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Abstract

BACKGROUND: The role of intra-articular mineralization in osteoarthritis (OA) is unclear. Its
understanding may potentially advance our knowledge of knee OA pathogenesis. We describe and
assess the reliability of a novel computed tomography (CT) scoring system, the Boston University
Calcium Knee Score (BUCKS) for evaluating intra-articular mineralization.

METHODS: We included subjects from the most recent study visit of the Multicenter
Osteoarthritis Study (MOST) Study, a NIH-funded longitudinal cohort of community-dwelling
older adults with or at risk of knee OA. All subjects underwent CT of bilateral knees. Each knee
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was scored at 28 scored locations (14 for cartilage, 6 for menisci, 6 for ligaments, 1 for joint
capsule, and 1 popliteal-tibial vessels). A single musculoskeletal radiologist scored cartilage and
meniscus subregions, as well as vascular calcifications assigning to each a score ranging from 0-3.
The joint capsule, medial and lateral posterior meniscal roots, ACL/PCL and 2 collateral ligaments
(MCL/LCL) were each scored 0 or 1 for absence or presence of mineralization. To assess
reliability, 31 subject CTs were reread 12 weeks later by the same reader and by a second reader
and agreement was evaluated using a weighted kappa.

RESULTS: The intra-reader reliability ranged from 0.92 for ligaments to 1.0 for joint capsule.
The inter-reader reliability ranged from 0.94 for cartilage and ligaments, to 1.0 for joint capsule.

CONCLUSION: BUCKS demonstrated excellent reliability and is a potentially useful CT-based
tool for studying the role of calcium crystals in knee OA.

INTRODUCTION

Knee osteoarthritis (OA) is the most common form of joint disease in older adults and a
leading cause of lower-extremity disability globallyl-2, with no effective disease-modifying
pharmacologic therapy to date. This is mainly due to the incomplete understanding of the
underlying pathogenesis of OA. Intra-articular calcium crystals often co-exist with knee OA;
however, their role as a potential contributor to the disease pathogenesis is understudied and
unclear3,

There are two main types of calcium crystals, calcium pyrophosphate (CPP) and basic
calcium apatite (BCP) crystals, which differ in chemical properties, appearance and
presentation and potentially in their role in OA pathogenesis.*® Some believe crystal
deposition is a natural consequence of aging and joint damage®, while other have
hypothesized that these crystals may play a role in cartilage catabolism through causing
release of inflammatory cytokines and matrix metalloproteases’. To that extent, calcium
crystal deposits may be a novel target for the treatment and prevention of OA.

Radiography is the traditional modality for the detection and diagnosis of intraarticular
mineralization. However, the projectional nature of this modality results in limited
sensitivity for the detection of crystal calcium deposits. A better assessment of their burden
and location may only be achieved with a cross-sectional imaging modality. For instance
ultrasonography has been extensively studied for this use8-12. While ultrasound has a much
higher sensitivity than radiography for the detection of intraarticular cartilage (84% versus
13%)10, and similarl3 to higher!! sensitivity in comparison with CT, it is limited because of
its inability to visualize the inner margins of the articular cartilage and soft tissues deep to
bone surfaces, such as the cruciate ligaments®, as well as being operator dependent.
Ultrasound would thus be difficult to implement in large scale cohort studies due to its
operator dependency, and therefore possible inconsistencies in longitudinal follow-ups.
Traditional MRI pulse sequences are also limited in sensitivity and in their ability to
distinctly identify calcified cartilage from other abnormalities, such as meniscal tearsl41°,
CT is the most appropriate imaging modality for this use, attributable to its isotopic three-
dimensional reformatting capabilities and excellent soft tissue-mineralization contrast
resolution. A feasibility study showed CT can detect and localize mineralization in the knee

Osteoarthritfs Cartilage. Author manuscript; available in PMC 2021 June 09.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Guermazi et al.

Page 3

to a greater extent than concurrent radiographs, however it did not assess the reliability of a
semiquantitative assessment of the burden of intraarticular mineralization using an ordinal
scale8. The aim of this work is to describe and assess the reliability of a novel CT scoring
system, the Boston University Calcium Knee Score (BUCKS) method, for assessing the
burden and determining the localization of intra-articular mineralization.

METHODS:

We included subjects from the most recent visit of the Multicenter Osteoarthritis Study
(MOST) Study, a NIH-funded cohort study of community-dwelling older adults with or at
risk of knee OA. All subjects underwent CT scans of bilateral knees.

CT SCANNING PROTOCOL

Examinations were performed at the University of Alabama at Birmingham and at the
University of lowa by using dual energy CT. A GE Discovery CT750HD scanner was used
at the University of Alabama at Birmingham (80/140 kVp, 260mAs, 0.9mm pitch, 0.8s
exposure, rotation speed 50ms), while a Siemens SOMATOM Force scanner was used at the
University of lowa (80/150 kVp, 250 mAs, 0.8mm pitch, tin filtration at 150kVp, rotation
speed 15ms). For this study, we utilized the 80 kVp images from both sites. The raw
projection data were reconstructed using a slice thickness of 0.6mm and a slice interval of
0.3mm with a standard 512 x 512 imaging matrix. Display field-of-view (DFOV) were
standardized to approximately 14 cm for each respective knee data set, using the standard
kernel (University of Alabama at Birmingham) and Qr40 kernel (University of lowa). The
DFOQV provided an in-plane resolution of 0.3mm (x plane) x 0.3mm (y plane) which
corresponded to an isotropic voxel dimension of 0.3mm x 0.3mm x 0.3mm when using a
slice interval of 0.3mm in the z-plane. The CT acquisition covered the distal 20% of femur
and proximal 20% of tibia.

RADIOLOGIC SCORING

Each knee was divided into 14 subregions as previously described in the WORMS scoring
system?7 (figure 1) for scoring the hyaline articular cartilage, while the medial and lateral
menisci were each divided into 3 subregions, resulting in 14 scores for the cartilage, and 6
meniscal scores. Medial and lateral posterior meniscal roots, anterior cruciate ligament
(ACL), posterior cruciate ligament (PCL), medial collateral ligament (MCL), lateral
collateral ligament (LCL), joint capsule, and popliteal-tibial vessels were also scored.

Each hyaline cartilage subregion was graded for calcium crystals on a 0-3 ordinal scale
based on the extent of crystal mineralization (% of surface area as related to the size of each
individual region). Grade 0 = none, grade 1 < 10% of region of cartilage surface area, grade
2 = 10-75% of region of cartilage surface area, and grade 3 >75% of region of cartilage
surface area (figure 2)!8. An identical scoring system was used for menisci (figure 3). The
posterior meniscal root attachments, MCL and LCL, ACL and PCL, and joint capsule were
each graded either O (absent) or 1 (present) (figures 4-7). For vascular calcifications, we
used an ordinal score (0-3) for the extent of mineralization along the popliteal-tibial
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vascular axis (Grade 0= normal, grade 1 <25% of the vessel length, grade 2 = 25-50% of the
vessel length, and grade 3> 50% of the vessel length) (figure 8).

A single musculoskeletal radiologist with 8 years of experience in semi-quantitative scoring
of knee OA features (MJ) scored CT examinations of both knees of all participants using
axial images, along with multiplanar reformats (MPR) in the sagittal and coronal views. The
location of calcium deposition and the shape of the structure in which calcium was deposited
made it possible to identify the tissue affected.

SELECTION OF IMAGES FOR RELIABILITY READINGS

After the CT scans from the first 300 study participants (598 knees) had been read for the
first time by the initial reader (MJ), the statistical distributions of the maximum cartilage and
meniscal calcification scores, and the number of subregions affected within each knee were
examined. Because of the low prevalence of intraarticular mineralization, we randomly
selected 30 knees (from the eligible 598 knees), weighted to include approximately equal
numbers of knees with grade 0, grade 1, and grade 2-3 calcifications, based on the initial
reading. Contralateral knees were also added to the selection, but one was excluded due to
knee arthroplasty and an additional participant (2 knees) was selected to provide a total of 61
knees from 31 participants selected for this reliability study. The Kellgren and Lawrence
grade was not taken into account, at any point, for the selection of participants in this
reliability study. Twelve weeks later the same reader (MJ) read the scans for a 2nd time for
assessment of intra-rater reliability. Another board-certified musculoskeletal radiologist with
19 years of experience in semi-quantitative scoring of knee OA features (AG) independently
read the scans for assessment of inter-rater reliability. The selection process is summarized
in figure 9.

STATISTICAL ANALYSIS

RESULTS

The intra-rater reliability for grade of intra-articular calcium crystals in specific subregions
(hyaline cartilage, meniscal fibrocartilage, ligamentous structures, and vessels) between
readings at time-points 1 and 2 was measured by calculating weighted kappa statistics (95%
confidence interval) using SAS 9.3 (SAS Inc., NC). The same method was used for inter-
rater reliability, between reader 1 (MJ) and reader 2 (AG). Taking clustering into
consideration, we used weighted-kappa statistic1® for agreement on ordinal scores (cartilage,
meniscus and vascular mineralization), using Fleiss-Cohen weights, and regular kappa
statistic20 for features scored as present/absent (cruciate/collateral ligaments, meniscal roots,
and capsule), all at a subregion level, and similarly to previously published reliability study
of the WORMS scoring system?7.

The study protocol was approved by the institutional review boards at the University of
lowa, University of Alabama, Birmingham, University of California, San Francisco, and
Boston University Medical Center.

The sample demographics and Kellgren and Lawrence grades are presented in table 1. Intra-
articular calcium crystals were present on CT images of 50 knees, with 38 having articular
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cartilage calcifications and 35 having meniscal calcifications. The reliability of the
instrument was assessed on 31 subjects. The intra-rater reliability for the features described
above is reported in table 2. It ranged from 0.92 for ligaments to 1.0 for joint capsule. The
inter-rater reliability ranged from 0.94 for cartilage and ligaments, to 1.0 for joint capsule.
All measures of reliability demonstrated at minimum very good agreement according to the
criteria developed by Landis and Koch?!. Figures 2-7 demonstrate distribution of calcium
crystals in cartilage, menisci, ligaments, joint capsule, and vessels.

DISCUSSION

CT is a unique tool allowing the assessment of soft tissue mineralization in the knee. It
combines the benefits of a cross-sectional imaging technique with isotropic three-
dimensional reconstruction abilities, relatively high resolution, and excellent soft tissue-
mineralization contrast. Our study confirms findings from previously published cadaveric??
and /n-vivol® CT studies demonstrating that calcium crystal deposition is ubiquitous,
involving not only the cartilage but all components of the joint including menisci, ligaments
and capsule.

This report provides data on the reliability of intraarticular calcium deposits scored using
BUCKS: a semi-quantitative scoring instrument for CT assessment of soft tissue
mineralization in the knee. The proposed subregional delineation is similar to prior MRI-
based semi-quantitative scoring tools such as WORMS?, allowing for possible examination
of association and co-localization of features from both imaging tools. Meniscal root
attachments were added to this scoring tool due to their increasingly incriminated role in
OAZ3, While the ligamentous structures are less readily detectable on CT in comparison with
MRI, the mineralization-soft tissue contrast provided by calcium crystal deposition makes
the shape of such structures readily recognizable.

CT assessment could help identify different patterns of intra-articular calcium crystal
deposition in OA. Our findings provide insights into the intriguing possibility that
calcification may be a more global phenomenon within the joint than previously recognized.
Further, studying the association of intra-articular mineralization with known MRI-detected
features may identify new mechanistic risk factors for radiographic and clinical OA.
Ultimately this line of inquiry may help elucidate the underlying processes of the
pathophysiology and epidemiology of knee OA, and address the long-unanswered question
of whether articular calcification is a cause or consequence, or both, of OA pathology.

This scoring system is exploratory in nature and warrants further investigation and
validation. Indeed, there are scant data in the literature pertaining to the role of soft tissue
mineralization in knee OA®%7. The potential utility of such a tool is underlined by the
existing MRI-based semi-quantitative scoring systems which have proven their usefulness in
advancing knowledge in the field of knee OA research1824, especially when applied to
large-scale longitudinal cohorts, including the present cohort. While measurement properties
(including construct and predictive validity and the responsiveness) will need to be assessed
in subsequent studies, we expect correlation with semiquantitative MRI features will further
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advance our knowledge of the pathogenesis of knee OA. BUCKS is not intended for clinical
use or follow-up of patients with osteoarthritis at this stage.

We acknowledge the concern for radiation exposure as a limitation for this scoring system.
However we emphasize that CT examination of the knee carries a much lower effective dose
than CT examinations of more proximal body regions. For comparison, the effective dose for
CT of the knee reported as 0.15 mSy is dramatically lower than CT of the hip (3mSv). This
difference is related to the difference in radiosensitivity of the exposed tissues, and explained
by the minimal amount of bone marrow present in the knee region, while bone itself is
amongst the least radiosensitive tissues in the body?2®. The effective dose from a CT of the
knee is equivalent to 2 chest radiographs (0.08 mSv per radiograph), and comparable to a
round-trip airplane flight London — New York (0.1mSv)?2. Also, as an attempt to comply
with the ALARA principle (As Low As Reasonably Achievable), both knees were imaged
during the same acquisition, keeping the delivered dose unchanged. Considering the low
radiation exposure, longitudinal scanning to follow progression of disease can be achieved
well below natural background exposure. An additional limitation of the reported scoring
system is its inability to distinguish between the different types of calcium crystals. In deed
BUCKS is only intended for quantitative assessment of intra-articular burden, rather than
qualitative assessment of intraarticular crystal nature. However, because we used dual-
energy technology for all participants, this information is available in this cohort and further
analysis of data may be able to elucidate the exact nature of calcium crystal deposits, and
also differentiate calcium from urate.

In summary, we described a new CT-based scoring tool and assessed its reliability. BUCKS
demonstrates excellent intra- and inter-rater reliability. Further studies will determine the
validity and responsiveness of this scoring tool, especially in epidemiological studies. The
correlation of intra-articular mineralization deposition with other MRI-based semi-
quantitative features in large-scale cohorts may lay the groundwork for a better
understanding of knee OA pathophysiology and more specifically the role of soft tissue
mineralization in this disease.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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A B

Figure 1.
Schematics representing (A) a sagittal view of the knee helps explain the 12 subregions of

the medial and lateral tibiofemoral joints (C: central, A: Anterior, and P: Posterior), and (B)
an axial view of the knee showing the 2 medial and lateral patellar subregions (M: Medial,
and L: Lateral).
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Figure2.
Cartilage mineralization grading. Grade 0= none, grade 1<10% of subregional surface grade

2= 10-75% of the subregional surface, grade 3 >75% of the subregional surface. (A-D)
Sagittal computed tomography reformats. (A) Grade 0 with no cartilage mineralization in
posterior subregion of medial femur. (B) Grade 1 cartilage mineralization is depicted in
posterior subregion of lateral femur (arrow). (C) Grade 2 cartilage mineralization in the
posterior subregion of the lateral femur (arrows). D. Grade 3 cartilage mineralization is
depicted in posterior subregion of lateral femur (arrows).
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Figure 3.
Meniscal mineralization grading. Grade 0= none, grade 1<10% of subregional volume grade

2= 10-75% of the subregional volume, grade 3 >75% of the subregional volume. (A-D)
Sagittal computed tomography reformats. (A) Grade 0 with no meniscal crystal deposition in
the posterior horn of the medial meniscus. (B) Grade 1 meniscal mineralization in the
posterior horn of lateral meniscus (arrow). (C) Grade 2 meniscal mineralization in the
posterior horn of the lateral meniscus (arrow). D. Grade 3 cartilage mineralization in the
posterior horn of the medial meniscus (arrow).
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Figure 4.
Mineralization grading of the posterior meniscal roots. Grade 0= none, grade 1= present.

(A,B) Coronal computed tomography reformats. (A) Grade 1 mineralization of the posterior
medial meniscus root, with calcium crystal deposition following the shape of the same
structure (arrow). (B) Grade 1 mineralization of the posterior lateral meniscus root (arrow).
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Figureb5.
Mineralization grading of the cruciate ligaments. Grade 0= none, grade 1= present. (A,B)

Sagittal computed tomography reformats. (A) Grade 1 mineralization of the ACL with
calcium crystal deposition following the shape of the ACL (arrows). (B) Grade 1
mineralization of the PCL with calcium crystal deposition follows the shape of the PCL
(arrows).
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Figure®6.
Mineralization grading of the collateral ligaments. Grade 0= none, grade 1= present. (A,B)

Coronal computed tomography reformats. (A) Grade 1 mineralization of the medial
collateral ligament, with calcium crystal deposition following the shape of the same
structure (arrow). (B) Grade 1 mineralization of the lateral collateral ligament (arrow).
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Figure7.
Mineralization grading of the joint capsule. Grade 0 = none, grade 1 = present. (A,B)

Sagittal computed tomography reformats. (A) Grade 1 mineralization of the joint capsule
along the posterior medial femoral condyle (arrows). (B) Another example of grade 1
mineralization of the joint capsule in the suprapatellar pouch (arrow).
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Figure 8.
Vascular calcification grading. Grade 0 = none, grade 1<25% of the popliteal-tibial vascular

length, grade 2 = 25-50% of the popliteal-tibial vascular length, grade 3 >50% of the
popliteal-tibial vascular length. (A-C) Sagittal maximum intensity projection computed
tomography reformats. (A) Grade 1 vascular calcifications <25% of the popliteal-tibial
vascular length (arrows). (B) Grade 2 vascular calcifications, 25-50% of the popliteal-tibial
vascular length (arrows). (C) Grade 3 vascular calcifications >50% of the popliteal-tibial
vascular length (arrows).
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1 knee excluded
because of total
knee replacement

300 random participants (598 knees) of
the existing cohort, with Dual-Energy CT
of bilateral knees at 144 months visit,
were initially scored by reader 1 using
BUCKS

!

Randomly selected 30 knees, weighted
for severity of cartilage and meniscal

1 participant
added (2 knees)
to compensate for
missing knee

Figure9.

mineralization on initial reading + 30
contralateral knees (total: 60 knees)

Total: 61 knees
Read 12 weeks later for the second time by reader 1
(intra-rater), and by reader 2 (inter-rater)

Flow chart of the selection process for the reliability study.
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Table 1:

Sample demographics and knee Kellgren and Lawrence grades

Female (%) 19 (61.3)

BMI *(standard deviation) 31.1(5.2)

Age (standard deviation) 72.2 (6.6)

Tibiofemoral Kellgren and Lawrence (KL) Grading | Index knees (n =31) | Contralateral knees (n=30) | Total (n = 61)

KL Grade 0 (%) 7 6 13

KL Grade 1 (%) 6 8 14

KL Grade 2 (%) 10 5 15

KL Grade 3 (%) 6 8 14

KL Grade 4 (%) 1 2 3

Unscorable (total knee replacement) 0 1 (excluded) NA

Not available 1 1 2
*BMI in kg/m2
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Table 2.

Intra- and inter-rater reliability at the subregion levels of the knee.

Kappa Weighted Reliability [95% Confidence I nterval]

Tissue Compartments Intra-rater Inter-rater
Hyaline Cartilage 0.96 [0.94-0.98] 0.94[0.91-0.97]
(854 subregions = 14 locations x 61 knees)
Meniscus *(488 subregions = 8 locations x 61 knees) 0.99 [0.98 - 1.00] 0.97[0.95-0.99]
Ligaments (244 subregions = 4 locations x 61 knees) 0.92 [0.86 — 0.99] 0.94 [0.88 - 1.00]
Capsule (1 location x 61 knees) 1.00 [1.00 - 1.00] 1.00 [1.00 - 1.00]
Vessels (1 location x 61 knees) 0.98 [0.96 — 1.00] 0.98 [0.95 - 1.00]

*
Including posterior meniscal roots.
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