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Background: Although both meniscus extrusion and changes in three-dimensional (3D) bone morphology
are associated with the progression of knee osteoarthritis (KOA), it is currently unclear whether 3D bone
morphology changes play a mediating role in the relationship between the medial meniscal extrusion (MME)
and KOA progression. The aim of this study was thus to examine whether 3D bone morphology mediates
the association between MME and the radiographic progression of KOA.

Methods: The participants in this study were drawn from the Osteoarthritis Initiative (OAI). The control
group consisted of participants with an MME score <2 at baseline and 24 months, while the case group
consisted of participants with an MME score >2 at baseline and 24 months. Radiological progression was
defined as a reduction in the minimum width of the medial tibiofemoral joint space 0.7 mm. We analyzed
the clinical covariates, 3D bone morphology at baseline and bone morphology changes at 24 months.
Logistic regression was used to estimate the association between MME and the progression of KOA, and
the mediating effect of bone morphology on the relationship between MME and KOA progression was
estimated using multiple mediation analysis.

Results: A total of 537 participants were evaluated, including 216 cases and 321 controls. The participants
in the case group exhibited more severe radiographic OA features. The progression rate of KOA was
significantly higher in the case group than in the control group (61.11% wvs. 34.89%; P<0.001). Multivariate
regression analysis indicated a statistically significant correlation between MME and KOA progression
(adjusted odds ratio =1.61; 95% confidence interval: 1.01-2.57; P=0.044). Changes in 3D bone morphology
accounted for 31.2% of the total effect on KOA progression.

Conclusions: Changes in 3D bone morphology mediate the association between MME and the
progression of KOA.
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Introduction

Osteoarthritis (OA) is a leading cause of pain, activity
restriction, and chronic disability, with a global prevalence
of >7% (528 million people) (1). Although there are
significant differences in the incidence and years lived with
disability of individuals with OA across different counties,
the burden is increasing in most of the world (2). The knee
is one of the most commonly affected sites of OA, and the
pathological process of the occurrence and development
of knee osteoarthritis (KOA) is complex. Moreover, the
pathogenesis of KOA remains unclear due to the numerous
risk factors that contribute to KOA (3).

The meniscus plays a role in transferring and absorbing
loads, reducing stress and friction, and maintaining knee
joint stability during knee movements (4). Early studies
found that meniscus lesions are strongly associated with
KOA and that meniscus injury or degeneration may initiate
or accelerate the pathological cascade leading to OA (5).
After axial loading, the meniscus flattens, converting axial
stress into annular tension, and in this process, the meniscus
is squeezed to produce a certain degree of mobility. Meniscal
extrusion (ME) occurs when the meniscus body margin
(middle meniscus) exceeds 3 mm or beyond the outside of
the tibial plateau margin (ME grade >2) (6,7). Studies have
shown that medial meniscal extrusion (MME) is closely
related to the progression of KOA, which may accelerate
the occurrence and development of OA (8), and that
MME can predict the structural progression of KOA (9).
In studies with a follow-up of >30 months, meniscus volume
and degree of extrusion at baseline were associated with
radiological OA in middle-aged obese women (10,11).
Thus, MME may be a target for the prevention of KOA
progression (12).

MME decreases the tibiofemoral contact area,
resulting in increased localized stress, which contributes
to pathological changes in cartilage and subchondral bone
(13-15). Edologically, changes in subchondral bone structure
may respond to both mechanical load and adaptation to
endochondral ossification. These processes will lead to the
expansion and shape alteration of the metaphysis of the
proximal tibia and distal femur (16). One study reported
that MME can predict an increase in subchondral bone
lesions and tibial plateau bone expansion in KOA, with
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subchondral bone changes being an early consequence of
MME (17). The authors of the study reported that MME
leads to cartilage defects, with endochondral ossification
being associated with cartilage loss (17). MME may be a
structural risk factor for the development of tibiofemoral
osteophytes (18). It is worth noting that a few recent studies
have proposed MME to be caused by the stretching and
displacement of the coronary ligament compressed by
osteophytes (15,19). However, these studies were all cross-
sectional in design, and there is no direct evidence that
osteophytes cause MME (19). Although magnetic resonance
imaging (MRI) studies have reported increases in tibial
plateau size and alterations in bone surface profiles, these
findings do not comprehensively capture the spectrum and
complexity of bone shape changes that occur in KOA (20).
Three-dimensional (3D) bone morphology has the
potential to extract more detailed shape features as
compared with the two-dimensional (2D) version (21).
Statistical shape modeling (SSM) is a form of supervised
machine learning that helps parameterize complex 3D
anatomical shapes, such as the shape of the knee (22). The
3D bone morphology constructed using SSM can calculate
subtle shape changes related to KOA, thereby improving
sensitivity and enabling quantitative changes in the knee
joint after the onset of KOA (21). The changes in 3D bone
morphology have been shown to predict the radiographic
onset of KOA (21) and to discriminate knees with OA from
non-OA knees (23); consequently, they have been employed
as endpoints in clinical trials on disease-modifying OA
drugs (24). Accordingly, in this study, we hypothesized that
bone morphology changes mediate the association between
MME and KOA radiographic progression. To eliminate any
potential influence of these bone morphological changes
on MME, we maintained the severity of MME across the
control group and case group. Three-dimensional bone
morphology changes may serve as a valuable indicator for
assessing the necessity of early intervention of KOA in cases
of MME.

Specifically, the purpose of our study was to evaluate the
potential mediating effect of bone morphology at baseline
and the changes in bone morphology from baseline to
24 months of follow-up on the association between MME
and KOA progression. Additionally, we sought to clarify
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the relationship between MME and bone morphological
changes during KOA progression. Mediation analysis was
used to investigate the causal sequence through which MME
causes changes in 3D bone morphology and through which
changes in 3D bone morphology cause KOA progression.
Finally, we assessed the total mediating effect of the changes
in 3D bone morphology on the association between MME
and the progression of KOA from baseline to 24, 36, and
48 months. We present this article in accordance with the
STROBE reporting checklist (available at https://qims.
amegroups.com/article/view/10.21037/qims-24-1056/rc).

Methods
Study participants

The Osteoarthritis Initiative (OAI) study included men and
women aged 45-79 years with or at risk of symptomatic
knee OA (25). The Foundation for the National Institute
of Health (FNIH) Osteoarthritis Biomarkers Consortium
is a subset of the OAI database that is a publicly available
and includes the demographics, health history, subjective
knee symptoms, biochemical biomarkers and imaging
measurements of knee Kellgren-Lawrence grade (KLG),
joint space, bone morphology, and cartilage injury from
a series of 600 prospectively enrolled participants (26)
(Appendix 1). The participants of our study were obtained
from the FNIH Osteoarthritis Biomarkers Consortium
database. Figure 1 shows the representative knee magnetic
resonance (MR) images with different severities of MME.
The inclusion criterion for the control group for this
study was participants with MME grade <2 at baseline and
at the 24-month follow-up according to MRI (Figure 2).
Meanwhile, the exclusion criteria were as follows: (I) no
evaluation of ME and (I) no complete MRI Osteoarthritis
Knee Score (MOAKS) available at baseline (Figure 2).
The MOAKS of participants in this study can be freely
obtained from the FNIH database online (https://nda.
nih.gov/oai). The clinical variables of the participants at
baseline included age, sex, trauma history, body mass index
(BMI), the minimum joint space width (minJSW) of the
medial tibiofemoral joint compartment, KLG, Western
Ontario and McMaster Universities Osteoarthritis Index
(WOMAC) pain score, and WOMAC disability score
(16,26). Radiographic progression was defined as a loss
in medial minJSW of >0.7 mm from baseline to 24, 36,
or 48 months (Figure 3). This threshold was established
based on the distribution of changes in min]SW observed
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over a 12-month period in normal knees from healthy
reference participants in the OAI study. It was estimated
to correspond to a 10% probability of change attributable
to measurement error (27). This study was conducted in
accordance with the Declaration of Helsinki (as revised in
2013). The Medical Ethics Review Board of the University
of California, San Francisco (approval No. 10-00532), and
the four clinical centers of Osteoarthritis Initiative Project
recognized this study as Health Insurance Portability and
Accountability Act (HIPAA)-compliant. All participants

provided written informed consent.

MR image acquisition and quantitative measurement

MRI was performed using 3.0-Tesla MRI systems (Trio;
Siemens Healthineers, Erlangen, Germany). The pulse
sequence protocol included 2D coronal intermediate-
weighted (IW) turbo spin echo, 3D sagittal dual-
echo steady-state (DESS), coronal and axial multiplane
recombination, and sagittal IW fatty saturated turbo spin
echo (TSE) sequences (28). MOAKS is a semiquantitative
scoring tool that was developed from the Whole Organ
Magnetic Resonance Imaging Score (WORMS) and Boston
Leeds Osteoarthritis Knee Score (BLOKS) measures.
MOAKS has been shown to have very good to excellent
reliability (6). MOAKS is used to evaluate the cartilage,
bone marrow, meniscus, osteophytes, synovitis, edema,
and the cruciate ligament of patients with KOA (6). The
acquired images were assessed through MOAKS at baseline
and 24 months and consisted of items including the
meniscus injury score, whether the meniscus was extruded,
whether the posterior root of the meniscus was torn, and
whether the bone marrow was injured (6,29). There were a
total of 12 parameters for bone morphology, including the
area of the medial/lateral femur, medial/lateral tibia, medial/
lateral femoral trochlea, medial/lateral patella, and notch
(intercondylar spine); the shape vectors of the tibia, femur,
and patella at baseline; and the changes in bone morphology
from baseline to 24 months.

The measurement of 3D bone morphology has been
previously described (16). The bone morphology on 3D
MRI was reconstructed using active appearance models
(AAMs). AAMs are a form of the SSM method and learn
the changes in object shape and gray texture from the
training set and encode shape and appearance as principal
components. AAMs of the femur, tibia, and patella were
constructed by using a training set of 96 knee MRI DESS
water-excitation sequences including various KL.Gs. In the
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Figure 1 Coronal reformat MRI slice showing the extrusion of the medial meniscus. (A) Grade 0 (maximal medial meniscal extrusion

<2 mm). (B) Grade 1 (maximal medial meniscal extrusion 2-2.9 mm). (C) Grade 2 (maximal medial meniscal extrusion 3-4.9 mm). (D)

Grade 3 (maximal medial meniscal extrusion >5 mm). The red arrow delineates the medial meniscal extrusion for each case. MRI, magnetic

resonance imaging.

process of model training, the principal components are
added to make the model account for 98% of variance in
the shape data from the training set. In order to achieve
this goal, the final femoral shape included 69 principal
components, tibia shape included 66, and patella shape
included 59. Using linear discriminant analysis (LDA) to
identify the principal components in this shape space could
distinguish vectors of different groups (such as non-OA
and OA). The distance along the vector was normalized by
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treating the mean non-OA shape as —1 and the mean OA
shape as +1. Extreme examples of OA and non-OA shape
were created by finding the points at -3 standard deviation
(SD) of the OA and +3 SD of the non-OA groups on a line
passing through the means of the OA and non-OA groups
and were examined using a 3D viewer (Imorphics Ltd.,
Manchester, UK). AAMS analysis was applied to generate
bone morphology, which was represented by the principal
components from 3D MR images of the participants in this
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Figure 2 Flowchart of the selection of study participants from the FNIH Osteoarthritis Biomarkers Consortium study. Solid arrows

represent participants included in our case-control cohort, whereas dashed arrows and circular nodes represent participants excluded from

our case-control cohort. FNIH, The Foundation for the National Institute of Health; MOAKS, Magnetic Resonance Imaging Osteoarthritis

Knee Score.
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Figure 3 Schematic diagram for assessments conducted at baseline, 24 months (including MRI assessment for 24-month interval changes in

bone morphological and radiographic progression), 36 months, and 48 months (including radiographic progression). 3D, three-dimensional;

KOA, knee osteoarthritis; MOAKS, Magnetic Resonance Imaging Osteoarthritis Knee Score; MRI, magnetic resonance imaging.

study. The femur, tibia, and principal components were
sequentially projected onto LDA vectors, and the vectors
are obtained based on the distance from the mean OA or
mean non-OA (21,26) (Figure S1).

Statistical analysis

Continuous variables are expressed as the mean = SD,
while categorical variables are expressed as numbers and
percentages. The demographic and clinical characteristics
of the participants at baseline were compared using the
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independent samples 7-test or the Mann-Whitney test and
Chi-squared test. Logistic regression was used to evaluate
the risk factors for KOA progression (no radiographic
progression =0, radiographic progression =1), adjusted for
age, sex, BMI, KLG, injury, minJ]SW, WOMAC pain score,
and WOMAC disability score (16,26). Responsiveness was
measured using the standardized response mean (SRM;
SRM = mean change/standard deviation of change) of
3D bone morphology. The R “mediation” package was
employed to assess the simple mediation effects of each
bone morphology on the association between MME and
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Parameter Control (n=321) Case (n=216) P value
BMI (kg/m?) 30.48+4.76 30.70+4.73 0.802
Age (years) 60.45+8.70 63.33+9.11 <0.001
WOMAC pain score 7.93+10.29 9.79+11.27 0.021
WOMAC disability score 10.93+14.79 14.05+16.85 0.037
mindSW (mm) 4.20+1.09 3.13+£0.94 <0.001
KLG <0.001

1 48 (14.33) 12 (5.56)

2 208 (64.80) 64 (29.63)

3 67 (20.87) 140 (64.81)
Knee injury 101 (31.46) 92 (42.59) 0.005
Female 196 (61.06) 120 (55.56) 0.204
Right knee 182 (56.70) 109 (50.46) 0.155

Data are presented as the mean + standard deviation or n (%). BMI, body mass index; KLG, Kellgren-Lawrence grade; mindSW, minimum
joint space width; WOMAC, Western Ontario and McMaster Universities Osteoarthritis Index.

KOA progression. The R “lavaan” package was employed
to assess the multiple mediating effects of bone morphology
on the association between MME and KOA progression.
Statistical significance was set at a two-sided P value <0.05.
Data analysis was conducted via SPSS version 22.0 (IBM
Corp., Armonk, NY, USA), Empower (R) (X & Y Solutions,
Inc., Boston, MA, USA; http://www.empowerstats. com),
and R 4.2.2 (http://www.Rproject.org).

Results

Participants characteristics and MOAKS analysis at
baseline

A total of 537 of the initial 600 participants were included
in the study, with 321 and 216 participants in the control
and case groups, respectively (Figure 2). The baseline
characteristics are provided in 7able 1. Participants in the
control and case cohort were matched in terms of their
baseline characteristics including BMI [mean (SD): 30.48
(4.76) vs. 30.70 (4.73) kg/m’; P=0.802] and female gender
[n (%): 196 (61.06%) vs. 120 (55.56%); P=0.204]. In
participants with MME, there was a higher WOMAC pain
score [mean (SD): 9.79 (11.27) vs. 7.93 (10.29); P=0.021]
and WOMAC disability score [mean (SD): 14.05 (16.85)
vs. 10.93 (14.79); P=0.037], higher prevalence of knee
injury (42.59% vs. 31.46%; P=0.005), higher KLG (KLG
3; 64.81% vs. 20.87%; P<0.001), and higher minJSW
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[mean (SD): 3.13 (0.94) vs. 4.20 (1.09) mm; P<0.001]. In the
analysis of the baseline MOAKS, participants with MME
had a greater number of subregions with at least one focal
abnormality in the assessment of cartilage surface area
[mean (SD): 5.90 (2.22) vs. 4.15 (2.09); P<0.001], greater
number of subregions with at least one lesion [mean (SD):
1.58 (0.59) vs. 1.39 (0.49); P<0.001], and greater number
of osteophytes [mean (SD): 7.72 (3.37) vs. 5.88 (3.72);
P<0.001]. Participants in the case group showed severe
radiological OA characteristics (Table S1).

Association between MME and KOA progression

During the follow-up period, KOA progression in the case
group was significantly higher than that in the control
group (61.11% vs. 34.89%; P<0.001). Univariate regression
analysis adjusted for clinical factors showed that MME at
baseline was significantly corelated with KOA progression
[odds ratio (OR) =2.60; 95% confidence interval (CI): 1.72—
3.93]. Multivariate regression analysis also showed that
MME correlated with KOA progression (OR =1.61; 95%
CI: 1.01-2.57) (Tables S2,S3).

Association between bone morphological changes and KOA
progression

Adjusted logistic regression analysis showed that the medial
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Table 2 Associations of each one unit increase in bone morphology at baseline and the change in bone morphology from baseline to 24 months

with the progression of KOA

Baseline 24 months
Bone morphology
OR 95% ClI P value OR 95% ClI P value
Medial area
Femur 1.09 0.83-1.45 0.531 2.15 1.70-2.71 <0.001
Tibia 1.05 0.77-1.94 0.771 1.57 1.29-1.91 <0.001
Patella 1.29 1.02-1.64 0.036 1.28 1.06-1.55 0.009
Trochlea 1.05 0.80-1.38 0.708 1.79 1.44-2.20 <0.001
Lateral area
Femur 1.08 0.80-1.45 0.612 1.17 0.98-1.40 0.090
Tibia 0.98 0.73-1.31 0.869 1.64 1.34-1.91 <0.001
Patella 1.26 0.99-1.60 0.061 1.37 1.13-1.67 <0.001
Trochlea 0.97 0.74-1.27 0.820 1.45 1.20-1.75 <0.001
Notch 1.02 0.81-1.30 0.859 1.49 1.23-1.81 <0.001
Shape (vector)
Femur 1.30 1.05-1.61 0.015 2.11 1.69-2.64 <0.001
Tibia 1.31 1.07-1.59 0.008 1.58 1.30-1.92 <0.001
Patella 1.31 1.08-1.59 0.006 1.16 0.97-1.40 0.106

Bone morphology includes the surface areas of the medial/lateral tibia, medial/lateral femur, medial/lateral patella, medial/lateral trochlea,
and notch; bone shape vector includes the femur, tibia, and patella. OR adjusted for age, sex, BMI, history of injury, mindSW, KLG,
WOMAC pain score, and WOMAC disability score. BMI, body mass index; Cl, confidence interval; KLG, Kellgren-Lawrence grade;
KOA, knee osteoarthritis; mindSW, minimum joint space width; OR, odds ratio; WOMAC, Western Ontario and McMaster Universities

Osteoarthritis Index.

patellar area (OR =1.29; 95% CI: 1.02-1.64), femoral
vector (OR =1.30; 95% CI: 1.05-1.61), tibial vector (OR
=1.31; 95% CI: 1.07-1.59), and patellar vector (OR =1.31,
95% CI:1.08-1.59) were correlated with the progression of
KOA at baseline. Only changes in the lateral femoral area
(OR =1.17; 95% CI: 0.98-1.40) and patellar vector (OR
=1.16, 95% CI: 0.97-1.40) were not corelated with KOA
progression, while the other bone morphological changes
were (OR =1.28-2.15) (Table 2).

Association between MME and bone morphological changes

At baseline, except for the area of the lateral trochlea and
notch, there was no statistical difference between the case
group and the control group. The bone surface area of
the case group was significantly higher than that of the
control group, while the shape vector of the case group
was significantly lower than that of the control group

© AME Publishing Company.

(P<0.05). At 24-month follow-up, except for the changes
in lateral/medial patella area and lateral tibia area, all bone
morphological changes in the case group were higher than
those in the control group (P<0.05). The changes in the
femoral vector and tibial vector observed in the case group
were significantly lower than those recorded in the control
group. (Table 3). The lower the vector value was, the more
pronounced the severity of KOA (Figure S1). The SRMs of
bone morphology in the case group were higher than those
in the control group.

The mediation effect of 3D bone morphology between
MME and KOA progression

The estimation of mediating effects showed that bone
morphology at baseline did not mediate the effect of MME
on KOA progression (Table S4). The mediating proportion
of the change in the medial femur area was 22.53% (95%
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Table 3 Relationship between bone morphology at baseline, the changes in bone morphology at 24-month follow-up, and the progression

of KOA

Bone morphology

Medial area (mm?)
Femur
Tibia
Patella
Trochlea
Lateral area (mm?)
Femur
Tibia
Patella
Trochlea
Notch area (mm?
Shape (vector)
Femur
Tibia

Patella

Baseline Change at 24 months SRM
Control Case P value Control Case P value Control vs. case

2,400.14+365.57  2,504.71+416.96 0.004 19.39+32.01 40.49+45.69  <0.001 0.61 vs. 0.89
1,164.04+187.53 1,215.82+207.01 0.003 10.39+18.17  19.06+22.51  <0.001 0.57 vs. 0.85
541.49+85.03 563.13+94.92 0.019 4.72+14.82 6.83+17.33 0.133 0.32 vs. 0.39
682.38+102.06 706.44+114.12 0.014 7.36+9.98 13.07+14.77 <0.001 0.74 vs. 0.88
1,710.82+292.37 1,772.65+£320.27 0.034 3.86+31.56 10.46+38.59 0.031 0.12vs. 0.27
915.61+146.07 945.70+162.24 0.047 7.19+13.03 8.86+15.60 0.180 0.55 vs. 0.57
692.17+113.39 719.34+123.68 0.024 6.41+19.71 9.09+20.50 0.128 0.33 vs. 0.44
1,472.09+202.53 1,509.91+241.41 0.131 6.72+15.90 9.44+16.97 0.038 0.42 vs. 0.56
1,261.64+183.55 1,287.07+£199.42 0.206 7.30+20.41 17.06+26.40  <0.001 0.36 vs. 0.65
0.12+1.15 —-0.55+1.24 <0.001 -0.14+0.22 -0.27+0.31 <0.001 0.64 vs. 0.87
0.13+1.07 -0.68+1.24 <0.001 -0.18+0.38 -0.27+0.43 0.013 0.47 vs. 0.63
-0.05+1.66 -0.59+1.66 <0.001 -0.16+0.64 -0.24+0.67 0.179 0.25vs. 0.36

Data are presented as the mean + standard deviation. KOA, knee osteoarthritis; SRM, standardized response mean (SRM = mean change/

standard deviation of change).

CI: 10.30-24.66%), that in the medial tibial area was
13.02% (95% CI: 4.39-28.67%), that in the medial femoral
trochlea region was 18.55% (95% CI: 7.85-36.49%), that
in the notch area was 10.20% (95% CI: 2.06-23.25%), that
in the in the femoral bone shape vector was 26.67% (95%
CI: 9.82-42.90%), and that in the tibial bone shape vector
was 8.59% (95% CI: -0.33% to 21.37%); however, the P
value was 0.054 (1able 4 and Table S4). Multiple mediation
analyses indicated that changes in bone morphology

accounted for 31.2% of the total effect on the progression
of KOA.

Discussion

After adjusting for potential confounding factors, we found
that MME was associated with the radiological progression
of KOAs. Participants in the case group had more severe
OA imaging features. Moreover, multiple mediation analysis
demonstrated that bone morphology changes mediated
approximately one-third of the association between MME

© AME Publishing Company.

and the radiological progression of KOA. Therefore, our
findings suggest that MME associated KOA progression is
partially associated with the changes in bone morphology.

Studies have demonstrated that MME is associated with
OA progression. MME is an important risk factor for early
KOP and has become a diagnostic tool for predicting early
OA (30,31). Lee er al. reported MME to be correlated
with OA severity (32). In our study, analysis of KLG and
MOAKS at baseline showed that KLG, osteophyte number,
bone marrow lesions, meniscus score, and cartilage injury
were higher in the case group than in the control group.
Our results further confirmed that MME is correlated with
KOA severity.

In this study, the radiographic progression rate of KOA
in the case group was 61.11%. The adjusted multivariate
regression analysis confirmed that MME was a risk factor
for the progression of KOA. The mechanism through
which MME accelerates KOA progression is complex.
MME not only accelerates cartilage injury and subchondral
bone marrow lesions but also accelerates the formation of
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Table 4 Mediation analysis of the change in bone morphology at
24 months on the association between MME and KOA progression

Proportion mediated (%)

Bone morphology P value
Estimate 95% ClI
Medial femur (area) 22.53 10.30t0 24.66 <0.001
Medial tibia (area) 13.02 4.39t028.67  0.004
Medial patella (area) 3.81 -0.82to12.54 0.126
Medial trochlea (area) 18.55 7.85t036.49 <0.001
Lateral femur (area) 1.75 -1.23t08.18 0.318
Lateral tibia (area) 6.57 -2.75t016.87 0.144
Lateral patella (area) 3.89 -1.54t013.16  0.172
Lateral trochlea (area) 4.37 -2.95t014.22 0.270
Notch (area) 10.20 2.06 to 23.25 0.004
Femur (vector) 26.67 9.821t042.90 <0.001
Tibia (vector) 8.59 -0.331t021.37 0.054
Patella (vector) 2.08 -1.23t09.36 0.260

Proportion mediated (%) = indirect effect/total effect x100%.
Cl, confidence interval; KOA, knee osteoarthritis; MME, medial
meniscal extrusion.

osteophytes and expansion of bone (17,18,33). Changes in
bone morphology are considered an early feature of OA
pathogenesis, which occurs before radiological changes in
KOA (21). Compared with radiological assessment of KOA,
bone morphology changes over time are more sensitive
(21,34). Bone morphology changes are mainly corelated
with the radiographic progression of KOA and weakly
correlated with the longitudinal progression of pain (16,35).
We calculated changes in bone morphology in the case
group after 24 months of follow-up and found that bone
morphological changes in the case group were higher than
those in the control group. In this study, except for the lateral
femoral area and patellar vector, all bone morphological
changes were associated with the progression of KO. The
odds ratio for the area and vector changes of the medial
femur and medial tibia were higher than those of the lateral
and patellar regions, and the correlation between bone
biomarkers (area and vector) for the medial femur and KOA
progression was stronger compared to those for the medial
tibia. A few studies have examined the relationship between
MME and the changes in bone morphology. MME may
simulate a condition similar to complete meniscectomy (36).
The loss of meniscus function leads to an increase in

© AME Publishing Company.

biomechanical stress in the subchondral bone (37). This
change in biomechanical load may lead to bone remodeling
and changes in bone shape (18). In their study, Wang ez 4.
found that MME indicated an increase in subchondral bone
injury and tibial plateau bone expansion in KO and that
subchondral bone changes were an early consequence of
MME (17).

According to other studies, MME is associated with
increased tibiofemoral cartilage volume loss (38,39).
Changes in subchondral bone structure during OA may
also respond to endochondral osteogenesis. Endochondral
ossifications can lead to metaphyseal expansion and shape
alteration (40). MME accelerates cartilage damage and then
promotes endochondral ossification to generate osteophytes,
which may be another reason for the bone morphological
changes caused by MME. Using T2 mapping, Hada er al.
found that medial tibial osteophytes were closely related
to MME in patients with early OA (15). The width of
the osteophyte was closely related to the MME, and the
absolute value of the correlation coefficient was 0.76 (41).
Other research suggests that MME may be caused by the
stretching and displacement of the meniscotibial ligament
(coronary ligament) being compressed by osteophytes
(15,19). However, most of the related studies were cross-
sectional in design, so no direct evidence indicating that
osteophytes cause MME has been obtained. The prevalence
of osteophytes in patients with early-stage KOA and the
association between osteophyte formation and MME remain
unclear (19). MME seems to a structural risk factor for the
development of tibiofemoral osteophytes (18). Osteophytes
only partially explain the increase in bone area (42);
therefore, further research is needed regarding the
relationship between MME and bone morphology.

In our longitudinal study, the grading of MME in
our case group and control group participants remained
unchanged, and the relationship between MME and bone
morphology during the progression of KOA was analyzed.
Our study further confirmed the association between MME
and bone morphological changes during KOA progression.
To the best of our knowledge, this study is the first to
examine whether changes in bone morphology mediate the
association between MME and KOA progression. In this
study, a simple mediation effect analysis showed that bone
morphology changes were significantly different between
MME and KOA progression and that bone morphology at
baseline had no moderating effect between MME and KOA
progression. Multiple mediation effects analysis showed that
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changes in bone morphology accounted for 31.2% of the
total effect of KOA progression. The total change in bone
morphology was a strong mediator of KOA progression.

This involved several limitations which should be
addressed. First, the definition of MME in this study was
based on a meniscus displacement of >3 mm, which does
not consider the differences in knee joint size. Therefore,
the proportion of meniscus displacements was not
considered. Define extrusion by dividing the displacement
of the outer edge of the tibial plateau by the percentage of
meniscus width may be more sensitive (43). Second, MRI of
the knee was performed under standard non-load-bearing
conditions, meaning that the load-bearing position, which
affects the degree of MME (44) and may exert a certain
impact on the grouping of meniscus displacement, was not
considered. Third, the 3D bone shape in this study was the
shape change of the entire bone, but changes in local areas
may be more sensitive (16).

Conclusions

Changes in bone morphology partially mediate the
association between MME and KOA progression.
Our findings indicate that MME contributes to KOA
progression by accelerating 3D bone morphological
changes.
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