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	� BIOMECHANICS

Biomechanical effect of anatomical tibial 
component design on load distribution 
of medial proximal tibial bone in total 
knee arthroplasty

FINITE ELEMENT ANALYSIS INDICATING ANATOMICAL DESIGN PREVENTS 
STRESS- SHIELDING

Aims
This study aimed to identify the effect of anatomical tibial component (ATC) design on load 
distribution in the periprosthetic tibial bone of Koreans using finite element analysis (FEA).

Methods
3D finite element models of 30 tibiae in Korean women were created. A symmetric tibial 
component (STC, NexGen LPS- Flex) and an ATC (Persona) were used in surgical simulation. 
We compared the FEA measurements (von Mises stress and principal strains) around the 
stem tip and in the medial half of the proximal tibial bone, as well as the distance from the 
distal stem tip to the shortest anteromedial cortical bone. Correlations between this distance 
and FEA measurements were then analyzed.

Results
The distance from the distal stem tip to the shortest cortical bone showed no statistically sig-
nificant difference between implants. However, the peak von Mises stress around the distal 
stem tip was higher with STC than with ATC. In the medial half of the proximal tibial bone: 
1) the mean von Mises stress, maximum principal strain, and minimum principal strain were 
higher with ATC; 2) ATC showed a positive correlation between the distance and mean von 
Mises stress; 3) ATC showed a negative correlation between the distance and mean minimum 
principal strain; and 4) STC showed no correlation between the distance and mean measure-
ments.

Conclusion
Implant design affects the load distribution on the periprosthetic tibial bone, and ATC can be 
more advantageous in preventing stress- shielding than STC. However, under certain circum-
stances with short distances, the advantage of ATC may be offset.
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Article focus
	� This study investigated how the implant 

design of the tibial component affects the 
periprosthetic load distribution on knees.

Key messages
	� The implant design of anatomical tibial 

component (ATC), including the medi-
alized stem and the anatomical shape of 
the baseplate, affects the load distribu-
tion on the periprosthetic tibial bone.
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	� The ATC transmits more load to the medial prox-
imal tibial bone compared to a symmetric tibial 
component.
	� With an ATC, the shorter the distance between the 

stem and the anteromedial cortical bone, the less load 
is applied to the medial proximal tibial bone.

Strengths and limitations
	� A total of 30 finite element models were used to 

reflect the anatomical characteristics of Korean 
women, which enabled statistical analysis for data 
interpretation.
	� Since it is not clear whether the difference of load 

distribution on the periprosthetic tibial bone is directly 
related to bone resorption, further study is needed.

Introduction
Total knee arthroplasty (TKA) shows excellent results in 
the treatment of end- stage knee osteoarthritis.1 With 
increased life span after TKA, interest in the longevity of 
artificial joints has also increased, and various devices 
are being developed accordingly. Recently, an anatom-
ical tibial component (ATC) designed to enhance clinical 
outcomes has been introduced by Zimmer Biomet (USA). 
This implant comprises a medialized stem (Figure 1a) and 
an anatomically shaped baseplate (Figure 1b), similar to 
the human tibia. Although this design is used worldwide, 
certain races and circumstances may show variations that 
differ from the manufacturer’s expectations.

The tibial canal is biased medially in Caucasians;2 the 
ATC was designed to achieve optimal alignment with 
a medialized stem. However, in Asians, the tibial canal 
is biased anterolaterally from the centre of the tibial 
plateau,3 such that a medially offset stem can induce 
mismatched alignment,4 causing stress- shielding and 
bone loss.5 According to previous literature, there should 

be less bone loss with an ATC with a shorter stem,6,7 
thinner baseplate,8 and more tibial plateau coverage,9 
relative to conventional implants. Cho et al5 reported that 
an ATC is more likely to induce medial tibial bone loss 
than a symmetric tibial component (STC) due to stress- 
shielding in Korean patients. Regarding this matter, they 
suggested that inefficient stress transfer due to a medial-
ized stem may be one of the causes.5 However, due to the 
inherent limitations of their retrospective observational 
study, a clear mechanism has not been identified.

In clinical practice, controlling factors that affect 
stress- shielding of the bone around an implant is almost 
impossible. Therefore, finite element analysis (FEA) has 
been used in analyzing mechanical stimuli alterations 
according to the implant design, material, and surgical 
methods that affect stress- shielding in total joint replace-
ment,10,11 especially in TKA. Park et al12 reported the asso-
ciation of periprosthetic tibial bone resorption with tibial 
component material, and Zhang et al13 reported that the 
material and alignment of tibial component had a signif-
icant effect on the stress- shielding of the proximal tibia. 
In addition, Au et al14 reported that the contribution of 
loading condition had an important effect on the stress- 
shielding near the tibial component. However, to our 
knowledge, there are no FEA studies that analyzed the 
effect of implant design by controlling other factors.

The present study aimed to identify the effect of ATC 
design on load distribution in the proximal tibiae using 
FEA. We hypothesized that an ATC with a medialized 
stem will have higher stress between the stem distal tip 
and medial cortical bone compared to an STC, thereby 
reducing the load on the proximal tibial bone.

Methods
Data collection. With approval from our institutional re-
view board, 30  patients undergoing TKA using an ATC 
(Persona, Zimmer Biomet) were retrospectively enrolled. 

Fig. 1

a) Medialized stem of anatomical tibial component (ATC). b) Asymmetric baseplate of ATC.
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Since the stem was 1 to 4 mm medialized depending on 
the size of the tibial component, only patients with size 
D were enrolled.

Patient demographic data are shown in Table  I. All 
patients were female, and 15/30 knees (50%) were right- 
sided. The mean age was 71.2 years (standard deviation 
(SD); 59 to 79), the mean height was 154.9 cm (SD 4.7; 
149.1 to 165.0), and the mean BMI was 27.3 kg/m² (SD 
3.4; 22.2 to 33.2).
Finite element model and surgical simulation. Preoperative 
CT (GE Discovery CT 750 HD, GE Medical Systems; tube 
voltage, 120 kV; tube current, 185 mAs/slice; pitch fac-
tor, 0.426; matrix, 512 × 512; reconstructive thickness, 
0.625  mm) Digital Imaging and Communications in 
Medicine (DICOM; National Electrical Manufacturers 
Association, USA) data were imported into Mimics soft-
ware (version 21.0; Materialize, Belgium). A well- trained 
technician segmented the areas of interest by applying 
manual and automated thresholding techniques to the 
raw DICOM data. The segmented masks of DICOM data 
were converted to STL format. The wrapping technique 
was applied on the STL. The gap closing distance was 
1 mm. After wrapping, smoothing algorithm was applied 
on the STL with smooth factor 0.1, and the iteration was 
5. The 3D STL model was converted to the Initial Graphics 
Exchange Specification (IGES) format to create the mesh 
element.

3D finite element models (FEMs) were created using 
modified tetrahedral ten- node elements with ABAQUS 
software 6.11 (ABAQUS, USA). It was assumed that the 
tibial component and tibial bone were completely fixed. 
The isotropic material values (Young’s modulus of elas-
ticity and Poisson’s ratio ν) were as follows: cancellous 
bone (0.7  GPa, 0.30), cortical bone (17  GPa, 0.30), 
cement (2.2 GPa, 0.46), and Ti6Al4V (110 GPa, 0.30).15 
The thickness of the cortical bone and cement was set to 
2 mm. Cementation was applied between the baseplate 
and the proximal tibia.16 The load was set to approxi-
mately 2,000 N, considering that thrice the load is applied 
in the late stance phase when a 70 kg adult walks. The 
load was divided into 7:3 ratios on the medial and lateral 
condyles, respectively.15,17,18 A mesh convergence analysis 
of maximum displacement in the FEMs was assessed, 
similar to a previous study.19 The convergence rate of 
maximum displacement was  < 0.1% in all models. The 

number of elements was as follows: tibial plate, 151,902; 
cement, 48,654; cortical bone, 293,444; and cancellous 
bone, 425,015.

The surgical simulation was performed as follows. The 
tibial shaft was defined as a line connecting the centre 
between the tibial spines and the centre of a sphere fitted 
to the talocrural joint. The proximal tibia was cut perpen-
dicular to the tibial shaft with a posterior slope of 3°; the 
cutting level was set to 8 mm from the highest side of the 
tibial plateau (all lateral condyles in this study). During 
implant insertion, the anteroposterior position was 
aligned with the anterior border, and the mediolateral 
position was placed in the middle.

The rotation of tibial components was aligned to the 
line between the centre of posterior cruciate ligament 
footprint and medial third of the tibial tubercle. A STC 
(NexGen LPS- Flex size 3) and ATC (Persona size D) from 
a single manufacturer (Zimmer Biomet) were used. The 
specifications of these implants are presented in Table II.
Finite element model measurements. When each implant 
was inserted and load applied, the stress concentration 
and the risk of stress- shielding around the distal stem tip 
and in the medial half of 5 mm thick proximal tibial bone 
were evaluated (Figure  2).15,20–22 To evaluate the stress 
concentration around the stem distal tip and the medi-
al half of 5 mm thick proximal tibial bone, the peak von 
Mises stress among the cancellous bone elements was 
measured. To evaluate the risk of stress- shielding to the 
tibial cutting plane, the mean von Mises stress and mean 
principal strains of the medial half of 5 mm thick proximal 
tibial cancellous bone were measured.

When each implant was inserted, the distance from the 
distal stem tip to the shortest anteromedial cortical bone 
was measured and analyzed. The distance was measured 
on a plane perpendicular to the stem axis passing 
through the most distal part (Figure 3). To evaluate intra- 
and interobserver reliability of distance measurements, 
the models were evaluated by two orthopaedic surgeons 
(BWC, YGK) at four- week intervals.
Statistical analysis. A paired t- test was performed to 
compare the differences in stress, strain, and distance 
according to implant type. Pearson correlation analysis 

Table I. Patient demographic data.

Characteristic Value

Female sex, % 100

Right knee, % 50

Mean age, yrs (SD; range) 71.2 (5.9; 59 to 79)

Mean height, cm (SD; range) 154.9 (4.7; 149.1 to 
165.0)

Mean BMI, kg/m² (SD; range) 27.3 (3.4; 22.2 to 33.2)

SD, standard deviation.

Table II. Specifications of both implants.

Variable ATC (Persona D) STC (NexGen 3)

Baseplate medio- lateral 
length

67.1 mm 66.5 mm

Baseplate thickness 3.68 mm 4.18 mm

Stem length 31.4 mm 39.7 mm

Material Ti6Al4V Ti6Al4V

Sagittal angle between stem 
axis and baseplate

5° 7°

Stem diameter at distal tip 
(metal part)

14.2 mm 14.48 mm

Distance from anterior 
border to stem centre at 
baseplate

13.05 mm 12.3 mm

ATC, anatomical tibial component; STC, symmetric tibial component.
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was performed to evaluate the relationship between dis-
tance and FEA measurements. Statistical analysis was per-
formed using SPSS statistical software (version 25.0, IBM, 
USA). Statistical significance was set at p < 0.05. The intra- 
and interobserver reliabilities of the measurements were 
assessed using intraclass correlation coefficients.

Results
Table  III shows the stress, strain, and distance measure-
ments when ATC and STC were inserted. The mean 
distance from the distal stem tip of the two implants 
to the shortest cortical bone showed no statistically 

significant difference (ATC 3.91 mm (SD 1.07)  and STC 
3.91 mm (SD 1.18), p = 0.979, paired t- test). However, 
the mean maximum von Mises stress near the distal stem 
tip was higher with STC than with ATC (5.52 MPa (SD 
0.64) and 4.41 MPa (SD 0.39), p < 0.001, paired t- test). 
In the medial half of the proximal tibial bone, the peak 
von Mises stress showed no statistical difference between 
the two implants (ATC 2.66 MPa (SD 0.64) and STC 2.71 
MPa (SD 0.61), p = 0.247, paired t- test); but the mean von 
Mises stress, maximum principal strain, and minimum 
principal strain were higher with ATC (ATC 0.453 MPa (SD 
0.021)  and STC 0.404 MPa (SD 0.017), p < 0.001; ATC 

Fig. 2

a) Von Mises stress plot of anatomical tibial component for cancellous bone around the distal stem tip and the medial half of 5 mm thick proximal tibial bone. 
b) Von Mises stress plot of symmetric tibial component for cancellous bone around the distal stem tip, and the medial half of 5 mm thick proximal tibial bone. 
c) Region of interest in medial proximal tibia.
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305 μstrain (SD 14) and STC 272 μstrain (SD 9), p < 0.001; 
ATC -622 μstrain (SD 32) and STC -553 μstrain (SD 29), p 
< 0.001, all paired t- test).

Table IV shows the correlation between the distance 
from the distal stem tip to the cortical bone and FEA 

measurements. ATC and STC showed a negative correla-
tion between this distance and peak stress around 
the distal stem tip (ATC r = −0.459, p = 0.014; STC r 
= −0.536, p = 0.003, Pearson correlation analysis). In 
the medial half of the proximal tibial bone, ATC showed 
a positive correlation of distance with the mean von 
Mises stress (r = 0.434, p = 0.021, Pearson correlation 
analysis) and a negative correlation of distance with the 
mean minimal principal strain (r = −0.417, p = 0.027, 
Pearson correlation analysis). STC showed no correla-
tion between distance and mean values in the medial 
half of the proximal tibial bone.

The intra- and interobserver reliabilities for the distance 
measurement were 0.975 and 0.872, respectively.

Discussion
The most important finding of the present study is that 
the implant design, including medialized stem and the 
anatomical shape of the baseplate, affects the load distri-
bution on the periprosthetic tibial bone. Although the 
stem of ATC was medialized, the distance to the shortest 
cortical bone did not differ from that of STC due to the 
length and sagittal angle of the stem. When the same 
body weight was applied to the FEM, ATC had a lower 
peak stress on the distal stem tip, and higher mean 
strain and stress on the medial half of the proximal tibial 
bone compared to STC, which is more advantageous 
in preventing stress- shielding. However, the effect of 
distance change on load distribution differed for each 

Fig. 3

a) Surgical simulations of anatomical tibial component. b) The plane perpendicular to the stem axis at the most distal end. d = the shortest distance between 
distal stem tip and anteromedial cortical bone.

Table III. Results of paired t- test analysis between anatomical tibial 
component and symmetric tibial component.

Variable ATC STC p- value

Mean distance between 
stem tip and cortical 
bone, mm (SD; range)

3.91 (1.07;
1.59 to 6.05)

3.91 (1.18;
1.13 to 5.61)

0.979

Around stem tip 
area
Mean peak von Mises 
stress, MPa (SD; range)

4.41 (0.39;
3.70 to 5.47)

5.52 (0.64;
4.18 to 7.49)

< 0.001

Medial half of 
proximal tibial bone
Mean peak von Mises 
stress, MPa (SD; range)

2.66 (0.64;
1.83 to 4.39)

2.71 (0.61;
1.66 to 3.87)

0.247

Mean von Mises stress, 
MPa (SD; range)

0.453 (0.021;
0.405 to 0.487)

0.404 (0.017;
0.373 to 0.428)

< 0.001

Mean maximum 
principal strain, μstrain 
(SD; range)

305 (14;
282 to 335)

272 (9;
253 to 290)

< 0.001

Mean minimum 
principal strain, μstrain 
(SD; range)*

-622 (32;
-674 to -546)

-553 (29;
-596 to -550)

< 0.001

*Minimum principal strain was expressed as a negative value.
ATC, anatomical tibial component; STC, symmetric tibial component; 
SD, standard deviation.
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implant, suggesting that the advantage of ATC may be 
offset under certain circumstances.

There are two considerations to take into account 
before interpreting our results. First, our study did 
not directly predict stress- shielding through a well- 
established method as in the previous literature, but 
compared the load given to a specific region of interest 
between implants through statistical values of 30 models. 
Since most of the FEA studies use one or a limited number 
of models, they try to predict bone resorption based on 
specific thresholds, but these values vary from study to 
study.23- 25 This is because bones respond differently to 
load depending on race, sex, age, and situations. There-
fore, our study obtained the mean measurements of 30 
Korean women, and tried to judge the possibility of bone 
resorption through statistical comparison, not based on 
a specific threshold. However, since it is not yet known 
whether the difference in the mean measurements of the 
elements causes a difference in actual bone resorption, 
the result of this study should not be directly reflected 
in decision- making without further longitudinal exper-
imental studies. Second, only Korean women were 
enrolled in the present study. Since the distribution of 
stress and strain according to the positional relationship 
between the implant and proximal tibial bone geometry 
was analyzed, further studies targeting men26,27 or other 
races3,28 with different anatomy would be needed.

Since body weight is transmitted to the tibia through 
the tibial component in TKA, differences in implant char-
acteristics can directly impact load distribution. Because 
cobalt- chromium alloys have a higher modulus of elas-
ticity than Ti6Al4V alloys, stress- shielding occurs more 
in the surrounding bone,12,29,30 and the thicker the base-
plate the more likely bone loss will occur.8 The shape of 
the component can also affect the distribution of load, 
which is related to the patient’s anatomical geometry.7 As 
these various factors work together, most clinical studies 
analyzing the effect of implant design have found it 
impossible to control for other confounders. Therefore, in 
many previous studies, FEA was essential to evaluate the 
effect of implant factors. However, since most FEA studies 
have used one or a small number of models, there is a 
limitation in that they do not reflect the anatomical diver-
sity between patients. Therefore, we implemented FEA 
to control for surgical and host factors, and created 30 
models to reflect the bony geometry of Koreans.

Contrary to expectations, there was no difference in 
the shortest distance to the anteromedial cortical bone 
between implants in spite of the ATC’s medialized stem. 
This was due to the difference in stem length and sagittal 
angle between stem axis and baseplate (Table II). In ATC, 
the stem is medially biased 1.5  mm, while the distal 
stem tip is located proximally and anteriorly due to the 
short stem length and smaller sagittal angle (Figure 4a). 

Table IV. Results of Pearson correlation analysis between the distance from distal stem tip to cortical bone and stress/strain measurements.

Correlation with distance ATC STC

r p- value r p- value

Around stem tip area
Peak von Mises stress -0.459 0.014 -0.536 0.003

Medial half of proximal tibial bone
Peak von Mises stress 0.044 0.825 0.166 0.400

Mean von Mises stress 0.434 0.021 0.293 0.130

Mean maximum principal strain 0.254 0.191 0.140 0.479

Mean minimum principal strain -0.417 0.027 -0.291 0.133

ATC, anatomical tibial component; STC, symmetric tibial component.

Fig. 4

a) Schematic composite image showing the positional relationship of the central point of the stem tip metal portion when anatomical tibial component (ATC) 
and symmetric tibial component (STC) are inserted with the same reference. b) Due to the oblique orientation of anteromedial cortical bone, there is no 
statistical difference in the shortest distance between two implants.
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Therefore, although the distal stem tip of ATC was located 
anteromedially compared to that of the STC, there was no 
difference in the shortest distance, since the anteromedial 
cortex had an oblique orientation (Figure 4b).

When each implant was inserted, there was a differ-
ence in the ratio of load distribution to the distal stem tip 
and the proximal cutting plane according to the design. 
Compared to STC, more stress and compressive strain 
(minimum principal strain) were applied to the proximal 
medial tibial bone in patients with ATC. This result can be 
explained by the following reasons: first, since the medial 
part of the ATC baseplate has a larger area than the lateral 
part, a relatively larger load is transferred to the medial 
half of the proximal tibial bone. A second reason may be 
the difference in overhang rates between implants. In the 
3D simulation study by Ma et al,31 STC showed a higher 
overhang rate (42% to 48%) for the tibial cutting plane 
compared to ATC (3% to 7%) when the implant was 
aligned along the medial third of tibial tubercle, as in our 
study. Since cortical bone is stiffer than cancellous bone 
and bears a lot of stress,32 more load is transferred to the 
cortical bone when the overhang occurs. In STC, a large 
load is distributed in the cortical bone of the lateral half 
of the proximal tibial bone, and a relatively smaller load is 
applied to the medial half of the cancellous bone.

As previously mentioned, ATC shows more peak 
stress and compressive strain in the medial proximal 
tibial bone, which is more advantageous in preventing 
stress- shielding in the relevant region.22,23 This is contrary 
to the clinical study by Cho et al,5 which showed more 
proximal medial tibial bone loss in ATC. It can also be 
explained by the following two reasons: first, this study 
was implemented in an experimental setting which 
controlled the surgical and host factors. For example, 
in the multiple logistic regression analysis by Cho et al,5 
when the fin of the proximal tibial stem was fitted to the 
medial sclerotic bone area, the odds of medial tibial bone 
loss were 3.79. However, since the existence of sclerotic 
bone was excluded in our simulation, the effect could 
not be analyzed. Therefore, ATC with a short stem, thin 
baseplate, and efficient stress distribution may show the 
opposite result by sclerotic bone, which will be another 
topic for further research. Second, there was a difference 
in the stress/strain change of the proximal medial tibial 
bone according to the distance between the distal stem 
tip and the anteromedial cortical bone. With ATC, as 
the distance decreased, the mean von Mises stress and 
compressive strain of the medial half of the proximal 
tibial bone decreased. However, with STC, the distance 
and mean FEA measurements of the medial half of the 
proximal tibial bone were not correlated. Therefore, theo-
retically, if the distance is decreased due to large anatom-
ical variations (e.g. severe proximal tibial bowing or large 
tibial shaft offset) or surgical errors (coronal alignment or 
mediolateral position), ATC is more likely to be negatively 
affected by stress transfer to the proximal tibial bone 
compared to STC.

Our study had several limitations. First, since every 
implant has a different design, our results cannot be 
generalized to other products. As the specifications for 
each implant can differ, it is likely to result in different 
stress distribution. Second, this study assumed that 
the tibial component was composed of homogenous 
Ti6Al4V, but in reality the material composition ratio may 
slightly differ for each product. However, the difference 
in the composition ratio is considered to be insignificant 
in terms of its effect on the results. Third, since this study 
used models of 30  patients, experimental validations 
could not be performed. However, the result of our study 
is plausible, since FEA was conducted in a similar way to 
the previous FEA studies that performed experimental 
validation, and the measurements range was similar to 
those studies.16,19 Fourth, as the analysis was conducted 
in a simulated experimental setting, the results may be 
different under in vivo conditions where host and surgical 
factors are involved. For example, the stress- shielding 
might also depend on the patient- specific bone quality 
around the implant. However, this was also a strength of 
our research. The isolated biomechanical effect of implant 
design on Korean women was reported for the first time. 
Another strength of our study is that 30 FEMs were used 
differently from the previous FEA studies. This enabled 
our study to use statistical analysis and to reflect the 
anatomical diversity.

In conclusion, ATC implant design, including the 
medialized stem and the anatomical shape of the base-
plate, affects the load distribution on the periprosthetic 
tibial bone. Contrary to concerns previously expressed in 
the literature, the ATC medialized stem does not come 
closer to the cortical bone, and transmits more load to the 
medial proximal tibial bone compared to STC. However, 
unlike STC, the shorter the distance between the stem and 
the anteromedial cortical bone, the less load is applied 
to the medial proximal cutting plane in ATC. Therefore, 
when using ATC, stress- shielding should be considered in 
patients with severe anatomical variations, or in cases of 
surgical error.
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