,2581 

 7,5 × 10−4 0,1981 0,1376 0,4459 0,2728 

 5 × 10−4 0,2112 0,1455 0,4809 0,2945 

 2,5 × 10−2 0,2174 0,1599 0,2895 0,2250 

 1 × 10−2 0,1830 0,1332  

 7,5 × 10−3 0,1761 0,1290 0,2915 0,2059 

 5 × 10−3 0,1266 0,3098 0,2128 

6 2,5 × 10−3 0,1731 0,1289 0,3581 0,2352 

 1 × 10−3 0,1936 0,1385 0,4353 0,2734 

 7,5 × 10−4 0,2024 0,1432 0,4596 0,2870 

 5 × 10−4 0,2150 0,1504 0,4926 0,3068 
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Figure 5 - Bone density changes of the implanted tibia with the standard stem, after the 

bone remodelling simulation. A. Posterior view of a coronal cut. B. Anterior view of a 
coronal cut. C. Top axial view of the tibia’s surface D. Top axial view of a cut through 

regions 3 and 4. 

Figure 6 - Bone density changes of the implanted tibia with the standard stem and 
sleeve, after the bone remodelling simulation.  A. Posterior view of a coronal cut. B. 

Anterior view of a coronal cut. C. Top axial view of the tibia’s surface D. Top axial view of 
a cut through regions 3 and 4. 

  
Figure 7 - Bone density changes of the implanted tibia with the 75 mm stem, after the 
bone remodelling simulation.  A. Posterior view of a coronal cut. B. Anterior view of a 
coronal cut. C. Top axial view of the tibia’s surface D. Top axial view of a cut through 

regions 3 and 4. 

Figure 8 - Bone density changes of the implanted tibia with the 75 mm stem and sleeve, 

after the bone remodelling simulation A. Posterior view of a coronal cut. B. Anterior view 

of a coronal cut. C. Top axial view of the tibia’s surface D. Top axial view of a cut 

through regions 3 and 4 

  
Figure 9 - Bone density changes of the implanted tibia with the 115 mm stem, after the 
bone remodelling simulation.  A. Posterior view of a coronal cut. B. Anterior view of a 
coronal cut. C. Top axial view of the tibia’s surface D. Top axial view of a cut through 

regions 3 and 4. 

Figure 10 - Bone density changes of the implanted tibia with the 115 mm stem and 
sleeve, after the bone remodelling simulation A. Posterior view of a coronal cut. B. 

Anterior view of a coronal cut. C. Top axial view of the tibia’s surface D. Top axial view 
of a cut through regions 3 and 4 
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total for both the medial and the lateral sides of the tibia. From 

these values, it can be seen that the bone loss was higher on the 

medial side of the tibia and also on the proximal regions of all the 

models. Moreover, the loss in the proximal regions increases with 

the increase of the stem length, except for the 115 mm stem, 

which showed a slightly lower value of BM decrease than the 75 

mm stem. The proximal and global BM variation was much higher 

for the models with sleeves than for the models without sleeves: 

a -1,04% BM change was obtained for the model of the standard 

stem, the 75 mm stem model suffered the highest global bone 

loss (-3,35%) and the model of the 115 mm had a BM variation 

of -2,90%. 

 

4. Discussion 

 

The objective of this work was to examine the density 

distributions of the implanted tibia after a TKA, using a bone 

remodelling model to mimic the behaviour of the tissue, and 

study the differences in bone adaptation between six different 

prosthesis, the effects of the stem length and the use of the 

metaphyseal sleeve. 

Firstly, all the models experienced a global reduction in 

bone mass (BM). In all the models, the tibial implant is mainly 

supported by trabecular bone. According to Wolff’s law, bone 

remodelling is affected in response to changes in the applied 

loads, which is what happens when an implant is inserted into 

the tibia: the load is partially transferred through the prosthesis, 

unloading the (less stiff) tibia. This phenomenon is called stress 

shielding  and  it  translates  into  bone  resorption (Jaroma et al., 

2016; Zhang et al., 2016). According to Zhang et al. (2016), 

under the normal physiological loading conditions, the stresses 

are at their maximum immediately under the surface of the joint, 

which means that the proximal regions of the tibia are the most 

affected by the introduction of the implant. Figures 5 to 10 show 

bone resorption in these regions, since the blue colour is 

extremely evident under the top surface of the tibia. Additionally, 

the values in Tables 2 and 3 confirm that, in fact, regions 1 and 

2 of all the models have the most negative values of percentage 

of BM change when compared to the values of the other regions 

for the same model. 

Regarding the assemblies without sleeve (Figures 5, 7 and 

9), not only the qualitative, but also the quantitative results show 

an increase in bone resorption in the proximal regions, that 

extend to the beginning of the tibia’s diaphysis when the length 

of the stem increases. Furthermore, the results also indicate 

bone formation in the regions surrounding the three stems. The 

proximal bone resorption and the distal bone formation are 

related, since the load acting on the tibial tray can be transferred 

to the bone distally, along the bone-stem interfaces. The longer 

the stem, the higher the load transfer to the diaphysis, resulting 

in a higher decrease in BM in the proximal regions (Cawley et al., 

2012; Chong et al., 2011; Munro et al., 2010; Small et al., 2013) 

and, consequently, in the global tibia. On the one hand, the 

purpose of using shorter stems is to help centre the implant in 

the canal, rather than support the load. On the other hand,  in 

spite of the higher values of bone resorption, longer stems are 

known for providing additional fixation and ensuring more 

consistent component alignment. Therefore,  they  are  routinely 

 

Table 2- Bone mass variation, in percentage, for regions 1 to 14 (both from the lateral and medial sides of the tibia) for the cases of the standard, 75 mm and 115 
mm stems without sleeve, after the bone remodelling simulations. 

 Lateral side    Medial side  

Regions  Stem  Regions  Stem  

 Standard 75 mm 115 mm  Standard 75 mm 115 mm 

1 -3,01 -6,18 -7,56 2 -1,49 -2,57 -6,03 
3 1,29 -2,59 -5,77 4 2,75 0,59 -3,08 
5 1,02 -0,44 -4,09 6 0,79 1,31 0,80 
7 -0,07 2,18 0,90 8 -0,36 2,96 1,32 
9 -0,14 1,42 1,46 10 0,18 2,00 2,41 

11 -0,17 0,13 1,50 12 -0,11 -0,14 1,39 
13 0,04 -0,13 1,06 14 0,01 0.49 0,54 

Side BM 
variation 

-0,43 -1,61 -3,06 Side BM 
variation 

-0,06 -0,10 -1,98 

 

Table 3 - Bone mass variation, in percentage, for the regions 1 to 14 (both from the lateral and medial sides of the tibia) for the cases of the standard, 75 mm and 
115 mm stems with sleeve, after the bone remodelling simulations. 

 Lateral side     Medial side  

Regions  Stem  Regions  Stem  

 Standard 75 mm 115 mm  Standard 75 mm 115 mm 

1 -0,24 -7,70 -5,72 2 -10,41 -13,11 -11,79 
3 1,55 -6,21 -4,60 4 -0,71 -6,42 -3,48 
5 0,88 -2,95 -3,62 6 0,99 -2,02 -1,45 
7 0,08 1,71 0,30 8 -0,32 2,12 0,73 
9 -0,08 1,65 1,49 10 -0,03 2,39 2,59 

11 0,01 0,21 1,48 12 -0,25 -0,11 1,39 
13 0,20 0,04 1,22 14 -0,02 0,33 0,90 

Side BM 
variation 

0,26 -2,72 -2,27 Side BM 
variation 

-2,64 -4,15 -3,71 
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used in revision TKA, because they unload the epiphysis of the 

tibia, where the bone quality is particularly poor (Barrack et al., 

2004; Quílez et al., 2015). However, longer and uncemented 

stems are commonly associated with end-of-stem pain, known to 

be due to stress concentration or stress transfer to the tip of the 

stem (Barrack et al., 1999). This stress transfer leads to bone 

formation, which can especially be seen in Figure 7 and Figure 

9, at the tip of the 75 mm and 115 mm stems. 

The global quantitative results were: a small BM loss of 

0,26% for the model with the standard stem; a BM reduction of 

0,93% for the model with the 75 mm stem; and a more significant 

BM reduction of 2,58% for the model with the 115 mm stem. 

Additionally, for the proximal regions, a BM loss of 2,26% was 

obtained for the model of the standard stem, a loss of 4,41% for 

the model of the 75 mm stem and, finally, a BM reduction of 

6,80% for the model of the 115mm stem. These values are within 

the very wide range of results obtained in clinical studies, in 

which the regions of interest are mainly in the epiphysis and 

metaphysis of the tibia. Small et al. (2013) registered a mean 

reduction of bone mineral density (BMD) in all regions of interest 

of 10,9%, after 10 years, the proximal regions reaching a loss of 

13,9%. Munro et al. (2010) reported an overall BMD loss 

between 5,7% and 10,5% at 3 years and Petersen et al. (1995) 

observed a progressive decrease in BMD, as well, reaching 22% 

at 3 years follow-up. Levitz et al. (1995) reported small variations 

during the first year after TKA, but overall decrease in BMD of 

36,4% at 8 years follow up. Finite element studies, such as 

Cawley et al. (2012) and Chong et al. (2011) obtained a BM 

reduction of 29% and 11% for surface cementation models, 

respectively. These extremely diverging values are due to the 

fact that the studies have different aims and, therefore, use 

different fixation techniques, prosthesis models and materials, 

and even different ways of analysing the data. In addition, the 

tibia’s morphology and bone quality obviously varies from patient 

to patient. 

Regarding the assemblies with sleeve, in all cases, there 

was a reduction in BM mainly in the proximal regions and there 

was densification in the diaphysis, around the stem and at its tip. 

Sleeves are usually a good long-term option for biological 

fixation, since they allow the filling of severe defects in the tibia’s 

epiphysis, providing the necessary mechanical support for the 

implant (Quílez et al., 2015). Figures 6, 8 and 10 and the values 

in Table 2 show a higher bone resorption in the proximal regions, 

as well as at the interface of the sleeve with the tibia, when 

compared to the assemblies without sleeve. This was somewhat 

expected, since the prosthesis became a lot stiffer with the 

introduction of the metaphyseal sleeve, leading to an increase in 

the stress shielding phenomenon and, consequently, an increase 

in load transfer to the prosthesis. 

Comparing the global BM variation values of the 

assemblies with sleeve with the values of the assemblies without 

sleeve in all cases, it is possible to see that the bone resorption 

felt in the former assemblies is much severe than the bone 

resorption felt in any of the latter cases. However, unlike the 

assemblies without sleeve, in this case, the bone resorption did 

not increase with the length of stem. More specifically, from 

Figure 6 to Figure 8, that is, from the standard stem to the 75 mm 

stem, it is possible to verify a significant increase in bone 

resorption. Nevertheless, Figure 10,  i.e. the model with the 115 

mm stem, does not show a higher bone resorption than the 

model with the 75 mm stem, as would have been expected 

according  to  Quílez  et  al.  (2015),  which  is  confirmed  by the 

values in Table 3. Additionally, Quílez et al. (2015) registered the 

lowest bone resorption values for the prosthesis with sleeve and  

no stem. Even though the global BM variation value obtained in 

this work was not lower than the ones obtained for the prosthesis 

with the standard and 75 mm stems without sleeve, it was, in fact, 

lower than the BM variation obtained for the 115 mm stem 

without sleeve. Although some studies have defended that when 

using a sleeve, a longer stem should always be used 

(Haidukewych & Service, 2012), the combination of a sleeve with 

a standard stem has been growing over the last years and it has 

proven useful when a better metaphyseal fixation (and not 

diaphyseal) of the implant is needed. This prosthesis effectively 

fills metaphyseal defects, while being considerably simple to 

place with freedom of rotation, without exceeding the tibial plate 

and without the need for cement, regardless the diaphyseal 

deformity. By not using a long stem, there is no need to prepare 

the canal, reducing the risk of intraoperative fissures. The global 

quantitative results for the assemblies with sleeve were: a BM 

reduction of 1,04% for the model with the standard stem; a BM 

reduction of 3,35% for the model with the 75 mm stem; and a 

reduction of 2,90% for the model with the 115 mm stem. 

Additionally, for the proximal regions, a BM loss of 5,19% was 

obtained for the model of the standard stem, a loss of 10,33% for 

the model of the 75 mm stem and, finally, a BM reduction of 

8,67% for the model of the 115mm stem. These values are, once 

again, within the very wide range of results obtained in the clinical 

studies already brought up, though to the author’s knowledge 

there are no clinical or finite element studies that tested the BMD 

variation when using a metaphyseal sleeve. 

According to several studies (Cawley et al., 2012; Chong et 

al., 2011; Jia et al., 2017; Small et al., 2013; Zhang et al., 2016) 

the medial side of the tibia was expected to experience a larger 

amount of bone resorption, mainly due to the larger portion of the 

joint load acting on this side, which after the TKA starts being 

shielded by the metallic prosthesis. Table 2 indicates that, the 

assemblies without sleeve experienced the opposite of what was 

expected regarding the medial and the lateral sides, since the 

latter was the one that registered higher values of bone 

resorption. On the other hand Table 3 shows that the assemblies 

with sleeve indeed suffer from higher bone resorption on the 

medial side than on the lateral side. These dissimilar results may 

be due to the few limitations of this work, which are carefully 

described further on. 

To summarize, the results confirmed the occurrence of 

stress shielding after prosthesis implantation, being that in all 

cases the largest amount of bone resorption was observed in the 

proximal regions of the tibia, under the tibial tray component. 

Global BM variation increased when the length of the stem 

increased for the assemblies without sleeve. For the assemblies 

with sleeve, the model with the 75 mm showed higher bone 

resorption values than the model with the 115 mm stem. Bone 

apposition occurred at the tip of the 75 mm and 115 mm stems 

in both assemblies, due to stress concentration. The assemblies 

with sleeves registered higher values of bone resorption than all 
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the assemblies without sleeves, indicating that the sleeve 

increased the stress shielding phenomenon. The assembly of the 

standard stem with sleeve suffered less bone resorption than the 

assembly of the 115 mm stem without sleeve. Finally, the 

assemblies without sleeve had more bone resorption on the 

lateral side, whereas the assemblies with sleeve had more bone 

resorption on the medial side. A part of the results goes in 

accordance with the literature, however some of them do not.  

Therefore, the limitations of this work must be addressed. 

Firstly, all of the simulations were performed on a single 

geometry of the tibia and the prosthesis material properties were 

always the same. Therefore, the variability in tibia morphology, 

implants and material properties could not be tested. The applied 

loads were underestimated in some regions of the tibia, because 

of the lack of biological conditions. There is not a single study 

that includes all of the joint reaction forces, as well as the load 

components of all of the muscle insertions.  - In this case, not all 

of the muscle insertions were included, nor was the articular 

cartilage, the menisci or the ligaments, which may explain a few 

bone resorption areas on the exterior surface of the tibia.  

Due to the modelled geometry of the 75 mm and the 115 

mm stems, there was a small space between them and the wall 

of the tibia’s diaphysis, which can also influence the density 

distribution of the bone surrounding the stem. Lastly, there could 

have been user positioning errors when inserting the prosthesis 

into the tibia and, according to Zhang et al. (2016), tibial 

malalignment can be associated with abnormal medial/lateral 

force distribution, which may explain the unusual higher bone 

resorption in the lateral side of the tibia for the assemblies without 

sleeve. The same study reported that this component 

malalignment also seemed to reduce stress shielding in the 

bone, which may explain the lower bone resorption values felt in 

the model with the 115 mm stem with sleeve when compared to 

the model of the 75 mm stem with sleeve. 

All in all, despite the limitations associated with this study, 

the results obtained included the stress shielding phenomenon 

and local stress concentrations, as reported in the literature. In 

addition, the knowledge regarding the mechanical behaviour and 

bone adaptation after the insertion of the prosthesis is of the 

utmost importance when choosing a certain fixation technique or 

prosthesis design or material. The bone quality varies from 

patient to patient and so the surgeons performing TKA should be 

able to anticipate the bone changes and make appropriate 

decisions to accommodate for the inevitable loss of bone. 

 

5. Conclusions and future work 

 

In this work, the bone remodelling of the tibia after a TKA 

was analysed, using the finite element method and a bone 

remodelling model first developed by Fernandes et al. (1999). 

The goal was to evaluate the bone adaptation when in the 

presence of six different configurations of prosthesis, which 

include three different stem lengths, with or without the presence 

of a metaphyseal sleeve. 

The results obtained in this study show that the bone 

density distribution after a TKA is clearly dependent on the 

prosthesis geometry. Unlike the unstemmed implants, which did 

not experience significant bone loss, the assemblies with 75 mm 

or 115 mm stems caused more substantial values of BM 

variation. This suggested that the load transfer to the cancellous 

bone surrounding the distal stem, that resulted in bone apposition 

around it, lead to bone resorption in the proximal regions, which 

were load deprived. The BM changes in the tibia influence the 

outcome of the TKA, i.e. patients with a high postoperative bone 

loss are expected to have an increased risk of fractures or 

loosening of the tibial component, which is the main cause of 

failure of the TKA (Petersen et al., 1995). The assemblies with 

the 75 mm or 115 mm stems also presented bone apposition at 

the tip, confirming the load transfer capability of the stem and 

indicating stress concentration.  

The addition of the metaphyseal sleeve to the prosthesis 

resulted in an overall BM decrease in all assemblies, due to the 

increase of the stress shielding phenomenon, still they are known 

for providing mechanical support when the metaphyseal defects 

of the tibia are severe.  

It can be observed that the two assemblies with the 

standard stem are associated with relatively low values of BM 

change, making it seem like the best option for a long-term 

successful TKA. Nonetheless, the priority when choosing the 

prosthesis components is not their biomechanical effect on the 

tibia, but the patient’s clinical status, which includes age, level of 

activity, diaphyseal or metaphyseal defects (quality of the bone), 

bone geometry, surgeon’s experience and surgical technique 

used. 

To complement this work, further studies with different 

methodologies are needed in order to analyse the bone 

adaptation process after a TKA. For instance, all of the 

assemblies used in this work were developed using a hybrid 

cementing fixation, meaning that a layer of PMMA was positioned 

beneath the tibial tray, but not around the stem (Chong et al., 

2011). Other fixation techniques, such as a fully cemented or a 

cementless case,  could be modelled, although several studies 

have reported that both cemented and uncemented fixation 

methods are both equally viable (Small et al., 2013). Secondly, 

another suggestion for future studies would be to include the 

ligaments in the finite element method. The change in the applied 

loads would consequently change the stimulus to the bone, 

possibly influencing the density distributions of the tibia after the 

bone remodelling simulations. Another option would be to model 

a different prosthesis design or assign different materials to the 

components. Jia et al. (2017), besides titanium and cobalt-

chromium alloys, also used functionally graded materials 

(FGM’s), defined as “inhomogeneous materials, consisting of two 

(or more) different materials, engineered to have a continuously 

varying spatial compositions profile” (Udupa et al., 2014), and 

concluded that the effects of the materials had a much more 

pronounced effect on the tibia’s stress shielding than the stem 

length. Finally, the use of a greater number of tibias would also 

increase the credibility of the results. 
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