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Amd? history: Background: Deviations in knee joint geometry and alignment were previously related to an
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the articular cartilage. Therefore, this study evaluated the effect of altered knee joint geometry
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and alignment in the coronal and transverse plane on the medial-lateral load distribution and

ligament strain using a musculoskeletal modeling approach.

Methods: Joint kinematics during gait were measured in 15 healthy adults. Using different

Iézmi:d?c',rces musculoskeletal models with altered geometry of the tibia plateau or knee joint malalignment
Malalignment in the coronal and transverse plane, the resulting muscle, ligament and contact forces were cal-
Tibial slope culated. Next, the distribution of the load over the medial and lateral condyle was analyzed and
Ligament strain compared to the reference loading distribution, with neutral geometry and alignment, using re-
Osteoarthritis peated-measures ANOVA and individual t-tests, with a Bonferroni-corrected alpha level.

Results: Coronal plane malalignment significantly affected the load distribution. Small changes
in coronal tibial slope had less pronounced effects on the load distribution, but increased liga-
ment strains. Transverse plane malalignment only minimally affected the load distribution.
Conclusion: Coronal plane knee malalignment affected knee loading, with increased varus
alignment resulting in increased medial loading. This confirms a causal relation between coro-
nal malalignment and increased medial compartment loading and suggests a potential role of
aberrant coronal plane alignment on OA initiation. Altered coronal tibial slope induced in-
creased ligament strains, potentially contributing to a cascade of knee laxity and subsequently
more extreme knee malalignment.
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1. Introduction

Multiple factors contribute to the initiation of knee osteoarthritis (OA) and ultimately articular cartilage breakdown [1]. Pop-
ulation based studies identified altered knee joint geometry and joint alignment in the coronal and transverse plane as risk factors
for knee OA development [2-4]. Risk factors for knee OA (e.g. geometry, alignment and knee laxity) are hypothesized to affect the
knee load distribution, therefore increasing the stress on the different knee joint structures, resulting in cartilage degeneration [5].

Altered coronal plane joint geometry, more specifically increased elevation of the lateral tibial plateau and an increased coronal
tibial slope, was previously related to an increased risk for knee OA initiation by affecting joint loading [6,7]. Apart from its role in
altering the knee load distribution and therefore increased risk for knee OA initiation, altered joint geometry may also induce
malalignment of the knee joint in a later stage of the OA process itself [7].

Deviations in coronal plane joint alignment, especially varus and valgus malalignment, were previously related to an increased
risk for bone marrow lesions and cartilage loss in the medial and lateral condyle, respectively [8-10]. Using the knee adduction
moment (KAM) as an indirect measure of medial condyle loading, the degree of varus alignment was found to be directly propor-
tional to KAM [11-13]. This suggests that varus malalignment increases loading on the medial condyle and could therefore con-
tribute to OA initiation and progression [3,14-18]. Furthermore, OA patients with increased internal tibia rotation, an indication of
transverse plane malalignment, were found to walk with increased KAM, suggesting increased loading and compression of the
medial condyle as a potential contributor to knee OA [19].

Besides their effect on the knee joint loading, altered joint geometry and alignment may influence the stability provided by the
ligaments. Given the relation between knee instability and OA, ligamentous laxity was previously suggested to contribute to the
initiation and progression of knee OA [20-22]. Ligamentous laxity and the consequent knee instability could cause a shift in con-
tact locations towards infrequently loaded regions. As in these regions the cartilage is less suited for loading, degenerative changes
in the cartilage could be induced [5,23]. However, the potential role of altered joint geometry and malalignment in aberrant lig-
ament lengthening behavior and therefore knee instability is currently unexplored.

Despite their clinical significance, the effect of alterations in joint geometry and alignment on knee cartilage loading distribu-
tion and ligament strains cannot be investigated in-vivo. Therefore, the role of altered loading in presence of aberrant joint geom-
etry or alignment on the pathomechanics of OA cannot be confirmed. In-vitro, it was found that varus alignment resulted in
increased medial condyle pressure under static loading [24,25]. To corroborate these in-vitro findings, musculoskeletal modeling
can be used to assess and quantify the isolated effect of alignment or geometry on the contact force distribution over the articular
cartilage. Since other influencing factors, such as ligament properties, height, weight can be kept constant [26].

Therefore, the purpose of this study was to investigate systematically the effect of alterations in knee joint geometry and
malalignment in the coronal and transverse plane on cartilage loading distribution as well as the ligament strains using a muscu-
loskeletal modeling approach.

2. Methods
2.1. Experimental procedure

Barefoot walking at self-selected speed (1.39 4 0.12 m/s) was measured in fifteen healthy adults (eight males, seven females,
mean age = 30.73 £ 5.84 years, mean weight = 70.49 £ 7.24 and mean height = 177.47 £+ 6.61). A 10-camera Vicon system was
used to capture three-dimensional marker trajectories (100 Hz, Vicon, Oxford Metrics, Oxford, UK). Markers were positioned ac-
cording to an extended full-body Plug-in-Gait marker set (Supplementary material A). Simultaneously, ground reaction forces
were measured, using two ground-embedded force plates (1000 Hz, AMTI, Watertown, USA). Three trials per subject were
retained for further processing. The university hospital ethics committee approved all procedures (s56093) and written informed
consent was obtained.

2.2. Musculoskeletal modeling

A customized knee joint with six degrees of freedom (DoF) in the patellofemoral and tibiofemoral joint was implemented in a
generic lower extremity model [27]. Each leg of the musculoskeletal model contains 44 musculotendon actuators and 14 bundles
of non-linear springs, representing the major knee ligaments and posterior capsule. Cartilage contact pressure was calculated
based on the penetration depth of the overlapping cartilage surface meshes, using a non-linear elastic foundation formulation
[28]. The cartilage was assumed to be uniformly distributed with a combined thickness of four and seven millimeters for the
tibiofemoral and patellofemoral joint, respectively [29,30]. The elastic modulus of the cartilage was defined as 10 MPa and
Poisson's ratio as 0.45 [31,32]. This model was implemented in SIMM with the Dynamics Pipeline (Musculographics Inc., Santa
Rosa, CA) and SD/Fast (Parametric Technology Corp., Needham, MA) was used to generate the multibody equations of motion.

To generate the reference simulations, the generic model was scaled based on the marker locations in a static calibration trial
and the subject's mass. Next, an inverse kinematics procedure was used to calculate the joint kinematics based on the measured
3D marker trajectories. Subsequently, the muscle activations required to reproduce the measured primary hip, knee and ankle ac-
celerations were estimated using the concurrent optimization of muscle activations and kinematics algorithm, in which the
weighted sum of squared muscle activations and contact energy were minimized [28]. The secondary tibiofemoral and all
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Figure 1. Overview of the methodology. A scaled musculoskeletal model was used to calculate the kinematics during walking. Next, the muscle forces and contact
forces were calculated with models in which the alignment of the knee or the position of the tibia plateau was systematically changed from 1° to 15° from its
reference position in the coronal and transverse plane in steps of 2°. The position of the tibia plateau was changed to simulate a deviating joint geometry. Gray
bone indicates the reference position. Subsequently, the effect on the contact force and pressure distribution was analyzed and compared with the reference load-
ing pattern obtained with the original model (gray bones). Note: when changing geometry alignment of the knee was not changed and the femur bone remained
unaffected in all models.
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patellofemoral DoF evolved as a function of muscle, ligament and contact forces, since only the knee flexion angle was prescribed
during the optimization [27,28].

To generate the simulations with varied joint alignment and geometry, the scaled musculoskeletal model was modified as de-
scribed in Figure 1. The effect of variation in joint geometry was investigated by only altering the orientation of the tibia plateau
in the coronal plane, while keeping the knee alignment unchanged. This mimicked a more elevated medial or lateral tibia plateau,
representative of altered coronal tibial slope (coronal plane). The effect of malalignments in the coronal and transverse plane was
investigated by altering the relative orientation of the tibia relative to the femur in the coronal and transverse plane. This resulted
in a more varus or valgus aligned knee (coronal plane) or a more internally or externally rotated knee (transverse plane). Liga-
ment resting length was scaled to compensate for the altered ligament length in the different models due to the altered align-
ment. For both joint geometry and alignment in the coronal and transverse plane, each parameter was systematically varied
from 4 1° to 4-15° from its neutral position in steps of two degrees [3,26]. This resulted in a dataset containing three simulations
for each type of modification for each subject. In total, 2295 simulations were generated: 51 simulations for 15 subjects for each
type of modification).

After these modifications to the musculoskeletal models, simulations with the reference input kinematics and ground reaction
forces (GRF) were generated using the similar modeling workflow as described above (Figure 1). When simulating malalignment,
the location of the foot with respect to the measured GRF application point is changed. To ensure that for these simulations the
application of the ground reaction force to the foot was identical to the reference simulation, the center of pressure (of the ground
reaction force) was expressed in the local reference frame of the foot. We assumed that compensations in the trunk kinematics
would account for any dynamic inconsistency [33].

2.3. Data analysis

The two peaks in the resultant tibiofemoral contact force were identified and the coinciding knee adduction moment (KAM),
contact force magnitude and mean pressure were analyzed. All variables, except KAM were analyzed for the medial and lateral
condyle separately. KAM was scaled to body mass, contact forces were scaled to bodyweight (BW) and contact pressures were
scaled to bodyweight and knee dimensions (BW = A?). Furthermore, peak ligament strains were determined for the anterior
and posterior cruciate ligament (ACL and PCL), as well as the medial and lateral collateral ligament (MCL and LCL). Ligament
strain was calculated by:

_=h
b

with [y being the ligament length in the reference position and [ being the ligament length.
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Figure 2. Effect on the external knee adduction moment. The effect of an altered joint geometry in A) the coronal plane, C) the transverse plane and an altered
joint alignment in B) the coronal plane and D) the transverse plane on the external knee adduction moment at the first peak (FP, solid line) and at the second
peak (SP, dashed line). A significant difference compared to the knee adduction moment during the reference simulation (gray bar) is indicated by a solid dot
(first peak) and a solid triangle (second peak). (cpc = 0.0031).

A repeated-measures ANOVA was used to check for significant differences in contact force, contact pressure and ligament
strain between the different geometries or alignments separately. When a significant main effect for geometry or alignment
was found, all imposed geometries or alignments were individually compared to the reference simulation using a paired t-test.
Significance level was set at « = 0.05 and a Bonferroni correction was applied to correct for the multiple testing (capc =
0.003125). All statistical tests were conducted in MATLAB (MATLAB 2016b, The Math Works, Inc., Natick, Massachusetts, USA).

3. Results
3.1. Knee geometry

3.1.1. Coronal plane

KAM was not significantly affected by the coronal plane geometry of the tibia plateau (Figure 2A, Table 1). However, medial-
lateral force distribution was significantly altered when the medial or lateral tibial plateau was elevated more than five degrees
and seven degrees, respectively (Figure 3A, Table 1). First and second peak medial contact force were significantly increased
when the medial plateau was elevated beyond seven degrees. The first and second peak lateral contact force were significantly
decreased when the medial plateau was elevated beyond 11° and five degrees. In contrast, first and second peak lateral contact
force were significantly increased when the lateral plateau was elevated beyond nine degrees and seven degrees, respectively.
Second peak medial contact force was significantly decreased when the lateral plateau was elevated beyond 13° (Figure 3A).



Table 1

Altered geometry and malalignment conditions in the coronal plane resulting in significantly altered loading conditions.
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Coronal plane — geometry

Extreme Significant from

Elevated medial

Reference value

Significant from

Extreme

Elevated lateral

plateau plateau

First Peak - - —0.28 + 0.08 - -
Knee adduction moment (Nm/kg)  Second Peak - - —0.17 4+ 0.06 - -

First Peak 3.76 £ 0.22 223 +£02(7°) 1.83 +£0.23 - -
Medial contact force (BW) Second Peak 3.57 £ 039 2.5+ 041 (7°) 1.89 £ 0.32 1.53 +£ 0.2 (13°) 1.46 £ 0.18

First Peak 0.76 + 0.31 0.95 +0.33 (11°) 1.33 +£ 031 1.81 4+ 0.28 (9°) 2314032
Lateral contact force (BW) Second Peak 0.08 + 0.1 0.7 £ 0.2 (5°) 0.98 + 0.23 14 +£028(7°) 192 £ 03

First Peak 0.013 £ 0.002 0.01 £ 0.001 (9°) 0.008 + 0.001 - -
Medial contact pressure (BW x A%2)  Second Peak ~ 0.012 =+ 0.002 0.01 + 0.001 (11°) 0.008 + 0.001 - -

First Peak - - 0.008 + 0.002 0.011 £ 0.002 (15°) 0.011 £ 0.002
Lateral contact pressure (BW =A%) Second Peak ~ 0.001 =+ 0.001 0.004 £ 0.001 (7°) 0.006 + 0.001 0.007 £ 0.001 (9°) 0.008 + 0.001
ACL strain (%) Peak strain - - 57 £1.51 7.82 +£1.28 (13°) 849 +1.33
PCL strain (%) Peak strain 0.64 + 1.24 0.64 + 1.24 (15°) —241 4249 - -
MCL strain (%) Peak strain 1855 + 1.1 5.46 4+ 0.69 (3°) 243 £1.18 —0.19 + 1.52 (3°) —5.26 4+ 2.09
LCL strain (%) Peak strain 3.06 + 2 1.79 + 1.16 (3°) 492 + 0.96 7.8 £0.79 (3°) 19.72 + 0.66
Coronal plane — alignment Extreme Significant from Reference value  Significant from Extreme

Varus Valgus

First Peak —1.74+0.22 —0.57 £0.11 (3°) —0.28 + 0.08 —0.01 £ 0.08 (3°) 1214+ 0.2
Knee adduction moment (Nm/kg)  Second Peak —154025 —0.27 £0.07 (1°) —0.17 + 0.06 —0.08 £ 0.06 (1°) 0.98 £ 0.17

First Peak 571 + 044 244 +0.27 (3°) 1.83 +£0.23 1.25 £ 0.23 (3°%) 040
Medial contact force (BW) Second Peak 824 + 2.11 257 £0.3 (3°) 1.89 £ 0.32 1.53 £ 0.29 (3°) -

First Peak 0+0 0.66 £ 0.27 (3°) 1.33 +£ 031 2.06 £+ 0.37 (3°) 6.1 +0.97
Lateral contact force (BW) Second Peak 040 0.48 +£0.17 (3°) 0.98 +0.23 1.62 £+ 0.23 (3°) 541 + 049

First Peak 0.016 + 0.002 0.01 £ 0.001 (3°) 0.008 + 0.001 0.007 £ 0.001 (3°) 040
Medial contact pressure (BW « A%)  Second Peak 0.023 + 0.005 0.01 £ 0.001 (3°) 0.008 + 0.001 0.007 £ 0.001 (3°) -

First Peak 040 0.006 + 0.002 (3°) 0.008 + 0.002 0.013 £+ 0.003 (5°)  0.022 + 0.003
Lateral contact pressure (BW =A%) Second Peak 040 0.004 £ 0.001 (3°) 0.006 + 0.001 0.008 £ 0.001 (3°)  0.019 + 0.004
ACL strain (%) Peak strain 18.75 £ 2.17 8.61 £ 1.28 (9°) 57 +1.51 8.64 + 1.94 (5°) 2233 £3.73
PCL strain (%) Peak strain 10.97 + 1.52 —419 +£1.11(3°) —2414249 1.7 £ 1.57 (7°) 529 + 0.56
MCL strain (%) Peak strain 22.56 + 1.99 3.78 £ 1.13(1°) 243 £1.18 0.66 + 1.27 (3°) 12.04 + 2.06
LCL strain (%) Peak strain 25.87 £3.33 8.59 + 2.21 (5°) 4.92 + 0.96 9.12 £ 145 (3°) 22.04 £ 235

Medial mean pressure was significantly increased when the medial plateau was elevated beyond nine degrees and 11° at the

first and second peak, respectively, whereas lateral mean pressure at the second peak was significantly decreased when the me-
dial plateau was elevated beyond seven degrees (Figure 4A). Lateral mean pressure was significantly increased when the lateral
plateau was elevated beyond 15° and nine degrees at the first and second peak, respectively (Figure 4A, Table 1). Results for the
effect on the total knee contact force are reported in supplementary material B.

ACL peak strain was significantly increased when the lateral plateau was elevated beyond 13°, whereas PCL peak strain was
significantly increased when the medial plateau was elevated beyond 15° (Figure 5A, Table 1). MCL and LCL peak strain were sig-
nificantly affected when the medial or the lateral tibial plateau was elevated beyond three degrees: An elevated medial plateau
resulted in increased MCL peak strain, but decreased LCL peak strain, whereas an elevated lateral plateau resulted in a decreased
MCL peak strain and increased LCL peak strain (Figure 5A).

3.2. Knee alignment

3.2.1. Coronal plane

KAM was significantly altered beyond three degrees and one degree varus and valgus alignment at first and second peak, re-
spectively. KAM significantly increased with increased varus alignment, whereas decreased KAM was observed with increased val-
gus alignment (Figure 2B, Table 1).

Medial-lateral force and pressure distribution were significantly altered beyond three degrees varus and valgus alignment: me-
dial contact force and pressure significantly increased with increased varus alignment, while the lateral contact force and pressure
decreased (Figure 3B and 4B, Table 1). Lateral contact force and pressure significantly increased with increased valgus alignment,
while medial contact force and pressure decreased (Figure 3B and 4B). Results for the effect on the total knee contact force are
reported in supplementary material B.

ACL peak strain was significantly increased beyond nine degrees varus and five degrees valgus. PCL peak strain was signifi-
cantly increased beyond seven degrees varus and valgus, however at three degrees varus PCL peak strain was significantly de-
creased (Figure 5B, Table 1). MCL peak strain was significantly increased beyond one degree varus and seven degrees valgus.
However, at three degrees valgus MCL peak strain was significantly decreased compared to the reference simulation. LCL peak
strain was significantly increased beyond five degrees varus and three degrees valgus (Figure 5B).
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Figure 3. Effect on the contact force distribution. The effect of an altered joint geometry in A) the coronal plane, C) the transverse plane and an altered joint align-
ment in B) the coronal plane and D) the transverse plane on the knee contact force distribution at the first peak (FP, solid line) and at the second peak (SP, dashed
line). The blue line shows the effect on the medial condyle contact force, and the orange line shows the effect on the lateral condyle contact force. A significant
difference compared to the contact force during the reference simulation (gray bar) is indicated by a solid dot (first peak) and a solid triangle (second peak). (cgc
=0.0031).

3.2.2. Transverse plane

Altering knee alignment in the transverse plane only significantly affected KAM and the load distribution during the second
peak: KAM was increased when the knee was internally rotated beyond three degrees, whereas KAM was decreased when the
knee was externally rotated beyond three degrees (Figure 2C, Table 2).

Medial contact force was increased when the knee was internally rotated beyond seven degrees internal rotation, while lateral
contact force was decreased when the knee was internally rotated beyond nine degrees (Figure 3C). Lateral contact force was in-
creased when the knee was externally rotated beyond 11°, but medial contact force was decreased when the knee was externally
rotated beyond nine degrees (Figure 3C). Medial mean pressure was increased when the knee was internally rotated beyond nine
degrees internal rotation. Lateral mean pressure was increased when the knee was externally rotated beyond nine degrees, but
medial mean pressure was decreased when the knee was externally rotated beyond 11° (Figure 4C). Results for the effect on
the total knee contact force are reported in supplementary material B.

ACL peak strain was significantly increased when the knee was internally rotated beyond 11° and was only significantly de-
creased at 13° external rotation. PCL peak strain was significantly increased when the knee was externally rotated beyond 13°
(Figure 5C). MCL peak strain was significantly increased when the knee was internally rotated beyond nine degrees, whereas
LCL peak strain was not significantly affected (Figure 5C).

4. Discussion

The present study indicates that the medial-lateral tibiofemoral load distribution and ligament strains during walking are sen-
sitive to both the joint geometry and alignment in the coronal plane, representative for coronal tibial slope and knee varus-valgus
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malalignment, whereas it is less sensitive to changes in knee alignment in the transverse plane. Since OA initiation and progres-
sion have previously been attributed to excessive mechanical loading induced by joint malalignment and geometry, these results
may contribute to a better understanding of the relation between deviating knee geometry or alignment and altered knee loading
and ultimately onset and progression of degenerative cartilage diseases.

Relatively small alterations in coronal plane knee alignment significantly affect the knee loading distribution. In neutral align-
ment, more loading is taken up by the medial condyle [34]. Coronal plane knee malalignment significantly affected the medial-
lateral force distribution beyond three degrees additional varus or valgus compared to the reference position. Additional varus re-
sulted in increased medial condyle loading, while additional valgus resulted in increased lateral condyle loading, with a simulta-
neous load reduction on the opposite condyle. As a measure of medial condyle loading, KAM was previously found to be directly
proportional to the degree of coronal plane malalignment [11]. In support of this, our results showed a clear dependence of cor-
onal plane knee alignment on the load distribution in terms of knee contact forces as well as KAM. This indicates that coronal
plane malalignment could impose excessive stress on the articular cartilage and subchondral bone and could therefore potentially
contribute to knee OA disease initiation and progression [5]. Additionally, altering coronal plane alignment resulted in increased
ligament strains of all four ligaments. This suggests that increased malalignment causes increased movement in the knee that
needs to be stabilized by all ligaments, causing the increased strains. Previously, knee instability was observed in patients with
established knee OA [21]. As the ligaments are experiencing more strains during walking in presence of coronal plane knee
malalignment, this would suggest that the chronic excessive stretching of the ligaments could contribute to additional knee insta-
bility, which could accelerate the degenerative changes in the cartilage.

Altered coronal plane joint geometry, indicative of altered coronal tibial slope, also significantly affected the medial-lateral
force distribution, although to a lesser extent than the knee joint alignment. A more elevated medial tibia plateau resulted in
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Table 2

Altered malalignment conditions in the transverse plane resulting in significantly altered loading conditions.

Transverse plane — alignment

Extreme

Internal rotation

Significant from

Reference value

Significant from

Extreme

External rotation

First Peak - - —0.28 4+ 0.09 - -
Knee adduction moment (Nm/kg)  Second Peak  —0.58 4 0.08 —0.24 £ 0.06 (3°) —0.17 + 0.06 —0.09 + 0.06 (3°) 0.21 + 0.07
First Peak - - 1.81 4+ 0.26 - -
Medial contact force (BW) Second Peak 2.63 +£0.27 227 £027(7°) 1.94 £ 0.27 1.57 +0.28 (9°) 131 £0.29
First Peak - - 134+ 03 - -
Lateral contact force (BW) Second Peak 0.65 + 0.22 0.74 + 0.24 (9°) 1.02 £+ 0.21 1.34 £ 022 (11°) 1.51 £ 0.21
First Peak - - 0.008 + 0.001 - -
Medial contact pressure (BW = A2)  Second Peak 0.011 + 0.002 0.01 £ 0.002 (9°) 0.008 + 0.001 0.007 £ 0.001 (11°)  0.006 + 0.001
First Peak - - 0.008 + 0.002 - -
Lateral contact pressure (BW = A%2)  Second Peak - - 0.006 + 0.001 0.008 + 0.001 (9°) 0.01 + 0.002
ACL strain (%) Peak strain - - 5.59 4+ 1.56 - -
PCL strain (%) Peak strain - —491 £ 1.62(7°) —2.01 4+ 2.08 112 £1.79(7°) 3.92 +£1.53
MCL strain (%) Peak strain 5.67 + 1.83 4.09 + 1.5(9°) 2344+ 1.13 4.52 4+ 1.59 (15°) 4.52 £+ 1.59
LCL strain (%) Peak strain 9.61 £ 2.02 6.37 £ 0.89 (9°) 4.82 +1.03 829 +£3.11 (11°) 11.08 + 3.88




S. Van Rossom et al. / The Knee 26 (2019) 813-823 821

increased medial loading and decreased lateral loading, whereas the opposite was observed with a more elevated lateral tibia pla-
teau. The medial-lateral pressure distribution was affected in a similar way as the medial-lateral force distribution, although the
pressure distribution was only significantly affected from more severe changes in coronal tibial slope. This can be explained by the
fact that next to the contact force distribution the contact area was significantly increased and consequently diminishing the in-
fluence of the alterations in coronal tibial slope on the pressure distribution (Contact area changes are reported in supplementary
material C). Remarkably, in the simulations of an altered joint geometry, KAM was not significantly changed, whereas the medial-
lateral force distribution was significantly changed. This shows the benefit of calculating the contact force distribution instead of
solely relying on KAM as an estimate of medial condyle loading. Therefore, medial contact force could be a more sensitive bio-
marker for early detection of OA, instead of using KAM. This would allow an earlier detection of OA and consequently interven-
tions to delay OA progression could be taken earlier. Indeed, an increased risk for accelerated knee OA was already found among
patients with malalignment and an increased coronal tibial slope, whereas this relation was not present in patients with a neu-
trally aligned knee [6]. This observation is in line with our result that the loading distribution was not significantly affected
when tibial slope was altered in the range of tibial slopes previously observed in the patients with neutral knee alignment.
This suggests that in knees with neutral alignment, small deviations in the coronal tibia angle may be tolerated or that the effect
on the cartilage loading alone is not sufficient to contribute to degenerative changes in the cartilage.

Ligament behavior is strongly affected by the presence of altered coronal tibial slope, potentially imposing chronic stress and
long-lasting stretch on the knee ligaments during daily life activities as walking. Peak strains of the collateral ligaments were sig-
nificantly affected by small changes in the coronal tibia angle, which is representative for an altered joint geometry. A more ele-
vated medial tibial plateau resulted in significantly increased MCL peak strains, whereas a more elevated lateral tibial plateau
resulted in significantly increased LCL peak strains. As a consequence, this could potentially introduce coronal plane knee laxity
and potentially resulting in increased knee instability, which were previously identified as risk factor for knee OA initiation and
progression [21,35]. Hence, coronal plane knee laxity likely adds to a vicious circle, with articular cartilage degeneration contrib-
uting to joint malalignment and subsequently altered joint loading and increasing articular cartilage breakdown [21,36]. This
would imply that subtle alterations in joint geometry could introduce joint malalignment later in life, which in turn would intro-
duce altered loading and accelerate OA progression.

The effects of altered alignment in the transverse plane on the loading distribution was less pronounced compared to the al-
terations in the coronal plane. When the transverse plane alignment was altered, the force distribution was only significantly af-
fected during terminal stance. From seven degrees internal rotation and onwards, medial condyle loading was increased
accompanied by decreased lateral loading. Besides a small effect on the loading distribution, altered knee alignment in the trans-
verse plane also increased the peak strains of the MCL and LCL. As in the coronal plane, this likely contributes to transverse plane
laxity, which causes knee instability. Similarly to an altered transverse plane knee alignment, knee instability in the transverse
plane was previously observed after ACL-injury. This is reflected in altered knee kinematics and can be interpreted as a change
in transverse plane alignment [37,38]. Altered contact regions were previously observed after ACL-injury [39]. Since these cartilage
regions are less adapted to the loading, degenerative changes in the cartilage could occur and might partially contribute to the in-
creased incidence of OA after ACL-injury [23,40-42]. This suggests that transverse plane alignment might contribute to OA initia-
tion by affecting knee stability (by its effect on the ligaments) and therefore contact locations instead of the loading magnitude.

The current results provide additional insight in the isolated effect of an altered joint geometry or joint malalignment on the
distribution of loading over the articular cartilage, however the current results should be evaluated with respect to some limita-
tions. Firstly, the approach used in the current study to simulate the effect of different knee alignments, did not include any pa-
tient specific compensations in the hip, knee or ankle kinematics to reduce knee loading. Therefore, our results are representative
for a situation without compensatory gait mechanisms and possibly overestimate the effect of altered knee alignment on the load-
ing distribution. Secondly, the effect of alterations in knee alignment on joint loading might be overestimated as the orientation of
the ground reaction force was not changed along with the change in center of pressure location with respect to the foot. However,
our assumption that trunk movement would account for any dynamic inconsistency introduced by repositioning the tibia seems
feasible, as increased trunk movement was previously observed in OA patients with malalignment [11]. Thirdly, a generic muscu-
loskeletal model, consisting of generic bone and cartilage meshes was used. Therefore, the variability in contact force distribution
between subjects is only affected by individual differences in kinematics and external forces rather than by differences in cartilage
thickness distribution.

The present study illustrated a clear dependence of coronal plane joint alignment on the medial-lateral force distribution. In-
creased varus alignment, starting from three degrees varus, was related to increased medial loading, providing further insight in
the relation between varus malalignment and medial knee OA. In addition, small changes in coronal plane tibial geometries re-
sulted directly in increased ligament strains. These findings suggest a possible influence of coronal tibial slope on ligament laxity
on the long term, which could contribute to joint malalignment and consequently altered joint loading. An altered joint geometry
or alignment in the coronal plane had a more pronounced effect on knee joint loading compared to alterations in the transverse
plane. This may imply that deviations in the coronal plane are more important contributors to knee OA disease initiation and pro-
gression, compared to deviations in the transverse plane.
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