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Abstract

Osteoarthritis and avascular necrosis are common clinical entities with unknown etiologies. Recently,
vascular changes have been implicated in the pathogenesis of both conditions. This review discusses
the use of novel non-invasive imaging techniques, using dynamic contrast-enhanced magnetic
resonance imaging, as a means of assessing bone perfusion and therefore quantifying differences
seen in both osteoarthritis and avascular necrosis. We have found changes in fluid dynamics in both
osteoarthritis and avascular necrosis as compared to normal bone as well as changes between
osteoarthritis and avascular necrosis. Review of our human data suggest that the magnetic resonance
imaging contrast dye is retained for longer periods of time, suggesting decreased perfusion out of
regions of osteoarthritis and avascular necrosis. This finding was corroborated in a guinea-pig animal
model of osteoarthritis. Use of such a non-invasive measure of assessing bone perfusion could be
useful in the diagnosis, prevention, and treatment of not only osteoarthritis and avascular necrosis
but many other entities that affect the musculoskeletal system.
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Introduction

The pathophysiology of osteoarthritis (OA) and avascular necrosis (AVN) remain unknown.
In both cases, the late pathology of the disease is clear, but the events that lead up to ultimate
joint degeneration are not well understood. Usually, the disease is not discovered until late in
its course when only surgical or palliative methods are available. Early detection could allow
for targeting of aspects of the disease pathophysiology and thus alter or stop the course of the
disease.

Recent work has suggested that both OA and AVN may have early vascular components that
change underlying bone perfusion in the affected bone and joint and thus contribute to the
clinical cascade of each diseasel: 2. Measuring blood flow in bone in the region of a synovial
joint is difficult, particularly if it is to be done in a non-invasive manner. Invasive techniques
exist, such as radioactive microsphere methods, but availability of technology for such
techniques preclude their use in humans2. We have applied a technique to assess bone perfusion
by non-invasive methods to study the vascular components of OA and AVN.

Dynamic Contrast Enhanced Magnetic Resonance Imaging (DCE-MRI), a technique initially
utilized in brain imaging, can be employed as a way to accurately and non-invasively quantify
bone perfusion in a synovial joint. This method uses a standard MRI contrast agent (Gd-DTPA)
and is easily and safely performed in both laboratory animals and in humans. Changes in bone
perfusion are related to bone marrow edema, a common clinical finding seen in MRI. The
presence of bone marrow edema is widespread and is seen in many entities from trauma, to
OA and AVN.

Numerous clinical studies have associated bone marrow edema, or bone marrow lesions as
they are sometimes called, with pain, bone remodeling, and cartilage degeneration®. The causes
of the marrow signal changes of edema seen on MRI and the pathologic significance of the
MRI finding of bone marrow edema are uncertain®. It is thought that bone marrow edema can
be a marker of altered fluid dynamics and thus could indicate changes in intra-osseous pressure
as well as blood flow. Such changes in fluid dynamics are thought to drive the secretion of
cytokines that contribute to the regulation of bone remodeling and cartilage degeneration.
Traditional MRI is not capable of extracting such kinetic parameters as bone perfusion, but
dynamic contrast-enhanced MRI (DCE-MRI) as presented here, is capable of extracting such
data in a non-invasive way.

High signal intensity as seen on T,-Weighted images signifies high water content and therefore
it is thought that bone marrow edema is a radiographic marker of increased intraosseous
pressure and changes in blood flow. Intraosseous hypertension has been related to bone pain
in several joints and elevated intraosseous pressure has been observed in osteoarthritis of the
hip and knee8. Conventional contrast studies have demonstrated venous engorgement and
stasis associated with intraosseous hypertension in OA of the hip®. Similar elevations of
intraosseous pressure were found in patients with OA of the knee’. Patients without OA but
with knee pain also exhibited intraosseous hypertension but patients without OA and without
pain had normal intraosseous pressures. Reduction of pressure by fenestration, or core
decompression, is accompanied by a reduction in pain. Osteotomy of the proximal femur
reduces both intraosseous pressure and pain in patients with OA of the hip8. These observations
collectively suggest that changes in fluid dynamics resulting in intraosseous hypertension are
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associated with bone pain and arthritis. These findings coupled with bone marrow edema as
seen on traditional MRI lead us to use DCE-MRI to non-invasively assess bone perfusion.

The following manuscript describes a method to assess bone perfusion with contrast-enhanced
magnetic resonance imaging in both human patients and animals. By comparing the imaging
data with histological data, we demonstrate that regions of edema and decreased perfusion
temporally precede and spatially co-localize with eventual cartilage degeneration, the final
common pathway in both OA and AVN.

The use of contrast-enhanced MRI was evaluated in human patients and with an animal model.
In both human and animal studies, DCE-MRI was utilized and techniques were similar for the
two groups. Specific techniques are described in detail elsewhere and are beyond the scope of
this report®. In both cases, MRI data were acquired and dynamic perfusion data were extracted
using mathematical modeling based on the Brix two-compartment pharmacokinetic model0~
12 1n brief, the Brix two-compartment model is capable of producing perfusion parameters
such as perfusion in to and out of a region of interest (such as the region of subchondral bone
adjacent to an arthritic joint). The rate of perfusion into such regions is also calculated.

Human data were collected from adult patients with painful bone marrow edema associated
with OA or AVN. Each patient underwent a DCE-MRI scan for conditions such as infection,
synovitis, fractures, and other conditions associated with bone marrow edema. Thirteen
patients carried a diagnosis of OA while 9 had AVN. The mean patient age was 52 (range =
22 —92). Briefly, DCE-MRI was performed with a 1.5T magnet using standard clinical coils.
Gd-DTPA was injected by power-injector via large bore peripheral IV at a standard
concentration of 0.1 mmol per kilogram. The focus of bone marrow edema was studied with
eight continuous slices, 5 mm each. During data acquisition TR was 5.5 and TE was 2.89. Data
was obtained for 15-seconds after the injection initiation and was collected every 10-seconds
for the ensuing 5-minutes. Neighboring areas of non-edematous bone were used as internal
controls.

Human data invariably is fraught with confounding factors and longitudinal studies are difficult
in humans. The Dunkin-Hartley guinea pig model is ideally suited to study the progression of
OA. Considerable resemblance exists between human and Dunkin-Hartley guinea pig OA both
histologically and biochemically. Additionally, just as in human OA, lesions appear
preferentially on the medial aspect of the knee joint. Furthermore, the arthritis develops
spontaneously without any required surgical intervention and the progression of arthritis over
time has been well characterized13-15,

DCE-MRI was performed as reported elsewhere®. In brief, 4 different ages were selected (6
animals per group for a total of 24 animals) to study perfusion parameters at different stages
of osteoarthritis (6, 9, 12, and 15-months); these ages were selected based on well-characterized
documentation of OA development!3: 16_ All animals were acquired from Charles River
Laboratories; central venous (jugular) catheters were surgically placed by Charles River to
ensure reliable venous access for Gd-DTPA perfusion studies. Imaging studies were conducted
ona3.0 T MRI. Data were acquired via a fast multiplanar spoiled gradient echo sequence with
4 -7 slices, and a 12.1/3.8 ms TR/TE. A fast spin-echo short tau inversion recovery (STIR)
was also acquired to visualize bone marrow edema (TR = 6650 ms; Tl = 180 ms; TE = 45 ms).
The central line remained patent in all cases and was used to manually inject the Gd-DTPA in
all cases (0.3 mmol/kg). After all imaging was completed, animals were euthanized and tibias
were harvested for measurement of subchondral bone thickness and histochemistry. Specimens
were de-calcified and prepared using Safranin-O / Fast Green stain.
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Histologic cartilage grade was assessed by using the well-established method of Mankin’.
Subchondral plate thickness was digitally measured at the central third of both the medial and
the lateral tibial plateaus. All data were analyzed as mean + standard error of the mean (SEM)
and significance was determined by means of parametric and non-parametric tests as was
deemed appropriate based on the sample sizes and distributions.

Sample regions of interest (ROIs) with associated time intensity curves (TICs) are presented
in Figure 1 (hip) and Figure 2 (knee). In both of these examples, note the difference in the
shape of the curve on the right-hand side of the figure, as indicated by the red bar above the
data curve in Figure 1. Regions of edema are depicted here with a continued rise in value over
time, whereas regions without edema show decreased values over time. The later time points
on these graphs are basically the “wash-out” phase for the contrast material. Failure to “wash
out” can be interpreted as stasis or outflow obstruction. Such outflow obstruction was noted
to be more extreme in the knee as compared to the hip, possibly due to more contrasting
anatomic regions (medial v. lateral femoral condyle or tibial plateau). Differences in
morphology, infrastructure, and patterns of vascularization can also account for observed
differences between the hip and the knee. Data were pooled for the entire population and
pharmacokinetic modeling was used to extract quantitative parameters (Table 1). The three
parameters are slope, amplitude (A), and perfusion out of the region of interest (k). Slope and
amplitude were significantly greater in bone marrow edema as compared to normal bone.
Perfusion out of the region of interest was significantly lower in bone marrow edema as
compared to normal bone. The fact that kg is lower in regions of bone marrow edema means
that the edematous bone retains the Gd-DTPA to a greater degree and for a longer time than
regions without edema, within the 5-minute scan time utilized in the experiments (Figure 3).

If the AVN patients are compared to the OA patients, another phenomenon is found. As seen
in Figure 4, based on data from 13 OA and 9 AVN patients, decreased perfusion out of the
region of interest is seen in both AVN and OA, and the initial slope is the same. However, the
amplitude is much lower in AVN as compared to the OA patients. This finding suggests that
one might be able to differentiate between OA and AVN by using the amplitude of the time
intensity curves. Why this difference was observed is unclear and may be related to changes
in capillary permeability in the regions of pathology.

Guinea Pig Data

Histologic changes observed in this study were consistent with previous reports described in
the literature. Figure 5 presents histologic data as well as data reporting the subchondral bone
thickness. Significant changes in histology are seen between the 9-month and the 12-month
time point, concomitant with an increase in subchondral plate thickness, also starting between
the 9-month and 12-month time point.

Sample time intensity curves (TICs) are presented in Figure 6. At 6-months of age, before
significant OA is present, contrast dye does not collect and is seen to wash-out over the course
of the scan (as evidenced by the negative slope towards the end of the TIC). At 12-months,
OA has occurred. This example is taken from a region of the medial tibial plateau in a region
of subchondral bone below histologically significant OA. As evidenced by the persistent
positive slope, the MRI contrast dye pooled in the region of interest, a finding that could be
consistent with venous outflow obstruction.
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Perfusion into the tibial plateau on both the medial and the lateral sides remained constant at
all time points. Figure 7 depicts outflow plotted with bone marrow edema. When these
parameters are plotted together one can see that changes in perfusion between the 6-month and
the 9-month time points spatially co-localize and temporally precede both changes in cartilage
histology and bone remodeling in the medial tibial plateau8. These data are suggestive of both
a temporal and spatial relationship of edema to the eventual medial-sided cartilage and bone
lesions of OA. Edema of the medial:lateral tibial plateau increased between 6 — 9 months of
age but did not reach statistical significance (p = 0.06). Post-hoc power analysis demonstrated
that with the same effect sizes and variances, statistical significance would be reached with a
sample size of 12.

Discussion

OA and AVN are common problems, both of which lead to joint degeneration, pain, and
disability. Early signs of both clinical entities may manifest themselves as local changes in the
fluid dynamics of the subchondral bone. While this has traditionally been difficult to assess,
we present a non-invasive method of using dynamic contrast-enhanced MRI to quantify
changes in fluid dynamics. Human data and guinea pig data produced similar results. Regions
of bone marrow edema demonstrate changes in perfusion which may suggest venous outflow
obstruction in the subchondral bone in areas of bone and cartilage pathology. Tsukamoto et al.
used similar dynamic contrast-enhanced MRI techniques in a canine model and validated their
findings by using radioactive microsphere methods®.

Our work with an animal model demonstrated that bone marrow edema lesions temporally
precede changes in cartilage morphology and spatially localize at the site of eventual bone and
cartilage lesions. Perfusion parameters extracted from our pharmacokinetic model point to
outflow obstruction as the primary change in Kinetic parameters. Such outflow obstruction
suggests increases in intraosseous pressure which compound the problem of decreased
perfusion.

Estimated intraosseous pressure values can be extracted from our pharmacokinetic data; in the
human, normal intraosseous pressure is 26 + 3 mmHg whereas intraosseous pressure in OA is
43 + 4 mmHg2%: 21, Estimated value, in our human studies, in regions of OA, is 45 mmHg.
Increased intraosseous pressure is one of the possible causative factors responsible for pain.

This is of particular clinical interest since bone marrow edema, or bone marrow lesions are
commonly reported in numerous and varied clinical entities. They may exhibit the classic
edema pattern observed following an anterior cruciate ligament tear, to the chronic changes
observed in end-stage OA. Such pharmacokinetic analysis may prove to be particularly useful
if itis able to detect differences in perfusion characteristics in these different clinical scenarios.

The potential pathophysiologic significance of bone marrow edema is in its association with
altered fluid dynamics in subchondral bone. It is the osteocytes that secrete cytokines that
regulate cartilage degeneration and bone remodeling. Osteocytes have been shown to change
their cytokine expression profiles in response to changes in fluid flow, intraosseous pressure,
and local oxygen availability. As determined in seminal studies performed by Arnoldi,
increases in intraosseous pressure and decreases in oxygen concentrations are seen in AVN
and OA8. These studies were done with direct measurements in both animals and in humans
and are invasive and technically difficult to perform. DCE-MRI is capable of extracting similar
values using non-invasive methods.

While initial observations of hypercoagulability were made in AVN, hypercoagulability has
been described in many patients with OA as well: 2. Clinical studies have demonstrated that
patients with end-stage hip arthritis exhibit a high prevalence of vascular-related co-
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morbidities, including ischemic heart disease and myocardial infarction, and both arterial and
venous thrombi including ischemic peripheral vascular disease and deep vein thrombosis?2.
Data from our group also suggest an increased prevalence of thrombotic disease in patients
with OA of the hipl.

In our results presented here, we observed differences in perfusion parameters in OA and AVN.
Bone marrow lesions can arise from both trauma as well as OA and AVN and may manifest
differences in pathophysiology and vascularity. Changes observed via DCE-MRI may well be
produced due to a combination of variances in capillary permeability as well as tissue perfusion
and flow. While the specific mechanisms of action are still being isolated, overall clearance of
the contrast agent would appear to be decreased in both clinical and animal populations.

The ability to safely and non-invasively image perfusion in bone is a powerful tool that can be
used to diagnose and to classify disorders of bone, not only limited to osteoarthritis and
avascular necrosis.
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Figure 1.

Regions of interest and time intensity curves of normal (A) and marrow edema (B) in the human
hip. Signal enhancement is observed in the proximal femur with bone marrow edema.
Differences in amplitude, slope, and outflow are noted. The images are subtraction images
showing enhancement at the end of the time course minus the baseline image intensity. The
red bar above the data curve indicates the “wash-out” phase. (Reproduced with permission,
Aaron et al., Wiley18).
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Figure 2.

Regions of interest and time-intensity curves in the human knee in normal (A) and marrow
edema (B) demonstrating signal enhancement with Gd-DTPA in the abnormal femoral
condyle. Differences in amplitude, slope, and outflow are observed. (Reproduced with
permission, Aaron et al., Wiley18).
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Figure 3.

Time intensity curves of populations with normal bone and bone with marrow edema drawn
from the kinetic parameters in slope, A, and k| representing inflow and outflow characteristics.
Resolution of signal enhancement is beginning in normal bone by 3 — 4 minutes of scan time,
whereas signal enhancement continues to rise in bone with marrow edema. This is interpreted
as reflecting outflow obstruction and decreased perfusion. (Reproduced with permission,
Aaron et al., Wiley!8).
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Figure 4.

Time intensity curves of a population of patients with abnormal edema, separated by type of
pathology (either AVN or OA). Interestingly, slope and kg are similar for both pathologies,
but the amplitude is much less in AVN as compared to OA.
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Figure 5.

Progression of cartilage and bone abnormalities in the Dunkin-Hartley guinea pig model of
OA. The Mankin score at 9 months was 3.3 + 0.33 compared to 8.0 + 0.48 at 12 months
(p<0.001). Significant increases in medial tibial subchondral bone plate thickness are also
observed between 9 and 12 months of age. The thickness at 9 months was 205 + 27.66 microns
compared to 270 + 7.32 microns at 12 months (p = 0.003). (Reproduced with permission, Aaron
et al., Wiley!8).
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Figure 6.

Time-intensity curves from the medial tibial plateau of the guinea pig. (A) 6-months of age,
before morphologic changes of OA, demonstrates normal perfusion with ke = 0.06. (B) 12-
month animals with established changes of OA revealed diminished perfusion with ke; = —0.11.
(Reproduced with permission, Aaron et al., Wiley8).
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Figure 7.

Estimation of edema of the subchondral bone is derived from STIR images of ROls at the
medial tibial plateau and adjacent lateral plateau and is expressed as voxel intensity ratio of
medial:lateral trabecular bone. Edema of the medial:lateral tibial plateau increased between 6
— 9 months of age but did not reach statistical significance (p = 0.06).
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Table 1
Data extracted using the pharmacokinetic model (mean + SEM). When compared to normal bone, slope was greater
in subjects with bone marrow edema. Amplitude of the data (A) was also significantly greater by a factor of 2.5 in bone
with marrow edema as compared to normal bone. kg, the parameter indicating perfusion out of the region of interest,
showed a negative value in patients with bone marrow edema as compared to a statistically significant positive value
in normal bone.

Normal Bone Marrow Edema | P-value
Slope | 50 + 7.1 95.2+9.3 0.001
A 0.44 +0.06 | 0.99 + 0.08 0.0001
ky |0.09+0.04|-0.04+0.01 0.001
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