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Abstract
Background

This study aimed to determine the longest usable range of tibial prosthesis extension stems in Chinese
patients undergoing primary total knee arthroplasty and to analyze the effect of different stem lengths on
prosthesis stability within this range.

Methods

We conducted three-dimensional modeling and simulated surgery in patients with genu varum to
measure the longest usable range of tibial prothesis stems, identify impinged cortices under tibial
posterior slope cut of 0° and 3°, and analyze factors in�uencing the longest stem length. We built �nite
element models according to the longest usable range of extension stems to simulate tibial prostheses
with different stem lengths, measure the stress distribution of tibias and prostheses and the relative
displacement of distal ends of prostheses, and investigate the effect of different stem extension lengths
on prosthesis stability.

Results

We simulated osteotomy with a tibial posterior slope cut of 0° and 3°, under which the maximum tibial
prosthesis stem length was 83 mm (79±24 mm). The simulated tibial cut with a tibial posterior slope of
3° indicated the maximum tibial prosthesis stem length to be 83 mm (83±20 mm). According to the
longest usable range of extension stems, we de�ned �ve groups for �nite element analysis with 40-mm,
50-mm, 60-mm, 70-mm, and 80-mm stem lengths and analyzed each group for posterior slopes of 0° and
3°. The 80-mm stem length models showed minimum relative displacement of the distal end of tibial
prosthesis (0°: 2.63, 1.61±0.05 µm; 3°: 1.48, 1.44±0.09 µm), whereas the 40-mm stem length models
showed maximum relative displacement (0°: 3.16, 3.19±0.12 µm; 3°: 1.84, 1.81±0.07 µm). As the length
of tibial prosthesis stems increased from 40 to 70 mm, the relative displacement of the distal end of
prosthesis decreased for both posterior slopes but was insigni�cant when stem lengths increased to 70–
80 mm.

Conclusions

Based on the results, we suggest that using the longest tibial stem is not always necessarily a better
option to increase stability, as the prosthesis shows greater stability in only a speci�c range of increased
length but shows insigni�cant change when the length is greatly increased.

Background
Primary total knee arthroplasty (TKA) provides good long-term outcomes with respect to pain relief and
functional recovery in patients with knee osteoarthritis, rheumatoid arthritis (RA), and other knee
degenerative diseases [1, 2]. The 10-year survival rate of primary TKA is reportedly 95.5–97.7% [3, 4, 5].
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The most common cause of TKA failure is prosthesis loosening [6, 7], particularly on the tibial side [8, 9].
Some osteoporosis patients with severe varus deformities and poor soft tissue conditions due to RA are
more likely to experience loosening of the tibial prostheses after primary TKA [10, 11, 12].

The purpose of this study was to determine the longest usable range of tibial prothesis extension stems
in Chinese patients undergoing primary TKA and to analyze the effect of different stem lengths on
prosthesis stability within this range.

Methods
Part 1: Construction of 3D tibial models under different stem lengths of tibial plateau

Patients suffering from osteoarthritis with genu varum (excluding those with suspected infection before
surgery, previous knee surgery, or RA) were included in the study from May 2018 to May 2019. Full-length
radiographs were preoperatively taken for both lower extremities, and the angle of varus deformity and
the medial proximal tibial angle (MPTA) of the knees were measured. Subsequently, a 0.6-mm thin-slice
CT scan of both lower extremities was conducted and Mimics 14.0 (Materialise, Leuven, Belgium) was
used to construct a 3D model. A coordinate system was set up, with the z-axis as the tibial alignment line
(i.e., the line connecting the center of ankle mortise and the center of any axial plane below the proximal
tibial articular surface and above the tibial tuberosity). The tibial length along the direction of the force
line was measured on the 3D model of the tibia. The y-axis was de�ned as the anteroposterior (AP) axis,
which was determined by an experienced orthopedist (connecting the medial 1/3rd of the tibial tuberosity
and the midpoint of posterior cruciate ligament endpoint in a plane perpendicular to the z-axis). The x-
axis was a straight line perpendicular to the y-axis and z-axis. This model was simpli�ed by ignoring the
measurements of the �bula. Tibial cutting planes with posterior slopes of 0° and 3° were made to be
perpendicular to the tibial force alignment line and were placed 8 mm away from the lateral side tibial
plateau to simulate tibial cut. If no defect was found in the medial tibia after simulated tibial cut, the
patient was enrolled as a subject. If the medial tibia had a defect less than 4 mm away from the tibial
cutting plane, the osteotomy volume of the tibia was increased until the defect in the medial tibia was
eliminated. If defect in the medial tibia was further away than 4 mm, the case was excluded from this
study. A total of 100 samples were obtained using the above method.

From these 100 samples, appropriate tibial models were chosen. The model pro�les were acquired from
the directly measured results by press-�t condylar (PFC) Sigma (Depuy Orthopaedics, Warsaw, IN, USA)
and were assembled according to the manufacturer’s guidelines. The rotation of the tibial prothesis was
consistent with the y-axis direction in the coordinate system (i.e., the AP axis of the tibia). The maximum
length of the tibial prothesis stem that could be inserted and the distal end of the stem that impinged the
tibial cortex when the tibial prosthesis was in the proper position were measured for the two groups
undergoing tibial cut with different tibial posterior slopes (0° and 3°), as shown in Fig. 1. 
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Part 2: Establishment of �nite element models to show the effect of different lengths of tibial plateau
extension stems on the stress distribution of tibial prosthesis

Basic model

A 3D model with the tibial length equivalent to the median of the tibial length measured in Part 1 was
chosen. Mimics software was used to establish models for the cortical and cancellous bones, and a
coordinate system and alignment line were established, as described in Part 1. The models were
simpli�ed by ignoring the �bular measurements. Tibial cuts with tibial posterior slopes of 0° and 3° were
simulated using the same tibial cut method, as described in Part 1. The basic models were obtained after
checking their integrity following simulated tibial cut.

Tibial components

To determine the tibial components, an appropriate tibial plateau model was selected, and the model
pro�le was obtained by direct measurement according to the PFC Sigma (DePuy Orthopaedics, Warsaw,
IN, USA) and the model was assembled according to the manufacturer’s instructions. The rotation of
tibial prothesis was consistent with the y-axis in the Part 1 method (i.e., the AP axis of the tibia).
According to the con�dence interval (CI) of the maximum stem length measured in Part 1, tibial plateau
models with different stem lengths for prosthesis were set up. An 8-mm tibial spacer was selected. As
knee motion was not considered during the modeling, the upper contour of the spacer was omitted and
replaced by a plateau [15, 16]. Under the plateau, the thickness of bone cement was simulated as a 1-mm
rigid body, which is in line with previous studies [17, 18, 19, 20].

Finite element models of tibia prostheses with different extension stem lengths

Two groups undergoing tibial cut with tibial posterior slopes of 0° and 3° were established as described in
Part 1, with each group having �ve different extension stem lengths according to the CI of maximum
range stem length measured in Part 1. They constituted a total of ten models with different extension
stem lengths for tibial plateau prostheses and two posterior slopes. The models of tibial plateaus and
spacers were installed, after which HyperMesh (Altair HyperWorks, Troy, MI, USA) was used for �nite
element meshing. The �nite element models are shown in Fig. 2.

Material properties

Based on previous research data, the densities, Poisson’s ratios, and elastic moduli of the tibial cortical
bone, cancellous bone, plateau, placers, sclerotic bone, and bone cement were de�ned, as shown in Table
1 [16, 17, 21, 22, 23]. The coe�cients of friction were measured: between the tibia and bone cement = 1,
between the bone cement and tibial plateau = 0.4, and between other contact surfaces = 0.4 [17, 18, 19,
20].

Load and boundary conditions
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The inferior surface of the distal tibia was �xed in all directions. The maximum load and the medial and
lateral distributions were similar to those described in previous studies. Static standing with exact
mechanical alignment was simulated with 50% load on medial side and 50% on the lateral side of the
spacer [24]. The force was set at three times the total body weight (e.g., total body weight 70 kg = 2100
N). The force-bearing site was the transverse diameter of the tibial prosthesis across the medial and
lateral plateau center [15, 17, 21, 25]. The direction of the force was parallel to the tibial alignment (z-
axis). The relative displacement of distal end of the prothesis and the stress distribution among the
prosthesis and tibia were compared [16].

Statistical analysis

All data were expressed as mean ± standard deviation. Pearson’s correlation coe�cient was provided to
assess the extent of linear association in the 0° and 3° groups. Statistical signi�cance was de�ned as
p<0.1. Statistical analyses were performed using Statistical Package for the Social Sciences version 17.0
(SPSS, Chicago, IL, USA).

Results
In these selected cases, the tibial length was 334 mm (333±28 mm) with a 95% CI of 324–341 mm. The
tibial length satis�ed normal distribution with p=0.215. Approximately 46% of these patients were
implanted with No. 2.5 tibial plateau prosthesis, 22% with No. 3 prosthesis, 12% with No. 2 prosthesis, 8%
with No. 1.5 prosthesis, 6% with No. 4 prosthesis, and 6% with No. 5 prosthesis.

Under tibial cut with a tibial posterior slope of 0°, when the tibial plateau prosthesis was installed to
simulate the surgery, the maximum stem length was 83 mm (79±24 mm), and the 95% CI was 72–86
mm, which satis�ed normal distribution with p=0.8. When the MPTA was too large (>83°), the tibial
plateau extension stem mostly impinged the cortical bone from the posterolateral tibial prothesis. When
the MPTA was too small (<83°), the tibial stem penetrated the cortical bone from the posteromedial tibial
prothesis. After excluding the effect of MPTA and simulating tibial cut with a tibial posterior slope of 0°,
the extent of longest penetration by the prosthesis was related to the tibial length (r=-0.412, p=0.013).
Regression analysis was conducted to determine the tibial length and maximum stem length of tibial
plateau prosthesis, and the following equation was obtained for the Chinese population with 0° tibial cut:

Maximum stem length of tibial prosthesis = 0.306 * tibial length - 22.477

Based on this regression equation and the 95% CI (324–341 mm) of tibial length, we deduced that the
maximum stem length for the Chinese population undergoing osteotomy with a tibial posterior slope of
0° was 77–83 mm.

For those undergoing tibial cut with a tibial posterior slope of 3°, when the tibial plateau prosthesis was
installed to simulate the surgery, the maximum stem length was 83 mm (83±20 mm) and the 95% CI was
72–86 mm, which satis�ed normal distribution with p=0.14. The extension stem mostly penetrated the
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cortical bone from the anteromedial tibia, without correlation with MPTA (p>0.05). In addition, the tibial
length and preoperative varus angle had little in�uence on the penetrating position (p>0.05).

Finite element models were established by applying the median of tibial length and most commonly used
type of tibial plateau prosthesis to simulate TKA with different stem lengths.

The length of a conventional base model of tibial prosthesis is 40 mm and the maximum length
measured by us was 80 mm. Different stem length models were established as 40 mm, 50 mm, 60 mm,
70 mm, and 80 mm.

Fig. 3 shows the stress distribution of tibial plateau prosthesis. As the stem length of tibial plateau
prosthesis increased, the stress in the stem region of the prosthesis and the stress concentration regions
increased gradually in both groups with tibial posterior slopes of 0° and 3°.

Fig. 4 shows the stress distribution on the tibia under the tibial plateau prosthesis after TKA. With the
increasing length of extension stem, the stress concentration appeared at the proximal end of the tibia
under the tibial plateau prosthesis in both osteotomy groups with tibial posterior slopes of 0° and 3°, and
the tibial stress under the tibial plateau prosthesis was reduced with the increasing length of the
extension stem.

Fig. 5 shows the relative displacement of the most distal end of the tibial prosthesis compared with
various stem lengths. Under osteotomy with tibial posterior slopes of 0° and 3°, the stem length of the
tibial plateau prosthesis was in the range of 40–80 mm. With increasing stem lengths in the range of 40–
70 mm, the relative displacement of the most distal end of the tibial plateau prosthesis decreased
gradually (tibial posterior slope of 0°: 40 mm: 3.16, 3.19±0.12 µm, 50 mm: 2.99, 3.0±0.17 µm, 60 mm:
2.85, 2.87±0.1 µm; tibial posterior slope of 3°: 40 mm: 1.84, 1.81±0.07 µm, 50 mm: 1.74, 1.8±0.1, 60 mm:
1.6, 1.54±0.1 µm). When the stem length of the tibial plateau prosthesis reached 70–80 mm, the relative
displacement of the distal end of tibial plateau prosthesis under both tibial posterior slopes varied slightly
(tibial posterior slope of 0°: 0 mm: 2.66, 2.64±0.05 µm, 80 mm: 2.63, 1.61±0.05 µm) (tibial posterior slope
of 3°: 70 mm: 1.52, 1.47±0.08, 80 mm: 1.48, 1.44±0.09 µm). The changing pattern is shown in Fig. 5.

Discussion
To the best of our knowledge, this is the �rst study to investigate the maximum usable extension stem
length of tibial plateau prosthesis, as well as the cortical impingement of the longest stem in the Chinese
population. Based on the selected cases, 3D models were built to simulate surgery and measure relevant
parameters. The regression equation of tibial length and the maximum stem length of tibial plateau
prosthesis for the Chinese population was obtained by statistical analysis. This equation makes
convenient to estimate the maximum usable stem length of tibial plateau prosthesis in TKA, and further
guides the choice of extension stems for tibial plateau prostheses.
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According to our study, for primary TKA, the stem length of tibial plateau prosthesis signi�cantly
in�uenced prosthesis stability irrespective of a tibial posterior slope of 0° or 3°. According to our
measurement , as the longest measured stem length suitable for Chinese patients was 77–83 mm, we set
up experimental groups with a stem length of up to 80 mm. When the stem length of the tibial plateau
prosthesis was in the range of 40–70 mm, the prosthesis was more stable with the longer stem length.
However, even when the stem length reached a higher measurement range of 70–80 mm, the in�uence of
stem length on prosthesis stability tended to be similar. Previous studies have reported that using the
tibial extension stem indeed improved prosthesis stability during primary TKA [10, 11, 13, 14]; however,
these studies only compared the stability of tibial prosthesis between cases in which the extension stems
were used and cases in which they were not used. They also lacked an accurate analysis of the effects of
different stem lengths on the stability of tibial prostheses. Walsh et al. [11] carried out biomechanical
experiments through in vitro models and found that the relative displacement of tibial prosthesis was
smaller when using an extension stem compared to not using an extension stem (5–10 mm vs 10–20
mm), which is similar to the measurement results of our �nite element models (2.4 mm vs 3.2 mm) using
proximate numbers. With respect to the differences, we believe that Walsh et al. applied sawbones to
perform the simulation, the properties of which are quite different from those of real bones, whereas our
data more closely re�ected real bone tissues [11]. Their study showed that tibial prostheses with stem
lengths of 75 mm and 150 mm in the revision surgery had almost the same stability. Although their study
was not conducted based on primary TKA, we obtained results similar to theirs—that is, tibial prostheses
with stem lengths of over 70 mm achieved similar stability. Jan et al. applied various types of extension
stems in knee revision surgery, but they only focused on bone stress around the prosthesis and did not
investigate prosthesis stability [26]. They found that extension stems showed areas of stress
concentration, which is consistent with our conclusions. We observed that stress concentration areas
appear around the extension stem and disperse the bone stress of the tibia, which effectively explains
why extension stems enhance prosthesis stability.

Our study had some limitations. First, we concluded all results based on static models and did not
perform dynamic analyses. However, it has been previously reported that peak stress in knees occurs
while standing, shortly before performing contralateral heel-down. Therefore, our study could also
simulate a situation in which the prosthesis is subjected to peak stress [21]. Second, the effect of soft
tissues on the prosthesis was not considered in our models. As studies similar to ours did not also
consider the effect of soft tissues [15, 16, 25], we primarily focused on the static knee prosthesis and
tibial sclerotic bone, the elastic moduli of which are signi�cantly larger than that of soft tissues.
Therefore, our simulation still holds practical signi�cance. Third, we only targeted the Chinese population
and our sample size was relatively small. In the future, multicenter studies are required to con�rm the
results of our study.

Conclusions
In TKA, tibial cut with a tibial posterior slope of either 0° or 3° showed the stem length of the tibial plateau
prosthesis having a signi�cant positive in�uence on the stability of the tibial prosthesis. Using a stem
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measuring 40–70 mm led to the tibial plateau prosthesis showing greater stability; however, using a stem
measuring 70–80 mm showed that the increase in stem length showed almost no change in its in�uence
on prosthesis stability. This suggested that using an extension with a longer length is not always
bene�cial, as the stability appears to remain sustained in a range of lengths and remains the same even
when the stem becomes too long. These �ndings held true for the Chinese population, but future studies
that are conducted across multiple centers and populations may reveal interesting results that will add to
our knowledge.
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Table

Table 1 Properties of materials used in the finite element model

Parts of the finite

element model

Elastic modulus

(GPa)

Material property

(Poisson’s ratio)

Density

(g/cm )

Cortical bone 17 0.36 1.64

Cancellous bone 0.3 0.3 0.27

Tibial component

(baseplate)

200 0.33 8

Tibial component

(spacer)

0.9 0.46 0.94

Bone cement 2.3 0.3 1.19

Figures
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Figure 1

Evaluation of the maximum length of the tibial prothesis stem that could be inserted and the distal end of
the stem that impinged the tibial cortex when the tibial prosthesis was in the proper position. The red
arrow and blue line indicate tibial alignment
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Figure 2

An example of �nite element analysis of the 60-mm tibial extension stem model



Page 14/15

Figure 3

Stress distribution of tibial plateau prosthesis. As the stem length of tibial plateau prosthesis increased,
the stress in the stem region of the prosthesis and the stress concentration regions increased gradually in
both osteotomy groups, with tibial posterior slopes measuring 0° and 3°, respectively

Figure 4

Stress distribution on the tibia under the tibial plateau prosthesis after total knee arthroplasty



Page 15/15

Figure 5

Comparison of relative displacement of the most distal end of tibial prosthesis with various stem lengths


