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Abstract
Objective—Our objective is to understand the biological and mechanical pathways linking
cartilage, bone, and marrow changes in the progression of osteoarthritis (OA). The aim of the
present study was to evaluate bone structure and composition within bone marrow edema-like
lesion (BMEL) regions associated with knee OA.

Methods—Tibial plateau specimens (n = 18) were collected from 10 subjects with knee OA
scheduled for total knee arthroplasty (TKA). Magnetic resonance (MR) imaging was used to
identify BMEL and quantify metrics of cartilage composition. Micro-computed tomography
(μCT) and high-resolution peripheral quantitative computed tomography (HR-pQCT) were used
to quantify density and microstructure of the subchondral trabecular bone. Fourier transform
infrared (FTIR) spectroscopy was used to quantify tissue composition.
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Results—Trabecular bone within BMEL was higher in volume fraction, with more and thicker
trabeculae that were more plate-like in structure compared to unaffected regions. BMEL trabecular
tissue composition had decreased phosphate and carbonate content. Marrow infiltration by a
fibrous collagen network and evidence of increased bone remodeling were present. Structural and
compositional changes were specifically localized to regions underlying cartilage degradation.

Conclusion—These results support the paradigm of focal interactions among bone, marrow, and
cartilage in the progression of knee OA. Quantitative evaluation of tissue changes and interactions
may aid in the understanding of disease pathophysiology and provide imaging markers for disease
progression.

Keywords
osteoarthritis; knee; marrow lesion; edema; subchondral bone; histopathology; CT; MRI; FTIR;
tissue quality

Introduction
Osteoarthritis (OA) is a disease in which multiple components interact and lead collectively
to joint failure. In OA, cartilage pathology is accompanied by alterations within subchondral
bone and marrow space. While it is clear that the entire joint is involved in OA
etiopathogenesis, neither the initiation, sequence nor causative relationships between
changes in bone, marrow, and cartilage compartments are understood. Improved
understanding of the OA joint environment could accelerate development of prognostic
markers for the disease and identification of early therapeutic targets.

Through the use of magnetic resonance imaging (MRI), a relationship has been reported
between the presence of osteoarthritic cartilage degradation and bone marrow edema-like
lesions (BMEL) in the subchondral trabecular bone compartment, identified as regions of
hyperintense signal on T2-weighted fat saturated MR images [1]. Existence of BMEL has
been associated with OA pain [2,3] and progression of clinical manifestations of OA [4,5].
Further, focal cartilage lesions have been shown to be preferentially located in proximity to
regions of BMEL [6]. MRI T1ρ value, an indicator of early cartilage degradation, is elevated
in cartilage overlying BMEL in OA [6] and in patients with recent knee trauma [7], with the
level of cartilage degradation proportional to BMEL signal intensity. Additionally, cartilage
overlying BMEL shows greater increase over time in degradation markers than surrounding
cartilage [6]. Therefore BMEL regions appear to be consistently and fundamentally involved
in OA development.

Histologic evaluation of BMEL regions in the subchondral trabecular compartment has 2
produced evidence of abnormalities in marrow constituents, in particular adipocyte necrosis
and bone marrow fibrosis [1,8]. Changes in the trabecular compartment have been identified
in cases of knee OA, including increased bone volume fraction, bone tissue necrosis,
increased remodeling, and woven bone formation. Initial evidence has also shown that
trabecular morphology and tissue mineral density is altered overall in OA joints [9]. Further,
trabecular morphology appears to be altered focally within BMEL regions in comparison to
regions outside BMEL [8]. Taken together, this evidence strongly suggests a closely
coordinated interplay among bone, marrow, and cartilage changes in knee OA.

The long-term goal of this work is to understand the biological and mechanical pathways
linking cartilage, bone, and marrow changes in the progression of OA. The aim of the
present study was to evaluate the structure and composition of trabecular bone within BMEL
regions associated with knee OA. We hypothesize that BMEL regions are foci of altered
bone structure and composition, spatially associated with cartilage degradation. To address
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this hypothesis, local spatial relationships between cartilage matrix composition and bone
structure and composition were determined. Micro-computed tomography (μCT) and high-
resolution peripheral quantitative computed tomography (HR-pQCT) – powerful tools for
the quantification of density and microstructure of trabecular bone – were used to perform
this work. Fourier transform infrared (FTIR) spectroscopy was used to quantify
complementary indices of bone tissue composition, in particular metrics of mineral and
collagen maturity. MR imaging was used to quantify metrics of cartilage composition. This
work is novel in applying multi-modal advanced structural and compositional imaging
techniques to the evaluation of BMEL.

Materials and Methods
Donor population

Twelve subjects (10 female, 2 male, mean age 70.6±10.4 yrs) with clinically diagnosed knee
OA, who were scheduled for total knee arthroplasty (TKA), were recruited for this study.
Patient recruitment occurred through referral from orthopaedic surgeons at the UCSF
orthopaedic clinic. The UCSF Committee on Human Research approved the study protocol.
Informed consent was obtained from each study participant prior to enrollment.

Specimen Collection and Processing
An overview of the specimen collection and processing sequence is presented in Figure 1.
Tibial plateau specimens (n = 18, from 10 donors) were collected during TKA surgery. Each
plateau was removed as a single piece with a reciprocating saw. The specimen was
photographed to document orientation and condition, and then immediately transferred to
the laboratory where a number of physical registration guides were affixed to the specimen.
First, the distal face of the specimen was marked with a perpendicular set of shallow
notches, to serve as a location reference for μCT imaging. A plastic grid was then affixed to
the distal face, aligned with the notches, to serve as a location reference for MR and HR-
pQCT imaging. The specimen with 1 attached plastic grid was then placed into a plastic
container and immersed in lactated Ringer’s 2 solution in preparation for MR scanning.
Following MR scanning, the lactated Ringer’s solution was drained and HR-pQCT scanning
was performed.

After HR-pQCT imaging, the specimen was prepared for μCT imaging, FTIR spectroscopy,
and histology. Two adjacent 3 mm-thick sagittal slices containing BMEL were identified
based on the MR images; the medial slice was selected for μCT imaging and FTIR analysis,
the lateral slice for histological processing. The slices were cut from the specimen using a
precision sectioning saw (Buehler Ltd., Lake Bluff, IL), which was used to properly position
the blade with respect to the guide notches.

MR Imaging
Specimens were scanned using a 3T MR scanner (Signa HDx, GE Healthcare, Milwaukee,
WI, USA) with an eight-channel phased array transmit/receive knee coil (Invivo, Orlando,
FL, USA). The MRI protocol included four sequences:

1. Sagittal T2-weighted fat-saturated fast spin-echo (FSE) images (TR/
TE=4300/51ms, field of view [FOV] = 8mm, matrix = 512 * 256, slice thickness =
1 mm) for identifying BMEL.

2. Sagittal 3D fat suppressed high-resolution spoiled gradient-echo (SPGR) images
(TR/TE = 15/6.7 ms, flip angle = 12, FOV = 8 cm, matrix = 512 × 512, slice
thickness = 1 mm) for 9 cartilage segmentation.
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3. A sagittal 3D T1ρ quantification sequence (FOV = 8 cm, matrix = 256 × 128, slice
thickness = 2 mm, time of spin-lock = 0/10/40/80 ms, frequency of spin-lock = 500
Hz).

4. A sagittal 3D T2 quantification sequence (preparation TE = 3/14/25/46 ms, other
parameters same as T1ρ).

MR Analysis – BMEL
BMEL were identified on the T2-weighted FSE images as focal subchondral high signal
intensity areas. Subchondral cysts presenting as elliptical areas of hyperintense signal with
well-defined borders were excluded, since cysts do not provide bone for morphological or
densitometric analysis. A 3D contour containing each BMEL volume of interest (VOI) was
generated semi-automatically using in-house developed software [7]. Each BMEL VOI was
verified by a trained radiologist. A second contour encompassing only normal T2 signal was
created for comparison within the same sagittal slice as the BMEL VOI (2 cm distance from
BMEL perimeter, 3 mm diameter). Each non-BMEL VOI was placed at the same distance
from the articular surface as its BMEL pair to minimize location bias. Anterior - posterior
placement of the non-BMEL VOI was investigated in a sensitivity analysis and found to
have no influence on structural parameters. Signal intensity within each BMEL and non-
BMEL VOI was calculated using code written in IDL (Boulder, CO, USA).

Pre-operative MR images were not available for all donors in this study. However, a
separate technique validation study of pre-operative and post-operative MR images using 10
knees confirmed that BMEL regions identified on ex vivo specimen MR scans are also
present prior to surgical excision. To further preclude the possibility of identifying surgical
trauma as BMEL, regions adjacent to the resection surface were excluded from
consideration in this study.

MR Analysis – Cartilage
The T1ρ and T2 maps were reconstructed using in-house developed software written in C by
fitting the T1ρ-weighted and T2-weighted images pixel-by-pixel to the equation S(TSL) ∝
S0*exp(-TSL/T1ρ) and S(TE) ∝ S0*exp(-TE/T2), respectively. Cartilage was segmented
semi-automatically in sagittal SPGR images using in-house developed MATLAB code
based on edge detection and Bezier splines [10]. Three-dimensional cartilage contours were
generated and overlaid onto FSE images. Regions of cartilage overlying BMEL and regions
of surrounding 1 cartilage were defined manually (Fig. 1). The defined ROIs were then
overlaid onto the reconstructed T1ρ and T2 maps. Mean, median and standard deviation
(SD) of T1ρ and T2 values were calculated for each region.

HR-pQCT Imaging
Following MRI, if BMEL presented, specimens were scanned using a clinical HR-pQCT
system (XtremeCT, Scanco Medical AG, Brüttisellen, Switzerland). For tomography, 1000
projections were acquired over 180 degrees with a 200 ms integration time at each angular
position, with 60 kVp source potential and 900 μA current. The 12.6 cm field of view
(FOV) was reconstructed across a 3072 × 3072 matrix using a modified Feldkamp
algorithm, yielding isotropic 41 μm voxels. The reconstructed linear attenuation values were
converted to hydroxyapatite (HA) mineral density values based on a separate scan of a
density calibration phantom.

HR-pQCT Analysis
To locate BMEL and non-BMEL VOIs on the HR-pQCT images, MR-derived contours
were overlaid onto the HR-pQCT data (Fig. 2). This was achieved by spatially registering
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the MR images to HR-pQCT images using a 3D rigid registration algorithm based on
normalized mutual information [11,12].

HR-pQCT image processing was performed in Image Processing Language (IPL, Scanco
Medical AG). Reconstructed images were binarized to distinguish bone from background
using an adaptive iterative threshold selection algorithm. Structural parameters were then
calculated from the binarized volumes using direct three-dimensional methods [13]. BV/TV
was measured by direct voxel counting of bone and background phases. Trabecular
thickness (Tb.Th), separation (Tb.Sp), and number (Tb.N) were calculated using a
skeletonization routine and a model-independent three-dimensional sphere filling technique
[14,15,16]. Standard deviation of 1/Tb.N (Tb.1/N SD) was calculated as a measure of
structural heterogeneity. Volumetric bone mineral density (vBMD) was calculated by taking
the mean HA density for all voxels within each VOI.

μCT Imaging
A subset of 10 specimens from 6 donors was evaluated by μCT. Imaging was performed on
a benchtop μCT scanner (μCT 40, Scanco AG) at a voxel size of 8 μm (isotropic) with a
source potential of 70 kVp and current of 114 μA. Each scan consisted of 2000 projections
over 360 degrees with each projection sampled for 250 ms. To minimize the influence of
specimen volume fraction on reconstructed linear attenuation values, a scanner-specific
beam hardening correction based on a 1200 mg HA/cm3 wedge phantom was applied [17].
As for the HR-pQCT data, attenuation values of the reconstructed voxels were converted to
HA concentration using a linear regression derived by imaging a calibration phantom.

For each specimen slice scanned by μCT, two regions were imaged; one covering the
BMEL VOI identified on the T2-weighted FSE MR images, and the second covering the
non-BMEL VOI. BMEL and non-BMEL VOI locations were identified with respect to the
guide notches placed on the distal face of the specimen prior to imaging, which were visible
on the μCT scout view during scan prescription.

μCT Analysis
Image processing was performed in IPL. Circular contours (3 mm diameter), placed within
the BMEL and non-BMEL VOIs, were used to define regions for analysis in the μCT
images (Fig. 2). Reconstructed images were binarized using an adaptive iterative threshold
selection algorithm. Structural parameters were then calculated from the binarized volumes
using direct three-dimensional methods as detailed above. In addition, structure model index
(SMI), a measure of surface convexity, was calculated from a triangulated surface
representation of the binary data [18]. Densitometric parameters vBMD and tissue mineral
density (TMD) were calculated within each μCT analysis region. Two voxels were peeled
from trabecular surfaces prior to calculating densitometric parameters to minimize partial
volume effects.

FTIR Spectroscopy
Marrow was cleared from each slice by sonication and low-pressure water jet. The BMEL
and non-BMEL regions analyzed by HR-pQCT and μCT were located, using the guide
notches, and excised using a 3 mm diameter biopsy punch. Each FTIR sample was then
desiccated through an ethanol series. For each sample, a homogenized powder mixture was
created of 1% bone by weight in potassium bromide (KBr; Thermo Electron Corporation).
Spectroscopy was performed on a benchtop interferometer system (Nexus 870, Thermo
Electron Corporation). Spectra were acquired using 256 scans at a spectral resolution of 4
cm−1. A background scan was recorded immediately following each sample scan to
facilitate background correction.
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FTIR Analysis
Following acquisition, the spectra were transferred to chemical imaging software (Isys,
Spectral Dimensions, Inc.) for analysis. Spectra were baseline adjusted and the integrated
areas of the amide I (1595-1720 cm−1), ν1 ν3 phosphate (PO4, 895-1215 cm−1), and
carbonate (CO3

2−, 840-890 cm−1) bands were calculated. Mineral-to-matrix (PO4/amide I),
carbonate-to-phosphate 2 (CO3

2−/PO4), and carbonate-to-matrix (CO3
2−/amide I) ratios

were calculated from integrated areas of the respective peaks. Additionally, peak heights
were measured at specific wavenumbers: 1020 cm−1, 1030 cm−1, 1660 cm−1, and 1690
cm−1. From these, the following absorbance ratios were calculated to determine additional
spectroscopic parameters. The ratio of 1030 cm−1 to 1020 cm−1 represents the ratio of
stoichiometric apatite to non-stoichiometric apatite, a measure of crystallinity. The ratio of
1660 cm−1 to 1690 cm−1 represents collagen maturity.

Histological Analysis
The sagittal slice reserved for histology was fixed in 10% formalin and shipped to AML
Laboratories (AML Laboratories, Inc, Baltimore, MD) for paraffin embedding, sectioning,
and hematoxylin and eosin (H&E) staining.

Statistical Analysis
Means and standard deviations were calculated for all indices. Normality of distribution was
confirmed for all data within the BMEL and non-BMEL regions, while Shapiro-Wilk W
tests revealed that T1ρ and T2 values were not normally distributed. In the case where a
tibial plateau was taken from each knee of a donor undergoing bilateral TKA, within-group
effects were accounted for by the use of an ANOVA utilizing a mixed-effects model with
repeated measures for differences between BMEL and non-BMEL regions, and by a
Friedman rank sum test (a non-parametric version of ANOVA using a mixed-effects model)
for differences between overlying and surrounding cartilage. Statistical analyses were
performed in JMP (Version 7.0, SAS Institute Inc., Cary, NC) and R (v.2.13.0, http://
www.r-project.org/foundation/).

Results
Of the 18 plateau specimens collected during TKA surgery, 16 were found to contain BMEL
upon MR examination. Among the 16 remaining specimens, 11 had little or no cartilage
overlying the BMEL region, leaving 5 specimens from 4 donors in which T1ρ and T2
quantification was possible. In these specimens, T1ρ values were elevated in cartilage
overlying BMEL as compared to the surrounding cartilage (overlying: T1ρ 56.8±7.6 ms
surrounding: 47.1±11.2 ms, p = 0.046; Fig. 3). T2 values followed the same trend but did
not reach significance (one data point was excluded due to significant artifact in the image).

Analysis of μCT images (n = 10 images from 6 donors) yielded significant differences in
structural and densitometric parameters between matched BMEL and non-BMEL regions
(Table 1). Bone within BMEL regions had higher vBMD as compared to non-BMEL
regions within the same tibial plateau (47% higher, p = 0.016). Volume fraction data also
reflected elevated bone quantity within BMEL regions (62%, p = 0.009). Trabecular
thickness was increased within BMEL regions (31%, p = 0.003) as was Tb.N (28%, p =
0.027), while Tb.Sp was decreased compared to non-BMEL regions (−21%, p = 0.012).
Trabeculae were found to be more plate-like within BMEL regions, as indicated by a lower
SMI value (p = 0.051). Bone structure within BMEL regions was found to be more
homogeneous, as indicated by lower Tb.1/N SD values (−18%, p = 0.018). No difference
was detected in μCT-based tissue mineral density (TMD) values (p > 0.05). Analysis of HR-
pQCT data (n = 11 samples from 7 donors), which encompassed a larger, more inclusive
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BMEL VOI, confirmed significant elevation of vBMD (88%, p = 0.002), BV/TV (23%, p =
0.026), and Tb.Th (21%, p < 0.001), and significant decrease of Tb.1/N SD (−33%, p =
0.025) within BMEL regions. HR-pQCT analysis did not find significant differences
between BMEL and non-BMEL bone in the remaining structural measures.

FTIR analysis performed on n = 16 samples from 10 donors found significantly decreased
mineral-to-matrix ratio in BMEL bone (−11%, p < 0.001; Fig.4). Mineral-to-matrix ratio
was also lower in the BMEL tissue (−12%, p = 0.008) within the subset of specimens (n=10
samples from 6 donors) scanned by μCT. Carbonate-to-matrix ratio was lower in BMEL
bone (−14%, p < 0.001). No differences were found in carbonate-to-phosphate ratio,
crystallinity or collagen maturity.

Histological evaluation of BMEL regions revealed infiltration of marrow space by a fibrous
collagen network (Fig. 5). Widespread evidence of woven bone and reversal lines indicated
high turnover and active bone formation. These features were not evident in regions outside
BMEL. BMEL bone appeared viable, with osteocyte nuclei evident throughout each slide.
No microdamage was evident in these histological preparations. The histological appearance
of cartilage overlying BMEL regions confirmed an advance stage of degradation, with
fibrillation and erosion as well as increased vascularity superior to the tidemark.

Discussion
This study examined structure and composition of subchondral trabecular bone within
BMEL in subjects with knee OA. Trabecular bone within BMEL was higher in volume
fraction, with more and thicker trabeculae that were more plate-like in structure compared to
unaffected regions of the tibial plateau. Trabecular tissue composition was also abnormal
within the BMEL region, with decreased phosphate and carbonate content compared to
tissue outside the lesion. Extensive marrow changes were present, including infiltration by a
fibrous collagen network and evidence of increased remodeling activity. Moreover, MR
cartilage analysis confirmed that these structural and compositional changes in bone and
marrow were specifically localized to regions underlying cartilage degradation. Therefore
these results support the paradigm of focal, site-specific interactions among bone, marrow,
and cartilage in the progression of knee OA.

A strength of this study is the use of multiple imaging modalities to investigate the
relationships between bone, cartilage, and marrow features at the macroscopic and tissue
level in osteoarthritis. A second strength is the use of advanced image processing
methodology, in particular the segmentation technique used to isolate BMEL regions on the
T2-weighted fat-saturated FSE MR images and the registration process used to spatially
align the BMEL contours onto the HR-pQCT and μCT images. These automated techniques
reduce operator bias and ensure that solely BMEL tissue is included in each analysis. In
addition, this study compared BMEL regions to non-BMEL regions in the same sagittal
plane and therefore in the same tibial compartment (medial vs lateral). Spatial variation in
bone morphology is known to exist in the osteaoarthritic tibial plateau [19], therefore a
comparison within the same sagittal plane avoids bias due to extant variation between
compartments. The application of FTIR spectroscopy to the analysis of BMEL tissue is
novel. Finally, this study extends previous work by simultaneously quantifying cartilage
degradation at the articular surface overlying the BMEL region, providing a comprehensive
analysis of pathology localization in the OA knee.

Our findings are in agreement with previously published work indicating increased bone
quantity and altered morphology subjacent to osteoarthritic joint surfaces. In the first μCT
study to compare BMEL-affected areas to other areas within the same osteoarthritic tibial
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plateau, Hunter et al found increased BV/TV and Tb.Th and more plate-like structure near
zones of BMEL [8]. In their analysis, no alterations in BMEL Tb.N or Tb.Sp were detected,
whereas our data show a 28% increase in Tb.N and 21% decrease in Tb.Sp within the
BMEL regions. These morphological changes are consistent with sclerotic trabecular
architectural pathology.

Previously published data have established the phenomenon of hypomineralized
subchondral trabecular bone in OA. The literature to date has described mineral density and
mineral-to-collagen ratio obtained through ash and hydroxyproline measurements
[20,21,22,23]; these values were reported to be reduced in OA samples. The results of this
study reveal that within subchondral trabecular bone the BMEL region, specifically, is a
focal zone of hypomineralization. The FTIR spectroscopy measure mineral-to-matrix ratio
increases as both primary and secondary mineralization progress and, therefore, is positively
associated with tissue age [24,25]. The decreased mineral-to-matrix and carbonate-to-matrix
values found within BMEL regions indicate the presence of an imbalance towards low
mineralization. Metrics of mineral stoichiometry and collagen maturity, however, remained
unchanged within BMEL tissue. In contrast to the FTIR results, μCT-based TMD
quantification did not detect a significant difference between BMEL and non-BMEL tissue
mineralization. The apparent inconsistency between techniques is likely driven by a number
of technical considerations, including differences in the physical phenomena on which the
two techniques are based, HA components detected, image analysis and sensitivity. This
result underscores the complementary nature of FTIR and μCT techniques and the
importance of multi-modality evaluation of bone quality.

Reports of bone turnover imbalances in OA [26,27] provide a likely mechanism for the
accumulation of tissue with low mineralization. Increased collagen synthesis in the
subchondral bone of osteoarthritic femoral heads, determined by C-terminal propeptide
content, has been described in the literature [23]. Increased levels of bone resorption
markers have been reported in subjects with OA compared to controls [28,29]. Analyses of
the Boston Osteoarthritis of the Knee Study and the Framingham Osteoarthritis Study
revealed an association between the presence of BMEL and increased type I collagen N-
telopeptide (NTx), suggesting that turnover imbalance is extreme in OA subjects exhibiting
BMEL [30]. Increased bone turnover within BMEL is supported by our histological analysis
as well as data published by other groups showing increased osteoid volume within BMEL
[31,32].

The morphologic features of BMEL reported here are consistent with enhanced mechanical
properties; however, BMEL tissue mineralization is lower than neighboring unaffected
bone. Importantly, FTIR measures of tissue mineralization are correlated with mechanical
integrity of the tissue. Studies of human tissue and animal models demonstrated positive
correlations between mineral-to-matrix ratio and tissue stiffness and hardness [24,33,34].
Mineral-to-matrix ratio explains 50–60% of the variation in both tissue modulus and
hardness [25,35]. In our study, decreased mineral-to-matrix ratio within BMEL suggests
reduced tissue stiffness. Accordingly, mechanical testing data describing apparent-level and
tissue properties show decreased stiffness despite increased bone volume in osteoarthritic
subchondral bone [36,37].

The source of the ill-defined hyperintensities seen on T2-weighted FSE images within
regions of BMEL is not well understood. The fibrous collagen matrix visualized within the
marrow space could explain this signal abnormality. The substitution of fibrous tissue for
hydrophobic lipid in the marrow space would increase water content relative to healthy
marrow, and thus increase signal on fluid-sensitive sequences. A positive association
between BMEL signal intensity and lesion severity has been suggested [6]. This relationship
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may be driven by progressive adipocyte necrosis and fibrous tissue infiltration as the lesion
develops, which in turn increases relative fluid content and therefore signal intensity.

There are a number of limitations of this study that must be considered. First, BMEL regions
were identified on post-operative MR scans rather than in vivo pre-operative scans. Damage
during resection and handling could possibly lead to altered signal intensity on the post-
operative MR image. The workflow of this study was designed specifically to minimize the
chance of artifacts on the post-operative MR images, specifically by scanning specimens
immediately after surgery and excluding regions adjacent to the resection surface from
identification as BMEL. Second, data regarding pre-operative joint alignment were not
available. This information would be instructive in interpreting the locations and interactions
of cartilage, marrow, and bone abnormalities, particularly because malalignment may
directly influence all three compartments. A third limitation is the small volume of
trabecular bone analyzed via μCT. The size of the region was limited with the intention of
analyzing identical volumes by μCT and FTIR. Because FTIR analysis requires a physical
punch to be extracted, the 3 mm diameter maximized the available BMEL tissue. HR-pQCT
analysis, however, was performed within the entire BMEL VOI and corroborated the results
of μCT analysis for all comparisons that had high statistical significance in the μCT analysis
(p < 0.03). For those μCT comparisons which achieved only moderate statistical
significance (p = 0.05 to 0.03) the HR-pQCT analysis did not identify differences between
BMEL and non-BMEL regions. This may be explained by the discrepancy in VOI location
rather than volume; the μCT VOI was located at the center of the BMEL region, possibly
the most severely altered location.

In summary, significant changes in trabecular structure, tissue composition, and marrow
space constituents were found within BMEL regions in the subchondral compartment of
human osteoarthritic tibias. Multi-modality imaging using quantitative MRI, high-resolution
quantitative μCT and Fourier transform infrared (FTIR) spectroscopy are powerful tools in
providing quantitative and comprehensive assessment of cartilage, bone, and marrow
pathology in osteoarthritis.
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Figure 1.
Schematic of study workflow. The tibial plateau is obtained during surgery and scanned via
MR and HR-pQCT. A contour delineating the BMEL region is defined on T2-weighted FSE
images and transformed to the HR-pQCT coordinate system following spatial registration of
the two data sets. Cartilage overlying BMEL (red) is differentiated from surrounding
cartilage (green) and overlaid onto the reconstructed T1ρ and T2 maps for cartilage
parameter calculation. Adjacent slices containing BMEL are dissected from the specimen
and processed for μCT imaging and FTIR spectroscopy (slice A) and histology (slice B).
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Figure 2.
Representative renderings of HR-pQCT and μCT data. Left: Sagittal cut-away view of a
HR-pQCT scan of the entire tibial plateau, with BMEL analysis contour overlaid. Right:
μCT scans of a BMEL and a non-BMEL region, with analysis region overlaid.
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Figure 3.
T1ρ and T2 values in cartilage overlying BMEL regions compared to those in surrounding
cartilage. T1ρ values (left, n = 5 from 4 donors) were significantly higher (p = 0.046) in the
cartilage overlying the lesion. T2 values (left, n = 4 from 3 donors) followed the same trend
but did not reach significance.
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Figure 4.
FTIR parameter values within BMEL regions compared to those in non-BMEL bone (n = 16
from 10 donors). Mineral-to-matrix ratio (left, p < 0.001) and carbonate-to-matrix ratio
(right, p = 0.008) were reduced within BMEL tissue. Error bars indicate 95% confidence
intervals.
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Figure 5.
Histological sections (H&E stained) taken from regions of the tibial plateau with evidence of
BMEL (A, B, C) and without BMEL (D, E). The corresponding T2-weighted fat-saturated
FSE image is shown below for reference. BMEL regions display mixed pathology including
infiltration of marrow space by fibrous collagen network (A, B, C), bone remodeling (A)
and formation (B, C). Fibrillation of overlying cartilage can also be seen (A). Tissues taken
from uninvolved regions of the tibial plateau show none of these features, but rather confirm
quiescent bone with adipocyte-filled marrow space (D, E).
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Table 1

Structural and densitometric parameters quantified by μCT analysis (mean ± standard deviation) within bone
marrow lesions (BMEL) and outside the lesions (non-BMEL).

μCT BMEL Non-BMEL %diff P*

BV/TV 0.33 ± 0.12 0.20 ± 0.05 62 0.009

Tb.Th (mm) 0.20 ± 0.04 0.16 ±0.02 31 0.003

Tb.Sp (mm) 0.51 ±0.15 0.65 ±0.08 −21 0.012

Tb.N (1/mm) 1.87 ±0.56 1.46 ±0.16 28 0.027

Tb 1/N SD (mm) 0.20 ±0.05 0.24 ±0.03 −18 0.018

SMI 0.48 ±0.59 0.93 ±0.36 −49 0.051

vBMD (mgHA/cm3) 358 ± 121 243 ± 50 47 0.016

TMD (mqHA/cm3) 870 ± 32 882 ± 37 −1 NS

*
mixed-design ANOVA. n=10 samples from 6 donors
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