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Abstract— This article discusses methods for evaluating the
progression of osteoarthritis through dynamic functional imag-
ing as opposed to current static techniques . Comparison is
made between static and dynamic methods of evaluating knee
alignment . The correlation between dynamic knee moments
during gait and bone mineral content is discussed . Knee load-
ing is considered in terms of high tibial osteotomy, knee braces,
pain, and non-steroidal anti-inflammatory drugs . New image-
processing techniques for quantitating cartilage loss are
described, and computational methods for generating true
three-dimensional (3-D) maps of cartilage thickness are devel-
oped . Finally, new approaches to cross-correlate magnetic res-
onance images with kinematic measurements are described.
These new techniques promise to become powerful diagnostic
tools to detect and characterize pathological load distributions
across articular cartilage.
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INTRODUCTION

The factors that influence the initiation and progres-
sion of osteoarthritis (OA) are not well understood . The
knee is the most frequently involved joint site associated
with disability in OA (1), and while that joint is affected in
a substantial portion of the population over the age of fifty,
there is a paucity of information on the underlying causes
for this disease to progress more rapidly in some individu-
als and not in others . The development of new methods for
prevention and treatment of OA requires an improved
understanding of the factors that influence progression of
the disease . The ability to quantitatively assess the pro-
gression of the disease is a necessary first step in under-
standing factors that influence the disease process.

Currently, assessment of OA is based on clinical
examination, symptoms, and radiographic assessment,
techniques based on information taken under static con-
ditions and from images representing only a portion of
the joint. Knee malalignment as a prognostic factor has
been evaluated more often for surgical outcomes (2-6).
Dougados et al . (7) found, however, that the presence of
"varus/valgus deformity" did not differ between those
who progressed and those who did not.
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Dynamic measurements of loading during gait have
been shown to have better predictive value of clinical out-
come than static measurements . Dynamically, the adduc-
tion moment at the knee during gait has been shown to
influence the outcome of high tibial osteotomy (HTO) for
varus gonarthrosis (8,9) . Subjects with a low preoperative
adduction moment had a lower adduction moment fol-
lowing HTO, and better functional and radiographic out-
come, including a greater likelihood of increased
minimum medial joint space . These results could not be
predicted from pre- or post-operative static alignment
(mechanical axis) measurements, thereby confirming that
individual variations in dynamic loading during gait
strongly influenced the clinical outcome of a treatment
for medial compartment OA . While clinical assessment
of knee OA is based on radiographic assessment (10),
there is no agreement on how to define progression . Joint
space width obtained from radiographs has been used to
quantitatively assess knee OA . This measure is subject to
inter-reader variations and requires precise joint position-
ing as well as strict radiographic protocol to obtain mean-
ingful measurements that can be compared over time
(11-13) . As new treatment modalities emerge, the current
methods for the assessment of OA will likely not have
sufficient sensitivity.

Previously considered a "wear and tear" degenera-
tive disease with little opportunity for therapeutic inter-
vention, OA is now increasingly viewed as a dynamic
process with exciting potential for new pharmacologic
and surgical treatment modalities such as cartilage trans-
plantation (14), osteochondral allo- (15,16) or autograft-
ing (17), osteotomies (18), and tibial corticotomies with
angular distraction (19) . The appropriate deployment and
selection of newer treatment interventions for OA is
dependent on the development of better methods for the
assessment of the disease process . Degenerative changes
to articular cartilage can be described in biological,
mechanical, and morphological terms . From a morpho-
logical viewpoint, there has been substantial progress in
our ability to study cartilage using magnetic resonance
imaging (MRI) . MRI, with its superior soft tissue con-
trast, is the best technique available for assessment of
normal articular cartilage and cartilage lesions (20) and
can provide morphologic information about the area of
damage . Specifically, changes such as fissuring, partial or
full thickness cartilage loss, and signal changes within
residual cartilage can be detected . The ideal MRI tech-
nique for cartilage will provide accurate assessment of
cartilage thickness, demonstrate internal cartilage signal

changes, evaluate the subchondral bone for signal abnor-
malities, and demonstrate morphologic changes of the
cartilage surface (21). From a mechanical viewpoint,
recent studies have demonstrated a relationship between
the dynamic loads at the knee during gait and progression
of knee OA. The combination of imaging methods with
functional kinematic information obtained during walk-
ing could greatly enhance our ability to study OA.

There is substantial evidence for a need for improved
methods to assess the progression of OA, the progression of
which is multifactoral . The disease can be examined at
many levels, from the biology of the cell to the dynamics of
whole body movement . Changes in any of these factors can
modulate the disease process and influence the way other
factors impact the progression of the disease.

The purpose of this article is to describe new meth-
ods for the assessment of the dynamics of human move-
ment relative to the progression of OA of the knee joint.
In addition, new methods based on MRI are discussed in
the context of describing changes in morphology associ-
ated with progression of the disease . While this article
focuses on the knee joint, the general methods discussed
apply to OA in general.

Dynamic Knee Loads during Gait
Directly measuring joint loads is not feasible on a

large scale in humans due to the invasive nature of the
method . However, gait analysis can be used to calculate
the external joint loading parameters directly related to
the internal joint loads . Using gait analysis and a statical-
ly determinate muscle model, it has been shown that the
peak force on the medial compartment of the knee is
almost 2 .5 times that of the lateral compartment (22) . The
knee adduction moment (Figure la) has been shown to
be a major determinate of not just the total load across the
knee joint, but also its distribution between the medial
and lateral plateaus (23) . Variations in the adduction
moment have been associated with variations in the dis-
tribution of bone between the medial and lateral plateau
(24) . In that study, the hypothesis that the external knee
adduction moment during gait was correlated with the
distribution of medial and lateral tibial bone mineral con-
tent (BMC) was tested. Twenty-six normal subjects (18
males, 8 females ; 32±12 years) were measured with gait
analysis and dual energy x-ray absorptiometry (DXA).
The BMC of two proximal tibial regions, one medial and
one lateral, were measured with DXA scans (DPX-L,
Lunar) . The best single predictor of the medial-to-lateral
ratio of proximal BMC was the adduction moment
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(R=0.56, p< .003) (Figure lb).
The higher the adduction moment, the greater the

load on the medial plateau relative to that of the lateral
plateau, and the higher the bone mineral content in the
proximal tibia under the medial plateau (Figure lb) as
compared to that under the lateral plateau (24) . An

increased adduction moment may be associated with a
higher prevalence of medial compartment OA or a faster
rate of disease progression.

Force Balance Between
External and

Internal Loads

Figure 1.
A . The relationship between external loads at the knee during walking
and internal forces acting on the tibiofemoral articular surfaces . B . The
ratio of the proximal tibial bone mineral density (BMC) beneath the
lateral and medial articular surfaces was correlated with the peak mag-
nitude of the adduction moment during walking.

Surgical Outcome from High Tibial Osteotomy and
Dynamic Knee Loads

The relationship (Figure 1) between the external
dynamic loads during walking and the internal load dis-
tribution at the knee is consistent with an earlier study
that demonstrated that individual variations in the preop-
erative adduction moment during gait related to the radi-
ographic and clinical outcome from an HTO (8,9) . The
objective of an HTO is to realign the tibia and femur so
that some of the load on the medial arthritic compartment
is transferred to the more normal lateral compartment.
Twenty-four subjects with 3 to 9 years' follow-up were
tested with gait analysis prior to surgery . Surgical candi-
dates with a lower preoperative adduction moment during
gait had better long-term radiographic and clinical out-

come than those candidates with a higher preoperative
adduction moment during gait. The postoperative adduc-
tion moment has also been shown to be a better predictor
of the postoperative clinical outcome than the postopera-
tive mechanical axis (25).

It has also been shown that although the preopera-
tive adduction moment is not correlated with the mechan-
ical axis, the postoperative adduction is correlated with
the postoperative mechanical axis, and the change in the
adduction moment is correlated with the change in the
mechanical axis (25). Preoperatively, greater pain levels
may have caused subjects to modify their adduction
moment to decrease the medial compartment load.

Bracing and Dynamic Knee Loads
Knee braces have been designed to unload the

degenerative portion of the medial compartment of the
knee joint and provide pain relief (26) . Theoretically
these braces provide the advantages of an HTO without
the surgical risk or expense . Two studies done at one
institution on two different brace designs both confirmed
that the function and pain levels among compliant sub-
jects improved following the use of a brace (27).
However, in one study the adduction moment was
decreased while the brace was worn, and in the other
study the adduction moment was unchanged . Oddly
enough, the mean adduction moment when either brace
was worn was about the same in both studies (3 .6±0 .8
percent body weight X height and 3 .5±0 .8 percent body
weight X height) . The difference in the findings therefore
resulted from the fact that the adduction moment when
the brace was not worn was larger in one study (4 .0±0 .8
percent body weight X height) as compared to the other
study (3.5±0.8 percent body weight X height) . Possible
differences in disease severity, pain, prior surgical proce-
dures (meniscectomy, ligament reconstructions or arthro-
scopies), extent of meniscus or ligament damage, or use
of analgesics or non-steroidal anti-inflammatory drugs
(NSAIDs) account for the difference in the adduction
moments when the brace was not worn . In fact, the study
group with the lower adduction moment without the
brace did have a higher pain level . Therefore it is con-
ceivable that this group was already compensating for
pain by decreasing their adduction moment . However, the
small sample size of each of the study groups (11 and 13
subjects, respectively) does not allow the determination
of whether differences in pain or any of these other fac-
tors listed are responsible for the higher adduction
moment.

A Adduction
Moment

External
Loads
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Pain and Knee Joint Loading
NSAIDs are an accepted treatment of OA, offering

the subject reductions in joint pain and inflammation with
an improved ability to carry out the activities of daily liv-
ing: significant improvements in walking speeds (18 per-
cent) and in degree of pain (27 percent) have been found
following treatment with them (28) . Given their analgesic
capabilities it is conceivable that decreases in pain levels
are accompanied by an increased load on the joint due to
the loss of a pain protective reflex . In a study of 18 sub-
jects with radiographic evidence of grade II or III knee
OA and a varus defoimity, the use of an NSAID resulted
in improvement in degree of pain and activity of daily liv-
ing parameters, but also resulted in an increase in the
knee joint loads during walking (29). The external knee
adduction moment was increased by 10 percent and the
external knee flexion moment by 20 percent . Some of the
increase in joint loading may be a direct consequence of
faster walking speeds following the use of the NSAIDs.
Similar changes in knee loading after treatment with an
NSAID have also been reported following the use of a
pure analgesic agent (30).

To examine in greater detail the relationship
between pain and knee joint loads, subjects with knee
pain and radiographic evidence of medial compartment
OA, who were part of a larger group enrolled in a double-
blinded study, were taken off their NSAIDs or analgesics
for 2 weeks (31) . Following the 2-week washout period
they underwent a clinical and gait evaluation . They were
then given an analgesic, NSAID, or placebo, and a sec-
ond gait and clinical evaluation was repeated 2 weeks
later. An inverse relationship was found between level of
pain and the external adduction moment . The subjects
whose pain decreased had a significantly increased
adduction moment (Figure 2) between the first and sec-
ond gait evaluations (p<0 .001) . Conversely, those whose
pain increased had a decreased adduction moment . In
contrast to the previous study relating the use of NSAIDs
to increased knee joint loads, the walking speeds in the
trials analyzed were not significantly different between
the evaluations. This suggests that subjects employ an
additional mechanism besides reduction in walking speed
to dynamically decrease the load on the medial compart-
ment . Of particular concern is the fact that anti-inflam-
matory or analgesic therapy may actually be associated
with an increase in joint forces . In an ideal situation one
would like clinical interventions to provide pain relief
without an increase in joint load . Therefore, care should
be taken in the use of pharmaceuticals directed at reduc-

ing pain, as it appears that a reduction in pain can be
directly related to increased loading of the degenerative
portions of the joints . The possibility exists that changes
in loading parameters may be different based on the class
of analgesic agents or even among the different NSAIDs.
It is also possible that there may be some threshold of
drug concentration that allows for an analgesic effect
without adversely altering the knee joint loading.
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Figure 2.
The adduction moment increased when pain was reduced on the sec-
ond visit . For patients with increased pain the adduction moment was
reduced from the first to the second visit.

Image Processing Techniques for Quantifying
Cartilage Loss and Osteoarthritis

Quantitative image processing and analysis techniques
play an increasingly important role in evaluating cartilage
loss and monitoring response to medical or surgical therapy
(32–34) . Several investigators (32–34) have reported the
use of 3-D reconstruction of the articular cartilage with sub-
sequent volumetric quantification of the entire cartilage sur-
face . With this technique, cartilage is segmented from the
surrounding tissues using a signal intensity based thresh-
olding technique applied to a cartilage-sensitive MRI
sequence (32) . In the knee joint, intraobserver reproducibil-
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ity error for measurement of 3-D cartilage volumes has
been reported to range between 3.6 percent and 6 .4 percent;
interobserver error was 7 .8 percent in the same study (32).

Unfortunately, all of these studies (32–34) are limited
by the fact that global cartilage volume was measured, i .e .,
the entire cartilage covering the femoral condyles or the
patella or the tibial plateau was measured, rather than only
the cartilage defect. If the average reproducibility error of
this technique is 5–10 percent based on these studies, and the
total cartilage volume over the femoral condyles is approxi-
mately 20 cm3 , the volume of a new cartilage defect must be
at least 1 .0–2.0 cm3 in order to be detectable. Cartilage
defects are, however, often limited to a focal area with a vol-
ume less than 0.5 cm3 (35) . For this reason, other, more sen-
sitive techniques are needed in order to detect subtle loss in
articular cartilage volume between baseline and follow-up
MRI studies.

A computational method for generating maps of carti-
lage thickness has been recently developed based on 3-D
Fourier Transform spoiled GRASS images using a 3-D
minimal distance algorithm that determines at each point
the minimal distance from the articular surface to the bone-
cartilage interface (36) . Repeated measurements of patellar
cartilage have been performed using this technique, and it
has been reported that on average 75 .1±4 .1 percent of all
test pixels could be attributed to the same cartilage thick-
ness interval (0.5 mm) by image analysis; 14 .8±2 .4 percent
deviated by one interval; 6 .6±l .5 percent by two intervals;
and 3.5±1 .8 percent by more than two intervals, indicating
that cartilage thickness can be determined with high preci-
sion in vivo (37) . Similarly, a mean interscan deviation of
the maximal cartilage thickness ranging from 0 .1 to 0 .3 car-
tilage thickness intervals (of 0 .5 mm) has been reported by
others using the same technique (38) . Using this technique,
it appears possible to achieve a sensitive and reproducible
measurement of cartilage loss in a truly quantitative fash-
ion . Figure 3 shows an example of a 2-D map of cartilage
thickness derived from the surface normals of the lateral
femoral condyle . In another approach, calculation of the
cartilage thickness is based on a 3-D Euclidian distance
transformation (EDT; 39) . For a given set of feature points

a binary volume, the EDT computes the distance to the
closest feature point for each non-feature point of the vol-
ume. By using the points on the cartilage-bone interface
(inner cartilage surface, ICS) as feature points, the EDT
measures the distance to the closest voxel on the ICS for all
other points, including points on the outer cartilage surface
((JCS), resulting in a truly 3-D distance value determined
normal to the ICS (Figure 4) .

Position along I r u oral Con d y le (in mrn)

Figure 3.
Two-dimensional cartilage thickness map . A. A proton density fast
spin-echo MR image demonstrates a focal cartilage defect in the pos-
terior lateral femoral condyle (black arrows) . White arrows indicate
endpoints of thickness map . B . Two-dimensional cartilage thickness
map demonstrates abrupt decrease in cartilage thickness in the area of
the defect (arrows) . The thickness between neighboring pixels can be
used to define the borders of the cartilage defect. Note diffuse carti-
lage thinning in area enclosed by the asterisks (*) .

S

	

3 .0a

ono

Figure 4.
Two-dimensional MRI (3-D SPGR) and 3-D cartilage thickness map.
A. The 2D MRI demonstrates a full thickness cartilage defect in the
posterior lateral femoral condyle (arrows) . B . Three-dimensional car-
tilage thickness map generated using a EDT. The thickness of the
articular cartilage is color encoded and displayed on a pixel-by-pixel
basis along the 3-D surface of the articular cartilage . The cartilage
defect is black, reflecting a thickness of zero (arrow) (M : medial, L:
lateral, S : superior, I : inferior).
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In a pilot study, we explored the possibilities of inte-
grating high-resolution MRI of the articular cartilage
with kinematic measurements in the Biomotion
Laboratory . External markers filled with water doped
with Gd-DTPA (Magnevist©, Berlex Inc ., Wayne, NJ)
were applied to the skin around the knee joint at the same
positions used for gait analysis in the Biomotion
Laboratory. Three volunteers underwent MRI of the knee
joint in this fashion (GE Signa, 1 .5T, 3-D SPGR, TR=60
msec, TE=5 msec, flip angle 409, 1 excitation, matrix
256X 160 elements, rectangular FOV 16X 12 cm, slice
thickness 1.3 mm, 128 slices, with fat saturation and
repeated without fat saturation) . After image acquisition,
the MR images were transferred to an independent imag-
ing workstation (Advantage Windows, General Electric,
Madison, WI), and the femoral and tibial bones and car-
tilage were segmented using standard thresholding and
seed-growing techniques . We generated 3-D reconstruc-
tions of the femoral and tibial cartilage and of the femoral
and tibial bone in this fashion.

The volunteers were studied in the Biomotion
Laboratory using previously published techniques (40-45).
Each subject was tested standing still, and during level
walking, seated leg extension, standing leg flexion, and
while ascending and descending stairs . The level walking
measurements included six stride cycles over a range of
walking speeds . The instrumentation included a four-cam-
era, video-based, optoelectronic system for 3-D motion
analysis, a multicomponent force plate for measurement of
foot-ground reaction force, and a computer system for
acquisition, processing, and analysis . The experimental
model used for the functional evaluation study idealizes the
lower limb as three segments with six degree-of-freedom
(DOF) joints at the knee and ankle. External markers were
located according to the standard point cluster technique
(PCT) protocol, along with eight additional markers filled
with gadolinium and covered with retro-reflective material.
The data for each of the activities was reduced to six DOF
motion of the thigh and shank segment, including applica-
tion of the interval deformation correction technique to
minimize the effects of segment deformation . An example
of the resulting kinematic functional joint images is demon-
strated in Figure 5.

DISCUSSION

Dynamic joint loading clearly influences the natural
rate of disease progression in persons with knee OA (46) .

D .

	

E.

Figure 5.
Functional Joint Imaging . A . Photograph demonstrating the position
of the external markers positioned around the knee joint . The markers
are filled with dilute Gd-solution . B . Sagittal 3-D SPGR image
through the medial femorotibial compartment. Two of the external
markers are seen anteriorly as rounded structures with high signal
intensity. C . Three-dimensional reconstruction of femoral and tibial
bones (light gray), external markers (dark gray), femoral cartilage
(red), and tibial cartilage (blue) based on the original SPGR MR
images . D–I. Functional joint imaging sequence at selected phases of
leg extension from a seated position. D–F. Anterior projection . The
vectors represent the relative location and orientation of the femur
with respect to the tibia . G–I . Lateral projection. These dynamic visu-
alizations can be used to demonstrate tibiofemoral contact areas dur-
ing various phases of gait or other physical activities.

In addition, the dynamic loads during walking influence
the outcome of certain treatment procedures . MRI tech-
niques that provide 3-D thickness maps can provide
objective assessment of morphological changes in carti-
lage over time . Combining the MRI information with
dynamic loading measurements offers unique informa-
tion that combines detailed images with functional load-
ing .

This type of functional joint imaging (FJI) is a funda-
mentally new technique to assess the 3-D distribution of
biomechanical loading forces applied to the articular carti-
lage, and to determine the position of areas of cartilage
damage in vivo relative to load-bearing pathways . FJI inte-
grates MRI with kinematic measurements in the
Biomotion Laboratory . Unlike previous approaches
employing only MRI or only gait analysis, FJI will provide
a true 3-D map of the distribution of dynamic biomechan-
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ical loads applied to the articular cartilage during all phas-
es of gait and other daily activities, thereby providing
unique insights into normal and pathologic joint function.

In the future, FJI will be a powerful diagnostic tool
to detect and characterize pathologic load distributions
across the articular cartilage in a variety of different knee
disorders . This information, along with accurate localiza-
tion of the position of cartilage defects relative to high-
load areas, may help identify persons at risk for rapid
progression of cartilage loss . FJI may aid clinicians in
choosing the most beneficial pharmacological or surgical
treatment modality in persons with OA and other disor-
ders of the knee joint, and may help monitor the efficacy
of therapeutic interventions.
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