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Resumen

El objetivo de esta investigacion fue determinar las propiedades mecanicas y el espesor de cartilago articular en regiones femorales
no afectadas en casos de osteoartritis unicompartimental de rodilla. Se realizaron pruebas en los especimenes utilizando un indentador
cilindrico plano de 3mm de diametro y se aplico un desplazamiento de 0.5mm en puntos especificos de cartilago femoral de siete rodi-
llas con osteoartritis unicompartimental. Se obtuvieron el espesor, la rigidez, el modulo eléstico, modulo cortante y volumétrico. Estas
propiedades y espesores fueron comparados con trabajos previos de otros autores para cartilago sano.

Los resultados mostraron que las propiedades mecénicas obtenidas en este trabajo para cartilago articular con osteoartritis unicom-
partimental presentan una mayor magnitud (hasta 53%) respecto a las obtenidas para cartilago sano en trabajos previos. Sin embargo,
se encontrd que el espesor de cartilago reportado para cartilago sano es mayor (hasta 69%) que el medido en los especimenes de este
trabajo. Adicionalmente, los resultados mostraron que los puntos de andlisis correspondientes a la linea de desplazamiento en el eje de
flexion cinematica de los condilos presentan una significativa (p<0.05) similitud en espesor y modulos elastico, cortante y volumétrico.

Las propiedades mecanicas obtenidas en este trabajo para cartilago de rodilla en casos de osteoartritis unicompartimental pueden
ser utilizadas para analizar la artroplastia unicompartimental de rodilla a través de simulacion numérica y predecir el comporta-
miento biomecanico de la articulacion.

Abstract

The aim of this study was to determine the mechanical properties and thickness of articular cartilage in the unaffected femoral
regions in cases of unicompartimental osteoarthritis on the knees. The specimens were tested using a 3mm plane-ended cylin-
drical indenter and a displacement of 0.5mm was applied at specific points in seven femoral knee cartilages with unicomparti-
mental osteoarthritis. The thickness, stiffness, elastic modulus, shear modulus and bulk modulus were obtained. These proper-
ties and thickness were compared with those reported from previous studies.

Our findings showed that mechanical properties reported herein present a major magnitude (up to 53%) than those from the
previous studies on healthy cartilage.

However, the thickness reported in previous studies is larger (up to 69%) than the thickness measured in cartilage specimens of
this work. In addition, results showed that analyzed points related to the displacement line in the kinematic flexion axis of the
compartments, have significantly (p<0.05) similar thickness and elastic, shear and bulk modulus.

Mechanical properties reported into this work for knees with unicompartimental osteoarthritis could be used to analyze cases
of unicompartimental knee arthroplasty by means of numerical simulation and to predict the biomechanics behavior of the joint.
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NOMENCLATURE

AP Anterior point v Poisson ratio

CP Central point a Radius of the indenter

LP Lateral point ® Depth of indenter penetration
MP Medial point H Scaling factor of Hayes

PP Posterior point G Shear modulus

E Elastic modulus K Bulk modulus

P Indentation force p Probability
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Introduction

The articular cartilage works as a mechanical damping sur-
face in the synovial joints, experiencing finite deformation
due to physiological loading [1, 2]. In unicompartimental
osteoarthritis (UOA), a disease of the synovial joints, it is
assumed that one compartment is damaged and the other one
is normal, however, several studies [3, 4] have reported that
the visual and histological appearance of the cartilage is not
a good indicator of performance in a joint and it requires a
biomechanical evaluation of the tissue.

Mechanical properties of each component in the knee, specifi-
cally the femur and tibia, have been as consider as orthotropic
material by many research articles [5, 6]. In addition, elastic
properties and models have been used to reproduce the mecha-
nical behaviour of articular cartilage. Currently most research
uses stress analysis on articular cartilage to predict a one phase,
isotropic and homogeneous linearly elastic behaviour [5-8]. In
these cases the mechanical properties considered were an elas-
tic modulus (E) of 15MPa and a Poisson ratio (v) of 0.475.
Values of SMPa for E and 0.46 for v have been reported in
finite element analysis for articular cartilage to determine the
structural effect of menisci damage [9]. Also, an elastic mo-
dulus of 12MPa was presented in a tri-dimensional finite ele-
ment analysis to study the structural response of cartilage and
unicompartimental prosthesis in cases of unicompartimental
knee arthroplasty [1]. The finite element analysis mentioned
before were performed in order to study the biomechanics of
the knee considering mechanical properties of healthy cartila-
ge. In these studies, they considered the cartilage behaviour as
an isotropic, linear material and homogeneous.

In addition, thickness and mechanical properties has been re-
ported in other works. One of them reported thicknesses of
2.51£1.04mm for unaffected cartilage in cases with osteoar-
thritis and 3.23+0.63mm for control healthy compartments
of the tibial plateau [3]. The mechanical properties and mor-
phological characteristics of articular cartilage from tibial
plateau of human knees including regions covered by the me-
niscus have been reported values from 2.134+0.74 MPa up to
5.13+£1.91 MPa for elastic modulus and 4.87+3.75 N/mm up
to 20.3845.32 N/mm for cartilage stiffness have been repor-
ted [10]. Micro-indentation techniques were used to determine
the permeability, aggregate and shear modulus of the porcine
cartilage in the anterior, posterior, medial, lateral and central
regions of each porcine compartment [11].

Currently, the dynamic response of femoral knee cartilage
with no visual damage in cases under unicompartimental
osteoarthritis has been reported. They found a maximum
stiffness value of 83.34+38.32 N/mm for cycle 2 located in
the medial point. They also reported a maximum value of
2.42+0.27 MPa for shear relaxation modulus and 23.32+2.66
MPa for bulk relaxation modulus [12].

The distribution of mechanical properties of femoral cartila-
ge has not been reported in previous studies for femoral carti-
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lage. Therefore, this study presents a study of the mechanical
properties distribution and thickness of femoral cartilage in
cases of unicompartimental osteoarthritis. This distribution
can be used in finite element analysis to reproduce a more
realistic behaviour of cartilage for the study of the biomecha-
nics of the knee and unicompartimental prosthesis in cases of
unicompartimental osteoarthritis.

Materials and Methods
Specimens

Seven femoral knee specimens were obtained from female
patients diagnosed with unicompartimental osteoarthritis,
which came from a non-cadaveric population with ages
ranging from 59 to 73 years. The specimens were removed
during surgery for total knee replacement, so it was possi-
ble to obtain the cartilage with subchondral bone of femoral
compartment; they were immersed in a solution of formalde-
hyde in water and after two hours they were tested. The knee
specimens were donated for scientific and medical research
under administrative control of the Mexican Social Security
Institute (IMSS) corresponding to the Institutional Review
Board (IRB)/Ethics Committee.

Groups

Mechanical testing on cartilage of lateral femoral com-
partments was performed using an impermeable plane-ended
cylindrical indenter. Five points were selected for cartila-
ge indentation testing on the surface of each femoral com-
partment. Each point was identified and associated with a
group (see Figure 1), as follows: AP, anterior point; CP, cen-
tral point; LP, lateral point; MP, medial point and PP corres-
pond to the posterior point.

Groups AP, CP, PP and MP, correspond to points whose load
and wear in tibio-femoral contact was predominant. Group
LP corresponds to points where the least load and wear was
found due to the nature of loading on the knee.

Medial

compartment
Femur

Lateral
compartment

Figure 1. Points: AP, anterior points; CP, central points; LP, lateral points;
MP, medial points; PP, posterior points.
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The Schematics points were located in the specimens of la-
teral compartment removed from the femur for mechanical
testing. The medial and lateral compartments were removed
during surgery.

Indentation test

Elastic properties of different materials can be obtained
through the indentation technique, which has been used for
measuring the compressive properties of cartilage [13, 14].

In this study, instantanecous modules were determined rather
than those in steady state because it behaves approximately
as an incompressible elastic material of a single phase imme-
diately after application of load, since the fluid inside of the
articular cartilage is unable to flow due to the short time of
load application [14-16]. It is important to mention that car-
tilage indentation in this study was performed following pre-
vious similar testing protocols of several studies [14, 15, 17].
Complete cartilage specimens with subchondral bone wi-
thout any additional cutting were tested; this avoids any in-
duced mechanical effects on the test site. A displacement of
0.5mm, corresponding to a real physiological displacement
0f25-30% [18], was applied to the cartilage in axial direction
with a 3mm diameter indenter attached to a SO0N load cell of
a materials testing machine.

We applied cycles of displacement, the applied strain rate of
0.21mm/s used in this work would correspond to a loading
frequency of 0.1Hz. This value was used in other studies to
analyze the mechanical response of bovine articular cartilage
at physiological stress levels [19] and to study the enzymatic
degradation under dynamic unconfined compression loading
[20]. Also, this value is between the frequencies ranging
from 0.01 to 2Hz, which keep the majority of interstitial
fluid inside of the cartilage; these values reproduce the phe-
nomenon created by the real physiological frequencies in the
lower limbs of human body [19, 21-24]. Thus, the strain rate
used in the present work to achieve the maximum displa-
cement, reproduce the effect of physiological loading in the
human knee joint.

Previous analyses [3, 14] have suggested that the indenter
diameter should be small enough compared with the speci-
men diameter size, when plugs of cartilage with subchondral
bone are taken; this is to avoid the stiffness effect of the sub-
chondral bone on cartilage measurements. In this experiment,
the method of testing the complete femoral compartment was
similar to those tests performed in previous studies on tibia
[10]. Plugs were not taken out of cartilage to avoid any indu-
ced mechanical effects on the test site and the stiffness effect
of the subchondral bone on cartilage measurements.

During indentation testing, the specimen was fixed in a pla-
tform where it could be carefully adjusted to any position
so that the cartilage surface was just in contact and perpen-
dicular to the longitudinal axis of the indenter (Figure 2).
Also, it is important to mention that before and after testing

all plugs were immersed in a solution of formaldehyde in
water, however during testing at room temperature of 230C,
the plugs were taken out and cartilage was hydrated applying
a drop of distilled water every 30 seconds to prevent de-
hydration of cells and indentation surface, this reproduce the
physiological normal state of hydration.

/

Cartilage specimen

Figure 2. Specimen and indenter adjustment.

Finally, test runs were performed and force, time and displa-
cement parameters were recorded during each test run (see
Figure 3).
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Figure 3. General behaviour of the indentation force versus displacement
for four cartilage specimens at central point (CP).

Cartilage thickness measurement

The cartilage thickness was determined using the needle
method reported in previous works [10], which penetra-
tes the cartilage with a thin needle at low constant speed
of 0.21mm/s. The thickness was calculated as the distance
between the detection of force on the surface and the rapid
increase of it when the needle reaches the transition zone of
calcified cartilage and subchondral bone (see Figure 4).
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Mechanical properties

The parameters recorded in mechanical testing were used to
obtain four mechanical properties: stiffness (N/mm), elastic
modulus (MPa), shear modulus (MPa) and bulk modulus
(MPa). Force values obtained in the indentation test were
normalized to the corresponding depth of indenter penetra-
tion to obtain stiffness values. This procedure to calculate the
stiffness was also reported in previous works presented by
Thambyah A. et al. [10] and Lyyra T. et al. [15].

25 T T T T T

201

L1 Detection of force

Rapid increase of

Figure 4. Force versus time curve in one of the specimens for cartilage

thickness measurements.

The elastic modulus was obtained using experimental data
from indentation test, the geometrical characteristic of the
indentation region in the specimen and the mathematical mo-
del proposed by Hayes et al. (Eq. 1) for indentation analysis
of articular cartilage on a rigid body, which has been used in
previous studies [10, 25, 26].

P(l—v2> (1)
2amH

where E is the instantaneous elastic modulus; P, the applied
load; , the Poisson ratio; a, the radius of the indenter; , the
depth of indenter penetration and H is the scaling factor of
Hayes et al. [25].

The scale factor values were reported by Hayes et al. [24] as
a function of the ratio "a/h" and " " where "a" is the radius
of the indenter, "h", the cartilage thickness and " " the Pois-
son ratio. In this model the Poisson ratio was taken as 0.45,
considering the cartilage as a nearly incompressible material
[1, 7, 14-16] and considering that the load application is in
a short period of time [27]. The scale factors were obtained
for all test points of each plug, so for this study these values
were from 1.89 to 5.52.

The model reported by Hayes et al. [25] was related with
the shear modulus considering the isotropic relation between
them. Thus, the shear modulus (G) can be determined by:
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_P(1-v)
"~ daoH 2)

In addition, the bulk modulus was obtained using the fo-
llowing relationship with the shear modulus:

_2G(1+v)
C3(1-2v) ®)

where K represents the bulk modulus.
Results

Table 1 summarizes mean values and standard deviations
(SD) of stiffness, elastic modulus, shear and bulk modulus
and thickness obtained in different test groups for the late-
ral femoral compartment. Results showed that the maximum
stiffness value was obtained at MP point, with a maximum
variation of 42.71% respect to the lowest value located in
LP point. The minimum variation values were presented in
AP, CP and PP points; the CP value was stiffer compared to
AP and PP, with a difference of 14.47% and 17.57% respec-
tively. LP point has less stiffness (25.71%) and MP point is
29.67% stiffer than the central point, CP.

Similarly, the maximum elastic instantaneous modulus was
located in MP point being 47.49% larger than the minimum
value presented at the LP point. AP, CP and PP points have
similar (p<0.05) elastic modulus with a maximum difference
of 5.29% at AP and 4.37% at PP respect to CP point. It has
an elastic modulus 45.35% larger than LP point and decrease
23.67% compared to the MP point.

Table 1. Mechanical properties of femoral cartilage of knees under uni-
compartimental osteoarthritis.

Elastic Shear Bulk

e N %t\}flf;‘::)s modulus  modulus  modulus Th(i;l':l‘)ess
P E(MPa) G(MPa) K (MPa)
AP Mean  49.69 5.77 1.99 19.25 2.00
SD* 25.25 2.50 0.86 8.36 0.51
cP Mean  58.10 5.48 1.89 18.29 1.87
SD 33.57 1.54 0.53 5.14 0.59
PP Mean  47.89 5.72 1.97 19.09 2.01
SD 21.29 1.69 0.59 5.67 0.39
Lp Mean  43.16 3.77 1.30 12.57 1.54
SD 21.60 1.35 0.47 4.50 0.42
MP Mean  75.34 7.18 2.48 23.94 1.78
SD 34.67 2.59 0.90 8.66 0.69

*SD: Standard deviation

Cartilage thickness measurements showed that points AP
and PP were the thickest, while point LP was the thinnest.
The maximum difference of cartilage thickness was 23%
presented between AP and PP points respect to LP. Points
AP, CP and PP have a very small difference between their
thicknesses, being that CP is 6.5% less thick than AP and a
similar difference was present between CP and PP. Cartilage
thickness at points LP and MP are 17.64% and 4.81% thinner
than cartilage of CP point, respectively.
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The maximum shear modulus was located in the MP point
(see Table 1), while the lowest value was located in LP point.
PA, PC and PP presented similar values of shear modulus,
with a maximum difference of 5.29% between them.

Bulk modulus presented in Table 1, showed that MP presen-
ted the largest bulk modulus and LP the smallest modulus,
this was a similar behavior as the one presented for the shear
modulus. In addition, AP, CP and PP showed values with a
maximum difference between them of 5.24%.

Discussion

The Stiffness values showed in Table 1 for lateral compartment
of cartilage in knees with unicompartimental osteoarthritis can
be compared in magnitude with previous results of healthy
cartilage [10, 15]. In these previous studies, authors measured
the displacement obtained with the application of a constant
force (0.5N) in healthy cartilage of a population with ages
ranging from 62-80 years [10]. They reported stiffness values
of 4.87 N/mm to 20.38 N/mm in different areas of cartilage.
Moreover, force values have been reported in healthy cartilage
of 2.4N and 3.1N. These values when normalized to displa-
cement represent stiffness values of 8N/mm and 10N/mm for
the medial and lateral compartment, respectively, in patients
with mean age of 26 years [15]. In that study, an indentation
of 300 microns was performed and the force response was
measured. The present work reported values from 43.16N/
mm to 75.34N/mm with a maximum displacement of 0.5mm.
The difference in magnitudes that is presented in comparison
with other authors is attributed to different reasons. The most
obvious is that cartilage that was analyzed in other studies is
healthy cartilage [10, 15] while in this study is on cartilage
of knees with unicompartimental osteoarthritis. Furthermore,
another reason to explain this difference is due to the ages of
patients. One of the previous studies [15] referred its analysis
to patients with mean ages of 26 years while in the present
study the ages were between 59 to 73 years.

Displacement values applied to the specimens are another
cause of the differences presented, due to the cartilage stiff-
ness change according with them [28]. Analyzing loading
curves obtained from the specimens in this work, it is possi-
ble to obtain stiffness values at different displacements bet-
ween 0 and 0.5mm.

A maximum stiffness mean value of 42.64+10.58N/mm was
obtained in the MP test point and a minimum mean value in
the LP point of 22.75+8.45N/mm. These values correspond
to a displacement between 0 to 0.15mm. Also, these values
were compared with those reported for healthy cartilage [10]
of 4.87N/mm and 20.38N/mm obtained with a displacement
of 0.10mm and 0.02mm. It was observed that values obtai-
ned in the present work are larger than those obtained for
healthy cartilage and these values tend to increase when the
depth of penetration increases.

Moreover, a statistical analysis was performed using the
Kruskal-Wallis test with the null hypothesis that the medians
were similar between points (AP, CP and PP) that are in the
displacement line of the kinematic axis of flexion. The de-
gree of freedom of the Kruskal-Wallis test (N=7) was 2 and
the critical chi-square value was 5.991 (¢=0.05). Results of
this test showed that AP, CP and PP have significantly similar
(p<0.05) thickness values, elastic modulus, shear and bulk
modulus. These points correspond to the displacement line of
the kinematic axis of flexion and areas of cartilage-cartilage
contact and load in the knee [29-31].

In addition, cartilage thickness measured in this study was
compared with those obtained in previous studies [30, 32,
33]. The distribution of thicknesses reported by Li G. et al.
[30] on femur were obtained using magnetic resonance tech-
niques (MRI) on healthy knees of people with average ages
of 27 years, these values are thicker than those obtained in
the present study (see Table 2) for an older population with
ages ranging from 59-73 years.

Moreover, using the same technique (MRI), an average thic-
kness value of 2.2mm in healthy knees was reported [32].
Currently, several techniques have been used for image pro-
cessing from MRI [33] for thickness measurement where the
distribution of healthy cartilage thickness has been reported
on femur. In all cases, the thickness values found in the pre-
sent study for femoral cartilage are minor in a range of 6 to
40%, to those found in healthy knees in other studies (see
Table 2). It is important to note that points AP, CP and PP
in the present study are those with the thickest cartilage and
corresponds to areas of cartilage-cartilage contact [30]; also
these points correspond to loading [31] and displacement
areas of the knee around the kinematic axis of flexion [29].

Table 2. Comparison of femoral cartilage thicknesses in human knees under unicompartimental osteoarthritis with those of healthy knees (mm).

Test point Maximum
Author difference
AP CP PP LP MP (%)

Li G. etal. [30] 20+0.7 2.8+0.5 23+04 2.6+0.7 22+0.8
Difterence with Li G (%) 0.00 33.21 12.61 40.77 19.09 40.77
Bingham J. T. et al. [32] 2.2
Difference with Bingham J. T. (%) 9.09 15.00 8.64 30.00 19.09 30.00
Carballido-Gamio J. [33] 2.30 2.00 2.40 1.70 1.90
Difference with Carballido G.J. (%) 13.04 16.50 16.25 9.41 6.32 16.50
Present work 2.0+0.51 1.87+0.59  2.01+0.39  1.54+0.42  1.78+0.69
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Table 3. Comparison of elastic modulus of femoral cartilage in knees under unicompartimental osteoarthritis with elastic modulus of healthy knees (MPa).

Test point Maximum
Author difference
AP PP LP MP (%)

Present work 5.77+2.5  5.48+1.54 5.72+1.69 3.77£1.35  7.18+2.59
Thambyah A. et al. [10) 3.63+1.22
Difference with Thambyah A. (%) 22
Others [7, 9, 34] 9.09 15.00 8.64 30.00 19.09 30.00
Difterence with others (%) 2.30 2.00 2.40 1.70 1.90

The instantaneous elastic modulus determined in this work
considers the resistive force to indentation, the displacement
of the indenter and the cartilage thickness at the test point ac-
cording to the Hayes model et al. [25]. Previous studies have
reported elastic modulus values in the range from 2.13 +£0.74
to 5.13 = 1.91MPa for healthy cartilage [10]. In a similar
way, other cases have reported average values of 5SMPa [7, 9,
34]. The distribution of instantaneous elastic modulus obtai-
ned in this study (see Table 3) shows that the values at points
AP, CP, PP and MP are larger in magnitude (up to 40%) than
those obtained in previous studies for healthy cartilage [7, 9,
10, 34]. Also, it can be observed that the instantaneous elastic
modulus values in the displacement line of flexion AP, CP
and PP showed a minimum variation in magnitude, while the
points LP and MP differ significantly (p<0.05).

Previous studies showed that the human femoral com-
partments [36] shear modulus values were the range of 1.6
to 6.4MPa which changes based on damage Mankin score
reported for these cases from 1 to 7 [37, 38]. Average shear
modulus values of 3.34 and 3.67MPa in the medial and la-
teral compartment have been reported for Mankin score of 4
and 4.5, respectively. Maximum values obtained in the pre-
sent study can be compared with these values. Table 1 show a
maximum shear modulus of 2.48+0.90MPa and a minimum
of 1.30+0.47MPa. It is noted that values in this work were
near and between the range from 1.6 to 6.4MPa reported in
human femoral compartment [36], since the cartilage analy-
zed in this study were also from human femoral specimens
but in this case the specimens corresponds to knees under
unicompartimental osteoarthritis (see Table 4).

Table 4. Comparison of shear modulus of femoral cartilage in knees under
unicompartimental osteoarthritis with other authors.

Shear modulus

Author G (MPa)
Park S. et al. [16] 0.65
Setton L.A.et al. [34] 0.1
Mankin H.J. [36] 1.6t0 6.4
Franz T. et al. [37] 3.34 and 3.67
Present work 1.92+0.42

Conclusions

This study has shown the distribution of mechanical proper-
ties and thickness of femoral cartilage in knees under uni-
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compartimental osteoarthritis. These values were compared
with results of previous studies finding that the mechanical
properties reported herein were larger (up to 53%) than those
of previous works on healthy cartilage. However, the thick-
ness reported in previous work was larger (up to 69%) than
the thickness measured in cartilage specimens in this work.
The decrease in thickness in the different analyzed speci-
mens provides evidence of wear in cartilage of knees under
unicompartimental osteoarthritis. This may destroy the thin
layer of proteins, collagen fibbers and cells highly packed
and oriented that cover between 10 to 20% of the thickness
from the surface, this diminish the cartilage recovery leading
to osteoarthritis [40-41].

In addition, results have shown that thickness values and
elastic, shear and bulk modulus were significantly similar
(p<0.05) in points located in the line of cartilage-cartilage
contact, loading and displacement in the kinematic axis of
flexion.

Finally, experimental values presented in this work could
be used to include the distribution of mechanical properties
in femoral cartilage simulation and for the validation of a
numerical model of cartilage behaviour for the study of bio-
mechanics of the knee and prosthesis in cases of unicompar-
timental osteoarthritis and arthroplasty.
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