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SONOELASTIC DETERMINATION
OF THE KNEE CARTILAGE ELASTICITY

LIGIA MUNTEANU!, LUCIANA MAJERCSIK?, VALERICA MOSNEGUTU!

Abstract. Sonoelasticity and Doppler imaging are applied in this paper to detect the
damage process of the knee cartilage. The cartilage is a firm, thick, slippery tissue that
acts as a protective cushion between bones. It is present on the ends of the bones and
at the back of the patella and provides low friction in distributing of loads and
maximal consistency between the joint surfaces. Sonoelasticity utilizes an external source
to vibrate the knee at low frequency. Vibrations and local motions induced in the
cartilage are detected and visualized by Doppler ultrasound by real-time images of
normal vibration eigenmodes. The vibration images depend on the vibration frequency, the
cartilage structure and elastic properties. Doppler ultrasound detects the vibration
amplitudes from the echoes reflected from the cartilage and surrounding tissues. The
prediction of small inhomogeneities in the damaged cartilage is compared with
theoretical/ experimental data available in literature.
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1. INTRODUCTION

The key of sonoelasticity is low frequency (about 100 Hz) vibrations for
visualizing the human tissues. An external source is used to vibrate the tissue and a
Doppler ultrasound detects low-frequency vibrations and motion of the tissue giving
real-time vibration images which depend on the tissue structure and their elastic
properties. Vibration images of the tissue show all disturbances in the normal vibration
eigenmodes generated by damages in the knee structure [1, 2]. In this paper, the
human knee elasticity is evaluated from the point of view of the cartilage behavior
during the knee flexion and extension. The ability of the sonoelasticity to predict
the small inhomogeneities in the tissue through the vibration images, is confirmed
both theoretically and experimentally [3-5].

Based on the significant changes in the vibration response of the cartilage for
different loadings, the relationship between the loading and the normal modes of
vibrations is performed by using an elastic model of the knee [6-9]. This model
introduces 12 degrees of freedom described the movement of the patella relative to
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the thigh. The cartilage elasticity cannot be described outside the behavior of
components of the knee. The knee is a unitary system. This model is ready to evaluate
the stiffness of the cartilage by measurements done on the medial and lateral faces
of the patella, the medial and lateral faces on the patellar surface of the femur, and
the medial and lateral femoral condyles and tibial plateau.

Conventional Doppler analysis cannot be applied when the frequency of
motion approaches the Doppler frequency [10]. If an ultrasonic wave is applied to a
set of particles which form a tissue, the signal returned by the k-th particle has the
form

sp = ay cos(wof —4mr /1), (1)

where oy is the angular frequency, A is the wavelength, a, is the amplitude of the
reflected wave and r; is the distance between the transducer and the tissue’s
particle.

The Doppler ultrasound determine the vibration amplitude from the signals
reflected from the oscillating tissue.

2. ELASTIC MODEL OF THE KNEE

Articular cartilage is a composite material with interesting elastic properties.
The tissue contains about 70 to 85% water and in rest, proteoglycans and collagen.

The cartilage is a component in the knee that includes the end of the femur,
the top of the tibia, articular cartilage AC, meniscus cartilage, four ligaments, and
two tendons: the anterior cruciate ligament ACL, the posterior cruciate ligament
PCL, the medial collateral ligament MCL, the lateral collateral ligament LCL, the
quadriceps tendon (QT) and the patellar tendon (PTL) — Fig. 1 [6, 7].

The apparent space between the bones is actually occupied by articular
cartilage AC. The articular cartilages (AC) act bearing surfaces and the meniscus
as mobile bearings. There are large muscles in the front of the thigh (the quadriceps
muscles QM) that straighten the knee (extension). The large muscles in the back of
the thigh (the hamstrings) bend the knee (flexion). The quadriceps tendon (QT) and
the patellar tendon (PTL) surround the patella and helps its mechanical motion and
also functions as a cap for the condyles of the femur. Details on the articular
cartilage in the normal human knee are found in [11-14].

The integrity of the intact or damaged cartilage is evaluated by measurements
of stiffness on the medial and lateral faces of the patella, the medial and lateral
faces on the patellar surface of the femur, and the medial and lateral femoral
condyles and tibial plateau (Fig. 2). The measurements we use in this article are
available in [11].
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Fig. 2 — Measurements of cartilage

Fig. 1 — Schematic of the knee components [6]. stiffness in the knee

Position of the knee joint is described by local coordinate systems for each
bone (Fig. 3). The femoral (x,,y,,z,) and the tibial (xt, yt,zt) coordinate
systems have the origin located at the midpoint of the line between the medial and
lateral femoral epicondyles and the medial lateral tibial condyles, respectively. The
origin of the patellar coordinate system and the patellar (x,,y,,z,) is in the
centroid of the patella. The medial x, posterior y, and superior z directions are
positive and parallel to (x,y,z). The (x,y) plane is defined as the coronal plane

and (y, z) as the sagittal plane. In the global system, a point belonging to knee joint
articular surface I' is denoted by (x, y,z). In the local coordinate systems, a point

belonging to I' is defined by (x;,y;,z;) with L the local system. The
transformation from (x},v;,z;) to (x,y,z) is given by

Xp = u;+ Ry xpp ()
where R; are the elements of the rotation matrix R = R(z,¢)R(x,0)R(z,y) with

cosy —siny 0 1 0 0 3)
R(z,y)=|siny cosy 0|, R(x,0)=|0 cosO -sin0O]|,

0 0 1 0 sinO® cosO
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and u is the translation vector.

Fig. 3 — The global and local systems of coordinates [6]. Fig. 4 — Degrees of freedom [6].

We suppose that 12 degrees of freedom q= {ql,qz,q3,...q12} described the

movement of the patella relative to the thigh (Fig. 4). These degree of freedom are
defined by anterior-posterior translation of the shank relative to the thigh ¢,
proximal-distal translation of the shank relative to the thigh ¢,, medial-lateral
translation of the shank relative to the thigh g;, anterior-posterior translation of the
patella relative to the thigh ¢4, proximal - distal translation of the patella relative to
the thigh ¢s, medial-lateral translation of the patella relative to the thigh g, varus-
valgus rotation of the knee ¢;, internal-external rotation of the knee ¢gg, flexion-
extension of the knee ¢y, patellar rotation g0, patellar tilt ¢,;, patellar flexion-
extension ¢.

The patellar tendon is inextensible and that interpenetration between the
boundaries of the patella and the patellar surfaces of the femur can be neglected.
These two assumptions define three holonomic constraints for movement of the
patella on the femur. These three constraints can be combined with the six force
and moment equilibrium equations for the patella to yield a set of six non-linear
algebraic equations for patello-femoral mechanics

pi(q,FQ)=0, i=1,2,..6, “4)
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where F, is the force magnitude applied by the quadriceps tendon to the patella.

The dynamical equations of the knee motion can be written as
A(q)q+C(q,9) + M, (q)F,, + M, (q)F, +T(q,q) =0, )

where A(q) is the mass matrix, C(q,q) is the vector containing the Coriolis and

centrifugal forces and torques arising from the motion of the thigh, F,, is the vector
of forces applied by two muscles (QM, QT), M,,(q) is the matrix describing the
moment arms of applied muscle forces, F; is the vector containing the forces applied by
four ligaments and two tendons, M,(q) is a matrix describing the moment arms of
the knee ligament and tendon forces, and T(q,q)is the vector of external torques
applied at the joints.

Equations (4) and (5) define a system of 12 nonlinear differential and
algebraic equations in 12 unknowns.

We model an inhomogeneity in the cartilage as an elastic inhomogeneity
inside a homogeneous elastic medium. The cartilage stiffness is modeled by A, C,
M,,, M; and T except with a small area around a point F, characterized by
A+0A.

The unknowns ¢;, i=12,..,12, are found by applying the Linear
Equivalence Method [15, 16]. This method is used to solve nonlinear differential
equations with arbitrary Cauchy data

X SHi(x)
&t x=| 2|, fo=| 2™
de

%, £,(%)

X(t)) =Xy, tyelcCR,

where  f(x) = Z fix', and f,, are defined on a real interval I.

le

n
. .. . . \%
v =(V},Vy,...v,) is a multi-indices vector with # components, and z* = T1z /.
J=1

3. THE CASE OF AN INTACT CARTILAGE

The forces in the cartilage are evaluated from solutions of equations (4) and
(5) as

a; . 3a3, Crs .
F= b—k’s1n(bkl.+dkl-cki)qk+...+ i L’ ki Sin(3by; + Cx )G
k=l,..,12 “ki 16bkl.(1+akl.) kit Cri
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3¢y,
dy +

(sin(bki +5¢4;)S); — by cos(by; +dy; ) g ) +

+9sin by q; cos(by; —3¢;)qy (b —sin(by; — 3¢y +3dy )q; ) —

dki
di + g

5
N a; . |:dki + 3Ck,- ( Cri sin(3bk,~ _dkl.)qk +
by (1 +Cll%i) 12 i

4K in(hy, — e + 3y )y + oo J —c08(by; +3di ) g —
dy +cy
d,.+c.—3e. .
_wSlnz (bki —Cp Tt del. + 3eki )qk -
bki + 3ekl'

—— K "N cot(h, +c, —d, —ey: F oo , 6
R (D + i = dpi =€)k } (6)

where the parameters ay;,b,.... k=1,2,..,12, i=PAM, PAL, FPM, FPL, FCM,
FCL, TPM and TPL, depend on measured data in patella (PAM and PAL), femur
(patellar surfaces PAM and FPM and condyles FCM and FCL) and tibia (TPM and
TPL).

These coeficients are determined by using a genetic algorithm. The
experimental data is available in [11].

Figure 5 displays the forces in ligaments and tendons during flexion for an
healthy knee for which SA is zero.

The forces in ACL, PCL, MCL, LCL and PTL are represented with respect to
the flexion angle.

The peaks are touched in PTL and ACL on 54.25° and 68°, respectively. The
smallest forces appear in MCL. LCL reaches the maximum at 73.5°, and PCL at
82.5°. The translation degrees of freedom during flexion are presented in Fig.6.
Translations (except for ¢;) are increasing functions relative to the flexion angle.

The g, starts to decrease in the vicinity of 78.75° and seems to be a constant

in vecinity of 45°.
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Fig. 5 — Forces in ligaments and tendons Fig. 6 — Translation degrees
during flexion for an intact knee. of freedom for an intact knee.

The forces in ligaments and tendons during extension for an intact knee are
presented in Fig. 7. PTL and ACL have the highest peaks at 54.25° and 68°,
respectively. The lowest forces are found for MCL. The LCL reaches its maximum
value at 73.5°, while PCL at 82.5°.
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Fig. 7 — Forces in ligaments and tendons Fig. 8 — Rotation degrees
during extension for an intact knee. of freedom for an intact knee.

These values are symmetrically with respect to the results obtained for
flexion. Figure 8 presents the rotational degrees of freedom for an intact knee. The
rotations are increasing functions relative to the flexion angle. The other degrees of
freedom have growing and decreasing zones relative to the angle of flexion. The
forces in cartilages PAM, PAL, FPM, FPL, FCM, FCL, TPM and TPL during flexion
and extension for a normal knee are presented in Fig. 9 and Fig. 10, respectively.
These forces are calculated from (6).

We see that the stiffest of cartilage is located in the lateral condyle of the
femur FPL for both flexion and extension. The softest cartilage is found in the
medial plateau of the tibia TPM for both flexion and extension. The cartilage stiffness
was found to be higher in the FPM, PAM, PAL than in FCM, FCL, TPM. In the
patella, the medial face is stiffer than the lateral side. In the patellar groove of the
femur the lateral face is stiffer than the medial counterpart. In the femoral condyles, the
lateral side was stiffer than the medial, which was not found in the tibial plateau.
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Fig. 9 — Forces in the intact cartilages Fig. 10 — Forces in the intact cartilages
during flexion. during extension.

4. THE CASE OF A DAMAGED CARTILAGE

To describe a damaged cartilage in terms of SA, the vibration images of a
normal/damaged cartilage from patella (PAM and PAL), smoothed by cubic B-
splines, are analyzed. Two frequencies of vibration 30 Hz and 60 Hz were used in

the sonoelastic approach [17].

30 Hz

"
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Fig. 11 — Amplitude vibration images representative
for normal/ damaged cartilage from patella (PAM and PAL) [17].

Figurell displays on the right image the normal cartilage and in the left
image the damaged cartilage in patella (PAM and PAL). To characterize this
damaged cartilage, we tried different values for the diagonal matrix dA . The best
attempt has stopped to the diagonal values equal 0.05.
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As before, the forces in ACL, PCL, MCL, LCL and PTL are represented with
respect to the flexion angle. Fig.12 displays the forces in ligaments and tendons
during flexion for a damaged knee for which dA is not zero.
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Fig. 12 — Forces in ligaments and tendons Fig. 13 — Translation degrees of freedom
during flexion for a damaged knee. for a damaged knee.

The peaks in PTL and ACL are increased in values, and PTL displays a new
peak at 69.2°. The ACL has also a new peak at 24.1°.

Similar changes take place for the extension case. The change in variation of
degrees of freedom is dramatically. The evolution of four translation degrees of
freedom during flexion are presented in Fig. 13. The translations become oscilating
functions relative to the flexion angle.

The same dramatic changes take place for rest of degrees of freedom. In
intact cartilage, the echo duration is not different in the zones of measurements,
and the damaged cartilage, in contrast, the echo duration is different for zones of

measurements [17].

5. CONCLUSIONS

We want to compare our results with the results of other authors in
characterizing the elasticity of the human knee joint cartilage. Our study refers to
normal cartilage stiffness. The stiffness of the cartilage is evaluated by
measurements done one on the medial and lateral faces of the patella, the medial
and lateral faces on the patellar surface of the femur, and the medial and lateral
femoral condyles and tibial plateau. These measurements we use in this article are
available in [11]. So, we obtain that the cartilage stiffness was found to be higher in
the FPM, PAM, PAL than in FCM, FCL, TPM. In the patella, the medial face is
stiffer than the lateral side. In the patellar groove of the femur the lateral face is
stiffer than the medial counterpart. In the femoral condyles, the lateral side was
stiffer than the medial, which was not found in the tibial plateau.

In [17] and [18] was found that the stiffest cartilage is in femoral condyles,
and the patellar surface of femur is softer. Also, the above-mentioned article found
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that the softest cartilage is the tibial plateau. In [17], the lateral condyle was found
to be softer in the femur and the medial plateau in the tibia. The latter corresponds
with our results. In their studies, no stiffness measurements were made in the
patellar cartilage. In [19], the authors found that the stiffest cartilage was located in
the lateral femoral condyle and the softest cartilage was in the patellar groove of
the femur. This is consistent with our results. In [20] the authors show that the
cartilage stiffness is higher in the FPM, PAM, PAL than in other locations that
correspond to our results.

Received on January 17, 2017
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