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Aims

Stress shielding, particularly affecting the proximal medial tibial bone, is a significant concern
following total knee arthroplasty (TKA). This study investigates how tibial sclerosis severity,
implant configurations, and rotational alignment techniques influence bone resorption
patterns in the medial proximal tibia.

Methods

Finite element analysis (FEA) was performed using tibial models with four sclerosis levels (0
to 3) representing progressive sclerosis penetration. Four implant configurations combining
baseplate shapes (symmetrical vs anatomical) and keel designs (longer (40 mm) vs shorter
(30 mm)) were evaluated with two rotational alignment protocols, generating 32 models (4
X 4 x 2). Bone resorption rates in four medial cortical regions were quantified using strain
energy density (SED) criteria.

Results

A dose-dependent relationship was demonstrated between sclerosis severity and bone
resorption rates. In the total medial cortical region, a substantial increase occurred at Level 3
over Level 0 (67.8% vs. 64.8%, respectively, p < 0.001). Keel design emerged as the dominant
factor, with shorter keels demonstrating significantly lower absolute resorption rates than
longer keels across all sclerosis levels (59.9% to 64.0% vs. 69.8% to 71.7%, p = 0.029).
However, when changes were analyzed relative to baseline sclerosis severity, shorter keels
exhibited significantly greater increases in bone resorption rates than longer keels (4.1% vs
1.9% at Level 3, p = 0.029), indicating greater sensitivity to sclerosis progression. Contrary
to implant configurations, no significant differences were observed between the maximum-
coverage method and Insall’s method across all sclerosis severity levels (p = 0.486).

Conclusion

Proximal medial tibial sclerosis severity demonstrates a clear dose-dependent relationship
with bone resorption risk following TKA. Although shorter keel configurations provide
lower absolute bone resorption rates, they exhibit greater sensitivity to sclerosis progres-
sion than longer keels. Rotational alignment techniques showed no significant effects on
bone resorption patterns in sclerotic bone conditions. These findings support preoperative
sclerosis assessment for surgical planning and highlight the complex interaction between
implant design and bone quality.
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Article focus

* How does tibial sclerosis severity influence bone resorption
risk in the medial proximal tibia following total knee
arthroplasty (TKA)?

* What is the impact of different implant configurations
(baseplate shapes and keel designs) on bone resorption
patterns in sclerotic bone conditions?

* Do rotational alignment techniques (maximum-coverage
method vs Insall's method) affect bone resorption in the
presence of tibial sclerosis?

Key messages

e Tibial sclerosis severity demonstrates a dose-dependent
relationship with bone resorption risk following TKA, with
substantial increases at extensive sclerosis levels (Level 3:
67.8% vs Level 0: 64.8%, p < 0.001).

* Medialized shorter keel designs achieve lower absolute
bone resorption rates than longer keels (59.9% to 64.0% vs.
69.8% to 71.7%), but show greater sensitivity to sclerosis
progression (4.1% vs 1.9% increase at Level 3).

* Rotational alignment techniques and tray geometry
(symmetrical vs anatomical) have no significant effect on
bone resorption patterns in sclerotic bone conditions.

Strengths and limitations

* Systematic evaluation of 32 finite element models combin-
ing multiple variables (4 sclerosis levels x 4 implant
configurations x 2 alignment techniques).

* Controlled biomechanical analysis isolating the effects of
sclerosis severity while controlling for confounding
variables.

* Validation against published clinical data showing compa-
rable bone resorption rates.

e Single-patient model limiting generalizability across
different anatomies and bone qualities.

* Idealized geometrical sclerosis patterns that do not fully
capture complex clinical presentations.

* Focus on immediate postoperative biomechanics without
modelling long-term bone remodelling processes.

Introduction
Total knee arthroplasty (TKA) has demonstrated excellent
long-term results in treating end-stage knee osteoarthritis.'
However, stress shielding, particularly affecting the proxi-
mal medial tibial bone, remains a significant biomechanical
concern.”* Proximal tibial bone loss following TKA underscores
the critical importance of implant geometry, thickness, and
material properties in mitigating stress-shielding effects.”®
Recent evidence indicates that thicker cobalt-chromium tibial
baseplates exacerbate stress shielding, while revised designs
and titanium components can reduce this effect.’

The underlying mechanisms of stress shielding in
TKA are multifactorial, involving complex interactions among
the implant design, material properties, and surgical tech-
niques.'”"* Traditional clinical studies investigating stress
shielding face limitations due to difficulties controlling
confounding variables such as patient activity level, bone
mineral density, and surgical variability.”'*"> Consequently,
those factors can obscure clear relationships between implant
characteristics and bone response.

Finite element analysis (FEA) is a valuable method that
provides controlled and reproducible conditions for testing
biomechanical hypotheses.”'®'” Previous FEA using 30 finite
element models (FEMs) reported significant differences in
stress distribution in the medial proximal tibial bone accord-
ing to tibial component design."® However, that investigation
used homogeneous bone models, limiting its ability to fully
replicate actual surgical scenarios, in which bone quality
varies considerably. Additionally, previous clinical research
has suggested that sclerotic bone can contribute to stress
shielding development, particularly when the implant’s keel
overlaps sclerotic areas.”” That finding suggests that the
presence and extent of bone sclerosis might be associated
with alterations in the biomechanical environment around
tibial implants. Nevertheless, studies explicitly evaluating
the relationship between bone sclerosis severity and stress
shielding are lacking.

Therefore, we investigated how variations in sclero-
sis severity, along with diverse implant configurations and
rotational alignment techniques, influence bone resorption
in the medial proximal tibia area. We hypothesized that
increased sclerosis severity would result in greater proximal
medial tibial bone resorption, regardless of implant config-
uration or rotational alignment technique. Additionally, we
hypothesized that although medialized shorter keel implants
would demonstrate lower bone resorption rates than longer
keels, they would show greater sensitivity to increasing
sclerosis severity.

Methods

FEM development

Our study protocol was approved by the Institutional Review
Board of Yongin Severance Hospital (No. 9-2025-0074). A
retrospective study was conducted using high-resolution knee
calculated tomography scans (0.6-mm slice thickness, 100 kVp,
150 mAs) from a 65-year-old male patient with osteoarthritis.
The images were segmented in Zift (Skyve, South Korea) to
generate a 3D tibial model, which was imported into OnKnee-
U (Skyve).

Sclerosis modelling

To model medial tibial sclerosis, the medial compartment
was partitioned and assigned sclerotic material properties.
The location and extent of sclerotic regions were designed
to simulate clinically relevant scenarios where tibial sclero-
sis overlaps with the implant keel, as this condition has
been associated with stress shielding development. Sclerosis
severity was systematically classified into four distinct levels:
Level 0, no sclerosis (control); Level 1, sclerosis extending
inward from the cortical bone margin toward the implant
central axis, covering a width equal to 1/5 of the distance
from the cortical boundary to the implant central axis along
the fin midline; Level 2, sclerosis extending inward covering
2/5 of this distance; and Level 3, sclerosis covering 3/5 of
the same distance, thus involving partial penetration of the
implant fin into the sclerotic region (Figure 1). The sclerotic
region extended vertically in the distal direction from the tibial
plateau resection surface throughout the entire depth of the
region of interest (ROI), representing full-thickness sclerotic
bone involvement as can occur in osteoarthritic knees. The
cortical bone was modeled with a uniform thickness of 2 mm
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Fig. 1

Classification of medial tibial sclerosis severity, modelled as four
graded levels of sclerotic involvement progressing from cortical
margin to implant fin axis. Level 0 indicates no sclerosis, while Levels
1, 2, and 3 represent sclerosis covering widths of 1/5, 2/5, and 3/5
of the distance from the cortical bone margin toward the implant
central axis, respectively.

throughout the proximal tibia, consistent in both circumferen-
tial and proximal-distal dimensions.

ROI definition

Specific ROIs were defined on the medial half of the proximal
tibial cutting surface, focusing on the axial plane. Within this
medial region, a 10 mm wide bone area extending from the
medial cortical bone margin was divided into three equal
anterior-to-posterior regions of the medial cortical margin:
anterior (MCA), middle (MCM), and posterior (MCP), with
results also reported for the total (MCT). These four regions
were the primary ROIs for bone resorption analysis (Figure 2).

Implant configurations and surgical simulation

Implant configurations were created using the NexGen
(Zimmer Biomet, USA) tibial component (size 3) and Persona
(Zimmer Biomet) tibial component (size D). Four configu-
rations were evaluated by combining two different base-
plate shapes (NexGen: symmetric tray; Persona: anatomical
tray) with two different keel designs (NexGen: longer keel;
Persona: medialized shorter keel; Figure 3). The medial keel
was positioned 0.85 mm medially from the geometrical
centre of the tibial baseplate. The evaluated combinations
were: symmetrical tray with longer keel (40 mm), anatomi-
cal tray with medialized shorter keel (30 mm), symmetrical
tray with medialized shorter keel (30 mm), and anatomical
tray with longer keel (40 mm). A uniform 2 mm cement
layer was inserted between the implant and the resected
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tibial surface to simulate standard cementing practices. Two
rotational alignment protocols were applied to account for
surgical variability: Insall’s one-third tuberosity to posterior
cruciate ligament footprint method and the maximum-cover-
age method.” The rotational position of the tibial component
differed by 4.39° between these two protocols. Combining
four sclerosis levels, four implant configurations, and two
rotational alignment techniques produced 32 implant models
and 32 intact counterparts, yielding 64 FEMs total. To quantify
stress shielding and bone resorption risk, each implanted
model was compared with its corresponding intact (preim-
plantation) bone model. Each intact model had identical mesh
configuration within the ROl and equivalent loading condi-
tions at the tibial plateau contact point, ensuring accurate
element-by-element comparison.

FEA setting

The FEA was conducted in Abaqus 6.11 (Dassault Sys-
tems, USA). Material properties were assigned based on
literature values: cancellous bone (0.4 GPa, 0.3), cortical
bone (17 GPa, 0.3), bone cement (2.2 GPa, 0.3), sclerotic
bone (1.726 GPa, 0.3), and titanium (110 GPa, 0.3) for
elastic modulus and Poisson’s ratio, respectively.’** All
materials were modeled as homogeneous, isotropic, and
linearly elastic. The strain energy density (SED)-based bone
resorption analysis used relative strain distribution patterns
under physiological loading conditions. A vertical load of
2,030 N was applied, distributed between medial (1,421 N)
and lateral (609 N) compartments. This loading scenario
employed a 7:3 medial-to-lateral force distribution ratio
based on established biomechanical literature.?’*** The
anterior-posterior position of the load was determined by
the contact point between the femoral component and
tibial insert geometry. When implant position changed
due to different rotational alignments or designs, the load
position was adjusted accordingly to reflect the actual
contact mechanics of each configuration. Tie constraints
were applied on all interfaces. Mesh convergence was
first assessed using the maximum nodal displacement,
with a convergence criterion of less than 0.3% change
between successive refinements. Furthermore, to ensure
the stability of the derived quantities used in the SED-
based analysis, convergence of peak Von Mises stress and
maximum principal strain within the region of interest
was also verified; the relative differences were 0.86% and
1.81%, respectively. Following this multi-criteria validation,
an average element size of 0.8 mm was established for
all models. All components were meshed using ten-node
modified quadratic tetrahedral elements (Abaqus element
type: C3D10M).* The final models comprised 487,145
elements for cancellous bone, 322,038 elements for cortical
bone, 178,222 elements for the tibial baseplate, and 45,661
elements for the cement layer.

Bone resorption calculation

Bone resorption was quantified using a SED criterion.”” The
SED represents the energy stored elastically per unit bone
volume and was calculated for each element in both implan-
ted and intact bone models. Elements whose SED in the
implanted model were > 75%, lower than the intact model,
were classified as resorbed. The resorption rate was calculated
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Fig. 2
Definition of regions of interest for bone resorption analysis on the medial cortical margin: anterior (MCA, red zone), middle (MCM, green zone),
posterior (MCP, blue zone), and total (MCT, entire medial cortical zone comprising all coloured areas).

as (N_resorbed / N_total) x 100, where N_resorbed is the
number of resorbed elements and N_total is the total element
count in each ROI.

Outcome measures

The primary outcome was progressive change in bone
resorption rates across four sclerosis levels (0 to 3) within
each ROI. Secondary outcomes were comparisons of absolute
bone resorption rates in the MCT region between: 1) medial-
ized shorter and longer keel configurations; 2) symmetrical
and anatomical tray designs; and 3) maximum-coverage and
Insall’s alignment techniques. Additionally, changes in bone
resorption rates relative to baseline across increasing sclerosis
levels were evaluated for each subgroup.

FEM validation

To verify FEA accuracy, we compared bone-resorption rates
in the proximal 5 mm of tibia with literature values. Park et
al” documented resorption rates of 53.0% to 61.6%, while
our model showed 56.5% to 74.2%. Our lower bound aligned
with their range, though our upper bound exceeded their
maximum, likely due to differences in patient anatomy and
implant design. Overall trends were comparable, supporting
model validity.

Statistical analysis

Bone resorption rates are presented as percentages with
mean values and ranges across all study variable combina-
tions. Subgroup comparisons between implant configurations
at each sclerosis severity level used Mann-Whitney U tests,
while comparisons across sclerosis levels within each region
used Wilcoxon signed-rank tests. Statistical significance was
set at p < 0.05. All statistical analyses were performed using
R software, v.4.5.0 (R Foundation of Statistical Computing,
Austria).

Results

Sclerosis-dependent bone resorption patterns in each ROI
The MCT region showed minimal variation across Levels 1 to
2 (65.1% to 65.4%, Level 1: p = 0.094 Level 2: p = 0.055 vs
Level 0, Wilcoxon signed-rank test) but substantially increased
at Level 3 (67.8% (59.7% to 74.2%), p = 0.008 vs Level 0),
representing a 4.6% relative increase (Table |, Figure 4). The
MCA region remained stable at lower sclerosis levels (7.1% to
7.4%,Level 1: p = 0.672; Level 2: p = 0.195 vs Level 0, Wilcoxon
signed-rank test) but markedly increased at Level 3 (8.9%
(5.6% to 12.6%), p = 0.008 vs Level 0), showing a 23.6% relative
increase (Table Il). The MCM region demonstrated progressive
moderate increases from Level 0 (90.5%) through Level 3
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(A)

(C)

Fig.3

(B)

(D)

Schematic illustration of the four implant configurations combining two baseplate shapes (symmetrical vs anatomical) and two keel designs (long
vs medialized short). a) Symmetrical tray with longer keel, b) symmetrical tray with medialized shorter keel, c) anatomical tray with longer keel, and
d) anatomical tray with medialized shorter keel. The medialized shorter keel is positioned 0.85 mm medially from the geometrical centre of the tibial

baseplate (indicated by the green line).

(93.6%, p = 0.008, Wilcoxon signed-rank test), corresponding
to a 3.4% relative increase (Table Il). The MCP region showed
the most pronounced sclerosis effect, progressing from Level 0
(90.1%) through Level 2 (91.4%, p = 0.016, Wilcoxon signed-
rank test) to Level 3 (95.5%, p = 0.008, Wilcoxon signed-rank
test), reflecting a 6.0% relative increase (Table IV).

Implant configuration comparisons in MCT bone resorption
In the MCT region subgroup analysis, the medialized
shorter keel (30 mm) configuration consistently demonstrated
significantly lower absolute bone resorption rates than the
longer keel (40 mm) design across all levels (59.9% to 64.0% vs
69.8% to 71.7%, p = 0.029, Mann-Whitney U test) (Figure 5). In
contrast, symmetrical and anatomical tray designs showed no
significant differences across levels (63.9% to 66.6% vs 65.8%
10 69.1%, p = 0.686, Mann-Whitney U test), though anatomical
trays tended toward higher resorption rates.
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When analyzing changes relative to baseline, the
medialized shorter keel group demonstrated significantly
greater increases in bone resorption rates than the longer keel
group across all levels (0.4% to 4.1% vs 0.0% to 1.9%, Level 1: p
=0.029; Level 2: p = 0.029; Level 3: p = 0.029, Mann-Whitney U
test) (Figure 5). In contrast, tray designs showed no significant
differences in resorption rate changes across any sclerosis level
(0.1% to 2.7% vs 0.3% to 3.3%, Level 1: p = 0.885; Level 2: p =
0.686; Level 3 p = 1.000, Mann-Whitney U test).

Surgical technique comparisons in MCT bone resorption

In the MCT region, bone resorption rates showed no signifi-
cant differences between the maximum-coverage method and
Insall's method across all sclerosis levels (63.2% to 65.9% vs
66.5% to 69.8%, p = 0.486, Mann-Whitney U test). Similarly,
no significant differences were observed in resorption rate
changes relative to baseline between the two techniques
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Bone resorption rates (%) in the medial cortical margin-total region according to the sclerosis severity level, implant configuration, and

rotational alignment surgical technique, with A (level 3 — level 0) values.

Implant configuration

Maximum-coverage method 56.5 56.9 57.0 59.7

Symmetrical tray with medialized shorter keel Insall’s method

Anatomical tray with medialized shorter keel Insall’s method
Insall’s method

Symmetrical tray with longer keel

Anatomical tray with longer keel Insall's method

Rotational alignment surgical technique Sclerosis severity

Level 0 Level1 Level2 Level3 A (Level3 - Level 0)

+3.2

59.9 60.0 60.4 63.2 +34

Maximum-coverage method 60.6 61.0 61.7 64.5 +3.9
62.8 63.6 65.3 68.7 +5.9

Maximum-coverage method 68.3 68.3 68.5 70.2 +1.9
70.9 70.9 70.9 73.1 +22

Maximum-coverage method 67.4 67.4 67.5 69.1 +1.7
724 724 724 74.2 +1.8

(B) Bone Resorption (%) in MCA Region

(A) Bone Resorption (%) in MCT Region

70

67.5

65

6a8 651

62.5

Level 0 Levell ®level2 mLlevel3

() Bone Resorption (%) in MCM Region
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925
91.7
921.2
%0 90.5
87.5
Level 0 Levell ®level2 mLlevel3
Fig. 4
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(D) Bone Resorption (%) in MCP Region
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87.5
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Level 0 Levell ™ Level2 M Level3

Bone resorption according to sclerosis severity in four medial cortical margin regions. a) Medial cortical margin-total (MCT) region showing increased
bone resorption with higher sclerosis levels. b) Medial cortical margin-anterior (MCA) region with stable resorption at lower levels and sharp increase
at Level 3. ¢) Medial cortical margin-middle (MCM) region with steady increase across all sclerosis levels. d) Medial cortical margin-posterior (MCP)

region showing increased bone resorption from Level 0 to Level 3.

(0.2% to 2.7% vs 0.2% to 3.3%, Level 1: p = 0.772; Level 2: p =
0.886; Level 3: p = 0.686).

Discussion

Our FEA demonstrated that as the extent of sclerosis in
the proximal tibial medial area increased, bone resorption
rates also increased progressively in the medial area beneath
the tibial baseplate. This systematic and dose-dependent
relationship was observed consistently across all medial
cortical regions, and regardless of the implant configuration
and rotational alignment surgical technique. Additionally, the

medialized shorter keel groups showed statistically signifi-
cantly lower absolute bone resorption than the longer keel
groups, but they demonstrated greater sensitivity to sclero-
sis progression. Tray geometry, on the other hand, had no
significant effect on resorption rates or progression patterns.
Furthermore, no significant differences in bone resorption
rates or progression patterns were observed between the
maximum-coverage method and Insall's method. These results
suggest that a preoperative assessment of proximal medial
tibial sclerosis severity could facilitate surgical planning
strategies to reduce postoperative stress shielding in TKA.
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Bone resorption rates (%) in the medial cortical margin-anterior region according to the sclerosis severity level, implant configuration, and

rotational alignment surgical technique.

Implant configuration

Rotational alignment surgical technique

Sclerosis severity

Level 0 Level 1 Level 2 Level 3
Maximum-coverage method 6.3 6.1 6.5 8.5
Symmetrical tray with medialized shorter keel Insall’s method 35 3.6 338 5.6
Maximum-coverage method 75 7.5 8.6 10.2
Anatomical tray with medialized shorter keel Insall's method 4.0 4.1 4.2 7.0
Maximum-coverage method 8.7 8.7 8.9 9.8
Symmetrical tray with longer keel Insall’s method 6.2 6.2 6.7 7.2
Maximum-coverage method 1.7 11.7 11.2 12.6
Anatomical tray with longer keel Insall’s method 9.4 9.4 9.2 10.5

Bone resorption rates (%) in the medial cortical margin-middle region according to the sclerosis severity level, implant configuration, and

rotational alignment surgical technique.

Implant configuration

Rotational alignment surgical technique

Sclerosis severity

Level 0 Level 1 Level 2 Level 3
Maximum-coverage method 86.2 873 86.6 89.6
Symmetrical tray with medialized shorter keel Insall’s method 84.4 84.8 85.7 89.1
Maximum-coverage method 89.6 91.0 91.3 92.8
Anatomical tray with medialized shorter keel Insall's method 82.1 85.1 87.6 90.5
Maximum-coverage method 92.6 92.6 929 94.6
Symmetrical tray with longer keel Insall’s method 91.3 91.4 91.2 929
Maximum-coverage method 99.2 99.2 99.2 99.7
Anatomical tray with longer keel Insall’s method 98.4 98.5 98.9 99.5

The biomechanical explanation for these findings
lies in the fundamental material properties of sclerotic
bone. Sclerotic bone develops through increased osteoblas-
tic activity and reduced bone remodelling, resulting in
higher bone density.”**° In FEMs, the elastic modulus of
sclerotic bone is typically assigned a value of 1.726 GPa,
which is higher than the 0.4 GPa of cancellous bone,
reflecting its increased stiffness and mechanical strength.”
These high-stiffness regions preferentially attract mechanical
loads, and as the extent of sclerosis increases, they become
more dominant in creating load bypass of normal cortical
bone structures.*’ This phenomenon parallels biomechani-
cal phenomena widely recognized in joint arthroplasty.*’'
* Just as cobalt-chromium tibial components demonstrate
greater stress shielding than titanium components due to
their higher elastic modulus, and thicker cobalt-chromium
baseplates further exacerbate stress shielding effects, the
increased stiffness of sclerotic bone creates preferential
load pathways that divert stress away from surrounding
normal bone tissue.******¢ This finding is further supported
by observations in total hip arthroplasty, where extensively
coated femoral stems demonstrate more pronounced stress
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shielding effects through similar stiffness-mediated load
redistribution mechanisms.>*” Consequently, sclerotic bone,
with its characteristically increased bone density and higher
elastic modulus, establishes preferential load paths that
bypass normal cortical bone stimulation, ultimately leading to
peripheral bone resorption.

A subgroup analysis focusing on the MCT region
revealed significantly lower bone resorption rates with
medialized shorter keel configurations than with longer keel
designs. When all 32 combinations of implant configuration,
sclerosis severity, and surgical technique were ranked by
bone resorption rates, the medialized shorter keel configu-
rations showed overwhelming superiority, with 15 of the
top 16 combinations using this design and demonstrating
significantly lower average resorption rates (61.4% vs 70.2%,
p < 0.001) (Supplementary Table i). However, in contrast to
those keel configuration differences, our results indicate no
significant differences between symmetrical and anatomical
trays in bone resorption rates in the context of sclerotic bone.
This finding is consistent with the FEA study of Cho et al,"®
which compared symmetric tibial components (STC, NexGen)
with longer keels versus anatomical tibial components (ATC,
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Absolute Bone Resorption (%) in
MCT Region by Sclerosis Level

75
- 71.7
69.8 69.8 69.8

65
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Level O Level 1 Level 2 Level 3
B Medialized shorter keel Longer keel

Fig. 5

Change from Level 0 in Bone
Resorption (%)

4
3
2
1.9
1
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B Medialized shorter keel  Longer keel

Comparison of absolute bone resorption and relative increases from baseline between medialized shorter and longer keel designs in the medial

cortical margin-total region (MCT).

Bone resorption rates (%) in the medial cortical margin—-posterior region according to the sclerosis severity level, implant configuration, and

rotational alignment surgical technique.

Implant configuration

Rotational alignment surgical technique

Sclerosis severity

Level 0 Level 1 Level 2 Level 3
Maximum-coverage method 914 90.6 923 95.0
Symmetrical tray with medialized shorter keel Insall’s method 88.8 89.1 92.0 97.2
Maximum-coverage method 75.2 75.8 76.6 86.6
Anatomical tray with medialized shorter keel Insall’s method 79.7 80.3 835 90.4
Maximum-coverage method 99.1 99.1 99.1 99.8
Symmetrical tray with longer keel Insall's method 99.0 99.0 99.2 100.0
Maximum-coverage method 924 923 924 96.3
Anatomical tray with longer keel Insall’s method 95.7 95.7 96.1 98.5

Persona) with medialized shorter keels while controlling for
other variables. Their study demonstrated that ATC provi-
ded a more favourable stress distribution in the medial
proximal tibial bone than STC, and thus better prevented
stress shielding. This supports our findings that shorter keel
configurations result in lower bone resorption rates. Further-
more, these observed differences are predominantly driven
by keel design rather than tray geometry, demonstrating
that keel configuration is the more influential factor in bone
resorption reduction across all sclerosis severity levels.
Although we confirmed the advantage of medial-
ized shorter keel designs in achieving lower absolute bone
resorption rates, our analysis of resorption rate changes
relative to increasing sclerosis severity revealed a contrasting
pattern. The medialized shorter keel groups demonstrated
significantly greater increases in bone resorption rates than

the longer keel groups as sclerosis severity progressed. This
progressive pattern indicates that although shorter keels show
lower absolute resorption rates, they exhibit markedly greater
sensitivity to increasing sclerosis severity. This finding also
aligns with the study by Cho et al,”” which demonstrated
that when stress concentration occurs due to the stem tip
approaching the cortex, ATC showed less stress distribution
than STC at the medial proximal tibial bone cutting plane.
In our study, the presence of sclerotic bone appears to
create stress concentration when the implant approaches or
penetrates through it, similar to the stem tip approaching the
cortex in the previous study, resulting in an overall increase in
bone resorption rates. Consistent with the previous research,
ATC configurations showed the greatest changes in resorp-
tion rates as sclerosis levels increased. These findings provide
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mechanistic insights into the clinical effects of sclerotic bone
observed in the previous study of real-world clinical data."

Clinical studies have demonstrated varying outcomes
between the maximum-coverage method and Insall’s method
for tibial component positioning, with one report suggest-
ing improved implant survival and reduced radiolucent line
formation with the maximum coverage techniques.”® The
maximum-coverage method was theoretically expected to
achieve better outcomes by optimizing load distribution
across the tibial plateau and maximizing the contact area
between the implant and bone, which should create more
uniform stress distribution patterns and prevent excessive load
concentration in sclerotic regions. However, contrary to those
theoretical expectations, our biomechanical analysis revealed
no significant differences in bone resorption rates between
the two surgical techniques across all sclerosis severity levels.
This finding suggests that in the context of sclerotic bone
conditions, the rotational alignment technique might have
a less pronounced effect on bone resorption patterns than
previously anticipated.

Several limitations of this study should be acknowl-
edged. First, we limited our analysis to a single individual
because generating multiple subject-specific FEMs would
require prohibitive time and computational resources. This
methodology enabled us to assess the influence of tibial
sclerosis severity on postoperative bone resorption risk
following TKA, while controlling for variables such as body
weight, stature, bone morphology, ligament properties, and
implant dimensions. However, this single-patient model
approach could limit generalizability across different patient
anatomies and bone quality variations. The loading condi-
tions simulated normal weightbearing scenarios but did
not account for dynamic loading patterns, varying activity
levels, or the complex multiaxial forces encountered during
daily activities. The sclerosis modelling represents idealized
geometrical patterns that do not fully capture the complex,
irregular clinical patterns of bone sclerosis observed in actual
patients. Furthermore, the granularity of sclerosis segmen-
tation could potentially influence the observed biomechan-
ical trends. While our four-level classification provided a
balanced approach to evaluate dose-response relationships,
more refined segmentation might reveal non-linear patterns
or specific clinical thresholds, whereas coarser segmentation
may fail to capture the progressive nature of stress shielding.
Additionally, this study focused on immediate postoperative
biomechanics without modelling long-term bone remodelling
processes or adaptive responses that occur over time. Second,
the limitations inherent in all computational simulation
studies prevented us from developing clinically applicable
tools, such as nomograms for risk factor prediction based
on sclerosis severity groupings. Prospective clinical stud-
ies incorporating quantitative preoperative sclerosis assess-
ment, standardized surgical techniques, and standardized
long-term follow-up are needed to validate these biome-
chanical predictions and establish evidence-based guidelines
for clinical practice. Third, the FEA validation was based
on comparison with Park et al,” which remains the pri-
mary study quantitatively correlating SED-based predictions
with clinical bone resorption rates in TKA. Additional valida-
tion studies across diverse implant systems would further
strengthen the generalizability of this methodology. Lastly,
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future work will extend this analysis to multiple patient-
specific models with heterogeneous anatomy and sclerosis
patterns and incorporate time-dependent bone remodelling
algorithms under realistic loading conditions. Additionally,
prospective clinical studies correlating preoperative sclerosis
quantification with postoperative outcomes are planned to
validate these predictions. Moreover, future research should
investigate the impact of different segmentation approaches
to determine the optimal level of resolution required to
accurately predict bone resorption risk. This methodological
framework could also be applied to systematically evaluate
emerging implant designs under various clinical scenarios.

This FEA established that sclerosis severity in the
proximal tibia medial area directly correlates with bone
resorption risk following TKA, demonstrating systematic
dose-dependent increases with a critical threshold at
extensive sclerosis. The biomechanical mechanism likely
involves sclerotic bone’s increased elastic modulus, which
may create preferential load pathways that shield normal
bone tissue. Regarding implant configuration, the medialized
shorter keel demonstrated reduced absolute bone resorption
compared with longer keel designs, but exhibited greater
sensitivity to sclerosis progression. No significant differences
were observed between symmetrical and anatomical trays
or between rotational alignment methods. Future research
should focus on correlating these finite element predictions
with actual clinical outcomes, including implant survival and
radiological evidence of bone remodelling over extended
follow-up periods.

Supplementary material

Table presenting the complete ranking of bone resorption rates
across all 32 combinations of implant configuration, sclerosis
severity, and rotational alignment technique in the medial cortical
margin-total region.
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