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Biomechanical effects of medial
osteoarthritis progression and UKA
on knee lateral compartment using
fibril-reinforced biphasic material in
finite element study

Jing Zhang-®, Weijian Lin%®, Junyan Li3, Zhenxian Chen¥*" & Zhongmin Jin%3*

The potential risks of osteoarthritis (OA) progression in the lateral compartment during the
progression of medial knee OA and after medial unicompartmental knee arthroplasty (UKA) remain
to be elucidated. Thus, five medial knee OA models with different progression stages and one medial
UKA model were established using the finite element method to investigate the biomechanical
differences of lateral compartment articular cartilage (AC). The AC and meniscus were constructed by
fibril-reinforced biphasic material, and the real biphasic contact conditions were adopted. The results
showed that biomechanical differences in lateral compartments were within 2% between the healthy
knee model (OARSI 0-1) and early medial knee OA models (OARSI 2-3). However, in advanced medial
knee OA (OARSI 4.5), up to a 7.0% increase in stress and a 22.2% increase in a strain of the lateral
compartment AC were predicted. After medial UKA surgery, the maximum shear strain of the lateral
compartment AC was reduced by about 22.2% when compared with advanced medial knee OA. In
conclusion, the progression of medial knee OA may cause OA development in the lateral compartment.
In contrast, medial UKA surgery might help to lower the risks of OA progression in the lateral
compartment when in the advanced medial knee OA stage.

Keywords Finite element, Biphasic contact, Articular cartilage, Knee joint, Unicompartmental knee
arthroplasty

Osteoarthritis (OA) is a common degenerative joint disease. During the progression of knee OA, articular
cartilage (AC) and meniscus will degenerate, be partly worn out and finally lost!2. The medial osteoarthritis is
more likely to be induced, as it carries more loads than the lateral side>*. At the end stage of medial knee OA,
unicompartmental knee arthroplasty (UKA) is recognized as an effective treatment method*.

Medial knee OA and medial UKA not only change the biomechanical behaviours in the diseased compartment,
but also influence the lateral compartment*®, which might induce lateral knee OA eventually. Previous histologic
analysis of AC® has shown that patients with obvious medial knee OA might also have mild lateral knee OA. After
medial UKA surgery, OA progression in the lateral compartment, one of the main postoperative indications,
accounts for approximately 30% of UKA revisions’. However, the biomechanics of the lateral compartment AC
during the progression of medial knee OA and after medial UKA remain to be quantified. According to previous
studies®’, investigating the biomechanical behaviours of AC could help to understand the potential risk of initial
knee OA. For example, the excessive stresses and strains might be associated with the death of the chondrocyte,
the degeneration of collagen and the damage of AC!®!!. Therefore, studying the biomechanical behaviours of AC
could help to understand the potential risk of OA progression in the lateral compartment during the progression
of medial knee OA and after medial UKA.
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AC is a soft tissue covering the end of diarthrodial joints and distributes stresses to the bones!2. AC could
be represented as a fibril-reinforced biphasic material that consists of a porous solid matrix saturated by a large
proportion of interstitial fluid and reinforced by collagen fibres'2. It is usually characterised by three zones:
surface zone (SZ, 10-20%), middle zone (MZ, 40-60%) and deep zone (DZ, almost 30%)'2. The degeneration
of AC, usually starting from SZ to DZ!, may result in joint pain and disability’!2. The material properties of
AC are altered significantly with the progression of OA, including the depletion of proteoglycan, degradation
of collagen fibre and disorganisation of the fibrillar direction'?"'°. Due to the above changes, the mechanical
properties of AC would become softer in compression and weaker in tension*!2. In addition, the water content
and the permeability of AC would be elevated'?, which indicates the reduction in fluid pressurisation and the
load support capability of AC.

Recently, the finite element (FE) method has been widely adopted to investigate the biomechanical behaviours
of the knee or AC!®-18, as it is challenging to obtain the biomechanical performance within the knee or AC
through experimental methods. FE method could help to analyze the biomechanics of the tissue, including
stresses and strains, non-invasively. In most knee FE models!’-!°, AC is simplified as a mono-phase material
like isotropic elastic. However, the biomechanical behaviours of AC are strongly modulated by the fluid-solid
interaction?, the depth-dependent properties?!, and the collagen network?>?*. Therefore, the depth-dependent
fibril-reinforced biphasic AC model should be adopted to provide more realistic biomechanical information
than the mono-phase AC model.

Several knee OA and UKA models constructed by the FE method could be reviewed*>?2. Mononen et al.
constructed a 2D knee joint to study the effect of the collagen network of degenerated AC on stress distribution??.
Later, they extended their method to a 3D FE model and found out that OA in the medial femoral AC would
increase the strains of the medial and lateral femoral AC®. In the study of Y. Dabiri and L.P. Li%, the depth-
dependent fibril-reinforced biphasic AC model was constructed, and the material properties were adjusted
to construct the degenerated AC model in the medial compartment. However, only a tiny femoral vertical
displacement (0.1 mm) was applied to their model, which could not represent the physiological loads within the
joint during daily activity. In recent years, Mononen et al. developed cartilage degeneration algorithms to predict
proteoglycan loss and collagen degeneration in OA knees under physiological loads®**. However, the above
research works did not adopt the actual biphasic contact conditions. The fluid flow of the contact region would
depend on the fluid pressure difference across the interface, and the free-draining boundary was implemented
in the non-contacting area??. In addition, the biomechanical changes in the healthy lateral compartment of
the medial knee OA model have not been well quantified in previous studies*>>?, as they paid more attention to
the degenerated medial compartment AC. As for UKA models, AC was constructed using mono-phase material
using the FE method to study the biomechanics or kinematics of the knee with different implant positions
and designs*!7?7. Up to now, AC has not been represented using fibril-reinforced biphasic material in UKA
models!®?123,

To sum up, the potential risks of OA progression in the lateral compartment during the progression of medial
knee OA and after medial UKA surgery remain to be quantified under real biphasic contact conditions. Therefore,
this study aims to investigate the biomechanical changes of lateral compartment AC during the progression of
medial knee OA and after medial UKA surgery using the FE method.

Materials and methods

Healthy knee model

A right knee joint of a 70-year-old 77.1 kg female donor from the Open Knee Project*®, verified in the previous
study?’, was adopted in this study. Magnetic resonance images of this knee joint at full extension position were
captured by a 1.0 Tesla extremity scanner?®. The geometric model of the knee joint, including femur, tibia, AC,
menisci and ligaments, was reconstructed, as shown in Fig. 1.

The bones were meshed using quadrilateral shell elements, while the other tissues meshed using hexahedral
elements. With the mesh in use, all models’ changes in the peak contact pressure and fluid pressure were less
than 5% by doubling the mesh density. The final edge length of the hexahedral element used was within the range
of 0.5-1.0 mm.

As for the material of bone and AC, the femur and tibia were considered rigid as the bone’s stiffness is
much higher than other tissues?®. AC was defined as a fibril-reinforced biphasic material®, with Neo-Hookean
nonlinear material as its non-fibril matrix.

The strain-energy function (W) of neo-Hookean material was defined as formulated®:

t28

W= “5 (I — 3) — plnJ + %(an)Q 1)

where ] is the relative volume (determinant of deformation gradient); I, is the first invariant of the right Cauchy-
Green deformation tensor; 4 and A are the Lamé parameters, which are calculated by Poisson’s ratio v and
Young’s modulus E:
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The fibrillar strain-energy function was defined as followed>®3!:
_ £ 8
U = ﬁ(exp [a (In—1) } -1) (3)
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Fig. 1. The geometry of a right knee joint from the Open Knee Project (https://simtk.org/home/openknee)*
was reconstructed in the medical imaging software Mimics (Version 21.0, www.materialise.com) (a); depth-
dependent fibrillar distributions pattern of AC (b); natural split-line patterns in the surface zone (c).

Tissue/Component E (MPa) |v % k (mm?*N's) | Fibrillar modulus (MPa)
SZ |0.62 0.14 | 0.11 | 0.00109 6 (parallel to surface)

AC 213337 MZ | 1.19 0.25 | 0.18 | 0.00151 6 (randomly distributed)
DZ | 1.94 0.4 |0.27 | 0.00086 6 (perpendicular to surface)
SZ |0.186 0.14 | 0.06 | 0.00185 1.5 (randomly distributed)

Degenerated AC'= | MZ | 0.357 0.25 | 0.13 | 0.00257 1.5 (randomly distributed)
DZ | 0.582 0.4 |0.22 |0.00146 1.5 (randomly distributed)

Meniscus® 05 0.36 | 0.19 | 0.00100 ‘118 Efﬁ;ﬁ‘f”emial)’

Degenerated meniscus? 0.15 0.36 | 0.14 | 0.00170 10 (randomly distributed)

Table 1. Material properties of AC, meniscus, degenerated AC, and degenerated meniscus in this study (E:
young's modulus; v: poisson’ ratio; ¢ : solid volume fraction; k: permeability).

where £ represents the measure of the fibrillar modulus, and the elasticity of the fibre at the origin stage is 4£
32 o denotes the coefficient of the exponential argument, and S is the power of the exponential argument; I,
denotes the square of the fibre stretch.

When a-> 0, a power law would produce in Egs. (3),

gy = 5= @

In order to convert the stress from compression to tension continuously, a= 0 and 3 = 2 were selected in this
study?!0.

Moreover, the properties of AC were considered as depth-dependent based on previous studies?:3>3, For
example, Young’s modulus®?, Poisson’s ratio*, water volume fraction®® and permeability>**>3” (Table 1) are
depth-dependent. The fibrillar direction also varied across the depth of AC, which had been used and validated
in previous studies?>. As shown in Fig. 1, fibres were (1) parallel to the surface of AC, and oriented according to
the split-line in the SZ; (2) equally applied to three orthogonal directions to construct the randomly distributed
fibrillar pattern in the MZ; (3) perpendicular to the AC surface in the DZ.

The permeability of AC (k) was strain-dependent’, and it decreased exponentially as follows*:

kD =io(25e) ©

where ko describes the initial permeability in the original state; 5 denotes the solid volume fraction of AC; M is
the exponential strain-dependent constant, and a. denotes the power-law exponent. According to the previous
experiment®®, M =4.638 and a. = 0.0848 were selected to produce strain-dependent permeability.

As for the material of the meniscus, it was also defined as fibril-reinforced biphasic material®®. The fibres
within the meniscus were oriented in circumferential and radial directions.
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Ligament Ci | C, |K Cs Cy Cs Am
73.2 1 0.0139 | 116.22 | 535.039 | 1.046
122 | 0.1196 | 87.178 | 431.036 | 1.035
397 10.57 48 467.1 1.063
397 10.57 48 467.1 1.063

Anterior cruciate ligament | 1.95

Posterior cruciate ligament | 3.25

Medial collateral ligament | 1.44

o|loc|o| o

Lateral collateral ligament | 1.44

Table 2. Material properties of ligaments in this study>*°.

Model | Stage Characteristics in the medial compartment
Model 1 | OARSI0-1 | healthy knee

Model 2 | OARSI 2 degenerated: SZ

Model 3 | OARSI 3 degenerated: SZ+MZ

Model 4 | OARSI 4 degenerated: MZ + DZ + MM; worn-out: SZ
Model 5 | OARSI 4.5 | degenerated: DZ; worn-out: SZ+MZ+MM
Model 6 | UKA medial UKA

Table 3. Characteristics in the medial compartment of models 1 to 612,

As for the material of ligaments, they were considered as fibril-reinforced material, with Mooney-Riviin
nonlinear material as the non-fibril matrix (Table 2). The strain-energy function of the ligament was defined as

follows283039:40;
0 A< 1
W= (71 - 3) 4G (72 - 3) + ganu))? +{ G (e*@ (Ei (04 /\> Ei (Cy) ) In A) 1< (6)
05 (N ) + C(,ln )\ ;2

~

where C) and C represent Mooney-Rivlin constants; C3 — Cg represent fibrillar function constants; [, and
I are first and second invariants of the deviatoric right Cauchy-Green deformation tensor, respectively; Ei is

the exponential integral function; K is the Bulk modulus; F is the strain energy density component; A is the
deviatoric part of the stretch along the fibrillar direction and A ,, is the straightened fibre stretch.

Medial knee OA model

To simulate the progression of medial knee OA, the material properties, as well as the geometries of medial AC
and medial meniscus (MM), were modified according to previous studies!>?2. As shown in Table 1, Young’s
modulus of the non-fibrillar matrix and the fibrillar modulus were decreased by 70% and 75%, respectively;
the permeability was increased by 70%; the solid volume fraction was reduced by 5%; the fibres were randomly
distributed in degenerated AC*#1#2, The changes in material properties of degenerated MM were similar to that
of degenerated AC2. Besides, in the advanced OA situation, the medial AC zones and MM were removed to
simulate the worn-out compartment!?,

The progression of medial knee OA were classified according to the Osteoarthritis Research Society
International (OARSI) histopathological grading system!: healthy (OARSI 0-1), early OA (OARSI 2-3) and
advanced OA (OARSI 4-4.5). Model 1 (OARSI 0-1): healthy knee; Model 2 (OARSI 2): the degeneration only
occurred in medial SZ; Model 3 (OARSI 3): the degeneration occurred in medial SZ and MZ; Model 4 (OARSI
4): the degeneration occurred in medial MD, DZ and MM, and meanwhile, medial SZ was removed to simulate
the worn-out AC; Model 5 (OARSI 4.5): the degeneration occurred in medial DZ, meanwhile, medial SZ, MZ
and MM were removed to simulate an extreme OA case. During the progression of medial knee OA, the softness
and wear of cartilage and meniscus can lead to a slightly varus knee. All the cases were summarised in Table 3
and presented in Fig. 2.

UKA model

The UKA model was established based on a fixed-bearing UKA system. The femoral component and tibial tray
sizes were chosen according to the dimensions of the femur and tibia. During medial UKA, the knee joint was
realigned by implanting the UKA system to an ideal position supervised by two experienced UKA surgeons
(Fig. 2). The heights of the femoral compartment and tibial tray coincided with the bone contour of the initial
healthy knee joint.

As for UKA component materials, the femoral component, tibial tray, and insert were made of cobalt-
chromium-molybdenum alloy (CoCrMo), titanium alloy (Ti6Al4V) and ultra-high-molecular-weight
polyethylene (UHMWPE), respectively (Table 4). They were modeled as linear elastic isotropic materials. The
medial UKA model was denoted as Model 6.
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Fig. 2. The progression models of medial knee OA and UKA models were analysed using FEBio (Version 2.9,
www.febio.org), a fixed-bearing UKA system (Zimmer, Warsaw, IN, USA) was adopted in the UKA model. The
green tissue denoted the healthy tissues and fibres, while the red tissue represented the degenerated tissues and
fibres.
E(MPa) | v
Femoral component | 195000 | 0.3
Tibial tray 117000 | 0.3
Insert 685 0.47
Table 4. Material properties of UKA implants (E: young’s modulus; v: poisson’s ratio)!”!°.
Femoral vertical
Experimental and Computational Al ernend (or)
studies 1000 N 1500 N
Walker and Erkman*’ | 0.65 0.81
Experimental | Kurosawa et al.*® 0.87+0.17 | 1.04£0.23
Shrive et al.* 1.28 1.56
Meng et al.?® 1.02 1.17
Computational
This study 1.11 1.22
Table 5. Comparison of the femoral vertical displacement under compressive loads between the predicted
results in this study and published experimental and computational studies.
Loading and boundary conditions
First, we validated the knee model. The vertical displacement of the femur and the contact pressure of the AC
of Model 1 under 1000 N and 1500 N compressive loads were compared with previous experimental results
(Tables 5 and 6). The tibia was fully fixed in all directions, and the rotation of the femur was fixed in the flexion-
extension direction. The compressive loads were applied to the reference point of the femur, which was located
at the position of 5 mm medial to the joint center. This 5 mm offset was based on the previous study?® and met
the ISO standard (ISO 14243-1:2009) for the TKA wear test.

Second, the healthy knee, medial knee OA and medial UKA models were simulated. One whole gait cycle
was simulated in Model 1. We compared the results with the maximum load-only scenario in this gait cycle.
The speed of this gait cycle was one cycle per second. Simulating the maximum load in the gait cycle would save
much computational time while providing less than 3% variations in the predicted stress and strain. So, due
to the prolonged computational period required in biphasic contact models, only the maximum load during
daily walking activity (ISO 14243-1:2009) was simulated. For the femur, the rotations in the flexion-extension
direction and internal-external direction, and the translation in the anterior-posterior direction were adjusted
to determine the corresponding position of the femur to the tibia based on the anatomical flexion axis and
kinematics data (ISO 14243-1:2009)%. The maximum load of the gait cycle was normalized to three times body
weight (3 BW) compressive load and applied to Models 1 to 6 in 0.01 s*.
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Contact pressure
(MPa)
Experimental and Computational studies Medial Lateral
Fukubayashi and Kurosawa® | 3.0 3.0
Experimental | Marzo and Gurske-DePerio®? |3.84+1.24 | 5.08+0.77
Allaire et al.>® 5.2 5.5
Bendjaballah et al.>* 2.5 2.7
Computational | Pazet al.>® 5.1 3.0
This study 34 32

Table 6. Comparison of the contact pressures of the AC under 1000 N compressive load between the predicted
results in this study and published experimental and computational studies.
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Fig. 3. The peak fluid pressure, effective solid stress, and compressive strain within the medial (a) and lateral
(b) femoral cartilage compartments of Model 1.

All the models were analysed using FEBio*, and their mechanical outputs, such as stresses and strains, were
analysed. The backside of the AC and the ends of the ligaments were fixed on bones. Meniscal attachments on
the tibial plateau were modeled as linear springs with a total stiffness of 2000 N/mm at each horn*>%¢. In order
to represent the bone cement in UKA models, the components were fully bonded to the bones*. The biphasic
contacts between femoral AC and tibial AC and between AC and meniscus were assumed to be frictionless?.
On the AC and menisci surfaces, fluid could flow between touching regions depending on the fluid pressure
difference across the interface and flow out freely at the non-contacting area?>?%2°. The contact between the
articular surface of UKA components was set with a friction coefficient of 0.04*,

Results

The vertical displacements of the femur under 1000 N and 1500 N loads were presented in Table 5, along with
the results of previous experimental and computational studies. The vertical displacements of the femur in this
study were in the range of existing experimental and computational studies.

The peak contact pressures of the AC on the medial and lateral compartments under 1000 N load were
compared with the results in the literature (in Table 6). The comparison results show that the AC’s contact
pressures on the medial and lateral compartments agree well with previous experimental and computational
studies. In a seminal study investigating the biomechanical implications of collagen fiber orientation distribution
of articular cartilage on knee joint response, peak contact stresses of 2.5 MPa were recorded under 700 N axial
loading conditions™. The investigation employed identical computational modeling protocols derived from the
Open Knee Project, ensuring direct methodological comparability with the present study.

The peak fluid pressure, effective solid stress, and compressive strain in the medial and lateral femoral
cartilage compartments of Model 1 are shown in Fig. 3. The variation of fluid pressure and solid effective stress
demonstrated variation patterns that closely followed the applied loading profile.

The fluid pressure of AC and the fluid diffusion within the AC in the coronal plane in Model 1 are shown in
Fig. 4. The maximum fluid pressure was located in the medial compartment, with a maximum value of 9.56 MPa,
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Fig. 4. The fluid pressure of AC (a); the fluid diffusion of AC in the coronal plane in Model 1 (b): results of
Model 1 under 3 BW load.
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Fig. 5. The effective solid stress of lateral compartment AC in Models 1 to 6 under 3 BW load (left: femoral
AG; right: tibial AC).

as shown in Fig. 4a. In Fig. 4b, the direction of fluid diffusion depended on the fluid pressure difference, and the
fluid could flow across the contact interface.

The comparisons of the effective solid stress (= Von Mises Stress) of the lateral femoral and tibial AC in
Models 1 to 6 under 3 BW load are shown in Fig. 5. The maximum effective stresses were increased during the
progression of medial knee OA. In early medial knee OA (OARSI 2-3), less than a 2% increase in the maximum
effective solid stress can be observed in Models 2 and 3. However, in advanced medial knee OA (OARSI 4.5),
the maximum effective solid stress of Model 5 was increased markedly by 6.5%. After medial UKA surgery, the
maximum effective solid stress of Model 6 was the same as that of Model 5, but a significant decrease in stress in
the SZ of Model 6 can be observed.
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Fig. 7. The maximum shear stress (a) and the maximum principal stress (b) of lateral compartment AC under
3 BW compressive load in Models 1 to 6. The Red line indicates the average yield stress based on the previous
study®®.

The comparisons of the compressive strain of the lateral femoral AC in the axial plane and the coronal plane
in Models 1 to 6 under 3 BW load are shown in Fig. 6. The maximum compressive strain was also increased
during the progression of medial knee OA. In early medial knee OA (OARSI 2-3), less than a 2% increase
in the maximum compressive strain was shown in Models 2 and 3. However, in advanced medial knee OA
(OARSI 4.5), the maximum compressive strain of Model 5 was increased by 4.3%. After medial UKA surgery,
the maximum compressive strain of Model 6 was similar to that of Model 4.

The maximum shear stress and the maximum principal stress of the lateral compartment AC are shown in
Fig. 7. In all models, the stresses were increased along with the depth of AC. The stresses were also increased
during the progression of medial knee OA. In early medial knee OA (OARSI 2-3), only a slight increase in the
stresses can be observed in Models 2 and 3. However, in advanced medial knee OA (OARSI 4-4.5), the stresses in
the SZ, MZ, and DZ increased markedly. For example, the maximum principal stress in the DZ of Model 5 was
increased by 7.0% and higher than the average yield stress>®. After medial UKA surgery, the stresses in the DZ
of Model 6 were similar to the stresses in the DZ of Model 5. However, a considerable decrease in the stresses in
the SZ and MZ of Model 6 can be observed.

The maximum shear strain and the maximum principal strain of the lateral compartment AC are shown in
Fig. 8. In all models, the strains in the SZ were higher than the strains in the MZ and DZ. The maximum strains
in the SZ were also increased during the progression of medial knee OA. In early medial knee OA (OARSI 2-3),
the strains of the lateral compartment AC were similar to the results of the healthy knee (OARSI 0-1). However,
in advanced medial knee OA (OARSI 4-4.5), the strains in the SZ increased considerably. For example, the
maximum principal strain in the SZ of Model 5 was increased by 22.2% and became higher than the average
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Fig. 8. The maximum shear strain (a) and the maximum principal strain (b) of lateral compartment AC under
3 BW compressive load in Models 1 to 6. The Red line indicates the average yield strain based on the previous
study®.

yield strain®®. After medial UKA surgery, the strains in the SZ of Model 6 decreased dramatically, becoming
similar to the healthy knee results (OARSI 0-1).

Discussion

In this study, the healthy knee, medial knee OA, and medial UKA models were constructed and simulated under
actual biphasic contact conditions. The biomechanical behaviours of the lateral compartment AC during the
progression of medial knee OA and after medial UKA surgery were studied.

Before constructing the medial knee OA and UKA models, the validity of the fibril-reinforced biphasic knee
model was tested by comparing the predicted results in this study using data from previous experimental and
computational studies. The displacement of the femur and the peak contact pressure of the AC were widely
adopted to prove the reasonability of the models in many computational studies?®>, as they represent the
overall stiffness of the knee joint and local congruity of the two opposing surfaces*®, respectively. Although more
accurate AC model validation (including parameter variation) needs to be further developed in future studies,
the parameter variation of the AC model has a limited effect on this study’s conclusion. Because all models’ initial
parameters are consistent, and the changes in material properties of different OA models are modified based on
the initial values. If parameter variation exists, for example, when the elastic modulus is large, the biomechanical
results of all models (such as stress or strain) will increase or decrease accordingly, so the deviation of the model
parameters has little impact on the conclusions of this paper. Furthermore, our knee model successfully adopted
the actual biphasic contact conditions. As shown in Fig. 4, the fluid diffusion of the contact area would depend
on the fluid pressure difference across the interface, and the free-draining boundary was implemented in the
non-contacting area®!. In addition, gradually reduced fluid pressurisation in medial tibial AC can be observed
during the progression of medial knee OA, which is also in good agreement with the previous study>.

The comparisons between the healthy knee and the medial knee OA showed that the effect of medial knee
OA on the biomechanics of lateral compartment AC was minimal at the early OA stage but became marked at
the late OA stage. In early medial knee OA models (OARSI 2-3), the stress and strain of the lateral compartment
AC were similar to the results of the healthy knee model. However, in the advanced medial knee OA model
(OARSI 4.5), the stress of the lateral compartment AC was increased markedly. According to previous
studies®**7, excessive local stress could be the reason for tissue fibrillation and chondrocytes’ death. In addition,
the maximum principal strain of the lateral compartment AC in advanced medial knee OA model (OARSI
4.5) was higher than the average yield strain®, which might result in collagen degeneration and superficial
disruptions®®>%. Therefore, the increasing stress and strain of the lateral compartment AC in advanced medial
knee OA (OARSI 4.5) might be the potential risk of OA development in the lateral compartment®.

After medial UKA surgery, biomechanics of the lateral compartment AC altered markedly. Firstly, the strain
of the lateral compartment AC in UKA models was considerably reduced compared with the untreated advanced
medial knee OA model (OARSI 4.5). Secondly, the stresses in the SZ and MZ were reduced. Overall, although
the maximum stresses in the DZ remained similar to those of the advanced medial knee OA model, other
biomechanical behaviours, such as the maximum stresses and strains in the SZ of the lateral compartment AC,
were improved after medial UKA surgery. Therefore, medial UKA surgery can help to lower the risks of OA
progression in the lateral compartment during the advanced medial knee OA stage.

In our study, three main innovations are noteworthy. Firstly, the present study adopted the actual biphasic
contact conditions, which have not been achieved in other OA knee joint models*>>*?2. Secondly, medial UKA
models with fibril-reinforced biphasic AC and meniscus in lateral compartment AC were simulated for the
first time. To the best of the authors’ knowledge, fibril-reinforced biphasic AC and meniscus have not been
implemented in previous UKA models. Thirdly, in most previous models of degenerated AC*>>?2, the matrix
loss of AC and meniscus at the end-stage of the medial compartment was not considered. But in the current
study, both the mechanical properties and geometries of medial AC and MM were modified to simulate the
progression of medial knee OA based on OARSI Osteoarthritis Cartilage Histopathology Assessment System of

AC! and histological assessment of meniscus®.
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Some limitations still exist in the present study. First, we only simulated the maximum load during the gait
instead of a whole gait cycle. Because biphasic knee joint models require a prolonged simulation period, focusing
on the maximum load during the gait could significantly reduce computational costs. Since this paper aims
to investigate the potential risk of OA progression in the lateral compartment under actual biphasic contact
conditions and walking is the most frequent activity during one day, the maximum loading stage in a gait cycle
is the most interesting. In this study, parameters including maximum stress and strain of AC occur at the peak
loading stage in one gait cycle, which agrees well with the previous study®®. However, if higher demanding
loading conditions such as climbing stairs or getting up out of a chair are considered, our models’ predicted
stress and strain would nonlinearly increase>. Under these situations, the biomechanical changes and the
risk of OA progression in the lateral compartment AC might be enlarged. Second, the anisotropic permeability
reported in other AC models*?!, which affects the time-dependent behaviour of AC, was not considered. As
prolonged loading is not within the areas of interest in the current study and the time-dependent behaviour of
AC is minimal over short-term loading®, the effect of the anisotropic permeability on our predicted results can
be neglected®'. Third, this study did not consider the degenerated lateral compartment AC in advanced medial
knee OA. This study assumed that the lateral compartment AC was healthy in all models to control the variables
better, as the changes in the parameters of the medial compartment AC and the lateral compartment AC would
affect the mechanical results of the lateral compartment AC at the same time. In other words, this experimental
setting could help investigate the biomechanical effects of the progression of medial knee OA on lateral
compartment AC. Previous studies® showed that increased strain could be found in degenerated AC. Therefore,
it is inferred that when the degenerated lateral compartment AC was modeled in advanced medial knee OA,
the biomechanical results of the lateral compartment AC would worsen, which does not affect the conclusions
of this study. Fourth, this study did not model the tibiofemoral friction increases in degenerated joints. The
previous study showed that the friction coefficient magnitude had no appreciable effect on the mechanical
behaviours of the AC, such as the contact pressure“. Therefore, the biphasic contact interface was modeled
as frictionless in this study. Fifth, this study utilized a single geometric model of the knee joint. Given that
geometric characteristics of knee models are recognized as critical factors influencing cartilage biomechanics,
the use of a single configuration inevitably introduces uncertainty in the evaluation results, constituting a
limitation of this work. Future studies should investigate models with diverse geometric structures®”. Sixth, the
model employed loading conditions and kinematic data derived exclusively from ISO-standard walking gait.
This singular activity pattern represents another limitation, as loading conditions and gait parameters influence
tissue response through multiple pathways. Beyond direct load magnitude effects, critical factors including load
application position, joint alignment, and kinematic patterns can substantially alter articular cartilage stress
distribution. Future investigations should systematically explore how varying loading protocols and kinematic
patterns influence articular cartilage stress response mechanisms®. Moreover, the effect of OA progression on
bone was not considered in this study, as this study mainly focused on the degenerated cartilage caused by
trauma. In order to control the variables better, the same bone was adopted in all models. The shape change
of the joint resulted from the OA progression, and the mechanical properties of the subchondral bone would
be considered in our future modelling study. Finally, the validation of the model only in the fully extended
position is insufficient, which is also a major challenge in the validation of biphasic joint models®®. Both scientific
experimental design and parameterized numerical modeling can provide certain solutions.

To sum up, despite the above limitations, the models developed in this study provide in-depth information
on the function, progressive mechanism of medial knee OA, and biomechanical outcome of unicompartmental
replacement in the knee.

Conclusion

In conclusion, the healthy knee, medial knee OA, and medial UKA models under actual biphasic contact
conditions were constructed to study the biomechanical behaviours of the lateral compartment AC during the
progression of medial knee OA and after medial UKA surgery. It was found that the biomechanics of the lateral
compartment AC in early medial knee OA (OARSI 2-3) were similar to the results of the healthy knee. In
advanced medial knee OA (OARSI 4.5), the increasing stress and strain of the lateral compartment AC might
increase the potential risk of OA development in the lateral compartment. After medial UKA surgery, some of
the biomechanical behaviours of the lateral compartment AC were improved. Therefore, medial UKA surgery
might help to lower the risks of OA progression in the lateral compartment during the advanced medial knee
OA stage. The knee is a complex biomechanical system in which compartments should be accounted for when
investigating partial degeneration and replacement. The approach of modelling medial UKA models with fibril-
reinforced biphasic AC in this study can be adopted to provide realistic predicted results in future UKA studies.
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