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Abstract
Objective—To evaluate trabecular bone structure in relationship with cartilage parameters in distal
femur and proximal tibia of the human knee at 3 Tesla (3T) using high-resolution magnetic resonance
imaging (MRI) with parallel imaging.

Method—Sixteen healthy controls and sixteen patients with mild OA were studied using a 3T MR
scanner and an 8 channel phase-array knee coil. Axial 3D GeneRalized Autocalibrating Partially
Parallel Acquisition (GRAPPA) – based phase cycled Fast Imaging Employing Steady State
Acquisition (FIESTA-c) images were acquired in order to quantify the trabecular bone structure. For
assessing cartilage morphology (thickness, volume), sagittal high-resolution 3D spoiled gradient
echo (SPGR) images were acquired. In a subset of the subjects, sagittal images were acquired for
measuring T1ρ and T2 relaxation times, using 3D T1ρ and T2 mapping techniques.

Results—Good measurement reproducibility was observed for bone parameters, the CVs ranging
from 1.8% for trabecular number (app. Tb.N) to 5.5% for trabecular separation (app. Tb.Sp).
Significant differences between control and OA groups were found for bone volume fraction (app.
BV/TV) and app. Tb.Sp in all compartments. Significantly increased values in T1ρ and T2 were
demonstrated in OA patients compared with controls at the femur, but not at the tibia. T1ρ was
negatively correlated with app. BV/TV, app. Tb.N and app. Tb.Sp both at the medial femoral condyle
(MFC) and lateral tibia (LT), while T2 was only correlated at the LT. Also, medial tibia (MT) T1ρ
was negatively correlated with app. BV/TV (R2= −0.49, P<0.05) and app. Tb.N (R2= −0.42, P<0.05)
from the opposite side of lateral femoral condyle (LFC). Significant correlations were found between
trabecular bone parameters and cartilage thickness and normalized volume, mainly at LT, tibia (T)
and femur (F).

Conclusion—At this early stage of OA, an overall decrease in bone structure parameters and an
increase in cartilage parameters (T1ρ, T2) were noticed in patients. Trabecular bone structure
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correlated with articular cartilage parameters suggesting that loss of mineralized bone is associated
with cartilage degeneration.
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INTRODUCTION
Osteoarthritis (OA) is a degenerative joint disease which typically affects the weight-bearing
knee joints. It was suggested that pathological alterations at early stage of OA primarily affect
the articular cartilage and the underlying bone 1–3. The articular cartilage’s early changes
consist in increase in water content, loss of proteoglycans (PGs) and disruption of collagen
fibers 4, while for trabecular bone, the volumetric mineral density decreases due to incomplete
mineralization of trabecular structure 5. As the early OA stages are practically asymptomatic,
the need of an early detection method is necessary.

Quantitative magnetic resonance imaging (qMRI) could serve as an early marker of changes
in the mechanical properties of cartilage and underlying bone. qMRI provides a way to directly
assess the integrity (thickness and volume) and composition (T1ρ, T2) of the articular cartilage
in vivo in osteoarthritis. Eckstein et al. 6 evaluated the precision of qMRI when performed on
1.5T and 3T magnets, reporting errors from 1 to 4% for cartilage thickness and volume
measurements. In the last years, significant interest focused on imaging cartilage biochemical
composition. In particular, T1ρ and T2 relaxation time mapping techniques have been proposed
to quantitatively examine the early stages of cartilage degeneration. T2 mapping represents a
significant marker of cartilage degeneration by its sensitivity to tissue hydration and
biochemical composition related to the integrity of collagen in the cartilage extracellular matrix
7–9. Quantitative T1ρ mapping based on spin-locking technique represents a potential of MRI
to reflect changes in biochemical composition of cartilage with early OA, such as proteoglycan
loss 10–13. These studies demonstrated that the higher the values of these relaxation
parameters, the more significant changes take place within the cartilage organization (collagen
fibers) and composition (proteoglycan). Li et al. 14 quantified the cartilage volume and
thickness as well as T1ρ and T2 values at 3T and compared these parameters between normal
and OA patients. They found that the average T1ρ and T2 values were significantly increased
in OA patients compared with controls, whereas no significant difference was found in terms
of cartilage volume and thickness. They suggested that, based on these significantly higher
values of the T1ρ and T2 relaxation times obtained in patients, early degeneration could take
place within the cartilage composition before the morphological changes occur.

Remarkable progress in high-resolution MRI (HR-MRI) over the last 15 years offers now a
new promising noninvasive tool for depicting trabecular microstructure in vivo 15, 16.
Trabecular bone consists of a network of oriented elements or trabeculae (~80–100 µm) that
are usually spaced ~200 µm apart. Given the size of the trabeculae, spatial resolution is perhaps
the single most critical parameter since this is required to be in the order of the trabeculae
structural dimension for an accurate representation of topology, scale and orientation of
trabecular bone networks. Since spatial resolution and signal-to-noise ratio (SNR) are inversely
related, imaging at even higher spatial resolutions would entail a very long acquisition time to
maintain a reasonable SNR. The currently achievable spatial resolution for in vivo trabecular
bone imaging is ~130–190 µm in plane and ~500 µm through plane with an acquisition time
of 15–20 minutes 17, 18.

Several qMRI techniques have recently been introduced for the noninvasive assessment of
structure and composition of trabecular bone and articular cartilage. An ex vivo study
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investigated human cadaver patellae employing qMRI and several reference methods,
demonstrating the relationship between structural and mechanical properties of articular
cartilage and trabecular bone with different stages of degeneration 19. Beuf et al. 1 performed
an in vivo MRI study and demonstrate significant variations in trabecular bone structure within
the knee joint in patients with OA. Other previous studies using the same in vivo MRI technique
2, 3 demonstrated that cartilage degeneration in the knee joint is associated with changes in
trabecular bone structure, and that cartilage loss on one side of the knee joint is related to loss
of mineralized trabecular bone on the opposite side of the knee joint.

Over the last few years, parallel MRI acquisition strategies have been proposed and have seen
increased acceptance in the MRI community. In parallel MRI, spatial information contained
in the component coils of an array is used to partially replace spatial encoding normally
performed by gradients, thereby reducing imaging time 20–22. One of them, GeneRalized
Autocalibrating Partially Parallel Acquisitions (GRAPPA) technique is particularly suitable
for small field-of-view imaging 22 Structural depiction of trabecular bone has been seen to be
preserved in images in GRAPPA based parallel MRI. In this work, we apply GRAPPA based
parallel MRI method to shorten the acquisition time involved in high resolution MRI of
trabecular bone, thereby reducing patient motion induced artifacts. The time saved can also
allow more flexibility in the protocol design.

Therefore, the aim of this study is to use high-resolution magnetic resonance imaging (MRI)
to evaluate the trabecular bone structure in the distal femur and the proximal tibia and to
establish its relationship with articular cartilage of the human knee at 3T strength field using
a parallel imaging protocol.

MATERIAL AND METHODS
Subjects

The study was performed in accordance with the rules and regulations the Committee for
Human Research at our institution. Informed consent was obtained from all of the subjects
after the nature of the examinations had been fully explained. An orthopedic surgeon recruited
all subjects based on clinical investigation and diagnosis from antero-posterior weight-bearing
radiographs. The severity of each subject’s OA was evaluated based using the X-ray based
Kellgren-Lawrence scale 23.

Sixteen normal control subjects who did not show any clinical symptoms of OA (7 female, 9
male, age range 27 to 56 years; average = 36.3 years) were recruited and classified as Control
group. Sixteen patients (7 female, 9 male, age range 29 to 72 years; average = 47.2 years) which
exhibited mild radiographic signs of OA (K-L grades of 1 or 2) were classified as mild OA
Group. A standardized questionnaire (Western Ontario and McMaster Universities Pain,
Stiffness, and Physical Function scales, WOMAC) 24 for measuring the degree of pain,
functional impairment and stiffness in all subjects through a 5-point scale (none, slight,
moderate, severe and extreme) was used. The subject characteristics are presented in Table 1.
Reproducibility of the trabecular bone structure measurements was assessed in 4 healthy
controls (4 male, age = 31 – 39 years) with repositioning between 2 measurements.

MRI protocol
MRI of the study knee of each subject was acquired at a 3T GE Excite Signa MR scanner
(General Electric, Milwaukee, WI) using an 8 channel phased-array knee coil (General Electric
Medical Systems, WI).
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Morphologic imaging—In order to quantify the trabecular bone structure, images were
acquired with axial fully refocused steady-state free-precession (SSFP) 3D phase cycled Fast
Imaging Employing Steady State Acquisition (3D FIESTA-c) sequence. The sequence
parameters were: TR/TE = 11/4.2 ms, acquisition matrix = 512 × 384, flip angle = 60°, field
of view (FOV) = 10 cm, 90 slices, slice thickness = 1mm, scanning time approximately 10
minutes. A modified sampling scheme allowed the sequence to be employed with
autocalibration and two-fold undersampling (R=2), thus reducing the imaging time to nearly
half of that in the conventional method 22.

A 3D spoiled gradient echo (SPGR) sequence was used for cartilage morphological
measurements (thickness and volume) with the following parameters: TR / TE = 20 / 6.3, matrix
size 512×512, field of view (FOV) = 16cm, locations per slab (LPS) = 100, slice thickness =
1mm, flip angle = 18°.

T1ρ and T2 relaxation time mapping—Sagittal 3D T1ρ-weighted images were acquired
based on spin-lock techniques and 3D SPGR acquisition. Basically, the sagittal 3D T1ρ-
weighted imaging sequence was composed of two parts: magnetization preparation for the
imparting of T1ρ contrast, and an elliptical-centered segmented 3D SPGR acquisition
immediately after T1ρ preparation during transient signal evolution. The duration of the spin-
lock pulse was defined as time of spin-lock (TSL), and the strength of the spin-lock pulse was
defined as spin-lock frequency (FSL). The number of pulses after each T1ρ magnetization
preparation was defined as views per segment (VPS). There was a relatively long delay (time
of recovery, Trec) between each magnetization preparation to allow enough and equal recovery
of the magnetization before each T1ρ preparation. The main parameters of this sequence were:
FOV=14cm, matrix = 256 × 192, slice thickness = 3 mm, TR/TE = 9.3/3.7 ms, BW = 31.25
kHz, VPS = 48, Trec = 1.5 s, TSL = 0/10/40/80 ms, spin lock frequency = 500 Hz. Sagittal 3D
T2 mapping were also acquired by adding a nonselective T2 preparation imaging sequence to
the same SPGR sequence as for T1ρ mapping, with TR/TE = 2000/4.1, 14.5, 25, 45.9 ms. The
T2 quantification was acquired subsequently and covered the same regions as the T1ρ
sequence. T1ρ mapping was assessed in all subjects while only 11 subjects were scanned for
T2 mapping.

Image analysis
The raw data from the conventional accelerated acquisitions as well as the DICOM images
were transferred and analyzed on a Sun Workstation (Sun Microsystems, Mountain View, CA).
The parallel MRI images acquired with an accelerator factor (AF) of 2 were reconstructed
using off-line using GRAPPA based reconstruction routines programmed in MATLAB
(MathWorks, Naticks, MA) 25.

Trabecular bone processing—The analysis of trabecular bone structure parameters was
then performed using an in-house IDL-based (RSI, Boulder, CO) developed image analysis
software 26. Six different compartments were defined for trabecular bone analysis: femur (F),
lateral and medial femoral condyle (LFC/MFC), tibia (T), lateral and medial tibia (LT/MT).
These ROIs consisting of trabecular bone and marrow were segmented based on axial images
similarly with a previously described processing method 2 as illustrated in Figure 1 and Figure
2.

Based on a dual reference limit and assuming a biphasic model previously described by
Majumdar et al. 27, 28, a global threshold was calculated and bone/marrow binary images were
then generated. The structure parameters assessed differ from those derived using
histomorphometry, and therefore are considered “apparent” structure parameters. The
trabecular structure was evaluated by computing parameters such as apparent bone volume
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over total volume fraction - app. BV/TV, apparent trabecular number - app. Tb.N [1/mm],
apparent trabecular separation - app. Tb.Sp [mm] and apparent trabecular thickness - app.
Tb.Th [mm].

Cartilage processing—Cartilage segmentation was performed using an in-house program
created with MATLAB (Mathworks, Natick, MA). Based on the sagittal 3D high-resolution
SPGR images, the articular cartilage was segmented using a spline-based semi-automatic
technique. Four distinct regions were defined: medial (MT) and lateral (LT) tibia, and medial
(MFC) and lateral (LFC) femoral condyles. An iterative radius minimization process was
implemented for cartilage average thickness and volume computation for each region, as
previously described 2. To account for the variation in joint size, the calculated volume was
divided by the epicondylar distance of each respective subject. T1ρ maps were then
reconstructed using a Levenberg-Marquardt mono-exponential in-house developed fitting
algorithm. T1ρ-weighted images intensity obtained for different TSL were fitted pixel-by-pixel
to the following equation: S(TSL) ∝ exp(−TSL/T1ρ). Similar to T1ρ mapping, T2 maps were
also generated using the same fitting algorithm applied for the T2-weighted images intensity
obtained for different TE: S(TE) ∝ exp(TE/T2). Next, the reconstructed T1ρ and T2 maps
were rigidly registered to the previously acquired high-resolution T1-weighted SPGR images
using the VTK CISG Registration Toolkit 29.

Statistical analysis
All statistical processing was performed with JMP software Version 6 (SAS Institute, Cary,
NC). Mean and SD of T1ρ and T2 values were calculated in each of all these compartments
for all the subjects. The coefficients of variation (CV) characterizing the reproducibility of the
four bone parameters measurements were assessed on 4 healthy controls based on 2 repeated
scans, as previously described 30. Spearman's rank correlations were performed to correlate
bone with cartilage parameters. The comparison between groups as well as to test the variance
heterogeneity of the parameters, an analysis of variance ANOVA F-test was performed. For
the articular cartilage and trabecular bone parameters that correlated with age, an analysis of
covariance (ANCOVA) with adjustment for age was performed for the comparison between
patients and controls. P values below 0.05 were considered to denote statistical significance.

RESULTS
Subject characteristics

The summary of the characteristics of all subjects is shown in Table 1. A similar number of 16
subjects defined each group. The OA patients had significantly higher age and BMI, whereas
the weight was not different between groups. Also, significantly higher values in the WOMAC
scores for pain, stiffness and function characterized the OA patients.

Precision of the MRI measurements
The computed CVs for the trabecular bone structure show good measurement precision (Table
3). Specifically, the CV ranged from 2.4% to 3.7% for app. BV/TV, from 1.8% to 4.1% for
app. Tb.N, from 4.1% to 5.5% for app. Tb.Sp and from 1.6% to 4.1% for app. Tb.Th. These
results are similar to previous published data at 1.5T 1, 17. Reproducibility results for the
articular cartilage analysis have been previously published 31.

Trabecular bone and articular cartilage data
Over all bone and cartilage parameters, the standard deviations are more elevated in OA group
due to the heterogeneity of the pathology within OA patients. A comparison between control
and OA patient groups in terms of trabecular bone parameters is shown in Figure 4. The articular
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cartilage data are plotted in Figure 5 as a comparison between control and OA patient groups.
Representative relaxation color maps are illustrated in Figure 3: T1ρ (A) and T2 (B) maps for
a healthy control and T1ρ (C) and T2 (D) maps for a mild OA patient.

Correlations between bone structure and cartilage
The Spearman’s rank correlations between articular cartilage parameters and bone structure
from the same compartment assessed for the mild OA patients group are summarized in Table
4 Correlations between contro-lateral sites of the knee joint were found as well. Thus, MT
articular cartilage parameters were highly correlated with all LT trabecular bone parameters.
Moderate to weak correlations were also found between MT cartilage parameters and LFC
trabecular structure (Table 5). Then LT cartilage parameters were correlated with MFC
trabecular bone parameters, as shown in Table 6.

Correlations between clinical parameters and MRI-based parameters
a. MRI-based trabecular bone parameters—Evaluation of the clinical course
demonstrated significant correlations between the WOMAC pain score and app. Tb.Sp (R2 =
0.30, P=0.043) at the MT as well as app. BV/TV (R2 = −0.36, P<0.013) and app. Tb.Th (R2 =
−0.37, P<0.026) at the T. The WOMAC stiffness was correlated with trabecular structure at
the MFC - BV/TV (R2 = −0.31, P=0.029), and app. Tb.N (R2 = −0.29, P=0.024) - and LFC -
app. Tb.Th (R2 = −0.32, P=0.025). Few significant correlations were found between bone
parameters and the WOMAC function (P<0.05).

The patients age also correlated with app. BV/TV (R2 = −0.38, P=0.023), app. Tb.Sp (R2 =
0.33, P=0.031), and app. Tb.Th (R2 = −0.53, P=0.002) at the F, as well as with app. Tb.Th
(R2 = −0.34, P=0.029) at the LT.

The K-L grade was correlated only with app. Tb.Th at the MFC (R2 = −0.36, P=0.037) as well
as at the F (R2 = −0.38, P=0.021).

b. MRI-based articular cartilage parameters—Significant correlations between the
three dimensions of the WOMAC score and the articular cartilage parameters were found only
at the femur and not at the tibia.

Thus, there was a significant correlation between the WOMAC pain score and the cartilage
thickness at the LFC (R2 = 0.44, P=0.021), MFC (R2 = 0.40, P=0.015) and at the F (R2 = 0.48,
P=0.011). Also the WOMAC pain score was correlated with T2 values (R2 = 0.39, P=0.019)
and normalized volume (R2 = 0.34, P=0.041) at the LFC. The WOMAC stiffness score was
correlated with T1ρ values in all femoral compartments - LFC (R2 = 0.29, P=0.038), MFC
(R2 = 0.39, P=0.028), and F (R2 = 0.33, P=0.045) - as well as with the thickness but only at
the F (R2 = 0.40, P=0.034). The WOMAC function was correlated with T2 values in all femoral
compartments (P<0.05).

The patients’ age was significantly correlated with T1ρ, cartilage thickness and normalized
volume in all compartments (P<0.05), while the T2 values were correlated with patients age
only at the MFC (R2 = 0.50, P=0.027) and LT (R2 = 0.31, P=0.039).

The K-L grade was correlated with T2 values at the MFC (R2 = 0.36, P=0.035) and at the femur
(R2 = 0.33, P=0.043), as well as with the cartilage thickness at the MT (R2 = −0.33, P=0.046).
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DISCUSSION
In this study, using high-resolution parallel imaging at 3T, trabecular bone architecture was
evaluated in the distal femur and the proximal tibia. An interrelationship between trabecular
bone structure and articular cartilage in the knee joint was also demonstrated.

Parallel imaging
Trabecular bone MRI was conducted with parallel imaging, employing a modified FIESTA-c
sequence with autocalibration and two-fold undersampling, which allowed acquisition of 90
slices with an in-plane resolution of 0.195 × 0.195 mm2 within approximately 10 minutes. The
same resolution was reported in a previous study 2 done using 1.5T MRI for trabecular bone
structure assessment, but the scanning time was approximately twice longer (~19 minutes) for
96 slices acquisition.

Trabecular bone structure
Trabecular bone structure assessment was characterized by a good reproducibility of the
measurements as shown in Table 3. At this early stage of OA, an overall decrease in bone
structure parameters found in patients compared with controls. Over all compartments, the app.
BV/TV, app. Tb.N, and app. Tb.Th were all typically higher in the femur, and the app. Tb.Sp
was lower than in the tibia, consistent with previously published data acquired at 1.5T strength
field 1. Variations in mean bone structure parameters between OA patients and controls
indicated that the MR-derived structure measures app. BV/TV and app. Tb.Sp were the most
sensitive parameters (Figure 4), with significant difference in all tibial and femoral
compartments. Previous studies analyzing the biomechanical strength of trabecular bone
structure from spine 32 and knee joint 1 yielded similar findings. Thus, as a result of loading
differences and biochemical loads, the structure of trabecular bone is different in the tibia
compared with the femur: the bone is denser in femur in general.

Articular cartilage
In terms of cartilage analysis, at this early stage of OA, a significant increase in T1ρ and T2
values was found in all femoral compartments, but not at the tibia. Increased values of T1ρ and
T2 relaxation times were also found in OA patients compared with controls. Li et al. 14 reported
the relationship between T1ρ and T2 relaxation times in human OA in an in vivo study done
at 3T strength field, suggesting that both T1ρ and T2 increase with the degree of OA, but that
T1ρ has a higher dynamic range for detecting early cartilage degeneration and in consequence
is more sensitive than T2.

There were no significant variations in terms of cartilage thickness and normalized volume, so
the morphological parameters didn’t show significant changes at this early stage of OA. These
findings are consistent with those reported by Blumenkrantz et al. 3 who examined the variation
of cartilage thickness in individual subjects over 2 years at 1.5T, and showed that the thickness
tended to increase after the baseline scan, but decreased substantially by the last scan. They
explained that the initial increase of cartilage thickness can be due to the common incidence
of cartilage hydration and swelling in early stages of OA.

All the cartilage parameters values for T1ρ and T2 relaxation times as well as thickness and
volume were consistent with previously published data at 3T using both conventional and
parallel imaging (AF=2) protocols 31. The significantly higher values of the T1ρ and T2
relaxation parameters in OA patients demonstrate initial changes in the cartilage structure
compared with the healthy controls.
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Trabecular bone and articular cartilage inter-relationship
Ding et al. 33 revealed that cartilage and bone function as a unit, sustaining together the
mechanical forces associated with joint loading and their mechanical properties vary with age,
hence these two tissues should be studied and measured in adjunct for understanding OA. The
standard deviations over all bone and cartilage parameters were, more elevated in OA group
due to the heterogeneity of the pathology within OA patients. Therefore these correlations were
only assessed for the mild OA patients group. Negative correlations were found between
trabecular bone and cartilage matrix parameters from the same compartment, indicating that
deterioration of trabecular bone structure is directly proportional to the increasing values of
T1ρ and T2. Positive correlations were found between trabecular structure and cartilage
thickness and volume, suggesting that loss of mineralized trabecular bone is associated with
cartilage morphological degradation. The highest correlations were found between articular
cartilage parameters from MT and all LT trabecular bone parameters; these similar high
correlations were found at 1.5T in a previous study demonstrating a strong interdependence
between opposite tibial sites.

Correlations between contro-lateral sides of knee joint were also found, indicating that loss of
mineralized trabecular bone on one side of knee joint is related with cartilage loss on the
opposite side. This aspect was also previously reported at 1.5T 2, 3. These studies stated that
the association between cartilage changes in one compartment and relative osteopenia in the
opposite compartment suggest that slight varus or valgus angular malalignment as result of
cartilage degeneration consequently unloads the biomechanical forces in the non-degenerated
compartment of the knee. Significant correlations were also found between MRI-based
parameters and clinical parameters (WOMAC scores, K-L grade, age). Within these clinical
parameters, the strongest correlations were found between all cartilage parameters and patients’
age, which should be expected since tissue loss is common as age increased 34. However, only
app. Tb.Th was correlated with the patients’ age. Additionally, correlations with K-L grades
as well as with WOMAC scores were low to moderate with some of the MRI-based parameters.
For example, bone structure loss was correlated with WOMAC pain at the tibia, and with
WOMAC function at the femur, whereas increased T1ρ values were only correlated with
WOMAC stiffness in all femoral compartments.

Potential limitations
A potential criticism of this work may be raised by the fact that the subjects’ age and BMI
within the control group, which was used as the reference group, were not matched with the
one of mild OA group. Given that T1ρ and T2 parameters are correlated 14, another limitation
of this study could be that some T1ρ correlations with trabecular bone structure are not also
demonstrated by T2. A reason might be the fact that T1ρ mapping was assessed in all subjects
while only 11 subjects were scanned for T2 mapping.

Considering that cartilage degeneration and bone changes are almost inevitable with age, it is
difficult to find older, asymptomatic subjects. Similar issues were also noticed and discussed
in previous studies 2, 34 reporting that tissue loss is associated with age. The ANCOVA
analysis of covariance performed to correct for age (Table 2) confirmed that the age is an
essential factor to take into account, considering that OA is an age-depended disease. A varus/
valgus angular malalignment analysis could improve the actual findings which may reveal
different aspects of the OA development. However, the main purpose of this study was to
determine the interaction or interrelation between the two tissues: articular cartilage and
trabecular bone. Despite of these limitations, this work demonstrated significant trends and
correlations, and therefore, substantiates the need for further longitudinal studies.
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Using MRI based techniques to analyze bone structure only the mineralized portion of bone is
measured. The conclusions on the presence or absence of bone cells as the true basis of bone
tissue therefore are limited. The loss of mineralized bone may be due to altered biomechanical
loading, such as is found in inactivity osteoporosis and non-mineralized bone tissue including
bone cells may still persist. Also, the trabecular bone remodeling might be potentially related
not only to the mineral metabolism, but also to the metabolism of the organic components of
bone trabeculae 35, 36. These aspects suggest that further study into the role of biochemical
markers and their relation to the differences in trabecular architecture between OA knees with
minimal or marked cartilage loss is warranted.

Conclusion
In conclusion, a relationship between trabecular bone structure and articular cartilage from the
distal femur and proximal tibia was established. High-resolution 3D MRI performed at 3T
strength field using a parallel imaging protocol showed significant improvement in terms of
data acquisition and scanning time compared with previous MRI methods. Also, by reflecting
early changes in cartilage biochemistry, the cartilage matrix parameters (T1ρ and T2) might
indicate indirect early changes in trabecular bone structure. Furthermore, once the intrinsic
connection between bone and cartilage is established, it may be possible to preserve articular
cartilage by moderating bone turnover and quality.

These applications, although speculative, emphasizes the potential role of MRI in monitoring
the whole knee joint in degenerative joint diseases. These results may be helpful in predicting
variations in bone and cartilage, and understanding all these changes may be useful in planning
surgical treatments such as corrective osteotomy, and total knee replacements.
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Figure 1.
Trabecular bone structure post-processing: bone and marrow regions of interest (ROI) were
outlined for the femur (A), lateral and medial condyles (B), tibia (C) and lateral and medial
tibia (D); the tibial grid was derived from the epicondylar distance (Unit [mm] = Epicondylar
Distance × 100/9).
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Figure 2.
A graphical representation of the segmented trabecular bone regions. The femur, tibia, lateral
femoral condyle (LFC), medial femoral condyle (MFC), lateral tibia (LT), and medial tibia
(MT) are shown; the ROIs were defined similarly with a previous described method 2
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Figure 3.
Representative T1ρ and T2 maps for a control subject (A, C) and for an OA patient (B, D).
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Figure 4.
Trabecular bone structure data: apparent measures of trabecular bone fraction (BV/TV),
trabecular number (Tb.N), trabecular separation (Tb.Sp), and trabecular thickness (Tb.Th)
were computed in OA patients compared with controls, using the ANOVA F-test; *P<0.05.
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Figure 5.
Articular cartilage data: T1ρ and T2 relaxation times as well as thickness and normalized
volume were computed in OA patients compared with controls, using the ANOVA F-test; to
account for the variation in joint size, the calculated volume was normalized to the epicondylar
distance of each respective subject; the epicondylar distance was used to standardize the
volume due to its invariance to osteoarthritic changes; *P<0.05.
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Table 1
Summary of subject characteristics: age, weight and BMI values as well as WOMAC OA parameters are reported as
means ± SD. Kellgren-Lawrence grades are also shown. P values indicate the significance level of differences between
patients and controls.

Patients Controls P-values

Study population [n] 16 16
Age [years] 47.19 ±11.54 36.25 ± 10.54 0.009
Weight [kg] 80.08 ± 17.70 70.44 ± 11.84 0.080

BMI 26.78 ± 4.83 22.64 ± 3.03 0.007

Kellgren-Lawrence grade [n]
Grade 0 16

Grade 1 7 0
Grade 2 9 0

WOMAC OA index
Pain 5.31 ± 2.63 1.94 ± 2.95 0.002

Stiffness 3.25 ± 1.24 0.63 ± 0.93 <0.0001
Function 15.06 ± 7.60 2.81 ± 6.57 <0.0001

Osteoarthritis Cartilage. Author manuscript; available in PMC 2009 October 1.



N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

Bolbos et al. Page 18
Ta

bl
e 

2
M

ea
n 

an
d 

st
an

da
rd

 d
ev

ia
tio

ns
 (S

D
) o

f a
rti

cu
la

r c
ar

til
ag

e 
an

d 
tra

be
cu

la
r b

on
e 

pa
ra

m
et

er
s t

ha
t c

or
re

la
te

d 
w

ith
 a

ge
: c

om
pa

ris
on

 b
et

w
ee

n
pa

tie
nt

s 
an

d 
co

nt
ro

ls
 w

ith
ou

t (
A

N
O

V
A

) 
an

d 
w

ith
 a

dj
us

tm
en

t f
or

 a
ge

 (
A

N
C

O
V

A
); 

P 
va

lu
es

 b
el

ow
 0

.0
5 

w
er

e 
co

ns
id

er
ed

 to
 d

en
ot

e
st

at
is

tic
al

 si
gn

ifi
ca

nc
e.

Pa
ra

m
et

er
s

C
om

pa
rt

m
en

t
Pa

tie
nt

s
C

on
tr

ol
s

St
at

is
tic

al
 r

aw
Si

gn
ifi

ca
nc

e 
A

dj
us

te
d 

fo
r

ag
e

M
ea

n 
± 

SD
M

ea
n 

± 
SD

P 
va

lu
e

P 
va

lu
e

A
G

E
47

.1
9 

±1
1.

54
36

.2
5 

± 
10

.5
4

0.
00

9

ap
p.

 B
V

/T
V

F
0.

39
7 

± 
0.

08
0.

44
9 

± 
0.

06
0.

01
1

0.
02

4
ap

p.
 T

b.
Sp

F
0.

55
7 

± 
0.

17
0.

45
0 

± 
0.

09
0.

01
9

0.
03

5
ap

p.
 T

b.
T

h
LT

0.
27

2 
± 

0.
04

0.
30

8 
± 

0.
05

0.
01

0
0.

02
0

T
1r

ho
LF

C
42

.8
3 

± 
2.

95
38

.8
1 

± 
3.

56
0.

00
4

0.
03

0
T

1r
ho

M
FC

44
.4

4 
± 

4.
30

39
.1

5 
± 

3.
49

0.
00

5
0.

00
7

T
1r

ho
F

43
.3

7 
± 

3.
38

38
.9

8 
± 

3.
25

0.
00

4
0.

01
1

T
2

M
FC

35
.5

 ±
 2

.2
3

31
.8

9 
± 

3.
09

0.
00

3
0.

02
2

Osteoarthritis Cartilage. Author manuscript; available in PMC 2009 October 1.



N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

Bolbos et al. Page 19
Ta

bl
e 

3
R

ep
ro

du
ci

bi
lit

y 
of

 b
on

e 
st

ru
ct

ur
e 

m
ea

su
re

m
en

ts
: c

oe
ff

ic
ie

nt
s o

f v
ar

ia
tio

n 
(C

V
) o

f b
on

e 
pa

ra
m

et
er

s m
ea

su
re

m
en

ts
 o

n 
4 

he
al

th
y 

co
nt

ro
ls

ba
se

d 
on

 2
 re

pe
at

ed
 sc

an
s;

 m
ea

n,
 st

an
da

rd
 d

ev
ia

tio
n 

(S
D

) a
nd

 st
an

da
rd

 e
rr

or
 o

f m
ea

n 
(S

.E
.M

.) 
ar

e 
al

so
 re

po
rte

d.

FE
M

U
R

L
A

T
E

R
A

L
 F

E
M

O
R

A
L

 C
O

N
D

Y
L

E
M

E
D

IA
L

FE
M

O
R

A
L

 C
O

N
D

Y
L

B
V

/T
V

T
b.

N
T

b.
Sp

T
b.

T
h

B
V

/T
V

T
b.

N
T

b.
Sp

T
b.

T
h

B
V

/T
V

T
b.

N
T

b.
Sp

T
b.

T
h

M
E

A
N

0.
48

3
1.

32
3

0.
39

3
0.

36
7

0.
48

7
1.

54
4

0.
33

3
0.

31
8

0.
50

3
1.

38
5

0.
36

1
0.

36
7

SE
M

0.
00

8
0.

05
6

0.
01

4
0.

02
0

0.
01

0
0.

04
6

0.
01

6
0.

00
7

0.
00

8
0.

05
2

0.
01

4
0.

01
5

SD
0.

01
5

0.
11

3
0.

02
8

0.
03

9
0.

01
9

0.
09

3
0.

03
3

0.
01

3
0.

01
6

0.
10

4
0.

02
8

0.
03

1
C

V
0.

03
1

0.
01

9
0.

04
1

0.
02

4
0.

04
2

0.
02

6
0.

05
5

0.
03

6
0.

02
4

0.
03

2
0.

04
8

0.
03

2

T
IB

IA
L

A
T

E
R

A
L

 T
IB

IA
M

E
D

IA
L

 T
IB

IA

B
V

/T
V

T
b.

N
T

b.
Sp

T
b.

T
h

B
V

/T
V

T
b.

N
T

b.
Sp

T
b.

T
h

B
V

/T
V

T
b.

N
T

b.
Sp

T
b.

T
h

M
E

A
N

0.
45

4
1.

40
1

0.
39

3
0.

32
5

0.
43

3
1.

50
2

0.
39

2
0.

30
8

0.
48

2
1.

42
8

0.
36

3
0.

34
1

SE
M

0.
01

0
0.

06
4

0.
02

2
0.

01
4

0.
02

9
0.

07
6

0.
04

7
0.

01
4

0.
03

4
0.

05
4

0.
02

1
0.

03
4

SD
0.

01
9

0.
12

8
0.

04
4

0.
02

9
0.

05
7

0.
15

2
0.

09
3

0.
02

8
0.

06
8

0.
10

8
0.

04
1

0.
06

8
C

V
0.

03
7

0.
02

1
0.

05
3

0.
01

6
0.

03
4

0.
03

7
0.

04
3

0.
02

3
0.

03
7

0.
01

8
0.

04
2

0.
04

1

N
O

TE
: A

ll 
tra

be
cu

la
r b

on
e 

pa
ra

m
et

er
s a

re
 “

ap
pa

re
nt

” 
pa

ra
m

et
er

s –
 a

pp
. B

V
/T

V
, a

pp
. T

b.
N

, a
pp

. T
b.

S,
 a

pp
. T

b.
Th

.

Osteoarthritis Cartilage. Author manuscript; available in PMC 2009 October 1.



N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

Bolbos et al. Page 20
Ta

bl
e 

4
Sp

ea
rm

an
’s

 ra
nk

 c
or

re
la

tio
ns

 b
et

w
ee

n 
ar

tic
ul

ar
 c

ar
til

ag
e 

an
d 

tra
be

cu
la

r s
tru

ct
ur

e 
pa

ra
m

et
er

s w
ith

in
 th

e 
sa

m
e 

co
m

pa
rtm

en
t.

L
A

T
E

R
A

L
 F

E
M

O
R

A
L

 C
O

N
D

Y
L

E
M

E
D

IA
L

 F
E

M
O

R
A

L
 C

O
N

D
Y

L
E

FE
M

U
R

B
V

/T
V

T
b.

N
T

b.
Sp

T
b.

T
h

B
V

/T
V

T
b.

N
T

b.
Sp

T
b.

T
h

B
V

/T
V

T
b.

N
T

b.
Sp

T
b.

T
h

T
1ρ

 (n
=1

6)
−0

.3
1*

−0
.2

4*
0.

33
*

−0
.2

8*
−0

.2
9*

−0
.3

4*
0.

36
*

N
S

−0
.2

6*
−0

.3
1*

0.
39

*
N

S
T

2 
(n

=1
1)

N
S

N
S

N
S

N
S

N
S

N
S

N
S

N
S

N
S

N
S

N
S

0.
35

*
T

hi
ck

ne
ss

N
S

N
S

N
S

N
S

N
S

N
S

N
S

N
S

0.
33

*
N

S
N

S
0.

46
**

N
or

m
al

iz
ed

 v
ol

um
e

N
S

N
S

N
S

N
S

N
S

0.
52

**
−0

.4
1**

N
S

0.
30

*
0.

30
*

−0
.3

5*
N

S

L
A

T
E

R
A

L
 T

IB
IA

M
E

D
IA

L
 T

IB
IA

T
IB

IA

B
V

/T
V

T
b.

N
T

b.
Sp

T
b.

T
h

B
V

/T
V

T
b.

N
T

b.
Sp

T
b.

T
h

B
V

/T
V

T
b.

N
T

b.
Sp

T
b.

T
h

T
1ρ

 (n
=1

6)
−0

.6
0**

−0
.6

1**
0.

64
**

−0
.4

6**
N

S
N

S
N

S
N

S
−0

.4
4**

−0
.3

0*
0.

47
**

−0
.4

3**
T

2 
(n

=1
1)

−0
.5

9**
−0

.7
0**

*
0.

71
**

*
−0

.4
0**

N
S

N
S

N
S

N
S

−0
.4

1**
−0

.5
7**

0.
56

**
N

S
T

hi
ck

ne
ss

0.
47

**
0.

32
*

−0
.3

5*
0.

52
**

0.
32

N
S

N
S

0.
42

**
0.

34
*

N
S

N
S

0.
32

*
N

or
m

al
iz

ed
 v

ol
um

e
0.

68
**

*
0.

51
**

−0
.5

0**
0.

66
**

*
N

S
N

S
N

S
N

S
0.

44
**

0.
45

**
−0

.4
1**

0.
27

*

* P<
0.

05

**
P<

0.
01

**
* P<

0.
00

1

N
S 

= 
N

ot
 S

ig
ni

fic
an

t

N
O

TE
: A

ll 
tra

be
cu

la
r b

on
e 

pa
ra

m
et

er
s a

re
 “

ap
pa

re
nt

” 
pa

ra
m

et
er

s –
 a

pp
. B

V
/T

V
, a

pp
. T

b.
N

, a
pp

. T
b.

S,
 a

pp
. T

b.
Th

.

Osteoarthritis Cartilage. Author manuscript; available in PMC 2009 October 1.



N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

Bolbos et al. Page 21
Ta

bl
e 

5
Sp

ea
rm

an
’s

 ra
nk

 c
or

re
la

tio
ns

 b
et

w
ee

n 
m

ed
ia

l t
ib

ia
 (M

T)
 c

ar
til

ag
e 

pa
ra

m
et

er
s 

an
d 

la
te

ra
l f

em
or

al
 c

on
dy

le
 (L

FC
) a

nd
 la

te
ra

l t
ib

ia
 (L

T)
bo

ne
 st

ru
ct

ur
e.

M
T

 c
ar

til
ag

e 
pa

ra
m

et
er

s
L

FC
 b

on
e 

pa
ra

m
et

er
s

L
T

 b
on

e 
pa

ra
m

et
er

s

ap
p.

 B
V

/T
V

ap
p.

 T
b.

N
ap

p.
 T

b.
Sp

ap
p.

 T
b.

T
h

ap
p.

 B
V

/T
V

ap
p.

 T
b.

N
ap

p.
 T

b.
Sp

ap
p.

 T
b.

T
h

T
1ρ

 (n
=1

6)
−0

.5
4**

−0
.4

5**
0.

51
**

−0
.4

8*
−0

.5
9**

−0
.5

7**
0.

57
**

−0
.4

9**
T

2 
(n

=1
1)

N
S

N
S

N
S

N
S

−0
.5

6**
−0

.6
5**

*
0.

62
**

−0
.4

0**
T

hi
ck

ne
ss

N
S

N
S

N
S

0.
30

*
0.

51
**

0.
28

*
−0

.3
5*

0.
65

**
*

N
or

m
al

iz
ed

 v
ol

um
e

N
S

0.
34

*
N

S
N

S
0.

65
**

*
0.

54
**

−0
.5

1**
0.

60
**

* P<
0.

05

**
P<

0.
01

**
* P<

0.
00

1

N
S 

= 
N

ot
 S

ig
ni

fic
an

t.

Osteoarthritis Cartilage. Author manuscript; available in PMC 2009 October 1.



N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

Bolbos et al. Page 22

Table 6
Spearman’s rank correlations between lateral tibia (LT) cartilage parameters and medial femoral condyle (MFC) bone
structure.

MFC bone parameters LT cartilage parameters

T1ρ (n=16) T2 (n=11) Thickness Normalized volume

app. BV/TV NS NS NS NS
app. Tb.N −0.42** −0.41* 0.29* 0.39*
app. Tb.Sp 0.35* 0.32* NS −0.30*
app. Tb.Th −0.40* NS 0.33* 0.39*

*
P<0.05

**
P<0.01

NS = Not Significant.
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