
Osteoarthritis and Cartilage 31 (2023) 482e492
3D analysis and grading of calcifications from ex vivo human meniscus
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s u m m a r y

Objective: Meniscal calcifications are associated with the pathogenesis of knee osteoarthritis (OA). We
propose a micro-computed tomography (mCT) based 3D analysis of meniscal calcifications ex vivo,
including a new grading system.
Method: Human medial and lateral menisci were obtained from 10 patients having total knee replace-
ment for medial compartment OA and 10 deceased donors without knee OA (healthy references). The
samples were fixed; one subsection was imaged with mCT, and the adjacent tissue was processed for
histological evaluation. Calcifications were examined from the reconstructed 3D mCT images, and a new
grading system was developed. To validate the grading system, meniscal calcification volumes (CVM)
were quantitatively analyzed and compared between the calcification grades. Furthermore, we estimated
the relationship between histopathological degeneration and the calcification severity.
Results: 3D mCT images depict calcifications in every sample, including diminutive calcifications that are
not visible in histology. In the new grading system, starting from grade 2, each grade results in a CVM that
is 20.3 times higher (95% CI 13.3e30.5) than in the previous grade. However, there was no apparent
difference in CVM between grades 1 and 2. The calcification grades appear to increase with the increasing
histopathological degeneration, although histopathological degeneration is also observed with small
calcification grades.
Conclusions: 3D mCT grading of meniscal calcifications is feasible. Interestingly, it seems that there are
two patterns of degeneration in the menisci of our sample set: 1) with diminutive calcifications (calci-
fication grades 1e2), and 2) with large to widespread calcifications (calcification grades 3e5).

© 2022 The Author(s). 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/
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Introduction

Degenerative changes in the meniscus are prevalent in the
general population, and they are related to an increased risk of knee
osteoarthritis (OA)1. Equal to meniscal degradation, meniscal cal-
cifications are strongly associated with knee OA pathogenesis2,3.
However, the exact role of meniscal calcifications in the OA disease
process is currently not well understood.

To date, there are no effective disease-modifying agents on the
market that could slow down OA disease progression or reverse it.
Regarding pathological calcifications, an antimineralization agent
called phosphocitrate has been shown to inhibit meniscal calcifi-
cation, and concurrently, arrest OA disease progression in a guinea
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pig model4. Furthermore, other phosphocitrate analogs have also
been studied in animal models5e7. These results indicate that in-
hibition of pathological calcifications could be a potential thera-
peutic target for OA. Therefore, having a better understanding of
meniscal calcifications would be beneficial.

There aremultiple in vivo imaging techniques for visualizing and
characterizing intra-articular calcifications, including conventional
radiography, ultrasonography, (dual-energy) computed tomogra-
phy, and magnetic resonance imaging8e17. While these techniques
are important in the clinical evaluation of joint calcification, their
spatial resolution is a limiting factor for the visualization and
analysis of diminutive calcification deposits in a research setting.
The assessment of thin histological sections yields better resolution
in the evaluation of meniscal calcifications18,19. In addition, trans-
mission electron microscopy (TEM) and high-resolution digital
radiography (DR) have been used to analyze calcium deposits in
human meniscus20,21. These methods, however, are limited to 2D
evaluation. We have previously shown that micro-computed to-
mography (mCT) allows the visualization and quantitative analysis
of meniscal soft tissuemicrostructures in 3D22,23. As a continuation,
this study presents a mCT-based analysis of meniscal calcifications.

In this study, the objectives were to introduce a mCT-based 3D
analysis of meniscal calcifications ex vivo, and to describe the
different calcification patterns observed in our human sample set of
medial and lateral meniscus posterior horns of reference subjects
and end-stage medial compartment knee OA patients. Further-
more, we propose a new semi-quantitative grading system for
meniscal calcifications and quantitative analysis of calcification
volumes (CVM).

Method

Tissue sample preparation

This study was approved by the regional ethical review board at
Lund University (Dnr 2015/39 and Dnr 2016/865). The same sample
set was used as in our previous work, where the sample selection
and processing are detailed22. In short, humanmeniscus specimens
from the knee tissue biobank MENIX at Skåne University Hospital
were used. Both the medial and lateral menisci from the right knee
of 10 deceased adult donors with no known diagnosis of knee OA or
rheumatoid arthritis were selected. We also selected both the
medial and lateral menisci from 10 end-stage medial compartment
knee OA patients who had a total knee replacement. Both OA and
donor groups include five men and five women. Hereafter, the four
groups of menisci: medial and lateral donor menisci, and medial
and lateral menisci from medial compartment knee OA patients
will be referred to as medialref, lateralref, medialOA, and lateralOA,
respectively. The samples were fixed in 4% saline-buffered form-
aldehyde, and a tissue piece was then vertically cut from the pos-
terior horns for mCT imaging and analyses. The tissue adjacent to
the mCT piece was subjected to histological sample processing and
scoring.

mCT imaging of meniscal calcifications

For this analysis, we used the same hexamethyldisilazane
(HMDS)-dried mCT samples as in our previous work22. However, to
obtain optimal calcification contrast, the samples were imaged
again with mCT using optimized acquisition parameters, i.e., by
increasing the X-ray energy (by increasing the tube voltage and
adding a filter) and exposure time. To minimize sample movement
during imaging, the samples were fixed to the sample holders with
super glue and dental wax. Image acquisitionwas conducted with a
desktop mCT system (SkyScan 1272, Bruker microCT, Kontich,
Belgium) with the following settings: tube voltage 50 kV; tube
current 200 mA; Al 0.25 mm filtering; isotropic voxel size (2.0 mm)3;
number of projections 2400; averaging five frames/projection; and
exposure time 2100 ms. NRecon software (v1.7.1.6, Bruker microCT)
was used for image reconstruction, and beam-hardening and ring-
artifact corrections were applied during the reconstruction process.
Image rendering was performed with CTVox software (v3.3.0
r1412) provided by the mCT manufacturer.

3D grading system for meniscal calcifications

Calcifications were carefully examined visually from the
reconstructed 3D mCT images of each sample from all the four
sample groups (medialref, lateralref, medialOA, and lateralOA). A 3D
grading system was developed by modifying a histology-based
calcification grading system by Sun et al.18. The grading criteria
were made as straightforward as possible and are based on the size
and the location of the calcifications (Table I, Fig. 1). Unlike in the
previous system, our grading system gives smaller grades to the
small calcifications inside the meniscus than to larger calcifications
on the meniscal borders because wewanted to give more weight to
the size of the calcifications. The grades range between 0 and 5:
grade 0: no calcifications present; grade 1: one or more small
punctate calcifications on the meniscus border or multiple borders
(femoral, tibial, inner, outer) only; grade 2: one or more small
punctate calcifications inside the meniscus with or without one or
more small punctate calcifications on anymeniscal border; grade 3:
one or more large non-punctate calcification clusters on the
meniscus border or multiple borders only; grade 4: one or more
large non-punctate calcification clusters inside the meniscus with
or without one or more large non-punctate calcification clusters on
any meniscal border; grade 5: widespread calcifications on the
meniscus border or multiple borders and/or inside the meniscus.
Calcifications can be considered widespread if they cover 75% of the
femoral or tibial border, or in the case of calcification-free borders,
if they affect a major proportion of the deeper layers of the
meniscus. The grade is given according to the most severe feature
observed in the sample. Representative mCT images and the adja-
cent Alizarin red-stained histological sections of each grade are
shown in Fig. 2. A larger image atlas is presented in the supple-
mentary material (Figs. S1eS5).

Reliability and repeatability analysis of the 3D grading system for
meniscal calcifications

To assess the inter-observer reliability, two readers (IH & VPK)
performed the grading independently on all 40 mCT image stacks.
Furthermore, the two readers repeated the grading (with at least a
3-week time difference between the gradings) to analyze the intra-
reader reliability. For the second round of grading, the samples
were renamed and set in a new randomized order. From each
grading round, a consensus grade was given to each sample based
on discussion and mutual agreement between the readers. The
consensus grades from the first grading round were used
throughout the analysis, figures, and tables of this manuscript, and
the second consensus grades were only used in the repeatability
analysis of the consensus grading.

Volumetric analysis of meniscal calcifications from mCT images

To further validate the grading system, the volumes of meniscal
tissue and meniscal calcifications in each sample were calculated
from the mCT images using CT Analyser software (ver. 1.20.3.0þ,
Bruker microCT). Prior to this analysis, bottom parts of the image
stacks containing the outer border of the menisci were visually



Grade

0 No calcifications
1 One or more small punctate calcifications on the meniscus border or multiple borders only
2 One or more small punctate calcifications inside the meniscus with or without one or more small punctate calcifications on any meniscal border
3 One or more large non-punctate calcification clusters on the meniscus border or multiple borders only
4 One or more large non-punctate calcification clusters inside the meniscus with or without one or more large non-punctate calcification clusters on any meniscal

border
5 Widespread calcifications on the meniscus border or multiple borders and/or inside the meniscus

Table I Osteoarthritis and Cartilage

Grading criteria for meniscus calcifications. The grade is given according to the most severe feature observed in the sample. For example, a
grade 3 sample can have small punctate calcifications inside and/or on the border(s) of the meniscus if there is also a large non-punctate
calcification cluster or clusters on the meniscus border(s)
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inspected and the images containing traces of super glue and/or
dental wax were removed to only include the meniscal soft tissue
and calcifications in the analysis. The analysis pipeline can be
divided into three parts: 1) segmentation of the meniscal tissue
(soft tissue and calcifications) from the background i.e., preparing
the volume of interest in which the calcifications are analyzed, 2)
segmenting the calcifications from the meniscal soft tissue and
background, and 3) performing the 3D analysis where the volume
of meniscal calcifications (CVM), volume of meniscal tissue (TVM),
and calcification volume fraction (CVM/TVM) are calculated (Fig. 3).
A more detailed description of the analysis pipeline is provided in
the supplementary material (Table S1).

Histological preparation and analyses

Before sectioning, the fixed specimens were dehydrated with
alcohol, cleared with xylene, and embedded in paraffin. Vertical
sections (4 and 5 mm thick) were cut adjacent to the mCT piece,
perpendicular to the circumferentially oriented collagen bundles.
The remaining paraffin block was then melted, and the tissue was
reoriented and again embedded in paraffin, followed by cutting of
horizontal, 4 mm thick sections, adjacent to the vertical sections.
Both vertical and horizontal 4 mm thick sections were stained with
hematoxylin and eosin (HE), and Safranin-OeFast Green (SafOeFG).
Furthermore, Alizarin red staining was performed on 5 mm thick
vertical sections. The stained histological sections were imaged
with a digital pathology slide scanner (Aperio AT2, Leica Bio-
systems, Wetzlar, Germany) with 40� magnification and 0.25 mm
pixel size. HE and SafOeFG-stained sections were used for Pauli's
histopathological scoring24. In the current work, Pauli scores were
used to visualize the relationship between histopathological
degeneration and calcification severity assessed by the newly
developed mCT-based grading system. Alizarin red-stained sections
were used for visual inspection of meniscal calcifications (Fig. 2).

Statistical analyses

The descriptive data of the meniscus calcification grades are
provided as scatterplots. To assess the inter- and intra-observer
reliability, Cohen's linearly weighted kappa coefficients (kw) and
their 95% confidence intervals (CIs) were calculated using SPSS
(IBM SPSS Statistics Version 27.0, Armonk, NY: IBM Corp). To esti-
mate the association between calcification grades and CVM, a linear
mixed regression model with the log of CVM as an outcome was
used. The independent variables were the calcification grade
(included as a continuous variable), an indicator for grade 1 (to
account for the flattened association at grade 1), and the log of TVM
(to account for varying meniscus sizes). We included a random
intercept to account for the dependence of the two menisci from
the same knee. The Kenward-Rogers method was used for esti-
mating degrees of freedom due to our small sample size. Residual
diagnostics confirmed adequate model fit. Stata version 17 (Stata-
Corp. 2021. Stata Statistical Software: Release 17. College Station,
TX: StataCorp LLC.) was used for statistical analyses.

Results

mCT imaging vs histology of meniscal calcifications

Visual examination of the mCT images revealed calcifications in all
samples of all groups (Table II, Table S2). Most frequently, calcifica-
tions were located on the meniscal borders; even the most healthy-
looking samples hadminute calcifications on themeniscal borders in
our sample set (Table II, Fig. 2, Figs. S1eS2). In the degenerated
samples, fibrillated borders and/or clefts were typical locations for
calcifications. Furthermore, calcifications inside the meniscus were
also relatively common, although they seemed to be less frequent in
the lateralref group. Calcifications near the proteoglycan rich areas
and along the collagen fibers, as well as widespread calcifications,
were mainly observed in the OA groups (Table II, Table S2).

Compared to mCT, calcifications were not visualized equally well
through histology; smaller calcifications that were observed in the
reference sample groups in mCT were not visible in the Alizarin red-
stained histological sections (Table II, Table S2). Moreover, even
though calcifications were observed in most of the OA samples, they
were not always easily distinguishable by histology. The calcifications
inhistologyseemed lessprevalent andwereusually in fewerdifferent
locations than in mCT images (Fig. 2, Figs. S1eS5). Notably, histology
samples had a lot of tiny particles that slightly resemble calcifications
but are probably tissue fragments trapped between the glasses.

3D grading system for meniscal calcifications

The inter- and intra-observer reliability analyses indicated
moderate to almost perfect agreement (Table III)25. The reliability of
the consensus grading suggested substantial to almost perfect
agreement (Table III)25. Based on this new 3D grading system, when
assessing the differences in calcification grades between the



Fig. 1 Osteoarthritis and Cartilage

Calcification grades. A) Left: an example illustration of grade 0 meniscus. Right: example illustrations of a small punctate calcification (observed in
grades 1 and 2) and a large non-punctate calcification cluster (observed in grades 3e4). B) Example illustrations of different calcification patterns
observed in calcification grades 1e5.
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sample groups, medialOA samples appeared to have higher grades
than the reference groups (Table S3).

Volumetric analysis of meniscal calcifications from mCT images

When analyzing the differences in CVM between the different
calcification grades, we found that starting from grade 2, each grade
results in a CVM that is 20.3 times higher (95% CI 13.3e30.5) than in
the previous grade (Fig. 4). However, there was no apparent differ-
ence in CVM between grade 1 and 2; grade 2 samples had on average
1.64 times larger CVM (95% CI 0.73e3.67) compared to grade 1
samples.
The relationship between histopathological degeneration and
meniscal calcifications

In general, the calcifications increased with increasing histo-
pathological degeneration (Pauli score), and the calcification grades
appeared to be the highest in the medialOA group (Fig. 5; study
subject-wise presentation in Fig. S6). When focusing specifically on
the moderate and severe degeneration grades (Pauli's score 10 and
higher), two patterns of degeneration could be identified: one with
diminutive calcifications (calcification grades 1e2) and other with
large to widespread calcifications (calcification grades 3e5) (Sup-
plementary videos S1 and S2, respectively).



Fig. 2 Osteoarthritis and Cartilage

Meniscus calcification grades. A) Left: representative mCT images of meniscus specimens with the different calcification grades found in our
sample set. (Grade 0: no calcifications;) grade 1: one or more small punctate calcifications on the meniscus border or multiple borders (femoral,
tibial, inner, outer) only; grade 2: one or more small punctate calcifications inside the meniscus with or without one or more small punctate
calcifications on any meniscal border; grade 3: one or more large non-punctate calcification clusters on the meniscus border or multiple borders
only; grade 4: one or more large non-punctate calcification clusters inside the meniscus with or without one or more large non-punctate
calcification clusters on any meniscal border; grade 5: widespread calcifications on the meniscus borders and/or inside the meniscus. A grade
0 sample is missing because there were at least minor calcifications in all samples. Blue circles mark the location of some of the smaller cal-
cifications. Right: the calcifications from the samples in the left column. The meniscus borders are illustrated with gray lines. B) The Alizarin red-
stained histological sections that were taken adjacent to the mCT pieces on the left. With grades 1 and 2, there are no visible calcifications in the
histology images although in the same specimens, we can see calcifications in the mCT images.

I. Hellberg et al. / Osteoarthritis and Cartilage 31 (2023) 482e492486



Fig. 3 Osteoarthritis and Cartilage

Volumetric analysis of meniscal calcifications. The top row shows the original mCT, meniscus volume of interest (VOI), and calcification VOI, in a
3D model of a meniscus with calcification grade 5. The transverse lines (in red) show the z-axis location of the xy plane whose 2D images are
presented in the bottom row. The pipeline for the 3D analysis of meniscal calcifications can be divided into three parts: first, the meniscal tissue
(soft tissue and calcifications) is segmented from the background. In this phase, the VOI in which the calcifications are eventually analyzed is
prepared. In the second phase, the calcifications are segmented from the meniscal soft tissue and background. In the final phase, the 3D analysis
is performed; the volume of meniscal calcifications (CVM), volume of meniscal tissue (TVM), and calcification volume fraction (CVM/TVM) are
calculated.

I. Hellberg et al. / Osteoarthritis and Cartilage 31 (2023) 482e492 487
Supplementary video related to this article can be found at
https://doi.org/10.1016/j.joca.2022.10.016.

Discussion

This study presents a high-resolution mCT-based 3D analysis of
meniscal calcifications, including a new calcification grading
Calcification locations Me

mCT On the meniscus border(s) 10
Near the fibrillated edges 9
Inside the meniscus 9
Near the proteoglycan rich areas* 8
Along the collagen fibers 4
Widespread 3

Histology Visible calcifications in Alizarin red-stained histology 9
Near the proteoglycan rich areasy 5

* Calcifications assessed from mCT, and proteoglycan (PG) rich areas from the adjace
y Calcifications assessed from Alizarin red-stained histological sections, and PG rich

Table II

Calcification patterns observed in the sample groups (n ¼ 10 in each g
system. Interestingly, 3D mCT images depicted calcifications in
every sample of all groups (Fig. 2, Table II). However, especially
the diminutive calcifications were not visible in the adjacent
histological sections. Regarding the validation of the developed
calcification grading system, the reliability of the consensus
gradings suggested substantial to almost perfect agreement
(Table III). Furthermore, starting from grade 2, each grade
dialOA LateralOA Medialref Lateralref Total

10 10 10 40 (100%)
9 7 5 30 (75%)
8 8 6 31 (78%)
5 4 1 18 (45%)
3 0 0 7 (18%)
0 0 0 3 (8%)
8 0 0 17 (43%)
4 0 0 9 (23%)

nt Safranin-OeFast Green-stained histological sections.
areas from the adjacent Safranin-OeFast Green-stained histological sections.

Osteoarthritis and Cartilage

roup)

https://doi.org/10.1016/j.joca.2022.10.016


Comparison kw (95% CI)

Inter-reader reliability, medial samples, first reading 0.75 (0.60, 0.89)
Inter-reader reliability, lateral samples, first reading 0.66 (0.45, 0.86)
Inter-reader reliability, medial samples, second reading 0.81 (0.67, 0.95)
Inter-reader reliability, lateral samples, second reading 0.74 (0.53, 0.95)
Intra-reader reliability, reader 1, medial samples 0.89 (0.78, 1.00)
Intra-reader reliability, reader 1, lateral samples 0.71 (0.50, 0.93)
Intra-reader reliability, reader 2, medial samples 0.83 (0.73, 0.94)
Intra-reader reliability, reader 2, lateral samples 0.56 (0.35, 0.76)
Reliability of the consensus grades, medial samples 1.00 (1.00, 1.00)
Reliability of the consensus grades, lateral samples 0.86 (0.71, 1.00)

Table III Osteoarthritis and Cartilage

Reliability results from the mCT calcification grading

I. Hellberg et al. / Osteoarthritis and Cartilage 31 (2023) 482e492488
resulted in a CVM that is 20 times higher than in the previous
grade, although no apparent difference in CVM between grade 1
and 2 was found (Fig. 4). Finally, the calcification severity seemed
Fig. 4

The relationship between calcification volume fraction (CVM/TVM (%)) and
to increase with increasing histopathological degeneration
(Fig. 5).

In the visual examination of the mCT images, we found calcifi-
cation in all samples; even the most healthy-looking samples in the
OA-free groups had diminutive calcifications in this sample set,
usually on the meniscal borders. However, the calcifications in the
OA groups were generally larger and often found in several
different locations. Similar observations were made in a previous
DR study where meniscal calcifications were observed in all study
subjects, with degenerated menisci having more calcifications than
healthy ones21. The presence of calcification deposits in healthy
joints is also supported by a study where hyaline articular cartilage
calcifications were detected in all studied knees26. On the contrary,
intra-articular calcifications were not detected in all study subjects
in some of the previous studies18,27e29. This could be explained by
insufficient resolution and/or lack of sensitivity of the calcification
detection techniques.

Compared to mCT, meniscal calcifications were not visualized
equally well in histology. No calcifications were detected in the
Alizarin red-stained histological sections in the OA-free groups
(medialref and lateralref). Similar findings have been made in other
histology-based studies18,24. Consequently, we believe that mCT is a
more sensitive method for the detection of diminutive
Osteoarthritis and Cartilage

the mCT calcification grade.



Fig. 5 Osteoarthritis and Cartilage

The relationship between histopathological degeneration (Pauli score) and the mCT calcification grade.
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calcifications compared to histology. Supporting this impression,
one case showed calcifications with TEM but not with light mi-
croscopy in Alizarin red-stained sections in a previous observa-
tional study20. The lower sensitivity of histology could be explained
by small calcifications being torn off from the tissue during the
slicing of histological sections or them being dissolved in formalin
due to slightly longer preservation time compared to mCT samples,
although, our formalin was neutral which should prevent this from
happening30. Future research is warranted to elucidate how
different histological sample processing procedures affect the cal-
cifications. Furthermore, our observations suggest that meniscal
calcifications are not spread homogenously in the tissue and may
manifest locally, which further limits the calcification detection
sensitivity of histological 2D techniques. With mCT, larger volumes
can be analyzed with little effort, and hence it is more likely that
sparse, small calcifications will be detected.
Calcium pyrophosphate dihydrate (CPP) and basic calcium
phosphate (BCP) are the most common calcium crystals found in
articular cartilage (in OA)29,31. Although their exact role in OA
pathogenesis remains to be elucidated, calcium-containing crystals
induce inflammation in the joint, and especially BCP crystals appear
to contribute to cartilage degradation32. Beside OA, the accumula-
tion of CPP crystals is characteristic of CPP crystal deposition (CPPD)
disease (also known as chondrocalcinosis or pseudogout). OA is,
however, strongly linked to CPPD: according to EULAR recom-
mendations, OA with CPPD is one of the four clinical presentations
associated with CPPD33. Even though mCT seems to have a good
sensitivity in the detection of meniscal calcifications, our method-
ology cannot differentiate between crystal types in the calcification
deposits. Thus, it is uncertain if some of the study subjects in this
work were affected by CPPD. To characterize the different crystal
types, other modalities such as scanning electron microscopy,
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energy dispersive analysis, and Raman spectroscopy could be
used34. Furthermore, multi-energy photon-counting computed
tomography has shown potential in the non-invasive detection and
characterization of intra-articular calcifications35,36. In our first
trials with Raman microspectroscopy, calcifications were detected
in the osteoarthritic tissue sections obtained adjacent to the mCT
pieces, and only spectra of CPP crystals were identified37. In our
subsequent study, further analyses will be performed to reliably
characterize the crystal types of the calcifications observed in our
sample set.

In previous work regarding macroscopic and histopathologic
evaluation of human menisci, Pauli et al. suggest a separate
assessment of calcifications and cell clustering on top of the criteria
included in their evaluation system24. Several calcification scoring
systems exist, for example, CT-based assessment of intra-articular
mineralization in human knees, mCT-based scoring of ectopic cal-
cifications in a mouse knee injury model, and radiography-based
grading of meniscal mineralization in cats38e40. In addition, Sun
et al. have developed a 5-scale grading system for Alizarin red-
stained histological sections from human knee menisci, which is
based on the location and size of calcification deposits18. This sys-
tem is perhaps the most compatible with Pauli's histopathological
scoring system. Because mCT can depict similar scale features as
histology, the new calcification grading system proposed in this
study is based on Sun's methodology18. The advantage of the 3D
mCT approach is that larger specimens can be evaluated without
extensive sample processing procedures.

From the inter- and intra-observer reliability analyses, moderate
to almost perfect agreement was found in most of the comparisons.
The reliability of the consensus gradings suggested substantial to
almost perfect agreement25. Because consensus grades are used in
our analyses, these results can be considered adequate. From the
descriptive statistics analyzing the differences in the calcification
grades between the sample groups, medialOA samples appeared to
have higher grades than the reference groups. The medialOA group
is indeed the most affected by OA in our study sample, and there-
fore was also expected to have the highest calcification grades. This
finding is supported by a previous study where the amount of
meniscal calcifications was correlated with meniscal degenera-
tion21. On the contrary, Mitsyama et al. claim that pathological
calcification is principally driven by aging rather than OA26. The
latter work, however, did not include menisci in the study, and the
degeneration was assessed solely based on the appearance of the
articular surfaces, not using histopathology.

To further validate our new grading system, the CVM in each
sample was calculated from the 3D mCT images, and the association
between calcification grades and CVM was statistically estimated. It
was found that starting from grade 2, each grade results in a CVM
that is 20 times higher than in the previous grade. No apparent
difference in CVM between grade 1 and 2 was found. These results
indicate that with small punctate calcifications on the meniscus
borders and inside the meniscus, the CVM is similar; however, this
suggests that the grading system can differentiate something that
the CVM analysis cannot. To our knowledge, this is the first study to
quantitatively evaluate human meniscal calcifications in 3D mCT.
Nevertheless, the amount of human meniscal calcifications has
previously been quantified in 2D from DR images21,29. Comparing
these 2D results to our 3D results is, however, unfeasible. Further-
more, volumetric analysis of meniscal calcifications has been per-
formed using CT and mCT images from animal models41,42, but
comparing the results between different species would not be
relevant.

When analyzing the association between histopathological
degeneration and meniscal calcifications, we found that the calci-
fications increase with increasing histopathological degeneration,
which is supported by a previous cross-sectional DR study21.
Furthermore, when considering the moderate and severe degen-
eration grades from Pauli's histopathological scoring system (scores
10 and higher)24, it seems that two patterns of degeneration occur
in the menisci of our sample set: with diminutive calcifications
(calcification grades 1e2), and with large to widespread calcifica-
tions (calcification grades 3e5). Similar to our findings, Hubert et al.
also had a wide range of calcification severities in some of their
degenerated menisci21. Furthermore, while calcifications are asso-
ciated with OA degeneration18,24, calcification-free degeneration of
meniscus has also previously been reported43.

This study has some limitations. In general, imaging calcifica-
tions with mCT does not require any contrast enhancement. How-
ever, because we used the same sample set as in our previous
studies22,23, the samples had been processed with our HMDS pro-
tocol to allow the visualization of the soft tissues. It is important to
be aware that the HMDS drying might have affected the calcifica-
tions, although we found no evidence of this (Fig. S7). Nevertheless,
the same protocol was used for each sample and hence the results
should be comparable to each other. The second limitation is
related to the quantification of CVM and TVM. As mentioned in the
methods, images containing traces of super glue and/or dental wax
in the meniscal outer border area were removed from the analysis
to only include the meniscal soft tissue and the calcifications in the
analysis. Because of this, parts of meniscal soft tissue, and some-
times calcifications, were left out from the volumetric analysis,
which might influence the CVM and TVM results. Furthermore, in
some samples, the glue traces reached past the meniscal outer
border; in such cases the glue traces were manually removed. For
future studies, a better method for fixing the samples to the sample
holder could be considered. Third, we analyzed only a small piece of
each meniscus from posterior horn, which means that our results
are primarily generalizable to posterior horn of meniscus. However,
since the degenerative changes in the meniscus are most
commonly found in the posterior horn and body region24,44, it was
a natural choice. Future studies on the variability of calcifications
across meniscus regions are warranted. Fourth, the sample size was
relatively small; this is partly explained by the novel analysis
method and grading system we were developing and testing.
However, the samples represented a wide range of sizes and loca-
tions of calcifications. A larger set of samples should be included in
future studies to validate our observations. A final limitation is that
mCT, like any other imaging modality, has its own intrinsic sources
of artifacts. Beam hardening and ring artifacts are the most relevant
for this study because they result in a small amount of false positive
calcifications in the quantification of CVM. However, their effect
should not be significant because the CVM is a sum of the volumes
of all the separate calcifications (positive and false positive) in each
sample. The effect would be more relevant if the separate calcifi-
cations were studied and compared individually.

To conclude, we present a high-resolution mCT-based 3D anal-
ysis of meniscal calcifications, including a new, validated calcifica-
tion grading system. 3D mCT grading of meniscal calcifications is
feasible: we found that mCT depicts more calcifications compared to
conventional 2D histology. Furthermore, when analyzing the rela-
tionship between CVM and the new calcification grade, it was found
that starting from grade 2, each grade results in a CVM that is 20
times higher than in the previous grade. Finally, the calcifications
seem to increase with increasing histopathological degeneration.
Interestingly, it seems that there are two patterns of degeneration
found in menisci of our sample set that may indicate different
degenerative processes, or patient responses to meniscal degen-
eration: 1) with diminutive calcifications (calcification grades 1e2),
and 2) with large to widespread calcifications (calcification grades
3e5). Especially for patients belonging to the latter group,
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inhibition of pathological calcification might represent a potential
therapeutic target for OA management. The proposed grading
system could be used to evaluate the efficacy of possible future
disease-modifying drugs targeted for calcification inhibition.
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