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Abstract

Objectives.—To compare regional differences in subchondral trabecular structure using high-
resolution MRI in meniscal-covered/ uncovered tibia in cadaveric knees with intact/torn menisci.

Materials and Methods.—3-D proton-density CUBE MRI of 6 cadaveric knees without
significant osteoarthritis (OA) was acquired, 0.25-mm resolution. Menisci were evaluated and
classified intact or torn. MR data were transferred to ImageJ program to segment tibial 3D volume
of interest (VOI). Data was subdivided into meniscus-covered/ uncovered regions. Segmented VOI
was classified into binary data, trabeculae/bone marrow. The trabecular bone data was used to
measure MR biomarkers (apparent subchondral plate connected bone density (adapted from spine
MR), apparent trabecular bone volume fraction, apparent mean trabecular thickness, apparent
connectivity density, and structure model index (SMI). Mean value of parameters were analyzed
for effects of meniscal tear/tibial coverage.

Results.—9 torn menisci and 3 intact menisci were present. MR measures of bone varied
significantly due to meniscal coverage/tear. Subchondral plate connected bone density under
covered meniscus regions increased from 10.9% t023.5% with meniscal tear. Values increased in
uncovered regions, 19.3% (intact) and 32.4% (torn). This reflects higher density when uncovered
(p=0.048) with meniscal tear (p=0.007). Similar patterns were found for trabecular bone fraction
(coverage p<0.001, tear p=0.047), trabecular thickness (coverage p=0.03), connectivity density
(coverage p=0.002), and SMI (coverage p=0.015).
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Conclusion.—Quantitative trabecular bone evaluation emphasizes intrinsic structural differences
between meniscal covered/uncorered tibia. Results offer insight into bone adaptation with
meniscal tear and support hypothesis that subchondral bone plate connected bone density could be

important

Keywords

in early subchondral bone adaptation.

Knee; Osteoarthritis; Meniscal Tear; Trabeculae; Morphometry; MRI

Introduction

Meniscal tears are commonly encountered pathology in osteoarthritic patients, found in
about 67% of asymptomatic and 91% of symptomatic patients [1]. It is also reported in 0.7
per 1000 patients-year in acute knee injury treated at emergency departments [2]. The
patients who have meniscal tear or meniscectomy are at increased risk of developing
osteoarthritis [3-5]. Further, osteoarthritic patients with concomitant meniscal tear have been
shown to present with more rapid cartilage loss [6, 7]. These findings support the critical
role of the meniscus for preservation of knee structure, normal knee function, and
biomechanics.

The primary functions of meniscus include load distribution and shock absorption [8-12].
This is emphasized by the disparate nature of the articular structures beneath the meniscus-
covered versus meniscus-uncovered regions of the tibia [13-16]. The density of the
subchondral bone and thickness of cartilage beneath the meniscus-covered region has been
reported to be less than its covered counterpart [14]. In the setting of partial and total
meniscectomy, increased focal stress on the bone is evidenced through increased bone
density [14, 17, 18]. Trabecular bone structure is dynamic and has the potential to adapt to
its loading environment [19]. Clearly, the structure and function of the meniscus and
underlying articular surface are related through the concept of the meniscal-osteochondral
unit. In addition, there is a body of literature that suggests a biologic link between the
subchondral bone and articular cartilage, whereby the former initiates or drives progression
of OA [20-22].

Currently, many magnetic resonance imaging (MRI) biomarkers that characterize trabecular
bone have been introduced in the literature. To date, most studies focusing on trabecular
assessment have addressed osteoporosis and osteoarthritis, emphasizing global osseous
remodeling. In the setting of knee osteoarthritis, results have highlighted the importance of
interactions of trabecular bone, cartilage and meniscus in its pathogenesis as well as the
development of tools to assess these interactions in the clinical setting. Interest from the
academic and clinical community stems from the noninvasive nature of MR imaging,
improved workflow through obviating the need for additional testing to characterize bone,
and the lack of ionizing radiation associated with CT assessment.

We implemented the conventional MR parameters for trabecular bone assessment in
subregions of the tibia with meniscal pathology in the absence of OA, and adapted an
additional biomarker previously implemented in lumbar vertebral body trabecular evaluation
[23]. This parameter assesses the vertical trabeculae that connect to the subchondral bone
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plate, and in the spine were established as important primary contributors to bone strength.
We hypothesize that changes in load distribution after meniscal tear will result in regional
trabecular adaptation. To the best of our knowledge, this is the first MR study to correlate
the regional subchondral trabecular characteristics in a whole joint cadaveric model with
regard to meniscal coverage and overlying regional meniscal integrity without underlying
OA, as well as the first evaluation of the relationship of vertical trabecular bone with
subchondral bone connectivity in the knee.

Materials and Methods

Subjects

A total of 6 knees were scanned from 3 cadaveric donors (2 females and 1 male) with mean
age 78.6 years old (64, 79 and 93 years of age at death) without underlying OA. No history
of osteoporosis, renal failure, osteomalacia, bisphosphonate or steroid use was noted in the
medical history available. This study was approved by the institutional review board.

Image acquisition

A 3-Tesla MR scanner (Discovery 750, General Electric healthcare systems, Waukesha, WI)
and a dedicated 8 channel knee coil (InVivo Corporation, Gainesville, FL, USA) were used
for image acquisition. High-resolution MR images (Figure 1) were acquired for assessing
the trabecular bone structure and meniscal pathology using a 3-dimensional (3D) CUBE fast
spin echo sequence (chosen to minimize susceptibility artifact in trabecular bone apparent in
3D gradient echo sequences). MR images were obtained in the sagittal plane with the
following parameters: time-to-repeat (TR) = 1500 ms, time-to-echo (TE) = 30 ms, flip angle
=90°, matrix = 320x320, slice thickness = 0.4 mm, number of slices = 450 to 510, field of
view (FOV) = 13 cm, echo train length (ETL) = 25, bandwidth = £31.25 kHz, no fat
suppression, with an approximate scan time of 10 minutes. The image resolution was 0.4
mm isotropic, interpolated to 0.25 mm using ImageJ in post-processing.

Two musculoskeletal radiologists evaluated MR findings individually. Meniscal pathology
was classified as intact, or tear in the anterior horn, mid-body, and posterior horn.
Commonly accepted imaging criteria for tear diagnosis was implemented [24]. In the case of
disagreement, the findings were reevaluated by consensus. None of the cadaveric specimens
met criteria for significant OA based upon classic MR scoring systems in early or advanced
OA [25]. No osteophyte formation, high-grade chondral loss or altered marrow signal was
noted in regions of meniscal tear or elsewhere in the joint. In the setting of OA, full
thickness chondral loss in a region of 10 mm? is considered significant. Neither this, nor
areas of greater than 50% chondral thickness loss were identified in the specimens.

MR data were transferred to the ImageJ program [26] to segment 3D volumes of interest
(\VVOI) representing the trabecular bone and marrow of the proximal tibia. The tibial
trabecular bone was then subdivided into 4 regions (Figure 1): 1) directly covered by the
medial meniscus, 2) directly covered by the lateral meniscus, 3) medial tibial meniscus-
uncovered, and 4) lateral tibial meniscus-uncovered regions. To achieve this, menisci,
excluding meniscal root and ligament, were manually segmented on sequential sagittal
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images (Figure 1). The meniscus-uncovered region was designated by the area enclosed by
the inner border of the meniscal tissue and a line drawn from anterior horn to posterior horn
(Figure 1A, green dotted line). Using BoneJ plug-in [27], we determined standard trabecular
bone morphometric measures [28] of 10-mm thick volume beneath the subchondral bone
plate (ScP). These included apparent bone volume fraction (app BVF), apparent mean
trabecular thickness (app Th,Th), apparent connectivity density (app CD) and structure
model index (SMI). SMI is an index to determine the plate- or rod-like trabecular structure
where the theoretical value for a perfect rod-like trabeculae is 3 and perfect plate-like
trabeculae is 0 [27, 28]. A lower SMI value reflects a higher ratio of the plate-like to rod-like
structures.

A custom Matlab program (R2011b, MathWorks, Natick, MA) was written for analysis of
trabeculae connected to subchondral bone plate (ScP) and to visualize local changes. Global
tibial VOI (i.e., manual segmentation of tibial trabecular bone, whose superior surface
represents the bottom of the ScP) was applied to 3D CUBE MR data in order to determine
the bottom of the ScP (Figure 2A, top blue line), and then offset 0.25 mm (Figure 2A,
middle red line) to segment a thin slab of trabecular bone “connected” to the ScP. The
surface was also offset 10 mm (Figure 2A, bottom orange line) to segment 10 mm-thick slab
of trabecular bone for creating color map of trabecular bone volume fraction. The 10 mm
thickness was based upon established analysis of tibial trabecular strength [29]. The
segmented data were thresholded (Figure 2A, black and white insert) by connectivity
optimization [27] to create binary data. For visualization purposes, axially flattened mean
intensity projection images of ScP “connected” trabecular bone (Figure 2B and Figure 3AB)
and of 10-mm thick slab of trabecular bone (Figure 2C) were created. Trabecular parameters
obtained from MRI are likely over-estimated compared to the actual values (from
histomorphometry or micro computed tomography) due to limited spatial resolution.
Therefore, all MR parameters were considered as “apparent” structural parameters. The
binary data of the 0.25-mm thin slab was used to determine the volume of ScP-connected
trabeculae divided by the total volume to determine apparent ScP connected bone density
(Figure 5). Binary data of 10-mm thick slab was used to create axial mean intensity
projection images (Figure 2C and Figure 4AB) as well as axial color map of bone volume
fraction (Figure 4CD). The color maps were created using a moving window filter applied
over the entire tibial plateau, providing a way to observe localized changes in bone volume
fraction. A pseudo code is provided in Appendix 1.

For statistical analysis, quantitative bone measures were averaged at the four VOI defined by
meniscus-covered and —uncovered regions, and analyzed for the effects of meniscal coverage
(repeated factor) and tear (intact vs. torn) on the mean values using two-way repeated
measures analysis of variance (ANOVA) performed with a commercial software (Systat 10,
Systat Software Inc., San Jose, CA). Significance level was set at p=0.05 (two-tailed, as the
measured values could either increase or decrease), and post hoc power for each factor was
determined using G*Power software. In general the analysis was underpowered due to the
small number of samples, and the study may have been biased due the treatment of bilateral
knees as independent samples.
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Meniscal pathology in the 6 cadaveric knees are shown in Table 1. There were 3 intact and 9
torn menisci. No meniscal tears appeared macerated or had displaced meniscal flaps/
fragments. Four of the nine appeared complex (more than one linear area of signal extending
to an articular surface). The measured MR parameters, p-values, and power values are listed
in Table 2. Figure 5 and 6 are plots of the mean and the standard error values.

Meniscal coverage demonstrated statistically significant effect in all MR parameters.
Meniscus-uncovered regions had greater apparent ScP connected bone density (Figure 5),
app BVF (Figure 6A), app Th.Th (Figure 6B), app CD (Figure 6C) and lower SMI values
(Figure 6D) compared to meniscus-covered regions in all samples irrespective of meniscal
tear. However, as shown in Table 2, the statistical power was generally low and highly
variable due to the small number of samples.

Additionally, apparent ScP connected bone density (Figure 5) and app BVF (Figure 6A)
were significantly higher in regions under the torn menisci compared to those under intact
menisci. The rest of MR parameters demonstrated no significant differences between torn
and intact menisci. Subsequent analysis of the statistical interaction between meniscal
integrity (intact vs. torn) and coverage (meniscus-covered vs. -uncovered regions) was not
statistically significant for any MR parameters.

Color maps of app BVF (Figures 4CD) were visually consistent with the quantitative
findings above. Overall higher values of app BVF were observed in meniscus-uncovered
regions as well as under the torn menisci. While it appears that location of the meniscal tear
(Figure 7, white arrows) may be related to focal changes in bone measures underneath
(Figure 7, orange arrows), this remains to be evaluated further.

Discussion

To the best of our knowledge, the present study is the first to provide regional quantitative
MR assessment of subchondral trabecular bone, emphasizing the meniscal covered and
uncovered tibial articular surface without underlying osseous or chondral degeneration. The
study further explored the relationship of meniscal tear and MR bone biomarkers in this
regional analysis. The importance of the osteochondral junction and the concept of the
meniscal osteochondral unit have been stressed in the literature [30, 31]. The traditional
view of OA as a disease of articular cartilage has been challenged with more complex
theories that note interplay between subchondral bone and cartilage [22]. The potential role
of abnormal subchondral trabecular bone metabolism in the initiation and/or progression of
OA, a sort of inside-out theory of OA occurring independent of and preceding cartilage
degeneration, has been discussed in the literature [20, 21]. To fully leverage the data
acquired from MR bone biomarkers for the purpose of exploring the pathogenesis of OA,
patterns of bone structure encountered in tissue without OA must be established. Only then
can we begin to interrogate bone interactions with meniscus and other tissue failure.

The meniscus normally functions to facilitate load distribution and shock absorption. In so
doing, it shields the underlying osteochondral tissues from the direct joint contact forces,
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which may explain the differences between the structures of the meniscal-covered vs. —
uncovered cartilage and bone. Our quantitative MR results in samples with intact menisci
are similar to past studies that utilized histologic reference measurements [14, 15]. Axial
color map of app BVF (Figure 4C) showed spatial distribution congruous with the
quantitative findings: in samples with intact menisci, the color maps showed high values in
medial meniscus-uncovered region and posterior half of lateral tibia plateau. This was also
consistent with maps of joint contact regions and force distribution determined in the tibial
plateau [9]. In addition, apparent ScP connected bone density, a newly introduced
osteochondral junction biomarker, also demonstrated a higher value in the uncovered region.
Evaluation of spine trabecular samples showed that bone volume fraction of vertical
trabeculae better predicted mechanical behavior than did bone volume fraction of the entire
specimen [32]. The importance of vertical trabeculae, and connectivity to subchondral bone
is further supported by biomechanical data noting primary tibial bone strength predominates
within 5 mm of the subchondral bone plate. The data acquired in this study is limited and
requires further interrogation.

Alterations in tibial bone structure in the samples with torn menisci suggest adaptation to
changes in the mechanical environment of the knee. The meniscus dissipates load by a
reported 45-60% [33]. In case of meniscectomy or meniscal tear, the disruption in hoop
strength can result in increased compressive load by 40-700% [8, 9, 34]. The change in
cortical and trabecular bone occurs as an adaptation to load alteration, such as during
immobilization [35] or induced joint instability [36, 37] in animals. After meniscectomy,
studies have generally found overall increases in ScP thickness and trabecular BVF [37, 38],
although a few have found decreased BVF in the setting of meniscal pathology [38]. Our
results of increased ScP connected bone density, app BVF, and app Th.Th., in samples with
torn menisci are consistent with the past findings. Of note, the changes in bone biomarkers
in the setting of meniscal tear are occurring without underlying OA, and with preservation of
articular cartilage. The suggestion that location of meniscal tear may correlate with focal
trabecular remodeling (Figure 7) provides an avenue for further exploration in the setting of
isolated meniscal pathology.

A major technical limitation of this MR study is low image resolution. Trabecular thickness
in the proximal tibia is about 0.1 to 0.2 mm. The resolution in this study was 0.4 mm. It has
been demonstrated that the trabecular bone parameters become overestimated as the voxel
size increases, and this is most pronounced for the trabecular thickness [39]. Nonetheless,
there is a strong (R>0.8) correlation between the bone measures calculated using large voxel
(264 um) vs. and the reference small voxel (65 um) images in the past studies [39]. Although
the spatial resolution in our study was limited, it is similarly sufficient to detect relative
differences between samples. Another limitation is the cross-sectional study design with a
small number of samples. The study does, however, serve as a pilot for larger scale
evaluation emphasizing feasibility in an OA cohort. Additionally, while we have not
validated the imaging and analysis techniques against a reference standard in this study, MR
measures of bone structure have been shown to correlate with bone mineral density from
dual-energy X-ray absorptiometry [40] and quantitative computed tomography [41, 42], with
a good reproducibility [40, 43-45]. Sensitivity of MR bone measures to aging and disease
has also been previously demonstrated [46, 47].
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A consideration for future work is the biomechanical differences between medial and lateral
compartments, taking into consideration trabecular structural patterns. It has been reported
that the lateral meniscus is more mobile than the medial meniscus [48] while the strength
and load distribution is greater on the medial compartment [8, 9, 29, 34]. Additionally, not
all meniscal tears had equal effect on meniscal mechanical axis alteration [49]. In light of
these, a subgroup analysis with consideration to medial versus lateral menisci, as well as
inclusion of various types of tears will offer great insight into bone adaptation
characterization in the future. Unfortunately, due to small number of samples and different
proportion of torn menisci on lateral vs. medial sides, we could not show their relative
involvement at this time. Lastly, it would have been useful to have a negative control for the
trabecular measures, for example samples taken from tibial diaphysis or distal femur, to
demonstrate no inherent difference between right vs. left lower extremities within an
individual. These additional testing remain to be performed to further validate the utility of
our techniques.

In conclusion, we provide the first quantitative MR verification of regional differences in
bone biomarkers between the meniscal covered and uncovered regions of the tibial plateau.
The identification of this pattern is crucial for interrogation of the role of subchondral bone
in initiation and progression of OA. Our results of increased ScP connected bone density and
app BVF, in samples with torn menisci are consistent with the past findings. Of note, the
changes in bone biomarkers in the setting of meniscal tear are occurring without underlying
OA, and with preservation of articular cartilage.

Conclusion

Results from quantitative trabecular bone evaluation emphasize the intrinsic structural
differences between the meniscal covered and uncovered tibial articular surface. Further,
results offer insight into bone adaptation in the setting of meniscal tear without significant
OA and support the hypothesis that apparent subchondral bone plate connected bone density
could be an important consideration in early subchondral bone adaptation mechanisms.
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Figure 1.
(A) high-resolution 3D CUBE sagittal MR image of a cadaveric knee overlaid with the

outlines segmenting the menisci (red), meniscus-uncovered region (green), and trabecular
bone and marrow of the proximal tibia (blue). 3D visualization of (B) the segmented menisci
(red), meniscus-uncovered regions (green), and the proximal tibia (blue), (C) projected
axially onto the trabecular regions of the proximal tibia to create four volumes of interest.
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1) Bottom of subchondral plate (ScP)
2) Trabecular bone connected to ScP

3) Trabecular bone 0 to 1 cm below ScP

Figure 2.
Schematic of proximal tibia (A) showing the bottom of the subchondral plate (ScP) (top blue

line), a layer 0.25 mm below the ScP (middle red line) and a slab 10 mm below ScP (bottom
orange line). Axially-flattened mean intensity projection image of 0.25-mm-thick ScP
connected bone (B) and 10-mm thick slab of trabecular bone (C).
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0.25-mm Deep Intact Menisci Torn Menisci

Trabecular Bone

Axial Projection

Figure 3.
Axial mean intensity projection images of the subchondral plate connected trabeculae in a

knee with intact menisci (A) and another knee with torn medial and lateral menisci (B).
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10-mm Deep Intact Menisci Torn Menisci

Trabecular Bone

Bone Volume

Axial Projection
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Figure 4.
Axial mean intensity projection images of trabeculae of the 10-mm thickness slab beneath

the ScP in a knee with intact menisci (A) and another knee with torn bilateral menisci (B).
Color maps of apparent bone volume fraction in the knee with intact menisci (C) and torn
menisci (D) suggested variations with meniscus coverage as well as integrity. Meniscal tear
(blue dotted lines, D) at posterior horns.
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Figure 5.
Mean values with a standard error of the mean (error bars) of apparent ScP connected bone

density separated by location (meniscus-covered vs. -uncovered regions) and meniscal
integrity (intact vs. torn). * = significant (p<0.05) difference between meniscus-covered and
-uncovered region. # = significance different between intact menisci and torn menisci.
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=:

| Covered 'Uncoveret\i

Mean value with a standard error of the mean (error bars) of apparent bone volume fraction
(A), apparent mean trabecular thickness (B), apparent connectivity density (C), and structure
model index (D) separated by location (meniscus-covered vs. -uncovered regions) and
meniscal integrity (intact vs. torn). There was significant higher value of all parameters of
meniscus-uncovered region compared to meniscus-covered region in both groups (intact and
torn menisci). * = significant (p<0.05) difference between meniscus-covered and -uncovered
region. # = significance different between intact menisci and torn menisci.
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Figure 7.
Sagittal plane (A) and coronal plane (B) of high-resolution MR image (3D CUBE) showed

small radial tear at posterior horn of lateral meniscus (white arrows) and focal increased
trabeculae in lateral tibial plateau beneath the small tear (orange arrows).
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Meniscal pathology in six cadaveric knees

Table 1.

I(l\ln(ie D’?lr;?r Medial meniscus Lateral meniscus
1 1 Intact Intact
2 1 Intact Tear at the body
3 2 Tear at the posterior horn Tear at the body
4 2 Tear at the body and the posterior horn | Tear at the anterior horn and the body
5 3 Tear at the body and the posterior horn | Tear at the posterior horn
6 3 Tear at the body and the posterior horn | Tear at the body and the posterior horn
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Table 2.

The mean values (standard error of the mean) of MR bone measures across location and meniscal integrity as
well as p-value from two-way ANOVA.

Mean (standard error)
Intact menisci Torn menisci P-values (post hoc power)
MR bone measures
Covered Uncovered Covered Uncovered Intact Cover
Vs. Vs. ion?
Interaction
Torn uncover
ScP connected bone 10.9 (1.2) 19.3 (3.9) 235 (1.4) 324 (3.9) 0.007 *(0.34) 0.048*(0.49) 0.956 (0.95)
density, %
App BVF (%) 35.5(1.8) 452 (1.3) 43.0 (1.9) 50.3 (1.3) 0.047 *(0.24) <0.001 *(0.12) 0.360 (0.36)
App Th.Th (mm) 0.88 (0.010) | 0.90 (0.008) | 0.93 (0.018) | 0.95 (0.015) | 0.136 (0.98) 0.030*(0.05) 0.993 (0.99)
App CD (#/cm?3) 0.16 (0.007) | 0.18 (0.005) | 0.17 (0.005) | 0.20 (0.006) | 0.176 (0.46) 0.002 *(0.63) 0.485 (0.49)
SMI (0=Plate, 3=Rod) 1.92 (0.08) 1.79 (0.09) 1.43(0.13) 1.20 (0.16) 0.059 (0.91) 0.015 *(0.04) 0.419 (0.42)

Note Cover = Trabeculae beneath meniscus-covered region, Uncover = Trabeculae beneath meniscus-uncovered region, ScP = Subchondral plate,
App BVF = Apparent bone volume fraction, App Tb.Th = Apparent trabecular thickness, App CD = Apparent connectivity density, SMI =
Structure model index

* =
Significant p-value less than 0.05

#= . . . . .
Interaction between meniscal integrity and meniscal coverage
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