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Abstract

Purpose: To determine how subchondral bone microarchitecture is altered in patients with mild
knee osteoarthritis.

Materials and Methods: This study had Institutional Review Board approval. We recruited

24 subjects with mild radiographic knee osteoarthritis and 16 healthy controls. The distal femur
was scanned at 7T using a high-resolution 3D FLASH sequence. We applied digital topological
analysis to assess bone volume fraction, markers of trabecular number (skeleton density),
trabecular network osteoclastic resorption (erosion index), plate-like structure (surface), rod-like
structure (curve), and plate-to-rod ratio (surface-curve ratio). We used two-tailed #tests to compare
differences between osteoarthritis subjects and controls.

Results: 7T magnetic resonance imaging (MRI) detected deterioration in subchondral bone
microarchitecture in both medial and lateral femoral condyles in osteoarthritis subjects as
compared with controls. This was manifested by lower bone volume fraction (—1.03% to —5.43%,
F£<0.04), higher erosion index (+8.49 to +22.76%, ~P<0.04), lower surface number (-2.31% to
-9.63%, £<0.007), higher curve number (+6.85% to +16.93%, A<0.03), and lower plate-to-rod
ratio (=7.92% to -21.71%, F<0.05).

Conclusion: The results provide further support for the concept that poor subchondral bone
quality is associated with osteoarthritis and may serve as a potential therapeutic target for
osteoarthritis interventions.

*A%dress r(ﬂ)rint requests to: G.C., Department of Radiology, NYU Langone Medical Center, Center for Musculoskeletal Care, 333 E.
38! St., 6" Fl., Rm. 6-210, New York, NY, 10016. gregory.chang@nyumc.org.
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OSTEOARTHRITIS is a degenerative joint disorder that causes pain, stiffness, and
decreased mobility. It affects 46 million Americans (1), resulting in over 11 million medical
office visits (2) and $127 billion in healthcare costs annually (3). There is no cure for
osteoarthritis, and interventions are limited to pain control and ultimately joint replacement.

Although the hallmark of osteoarthritis is articular cartilage loss, abnormal subchondral
bone also plays a key role in disease pathogenesis (4). In late-stage osteoarthritis, this
manifests on radiographs as subchondral bone sclerosis and increased subchondral bone
density. On the microarchitectural level, ex vivo studies have shown that subchondral
bone sclerosis can be attributed to higher bone volume fraction, trabecular connectivity,
and trabecular number (5-7). Because increased bone remodeling is responsible for these
changes, drugs that inhibit bone remodeling, such as bisphosphonates, are being tested as
therapies for osteoarthritis (8-10).

In early-stage osteoarthritis, the in vivo alterations in subchondral bone microarchitecture
remain poorly understood. The goal of this study was to leverage the higher signal-to-noise
ratio (SNR) provided by ultrahigh-field 7T magnetic resonance imaging (MRI) to image and
quantitatively assess subchondral bone microarchitecture of the distal femur in subjects with
mild knee osteoarthritis and healthy controls.

MATERIALS AND METHODS

Subject Recruitment

This study had Institutional Review Board approval, and we obtained written informed
consent from all subjects. We recruited 24 subjects with mild osteoarthritis (graded by G.C.,
3 years of experience as a musculoskeletal radiologist). The characteristics were: mean
Kellgren-Lawrence grade within the medial compartment=1.56 + 1.22, mean Kellgren-
Lawrence grade within the lateral compartment=1.32 + 1.62 (six subjects had Kellgren-
Lawrence grade 3 in the lateral compartment), mean age=66.9 + 10.1 years, mean body
mass index=26.1 + 10.4 kg/m2. We also recruited 16 healthy control subjects without knee
pain or radiographic signs of osteoarthritis (mean age=38.6 + 12.6 years, mean body mass
Index=24.9 + 4.2 kg/m?). We excluded patients with a history of obesity, inflammatory or
crystalline arthritis, knee trauma, Paget’s disease, hyperparathyroidism, corticosteroid use,
Crohn’s disease, or other nutritional, metabolic, or endocrinologic disorder that could affect
the skeleton.

MRI Scanning

We scanned the distal femur (affected knee in osteoarthritis subjects, nondominant knee
in control subjects) on a 7T whole-body MRI scanner (Siemens, Erlangen, Germany)
using a 28-channel knee coil (Quality Electrodynamics, Mayfield Village, OH). We chose
to scan the nondominant knee in control subjects because if there is preferential weight-
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bearing of the dominant lower extremity, then according to Wolff’s Law (11) there will

be corresponding adaptations in bone structure, which may confound results. To limit the
possibility of motion artifact, all subjects were made as comfortable as possible during

the MRI scan and foam cushions were placed inside the coil to immobilize the knee. To
image bone microarchitecture, we used a 3D fast low-angle shot (3D FLASH) sequence
(TR/TE=20/5.1 msec, field of view [FOV]=120 mm, matrix=512 x 512, in-plane resolution
0.195 mm x 0.195 mm, slice thickness=1 mm, 80 axial images, generalized autocalibrating
partially parallel acquisition [GRAPPA] parallel acceleration factor=2, scan time=7 min 9
Sec).

Image Analysis

A musculoskeletal radiologist (G.C., 3 years of experience) selected a 10-mm-thick volume-
of-interest (VOI) within the femoral condyles. We corrected for signal intensity variation
across the FOV using a local thresholding approach (12). For each VOI, we generated a
bone volume fraction (BVF) map by scaling voxel signal intensities from 0 to 100 (O=pure
marrow, 100=pure bone). The BVF corresponds to the fractional occupancy of bone within
a voxel. The VOIs were divided into the medial and lateral femoral condyles, and each
condyle was divided into four subregions: anterolateral, anteromedial, posteromedial, and
posterolateral (Fig. 1).

Within each subregion, we applied digital topological analysis (DTA). DTA (13,14) isa 3D
method that accurately determines the topological class (eg, surfaces, curves, junctions,
and edges) of each individual location in a digitized structure that has been applied

for quantifying quality of trabecular bone architectural makeup. Before applying DTA, a
binarized trabecular bone image is skeletonized to a network of 1D and 2D structures
representing rods and plates, respectively. DTA involves three steps: the first is inspecting
each bone voxel’s neighboring voxels (ie, the 26 other voxels within the voxel’s 3 x

3 x 3 kernel). A unique topological classification can be achieved using lookup tables
solving for local topological ambiguities in digital manifolds and their junctions. These
topological classes are used to compute several topological parameters for trabecular bone
(TB) networks. We computed: BVF, as well as markers of: trabecular number (skeleton
density, Sk.D), trabecular network osteoclastic resorption (erosion index), trabecular rod-like
structure (curves), trabecular plate-like structure (surface, Surf), and trabecular plate-to-rod
ratio (surface-curve, Surf-Curv).

Statistical Analysis

We computed mean values and standard deviations for each microarchitectural parameter
within each subregion. Then we used analysis of variance (ANOVA) to compare the
osteoarthritis subjects and control subjects with respect to each microarchitectural parameter
in each of the four subregions. Specifically, a given subregion from osteoarthritis subjects
was compared to the same corresponding region in controls. The error variance was allowed
to differ across comparison groups to remove the assumption of variance homogeneity.
£<0.05 was considered statistically significant.
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Representative 7T MR images of subchondral bone microarchitecture from osteoarthritis
subjects and control subjects are shown in Fig. 2a,b. Individual trabeculae are seen,
including trabecular loss in the osteoarthritis subjects and spatial variation in bone
microarchitecture in both the osteoarthritis subject and control subject.

Compared with the control subjects, the osteoarthritis subjects demonstrated deterioration

in bone microarchitecture in the lateral femoral condyle (Table 1) and the medial femoral
condyle (Table 2). Within the lateral femoral condyle, this was manifested by: lower bone
volume fraction (anteromedially —2.89%, anterolaterally —5.43%, A<0.0001 for both); lower
skeleton density (anterolaterally —5.09%, P=0.005); higher erosion index (all subregions,
+9.95% to +22.76%, P<0.02 for all); lower surface number (all subregions, —3.46% to
-9.63%, £<0.007 for all); higher curve number (anteromedially +10.0%, anterolaterally
+16.93%, P<0.002); lower surface-curve ratio (all subregions, —8.05% to —21.71%, /<0.05
for all).

Within the medial femoral condyle, microarchitectural deterioration in osteoarthritis
subjects compared with control subjects was manifested by: lower bone volume fraction
(anteromedially —2.05%, posterolaterally —1.03%, P<0.04 for both); lower skeleton density
(—2.21%, P=0.006); higher erosion index (all subregions except anteromedially, +8.49% to
+11.47%, P<0.04); lower surface number (posterolaterally —2.31%, anterolaterally —4.57%,
F<0.005 for both); higher curve number (posterolaterally +6.85%, anterolaterally +10.16%,
£<0.03 for both); lower surface-curve ratio (posterolaterally —7.92%, anterolaterally
-11.73%, P<0.04 for both).

DISCUSSION

In this study we used high-resolution 7T MRI to examine distal femur bone
microarchitecture in subjects with mild osteoarthritis compared with healthy controls. The
subjects with mild osteoarthritis demonstrated deterioration in topological parameters of
subchondral bone microarchitecture compared with control subjects. Specifically, in the
osteoarthritis subjects there were decreases in markers of trabecular plate-like-structure
(surfaces) and plate-to-rod ratio (surface-curve ratio), and increases in markers of trabecular
network resorption (erosion index) and rod-like structure (skeleton density). Overall, these
results provide further support for the notion that poor subchondral bone quality plays a
role in osteoarthritis disease pathogenesis and may serve as a potential therapeutic target for
osteoarthritis interventions.

7T MRI scanners are not widely available. Furthermore, although imaging at 7T carries with
it the challenges of maintaining By and B4+ field homogeneity and staying within specific
absorption rate (SAR) limits, these obstacles are not insurmountable. In recent years, there
have been an increasing number of studies describing MRI of the musculoskeletal system at
7T (16,17). We leveraged the higher SNR of 7T and the 28 channel knee coil (as opposed

to a quadrature coil) in order to implement parallel imaging and obtain 80 high-resolution
axial images of distal femur bone microarchitecture in only 7 minutes 9 seconds. Individual
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trabeculae were well visualized on the images that we acquired, and in the future we hope
to further increase the spatial resolution, potentially through the use of more SNR-efficient
pulse sequences (eg, balanced steady-state free precession (18)).

With regards to ultrahigh-field imaging of osteoarthritis, a few recent studies have applied
diffusion tensor imaging (19), sodium imaging (20,21), and chemical exchange saturation
transfer imaging (22,23) to investigate the biochemical composition of the cartilage
extracellular matrix in the knee at 7T. The ultimate goal of these studies is to detect

early, potentially reversible chondral degeneration in osteoarthritis. Like high-resolution
microstructural imaging, 7T facilitates the performance of these biochemical imaging
techniques, which require high baseline SNR. Because osteoarthritis is a disease involving
both cartilage and bone, in the future a combination of biochemical cartilage imaging and
high-resolution microstructural imaging may permit a comprehensive physiologic evaluation
of joint health and detection of early, potentially reversible changes.

Our 7T in vivo results are in line with those of prior animal studies of osteoarthritis
(24-26). In chemically induced and anterior cruciate ligament transection models of rat
osteoarthritis, subchondral bone loss was detected via microcomputed tomography and
histomorphometry as early as 2 weeks after the induction of osteoarthritis (24,25). And in
another rat transection model of osteoarthritis, experimentally induced subchondral bone
resorption and microarchitectural impairment (decreased trabecular thickness and increased
trabecular separation) were found to aggravate degeneration in overlying articular cartilage
(as assessed by histopathology) (26).

We focused on topologic parameters of bone microarchitecture in this study (eg, whether
trabeculae are plate or rod-like, markers of osteoclastic resorption). The results are in line
with those of two prior human studies in which morphologic parameters were evaluated.
Lindsey et al (at 1.5T) (27) and Bolbos et al (at 3T) (28) detected lower trabecular thickness
and number, and higher trabecular separation in osteoarthritis subjects compared to controls.
Overall, the microarchitectural changes described in these prior studies and in our current
work reflect worsening of subchondral bone quality. In the future, it will be of interest to
determine which parameters of subchondral bone microarchitecture are the most important
for the maintenance of bone and joint health, and the possible prevention of osteoarthritis.
For example, because trabecular network resorption (erosion index) was increased by as
much as 22.76% in this study (anterolateral region of the lateral femoral condyle), trabecular
network resorption may be a more sensitive biomarker for monitoring the efficacy of an
osteoarthritis intervention than bone volume fraction, which only decreased by up to 5.43%.

Poor subchondral bone quality is believed to contribute to the pathogenesis of osteoarthritis
by facilitating a cycle of cartilage degeneration, abnormal joint loading, and further
subchondral bone remodeling (4,29,30). Specifically, if subchondral bone microarchitecture
deteriorates, it becomes weaker. This may lead to flattening of the articular surface and
altered mechanical loading on overlying cartilage tissue. Such altered mechanical loading
on cartilage may cause physical damage to cartilage tissue, which in turn would alter the
stresses on underlying subchondral bone. Wolff’s Law states that bone remodels in response
to the forces placed upon it (11). Therefore, in the setting of osteoarthritis, subchondral
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bone may be undergoing repeated cycles of remodeling depending on the status of the
overlying cartilage and also an individual person’s biomechanics. Indeed, we observed
regional variation in subchondral bone microarchitecture in our study, and based on Wolff’s
Law, this probably reflects spatial variation and the history of local mechanical loading
experienced by subchondral bone in different regions of the joint. As stated previously,
whether inhibition of bone remodeling and preservation of bone quality could prevent the
development of osteoarthritis remains a topic of ongoing investigation; in a 2013 animal
study, the prevention of subchondral bone loss via the antiresorptive agent alendronate did
protect against cartilage degeneration (31).

This study has limitations. First, we had a relatively small number of study subjects.
However, the number of subjects was still enough to detect differences between groups.

In the future, it will be important to carry out a longitudinal study of osteoarthritis subjects
in order to determine the temporal changes in bone microarchitecture during the course

of osteoarthritis disease progression. Second, as in any cross-sectional study, there is the
potential for selection bias or unknown confounding factors. Finally, we recognize that 7T
MRI scanners are not widely available.

In conclusion, we used high-resolution 7T MRI to detect deterioration in topologic
parameters of subchondral bone microarchitecture in subjects with mild knee osteoarthritis
compared with healthy controls. These results provide further support for the role of poor
subchondral bone quality in the pathogenesis of osteoarthritis. In the future, this method
might be used to help determine, in human studies, whether interventions that preserve
subchondral bone microarchitecture and quality could help prevent the development of
structural cartilage tissue loss and the onset of osteoarthritis.
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Posterior

Figure 1.
Image processing steps: 1) MRI scanning of the distal femur (top left); 2) correction for

signal intensity variation across the FOV (top right); 3) generation of bone volume fraction
map (bottom left); 4) analysis of the medial and lateral femoral condyles in four subregions
(bottom right): anteromedial (1); anterolateral (2); posterolateral (3); posteromedial (4).
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Figure 2.
a: 7T MR images of bone microarchitecture in the distal femur of a healthy control subject

(left) and a patient with mild osteoarthritis (right). There is microarchitectural deterioration
in the patient with osteoarthritis compared with the control subject. b: 7T MR images of
bone microarchitecture in the distal femur of another healthy control subject (left) and

a patient with mild osteoarthritis (right). There is microarchitectural deterioration in the
patient with osteoarthritis compared with the control subject.
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