W) Check for updates

Received: 19 December 2022 Revised: 20 February 2024 Accepted: 30 March 2024

DOI: 10.1002/jor.25850
Orthopaedic
Research®

RESEARCH ARTICLE

Numerical study of osteophyte effects on preoperative
knee functionality in patients undergoing total knee

arthroplasty

Periklis Tzanetis! ® |
Bart Koopman?! |

1Department of Biomechanical Engineering,
University of Twente, Enschede,
The Netherlands

2Stryker, Manchester, UK

3Faculty of Science and Engineering,
University of Groningen, Groningen,
The Netherlands

“Orthopaedic Research Laboratory, Radboud
Institute for Health Sciences, Radboud
University Medical Center, Nijmegen,

The Netherlands

Correspondence

Periklis Tzanetis, Department of
Biomechanical Engineering, University of
Twente, De Horst 2, 7522 LW, Enschede,
The Netherlands.

Email: p.tzanetis@utwente.nl

Funding information
Stryker European Operations Ltd., Ireland

Kevin de Souza?
Nico Verdonscho

| Seonaid Robertson? | René Fluit>® |

t1,4

Abstract

Osteophytes are routinely removed during total knee arthroplasty, yet the
preoperative planning currently relies on preoperative computed tomography (CT)
scans of the patient's osteoarthritic knee, typically including osteophytic features.
This complicates the surgeon's ability to anticipate the exact biomechanical effects
of osteophytes and the consequences of their removal before the operation. The aim
of this study was to investigate the effect of osteophytes on ligament strains and
kinematics, and ascertain whether the osteophyte volume and location determine
the extent of this effect. We segmented preoperative CT scans of 21 patients,
featuring different osteophyte severity, using image-based active appearance
models trained to identify the osteophytic and preosteophytic bone geometries
and estimate the cartilage thickness in the segmented surfaces. The patients'
morphologies were used to scale a template musculoskeletal knee model.
Osteophytes induced clinically relevant changes to the knee's functional behavior,
but these were variable and patient-specific. Generally, severe osteophytic knees
significantly strained the oblique popliteal ligament (OPL) and posterior capsule (PC)
relative to the preosteophytic state. Furthermore, there was a marked effect on the
lateral collateral ligament and anterolateral ligament (ALL) strains compared to mild
and moderate osteophytic knees, and concurrent alterations in the tibial lateral-
medial translation and external-internal rotation. We found a strong correlation
between the OPL, PC, and ALL strains and posterolateral condylar and tibial
osteophytes, respectively. Our findings may have implications for the preoperative
planning in total knee arthroplasty, toward reproducing the physiological knee

biomechanics as close as feasibly possible.
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1 | INTRODUCTION

Osteophyte formation is one of the main pathological features of
knee osteoarthritis (OA) and an important criterion in assessing the
development and progression of disease.? To date, several studies
support the hypothesis that osteophytes develop in response to
excessive mechanical loads as an attempt to reduce stress on the OA
joint, redistributing the forces to a larger articulating surface.?®
Osteophytes are also thought to arise from a bone remodeling
process secondary to pathological joint alterations, such as anteriorly
to the tibial plateau in case of a ruptured anterior cruciate ligament,
to prevent anteroposterior instability.* Concomitantly, the formation
of osteophytes may restrict the range of joint motion and,
subsequently, cause a pathological deformity, depending on the
characterized size and direction of osteophytes® as well as
the osteophytic compartment.® Previous research suggests that large
posterior condylar osteophytes prevent terminal knee extension due
to increased tension of the posterior capsule, thus contributing to
adjacent ligamentous imbalance.” One longitudinal study found that
large medial tibial osteophytes are present in varus knees. This
tightens the medial ligamentous structures increasing asymmetric
loading in the medial compartment. Intuitively, osteophytes on the
lateral side of the tibial plateau would likely have the opposite loading
effect.

During total knee arthroplasty, surgeons routinely remove the
osteophytes toward achieving restoration of more physiological knee
biomechanics’; failure to remove them may result in unequal
mediolateral flexion and extension gaps, hence soft-tissue
imbalance,” with consequent aberrant joint kinematics. Nevertheless,
the preoperative planning phase of this operation remains guided by
the preoperative computed tomography (CT) scan of the OA knee,
commonly including osteophytic features, which complicates the
surgeon's capacity to anticipate the precise biomechanical conse-
quences of their removal before surgery. With established image-
based, active appearance modeling techniques, it becomes possible
to utilize the preoperative image of the OA knee and virtually
reconstruct the knee bone shapes as before the growth of

10-12 referred to here as the preosteophytic state. This

osteophytes,
research paper does not address total knee arthroplasty, but rather
elaborates on the possible effects of osteophytes on the knee's
biomechanical behavior, in relation to knees without osteophytes.
Such biomechanical information could be comprehensively assessed
using computational models of the musculoskeletal system; these can
incorporate patient-specific bone geometries and enable to study the
osteophyte effects on ligament strains and knee kinematics,*® and
therefore, could possibly benefit the preoperative planning phase
before the surgical execution. The ultimate importance of this work
lies in the utilization of such musculoskeletal simulations in the
preoperative planning of total knee arthroplasty.

The aim of this study was, therefore, first to investigate
differences in ligament strains and knee kinematics between OA
knees with different stages of osteophyte formation and their
corresponding preosteophytic state; and, second, to explore whether

the volume and location of the osteophytes affect the extent of these
biomechanical differences. We hypothesized that the presence of
osteophytes would affect the strains of the ligaments and the
consequent kinematic predictions, and the extent of this effect would
depend on the volume and location of the osteophytes determining
their interaction with the surrounding ligamentous structures.
Confirmation of this hypothesis may have implications for the
preoperative planning in total knee arthroplasty toward restoring

physiological knee biomechanics as much as possible.

2 | METHODS

A template cadaver-specific musculoskeletal knee model was devel-
oped in the AnyBody Modeling System (AnyBody Technology A/S)
based on CT and magnetic resonance images (MRI) of a male
cadaveric lower extremity specimen (age 63, height 191 cm, body
weight 87.5kg), following a previously established methodology®;
the resulting model served as the reference template model for
subsequent personalization to the patient-specific data.'* This model
comprises the thigh, shank, and patella. The knee is simulated to
passively extend under gravity from 60° to 0°. The knee flexion angle
is driven using a kinematic motion driver, while the remaining five
degrees of freedom at the tibiofemoral joint equilibrate under the
effect of muscle, ligament, and joint contact forces using the force-
dependent kinematics approach.'® The selected range of motion is
particularly important in gait,16 and limitations in knee function within
this range are likely to affect the overall mobility of the OA patient.
The patellofemoral joint was modeled as an idealized revolute joint,
allowing only one translational degree of freedom of the patella
controlled by an elastic patellar tendon, similar to an earlier study.'”
The coordinates of quadriceps muscle attachments were determined
from the MRI data set, and the Hill-type muscle-tendon element
properties were adjusted to the Twente Lower Extremity Model 2.0
(TLEM 2.0).28 Ligaments were included to provide stability to the
unconstrained tibiofemoral joint. A total of 27 nonlinear elastic spring
elements were modeled to represent the anterior cruciate ligament
(ACL), posterior cruciate ligament (PCL), deep medial collateral
ligament (dMCL), superficial medial collateral ligament (sMCL), lateral
collateral ligament (LCL), anterolateral ligament (ALL), oblique
popliteal ligament (OPL), and posterior capsule (PC). The individual
ligament bundles could span from origin to insertion and find the
shortest geodetic path to wrap around the femur and tibia, thereby
preventing penetration into the bones. The attachment sites of knee
ligaments were identified from the MRI; since the origins and
insertions of the OPL and PC could not be determined from the data
set, they were estimated according to anatomical descriptions found
in the literature.'® Stiffness and reference strain assigned to the
individual ligament bundles were originally adopted from the
literature based on comparable intact knee models.*>2%21 Adjust-
ments to the stiffness and reference strain of the ACL, PCL, OPL, and
PC were made to ensure anteroposterior joint stability (Table 1), such
that the overall tibial displacement relative to the femur during the
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TABLE 1 Stiffness and reference strain of the individual
ligament bundles used in the musculoskeletal knee model.

Ligament bundle Stiffness (N)? Reference strain®

Anteromedial ACL 2000 0.35
Posterolateral ACL 2000 0.35
Anterolateral PCL 1200 -0.46
Posteromedial PCL 1200 -0.03
Anterior dMCL 750 -0.17
Middle dMCL 750 -0.06
Posterior dMCL 750 -0.06
Anterior sMCL 2000 0.01
Middle sMCL 2000 0.01
Posterior sMCL 2000 0.01
Anterior LCL 2000 0.01
Middle LCL 2000 0.01
Posterior LCL 2000 0.01
Anterior ALL 2000 0.03
Posterior ALL 2000 0.03
OPL 4000 0.10
Medial PC 1000 0.07
Middle medial PC 1000 0.07
Middle lateral PC 1000 0.07
Lateral PC 1000 0.07

Abbreviations: ACL, anterior cruciate ligament; ALL, anterolateral
ligament; dMCL, deep medial collateral ligament; LCL, lateral collateral
ligament; OPL, oblique popliteal ligament; PC, posterior capsule; PCL,
posterior cruciate ligament; sMCL, superficial medial collateral ligament.
aStiffness is expressed in Newton (N) per unit strain.

PReference strain refers to a fully extended knee position.
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simulated knee extension motion remained within 4 mm anteriorly

and 2mm posteriorly,?%23

subjected to the influence of the
gravitational force. The slack length of the ligament bundles was
calibrated in a reference position in which the knee was fully
extended.

The patient-specific data used in the present study were part of
the knee functional flexion axis (FFA) data set.2* This anonymized
data set includes preoperative CT scans of the lower extremity of 21
patients who underwent primary total knee arthroplasty using the
Stryker Knee Navigation system (Stryker). The CT images of the
individual patients were segmented to render the three-dimensional
bone geometries of the hip, knee, and ankle joints. The bony
structures of the knee were segmented using two different active
appearance models (AAM), provided by Imorphics? (Stryker), that
were trained on manual segmentations of CT images to identify the
osteophytic femoral and tibial bone surfaces, as well as the bone

1011 veferred to as the preosteophytic

surfaces beneath osteophytes,
bones (Figure 1). The osteophytic AAM was trained on a set of 670
cadaveric specimens with different stages of knee OA to detect
osteophytes, which are typically visible along the periphery of the
knee bones in OA subjects; the preosteophytic AAM was trained on
manual segmentations of the osteophyte-free bone surfaces in a
training set of 124 patient CT images. The accuracy of each model
was assessed following a leave-one-out cross-validation procedure,
comparing the model's output to the manually segmented ground
truth surface; cross-validation involved repeatedly partitioning the
data into training and test sets. Patients were equally assigned into
three subgroups to stratify the severity of osteophyte formation
according to the description of the previously established Kellgren-
Lawrence (KL) classification system24; KL-Grades O and 1 that refer
to knees without osteophytes or doubtful osteophytic lipping,
respectively, were not considered in the current convention, since

our study included solely clinically confirmed osteophytic knees. The

first subgroup included patients with definite knee osteophytes,

FIGURE 1 Computed tomography (CT) scan in axial (A), sagittal (B), and coronal (C) view of a single patient's knee depicting segmentation of
the femoral and tibial osteophytic bones (yellow lines) and identification of the preosteophytic bone boundaries after removal of osteophytes

(green line).
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albeit of minimal severity (mild osteophytes), showing volumetric
differences within 0-5cm® compared to the preosteophytic bones,
corresponding to the criteria of KL-Grade 2. In the second subgroup,
patients exhibited multiple moderate osteophytes, with volumetric
differences within 5-10cm?, and definite narrowing of the joint
space, in consistency with KL-Grade 3. Patients allocated to the third
subgroup demonstrated large osteophyte formation (severe osteo-
phytes), measuring volumetric differences more than 10 cm®, severe
narrowing of the joint space, and definite deformities of the femoral
and tibial bone ends, aligned with KL-Grade 4. Figure 1 illustrates a
representative severe case, which demonstrates large trochlear and
posterior-compartment condylar and tibial osteophytes, narrowed
joint space, and definite deformities of the femoral and tibial plateau
ends. Osteophyte volumes were then generated per compartment,
partitioning the femur and tibia into four regions: anterior medial,
anterior lateral, posterior medial, and posterior lateral. For this, we
used orthogonal planes derived from the transepicondylar axis and an
anatomical landmark located at the central trochlea for the femur;
and an axis connecting the medial and lateral proximal resection
landmarks and the central tibia plateau landmark for the tibia
(Figure 2). An MRI-based statistical shape model (SSM) approach
was employed to estimate cartilage thickness from the bone surfaces
segmented in CT on the basis of a previously published segmentation

1.5 More specifically, an SSM was trained on the combined

protoco
bone and cartilage shapes segmented in MRI, utilizing a training set of
129 OA subjects. Subsequently, for each subject in the test or
experimental set, we first segmented the bone-only surfaces in the
CT image using the CT-based AAM described previously; and,
second, given the patient-specific bone shape, we calculated the
best-fitting instance of the combined bone and cartilage SSM.2¢ A

nonlinear scaling technique was employed to morph the topology of

trochlear center "

medial epicondyle

the cadaveric bones to the patient-specific bones and subsequently
the corresponding ligament attachments using a radial basis function
interpolation scheme. This morphing technique has been described in
previous studies.*®>?* Anatomical coordinate systems for the femur,
tibia, and patella were defined mapping selected bony landmarks at
the hip and ankle segments, including the femoral head center and
medial and lateral malleolus, in addition to the knee landmarks
according to a previously defined measurement protocol.® Specifi-
cally, the femoral coordinate system had its origin at the midpoint
between the medial and lateral femoral epicondyles, and was
oriented such that the y-axis pointing from the origin to the center
of the femoral head, the z-axis was perpendicular to the y-axis
pointing laterally, and the x-axis was perpendicular to both y- and x-
axis pointing anteriorly. The origin of the tibial coordinate system was
defined as the midpoint between the most medial and lateral points
of the medial and lateral condyles of the tibia, respectively. The y-axis
aligned with the line connecting the origin with the midpoint between
the medial and lateral malleoli pointing in the proximal direction, the
z-axis was perpendicular to the y-axis oriented toward the most
lateral point of the lateral tibial condyle, and the x-axis was
perpendicular to both axes pointing anteriorly. For the patella, the
origin of the coordinate system was located at the patella's center of
mass, with the x, y, and z axes being parallel to those of the femoral
coordinate system at full extension. Muscle fiber, tendon, and
ligament bundle slack lengths were calibrated for each patient using
the preosteophytic knee model configuration and remained
unchanged in the osteophytic configuration. The same ligament
mechanical properties, including stiffness and reference strain of
each individual bundle, as those used in the original cadaveric model,
were applied to both the osteophytic and preosteophytic models.

Figure 3 depicts the osteophytic and preosteophytic musculoskeletal

. knee center

FIGURE 2 Partitioning of the (A) femoral and (B) tibial bone into anterior medial, anterior lateral, posterior medial, and posterior lateral

compartments using orthogonal planes based on anatomical landmarks.
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knee model of a single patient case with severe knee osteophytes.
Figure 4 provides a schematic diagram that summarizes the main,
sequential methodological steps involved in this study.

Strains of knee ligaments were reported during a knee extension
simulation against gravity from 60° to 0°. Knee kinematics, namely

FIGURE 3 The musculoskeletal knee model of a single patient
with severe knee osteophytes. From left to right, a close-up posterior
view of the osteoarthritic knee model, presenting large posterior-
compartment condylar and tibial osteophytes (black arrows) and
severe narrowing of the joint space; and posterior view of the
preosteophytic knee model, comprising the reconstructed
osteophyte-free bone geometries.

Patient CT scans

AAM-based
segmentation

MRI-based
Reconstruction of osteophytic | SSM

and preosteophytic femoral
and tibial bone surfaces

Estimation of
cartilage thickness
on the segmented bones

L}
1 knee model
| P S

Personalized osteophytic and

preosteophytic knee models

1
1
1 musculoskeletal |
1
1]

Osteophytic vs preosteophytic simulations

Knee model biomechanical outputs including
ligament strains and tibiofemoral kinematics

FIGURE 4 Schematic of the study's main methodological steps
from patient's preoperative CT scans to active appearance model
(AAM)-based segmentation of osteophytic and preosteophytic bones,
and magnetic resonance image (MRI)-based statistical shape
modeling (SSM) for estimation of cartilage thickness on the
segmented bones; subsequently, personalization of a template
musculoskeletal knee model using the patient-specific bone
geometries and cartilage and, ultimately, biomechanical comparison
of patient-specific osteophytic and preosteophytic knee models.
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anterior-posterior (AP), lateral-medial (LM), and proximal-distal (PD)
tibial translations, tibial external-internal (El) rotation, and
varus-valgus (VV), were calculated with both osteophytic and
preosteophytic models for each patient throughout the simulation.
Joint kinematics were estimated according to Grood and Suntay's
joint coordinate system definition.2” To address the first aim of this
study, the differences between osteophytic and preosteophytic
model predictions were quantified, by calculating the deviation in
strain and kinematic variables at each flexion angle and, subse-
quently, by identifying the maximal value of those deviations across
the range of motion. The Wilcoxon signed-rank test was used to
evaluate the intragroup differences in ligament strains and knee
kinematics between osteophytic and preosteophytic knees. To
address the second research question, we examined the effect of
osteophytic volume on ligament strains and knee kinematics using
the Mann-Whitney U test for intergroup comparisons with
Holm-Bonferroni correction. The significance level was set to 0.05.
The relation of osteophyte volumetric differences, derived from the
comparison of osteophytic and preosteophytic bones, and location of
osteophytes with the resultant ligament strains and knee kinematics
was evaluated using Pearson's correlation coefficient (r) interpreted
according to a previously published stratification.?® Specifically,
coefficients <0.10 indicated a negligible correlation, while those in
the range of 0.10-0.39 were considered weak; coefficients within
0.40-0.69 were interpreted as moderate, while values between 0.70
and 0.89 denoted strong correlations; finally, coefficients >0.9

denoted a very strong relationship between the variables.

3 | RESULTS

Strains in the ligaments were generally affected by the presence of
osteophytes. The predicted strains comparing the osteophytic and
preosteophytic knee models among all patients showed a median
maximum deviation greater than 2.8% for cruciate ligaments, 1.3%
for collateral ligaments, 2.9% and 1.7% for anterolateral and posterior
ligamentous structures, respectively. Maximum deviations peaked at
15.7% in the ACL, 5.5% in the PCL, 8.9% in the dMCL, 5.6% in the
sMCL, 5.7% in the LCL, 7.9% in the ALL, 11.7% in the OPL, and 28.0%
in the PC, all found within the group of severe osteophytes except for
the PCL (moderate osteophytes). Of these deviations, the PCL, dMCL,
and sMCL peaks resulted from a higher strain in the preosteophytic
model relative to the osteophytic knee model. Osteophytes had a
marked effect on knee kinematics following the changes in the
ligament strains. Compared to the preosteophytic models, the
osteophytic knee models predicted kinematics with a median
maximum deviation greater than 0.8 mm for translations and 1.4°
for rotations overall patients. The largest median maximum deviation
in kinematics was 1.6 mm in AP translation and 2.6° in El rotation.
Maximum kinematic deviations reached up to 3.7 mm for AP, 3.3 mm
for LM, and 1.6 mm for PD translations, and up to 4.9° for IE and 4.0°
for VV rotations within the group of patients with severe knee

osteophytes. The maximum deviations occurred at different flexion
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angles for each patient without a clear trend in the data, although we
identified ranges applied to most patients. For AP and LM
translations, the flexion angle at which maximum deviations occurred
was within 20-40°, while for PD translation, it ranged from 0° to 30°;
maximum deviations for El and VV rotations were predominantly
reported near extension in the range between 0° and 20°.

The effects on ligament strains exhibited large variability per
patient, owing to the variable presence of osteophytes, but overall,
the posterior ligamentous structures were more commonly affected
than the other structures. In detail, the intragroup comparison
showed a statistically significant difference in the strains of the ACL
and PCL in mild osteophytic knees; PCL and LCL in moderate
osteophytic knees; and ACL, PCL, OPL, and PC in the knees with
severe osteophytes. As shown in Table 2, the sMCL, LCL, and PC
strains in moderate osteophytic knees statistically significantly
increased when compared to the group of mild osteophytes.
Furthermore, strains in the sMCL, LCL, ALL, OPL, and PC were
statistically significantly higher in severe osteophytic knees compared
to mild osteophytic knees. The regression outcomes on the whole
data set indicated negligible to strong correlations between ligament
strains and osteophyte volumetric differences ranging from -0.004 to
0.711 (Figure 5). Strains in the ACL, dMCL, LCL, and PC were not
significantly correlated with osteophyte volumes (p <0.05); the
strongest correlation was found for the ALL and OPL (p <0.001).
These results supported the need for multivariate analysis with
respect to the osteophytic compartments (Figure 6). The changes in
the kinematic patterns were variable among the patients and subject
to the interaction of contact surfaces. There were no intragroup
differences in knee kinematics between osteophytic and preosteo-
phytic knees, except for El rotation which was statistically signifi-
cantly higher in the osteophytic knees within the group of moderate
osteophytes (p=0.043). The results of the comparison of mild,

moderate, and severe osteophyte groups are displayed in Table 3.

The LM translation in moderate osteophytic knees was statistically
significantly higher compared to mild osteophytic cases. Severe
osteophytic knees showed significantly increased LM translation and
El rotation when compared to the group of mild osteophytes. The
regression analysis revealed weak to moderate correlations between
kinematics and osteophyte volumetric differences (r=0.171-0.670)
(Figure 7). The AP translation and El rotation showed a significant
correlation with osteophyte volumes with an r-value of 0.444
(p=0.044) and 0.670 (p <0.001), respectively. Correlation coeffi-
cients between knee kinematics and osteophyte volumetric differ-

ences per compartment are depicted in Figure 6.

4 | DISCUSSION

This study investigated the effects of osteophytes on ligament strains
and consequent knee kinematics comparing osteophytic knees sorted
into different osteophyte stages with their respective preosteophytic
reconstruction. The effects were variable among the patients,
depending on the osteophyte's location and the interaction of
contact surfaces or ligament wrapping with the osteophyte. This
variability explains the variable manifestation of knee OA and the
formation of osteophytes among different patients.

Severe osteophytes generally affected the ligament strains in a
relevant manner. One of the most important findings of this study was
that severe osteophytic knees substantially strained the OPL and PC
structures, exhibiting peak strain deviations from the preosteophytic
situation, which were higher than the clinically acceptable threshold of
5.1%, as previously described.??3° Since the lateral aspect of the
capsule attaches superiorly to the cortex of the posterior femoral
condyle and the proximal lateral attachment of the OPL expands
diagonally over the capsular structure, the presence of large postero-

lateral condylar osteophytes may result in tightening of the capsular

TABLE 2 Effect of mild, moderate, and severe osteophytes on knee ligament strains.

p Value
Moderate Mild vs. Moderate Mild vs.

Mild osteophytes osteophytes Severe osteophytes moderate Vs. severe severe
Ligament strains®
ACL 3.15 [1.44, 6.30] 5.82[3.23, 9.17] 3.14 [2.75, 11.02] 0.110 0.565 0.406
PCL 1.97 [1.05, 3.85] 3.78 [2.82, 4.31] 2.33 [1.02, 4.21] 0.144 0.142 0.482
dMCL 2.94 [2.21, 3.92] 3.64 [2.59, 5.00] 7.72 [6.30, 8.31] 0.338 0.073 0.054°
sMCL 0.99 [0.87, 1.66] 2.78 [1.84, 3.36] 2.53 [1.74, 3.20] 0.027 0.565 0.026
LCL 0.67 [0.23, 1.17] 1.40 [0.87, 2.50] 2.82[1.30, 4.36] 0.050 0.277 0.027
ALL 1.68 [1.19, 2.59] 2.86 [1.89, 3.03] 4.35 [3.55, 6.56] 0.110 0.012 0.006
OPL 1.18 [0.91, 1.72] 1.36 [1.28, 1.93] 3.44 [2.58, 5.05] 0.450 0.006 0.006
PC 2.13 [1.21, 2.55] 5.14 [2.96, 8.00] 8.06 [5.86, 20.02] 0.022 0.073 0.006

Note: Data are presented as median [interquartile range]. Bold figures indicate significance after Holm-Bonferroni correction.

2Strain is expressed as a percent strain.
bDifference is no longer significant after Holm-Bonferroni correction.
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FIGURE 5 Correlation between knee ligament strains and osteophyte volumetric differences. Osteophyte volumetric difference refers to
the sum of the differences in volume between the osteophytic and preosteophytic femoral and tibial bone surfaces. Mild osteophytes range
from 0 to 5 cm?®, moderate osteophytes from 5 to 10 cm?, and severe osteophytes from 10 cm® onwards.

ligaments due to their wrapping around these osteophytic outgrowths,
as confirmed by our multivariate, compartmental analysis (Figure 7).
This finding is consistent with that of Leie et al.>* who demonstrated
that large posterior femoral osteophytes can cause a tenting effect
on the posterior joint capsule. Additionally, we found that greater
strains in the OPL were strongly correlated with greater PC strains
(Figure 6), as expected due to their anatomical intersection. Straining of
these ligamentous structures might be related to the statistically
significantly increased El rotation in severe osteophytic knees. Peak
deviations in El rotation among the knees with severe osteophytes
predominantly occurred between 0° and 20°, but this was not the case
for all patients. The fibers of the PC are typically tense in knee
extension, and this would further increase in the presence of the OPL,
consequently altering El rotation at low flexion angles. One anatomical
study suggested that the OPL functions as a rotational stabilizer

preventing excessive tibial external rotation due to the horizontal
component of the diagonal bundle's force.>?> However, if the OPL is
subject to excessive strain or is structurally damaged, this stabilizing
effect may be reduced, leading to increased rotational motion. In this
study, we did not confirm an association between the OPL strain and El
rotation. Another reason for the increased El rotation angle might be
related to the absence of the posterior oblique ligament in the knee
model, which has been previously confirmed to primarily stabilize the
joint against internal rotation during early flexion (0-30°).3% Further-
more, the simplified patellar model used in the current study could
potentially contribute to the increased El rotation angles. Previous
research has shown that increased external rotation of the tibia relative
to the femur is associated with a laterally tilted patella,>* which could
be due to the presence of trochlear osteophytes. Another finding
worth discussing is that severe osteophytic knees considerably
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TABLE 3

Mild osteophytes Moderate osteophytes
Knee kinematics

Translations (mm)

AP 0.99 [0.62, 1.99] 1.47 [1.04, 2.08]
LM 0.84 [0.62, 1.03] 1.55 [1.16, 2.83]
PD 0.58 [0.40, 0.68] 0.78 [0.54, 1.07]

Rotations (°)
El 2.06 [1.27, 2.41] 2.93 [1.73, 3.59]

‘A% 0.66 [0.36, 1.37] 1.87 [1.16, 2.46]

Effect of mild, moderate, and severe osteophytes on knee kinematics.

p Value

Mild Moderate Mild
Severe osteophytes vs. moderate vs. severe Vs. severe
1.95 [1.62, 2.24] 0.142 0.110 0.064
1.84 [1.74, 1.96] 0.050 0.655 0.027
0.80 [0.73, 0.92] 0.141 0.654 0.105%
3.44 [2.61, 4.78] 0.450 0.450 0.018
1.61 [1.40, 2.77] 0.075% 0.655 0.075%

Note: Data are presented as median [interquartile range]. Bold figures indicate significance after Holm-Bonferroni correction.

?Difference is no longer significant after Holm-Bonferroni correction.

increased the strain in the ACL compared to their preosteophytic
counterparts, with maximum deviations well above the predetermined
damage threshold?’; exceeding the ACL's yield region®® is clinically
relevant and could eventually lead to a limited range of AP motion and
pain. The uncertain choice of the ligament reference strains may have

contributed to this nonphysiological finding, as it is possible the
pretensions of the ACL bundles were excessively high for some
patients. Earlier research has identified intercondylar notch stenosis
due to osteophytes, generating a shear force on the ACL and,
eventually, an increase in the bundles' strain.®® Although our model
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accounted for the interaction of the ACL bundles and the interfering
osteophytes at the intercondylar eminence of the tibial plateau,
allowing the ligament to wrap around the osteophytic surface, we did
notch width on the

bundles' strain. Our multivariate analysis showed a weak or moderate

not consider the effect of the femoral

correlation between anterior and posterior compartment osteophytes
and the ACL strain deviations. This may explain the similar AP
translation within the three osteophyte groups. The cruciate ligaments
are primary restraints to anterior and posterior displacement and the
small change to their strains would logically affect marginally the AP
translation. In the medial collateral ligamentous structures, we found
strain deviations peaked at 8.9% between osteophytic and preosteo-
phytic knees, which cannot be disregarded clinically.3” Provenzano
et al.?? have previously detected the onset of fiber plastic deformation
at 5.1% strain in the medial collaterals; subfailure strains above this
damage threshold may potentially induce complete or nearly complete
disruption of the ligament, ultimately resulting in increased laxity on the
medial side. The dMCL and sMCL strains were weakly or moderately
correlated with the volume of anteromedial and posteromedial
compartment osteophytes. We measured larger osteophyte volumes
at the peripheral margins of the medial joint articulation, and thus, the
wrapping effect around the attachment sites of these ligaments was
expected to be relatively small. These outcomes are partly contradic-

tory to the ideas of Mihalko et al.*®

who suggested that the presence of
medial-compartment osteophytes can significantly tighten the ligamen-

tous structures of the medial soft-tissue sleeve, recommending their

removal to achieve a balanced flexion and extension gap in varus knees.
Based on these findings, we can infer that statistically significant
straining of the sMCL in moderate and severe osteophytic knees is
likely to be related to kinematic deviations. There was a strong
correlation between the sMCL strain and VV rotation, which further
supports previous observations linking osteophyte size with knee
alignment at the side of the osteophytes.®’ Although the observed
differences in VV rotation among the three osteophyte groups were
not statistically significant, this does not imply the absence of
intergroup differences. Interestingly, the ALL that overlaps the proximal
LCL bundles showed a substantial increase in severe osteophytic knees
(Table 2), with strain deviations peaking at 7.9% compared to the
preosteophytic state, which can be of clinical importance, yet we
observed strain magnitudes within the ultimate strain region.*® There
was a strong correlation of the ALL with posterolateral tibial
osteophyte volumes (Figure 6). Since the osteophytes at the lateral
tibial plateau predominantly extend upwards,*' we speculate an
increase in the varus rotation angle, thus inducing straining of the
ALL (Figure 6). Another possible explanation might be that the
compartment-specific osteophytes strained the posterior ligamentous
structures, which consequently forced the tibia to rotate internally;
therefore, there was an increase in the ALL strain, which is known to be
an internal rotation restraint. Clinically, it has been suggested that the
ALL contributes to protecting the ACL from injury mechanisms induced
by tibial internal rotation.*? The association between the ALL and ACL
was moderately reflected in our multivariate analysis outcomes.
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This simulation study explores the biomechanical consequences
of knee osteophytes and thoroughly examines the association of
compartment-specific osteophyte volumes with knee ligament strain
and kinematic deviations, which is not achievable in clinical trials. A
major strength of this study was the novel methodology employed
that combined statistical modeling to identify the preosteophytic
knee bone shapes with musculoskeletal simulations to assess the
biomechanical impact of knee osteophytes and predict the conse-
quences of their removal. These simulations could potentially provide
relevant quantitative insights for orthopaedic surgeons during the
preoperative planning for total knee arthroplasty, toward reinstating
as closely as possible the physiological knee biomechanics.

This study had some limitations. First, the model predictions
could not be directly validated, reiterating the importance of an in-
vivo assessment of the ligament and bone interaction with the
osteophytes. Besides, the simplified 1-degree-of-freedom patello-
femoral joint might have influenced the accuracy of the model's

3 as the complex interaction between the

kinematic predictions,”
tibiofemoral and patellofemoral joints is largely dependent on the
surrounding soft tissues. With regard to the structure, the model
excluded the menisci, functioning to maintain joint congruity, which
could have induced alterations in the tibiofemoral kinematics.
Additionally, the ligament models were not patient-specific and
their mechanical properties, including stiffness and reference strain,
were derived from the literature. Using identical ligament properties
in the subject-specific models ensured equal levels of uncertainty in
their predictions and, consequently, enabled us to isolate the effect
of osteophytes on the joint's biomechanics. Nevertheless, there
might still be uncertainties in the model predictions resulting from
measurement errors or interpatient anatomical variations, which
emphasizes the importance of subjecting the models to a thorough
verification, validation, and uncertainty quantification process to
assess the accuracy and reliability of the model outputs before
patient-specific application. The reported findings pertain only to a
knee flexion-extension activity. In principle, it would be possible to
investigate also other motor tasks, such as squatting or chair-rising,
as previously described,** yet the selected activity can be
performed intra-operatively and is relevant to assess the appropri-
ate tensioning of the soft tissues, which is important for achieving
an adequately balanced motion during flexion and extension.
Besides, the observed differences between the osteophytic and
preosteophytic models are expected to persist, irrespective of the
activity performed, since they are inherent to the presence of
osteophytes and their interference with the relevant soft tissues.
We should also note that the knee motion was simulated without
any applied external loads, as these may vary among patients and it
was unfeasible to measure in this study. Although it is possible that
the strain and kinematic differences between the osteophytic and
preosteophytic knee in an unloaded state may persist under loading
conditions, the validity of this assumption remains to be proven.
Another limitation of this study was that the mechanical properties
of the soft tissues remained unmodified between the osteophytic

and preosteophytic models, whereas, in reality, these are likely to

change over time secondary to OA.** The timeline of such changes,
however, was difficult to predict in this study due to the variable
nature of the soft-tissue remodeling process, which may depend on
the size and location of osteophytes and the extent of their
interference with the surrounding soft tissues. Our findings should
therefore be interpreted on the basis of this assumption with the
recognition that a future study should incorporate soft-tissue
models reflective of the patient-specific changes owing to disease
progression. Finally, this study did not evaluate alterations in
the patellofemoral joint and the potential effects of osteophytes
on the patella's functioning. Nonetheless, the strain of the patellar
tendon during the simulated movement was found to be relatively
low and, consequently, there was a minimal effect of the
patellofemoral joint on the knee mechanics.

In summary, the presence of osteophytes in OA knees induced
clinically relevant changes in the ligament strains and kinematics
compared to their corresponding preosteophytic state. These
changes were variable and patient-specific, indicating a dependency
on the osteophyte volume and location and the interaction of the
ligamentous structures with the osteophytic compartment. The
suggested approach introduces a quantitative framework, providing
data on the biomechanical impact of knee osteophytes, as well as the
potential effects of their removal. These data can assist orthopaedic
surgeons during the preoperative phase of total knee arthroplasty,
revealing the need of conducting biomechanical preoperative
planning with osteophytes removed, toward restoring the physiolog-

ical knee's biomechanical conditions.
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