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Objective: To test, through tridimensional analysis,
whether (1) cartilage thickness at the posterior aspect of
femoral condyles differs in knees with medial femorotibial
osteoarthritis (OA) compared to non-OA knees; (2) the
location of the thickest cartilage at the posterior aspect of
femoral condyles differs between OA and non-OA knees.
Methods: CT arthrograms of knees without radiographic
OA (n = 30) and with severe medial femorotibial OA (n
= 30) were selected retrospectively from patients over
50 years of age. The groups did not differ in gender,
age and femoral size. CT arthrograms were segmented
to measure the mean cartilage thickness, the maximal
cartilage thickness and its location in a region of interest
at the posterior aspect of condyles.

Results: For the medial condyle, mean and maximum
cartilage thicknesses were statistically significantly
higher in OA knees compared to non-OA knees [1.66
vs 1.46mm (p = 0.03) and 2.56 vs 214mm (p = 0.003),
respectively]. The thickest cartilage was located in the
half most medial aspect of the posterior medial condyle
for both groups, without significant difference between

BACKGROUND AND OBJECTIVES

Osteoarthritis (OA) has long been considered as a “wear
and tear” process, where articular cartilage is assumed
to have limited healing capacity.! In this model, the
disease is believed to develop due to an imbalance
that occurs between increased cartilage degradation
and insufficient cartilage synthesis, leading to gradual
destruction and thinning of cartilage as the disease
progresses.”

groups. For the lateral condyle, no statistically signif-
icant difference between non-OA and OA knees was
found (p = 0.17).

Conclusion: Cartilage at the posterior aspect of the
medial condyle, but not the lateral condyle, is statisti-
cally significantly thicker in advanced medial femoroti-
bial OA knees compared to non-OA knees. The thickest
cartilage was located in the half most medial aspect of
the posterior medial condyle. These results will serve as
the basis for future research to determine the histobio-
logical processes involved in this thicker cartilage.
Advances in knowledge: This study, through a quanti-
tative tridimensional approach, shows that cartilage at
the posterior aspect of the medial condyles is thicker
in severe femorotibial osteoarthritic knees compared
to non-OA knees. In the posterior aspect of the medial
condyle, the thickest cartilage is located in the vicinity of
the center of the half most medial aspect of the poste-
rior medial condyle. These results will serve as the basis
for future research to determine the histobiological
processes involved in this thicker cartilage.

However, recent data showed that this traditional model
of a one-way road toward progressive destruction of carti-
lage might not be true for certain areas of the knee joint to
which little attention had been paid so far. Indeed, carti-
lage at the most posterior aspect of the medial condyle was
found to be thicker in OA knees, including in advanced
stages, compared to non-OA knees.> This finding could
have important implications for the understanding and
treatment of OA since it could point at potential regenera-
tive capacities of cartilage. However, in this previous report,
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cartilage thickness was manually measured at a single focal point,
on the midsagittal plane of each femoral condyle. Since cartilage
thickness is known to vary throughout the articular surface,*®
it is necessary to validate these potentially important results on
another dataset, using a three-dimensional analysis that would
take into account the entire articular surface at the posterior
aspect of the condyles. Furthermore, it is important to determine
the location of the thickest cartilage in these posterior regions
to help enhance our understanding of morphological differences
related to OA and provide a basis for future analyses, including
histobiological assays.

Therefore, in the current study, we aimed

(1) to test, through tridimensional analysis, whether cartilage
thickness at the posterior aspect of the medial and lateral
condyles differs in medial femorotibial OA knees compared
to non-OA knees;

(2) to compare the location of the thickest cartilage between
non-OA and OA knees within the posterior aspect of the
condyles showing differences in cartilage thickness.

METHODS AND MATERIALS

Patient population

Two groups of patients with non-radiographic OA (n = 30; mean
age = 61.6 + 5.14 years; 13 males) and severe medial femorotibial
OA (n = 30; mean age = 62.3 + 9.35 years; 13 males) (one knee
per individual) were selected retrospectively and randomly from
our institution's clinical database.

The indications to perform the CT examinations included the
diagnostic workup of suspected menisco-cartilaginous lesions,
as well as the preoperative workup of knee arthroplastic proce-
dures to determine the number of compartments to be replaced.

Inclusion criteria were age of 50 years or above, and CT arthro-
gram and lateral and posteroanterior weight-bearing radio-
graphs of the knees available from the same day.

Any knees presenting imaging signs of the following conditions
were excluded from the initial set of examinations: previous bone
fractures, previous knee surgery (including knee replacement
procedures, ligamentoplasty and cartilage repair procedures),
inflammatory joint disease, crystal arthropathy or poor image
quality.

We randomly included the patients until the sample size, which
was determined based on data from a previous report, was
reached.’

The non-OA group was defined by a Kellgren-Lawrence (K/L)
grade <2 for all three compartments at knee radiography, while
the severe OA group was defined by a K/L grade >3 for the
medial femorotibial compartment and a K/L grade <2 for the
patellofemoral and the lateral femorotibial compartments.”

Independent t-tests indicated no statistically significant differ-
ence between groups for age (p = 0.49) and biepicondylar
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femoral diameter, as measured following previously published
methodology (8.1 + 0.6 vs 8.1 + 0.4 cm for the non-OA and OA
groups respectively, p = 0.80).

This study was approved by the institutional ethical committee
without requirement for informed consent from the participants
due to the retrospective study design.

Imaging protocol

Radiography

Knee radiographs, obtained immediately before the arthrographic
examinations, included lateral and frontal weight-bearing views.
Radiographs were graded by a musculoskeletal radiologist (PO)
with 8 years of experience, using a modified K/L grade allowing
the separate analysis of each compartment of the knee (medial,
lateral and patellofemoral) to identify medial femorotibial OA
knees.” The reader was blinded to the CT arthrographic findings
while analyzing the radiographs.

CT arthrography

CT arthrograms were performed following the standard proce-
dure used in clinical practice at the institution: CT examinations
were performed after intra-articular injection of 10 ml of ionic
contrast material (320 mg of iodine per milliliter of meglumine
ioxaglate and sodium ioxaglate) under fluoroscopy using a lateral
patellofemoral approach, by practicing radiologists from the
musculoskeletal imaging unit of the institution. Examinations
were performed on a 40-detector row CT scanner (Somatom
Definition AS; Siemens Healthcare, Forchheim, Germany).
Patients were positioned supine, with extension of the knee.
Acquisition parameters were tube voltage, 120 kVp; reference
tube current-time product, 350 mAs with the application of a
dose modulation protocol (Care Dose 4D; Siemens Healthcare);
detector configuration: 16 x 0.6 mm; pitch: 0.85; gantry rota-
tion time: 1 s. The following image reconstruction parameters
were used: field of view = 15 cm; matrix = 512% section thick-
ness/increment = 0.6/0.3 mm; bone convolution kernel. The CT
examination was performed within 15 min of the arthrographic
procedure, to avoid any significant penetration of contrast media
into the cartilage.

Image post-processing

The femoral bone and cartilage were segmented in the CT images
by two trained researchers under the supervision of a muscu-
loskeletal radiologist with 8 years of experience (PO), using a
previously validated semi-manual method allowing subpixel
resolution based on B-spline.® This method reconstructs tridi-
mensional mesh models of the femoral bones and cartilages, and
calculates tridimensional cartilage thickness maps corresponding
to the thickness of cartilage covering the subchondral bone.®
The individual cartilage thickness maps were then standardized
across knees using a previously described method based on a
matching of the shape of the subchondral bone.> This process
provided an anatomically standardized cartilage thickness map
for each knee, allowing spatial comparison among samples. Two
regions of interest (ROI) corresponding to the posterior aspect of
each condyle were identified in the standardized thickness map,
and the mean cartilage thickness, the maximal cartilage thickness
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Figure 1. lllustration of the regions of interest (ROIs) at the posterior aspect of the medial (M) and lateral (L) femoral condyles. The
ROIs were determined on a 3D anatomically standardized model of subchondral bone,® and corresponded to the region of carti-
lage located cranially and posteriorly to the most posterior point (black diamonds) of each condyle. (a, b): 3D volume rendering
oblique views of a standard knee showing these ROIs for both the medial (M) and lateral (L) condyles. (c) 3D volume rendering
posterior view of a standard knee showing ROIs color-coded according to the differences in mean cartilage thickness between
the non-osteoarthritis (OA) and OA groups of knees (red and blue indicating thicker and thinner cartilage in OA compared to
non-OA knees, respectively). The cartilage on the medial condyle was statistically significantly thicker in OA knees compared to
non-0OA knees (p < 0.001). The location of the points of thickest cartilage for the medial condyle is also represented using crosses
indicating the mean and standard deviation of the locations of thickest cartilage (the location of the cross indicates the location of
thickest cartilage averaged for non-OA knees (full cross) and OA knees (dotted cross), the width of the cross in the medial-lateral

and anteroposterior axes represents the standard deviations of the coordinates).

and the location of the point of maximal cartilage thickness were
determined for each ROL® The ROIs were defined independently
for each condyle as the areas of the thickness maps passed the
most posterior point of each condyle (Figure 1).

Statistical analyses

The normal distribution of the data samples was confirmed
using the one-sample Kolmogorov-Smirnov test. Student’s
t-tests for independent samples were then performed to
compare the mean cartilage thickness, maximal cartilage thick-
ness and location of thickest cartilage between the non-OA
and OA groups of knees. Since the locations of thickest carti-
lage were measured on anatomically standardized thickness
maps, the coordinates of the thickest points could be directly
compared between groups along the medial-lateral and antero-
posterior directions.® All statistical analyses were performed
using Matlab (MATLAB Release 2014b, The MathWorks, Inc.,
Natick, Massachusetts, United States) and an alpha-level of 5%
was considered for all tests.

RESULTS

Comparison of cartilage thickness between non-
OA and OA-groups

For the medial condyle, mean cartilage thickness and maximum

cartilage thickness were statistically significantly higher in OA
knees compared to non-OA knees [1.66 + 0.42 vs 1.46 * 0.26

Thicker
cartilage in OA
compared to
non-OA knees

0.4mm

0.2mm

-0.2mm

-0.4mm

Thinner
cartilage in OA
compared to
non-OA knees

mm (p = 0.03) and 2.56 + 0.62 vs 2.14 £ 0.36 mm (p = 0.003),
respectively] (Figures 2 and 3)(Table 1). For the lateral condyle,
no statistically significant difference between OA and non-OA
knees was found for either the mean or the maximum cartilage
thickness [1.33 + 0.37 vs 1.25 + 0.31 mm (p = 0.40) and 2.16
+ 0.60 vs 1.95 + 0.50 mm (p = 0.17), respectively] (Figure 3)
(Table 1).

Location of thickest cartilage

The location of the point of thickest cartilage was determined
for the posterior aspect of the medial condyle (which showed
statistically significantly thicker cartilage in the OA knees). The
points of thickest cartilage in non-OA and OA knees (black and
blue crosses in Figure 1, respectively) were primarily located in
the vicinity of the center of the half most medial portion of the
posterior aspect of the medial condyle (crosses in Figure 1c).
The medial-lateral and cranial-distal coordinates of the points
of thickest cartilage did not differ between the two groups (p >
0.56) [as shown in Figure 1, the locations of the black (non-OA)
and blue (OA) crosses were similar].

DISCUSSION
The tridimensional quantitative analysis performed in this study
showed thicker cartilage at the posterior aspect of the medial

condyle in severe medial tibiofemoral OA compared to non-OA
knees.
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Figure 2. Frontal weight-bearing radiographs (a and b) and
sagittal reformats (c, d) from two 57-year-old females [(a, ¢):
patient from the non-osteoarthritis (OA) group; (b, d): patient
from the OA group]. (a) Doubtful osteophyte at the medial
aspect of the medial tibial plateau (arrow): Kellgren-Lawrence
Grade 1 medial femorotibial OA. (b) Moderate osteophyte at
the medial aspect of the medial tibial plateau, definite narrow-
ing of medial femorotibial joint space, and slight sclerosis of
the medial tibial plateau: Kellgren-Lawrence Grade 3 medial
femorotibial OA. Sagittal reformats (c, d) through the point
of maximum cartilage thickness in the half most medial por-
tion of the posterior aspect of the medial condyle show the
regions of interest (ROIs) used to determine cartilage thick-
ness at the most posterior aspect of the condyles (blue line),
cranially and posteriorly to the most posterior point of the
condyle (black diamond). (c) Patient taken from the non-OA
group: mean cartilage thickness for the entire medial con-
dyle ROI: .03 mm, maximum cartilage thickness: 1.63 mm. (d)
Patient taken from the OA group: mean cartilage thickness for
the entire medial condyle ROl 216 mm, maximum cartilage
thickness 3.48 mm.

This finding of thicker cartilage in advanced OA knees questions
the common understanding that cartilage undergoes progressive
destruction and thinning as OA progresses.

There is very little data in the literature pointing to thicker carti-
lage in advanced OA knees. In a first report dating back to the
early 80s, Vignon and Arlot noted on 32 femoral head samples
from OA hips that cartilage at the periphery of the cartilage
surface showed increased thickness, which was associated to
increased cell density and proteoglycan synthesis.'® Shortly later,
the same authors and colleagues confirmed these results using
an experimental model of OA, consisting of transection of the
anterior cruciate ligament, which they performed in 11 mature
dogs."! Morphometric, histological and biochemical analysis
of the patellofemoral joints was performed 0.5 to 8 months
after surgery, with the contralateral side taken as control. They
confirmed increased thickness and hypertrophic regenerative
changes with cell proliferation and increased matrix synthesis.

Omoumi et a/

About a decade later, another team of researchers used the same
experimental model of OA on three mature dogs, and performed
an in vivo assessment of cartilage thickness 36 months after ACL
transection. Using MRI, they confirmed an increase in cartilage
thickness at the periphery of advanced OA knees, but not at the
weight-bearing regions, 36 months after transection.'* Of note,
as described in a following paper, the authors followed up the
same dogs up to 45 months and showed that eventually, areas of
cartilage hypertrophy presented with cartilage breakdown on the
medial condyle, but not on the lateral condyle, where it remained
thicker.'?

Apart from these four reports, including one on hip specimens
and three on animal models of OA, there has been, to the best
of our knowledge, no report confirming this concept of thicker
cartilage in OA joints. Indeed, most research on non-invasive
assessment of the human cartilage, either indirectly with radio-
graphs or directly with MRI, has so far been focusing on areas of
cartilage breakdown and thinning on the weight-bearing regions
of the femorotibial joint. In particular, a large number of cohort
studies have used coronal imaging protocols, only covering 60%
of the articular surface (roughly corresponding to the central
weight-bearing region)."* As a consequence, areas of thicker
cartilage in advanced OA have gone undetected for a number
of years.

Recently, one paper, focusing on the analysis of cartilage from
the entire articular surface, did point to subregional variations
of cartilage thickness, showing some areas of cartilage thick-
ening.'® The authors studied 267 knee MRIs from 135 partic-
ipants, corresponding to 308 non-OA and 227 OA knees,
followed-up at 21 months, and showed some areas of cartilage
thickening at follow-up in the medial femorotibial compart-
ment."® Finally, a recent report specifically aimed at confirming
the presence of thicker cartilage in preserved areas of OA knees.
In a report on 535 consecutive CT arthrograms (308 non-OA
and 227 OA knees), the authors measured cartilage thickness
manually on a single standardized point at the posterior aspect
of the medial condyle, and found significantly thicker cartilage
in OA compared to non-OA knees [2.43 mm, 95% CI (2.36, 2.51
vs 2.13 mm), 95% CI (2.02, 2.17) respectively, p < 0.001].> This
area of the posterior aspect of the medial condyle seems inter-
esting because it represents a non-weight-bearing area in most
day-to-day activities (these areas only bear weight in activities
such as squatting).'®

It is not clear why cartilage in the posterior aspect of the medial
condyle is thicker in advanced OA knees. It could correspond
to swollen cartilage as classically described in the early stages
of OA."”!® In our sample of knees with advanced OA, the carti-
lage we focused on at the posterior aspect of the condyles was
located at the periphery of the weight-bearing regions, which
could be in an early phase of the disease. Another explanation,
which is supported by the previously mentioned studies using
animal models, could be that cartilage in these areas is truly
hypertrophic, as a consequence of anabolic processes initiated
in reaction to OA, potentially representing a reparative answer
to the disease.'®!! In weight-bearing areas, these processes could
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Figure 3. Charts illustrate the comparison of the mean cartilage thickness (a) and maximum cartilage thickness (b), between
non-osteoarthritis (blue) and osteoarthritis (red) groups, for both the medial and lateral condyles. Results are expressed in mil-
limeters, and error bars correspond to standard deviations of the means. Asterisks indicate statistically significant differences.
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HOA

Mean cartilage thickness (mm)

a Medial Lateral

b Medial Lateral

3.0

¥ Non-OA
HOA

Maximum cartilage thickness (mm)

be overcome by the mechanical strains to which cartilage is
exposed, leading to tissue destruction and thinning. However,
the anabolic reactions could manifest in non-weight-bearing
areas, such as the posterior aspect of the medial condyle. If this
hypothesis stands true, determining the mediators responsible
for these anabolic reactions could open new doors to develop
novel therapeutic pathways for the management of OA. There-
fore, future research should investigate the histobiological char-
acteristics of this thicker cartilage to determine whether it is
simply swollen or truly hypertrophic.

The second main finding of our study was that the thickest carti-
lage was primarily located in the vicinity of the center of the
half most medial portion of the posterior aspect of the medial
condyle. This has potential implications for future research
aiming to characterize the histobiological properties of this
thicker cartilage, by providing a target area for such analyses,
possibly on samples from total knee replacement surgeries.

We found cartilage to be significantly thicker at the posterior
aspect of the medial condyle, but not of the lateral condyle,
which is in agreement with previously published data.’ The
absence of any significant difference in cartilage thickness for
the lateral condyle could have several explanations. One hypoth-
esis is that the increased thickness for the medial condyle could
be the consequence of local factors that only act on the affected
compartment (in the current study, we only analyzed medial
femorotibial OA knees). However, it has been previously shown
that this hypothesis does not hold true for the lateral compart-
ment: when considering lateral femorotibial OA knees, cartilage
thickness at the posterior aspect of the lateral condyle decreased
with increasing K/L grade.” A more likely explanation would
be the presence of cartilage lesions on the lateral compartment,
decreasing the mean cartilage thickness in that compartment,
and to a lesser degree, the maximum cartilage thickness, as illus-
trated by our results. These cartilage lesions have previously been
shown to be more frequent laterally than medially, probably

Table 1. Comparison of mean cartilage thickness and maximum cartilage thickness at the posterior aspect of the medial and lateral

condyles between non-OA and OA knees

Mean cartilage thickness

Maximum cartilage thickness

Non-OA (n = 30) OA (n=30) p-value Non-OA (n = 30) OA (n =30) p-value
Medial 1.46 (0.26) 1.66 (0.42) 0.03 2.14 (0.36) 2.56 (0.62) 0.003
Lateral 1.25(0.31) 1.33 (0.37) 0.40 1.95 (0.50) 2.16 (0.60) 0.17

OA, osteoarthritis.

Data are the mean (standard deviation) cartilage thicknesses for the 30 knees per group, expressed in millimeters.

Significant differences are indicated in bold.
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due to the different mechanical constraints sustained by the
two condyles.'*? In fact, studies have found a high frequency
of cartilage lesions at the posterior aspect of the lateral condyle
(up to 24% of 654 consecutive knee MRIs), while in the great
majority of cases, cartilage is preserved at the most posterior
aspect of the medial condyle until the latest stages of OA (up to
87% of 41 consecutive pre-total knee arthroplasty knees).'**°

This study has several limitations. First, although most poten-
tial confounders that have been previously described to correlate
with cartilage thickness, including age, gender and bone size,
were not different between the non-OA and OA groups, other
parameters related to the physical size of the participants (such
as height, weight and body mass index) were not analyzed as
these data were unavailable. An association between cartilage
thickness and physical size, however, remains controversial.*"**
Second, the results are limited by the retrospective nature of this
study and longitudinal and prospective research is necessary to
confirm that cartilage does actually thicken with the development
of OA. Third, participants were selected based on a well-accepted
radiographic definition of OA, but the results could be different
if a clinical definition of OA was used. Nevertheless, the fact that
the radiographic definition of OA does not consider cartilage
in the posterior aspect of the condyle strengthens the results,
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avoiding a selection bias. Fourth, while the cartilage thickness
measurement method was previously validated and successfully
used in several studies using MRI data, the method has not been
specifically assessed with CT arthrography images.*®* Never-
theless, it is expected that the reliability of the method should be
at least as good as with MRI data as the contrast between bone,
cartilage and synovial fluid is higher with CT arthrography.**
Although one cannot exclude any measurement error, the error
should have affected both groups equally. Therefore, the differ-
ences identified in this study are likely to be true. It is, however,
possible that other differences existed but were not detected.
Finally, it is worth mentioning that the present results concur
with a prior report using a different measurement method on a
different population.

CONCLUSION

In conclusion, this study confirmed that cartilage at the poste-
rior aspect of the medial condyle, but not at the posterior
aspect of the lateral condyle, is statistically significantly thicker
in OA knees compared to non-OA knees, using a tridimen-
sional approach. Second, the results showed that the thickest
cartilage was primarily located in the half most medial aspect
of the posterior medial condyle for both non-OA and OA
knees.
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