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Abstract The purpose of the present
study was to determine the effect of
biological in-growth and pre-ten-
sioning on the load transmission
function of meniscal transplants.
The ability of meniscal transplants
to transfer load to the tibial plateau
was measured in an animal model.
Thirty-six sheep were divided into
six groups: group A was the sham
group, in group B a medial menisc-
ectomy was performed, and in
groups C–F a medial meniscal
transplantation with an autograft
was carried out. In groups C–F,
different levels of pre-tensioning
force were applied via bone tunnel
sutures (C=0, D=20, E=40, and
F=60 N, respectively). The animals
were killed after 6 months. The
excised knees were mounted in a
materials testing machine at 30, 60,
and 90� of flexion, and loaded
through the femoral axis to 500 N.
A thin film pressure measuring
transducer (K-scan, Tekscan�) was
positioned underneath the meniscus
in the medial compartment in order
to determine contact area and pres-
sure. The mean contact pressure
(MCP) of the sham group (A) and
the groups with the transplanted
meniscus (C–F) was significantly

lower in relation to the meniscec-
tomized knees (B). Significant
increases in contact area and reduc-
tions in peak contact pressure were
also observed. Only the meniscal
transplantation group with 40 N (E)
pre-tension consistently showed a
significant or strong trend toward
increased contact area, compared to
the meniscectomized knees (B) at all
flexion angles tested. All meniscal
transplanted groups with the excep-
tion of the 0 N group (C) showed a
significant reduction in peak contact
pressure in comparison to the me-
niscectomized group (B). The results
indicate that meniscal transplanta-
tion reduces the MCP on the tibial
plateau independent of the level of
intraoperative pre-tensioning.
Furthermore, the menisci pre-ten-
sioned to 40 N showed significantly
increased contact area and reduced
peak contact pressure in comparison
to the meniscectomized knees at all
flexion angles tested, and revealed
results similar to those reported in
the literature for meniscal allografts
fixated with bone plugs.
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Introduction

The menisci play an important role in the complex bio-
mechanics of the knee joint. Loss of meniscal cartilage
leads to degenerative arthritis [4, 21, 32, 33, 61]. To avoid
degenerative changes due to loss of meniscal tissue, it is
important to save the meniscus whenever possible.
Meniscus repair has become a standard procedure. With
the help of modern techniques the healing of the meniscus
can be enhanced even in less vascularized areas of the
meniscus, and the indications formeniscus repair could be
extended [7, 20, 29, 35, 44, 45, 47, 49]. Partial resection of
an injured meniscus should be as tissue-sparing as possi-
ble; nonetheless, not all damaged menisci can be treated
by partial resection or by repair. The concept of meniscal
replacement has thus been suggested, and the practice has
become more common in recent years [42].

Different types of meniscus substitutes such as allo-
grafts, autografts (tendons, perichondral tissue), and
biodegradable scaffolds [6, 17, 18, 25, 26, 36, 51, 56, 58,
59, 64, 67] have been experimentally and clinically used
as meniscal replacement materials, and fresh frozen
allografts as well as the cryopreserved allografts seem to
provide the best prior conditions to prevent degenerative
arthritis [48, 52].

Another factor affecting the ability of a meniscal
transplant to restore normal contact mechanics at the
time of implantation is the method of fixation to the
surrounding tissues [2, 3, 19, 28, 46], and the problem of
meniscal fixation is a frequently discussed subject in the
field of meniscus transplantation [41]. Biomechanical
investigations have shown that meniscal transplants
require firm bony fixation in order to function well in
load transmission, and that meniscal transplants fixed
only with sutures were inferior with results similar to
meniscectomized knees [2, 3, 19, 28, 46]. As a conse-
quence of these studies, fixation with bone plugs has
been favored by these investigators. Nonetheless, several
important aspects were not considered in these studies:
first, all experiments were done on cadaver knees—so
that the influence of the biological in-growth could not
be investigated; second, no information was provided
regarding pre-tensioning of the meniscal transplant; and
third, clinical studies using soft tissue fixation have re-
ported better results than would be expected based on
the results of biomechanical investigations alone [6, 63].
Furthermore, it is known that the natural meniscus
needs a certain amount of movement to allow the
equalization of the joint congruency between extension
and flexion [62]. To our knowledge, no previous study
has investigated the influence of pre-tensioning of men-
iscal transplants in an in vivo model, which have been
allowed to bear weight for 6 months.

The purpose of the study was thus to investigate the
effect of pre-tensioning and biological in-growth of

meniscal transplants on the ability of the implant
to transfer load to the tibial plateau in an animal
experiment.

Materials and methods

Experimental design

Thirty-six sheep (Ovies aries) with an average mass of
68 kg (range 41–106 kg) were used in this animal study.
The study was approved by the local animal use ethics
committee according to federal German guidelines. The
animals were between 2 and 4 years old at the time of
surgery. The animals were randomly divided into six
groups: group A was the sham group in which only the
surgical approach to the knee jointwith detachment of the
medial collateral ligament was performed; in group B, a
medial meniscectomy was performed; in groups C–F, a
medial meniscal transplantation with an autograft was
carried out. In groups C–F, different levels of pre-ten-
sioning were applied to the meniscal transplant via bone
tunnel sutures (C=0, D=20, E=40, and F=60 N,
respectively). The animals were killed after 6 months,
using an overdose of pentobarbital (150 mg/kg body
weight). The right hind leg was disarticulated at the hip,
the stability of the knee was evaluated by manual testing,
and radiographs were taken. Afterwards, the legs were
frozen at )20�C for later biomechanical analysis.

Surgical technique

The surgical procedure was performed under general
anesthesia (Propofol 1.5–2.5 mg/kg intravenously and
isoflurane/oxygen). The right hind leg was cleaned and
draped in sterile fields in a sterile operating theater.
Antibiotic prophylaxis with a penicillin–streptomycin
combination (5–7.5 ml) was administered.

A medial parapatellar incision was used for arthro-
tomy. The patella was gently displaced laterally and the
medial collateral ligament was explored. The medial
collateral ligament was detached from its femoral inser-
tion by means of a 1-cm2 bone block allowing full access
to the medial compartment of the knee and the meniscus.
In group A (sham group), the medial collateral ligament
was reattached and the bone block was fixed using a
washer and a 6.5-mm cancellous AO-screw (Synthes�,
Switzerland) of 25 mm length. The joint capsule, reti-
naculum, and subcutaneous tissue were closed with
absorbable sutures (Vicryl� 0 and 2, Ethicon, Norder-
stedt, Germany) and the skin with single stitches of non-
resorbable suture (Ethilon� 2-0, Ethicon, Norderstedt,
Germany). This same surgical approach was used in all
animal groups investigated.

426



In addition, in the meniscectomy group, the meniscus
was detached from its insertion ligament at the anterior
and posterior horns and from the joint capsule with a
scalpel. Before removing the meniscus, the exact inser-
tion positions of the meniscus were marked with a sterile
pen.

In the groups treated with autologous meniscal
transplantation (groups C–F), the entire medial menis-
cus was removed and both ends of the meniscus were
tagged with non-absorbable threads (Ethibond� 2,
Ethicon, Norderstedt, Germany). The surgical approach
was then distally extended to a length of about 5 cm and
the proximal origin of the musculus tibialis cranialis was
laterally separated from the proximal tibia. Two-milli-
meter diameter bone tunnels were drilled from the lat-
eral surface of the tibia to the anterior and posterior
insertions of the meniscal attachments with the help of
an ACL drilling guide (Acufex�, Smith & Nephew,
Andover, USA). The exact locations of the meniscus
insertions were marked as described in the previous
paragraph. The tag sutures were passed through the
bone tunnels and the meniscus was pulled into the
medial joint space. After passing the tag sutures through
the tunnels, they were knotted tightly together and at-
tached to a two-hole washer specially designed for this
study. This washer had one hole for the suture and one
hole for a 4.5-mm cortical AO-screw (Synthes�, Swit-
zerland) to fix it to the proximal tibia (Fig. 1). Pre-ten-
sion was applied to the anchoring sutures by means of a
tensiometer (Tension Isometer�, MEDmetric Corp.,
San Diego, CA, USA) according to the study protocol
(groups C=0, D=20, E=40, and F=60 N) (Figs. 2, 3).
The position of the drill hole for fixation of the washer
was more distal or more proximal on the tibia depending
on the amount of applied load. The meniscus was su-
tured to the capsule with six absorbable sutures (Vicryl�

2, Ethicon, Norderstedt, Germany). Finally, the medial
collateral ligament was reattached and wound closure
followed as described earlier.

The animals were allowed immediate free movement
and weight bearing post-operatively and were not re-
stricted in any way. The animals were kept in cages with
four animals per cage for the first 2 weeks after which
the skin sutures were removed and the animals were
allowed to roam freely in a herd with sufficient space for
running. Wound healing and gait were examined daily,

Fig. 1 Washer plate was specially designed for this study. The tag
sutures of the meniscal transplant were knotted through the smaller
hole. The bigger hole was used for fixation with a 4.5-mm AO
cortical screw after tensioning the tag sutures. The spikes were
pushed into the tibial periosteum to ensure proper plate fixation

Fig. 2 Schematic diagram demonstrating the intraoperative tech-
nique used for applying tension on the tag sutures of the meniscal
transplant

Fig. 3 Intraoperative situation. Pre-tension is applied with the
tensiometer on the tag sutures of the meniscal transplant
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and prophylactic antibiotics (5–7.5 ml penicillin–strep-
tomycin combination) were given for 2 days post-oper-
atively. All animal care was undertaken in accordance
with the guidelines of the animal laboratory and under
supervision of a veterinarian team.

Evaluation of the specimen

The specimens were thawed gradually at room temper-
ature. The patella and all muscle were removed with
careful attention to ensure that the collateral and cru-
ciate ligaments were left intact. The femur was tran-
sected 10 cm and the tibia 15 cm below the joint line
potted in aluminum cylinders with a cold-curing meth-
ylmethacrylate resin (Technovit 4004, Heraeus Kulzer
GmbH, Wehrheim, Germany). A uniaxial materials
testing machine (Zwick GmbH Co., Ulm, Germany) was
used to apply compressive loads on the knees. A hinge
joint on the femoral side of the mounting fixture allowed
reproducible selection of various flexion angles (Fig. 4),
of which 30, 60, and 90� were investigated. The tibial
cylinder rested on a linear motion x–y table allowing
translation motion in the plane perpendicular to the axis
of loading. After mechanical alignment of the knee,
using a functional axis approach, the tibia was firmly
fixed in position and loading applied (Fig. 4). The
specimens were kept moist throughout the test with
isotonic NaCl solution.

Contact pressure and area were measured with an
electronic resistive pressure-measuring sensor (K-scan
#4000, Tekscan, Boston, MA, USA). The sensor used
has a size of 28·33 mm2 and thickness of 0.1 mm. One
sensor contains 26 rows and 22 columns of sensor ele-
ments providing 572 sensing locations referred as

‘‘sensels’’. The K-scan sensors were pre-conditioned and
calibrated according to the manufacturer’s guidelines.
To protect the film during repeated measurements, a
thin Teflon film of 0.1 mm thickness was applied [60].
The sensors were trimmed according to the widths of the
slits to allow insertion and further encased in a thin
layer of self-adhesive cellophane film to prevent mois-
ture from entering. For inserting the film beneath the
meniscus, slits were made through the capsular attach-
ments of the medial meniscus anteriorly and posteriorly
from the meniscal horns to the medial collateral liga-
ment [16]. This technique of inserting the sensors be-
neath the meniscus was previously described by Baratz
et al. [10] as minimally disruptive of the joint capsule
and supporting ligaments and was reported to produce
no measurable change in the loading characteristics of
the knee [40]. By using this insertion technique, the
medial tibial plateau was completely covered by the
pressure-sensitive film. This allowed the calculation of
the contact area by summing up the areas of the sensels
(sensor elements) recording contact under a given
loading condition.

To ensure reproducible loading during testing, the
specimens were first subjected to five cycles of 500 N
pre-conditioning loading before joint pressure was
measured. For the testing itself, a constant load of
500 N was applied for 10 s. The contact area, peak
contact, and mean contact pressure (MCP) on the tibial
plateau were recorded at 30, 60, and 90� of knee flexion.
Statistical analysis was performed using the Mann–
Whitney test for non-parametric unpaired groups at a
significance level of P £ 0.05.

The biomechanical testing was one of several tests to
which the knees were subjected. The other tests included
gross inspection and histological evaluation of the
cartilage.

Fig. 4 Biomechanical evalua-
tion with a materials testing
machine. A compressive of
500 N was applied to the knee
joint, and pressure and contact
area were recorded with the
Tekscan system
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Results

There were no intra- or early post-operative complica-
tions. It was possible to biomechanically evaluate five of
the six operated knees in each group. Reasons for
exclusions were as follows: intra-articular infection
which had completely destroyed the articular cartilage in
three specimens; instability problems caused by an
incompletely healed medial collateral ligament in two
cases; and one patella dislocation which also caused
degenerative changes.

Mean contact pressure

The MCP of the sham group (A) and the groups with
the transplanted medial meniscus (C–F) was signifi-
cantly lower in comparison to the meniscectomized
knees (B), independent of the applied pre-tension on the
meniscal transplant and the position of the knee
(Table 1, Fig. 5). Significant differences between the
single transplantation groups and/or the sham group
were not observed.

Contact area

In the intact knee (A), mean total contact area of
the medial compartment was 260.9, 254.1, and
241.3 mm2 at 30, 60, and 90� of knee flexion, respec-
tively (Table 2). After total meniscectomy (B) the con-
tact area significantly decreased by 53.2% at 30�, 56.9%
at 60�, and 53.5% at 90�. Contact area was observed to
be lower in all meniscal transplantation groups (C–F)

with values relative to the sham control ranging from
14.2 to 29.9% at 30�, 18.5 to 31.8% at 60�, and 18.2 to
32.5% at 90� flexion. Thus, with the exception of the
40 N (30�; 60�) and the 0 N (60�) pre-tension groups, all
groups demonstrated a significant (or tended to) de-
crease in comparison to the sham control group.

The differences in comparison to the meniscectomy
group, as the worst possible case, were dependent on the
degree of knee flexion. Thus, at 30� of flexion almost all
groups (C–F) showed a significant increase of the con-
tact area in comparison to the meniscectomy group (B).
For the transplanted groups with 20 N (D) and 60 N (F)
pre-tension, a strong trend for an increase was found
(Figs. 6, 7). At greater flexion angles, only the meniscal
transplantation group with the 40 N constantly showed
a significant increase of the contact area (P=0.028 at
90�) and/or a very strong trend (P=0.076 at 60�) in
relation to the meniscectomized knees. While no signif-
icant increase in contact area was observed in the 0 N
intraoperative pre-tension (C) group at 60 and 90� of
flexion, strong tendencies (P<0.1) toward increased
contact areas were observed in the 20 and 60 N pre-
tension groups at 90� of flexion.

Peak contact pressure

Peak contact pressure in the intact knees (A) (Table 3,
Fig. 8) was 2.71, 2.74, and 3.32 MPa at 30, 60, and 90�
of knee flexion. In the meniscectomized knees, an
average increase of contact pressure of 260.4% was
observed. All meniscal transplanted groups with the
exception of the 0 N pre-tension group (C) showed
persistently in all flexion positions a significant reduction

Table 1 Raw data from each specimen in the different groups for the mean contact pressure (MPa)

Mean contact pressure (MPa) Specimen ME 0 N 20 N 40 N 60 N Sham

30� 1 2.46 0.72 0.89 0.37 0.75 1.17
2 2.93 1.39 0.90 0.86 1.14 0.92
3 1.77 0.56 1.23 1.09 0.90 1.49
4 2.82 1.04 0.93 1.05 0.74 1.23
5 2.67 1.01 1.26 0.82 1.13 0.50
Mean value 2.53 0.94 1.04 0.84 0.93 1.06
SD 0.46 0.32 0.19 0.28 0.20 0.38

60� 1 2.38 0.75 1.47 0.76 1.13 1.16
2 2.85 1.39 1.30 0.96 1.25 1.04
3 1.69 0.88 1.26 1.25 0.96 1.32
4 3.13 0.75 0.99 1.54 1.28 1.19
5 2.73 1.39 1.24 0.65 1.03 0.66
Mean value 2.56 1.03 1.25 1.03 1.13 1.07
SD 0.55 0.33 0.17 0.37 0.14 0.25

90� 1 2.48 0.68 1.66 1.42 1.06 1.19
2 2.94 1.46 1.06 0.88 1.27 1.38
3 2.09 1.04 0.99 1.36 0.94 1.16
4 3.27 0.82 1.00 1.46 1.44 1.24
5 2.80 2.11 1.23 0.79 0.99 0.70
Mean value 2.71 1.22 1.19 1.18 1.14 1.13
SD 0.45 0.58 0.28 0.32 0.21 0.26
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in comparison with the meniscectomized group (B), and
none of the transplanted groups showed significant in-
creases in relation to the sham group (A).

Discussion

The purpose of the study was to investigate the effect of
biological in-growth and implant pre-tensioning on the
load transmission function of meniscal transplants. The
ability of meniscal transplants implanted with suture
fixation and without bone plugs to distribute load on the
tibial plateau was measured in a sheep animal model. By
using an autograft instead of an allograft, the effects of
fixation were isolated from other confounding factors

such as immunological reactions, differences in meniscus
size, shape, and mechanical properties between donor
and original menisci. Variability in positioning was
minimized by marking the original insertion points be-
fore the meniscus was resected and drilling the bone
tunnels at the anterior and posterior horns at these
points. Flexion angles of 30, 60, and 90� were tested. The
0� position was not tested because the 30� flexion posi-
tion was the maximal extension that could be achieved
with the sheep specimen.

Several issues were considered in the selection of a
compressive load for this study. Ideally, the applied
compressive load should have been between 1,800 and
2,000 N (2.5 times body weight) to approximate the load
across the knee during walking [2, 43]. In previous studies

Table 2 Raw data from each specimen in the different groups for contact area (mm2)

Contact area (mm2) Specimen ME 0 N 20 N 40 N 60 N Sham

30� 1 131.47 261.26 157.17 235.69 243.13 234.99
2 120.26 213.45 202.64 171.44 195.44 271.37
3 205.75 209.66 179.98 231.21 174.57 225.54
4 99.67 194.65 186.53 228.23 145.43 282.02
5 137.20 240.92 210.66 226.79 155.86 290.59
Mean value 138.87 223.99 187.39 218.67 182.89 260.90
SD 40.04 26.71 20.87 26.62 38.70 28.98

60� 1 133.02 236.06 161.11 224.93 225.40 263.93
2 122.83 210.27 163.86 140.02 166.23 236.18
3 228.74 112.32 162.87 219.81 184.61 233.48
4 110.06 274.98 168.66 133.31 173.77 254.66
5 128.05 201.30 209.59 282.67 179.76 282.00
Mean value 144.54 206.99 173.22 200.15 185.95 254.05
SD 47.84 60.15 20.52 63.03 23.10 20.13

90� 1 118.53 97.39 115.33 172.49 227.85 243.42
2 115.19 198.38 129.62 229.92 162.49 245.45
3 183.65 159.41 184.83 204.03 140.81 226.14
4 100.80 248.55 190.70 142.90 156.47 218.11
5 127.80 149.82 194.04 237.30 145.36 273.35
Mean value 129.20 170.71 162.90 197.33 166.59 241.29
SD 31.95 56.49 37.40 39.63 35.31 21.31

Fig. 5 Mean values (standard
deviations) of mean contact
pressure in the different posi-
tions of the knee joint. Specifi-
cally labelled (asterisk
significant with P £ 0.05) are
the comparison between the
meniscectomized knees as the
worst possible case, and the
meniscal transplantation
groups
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the authors found that the compressive load transmitted
from femur to tibia attained five to six times body weight
[39]. As early as 1891, Braune and Fischer demonstrated
that the femorotibial contact area is much larger in a
loaded than in an unloaded knee [13, 39]. In addition, a
recent biomechanical study in human cadaveric knees

demonstrated that the level of compressive load affects
conclusions from statistical analysis whether a lateral
meniscal autograft can restore normal tibial contact
pressure. The differences between 400 and 1,200 N were
significant [30].

In the majority of biomechanical studies dealing with
load distribution on the tibial plateau, human cadaveric
knees were used [1, 5, 8, 9, 11, 14, 15, 23, 31, 34, 37–40,
46, 53–55, 57, 65, 66]. But what about tetrapods? Only
two biomechanical studies on knee joint contact pres-

Fig. 7 Example of pressure
measurement with Tekscan
pressure sensitive film at 60� of
flexion and 500 N compressive
load. Pressure increases from
blue to red. The medial collat-
eral ligament is located on the
right-hand side of the figures
and on the left-hand side, the
cruciate ligaments are located

Fig. 6 Mean values (standard deviations) of contact area in 30�,
60�, and 90� of flexion. Marked is the comparison between the
meniscectomy group and the meniscal transplantation groups
(asterisk significant with P £ 0.05; t trend with P<0.1)
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sure utilizing an animal experiment with goats or sheep
were found [12, 16]. In the study of Bylski-Austrow et al.
[16], biomechanical testing of the knee was performed at
loads of twice the body weight (1,240±190 N). The
reason for this choice of compressive load was not dis-
cussed in detail; perhaps it was used to enable a com-
parison with the human knee joint. Bellenger and Pickles
[12] used compressive loads between 57 and 495 N in
their sheep model. Because of this and the smaller size of

the tibial head and the femoral condyles in comparison
to the human knee, we decided to use 500 N as a com-
pressive load for the present study.

We used the Tekscan system for pressure measure-
ment. A comparative study between the Tekscan and the
FUJI� system that was used inmost of the biomechanical
studies [2, 40, 46] reveals several advantages of the elec-
tronic sensor. The Tekscan system was suitable for dy-
namic measurement in the femorotibial joint, the
reproducibility of the data was significantly higher, and it
proved to be more reliable [27, 60, 68]. The capability for
dynamic measurement presents the advantage that the
sensors needed not be changed formeasuring the different
flexion positions of the knee joint as was done in the
present study. The risk of damaging the articular cartilage

Table 3 Raw data from each specimen in the different groups for peak contact pressure (MPa)

Peak contact pressure (MPa) Specimen ME 0 N 20 N 40 N 60 N Sham

30� 1 5.65 1.67 4.56 1.37 2.27 3.28
2 7.69 5.00 3.27 4.94 4.47 1.74
3 5.00 3.06 4.61 3.81 4.31 3.70
4 7.64 3.33 4.67 4.50 2.77 3.73
5 6.97 4.00 3.68 3.37 4.03 1.11
Mean value 6.59 3.41 4.16 3.60 3.57 2.71
SD 1.21 1.23 0.69 1.39 0.99 1.21

60� 1 5.97 1.86 5.21 1.77 3.06 2.71
2 8.23 6.31 6.44 3.64 3.50 2.94
3 6.34 3.92 4.40 2.99 3.38 2.99
4 10.56 2.24 2.76 5.11 3.49 3.05
5 6.75 6.81 2.77 2.69 2.25 2.02
Mean value 7.57 4.23 4.32 3.24 3.13 2.74
SD 1.88 2.27 1.59 1.24 0.53 0.42

90� 1 8.55 1.54 3.21 5.87 5.88 3.53
2 8.61 5.56 3.22 2.52 4.84 3.45
3 7.70 8.81 3.98 3.64 3.15 3.50
4 8.76 4.35 3.63 4.80 4.68 4.03
5 9.86 9.79 3.74 2.65 2.21 2.11
Mean value 8.69 6.01 3.58 3.90 4.15 3.32
SD 0.77 3.36 0.35 1.43 1.46 0.72

Fig. 8 Mean values (standard deviations) of peak contact pressure.
Labeled is the comparison between the meniscectomized group and
the meniscal transplantation groups (asterisk significant with
P £ 0.05; t trend with P<0.1)
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and otherwise damaging the specimen by repeatedly
inserting a pressure sensor film was thus reduced.

According to the literature, the decrease in contact area
from intact knee joints to meniscectomized knee joints
ranges from 30 to 80% [1, 2, 10, 14, 23, 34, 37–39, 46, 54,
65, 66]. The data of the present study fall within this range,
with reductions of 53.2, 56.9, and 53.5% in contact area of
the meniscectomized knee observed relative to the sham
control at 30, 60, and 90� of flexion, respectively. Com-
parisons of the magnitude of the contact area itself are
generally not possible since in most human cases human
cadaveric specimens were used.

After meniscal allograft transplantation with bone
plugs, a decrease of 17–23% in contact area was re-
ported in the study of Paletta et al. [46]. With
detachment of the anterior and posterior horns of the
meniscus, a decrease of 45–48% was observed. Com-
paring the results of Paletta et al. [46] with the present
study, we found a comparable reduction in contact
area in relation to the intact meniscus for the 40 N
meniscal transplantation group (E) (16.2–21.2%).
However, all meniscal transplantation groups (C–F),
independent of the level of pre-tension, showed better
results with regard to the contact area in comparison to
the meniscal allograft with the detached anterior and
posterior horns in that study [46]. These results support
the hypothesis that the biological in-growth improves
the biomechanical function of the meniscus. In the
study of Alhaki et al. [2], all three fixation methods
(meniscal transplants with bone plugs, meniscal trans-
plants with bone plugs and suture, and meniscal
transplants with sutures only) restored the mean con-
tact area to normal, but there was large variability in
the data. In a cadaver study, Chen et al. [19] demon-
strated that the total contact area of the meniscal
transplantation with bone bridge or with both horns
secured showed no significant difference to the intact
knee joint. However, investigations of contact area and
pressure should take the healing and in-growth process
into consideration. In the present study, the biome-
chanical analysis was performed 6 months post-opera-
tively. During this time, biological processes such as
remodeling, healing, and inflammation of the bone and
soft tissue takes place, which can alter the contact area
observed immediately post-operatively and may lead to
conclusions different from the purely in vitro cadaver
studies. Bylski-Austrow et al. [16] demonstrated this
effect in their biomechanical study by measuring the
knee joint contact pressure after chronic meniscectomy
relative to acutely meniscectomized joints in an animal
model at 4 and 8 months post-meniscectomy. It was
observed that the peak contact pressure is consistently
high in chronic meniscectomized knees, which suggests
that this parameter is important.

Previous studies of human cadaver knees found in-
creases in contact pressure ranging from 117 to 400% of

normal for the meniscectomized knee joint. These results
depended on the applied compressive load ranging from
310 to 2,500 N [1–3, 10, 19, 23, 37, 38, 46, 50, 54, 55].
Our results for the peak contact pressure with an aver-
age increase of 260.4% for the meniscectomized knee
compared to the intact knee fit well into this admittedly
very large range.

With regard to meniscal transplantation groups,
Paletta et al. [46] found a significant increase in peak
contact pressure of 36 and 80% for the allografts with
bone plugs in comparison to the intact knee joint. With
release of the anterior and posterior horns, there was a
further increase in peak contact pressure to 220–360% in
comparison to the intact joint. In the study of Chen et al.
[19], the meniscal transplanted knee with both horns
secured or bone bridge had 8–12% more peak contact
pressure in comparison to the intact joint. Peak contact
pressure in the meniscal transplanted groups with nei-
ther or only one horn secured was 39–53% more. Alhaki
et al. [2] also found significant increases in maximum
pressure with suture fixation alone. In the present study,
contact pressure increases ranging from 7 to 53% were
observed for the pre-tension groups (D–F, 20–60 N),
which is equal to or even better than the results observed
for bone plug fixation by Paletta et al. [46]. This further
supports the hypothesis that the biological in-growth
and pre-tensioning improve the biomechanical load-
transferring function of the meniscal transplant.

With regard to the different meniscal transplantation
groups (C–F), only the 40 N pre-tension meniscal
transplanted group consistently showed improvement
relative to the meniscectomized knees throughout all
flexion angles for contact area and the peak contact
pressure. We speculate that 40 N pre-tension is enough
to provide for load transmission function of the menis-
cus while still allowing the equalization of the congru-
ency between the femoral condyles and the tibial plateau
during extension and flexion. The fixation of a meniscal
transplant with a pre-tension of 0 and 20 N seems too
low and may lead the meniscus being extruded out of the
joint space at higher flexion angles. This effect could
possibly be compared with the medial placement of the
posterior horn in the study of Sekaran et al. [55]. The
medial mal-position of that study caused the meniscal
transplant to displace toward the periphery of the joint,
with the consequence that the meniscus became slack
circumferentially. Inasmuch as the circumferential ten-
sile modulus has been shown to be an important deter-
minant of meniscal load sharing [22], introducing
slackness circumferentially with mal-positioning or low
tension caused decreased load-sharing on the part of the
meniscus [55]. Gao et al. [24] supported this hypothesis
by demonstrating in rabbits that after transection and
refixation of the anterior attachment, the meniscus
healed in a prolonged position, which reached not more
than 20% of the failure load compared to the normal
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attachment at tensile testing. This is partly in accordance
with the study of Haut [28] who investigated the stiffness
of meniscal attachments and meniscal material proper-
ties affecting tibiofemoral contact pressure using a vali-
dated finite element model of the human knee joint. The
contact pressure was sensitive to the circumferential
modulus and horn stiffness, but once again the influence
of pre-tensioning and biological in-growth was not
considered. On the other hand, the results of the present
study suggest that pre-tensioning with 60 N appears to
be too high, and that the meniscal transplant may be so
firmly pulled against the tibia such that it can no longer
equalize the incongruence between the femoral condyle
and the tibial plateau. In this connection it should be
mentioned that it is not clear how long the intraopera-
tive tension applied on the sutures is maintained post-
operatively as healing progresses. Unfortunately, we
could not find any method to measure the relaxation
effect directly in the animals. Furthermore, no clear
conclusions about the state of the sutures at harvest
could be made; since suture was observed in a variety of
states at harvest (intact, partially ruptured, ruptured) we
could not draw any clear conclusion from this.

Conclusion

In summary, we conclude that biological in-growth
and the intraoperative pre-tensioning of meniscal
transplants has an influence on the biomechanical

load-transferring function of meniscal transplants. In
this animal model, and with the compressive load of
500 N, meniscal transplantation reduces the MCPs
independent of the level of pre-tensioning. Further-
more, contact area and peak contact pressure in the
40 N pre-tensioned meniscal transplantation group
showed significantly better results in comparison to
the meniscectomized knees over all flexion angles tes-
ted. Compared to the results reported in the literature,
the 40 N pre-tensioning group performed similarly to
meniscal allografts fixated with bone plugs. Nonethe-
less, the clinical implications of the results of this
experimental animal study should not be overesti-
mated. When interpreting the results of this study, it
should be remembered that the study was performed
with an autograft as an ideal meniscal transplant.
Several additional problems not present in our ideal-
ized graft model are associated with the allografts
contemporarily finding clinical use. While the results
of this animal study suggest that suture fixation with
pre-tensioning may improve clinical results in human
patients, further carefully designed studies will be
necessary to verify this hypothesis and prove whether
or not the technique can indeed prevent or reduce
degenerative changes in completely meniscectomized
knees.
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