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The biomechanical changes following meniscal tears and surgery could lead to or
accelerate the occurrence of osteoarthritis. The aim of this study was to
investigate the biomechanical effects of horizontal meniscal tears and different
resection strategies on a rabbit knee joint by finite element analysis and to provide
reference for animal experiments and clinical research. Magnetic resonance
images of a male rabbit knee joint were used to establish a finite element
model with intact menisci under resting state. A medial meniscal horizontal
tear was set involving 2/3 width of a meniscus. Seven models were finally
established, including intact medial meniscus (IMM), horizontal tear of the
medial meniscus (HTMM), superior leaf partial meniscectomy (SLPM), inferior
leaf partial meniscectomy (ILPM), double-leaf partial meniscectomy (DLPM),
subtotal meniscectomy (STM), and total meniscectomy (TTM). The axial load
transmitted from femoral cartilage to menisci and tibial cartilage, the maximum
vonMises stress and themaximumcontact pressure on themenisci and cartilages,
the contact area between cartilage to menisci and cartilage to cartilage, and
absolute value of the meniscal displacement were analyzed and evaluated. The
results showed that the HTMM had little effect on the medial tibial cartilage. After
the HTMM, the axial load, maximum von Mises stress and maximum contact
pressure on the medial tibial cartilage increased 1.6%, 1.2%, and 1.4%, compared
with the IMM. Among different meniscectomy strategies, the axial load and the
maximum von Mises stress on the medial menisci varied greatly. After the HTMM,
SLPM, ILPM, DLPM, and STM, the axial load on medial menisci decreased 11.4%,
42.2%, 35.4% 48.7%, and 97.0%, respectively; the maximum von Mises stress on
medial menisci increased 53.9%, 62.6%, 156.5%, and 65.5%, respectively, and the
STM decreased 57.8%, compared to IMM. The radial displacement of the middle
body of the medial meniscal was larger than any other part in all the models. The
HTMM led to few biomechanical changes in the rabbit knee joint. The SLPM
showed minimal effect on joint stress among all resection strategies. It is
recommended to preserve the posterior root and the remaining peripheral
edge of the meniscus during surgery for an HTMM.
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1 Introduction

The meniscus is an important component of the knee joint, and
its main functions are to absorb shock, transmit load, lubricate the
joint, and improve the matching degree of the femur and tibia (Lau
et al., 2018; Kani et al., 2021; Patsch et al., 2021). The biomechanical
changes following meniscal tears and surgery could lead to
osteoarthritis (Lau et al., 2018). Recent reports have indicated that
the maximum shear stress of cartilage increases as the resection
volume of a meniscectomy increases (Bedi et al., 2010; Zhang
et al., 2021; Liu et al., 2022) and further leads to joint pain,
swelling, and even osteoarthritis (Bedi et al., 2010; Beamer et al.,
2017; Bedrin et al., 2021; Ozeki et al., 2022). Horizontal tears account
for 12%–35% of all tear patterns (Shanmugaraj et al., 2019) and
usually occur in the medial menisci (especially the posterior horn of
the medial meniscus (Yim et al., 2013; Brown et al., 2016)) due to joint
degeneration (Lee et al., 2016; Jiang et al., 2017; Posadzy et al., 2020).
Due to the limited healing capacity and tissue weakness of meniscal
horizontal tears following meniscal repair (Kurzweil et al., 2014;
Kurzweil et al., 2018; Ogawa et al., 2020) or conservative or
nonsurgical methods (Haemer et al., 2007; Herrlin et al., 2013;
Brown et al., 2016), the dominant clinical treatment for horizontal
meniscal tears is arthroscopic meniscectomy to remove the single-leaf,
double-leaf, subtotal body or total body of a meniscus (Seil et al., 2010;
Yang et al., 2021). To date, there is no systematic research on the
impact ofmeniscal horizontal tears and all the clinically used resection
strategies on joint mechanics (Haemer et al., 2007; Brown et al., 2016),
which is important for the selection of meniscectomy strategies during
surgery (Feucht et al., 2015).

Rabbits, as a relatively inexpensive animal model, have been
commonly used to study meniscal injury and surgery (Narita et al.,
2012; Zhang et al., 2015; Civitarese et al., 2016; Jiang et al., 2018), despite
certain differences in cellularity, and vascularity (Chevrier et al., 2009).
Meanwhile, the progressive rate of degenerative changes of knee cartilage
in rabbits is faster than that in large animals or humans, which can be
used as a reference for long-term results of future clinical applications
(Roland et al., 1973; Jiang et al., 2018). However, the biomechanics of the
rabbit knee joint has not been quantified, and its mechanical changes
have not been fully studied. The purpose of this study was to construct
models more in line with clinical meniscal horizontal tears and different
resection strategies by the finite element analysis method and to study
the relative biomechanical changes in the rabbit knee joint. Based on
static analyses, a hypothesis was proposed that meniscal horizontal tears
may not have a significant impact on the rabbit knee joint, and different
resection strategies may result in different biomechanical environment
changes. These results can improve our understanding of the
relationship between meniscal horizontal tears, meniscectomies, and
osteoarthritis and provide a reference for the future selection of
experimental studies and clinical surgery strategies.

2 Materials and methods

The research was approved by the IRB Medical Ethics Committee
of Peking University Third Hospital (A2022019). Magnetic resonance

images (MRI) were obtained from the right hind limb of a healthy
NewZealand rabbit (male, 6months, 4 kg). TheMR scanningwas 3.0 T
with T2weighting, the layer thickness was 0.1mm, and 349 imageswere
obtained. All image data were from Peking University Third Hospital.
The volumetric image data from MRI were imported into Mimics
21.0 software (Materialise, Leuven, Belgium), and the contours of knee
bones and soft tissue were manually reconstructed under the guidance
of an experienced orthopedist, including femur, tibia, fibula, articular
cartilages, menisci, and major knee ligaments (anterior cruciate
ligament (ACL), posterior cruciate ligament (PCL), medial collateral
ligament (MCL), and lateral collateral ligament (LCL)). Then, a
complete model of the rabbit knee joint (Figures 1A,B) and a model
of an intact medial meniscus (IMM, Figure 1C) were generated by
ABAQUS 2021 (SIMULIA, Rhode Island, United States). Finally, by
resecting the medial meniscal body in ABAQUS, different rabbit knee
joint models of posterior root horizontal tears and different
meniscectomies were established, including a horizontal tear of the
medial meniscus (HTMM, Figure 1D), a superior leaf partial
meniscectomy (SLPM, Figure 1E), an inferior leaf partial
meniscectomy (ILPM, Figure 1F), a double-leaf partial
meniscectomy (DLPM, Figure 1G), a subtotal meniscectomy (STM,
Figure 1H), and a total meniscectomy (TTM).

Each part of the rabbit knee joint was meshed by tetrahedral
elements. For better observing and calculating the biomechanical
changes between cartilage and meniscus, as well as between
cartilages, and effectively reduce computational costs, an
improved 10 nodes tetrahedral element (C3D10M) is used for
cartilage and meniscus. And the element type of the femur, tibia,
and fibula was C3D4. Ligaments used the T3D2 truss grid type. The
mesh of the model had undergone convergence verification. Bone,
cartilage, and menisci were defined as linear elastic isotropic
materials. The Young’s moduli of bone, cartilage, and menisci
were 15,000 MPa, 20 MPa, and 120 MPa, and their Poisson’s
ratios were 0.30, 0.46, and 0.45, respectively (Sweigart and
Athanasiou, 2005; Zhang et al., 2019). Ligaments were defined as
nonlinear hyperelastic isotropic material because they only bear
tension but not pressure, and the constitutive relation was neo-
Hookean (Li et al., 2020). Table 1 shows the attribute assignment of
the neo-Hookean model for the different ligaments.

Although there are studies about the dynamic loading curves of
rabbit knee joints, which are more suitable for highlighting the role of
meniscus horizontal tears, their data are difficult to apply to our model
(Gushue et al., 2005). Most of the time the rabbits are in a resting state,
and the meniscus of the rabbit knee joint also plays a role in
transmitting loads, buffering, and so on under such condition.
Therefore, the mechanical behavior of the rabbit knee joint in the
resting state was simulated, and the load was an axial force.
Considering the anatomical characteristics of the rabbit knee joint,
the femur flexion was 45° (Mansour et al., 1998), and the load was
40 N,whichwas approximately the weight of a whole rabbit (Anderson
et al., 1990). The femur was coupled to a reference point, which was set
on the midpoint of the farthest point of the femoral condyle on the
medial and lateral sides (Figure 1A), to control the freedom of the
femur. For the motion of the tibia and femur is relative, the axial and
internal/external rotation degrees of the femur were released, and the
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other degrees of the femur and tibia were constrained. Due to the
lubrication function of the knee joint fluid, we set the tangential contact
to “frictionless” and normal contact to “hard contact” in ABAQUS.
The analysis used the Standard solver. The output of the load in the
axial direction between cartilage to menisci and cartilage to cartilage
was exported. By simulating the rabbit knee joint in the static state, the
axial load transmitted from femoral cartilage to menisci and tibial
cartilage, the maximum von Mises stress and the maximum contact
pressure on the menisci and cartilages, the contact area between
cartilage to menisci and cartilage to cartilage, and absolute value of
the meniscal displacement were evaluated.

3 Results

3.1 Axial load

The axial load on the medial tibial cartilages and medial menisci
was redistributed in the medial compartment (Figure 2A). After the

HTMM, SLPM, and ILPM, the medial menisci bore 2.0 N, 1.3 N, and
1.5 N, which was 11.4%, 41.9%, and 35.4% lower than the IMM,
respectively. After the STM, the load on the medial menisci was only
0.1 N, which was similar to the TTM. Furthermore, after the DLPM
and TTM, the axial load of the medial tibial cartilage was 6.2% and
12.9% higher than that on the IMM (16.3 N), respectively. There was
little effect on the axial load distribution of the medial and lateral
compartments of the rabbit knee joint among the IMM, HTMM,
and different resections.

3.2 Maximum von Mises stress

As shown in Figure 2B, it is worth noting that the maximum von
Mises stress of the six models in the medial menisci (MM) (except
TTM (0 MPa) due to the resection of the whole medial menisci)
varied significantly. After the SLPM, ILPM, and DLPM, the
maximum von Mises stress on the medial menisci was 8.3 MPa,
13.1 MPa, and 8.4 MPa, respectively. After the ILPM, the maximum

FIGURE 1
Finite element models of the rabbit knee joint: (A) Posterior view of the right knee; (B) Anterior view of the right knee; (C) intact medial meniscus
(IMM); (D) horizontal tear of medial meniscus (HTMM); (E) superior leaf partial meniscectomy (SLPM); (F) inferior leaf partial meniscectomy (ILPM); (G)
double-leaf partial meniscectomy (DLPM); (H) subtotal meniscectomy (STM).

TABLE 1 The attribute assignment of Neo-Hookean of major ligaments.

ligaments) C10 (MPa) C3 (MPa) C4 (-) C5 (MPa) D1 (MPa-1) Λ(-)

ACL 1.95 0.0139 116.22 535.039 0.00683 1.046

PCL 3.25 0.1196 87.178 431.063 0.0041 1.035

LCL 1.44 0.57 48.0 467.1 0.00126 1.036

MCL 1.44 0.57 48.0 467.1 0.00126 1.036

Abbreviation: ACL-anterior cruciate ligament, PCL-posterior cruciate ligament, MCL-medial collateral ligament, LCL-lateral collateral ligament.
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FIGURE 2
Results of comparison of axial load, maximum vonMises stress, maximumcontact pressure, contact area andmeniscus displacement between IMM,
HTMM, SLPM, ILPM, DLPM, STM, and TTM: (A) Axial load of medial and lateral compartment (MM here means the axial load transmitted from medial
femoral cartilage to medial menisci, so as the LM); (B) Maximum von Mises stress of medial and lateral compartment; (C) Maximum contact pressure of
medial and lateral compartment; (D) Contact area of the medial and lateral compartment; (E) Meniscus displacement. Abbreviation: MC-medial
compartment, LC-lateral compartment, MFC-medial femoral cartilage, MTC-medial tibial cartilage, LFC-lateral femoral cartilage, LTC-lateral tibial
cartilage, MM-medial meniscus, LM-lateral meniscus, TD-total displacement, RD-radial displacement, IMM-intact medial meniscus, HTMM-horizontal
tear of medial meniscus, SLPM-superior leaf partial meniscectomy, ILPM-inferior leaf partial meniscectomy, DLPM-double-leaf partial meniscectomy,
STM-subtotal meniscectomy, TTM-total meniscectomy. Here "-" means the contact between two parts, for example, “MFC-MTC” means the contact
between MFC and MTC.
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von Mises stress increased the most among the five resections by
156.5% compared with the IMM (5.1 MPa). After the STM, the
maximum von Mises stress was 2.2 MPa, which decreased by 57.9%

compared with the IMM. There was little difference in the
magnitude of the maximum von Mises stress on the medial
femoral cartilage (MFC), lateral femoral cartilage (LFC), medial

FIGURE 3
IMM, HTMM, and different resections on the tibial plateau of (A) Von Mises stress distribution, (B) Contact pressure distribution, and (C) Radial
displacement of the medial meniscus. Abbreviation: IMM-intact medial meniscus, HTMM-horizontal tear of medial meniscus, SLPM-superior leaf partial
meniscectomy, ILPM-inferior leaf partial meniscectomy, DLPM-double-leaf partial meniscectomy, STM-subtotal meniscectomy, TTM-total
meniscectomy.
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tibial cartilage (MTC), lateral tibial cartilage (LTC) and lateral
menisci (LM). Figure 3A also shows little difference in the von
Mises stress distribution on the LTC and LM. After the HTMM, the
distribution was similar to that on the IMM. The maximum von
Mises stress was concentrated at the remaining edge of the medial
meniscus, which contacted the articular cartilage after the SLPM,
ILPM, and DLPM.

3.3 Maximum contact pressure and contact
area

After the SLPM, ILPM, and DLPM, the maximum contact
pressure of the medial menisci was 12.2 MPa, 11.1 MPa, and
18.5 MPa, which increased by 100.8%, 82.2%, and 202.7%,
respectively, compared with the IMM (6.1 MPa), respectively
(Figure 2C). In addition, the maximum contact pressure on the
medial menisci of the HTMM (5.4 MPa) and STM (3.5 MPa)
decreased by 11.2% and 42.8% compared with the IMM,
respectively. However, the maximum contact pressure on LM did
not change significantly (approximately 10%) among the seven
models. As shown in Figure 3B, there was little difference in the
distribution of contact pressure in the lateral compartment. In the
medial compartment, the distribution of contact pressure was more
on the MTC than on the MM. The contact pressure was also mainly
located in the remaining edge of the medial meniscus, which
contacted the articular cartilage.

For the contact area, the difference between the MFC-MM and
MTC-MMvaried greatly among the sevenmodels (Figure 2D). After
the ILPM, SLPM, and DLPM, the contact areas of MFC-MM were
0.9 mm2, 0.3 mm2 and 0.5 mm2, which were 37.7%, 76.1%, and
65.2% lower than that of the IMM (1.4 mm2), respectively. The
contact areas of theMTC-MMwere 1.0 mm2, 1.1 mm2, and 1.3 mm2,
which were 56.2%, 52.8%, and 46.4% lower than that of the IMM
(2.4 mm2), respectively. In the lateral compartment, the contact
areas of the LFC-LM and LTC-LM were 3.9 mm2 and 6.4 mm2 after
the STM, which decreased by 4.8% and 2.3% compared with the
IMM, respectively. In addition, the contact area after the TTM was
similar to that of the intact rabbit knee joint.

3.4 Meniscal displacement

After the HTMM, the total and radial displacements of the
medial menisci were 5.9% and 6.1% lower than those after the IMM,
respectively (Figure 2E, Figure 3C). Both the removal of the single-
leaf and double-leaf meniscectomies reduced the total and radial
displacements. After the SLPM, the radial displacement of the
medial menisci was 23.4% less than that after the IMM. Because
of the lack of posterior root connections of the menisci, the
maximum radial displacement was 0.4 mm after the STM, which
increased by 21.7% compared to the IMM. Among the sevenmodels,
there was no significant difference in the radial displacements on the
lateral menisci (Figure 3C). The radial displacement of the medial
meniscal middle body was larger than that of any other part in all the
models, and the radial displacement after the ILPM was the
minimum, while after the STM, the radial displacement was the
most obvious.

4 Discussion

The most important findings of the present study included that
horizontal tears not reaching the edge of the medial meniscus had
little effect on the biomechanics of the knee joint under the resting
state and that there were fewer biomechanical changes when
performing a superior leaf partial meniscectomy than when
performing an inferior leaf partial meniscectomy and double-leaf
meniscectomy. A partial meniscectomy with an intact posterior root
achieved fewer biomechanical changes than a subtotal
meniscectomy. These results suggested the importance of
preserving the posterior root and the remaining peripheral
meniscal tissue.

The present study constructed a detailed finite element model of
the rabbit knee joint, including bones, cartilages, menisci, and major
ligaments, to evaluate the biomechanical changes after a horizontal
tear of the medial meniscus (HTMM) and different resection
strategies. There is no similar reported finite element study to
simulate the resting state (45°) of the rabbit knee joint. Therefore,
additional simulations were performed, one of which followed the
study of Tan et al. (Tan et al., 2020). The intact knee joint was flexed
to the degree consistent with Tan’s model, and the axial load was
80 N. The results showed that the maximum von Mises stress on the
femoral cartilage was 5.7 MPa, which was basically consistent with
Tan’s research (7.9 ± 2.5 MPa). The other simulated the stance phase
of hopping (30°) under static analysis, and the ratio of the total force
on medial to lateral compartments was 0.97. The result was also
consistent with Gushue’s study that at the stance phase of hopping,
the ratio of peak contact force of medial tibia to lateral was 0.89 ±
0.25 (Gushue et al., 2005). These results demonstrated the reliability
of the model used in this study.

For a horizontal tear not spreading to the outer edge, the contact
pressure and contact area of the articular cartilage changed slightly
compared with the IMM. The results indicated that horizontal tears
may not promote the progression of knee joint degeneration. This
was consistent with some clinical results of joint degeneration after
an HTMM. Cho et al. found that discoid menisci with horizontal
tears were less associated with articular cartilage injury even if the
tear lasted for a relatively long time (Cho et al., 2019). In Koh’s study,
fresh-frozen human cadaveric knees were tested, and they also found
that there was no significant change in the contact area and contact
pressure after medial meniscal horizontal tears compared with intact
menisci (Koh et al., 2016). The reason might be that the HTMM did
not break the hoop stress of the meniscus, so it did not affect the
maintenance of the meniscal basic biomechanical function and
performed the same functions as the IMM (Kedgley et al., 2019).
The results could also explain why most patients with horizontal
tears are clinically asymptomatic and do not require surgery unless
there are obstructive symptoms (Yim et al., 2013). After an HTMM,
Amano et al. (Amano et al., 2015) established a finite element model
and found that the tear would further expand and deform during
knee joint flexion movement. However, most reported studies,
including the present study, were basically static analyses, and
whether an HTMM in the dynamic state increases joint stress
and accelerates joint degeneration needs further research.

It should be noted that although the contact pressure was not
increased significantly after an HTMM, the stress on the meniscus
becomes nonhomogeneous and mainly concentrated on the outer
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edge. The reason might be that the superior and inferior leaves of the
inner two-thirds were squeezed together, spreading the stress to the
outer edge. This vicious cycle could cause the horizontal tear to
develop into larger and more complex tears, ultimately bringing
about greater biomechanical changes. Therefore, although the
clinical symptoms and biomechanical changes caused by an
HTMM are not obvious, early management and promotion of
meniscal tear healing are important. More animal experiments
and long-term clinical studies need to be carried out to
investigate the effect of an HTMM on the meniscus and knee joint.

In terms of meniscectomy strategies, resecting different parts of
the meniscus showed different biomechanical consequences. After a
superior leaf partial meniscectomy (SLPM), the maximum von Mises
and contact pressure on the medial tibial cartilage changed slightly
compared with an intact medial meniscus (IMM), while that on the
medial meniscus increased significantly. Since an HTMM generally
occurs in the middle and posterior parts of the meniscus, after the
medial meniscus is resected with one or both leaves, the remaining
medial meniscus can still bear a certain axial load. In addition, the
outer edge of the meniscus can partially retain the ability of hoop
stress and play a certain role in supporting and cushioning the
articular cartilage (Haemer et al., 2007; Brown et al., 2016). Lee
et al. (Lee et al., 2016) found that removing a single leaf of the
meniscus and retaining the outer edge of themeniscus was an effective
treatment when there was a horizontal tear. Haemer et al. (Haemer
et al., 2007) studied superior leaf and double-leaf meniscectomies on
sheep knees after horizontal tears and found that there was a
biomechanical advantage in retaining the superior leaf when a
horizontal tear occurred on 1/3 of the posterior of the meniscus.
Based on the results of the present study, which highlighted that there
are fewer biomechanical changes when performing an SLPM than an
inferior leaf partial meniscectomy (ILPM) and double-leaf partial
meniscectomy (DLPM), the SLPM could be recommended in the case
of good quality of both the superior and inferior leaves.

The present study also showed the importance of the posterior
root in meniscectomy strategy selection after an HTMM. After a
subtotal meniscectomy (STM), the axial load, the maximum von
Mises stress, and the maximum contact pressure on the tibial cartilage
increased compared with a partial meniscectomy with root retention.
The reason was that the posterior root and outer edge of the meniscus
were destroyed, and the hoop stress function was lost after the STM
(Kedgley et al., 2019). The meniscus lost support for the femur and
only bore a 0.1 N axial load, and the contact area between the medial
femoral cartilage and medial meniscus (MFC-MM) and the contact
area between the medial tibial cartilage and medial meniscus (MTC-
MM) were reduced. The total and radial displacement was also higher
than that of single-leaf and double-leaf resections, and the remaining
meniscus could not form stable support for the femoral cartilage. Sung
et al. also found that root tears caused a greater degree of spontaneous
osteonecrosis of the knee (Sung et al., 2013). Thus, it is strongly
recommended to preserve the outer edge and posterior root of the
meniscus to reduce the impact on the biomechanics of the knee joint
despite higher technical requirements.

Although rabbits are typically used as animal models for the
human knee joint, there are some differences in morphology, axial
load distribution, and von Mises stress distribution between rabbits
and humans (Messner et al., 2000; Chevrier et al., 2009; Esrafilian
et al., 2022). In humans, the load ratio between the medial and lateral

compartments of the knee joint is approximately 2:1, and
approximately 70.9% of the total axial load is transmitted to the
meniscus (Wang et al., 2022). The present study found thatmore axial
load is transmitted to the lateral compartment of the rabbit knee joint,
where the load ratio between the medial and lateral compartments is
0.97, and the ratio of the axial load on the menisci in the intact
compartment is approximately 40.6%. However, as a relatively
inexpensive animal model (Civitarese et al., 2016), the variation
trend of the axial load, von Mises stress, contact pressure, contact
area, andmeniscal displacement in rabbits could be used as a reference
for studying human knee joint HTMM and different meniscectomies.
The construction of finite element models of the rabbit knee joint can
reduce the number of animal trials and is in accordance with the 3R-
principles in animal research. This may enhance our understanding of
the influence of biomechanics on the development of osteoarthritis.
Considering the need for future research, it is necessary to further
compare the biomechanical similarities and differences in meniscal
tears and surgical strategies between different species to provide a
better animal model for relevant research on menisci.

The present study has some limitations. First, the linear elastic
material model was adopted for menisci and cartilage, while the
nonlinear model would better describe the actual behavior of knee
joint tissues. Fortunately, the results could basically meet the
requirements to simulate the mechanics of the knee joint, and
they could obtain support from similar studies (Bell et al., 2009).
Second, soft tissues, including the joint capsule, nonmajor ligament,
fat, and muscle, were not included in the model, which might lead to
some deviations in the simulation. Third, the study only carried out
the static analysis of rabbit knee joints in the resting state. Kinetic
loading applications like walking, running, and stair-climbing are
more suitable for highlighting the role of meniscus horizontal tears
and surgical treatments. Further studies on static analysis or
dynamic analysis of different rabbit activities in the rabbit knee
joint are necessary. Furthermore, the study still requires comparative
verification of related experiments of the rabbit knee joint.

5 Conclusion

A horizontal tear of the medial meniscus (HTMM) led to few
biomechanical changes in a rabbit knee joint. A superior leaf partial
meniscectomy (SLPM) showed a minimal effect on joint stress
among all resection strategies under a resting state. It is
recommended to preserve the posterior root and the remaining
peripheral edge of the meniscus during surgery for an HTMM.

Data availability statement

The original contributions presented in the study are included in
the article/supplementary material, further inquiries can be directed
to the corresponding authors.

Ethics statement

The animal study was reviewed and approved by the research
was approved by the IRB Medical Ethics Committee of Peking

Frontiers in Bioengineering and Biotechnology frontiersin.org07

Xue et al. 10.3389/fbioe.2023.1164922

https://www.frontiersin.org/journals/bioengineering-and-biotechnology
https://www.frontiersin.org
https://doi.org/10.3389/fbioe.2023.1164922


University Third Hospital (A2022019). Written informed consent
was obtained from the owners for the participation of their animals
in this study.

Author contributions

AX, ZM: Methodology, Investigation, Formal analysis,
Writing–original draft. XZ, QY, and PW: Methodology,
Investigation, Data curation. ZM, MD, XZ, and XM:
Methodology, Validation, Writing–review & editing. DJ, YF, and
FZ: Supervision, Writing–review & editing. All authors contributed
to the article and approved the submitted version.

Funding

This work was supported by the National Natural Science
Foundation of China (11072021, 82072428, 11772038), the

National Key Research and Development Program
(2016YFC1103202, 2019YFB1706900).

Conflict of interest

The authors declare that the research was conducted in the
absence of any commercial or financial relationships that could be
construed as a potential conflict of interest.

Publisher’s note

All claims expressed in this article are solely those of the authors
and do not necessarily represent those of their affiliated
organizations, or those of the publisher, the editors and the
reviewers. Any product that may be evaluated in this article, or
claim that may be made by its manufacturer, is not guaranteed or
endorsed by the publisher.

References

Amano, H., Iwahashi, T., Suzuki, T., Mae, T., Nakamura, N., Sugamoto, K., et al.
(2015). Analysis of displacement and deformation of the medial meniscus with a
horizontal tear using a three-dimensional computer model. Knee Surg. Sports
Traumatol. Arthrosc. 23 (4), 1153–1160. doi:10.1007/s00167-014-2931-7

Anderson, D. D., Brown, T. D., Yang, K. H., and Radin, E. L. (1990). Dynamic finite
element analysis of impulsive loading of the extension-splinted rabbit knee. J. Biomech.
Eng. 23 (2), 711. doi:10.1016/0021-9290(90)90171-X

Beamer, B. S., Walley, K. C., Okajima, S., Manoukian, O. S., Viloria, M. P., DeAngelis,
J. P., et al. (2017). Changes in contact area in meniscus horizontal cleavage tears
subjected to repair and resection. Arthroscopy-the J. Arthrosc. Relat. Surg. 33 (3),
617–624. doi:10.1016/j.arthro.2016.09.004

Bedi, A., Kelly, N. H., Baad, M., Fox, A. J. S., Brophy, R. H., Warren, R. E., et al. (2010).
Dynamic contact mechanics of the medial meniscus as a function of radial tear, repair,
and partial meniscectomy. J. Bone & Jt. Surgery-american Volume 92 (6), 1398–1408.
doi:10.2106/JBJS.I.00539

Bedrin, M. D., Kartalias, K., Yow, B. G., and Dickens, J. F. (2021). Degenerative joint
disease after meniscectomy. Sports Med. Arthrosc. Rev. 29 (3), e44–e50. doi:10.1097/jsa.
0000000000000301

Bell, J. S., Winlove, C. P., Smith, C. W., and Dehghani, H. (2009). Modeling the
steady-state deformation of the solid phase of articular cartilage. Biomaterials 30 (31),
6394–6401. doi:10.1016/j.biomaterials.2009.08.026

Brown, M. J., Farrell, J. P., Kluczynski, M. A., and Marzo, J. M. (2016). Biomechanical
effects of a horizontal medial meniscal tear and subsequent leaflet resection. Am.
J. Sports Med. 44 (4), 850–854. doi:10.1177/0363546515623782

Chevrier, A., Nelea, M., Hurtig, M. B., Hoemann, C. D., and Buschmann, M. D.
(2009). Meniscus structure in human, sheep, and rabbit for animal models of meniscus
repair. J. Orthop. Res. 27 (9), 1197–1203. doi:10.1002/jor.20869

Cho, W. J., Kim, J. M., Lee, B. S., Kim, H. J., and Bin, S. I. (2019). Discoid lateral
meniscus: A simple horizontal tear was associated with less articular cartilage
degeneration compared to other types of tear. Knee Surg. Sports Traumatol.
Arthrosc. 27 (10), 3390–3395. doi:10.1007/s00167-019-05363-z

Civitarese, D., Donahue, T. L., Laprade, C. M., Saroki, A. J., Laprade, R. F., Schon,
J. M., et al. (2016). Qualitative and quantitative measurement of the anterior and
posterior meniscal root attachments of the New Zealand white rabbit. J. Exp. Orthop. 3
(1), 10. doi:10.1186/s40634-016-0046-4

Esrafilian, A., Stenroth, L., Mononen, M. E., Vartiainen, P., Tanska, P., Karjalainen, P.
A., et al. (2022). Toward tailored rehabilitation by implementation of a novel
musculoskeletal finite element analysis pipeline. IEEE Trans. Neural Syst.
Rehabilitation Eng. 30, 789–802. doi:10.1109/TNSRE.2022.3159685

Feucht, M. J., Salzmann, G. M., Bode, G., Pestka, J. M., Kühle, J., Südkamp, N. P., et al.
(2015). Posterior root tears of the lateral meniscus. Knee Surg. Sports Traumatol.
Arthrosc. 23 (1), 119–125. doi:10.1007/s00167-014-2904-x

Gushue, D. L., Houck, J., and Lerner, A. L. (2005). Rabbit knee joint biomechanics:
Motion analysis and modeling of forces during hopping. J. Orthop. Res. 23 (4), 735–742.
doi:10.1016/j.orthres.2005.01.005

Haemer, J. M., Wang, M. J., Carter, D. R., and Giori, N. J. (2007). Benefit of single-leaf
resection for horizontal meniscus tear. Clin. Orthop. Relat. Res. 457 (457), 194–202.
doi:10.1097/BLO.0b013e3180303b5c

Herrlin, S. V., Wange, P. O., Lapidus, G., Hållander, M., Werner, S., and
Weidenhielm, L. (2013). Suzanne werner, lars weidenhielm. Is arthroscopic surgery
beneficial in treating non-traumatic, degenerative medial meniscal tears? A five year
follow-up. Knee Surg. Sports Traumatol. Arthrosc. 21 (2), 358–364. doi:10.1007/s00167-
012-1960-3

Jiang, D., Luo, X., Ao, Y., Gong, X., Wang, Y. J., Wang, H. J., et al. (2017). Risk of total/
subtotal meniscectomy for respective medial and lateral meniscus injury: Correlation
with tear type, duration of complaint, age, gender and ACL rupture in 6034 asian
patients. BMC Surg. 17 (1), 127. doi:10.1186/s12893-017-0324-9

Jiang, D., Zhang, Z. Z., Zhao, F., Wang, S. J., Qi, Y. S., Zhao, L. H., et al. (2018). The
radiated deep-frozen xenogenic meniscal tissue regenerated the total meniscus with
chondroprotection. Sci. Rep. 8 (1), 9041. doi:10.1038/s41598-018-27016-w

Kani, K. K., Porrino, J. A., and Chew, F. S. (2021). Meniscal allograft transplantation:
A pictorial review. Curr. Problems Diagnostic Radiology 51 (5), 779–786. doi:10.1067/j.
cpradiol.2021.09.008

Kedgley, A. E., Saw, T. H., Segal, N. A., Hansen, U. N., Bull, A. M. J., and Masouros, S.
D. (2019). Predicting meniscal tear stability across knee-joint flexion using finite-
element analysis. Knee Surg. Sports Traumatol. Arthrosc. 27 (1), 206–214. doi:10.1007/
s00167-018-5090-4

Koh, J. L., Yi, S. J., Ren, Y., Zimmerman, T. A., and Zhang, L. Q. (2016). Tibiofemoral
contact mechanics with horizontal cleavage tear and resection of the medial meniscus in
the human knee. J. Bone & Jt. Surg. Am. Volume 98 (21), 1829–1836. doi:10.2106/JBJS.
16.00214

Kurzweil, P. R., Cannon, W. D., and Dehaven, K. E. (2018). Meniscus repair and
replacement. Sports Med. Arthrosc. Rev. 26 (4), 160–164. doi:10.1097/JSA.
0000000000000224

Kurzweil, P. R., Lynch, N. M., Coleman, S., and Kearney, B. (2014). Repair of
horizontal meniscus tears: A systematic review. Arthrosc. J. Arthrosc. Relat. Surg. 30
(11), 1513–1519. doi:10.1016/j.arthro.2014.05.038

Lau, B. C., Conway, D., Mulvihill, J., Zhang, A. Z., and Feeley, B. T. (2018).
Biomechanical consequences of meniscal tear, partial meniscectomy, and meniscal
repair in the knee. Jbjs Rev. 1, e3. doi:10.2106/JBJS.RVW.17.00125

Lee, S. W., Chun, Y. M., Choi, C. H., Kim, S. J., Jung, M., Han, J. W., et al. (2016).
Single-leaf partial meniscectomy in extensive horizontal tears of the discoid lateral
meniscus: Does decreased peripheral meniscal thickness affect outcomes? (Mean four-
year follow-up). Knee 23 (3), 472–477. doi:10.1016/j.knee.2015.11.019

Li, L., Yang, L., Zhang, K., Zhu, L., Wang, X., and Jiang, Q. (2020). Three-dimensional
finite-element analysis of aggravating medial meniscus tears on knee osteoarthritis.
J. Orthop. Transl. 20, 47–55. doi:10.1016/j.jot.2019.06.007

Liu,W., Sun, X., Liu, W., Liu, H., Zhai, H. Y., Zhang, D. D., et al. (2022). Finite element
study of a partial meniscectomy of a complete discoid lateral meniscus in adults. Med.
Eng. Phys. 107, 103855. doi:10.1016/j.medengphy.2022.103855

Frontiers in Bioengineering and Biotechnology frontiersin.org08

Xue et al. 10.3389/fbioe.2023.1164922

https://doi.org/10.1007/s00167-014-2931-7
https://doi.org/10.1016/0021-9290(90)90171-X
https://doi.org/10.1016/j.arthro.2016.09.004
https://doi.org/10.2106/JBJS.I.00539
https://doi.org/10.1097/jsa.0000000000000301
https://doi.org/10.1097/jsa.0000000000000301
https://doi.org/10.1016/j.biomaterials.2009.08.026
https://doi.org/10.1177/0363546515623782
https://doi.org/10.1002/jor.20869
https://doi.org/10.1007/s00167-019-05363-z
https://doi.org/10.1186/s40634-016-0046-4
https://doi.org/10.1109/TNSRE.2022.3159685
https://doi.org/10.1007/s00167-014-2904-x
https://doi.org/10.1016/j.orthres.2005.01.005
https://doi.org/10.1097/BLO.0b013e3180303b5c
https://doi.org/10.1007/s00167-012-1960-3
https://doi.org/10.1007/s00167-012-1960-3
https://doi.org/10.1186/s12893-017-0324-9
https://doi.org/10.1038/s41598-018-27016-w
https://doi.org/10.1067/j.cpradiol.2021.09.008
https://doi.org/10.1067/j.cpradiol.2021.09.008
https://doi.org/10.1007/s00167-018-5090-4
https://doi.org/10.1007/s00167-018-5090-4
https://doi.org/10.2106/JBJS.16.00214
https://doi.org/10.2106/JBJS.16.00214
https://doi.org/10.1097/JSA.0000000000000224
https://doi.org/10.1097/JSA.0000000000000224
https://doi.org/10.1016/j.arthro.2014.05.038
https://doi.org/10.2106/JBJS.RVW.17.00125
https://doi.org/10.1016/j.knee.2015.11.019
https://doi.org/10.1016/j.jot.2019.06.007
https://doi.org/10.1016/j.medengphy.2022.103855
https://www.frontiersin.org/journals/bioengineering-and-biotechnology
https://www.frontiersin.org
https://doi.org/10.3389/fbioe.2023.1164922


Mansour, J. M., Wentorf, F. A., and Degoede, K. M. (1998). In vivo kinematics of the
rabbit knee in unstable models of osteoarthrosis. Ann. Biomed. Eng. 26 (3), 353–360.
doi:10.1114/1.133

Messner, K., Fahlgren, A., Ross, I., and Andersson, B. (2000). Simultaneous changes in
bone mineral density and articular cartilage in a rabbit meniscectomy model of knee
osteoarthrosis. Osteoarthr. Cartil. 8 (3), 197–206. doi:10.1053/joca.1999.0290

Narita, A., Takahara, M., Sato, D., Ogino, T., Fukushima, S., Yu, K., et al. (2012).
Biodegradable gelatin hydrogels incorporating fibroblast growth factor 2 promote
healing of horizontal tears in rabbit meniscus. Arthroscopy 28 (2), 255–263. doi:10.
1016/j.arthro.2011.08.294

Ogawa, H., Matsumoto, K., Sengoku, M., Yoshioka, H., and Akiyama, H. (2020).
Arthroscopic repair of horizontal cleavage meniscus tears provides good clinical
outcomes in spite of poor meniscus healing. Knee Surg. Sports Traumatol. Arthrosc.
28 (11), 3474–3480. doi:10.1007/s00167-019-05782-y

Ozeki, N., Koga, H., and Sekiya, I. (2022). Degenerative meniscus in knee
osteoarthritis: From pathology to treatment. Life 12 (4), 603. doi:10.3390/life12040603

Patsch, C., Dirisamer, F., and Schewe, B. (2021). Relevance of meniscus loss for the
progression of osteoarthritis and treatment options for early arthritis. Der Orthopade 50
(5), 366–372. doi:10.1007/s00132-021-04101-z

Posadzy, M., Joseph, G. B., McCulloch, C. E., Nevitt, M. C., Lynch, J. A., Lane, N. E.,
et al. (2020). Natural history of new horizontal meniscal tears in individuals at risk for
and with mild to moderate osteoarthritis: Data from osteoarthritis initiative. Eur.
Radiol. 30 (11), 5971–5980. doi:10.1007/s00330-020-06960-0

Roland, W. M., Wirt, D., James, S., Mark, M., Jack, B., Michaael, M., et al. (1973).
Experimentally induced degenerative joint lesions following partial meniscectomy in
the rabbit. Arthritis & Rheumatology 16 (3), 397–405. doi:10.1002/art.1780160317

Seil, R., and Pape, D. (2010). “Meniscal repair: Biomechanics,” in The meniscus.
Editors P. Beaufils, and R. Verdonk (Berlin, Heidelberg: Springer). doi:10.1007/978-3-
642-02450-4_15

Shanmugaraj, A., Tejpal, T., Ekhtiari, S., Gohal, C., Bhandari, M., Hanson, B., et al.
(2019). The repair of horizontal cleavage tears yields higher complication rates
compared to meniscectomy: A systematic review. Knee Surg. Sports Traumatol.
Arthrosc. 28 (1), 915–925. doi:10.1007/s00167-019-05557-5

Sung, J. H., Ha, J. K., Lee, D. W., Seo, W. Y., and Kim, J. G. (2013). Meniscal extrusion
and spontaneous osteonecrosis with root tear of medial meniscus: Comparison with
horizontal tear. Arthroscopy 29 (4), 726–732. doi:10.1016/j.arthro.2012.11.016

Sweigart, M. A., and Athanasiou, K. A. (2005). Tensile and compressive properties of
the medial rabbit meniscus. Proc. Institution Mech. Eng. Part H J. Eng. Med. 219 (5),
337–347. doi:10.1243/095441105X34329

Tan, Z. W., Wang, B. A., Yao, Y. M., Chen, J. L., Duan, X., Liu, M., et al. (2020). Finite
element analysis of cartilage stress of rabbits in the knee joints and establishment of a
model for cartilage defects in different weight-bearing sites. J. biomaterials tissue Eng. 10
(6), 757–762. doi:10.1166/jbt.2020.2326

Wang, S., Hase, K., Kita, S., and Ogaya, S. (2022). Biomechanical effects of medial
meniscus radial tears on the knee joint during gait: A concurrent finite element
musculoskeletal framework investigation. Front. Bioeng. Biotechnol. 10, 957435.
doi:10.3389/fbioe.2022.957435

Yang,W. Z., Shi, T., Du, H. B., and Yan, G. H. (2021). Effect of arthroscopic operation
on meniscus injury of knee joint and functional recovery of patients. Med. Forum 25
(10), 3. [in chinese]. doi:10.19435/j.1672-1721.2021.10.036

Yim, J. H., Seon, J. K., Song, E. K., Choi, J. I., Kim, M. C., Lee, K. B., et al. (2013). A
comparative study of meniscectomy and nonoperative treatment for degenerative
horizontal tears of the medial meniscus. Am. J. Sports Med. 41 (7), 1565–1570.
doi:10.1177/0363546513488518

Zhang, K., Li, L., Yang, L., Shi, J., Zhu, L. Y., Liang, H. X., et al. (2019). Effect of
degenerative and radial tears of the meniscus and resultant meniscectomy on the knee
joint: A finite element analysis. J. Orthop. Transl. 18, 20–31. doi:10.1016/j.jot.2018.
12.004

Zhang, X. H., Yuan, S., Wang, J., Liao, B. G., and Liang, D. (2021). Biomechanical
characteristics of tibio-femoral joint after partial medial meniscectomy in different
flexion angles: A finite element analysis. BMCMusculoskelet. Disord. 22 (1), 322. doi:10.
1186/s12891-021-04187-8

Zhang, Z. Z., Jiang, D.,Wang, S. J., Qi, Y. S., Zhang, J. Y., and Yu, J. K. (2015). Potential
of centrifugal seeding method in improving cells distribution and proliferation on
demineralized cancellous bone scaffolds for tissue-engineered meniscus. ACS Appl.
Mater Interfaces 7 (28), 15294–15302. doi:10.1021/acsami.5b03129

Frontiers in Bioengineering and Biotechnology frontiersin.org09

Xue et al. 10.3389/fbioe.2023.1164922

https://doi.org/10.1114/1.133
https://doi.org/10.1053/joca.1999.0290
https://doi.org/10.1016/j.arthro.2011.08.294
https://doi.org/10.1016/j.arthro.2011.08.294
https://doi.org/10.1007/s00167-019-05782-y
https://doi.org/10.3390/life12040603
https://doi.org/10.1007/s00132-021-04101-z
https://doi.org/10.1007/s00330-020-06960-0
https://doi.org/10.1002/art.1780160317
https://doi.org/10.1007/978-3-642-02450-4_15
https://doi.org/10.1007/978-3-642-02450-4_15
https://doi.org/10.1007/s00167-019-05557-5
https://doi.org/10.1016/j.arthro.2012.11.016
https://doi.org/10.1243/095441105X34329
https://doi.org/10.1166/jbt.2020.2326
https://doi.org/10.3389/fbioe.2022.957435
https://doi.org/10.19435/j.1672-1721.2021.10.036
https://doi.org/10.1177/0363546513488518
https://doi.org/10.1016/j.jot.2018.12.004
https://doi.org/10.1016/j.jot.2018.12.004
https://doi.org/10.1186/s12891-021-04187-8
https://doi.org/10.1186/s12891-021-04187-8
https://doi.org/10.1021/acsami.5b03129
https://www.frontiersin.org/journals/bioengineering-and-biotechnology
https://www.frontiersin.org
https://doi.org/10.3389/fbioe.2023.1164922

	Biomechanical effects of the medial meniscus horizontal tear and the resection strategy on the rabbit knee joint under rest ...
	1 Introduction
	2 Materials and methods
	3 Results
	3.1 Axial load
	3.2 Maximum von Mises stress
	3.3 Maximum contact pressure and contact area
	3.4 Meniscal displacement

	4 Discussion
	5 Conclusion
	Data availability statement
	Ethics statement
	Author contributions
	Funding
	Conflict of interest
	Publisher’s note
	References


