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for early return to, and continuance of, athletic life in sportspersons with
severe meniscus injury. I: mechanical evaluation
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Abstract

The importance of knee meniscus function is now recognized, and the treatment of meniscus injury has been changing from
resection to repair. However, depending on the type of injury, meniscectomy sometimes cannot be avoided. The young athlete
might undergo meniscectomy in order to return to sports life as early as possible. However, in such a knee, it is important to
anticipate the future problem of degenerative change or osteoarthrosis. In consideration of the prognosis and circumstances in
such patients, we have developed an artificial meniscus using polyvinyl alcohol-hyd®g&iH) and performed mechanical
tests for compression and stress—relaxation. We found that the human meniscus has unique viscoelastic properties and a high
water content. PVA-H showed viscoelastic behaviour similar to that of human meniscus in mechanical tests. These results suggest
that an artificial meniscus using PVA-H with a high water content can compensate for meniscal function and might be clinically
applicable.
© 2002 Elsevier Science B.V. All rights reserved.
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1. Introduction cus function, such as allograft meniscal transplantation
[8,9], meniscal tissue regeneration using an artificial
Meniscectomy of the knee is most commonly per- biomaterial [10-12 and implant replacemer[ﬂ3,1zlﬂ..
formed for injuries resulting from traffic accidents or Each methqd has problem_s and _cgnnot be usgd clinically.
sports. Recent experimental studies on knee meniscus Most patients with meniscus Injury are active young

function have shown an important role for the meniscus sports players, for whom there is a strong incentive to

in relaxing and dispersing impact stress during loading :L’?'Zrlor;%'ttig? tll’rmgm?nbglzacg?\?i’nLih?hbélilfagloor;tﬁqr rgijt(i)\;i-
and in stabilizing the joint lubrication mechanisfh— gery y may P 9

3]. There have also been many clinical reports on ties. We may assume that the transplantation of regen-

articular degeneration in patients who have undergone(':‘rat(:"d meniscus induced from autograft by tissue

meniscectomy{4-1. Thus, the eatment method for SIRES, B ERCE T B £ O e e b
meniscus injury has changed from meniscectomy to :

repair. In particular, for peripheral meniscal tears where I'szed’ |nth§ome catses 'the pc?t'fnlt V\IIZI” ntc;]t be at;!e E[o
circulation is present, repair is the preferred surgical undergo this operation immediately. =or Ineése pauents,

option. Sometimes, however, depending on the type of&n effective ‘salvage’ treatment may be direct meniscus

meniscus injury, meniscectomy cannot be avoided. Forreplacement with :a biomaterial that does not cause

such cases, experimental and clinical studies have pro-Immune reactions, thus allowing the earliest possible

vided several approaches to the reconstruction of menis-"€turn to athletic life while preventing a delayed arthro-

sis. We have developed an artificial meniscus using
*Corresponding author. polyvinyl alcohol-hydrogel(PVA-H), which has been
E-mail address: m-bear@rf7.so-net.ne.jiM. Kobayash). studied in our laboratory as an artificial cartilage, and
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Fig. 1. The manufacturing process of PVA-H.

we have now performed some mechanical experiments
in relation to its clinical application.

2. Materials and methods
2.1. Materials

PVA-H, the material used for the artificial meniscus,
has been studied extensivefd5-19. Its excellent
biocompatibility [20] and mechanical properties have
been confirmed. In addition, adjusting the water content
in the gel production process can provide viscoelastic
characteristics similar to those of human soft tissues.

There have been many studies on the various mechan-

ical characteristics of human meniddi—3. Taking the
results of these studies into consideration, we selected
PVA-H with a degree of polymerization of 17 5@the
maximum that can be synthesized in our laboratdoy
improve abrasion resistance.

The PVA-H specimens were produced as follows.
PVA was completely dissolved with an organic solvent
(dimethyl sulphoxidg and water by heating and agita-
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cross-linking of PVA molecules to occur. The obtained
gel was immersed in alcohol for more than 24 h for
substitution of the inorganic substrate. It was then
vacuum-dried, heated to 100-14C for 48 h for
annealing, and left in water to adjust the water content
by swelling again. These processes are shown in Fig. 1.
The various PVA-H thus obtaine@vater content: 20,
45, 60 and 90%; degree of polymerization, 17 b@re
in the form of cylindrical rods, which were cut up as
samples for mechanical tests and stored in physiological
saline.

2.2. Methods

Tests were performed to evaluate the mechanical
characteristics of PVA-H with different water content as
a potential material for artificial meniscus implants. In
order to compare the PVA-H with human meniscus,
specimens were also prepared from menisci that had
been surgically resected from patientaged 35-60
year9 who had been injured in road traffic accidents.

Compression and stress—relaxation tests were per-
formed by electrohydraulic autograph$-100 Shimadzu
Corporation, Japan Because PVA-H tends to dry out,
the measurements were made in physiological saline.
Human menisci were also measured in the saline medi-
um as shown in Fig. 2.

For mechanical tests, cubic samplgs<5x5 mm?)
were cut from the PVA-H rods. Five to 10 samples were
prepared under the same conditions. Samples from the
human menisci were also cut into cub€éS5x5x5
mm?). Human meniscus has an anisotropic arrangement
of fibres, which can cause errors in measurement.

Load cell and actuator

W

Steel

Compression
Jig

N Saline
N\

-

Fig. 2. Diagram of the apparatus for mechanical testing in saline. In

3 . = 0 X
tion unde_r a nltro-gen.alr.current, and a 20 wt.% solution this test, the steel holder-transmitted load cell of the autography
was obtained. This solution was left at a |0W_ temperature machine moved at 5 mfmin and the stress and strain values of PVA-
(4 °C) for more than 12 h for the crystallization and H and meniscus specimens were measured.
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Therefore, test samples were collected from as many
sites and directions as possible, and the number of

samples was increased to 10-15 for each measurement,)

condition.

2.2.1. Compression test

Compression tests were performed in water at a
crosshead speed of 5 mimin. Stress—strain curves
were recorded from the PVA-H samples and human

meniscus samples by autography and their viscoelastic

behaviour was observed. For the modulus of elasticity,

the tangent in the early-phase strain on stress—strain

curves was measured. However, for yield stress, since
PVA-H has high viscosity and does not fracture, a

definite yield point as is observed in metals cannot be
determined. Therefore, with a gradually increasing load
on the sample, a compression test consisting of loading
and unloading was repeatedly performed. As shown in
Fig. 3a, the load at which PVA-H deformation remained,

even without loading after releasing, was defined as the
yield point.

2.2.2. Stress—relaxation test

To compare viscosity between the PVA-H and human
meniscus samples, pressuUi@8 MPa was applied to
the samples in water to induce a particular strain. The

time-related decreasing stress was recorded by autogra-

phy and the stress—relaxation curves obtained.
3. Results
3.1. Compression test

Fig. 3b and ¢ shows typical stress—strain curves and
yield stress values for the PVA-H and human menisci.
The stress—strain curves of the PVA-H showed more
definite elastic deformation in samples with a higher
water content. However, with increasing water content,
viscosity increased and the modulus of elasticity
decreased. The samples of human menisci had a modu
lus of elasticity even lower than that of the PVA-H
containing 90% water, and the most marked viscous
behaviour. Yield stress was higher in materials with a
lower water content.

3.2. Stress—relaxation test

Fig. 4 shows the results of stress—relaxation tests.
PVA-H with a high water content tended to show more
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Fig. 3. (2) Measurement of yield point in stress—strain curves of this
compression testh) Typical stress—strain curves of PVA-H samples
and natural meniscus specime@m®mpression test (c) Comparison

of the yield stress of PVA-H and meniscus specimens.

4. Discussion

marked stress—relaxation. The human menisci showed

the most acute stress—relaxation.

In both compression and stress—relaxation test, PVA-
H samples with a water content of 90% showed visco-
elastic behaviour similar to that of the human meniscal
samples.

Since the first experimental study on the degeneration
of the cartilage surface after meniscectomy by Fairbank
[4], clinical studies have been performed by researchers
such as Tappdi7], Lanzer[5], and recently, McNicholas
[6]. Degenerative changes in cartilage after meniscec-
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does not provide marked resistance to pressure on the
articular cartilage under loading. In clinical practice, we
1.0 Jrreermeereenecaneim ettt e e aeeas often encounter patients who are asymptomatic despite
having an abnormally shaped discoid meniscus; this
may be because, owing to the unique viscoelastic char-
acteristic of the meniscus, the surface of their articular
cartilage is not markedly stimulated. Conversely, if this
viscoelastic characteristic were poor, the risk of damage
to the articular cartilage would be high, even if shock
; absorption of impact and contact load were possible in
{ Water Content 45% PVA-H the knee joint as a whole.

Our results indicate that a PVA-H with a high water
content is a promising material for an artificial implant

Stress (MPa)

0.8

Water Content 25% PVA-H
0.5 PN -\ rmrmme e vt

Water Content 60% PVA-H

: ,———w;m Content 90% PVA-H that recovers meniscus function and prevents regressive
; Yenisen : > Time changes in the articular cartilage. With increasing water
° ! 2 3 4 3 (min) content, the viscoelastic behaviour of PVA-H became

more marked. However, the human meniscus had a
Fig. 4. Comparison of the stress—relaxation curves of PVA-H and higher viscosity than any of the PVA-H, which suggests
meniscus specimens. that PVA-H for an artificial meniscus may need an even
higher water content.
tomy have been considered unavoidable, though the Regarding clinical applications, some problems still
degree of change may vary. remain. The first is durability, which could be evaluated
Although there have been only a few studies on the by fatigue and creep tests that were not performed in
mechanism of osteoarthritis after meniscectomy, bio- this study. Since no fracture of PVA-H occurred in any
mechanical studies have suggested that the loss ofof the cases reported by Oka et [@4—26, this material
mechanical meniscus functiofisuch as loss of the appears also to have adequate mechanical strength.
stabilization of joint movements that compensate for However, considering that artificial menisci are semi-
morphological incongruities between the femur and permanent implants, we intend to increase the degree of
tibia, of the dispersal of the stress applied to cartilage polymerization to improve anti-fatigability. Secondly, the
during joint loading, and of the cushion-like role of the biocompatibility of PVA-H should also be evaluated;
meniscus against impact load in the knee jpimtight these issues have been examined in animal experiments.
mechanically stimulate the surface of the articular car- Though further studies are needed, the results of our
tilage in an abnormal fashion, resulting in osteoarthritic mechanical experiments confirm the applicability of
change. A study in the field of molecular biology has PVA-H with a high water content as an artificial
also indicated that stimulation by physical factors trig- meniscus.
gers the interactivation cascade for matrix metallopro-
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