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Abstract

Objective: Treatments for articular cartilage lesions could benefit from characterization of lesion patterns and their progres-
sion to end-stage osteoarthritis. The objective of this study was to identify, quantitatively, topographic patterns of cartilage
lesions in the human knee. Design: Photographs were taken of 127 unilateral distal femora (from 109 cadavers and 18
arthroplasty remnants) with full-thickness cartilage lesions. Using digital image analysis, the lesions were localized, and nor-
malized lesion size was determined for the patellofemoral groove (PFG) and the lateral and medial femoral condyles (LFC
and MFC, respectively). Samples were classified into patterns using cluster analysis of the lesion size at each compartment.
For each pattern, maps showing the extent and frequency of lesions were created. Results: Four main patterns (a-d) were
identified (each P < 0.001), with the lesion size varying from small (a) to large in distinct regions (b-d). Pattern b had a
predominant lesion (23% area) in the MFC and smaller (<3%) lesions elsewhere. Pattern c had predominant lesions in the
LFC (19%) and MFC (10%). Pattern d had a predominant lesion in the PFG (15%) and smaller lesions in the MFC (6%) and
LFC (2%). The subpatterns of a (al-a3) had relatively small lesions, with similarity between a2 and b and between a3 and
d. Conclusion: The present methods facilitated quantitative identification of distinct topographic patterns of full-thickness
cartilage lesions, based on lesion size and location. These results have implications for stratifying osteoarthritis patients
using precise quantitative methods and, with additional longitudinal data, targeting cartilage treatments.
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The articular cartilage of synovial joints deteriorates with
injury and disease such as osteoarthritis (OA), resulting in
the formation and progression of cartilage lesions. With lim-
ited intrinsic capacity of articular cartilage to regenerate,
untreated lesions, often small and focal initially, typically
enlarge with time' and result in full-thickness lesions with
increasing exposure of the subchondral bone.? Such lesions
may exhibit topographic variations due to distinct etiologies
and progression pathways. For example, varus or valgus
malalignment results in degeneration of the medial or lat-
eral tibiofemoral compartment of the knee, respectively.>*
Although simple patterns of cartilage lesions are well known
clinically, there is a lack of a quantitative method to both
classify such patterns and precisely characterize lesion size
and location.

Quantitative information on lesion location and size, and
predilection for progression, is useful clinically for surgical
treatment of damaged articular surfaces. For example, lesion
size is considered in procedures such as microfracture,

which may be used for focal cartilage defects ~<2 cm? to
stimulate reparative mesenchymal stem cells from subchon-
dral bone.>® Osteochondral autograft transplantation or
autologous chondrocyte implantation is used for 2- to 8-cm?
defects, and osteochondral allografts are used for large
(>4 cm?) or multiple lesions.” Lesion location is also con-
sidered as it may influence clinical and functional outcome.®
For treatment of severe and large lesions in which joint
resurfacing or replacement is considered, knowing the foci
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of cartilage lesions and understanding progression pathways
of lesions are important for surgical planning and evolving
patient-specific treatments. For example, for procedures
such as partial knee replacement'® and modular resurfac-
ing,!! an important clinical issue is identification of patients
with the propensity for progression in the unoperated com-
partment. Also, for cartilage repair procedures such as fresh
allografting,” treatment of the predominant lesion may be
augmented by knowledge of how the untreated lesion will
likely grow in size and direction.

The topography of cartilage lesions and their progression
pathways remains to be established for the human knee.
In plain radiographs,*!>!° joint space narrowing in major
compartments of the knee (i.e., lateral and medial tibiofemo-
ral, patellofemoral) indicates cartilage lesions of a large size
but not their precise location. Magnetic resonance imag-
ing methods have focused primarily on cartilage volume'®!”
and described the location of the lesions typically within
coarse grids.'®?° More detailed assessment of lesion mor-
phology has been performed with image processing for a
limited number of samples.?!?? Arthroscopy' and gross pho-
tography?*** are more sensitive® to small lesions than are
radiographic or MRI methods, and they have been used in
animal models of OA?* to determine the location and sever-
ity of cartilage degeneration after anterior cruciate ligament
injury. Direct visualization could also be used to analyze
areas of full-thickness lesions of human distal femur.

Classification of individual knees based on their topogra-
phy of cartilage lesions may reveal characteristic disease pat-
terns. Cluster analysis has been used to segment a data set
into groups based on the similarity of measures or features.
For example, finger arthritis has been classified based on the
finger(s) affected, gender, and biomarkers.?® Analogously,
knee OA could be classified based on the size of the cartilage
lesions in the compartments of the joint. Once samples are
classified into groups, mean lesion topographies can be
determined for each group to identify characteristic pat-
terns. Furthermore, the relationship between patterns can be
assessed to infer possible progression pathways.

Certain risk factors for knee OA may be related to topo-
graphic patterns of cartilage lesions. Such risk factors
include systemic factors and local mechanical factors. Sys-
temic risk factors include age and sex, with the prevalence
and incidence of knee OA increasing with age,”’-* espe-
cially in women after the age of 50 years.’* Mechanical
risk factors include overloading, knee alignment, and joint
shape. In cadaveric (CAD) specimens, joint geometry has
been determined, and a shallow patellofemoral groove
(PFG)*! has been correlated with patellofemoral OA. Thus,
age, sex, and patellofemoral geometry, individually and in
combination, would be useful to analyze in relationship to
specific patterns of knee OA.

We hypothesize that distinct topographic patterns of full-
thickness cartilage lesions in the human distal femora can be

identified from statistical analysis of lesion characteristics.
To address this hypothesis, the objective of this study was to
determine, using image processing and cluster analysis, the
size, location, and extent of full-thickness cartilage lesions
in the knees from cadavers and patients and to stage them to
identify possible pathways of lesion advancement and dis-
ease progression. Determining the patterns and progression
of cartilage lesions may help identify subtypes of knee OA
based on lesion topography. Ultimately, relating lesion pat-
terns to OA risk factors provides a basis for patient-specific
treatment regimens.

Materials and Methods
Samples

Unilateral distal femora were obtained intact from 109 CAD
knees and as osteochondral fragments from 18 knees after
total knee arthroplasty (TKA) with institutional review
board approval. A total of 70 female and 57 male specimens
were available (Table 1). The samples were chosen based
on gross observation of 1 or more full-thickness lesions of
articular cartilage. Knees afflicted with rheumatoid arthritis
were excluded from this study.

Photography

The CAD femora were isolated and placed in a standard posi-
tion, resting on ~8 inches of femoral shaft and the posterior
aspects of femoral condyles. A camera was positioned
parallel (£1°) to the support surface and perpendicular to both
condyles, yielding a view of the PFG and condyles (Fig. 1A).
The major TKA fragments were positioned anatomically
and photographed (Fig. 1C).

Lesion Localization

Photographs were digitized and opened in Photoshop (Adobe
Systems Inc., San Jose, CA), and the areas representing the
visible articular surface of the joint (Figs. 1 A and C, solid
outline) and those encompassing full-thickness cartilage
lesions with exposed bone (Figs. 1 A and C, dashed out-
line) were outlined. Images and outlines of the left knees
were flipped horizontally to match the aspects of the right
knees.

Image Processing

Image normalization. For CAD knee images (Fig. 1A), the
outlines of joints and lesions were normalized using image
processing (MATLAB 7.0 with Image Processing Tool-
box, Mathworks, Natick, MA) to provide consistent and
objective quantification of morphology. The joint outlines
were segmented, filled, and analyzed to determine pixel
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Table I. Sample Information®

n (% of all patterns)

Pattern Age,y (mean £ SD) All specimens Female Male Cadaveric knees Total knee arthroplasty
a 689+ 133 68 (54) 40 (57) 28 (49) 63 (58) 5(28)
al 65.9 + 14.4 29 (23) 17 (24) 12 (21) 27 (25) 2(11)
a2 725+ 10.2 28 (22) 16 (23) 12 (21) 25 (23) 3(17)
a3 675 16.1 I11(9) 7 (10) 4(7) I'1(10) 0 (0)
b 708 11.6 35 (28) 15 (21) 20 (35) 25 (23) 10 (56)
c 76.7 £9.6 12 (9) 6(9) 6 (1) 9(8) 3(17)
d 746+ 11.8 12 (9) 9 (13) 3(5) 12 (11) 0 (0)
All patterns 727+ 11.6 127 (100) 70 (100) 57 (100) 109 (100) 18 (100)

*The tissue source was all specimens unless otherwise indicated.

posterioys

Maps of lesions. Color maps
(Fig. 2) showing lesion loca-
tion and frequency were also
computed for CAD samples
in each pattern (a, b, ¢, d,
al, a2, and a3). The joint
boundary for each pattern
was determined by averaging
the segmented images of
the joint outline, applying a
50% threshold, filtering with
a median filter (~3 x 3
mm?). The lesion maps were
created by averaging seg-
mented images of the lesions,
applying an average filter
(~1 x 1 mm?), and overlaying
the joint boundary.

Size of lesions. The combined
size of the lesions in each com-

Figure |. Localization of articular surface and full-thickness lesions and division of anatomical
locations. Patellofemoral groove (PFG), lateral femoral condyle (LFC), and medial femoral condyle
(MFC) in images of (A) cadaveric and (B) total knee arthroplasty samples. (C) Methods for
measuring sulcus angle (q) and depth (d) of the patellofemoral groove of cadaveric samples.

area as well as the location of the joint centroid and the pos-
terior peaks of the condyles. To normalize, the outlines of the
joints and lesions were rotated to align the condylar peaks
horizontally, translated to center the image about the centroid
(the center of the image area), and scaled to the same total
area (250,000 pixels, corresponding to ~2,500 mm? or
~0.01 mm?*/pixel area for a typical female knee’>3%). This
resulted in CAD joint outlines with the overall (i.e., widest
dimension) width and height of 662 £ 23 pixels (~66 mm or
~0.1 mm/pixel length for a typical female knee**3?) and
543 £ 23 pixels (~54 mm), respectively.

partment, lateral femoral con-
dyle (LFC), PFG, and the
medial femoral condyle (MFC),
was quantified (Figs. 3 B and
Q) in all (CAD and TKA) sam-
ples. On CAD knee images
(Fig. 3A), the coordinate of
the anterior peak of the intercondylar notch (Fig. 1A, triangle)
was determined from the local maximum of the joint outline
and used as the center point for trisecting the image into 3
regions approximating anatomical regions (Fig. 1A) of the
LFC, PFG, and MFC. The relative size of the lesions in each
region was quantified as a percentage of the total joint area.
To achieve this, total number of pixels representing lesion
area was divided by that representing the joint area. For TKA
fragment images (Fig. 1B), 3 fragments covering the areas
analogous to those in the CAD knee images (Fig. 1A) were
used.
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Figure 2. Maps of full-thickness lesion location and incidence for each main pattern: a, mixed; b, medial femoral condyle (MFC); c,
lateral femoral condyle (LFC); d, patellofemoral groove (PFG); subpattern al, mixed small; subpattern a2, MFC small; subpattern a3, PFG
small in cadaveric samples. Dots indicate the centroid of the lesions within each anatomical location (LFC, PFG, MFC) for each pattern.
Arrows indicate possible pathways of lesion progression from subpatterns to main patterns.n = 9 to 63.
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Figure 3. (A) representative photographs of the samples within 4 main patterns: a, mixed; b, medial femoral condyle; c, lateral femoral
condyle; d, patellofemoral groove. Location-dependent size of full-thickness lesions of samples classified within (B) 4 main patterns and
(C) subpatterns of a:al, mixed small; a2, medial femoral condyle small; a3, patellofemoral groove small.n = 12 to 68 (see Table ).
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Figure 4. Centroid and size of lesions for each main pattern: a, mixed; b, medial femoral condyle (MFC); c, lateral femoral condyle
(LFC); d, patellofemoral groove (PFG); subpattern al, mixed small; subpattern a2, MFC small; subpattern a3, PFG small within each
anatomical location of (A) PFG, (B) LFC,and (C) MFC.Arrows indicate possible pathways of lesion progression from subpatterns to main
patterns. *P < 0.05 for differences in lesion centroid location. Mean + SEM,n = 5 to 39.

Location of lesions. To quantify the location of lesions, the
coordinate of centroid of the outlined areas of the lesions in
each compartment, if present, was determined. To determine
normalized location for the knee size, the pixel coordinates
were divided by square root of the joint area (i.e., 500 pixels
or ~50 mm) and plotted (Fig. 4). The location of lesions did
not appear to be markedly influenced by joint geometry
because the centroid of each joint compartment (i.e., LFC,
PFG, MFC) was similar across all patterns (data not shown).

Geometry of PFG. To determine if joint geometry is asso-
ciated with patterns of lesions, the shape of the PFG was
assessed for the CAD samples. The locations of the anterior
peaks (Fig. 1B, circle) and the posterior valley (Fig. 1B, tri-
angle) of the PFG were determined from the local max-
ima and minimum, respectively, of the joint outline. From
these points, the PFG’s sulcus angle (Fig. 1B, 0) and depth

(Fig. 1B, d) were determined, according to the definitions
defined previously.?>*! The sulcus depth was also normal-
ized by the square root of the joint area.

Statistics

Cluster analysis. To identify major patterns of cartilage
erosion in the 3 anatomical regions of the distal femur, the
data of lesion size in each region were grouped using
k-means cluster analysis.** The number of classifications
(i.e., clusters) was determined using a learning algorithm?’
to determine grouping of data points assuming a Gaussian
model and a statistical significance level (a0 < 0.01 after
Bonferroni adjustment). After cluster analysis, the percent-
age variance explained by the clusters and the number of
samples in each cluster were determined. In addition, the
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largest cluster was analyzed further by division into sub-
clusters, using similar considerations.

Analysis of variance (ANOVA). Results are presented as
mean + SD unless noted otherwise. To assess if lesion size
varied with patterns (a-d or al-a3), considered a fixed factor,
and joint location (LFC, MFC, and PFG), considered a
repeated factor, repeated-measures ANOVA was used. For
the given number of samples in each pattern and differences
in mean values of lesion size, the power was >0.9 for all com-
parisons. Where significant effects (P < 0.05) were found,
post hoc comparisons were made with appropriate Bonferroni
adjustment of significance levels. The lesion size measure-
ments were repeatable between 2 observers (intraclass corre-
lation coefficient of 0.91; n = 8, 2 from each main pattern).

To assess if donor age, PFG geometry (sulcus angle and
depth), and the centroids of lesions varied with the main
pattern (a-d), 1-way ANOVA with the post hoc Tukey test
was used.

To assess if centroids of lesions vary between subpatterns
and main patterns, ¢ test was performed at each anatomical
location, with Bonferroni adjustment of significance.

To assess if proportions of sexes varied with main pat-
terns (a-d), the ¥ test was used.

Hypothesized pathways of lesion progression. To stage the
lesion patterns, possible pathways of lesion progression were
hypothesized based on lesion size in each compartment and
under the assumption that lesions only enlarge with progres-
sion. Thus, a pattern could progress to another pattern if and
only if it had smaller mean lesion sizes in every compart-
ment compared to those in the postprogression pattern.

Results
Patterns of Lesion Topography

Cluster analysis classified 4 main patterns (referred to as a,
b, ¢, and d) (Figs. 2-4). The main patterns explained
~70% of the variance in lesion sizes, with >10 samples per
pattern (Table 1). Samples belonging to pattern a, with the
largest number of samples (68), were subjected to further
cluster analysis to yield 3 subpatterns (al, a2, a3). The sub-
patterns explained ~60% of the variance within pattern a
and contained >10 samples per subpattern (Table 1).

Variations in Lesion Size with Patterns

The main patterns from cluster analysis revealed quantita-
tively distinct lesion sizes in the 3 anatomical regions. The
ANOVA indicated that lesion size (Fig. 3B) varied with
pattern (P < 0.001) and anatomical regions (P < 0.001), with
significant interaction (P < 0.001). Pattern a (mixed) had
relatively small lesions (area of 2%-3% in each region), and
it was the most abundant pattern of CAD samples (prevalence

of 58%). Pattern b (MFC) had predominant lesions in the
MEFC (area of 23%), larger than those in the corresponding
regions in patterns a (mixed), ¢ (LFC), and d (PFG) (each
P <0.001); it was the pattern most prevalent in TKA sam-
ples (prevalence of 56%) and the second most abundant in
the CAD samples (prevalence of 23%). Pattern ¢ (LFC)
had predominant lesions in the LFC (area of 19%), along
with smaller lesions in the MFC (area of 10%) and the PFG
(area of 5%); here, the LFC lesion size was larger than that
in other patterns (each P < 0.001). Pattern d (PFG) had a
large lesion size in the PFG (area of 15%) along with smaller
lesions in the MFC (area of 6%); this PFG lesion size was
greater than that in all other patterns (each P < 0.001). The
effects of the pattern on sample age (P = 0.15) and on the
proportion of sexes (P = 0.2) were insignificant (Table 1).

For each subpattern, the predominant lesions were
also found in different anatomical regions. Within pattern a
(mixed small), lesion size (Fig. 3C) varied with subpattern
(P <0.001) and location (P < 0.001), with significant inter-
action (P < 0.001). Subpatterns a2 (MFC small) and a3
(PFG small) had moderate-size (area of 6%-7%) lesions in
MFC and PFG, respectively. In contrast, subpattern al
(mixed small) had small lesions (area of 1%) in all loca-
tions. This distribution and size of lesions were consistent
with photographs of representative samples (Fig. 3A) as
well as the average lesion maps (Fig. 2).

Maps of Lesion Location and Frequency

The lesion maps (Fig. 2) indicated the extent and the loca-
tion of lesions in each pattern graphically, as well as the
intrapattern frequency (Fig. 2, color map) of lesions. The
maps also included the centroid of lesions at the MFC,
PFG, and LFC (Fig. 2, dots). For the main patterns (a-d),
the predominant lesions were generally focal, and their cen-
troid coordinates (Fig. 4) varied with pattern (P < 0.01 at
each location). In the PFG (Fig. 4A), the centroid of pat-
tern b (MFC) was located posterior to that of pattern a
(mixed) and medial to that of patterns ¢ (LFC) and d (PFG)
(each P < 0.05). In the LFC (Fig. 4B), the centroid of pat-
tern b was located medial to that of pattern a (P < 0.05). In
the MFC (Fig. 4C), the centroid of pattern d tended to
be located medial to the centroids of patterns b (P < 0.05)
and ¢ (P = 0.00).

Hypothesized Pathways of Lesion Progression
and Shift in Lesion Location

Based on the lesion size in each compartment, and the
assumption that lesions only enlarge with progression, the
following scenarios of lesion progression were hypothe-
sized: al (mixed small) can progress to any of b (MFC),
¢ (LFC), or d (PFG); a2 (MFC small) can progress to b or
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Figure 5. Sulcus (A, B) angle and (C, D) normalized depth of
the patellofemoral groove in (A, C) main patterns and (B, C)
subpatterns of cadaveric samples. Mean + SD,n = 9 to 63.

*P < 0.05. %P < 0.01.

¢ but not d; and a3 (PFG small) can progress to d but not
b or c. In addition, qualitatively, pattern a2 resembled
closely pattern b, whereas pattern a3 resembled pattern d.

Assuming the progression pathways from pattern a2
(MFC small) to b (MFC) or ¢ (LFC) and from pattern a3
(PFG small) to d (PFG), the centroids of lesions in each
compartment shifted with the progression. During the pro-
gression from pattern a2 to b (Fig. 4, dashed arrow),
centroids of lesions in the PFG (Fig. 4A) and the MFC
(Fig. 4C) shifted in the posterior (P < 0.001) and the
medial (P < 0.01) directions, respectively. During the pro-
gression from pattern a2 to c¢ (Fig. 4, solid arrow), cen-
troids of the PFG (Fig. 4A) shifted laterally (P < 0.01), and
those of the MFC (Fig. 4C) tended to shift medially (P =
0.08). From pattern a3 to d (Fig. 4, dotted arrow), the cen-
troid of lesions did not shift significantly.

Variations of PFG Geometry with Patterns

Analysis of PFG sulcus angle and depth indicated that large
PFG lesions but not small PFG lesions are related to PFG
geometry. Both sulcus angle (Fig. 5A) and normalized
depth (Fig. 5C) of the PFG varied with main pattern
(each P < 0.01). Mean sulcus angle and normalized depth
for pattern a (mixed) were 151° = 10° and 0.064 £ 0.022,
respectively (corresponding to ~6% of joint height). Pattern
d (PFG) (158° £ 13° and 0.041 £ 0.021, respectively) had
significantly greater angle than did patterns a (mixed) and c
(LFC) (each P < 0.05) and shallower depth than did patterns
a (mixed), b (MFC), and ¢ (LFC) (each P < 0.05). For sub-
patterns al (mixed small), a2 (MFC small), and a3 (PFG

small), sulcus angle (Fig. 5B) and normalized depth (Fig.
5D) were not significantly different (each P > 0.6).

Discussion

The present study used objective quantitative methods
to identify distinct topographic patterns of full-thickness
articular cartilage lesions in the human distal femora. For
advanced degeneration with large full-thickness lesions,
3 distinct patterns emerged from cluster analysis: MFC
degeneration (Figs. 2 and 3, pattern b [MFC]), posterior
LFC degeneration also involving smaller lesions in the central
PFG and the lateral aspect of the MFC (Figs. 2 and 3,
pattern ¢ [LFC]), and PFG degeneration accompanied by
small lesions in the lateral aspect of the MFC (Figs. 2 and
3, pattern d [PFG]). Although these findings may seem
obvious clinically, the present approach provides quantita-
tive characteristics of lesion patterns. Emerging cartilage
treatments such as modular resurfacing!! require precision
identification and characterization of lesions. In addition,
the analysis approach may be useful for other surfaces of
the knee (i.e., tibial plateau and patella), to elucidate asso-
ciated patterns of degeneration.

Shortcomings of the present study include the lack of
longitudinal data and clinical information, as well as inherent
limitations of 2D imaging. Because harvested samples were
used, the ability to directly observe the lesions was counter-
balanced by an inability to analyze the time progression of
lesions in individual samples. However, the sampling of
>100 CAD knees (whose clinical information was unavail-
able), along with ~20 end-stage clinical knees, represents a
reasonable spectrum of cartilage lesions at different stages of
progression. It would be of interest to determine if progres-
sion pathways can be predicted from cross-sectional data.
Because of the curvature of the knee, the present 2D imag-
ing methods also could not assess the anterior- and posterior-
most regions, and the lesion size from curved regions was
not represented equally. Nonetheless, the imaging method
provides a sensitive, straightforward, and quantitative means
of assessing the topography of full-thickness lesions, one
of the most prominent and frequently assessed features of
OA.'33¢ Future studies using 3D imaging modalities could
provide a more accurate estimate of the lesion size.

The incidence of the patterns of large lesions is consis-
tent with and extends those of past studies. The higher inci-
dence of the posteromedial (pattern b [MFC]) than the
posterolateral (pattern ¢ [LFC]) or patellofemoral (pattern d
[PFG]) compartmental erosion is consistent with clinical
observations and past studies.'>'* Specifically, one study'?
found ~60% medial, ~15% lateral, and ~25% patellofem-
oral OA radiographically, similar to the proportions of
patterns b, ¢, and d (~60%, 20%, and 20%, respectively)
(Table 1) found in the present study. The lack of difference
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in age between patterns may be owing to the selection cri-
teria of full-thickness lesion, resulting in relatively high
degeneration and age (and small range of ages) for all sam-
ples. In addition, the proportion of sexes in each pattern
was not significantly different, possibly due to small num-
ber of samples in some of the patterns.

Quantification of the size and location of cartilage
lesions may also aid in the deduction of progression path-
ways. For example, assuming that a lesion seen in pattern
a2 (MFC small) progresses to b (MFC) and that in pattern
a3 (PFG small) progresses to d (PFG) (Fig. 2), the cen-
troids of small lesions (a2 and a3) identify sites of lesion
initiation, and the centroids of larger lesions (b and d) sug-
gest pathways of progression. Because longitudinal data
were not available, to stage the identified patterns, it was
assumed that lesions in each compartment only enlarged
during progression. More rigorously, methods such as phy-
logenetic maximum likelihood analysis®” have been used
to determine evolutionary progression and pathways of
humans,® to a known certainty. Similar methods would be
useful for analysis of the shifting and enlargement of lesions,
as well as initiation of new focal lesions, to establish a likely
sequence of knee OA progression.

The present methods may be combined with the analysis
of risk factors to determine their association with certain
patterns. In the present study, an abnormal sulcus geometry
in the PFG, that is, wide angle (Fig. 5A) and shallow depth
(Fig. 5C) of the sulcus, was found in pattern d (PFG), con-
sistent with past studies that associated abnormal PFG
geometries and mechanical instability with degeneration in
the PFG.3! It would be useful to determine if the abnormal
geometry is a predisposition to, or a consequence of, PFG
degeneration. The mechanisms of lesion progression remain
to be elucidated, however, and may involve a variety of
mechanical factors such as high magnitude of strain,>*
load repetition,***'*? and poor lubrication,* as well as bio-
logical factors such as synovial inflammation** and increased
expression of proinflammatory cytokines.*® Future exten-
sion of this study could also address additional risk factors,
such as previous trauma, knee alignment, weight, and sex.

Ultimately, defining patterns and pathways of cartilage
degeneration may be useful for stratification of patients for
specific and appropriate treatments of cartilage degenera-
tion and OA. Although many risk factors of OA have been
proposed, 3394048 it remains to be determined if risk factors
of OA progression are related to specific pathways. Correla-
tion of the specific risk factors with a particular pattern of
OA in future studies would allow for targeted diagnoses and
treatment regimens. For example, if different physical activ-
ities are associated with unique lesion patterns, behavior
modification therapies could be tailored to each patient. In
addition, as customized or patient-specific surgical instru-
ments and implants are being developed, information regard-
ing not only the shape and size of the joint* but also the

pattern of cartilage deficiency can be useful in the design and
manufacturing of biologic and prosthetic implants. Also,
understanding early patterns of lesions and their propensity
for progression would help in the decision of whether to treat
a small lesion. With additional data yielding more detailed
and extensive maps of lesions, along with risk factors, mul-
tiple pathways of OA progression may be revealed and used
to better understand and treat OA.
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