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Objectives: To explore factors that were associated with meniscus volume in knees free of radiographic
osteoarthritis (OA) features and symptoms of OA.
Methods: In the third Rotterdam Study cohort, clinical, radiographic, and magnetic resonance data were
obtained at baseline (BL) and after 5 years of follow-up. Meniscus volumes and their change over time were
calculated after semi-automatic segmentation on Magnetic Resonance Imaging. Knees with radiographic OA
features (Kellgren and Lawrence > 0) or clinical diagnosis of OA (American College of Rheumatology) at BL
were excluded. Ten OA risk factors were adjusted in the multivariable analysis (generalized estimating
equations), treating two knees within subjects as repeated measurements.
Results: From 1065 knees (570 subjects), the average (standard deviation) age and Body mass index (BMI) of
included subjects were 54.3 (3.7) years and 26.5 (4.4) kg/m?. At BL, nine factors (varus alignment, higher
BMI, meniscus pathologies, meniscus extrusion, cartilage lesions, injury, greater physical activity level,
quadriceps muscle strength, and higher age) were significantly associated with greater meniscus volume.
Five factors (injury, meniscus pathologies, meniscus extrusion, higher age, and change of BMI) were sig-
nificantly associated with meniscus volume loss.
Conclusions: Modifiable factors (varus alignment, BMI, physical activity level, and quadriceps muscle
strength) and non-modifiable factors (higher age, injury, meniscus pathologies, meniscus extrusion, and
cartilage lesions) were all associated with meniscus volume or meniscus volume loss over time.
© 2023 The Authors. Published by Elsevier Ltd on behalf of Osteoarthritis Research Society International.
This is an open access article under the CC BY license (http://creativecommons.org/licenses/by/4.0/).
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Introduction knee OA, among overweight/obese, middle-aged women in the

PROOF study.” * These results confirmed previous findings of altered

Abnormalities in the meniscus, such as meniscus pathologies
(e.g. meniscus tears and meniscus maceration) and extrusion, were
previously identified as a strong risk factor for knee osteoarthritis
(OA) development and OA progression." ? Using quantitative mea-
surements on magnetic resonance imaging (MRI), some studies ex-
plored the role of (change in) meniscus size in OA development. Our
previous research found that greater volume of the medial meniscus
at baseline (BL) and greater meniscus volume loss over 2.5 years
follow-up (FU) were strongly associated with incident radiographic
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meniscus body size during OA development® and together indicate
that changes in meniscus volume could be considered as an OA risk
factor.

Understanding the potential meniscus volume-related factors
may be useful for understanding the natural history of OA in the
knee and potential targets for OA prevention. Primary prevention
targeting OA risk factors is believed to be most effective in a popu-
lation free of structural and clinical knee OA. To prevent OA devel-
opment with a focus on meniscus volume, the abnormalities in the
meniscus volume must be prevented or reversed.® However, no in-
terventions that directly target meniscus volume are available, other
than partial meniscectomy, which is known to have detrimental
effects and leads to OA development.” Therefore, it is important to
explore potential factors related to meniscus volume. As the subjects
in the PROOF study were at high risk of incident knee OA and
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therefore already presented with abnormalities in meniscus volume,
it could be advocated to investigate meniscus-volume-related fac-
tors in a relatively low OA risk population.®

Currently, factors associated with meniscus volume are rarely
reported.” "> A recent study'® found that weight loss among OA
subjects was associated with less progression of meniscus extrusion,
but not with the change of meniscus size (i.e. meniscus width and
height). As OA risk factors may interact, it could be hypothesized
that some well-known OA factors, such as high Body mass index
(BMI), menopause, and the lack of physical activity (PA)'* '° could be
associated with meniscus volume as well. In addition, age, sex,
malalignment, obesity, cartilage lesions, and trauma were also re-
ported to be associated with meniscus pathologies (meniscus tear,
degenerative lesion) and extrusion.””'® Therefore, these factors
could also be related to meniscus volume and might be potential OA
prevention targets.

In the present study, we aimed to explore the cross-sectional as-
sociations between several OA risk factors and meniscus volume. Also,
we aimed to assess the association between these OA risk factors and
the change of meniscus volume over 5 years. As mentioned, meniscus
volume abnormality can already happen in the very early phase of
knee OA. We, therefore, explored these associations in a low OA risk
population, free of radiographic OA features (Kellgren and Lawrence
(K&L) grade = 0) or clinical knee OA symptoms.

Methods
Subjects

An extension of the open population of the Rotterdam Study
cohort, the third cohort, was initiated in 2006. Of these participants
of the Rotterdam Study, all women aged between 45 and 60 years
were invited to join a sub-study for investigation of early signs of
knee OA."” All participants were interviewed at home or at the re-
search center for BL demographics, including menopausal status and
age. Participants were also invited to visit the research center for a
physical examination, radiographs, and MRI of the knees. For the
current research, knees without MRI records for meniscus volume,
meniscus extrusion, or meniscus pathologies were excluded. Then,
knees with radiographic signs of knee OA (K&L > 0) or clinical di-
agnosis of OA at BL, using the American College of Rheumatology-
criteria, were excluded.

Clinical data

Body weight and height were collected at both BL and FU; BMI
was calculated. [sometric quadriceps muscle strength was measured
as maximal isometric contraction in a supine position, using a hand-
held dynamometer, which is a previously validated method.'® At BL,
all participants filled in questions on self-reported knee injury over
the past 6 years and activity level (Short QUestionnaire to ASsess
Health-enhancing physical activity) to calculate total PA score in
min/week.'?

Radiographic data

Weight-bearing antero-posterior radiographs of both knees were
taken at 70 kV, a focus of 1.8 mm?, and focus-to-film distance of
120 cm, using High-Resolution G 35x43 cm film (Fujifilm Medical
Systems, Stamford, CT, USA). Two independent readers who were
blinded for any clinical or MRI data scored the radiographs using the
K&L grading system.’” The inter-rater agreement for the K&L score
was 95%.”' Contralateral knee radiographic OA status was defined as
0 if the contralateral knee K&L grade was 0, and as 1 if the con-
tralateral knee K&L grade was > 0. Alignment was measured as the
medial angle formed by the femur and tibia as described by

Moreland et al.?? and Brouwer et al.>> Medial knee alignment angles
were measured on the radiographs and defined as normal
(182°-184°), valgus (> 184°), and varus (< 182°).

MRI data

We performed a multi-sequence MRI protocol on a 1.5T MRI
scanner (General Electric Healthcare, Milwaukee, Wisconsin, USA).
The knees of all participants were scanned using an 8-channel car-
diac coil that allowed imaging of knees in one session without re-
positioning. The multi-sequence protocol contained a fast spin echo
(FSE) proton-density/T2-weighted sequence, an FSE T2 weighted fat
saturation sequence, a spoiled gradient echo sequence, and a fast
imaging employing steady-state acquisition sequence. The total
scanning time was 27 min for two knees. BL meniscus pathologies
(e.g. meniscus tears, meniscus signal, meniscus maceration, and
meniscus cyst), extrusion, and tibiofemoral joint cartilage lesion
(either full or partial thickness lesion) were scored on magnetic
resonance (MR) images using the MRI Osteoarthritis Knee Score
(MOAKS).**

Medial and lateral menisci of both knees at BL and FU were
segmented semi-automatically in the sagittal proton-density
weighted MRI scan, using in-house developed software that is based
on multi-atlas and appearance models.>”~%’ The slice thickness of
the sagittal FSE proton-density sequence was 3.2 mm. To optimize
the method, 30 atlas knees were manually segmented using open
source ITK-SNAP software,”® and 5-fold cross-validation was used to
select the weight parameter that is used to combine the multi-atlas
and appearance components of the model. An independent test set
of 40 knees which consisted of 10 right and 10 left knees at BL and
10 right and 10 left knees at FU was manually segmented as well
and used to assess the model performance. Dice similarity coeffi-
cients for the medial and lateral meniscus were 0.82 (standard
deviation (SD): 0.09) and 0.83 (0.06), respectively. Pearson corre-
lation coefficients between automatically and manually measured
volumes for the medial and lateral meniscus were 0.93 and 0.90,
respectively. This validated model was applied to the MRI scans of
the remaining subjects. An example of the intact meniscus and an
example of the meniscus with tears were segmented and presented
in Supplementary Fig. 1 and Fig. 2.

Statistical analysis

BL characteristics of the eligible participants were calculated.
Before developing a multivariable logistic regression model, we
evaluated multi-collinearity between potential factors by evalu-
ating the variance inflation factor (VIF).”” In this study, we deem
VIF >2.5 as considerable collinearity.>® For BL meniscus volume as
an (continuous) outcome, the exposures in the Generalized Esti-
mating Equation (GEE) model were BL menopausal status, history
of injury, alignment (varus for medial meniscus volume, valgus for
lateral meniscus volume), PA, age, BMI, quadriceps muscle
strength, medial/lateral meniscus pathologies, medial/lateral me-
niscus extrusion, and medial/lateral cartilage lesions. For the
change of meniscus volume as an (continuous) outcome, the ex-
posures in the GEE model were identical to the BL model, with the
addition of the change of BMI during FU. The change of BMI was
calculated by subtracting FU BMI from BL BMI. To obtain an ob-
vious coefficient size, we set the unit of PA as the original value
divided by 1000 (kilo minutes/week). We also divided the max-
imum quadriceps strength (N) score by 10, which the unit is de-
canewton (daN). Meniscus extrusion was dichotomized into no (<
2 mm) and extrusion (>2 mm).**
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Characteristic variables N knees (%) Mean (SD)
Age at baseline (yr) 1065 (100) 54.3 (3.7)
BL BMI (kg/m?) 1065 (100) 26.5 (4.4)
BL self-reported knee injury 107 (10.2)

Knee varus alignment 588 (55.2)

Knee valgus alignment 101 (9.5)

BL postmenopausal 660 (62.6)

#PA score (min/week) 1065 (100) 8.7 (4.6)

* Maximum quadriceps strength (daN) 1062 (99.7) 23.2 (4.7)
Meniscus pathologies medial 440 (41.3)

Meniscus signal 367 (34.5)

Meniscus tear 54 (5.1)

Meniscus maceration 45 (4.2)

Meniscus cyst 22 (2.1)

Meniscus pathologies lateral 220 (20.7)

Meniscus signal 166(15.6)

Meniscus tear 30 (2.8)

Meniscus maceration 41(3.8)

Meniscus cyst 28 (2.6)

Medial meniscus extrusion 586 (45.6)

Lateral meniscus extrusion 35(3.3)

TFJ medial cartilage lesions 147 (13.8)

TF] lateral cartilage lesions 80 (7.5)

BL medial meniscus volume (mm?) 1065 (100) 1807 (367)
BL lateral meniscus volume (mm?) 1065 (100) 1584 (313)

BL meniscus extrusion was defined as MOAKS grade >2; BL meniscus pathologies
(e.g. meniscus signal, tears, maceration, and cyst) were scored on MR images
using the MOAKS; BMI: Body mass index; #original value divided by 1000.

" original value divided by 10; TFJ: Tibiofemoral Joint.

Table 1 Osteoarthritisand Cartilage

Characteristics and features of the knee joint at BL.

Multivariable analysis (linear regression model with GEE) was
performed (IBM SPSS 25.0.0.1), which treated two knees within
subjects as repeated measurements and a p-value <0.05 as statis-
tically significant. As a sensitivity analysis, models were additionally
adjusted for BL contralateral knee radiographic OA status.

Results

1065 knees (570 subjects) with K&L grade 0 and with MRI
measures were available for analyses. The average (SD) of age and
BMI were 54.3 (3.7) years and 26.5 (4.4) kg/m?, respectively. The
characteristics of selected participants are shown in Table 1. The
average BL meniscal volume for the medial and lateral sides was
1807 (367) mm? and 1584 (313) mm?>, respectively (see Table 1). In
the end, there were 1027 and 998 knees available for the cross-
sectional and longitudinal models to be analyzed separately. There
were no significant differences in the selected factors between in-
cluded and excluded groups (data not shown).

There was no collinearity among independent variables (max-
imum VIF = 1.6). All cross-sectional associations between selected
factors and BL meniscus volume are shown in Fig. 1. Details of the
effect sizes are also presented. Varus alignment (beta [95%Cl]= 94.6
[48.2,141]), a lower level of PA (beta= -6.3[-11.5, -1.2]), a higher age
(beta=7.8[0.2, 15.4]), a higher BL BMI (beta = 23.5 [17.6, 29.4]), a
higher quadriceps muscle strength (beta = 6.5 [0.9, 12.2]), medial
meniscus pathologies (beta = 64.8 [17.2, 112.4]), medial meniscus
extrusion (beta = 161.0 [112.9, 209]), and medial cartilage lesions
(beta = -98.4 [-163.1, -33.8]) were associated with greater medial
meniscus volume. Several factors were associated with a greater
lateral meniscus volume: Injury (beta = 72.6 [5.3, 140.0]), higher age
(beta = 8.8 [2.3, 15.4]), a higher BL BMI (beta = 24.6 [19.1; 30.0]),
greater quadriceps muscle strength (beta = 9.0 [4.2, 13.8]), lateral

meniscus pathologies (beta = 59.6 [4.9, 114.4]), and lateral cartilage
lesions (beta = -108.3 [-200.9, -15.6]). Other factors were not sig-
nificantly associated with BL meniscus volume.

The detailed results for the associations between all factors and
the change of meniscus volume are also shown in Fig. 1. A history of
knee injury (beta = 54.4 [14.1, 96.6]), BL BMI (beta=3.7 [1.5, 5.9]),
medial meniscus pathologies (beta = 35.7 [16.9; 54.5]), and medial
meniscus extrusion (beta = 22.0 [4.3, 39.7]) were associated with
greater loss of medial meniscus volume. Postmenopausal status
(beta = 19.2 [0.2, 38.2]), injury (beta = 39.4 [10.8, 67.9]), younger age
(beta= -3.3 [-6.0, -0.6]), higher BL BMI (beta= 3.0 [1, 5.0]), greater
loss of BMI (beta = 6.3 [1.2, 11.3]), lateral meniscus pathologies (beta=
55.5 [34.3, 76.7]), and lateral extrusion (beta= 53.0 [6.2, 99.7]) were
associated with greater loss of lateral meniscus volume. The other
selected factors were not significantly associated with the change of
meniscus volume.

Contralateral knee radiographic OA status showed no association
with meniscus volume, and the additional adjustment did not
change the main results. Analysis with an additional exclusion of
knees with radiographic OA at FU showed no changes in the main
results. The details for sensitivity analysis are shown in the sup-
plementary materials.

Discussion

This study explored the potential factors associated with me-
niscus volume in knees free of radiological features. We found that
varus alignment, higher BMI, meniscus pathologies, meniscus ex-
trusion, cartilage lesions, and a history of injury were significantly
associated with greater meniscus volume or meniscus volume loss
over time. Also, greater PA level, quadriceps muscle strength, and
higher age were associated with greater BL meniscus volume or
greater volume loss over time. However, because of the clinical in-
terpretation, the magnitude of the change in the meniscus volume
was only small.

Varus alignment and higher BL BMI, both local mechanical factors
of 0A,** *! were associated with greater BL medial meniscus volume.
Currently, this is the first report of the association between mala-
lignment and meniscus volume. A higher BMI has been reported to
be related to significantly greater meniscal width and length.* Knee
malalignment and a high BMI have been associated with increased
loading of the knee joint. Varus alignment could shift the load-
bearing axis medial to knee center, creating a moment arm that
increases forces across the medial compartment.®> On the other
hand, in valgus aligned knees, the medial compartment often con-
tinues to bear more load until more severe valgus is present,”* which
could explain the absence of an association between valgus align-
ment and lateral meniscus volume in the current study. Results were
also supported by previous research that showed BMI was related to
OA severity in those with varus alignment of the knees but not in
those with valgus alignment of the knees.*”

Other local mechanical factors could also indirectly contribute to
the loading mechanism during OA development. Firstly, meniscus
extrusion and pathologies were strongly associated with greater BL
medial meniscus volume. The co-existence of these meniscus ab-
normalities could be explained as previously described> ®; the me-
niscus is squeezed outside of the tibial compartment, known as
meniscus extrusion, which could consequently lead to un-loading of
the extruded meniscus and subsequent increasing of meniscus vo-
lume. The change of meniscus volume may be due to the instant
effect which is different from the adaptive swelling caused by con-
tinuous high BMI loading. However, more research should be done to
prove this hypothesis. Based on the finding from this study, the
quantitative measurement for meniscus volume may potentially
indicate meniscus pathologies which include meniscus signal, tears,
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Beta 95% Cl P value
r~ Postmenopausal — -61.4 -123.7;0.8 0.053
Injury in past 6 years - 54.1 -25.9; 134 0.185
Varus alignment ———— - 94.6 48.2; 141 <0.001
PA* -6.3 -11.5; -1.2 0.015
Age e 7.8 0.2;15.4 0.045
BL medial volume BL BMI o 235 17.6; 29.4 <0.01
Quadriceps mucle strength# o 6.5 0.9;12.2 0.023
Medial meniscus pathologies [ 64.8 17.2;112.4 0.008
Medial meniscus extrusion ——i 161.0 112.9; 209 <0.01
Medial cartilage lesion TFJ{ +—e— —— -98.4 -163.1;-33.8 0.003
- Postmenopausal - 9.1 -62.5;44.4 0.739
Injury in past 6 years — 72.6 5.3; 140 0.035
Valgus alignment - -14.3 -76.9;48.3 0.654
PA* s -3.6 -8.1;0.9 0.115
Age —.—i 8.8 2.3;15.4 0.008
BL lateral volume BL BMI ot 246  19.;30  <0.001
Quadriceps mucle strength# o 9.0 4.2;13.8 <0.001
Lateral meniscus pathologies ] 59.6 4.9;1144 0.033
Lateral meniscus extrusion 1215  -22.2;265.3  0.097
Lateral cartilage lesion TFJ {F——e— —————y -108.3  -200.9;-15.6  0.022
= Postmenopausal ————— 4.4 -16.5; 25.2 0.682
Injury in past 6 years 55.4 14.1; 96.6 0.009
Varus alignment ———— 4.0 -14.5; 22.6 0.668
PA* - -0.9 -2.6;0.9 0.323
Age B -2.1 -5.1;0.9 0.164
Change of medial BL BMI ] 3.7 1.5;5.9 0.001
meniscus volume Change of BMI Ho—t 34 -2.1;9 0.225
Quadriceps mucle strength# L -0.7 -2.7;1.2 0.462
Medial meniscus pathologies ———— 35.7 16.9; 54.5 <0.001
Medial meniscus extrusion —— 220 4.3;39.7 0.015
Medial cartilage lesion TFJ R 143 -13.1;41.7 0.306
- Postmenopausal —————— 19.2 0.2;38.2 0.047
Injury in past 6 years [ 394 10.8; 67.9 0.007
Valgus alignment —_— 31 -24.7;30.9 0.826
PA* - -0.7 -2.1;0.8 0.369
Change of lateral Age -3.3 -6;-0.6 0.018
meniscus volume BL BMI - 3.0 15 0.003
Change of BMI e 6.3 1.2;113 0.015
Quadriceps mucle strength# " 0.5 -1.1;2.2 0.513
Lateral meniscus pathologies — 55.5 34.3;76.7 <0.001
Lateral meniscus extrusion 53.0 6.2;99.7 0.026
Lateral cartilage lesion TFJ Ly ——————— L 25.0 -2.1;52.2 0.071
10050 0 50 100 150 250
Coeffecient
)

Osteoarthritis and Cartilage

Factors associated with BL and change of meniscus volume. *: the unit was kilo minute/week; #: the unit was decanewton; BMI: body mass
index; PA: physical activity; the reference for valgus alignment was neutral and varus alignment; the reference for varus alignment was neutral

and valgus alignment; TFJ: Tibiofemoral Joint.

maceration, and cyst. More research should be done for the causal
inference between each type of meniscus pathology (or mor-
phology) and meniscus volume. Secondly, both tibiofemoral medial
and lateral cartilage lesions were cross-sectionally associated with
lower meniscus volume. Disturbance in the cartilage structure might
be a reflection of a meniscus with lower volume that absorbs less
shock when loading. Thirdly, lower PA levels or higher quadriceps
strength were associated with greater meniscus volume at BL.
However, these associations were weak. Currently, it is still unclear
whether higher PA levels and greater quadriceps strength could play
a protective role on knee structure during OA development,®~*° due
to the complex interplay between PA and quadriceps muscle
strength.”!

Some systemic factors were shown to be correlated to knee
meniscus volume, but mainly in the lateral compartment. Age was

associated with a higher risk of knee OA** and related to greater BL
volume and greater volume loss over time in the lateral compart-
ment. Similarly, postmenopausal status was also associated with
greater loss of meniscus volume over time in the lateral compart-
ment. The reason may be the decreasing estrogen levels, which leads
to the weakening of the meniscal matrix and the laxity of the liga-
ments.”” In addition, we also observed that the change in BMI was
associated with the change of lateral meniscus volume. As obesity is
related to systematic inflammation, greater BMI can also play as a
systemic factor and may cause other knee structural changes such as
knee cartilage defects and tibial bone enlargement,** which can lead
to meniscus degeneration and volume loss over time.

This is the first study that explored a range of OA risk factors for
their association with meniscus volume changes. A strength of this
study is that we explored these associations in a population free of
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structural and clinical knee OA. The high prevalence of meniscus
pathologies indicated that minor changes in the meniscus such as
meniscus signal could already be detected in the free disease phase.
The main findings could contribute to a meniscal pathway for OA
development that several factors such as increased loading (BMI,
varus) and injury could lead to meniscus degeneration/micro-tearing
(signal) and swelling (increased volume) and eventually macro-
scopic meniscus tearing and even maceration (volume loss), which
accelerates cartilage loss/damage and OA. Secondly, the study found
some modifiable factors which may give the implication for pre-
vention of knee OA before the onset of the abnormities of the me-
niscus. To avoid great meniscus volume, promising research could
focus on potential interventions such as reducing BMI, treating varus
alignment, increasing the level of PA, and exercise intended for
quadriceps muscle strengthening. Particularly, more studies should
be done to prove the causal inference of these associations.

There were also some limitations to the current study. Firstly, we
could not conclude causal effects from this cohort. Further causal
analyses are warranted to confirm that the identified factors are indeed
true interventional targets that could prevent the abnormality in me-
niscus volume. Secondly, five years FU is still relatively short for ob-
servation of OA structural changes in the selected population of
middle-aged women free of radiographic features. A longer FU would
be more sensitive to determine the association between these potential
factors and meniscus volume. Thirdly, this was an explorative study
and did not consider the multiple comparison correction. Therefore, in
future research, external validation of our results should be evaluated.
The multivariable analysis did not adjust the size of knee joint.
However, the bias may not be significant, because there is no hy-
pothetical causal effect of knee joint size on the selected potential
predictors. Finally, some less obvious meniscus pathologies such as
meniscus signal may cause bias in the measurement of segmented
meniscus volume. However, this bias may not affect the association
between other factors and meniscus volume, as meniscus pathology
was adjusted for as a co-variant in the model.

Conclusion

Meniscus volume was cross-sectionally associated with load-re-
lated factors. Meniscus volume loss over time was mostly associated
with systemic factors. As modifiable factors, varus alignment, higher
BMI, lower PA level, and higher quadriceps muscle strength were
associated with greater meniscus volume or meniscus volume loss
over time. In particular, varus alignment and BMI were strongly as-
sociated with greater meniscus volume or meniscus volume loss in
the long term. (Change in) Meniscus volume might provide ex-
planatory pathways for other well-known OA risk factors, such as
higher age, meniscus pathologies, meniscus extrusion, and cartilage
lesions.
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