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Abstract
Purpose To clarify the effect of longitudinal tears of the medial meniscus on the in situ meniscus force and the tibiofemoral 
relationship under axial load.
Methods Twenty-one intact porcine knees were mounted on a 6-degrees of freedom robotic system, and the force and three-
dimensional path of the knee joints were recorded during three cycles under a 250-N axial load at 30°, 60°, 90° and 120° 
of knee flexion. They were divided into three groups of seven knees with longitudinal tears in the middle to the posterior 
segment of the medial meniscus based on the tear site: rim, outer one-third and inner one-third of the meniscal body. After 
creating tears, the same tests were performed. Finally, all paths were reproduced after total medial meniscectomy, and the 
in situ force of the medial meniscus was calculated based on the principle of superposition.
Results With a longitudinal tear, the in situ force of the medial meniscus was significantly decreased at 60°, 90° and 120° 
of knee flexion, regardless of the tear site. The decrement was greater with a tear in the meniscal body than a tear in the 
rim. A longitudinal tear in the meniscal body caused a significantly greater tibial varus rotation than a tear in the rim at all 
flexion angles.
Conclusion Longitudinal tears significantly decreased the in situ force of the medial meniscus. Tears in the meniscal body 
caused a larger decrease of the in situ meniscus force and greater varus tibial rotation than tears in the rim.

Keywords Axial load · In situ force · Longitudinal tear · Medial meniscus · Porcine knee · Six-degrees of freedom robotic 
system · Tibiofemoral relationship

Abbreviations
3-D  Three-dimensional
UFS  Universal force/moment sensor

Introduction

The meniscus plays an important role in the knee joint such 
as load distribution and transmission, stabilisation, lubrica-
tion and shock absorption. Load distribution and transmis-
sion are important functions to protect the articular carti-
lage by increasing the contact area while decreasing contact 
pressure [1, 3, 18, 21]. Isolated meniscal tears are common 
among young athletes with high activity levels [26, 29]. 
Particularly, longitudinal tears (e.g., bucket-handle tears) of 
the medial meniscus have been frequently associated with 
articular cartilage lesions [19]. Biomechanical studies using 
human cadaveric knees have demonstrated that a longitudi-
nal tear of the medial meniscus affects the strain and stress 
distribution on the circumferential fibres [15, 17], decreases 
the contact area and increases the pressure on the cartilage 
[21]. Measurement of the in situ force of the meniscus is 
clinically meaningful since the in situ force directly cor-
relates with the meniscal function of load distribution and 
transmission under axial loads [25]. However, the effect of 
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longitudinal tears on the in situ force of the medial meniscus 
is still unclear.

Stabilisation of the knee joint is another important menis-
cal function. Yoon et al. showed that varus malalignment in 
the lower extremity was aggravated after arthroscopic medial 
meniscectomy [30]. In a biomechanical study using human 
menisci, Allaire et al. described that a complete radial tear 
at the posterior root of the medial meniscus led to tibial 
external rotation and increased varus alignment under an 
axial load [1]. Accordingly, a loss of meniscal function may 
result in abnormal tibial rotation and stress concentration in 
a smaller contact area and, possibly, initiate the development 
of osteoarthritis [13, 28]. However, no studies have simul-
taneously investigated the effect of longitudinal tears in the 
medial meniscus on the tibiofemoral relationship as well as 
the in situ force of the meniscus under a compression load.

Most human cadaveric knees are obtained from elderly 
individuals frequently exhibiting degenerative changes in 
their menisci or cartilages. Porcine models are commonly 
used as alternative materials for human models because of 
anatomical similarity [14, 16], and using young porcine 
knees reduces the influence of these qualitative variations.

This experimental study using a porcine model aimed to 
clarify the effect of a longitudinal tear on the in situ force 
of the medial meniscus as well as the tibiofemoral relation-
ship, depending on the tear site, using a porcine model. Our 
hypothesis was that the in situ force of the medial menis-
cus would be decreased and the varus rotation would be 
increased by the longitudinal tears in the medial menis-
cus, but the magnitude of these effects would be different, 
depending on the tear site. This is the first study to clarify 
the difference of the biomechanical effects due to the lon-
gitudinal tears depending on the tear sites, and the clinical 
relevance would be that when the longitudinal tears were 
repaired, postoperative rehabilitation programmes might be 
changed depending on the longitudinal tear sites.

Materials and methods

Twenty-one intact fresh frozen porcine knee joints were used 
in this study. The pigs were approximately 105 kg (range 
100–105 kg) in weight with a mean age of 24 weeks (range 
23–25 weeks). Specimens with any osteoarthritic changes or 
ligamentous injuries were excluded. The knees were frozen 
at − 30 °C and thawed at room temperature for 24 h before 
testing.

The tibia and femur were cut at a length of 150 mm 
from the joint line. The muscles, including the quadriceps 
muscle–patella–patellar tendon complex, were carefully 
removed from the joint, whereas the cruciate and collateral 
ligaments and capsule were left intact. The ends of the femur 
and tibia were potted in cylindrical moulds of acrylic resin 

(Ostron II; GC Corporation, Tokyo, Japan). The fibula was 
cut at a length of 50 mm from the proximal tibiofibular joint 
and fixed to the tibia to maintain its anatomical position 
using acrylic resin. To create longitudinal tears in the medial 
meniscus under a direct vision, a 40 × 40 × 5 mm osteotomy 
was performed at the femoral attachment area of the medial 
collateral ligament before testing, referring to the methodol-
ogy in previous studies [3, 18] (Fig. 1). During the tests, the 
osteotomy site was rigidly bicortically fixed with two cancel-
lous screws. A pilot study using four samples was conducted 
to evaluate the biomechanical effect of the osteotomy, and 
it was confirmed that the osteotomy did not result in a sig-
nificant change in the in situ force of the medial meniscus 
or tibiofemoral relationship (Table 1). Thus, the knee after 
rigid screw fixation of the osteotomy site was regarded as 
the intact knee in this study.

Equipment

The femoral and tibial cylinders of the porcine knees were 
fixed to the clamps of the manipulator of a robotic simula-
tor [5-8] (Fig. 2). The robotic simulator system consisted 
of a 6-degrees of freedom manipulator consisting of three 
translational/rotational actuators, servo-motor controllers, 
a 6-degrees of freedom universal force/moment sensor 
(UFS), and a control computer [5-10, 22, 23, 25]. The maxi-
mum clamp-to-clamp compliance with the knee extended 
was 321 N/mm in the medial–lateral direction, 424 N/mm 
in the anterior–posterior direction, and 814 N/mm in the 
proximal–distal direction [10]. The force sensor resolu-
tion was 0.01–0.02 N for forces and 0.001 N m for torques 
[10, 25]. The test–retest reliability of this robotic system 
was ± 0.006 mm in translation and ± 0.03° in rotation for 
reproducing the paths [10, 25]. Force control fluctuations 
were < 5 N in force and < 0.2 Nm in moment. According 
to previous studies [5-10, 22, 23, 25], the knee joint coordi-
nate system was defined with respect to the non-orthogonal 
mechanism proposed by Grood and Suntay [11]. Data acqui-
sition was performed at a rate of 17–20 Hz [9].

Test protocols

For preconditioning, the specimens were initially subjected 
to three cycles of passive extension-flexion between 20° and 
130° to exclude the influence of creep behaviour of the vis-
coelastic soft tissues. Then, the simulator applied an axial 
load from 0 to 250 N at a rate of 0.08 mm/s for three cycles 
at 30°, 60°, 90°, and 120° of knee flexion, simulating that 
a 100-kg pig stands on four legs. The three-dimensional 
(3-D) path of knee motion (P1) and the forces on the knee in 
the three directions (F1) during the three cycles of the axial 
loading tests were recorded via the UFS. After these initial 
tests, the fixation screws were removed and approximately 



3459Knee Surgery, Sports Traumatology, Arthroscopy (2020) 28:3457–3465 

1 3

30-mm longitudinal tears were created from the middle to 
the posterior segment of the medial meniscus under a direct 
vision. In this procedure, they were divided into three groups 
depending on the tear sites: (1) the rim, (2) the outer one-
third of the meniscal body, and (3) the inner one-third of the 
meniscal body (Fig. 3). The three groups consisted of seven 
knees respectively. Next, the osteotomy site was rigidly 
refixed with the screws and the same tests were performed. 
The 3-D path of the knee motion (P2) and the forces on the 
knee in the three directions (F2) were again recorded via 
the UFS. Then, the screws were removed again, the medial 
meniscus was totally removed, and the osteotomy site was 
rigidly refixed with the screws. The simulator reproduced all 

the identical paths previously obtained (P1 and P2) while the 
forces F1′ and F2′ were recorded. Based on the principle of 
superposition [6], the in situ force of the medial meniscus 
in the intact state (FMM intact) and that with the longitudinal 
tear (FMM tear) was calculated in all the three cycles of the 
axial load from 0 to 250 N (Fig. 4). Of all the obtained data, 
those under axial loads of 50, 150, and 250 N at the third 
cycle, respectively, were used for the analysis. Accordingly, 
the in situ force of the meniscus was defined as the resultant 
force that the meniscus carries in response to a load applied 
to the knee joint [2, 25]. Regarding the tibiofemoral rela-
tionship, the alternation of the tibial position and rotation 
as a result of the longitudinal meniscal tear was assessed by 
comparing the paths in the intact state (P1) with those in the 
injured state (P2). The paths were further compared between 
the three different meniscal tear sites during the third cycle 
under an axial load of 250 N. Before conducting the experi-
ments, the study protocol was meticulously reviewed by the 
ethical committee of Osaka University and it was determined 
that this experimental study did not require the approval of 
the institutional review board, since all the knee specimens 
were obtained from edible pigs. 

Statistical analysis

All statistical tests were performed using JMP software 
version 13.0.0 (SAS Institute Inc., Cary, NC, USA). For 
a power analysis with a power of 0.8 and an α of 0.05, it 
was determined that six knee specimens were required for 
comparison of a 16% difference with an SD of ± 8% of 

Fig. 1  Knee specimen. a A 
40 mm × 40 mm × 5 mm oste-
otomy at the femoral insertion 
of medial collateral ligament 
was performed to create 
longitudinal tears in the medial 
meniscus under direct vision 
without compromising the 
medial collateral ligament com-
plex. a′ Schema of a. b During 
the tests, the osteotomy site was 
rigidly bicortically fixed with 
two cancellous screws of 70 mm 
in length and 4 mm in diameter. 
To minimize the rotation and 
displacement of the osteotomy 
site in testing conditions, the 
edges of the osteotomy site and 
the original bone were carefully 
aligned during screw fixation. 
b′ Schema of b. MCL medial 
collateral ligament

Table 1  Effect of osteotomy on in situ force of medial meniscus and 
tibiofemoral relationship under a 250-N axial load at 60° of knee flex-
ion

‘Zero’ position and rotation of the tibia relative to the femur was 
defined at 20° of knee flexion while suppressing the other force/
moment on the knee joint at zero
n.s. not significant

Pre-osteotomy Post-osteotomy P value

In situ force of medial meniscus (mean ± SD)
66 ± 4 N 63 ± 9 N n.s.

Tibial position (mm) and rotation (°) relative to femur (mean ± SD)
 Medial 1.8 ± 1.2 2.0 ± 1.5 n.s.
 Varus 2.2 ± 3.9 2.4 ± 3.1 n.s.
 Anterior 5.5 ± 5.8 5.2 ± 6.1 n.s.
 Internal − 16.5 ± 2.2 − 16.2 ± 2.8 n.s.
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the decrement of the in situ force of the medial meniscus. 
Thus, the sample size of seven knee specimens in each of 
the three meniscal tear groups in this study was accept-
able. The paired t test was used to compare the in situ force 
of the medial meniscus between the intact state and the 
injured state with the longitudinal tear. In the compari-
son of the three meniscal tear sites, a two-factor repeated-
measures analysis of variance was used for the factors of 
flexion angles and longitudinal tear sites (rim, outer third 
and inner third). A post hoc test for multiple comparisons 
was performed using the Tukey honestly significant differ-
ence test. P < 0.05 was considered statistically significant.

Results

In situ force of medial meniscus

With a longitudinal tear, the in situ force of the medial 
meniscus was significantly decreased in comparison to the 
force in its intact state at 60°, 90°, and 120° of knee flex-
ion, regardless of the meniscal tear site (Table 2; Fig. 5). 
Regarding the effect of the tear site, the decrement of the 
in  situ force of the medial meniscus was significantly 
greater in the group with a tear in the outer one-third of 
the meniscal body than that in the group with a tear in the 

Fig. 2  Six-degrees of freedom 
robotic system. The femur was 
fixed to the lower mechanism, 
while the tibia was fixed to the 
upper mechanism via a univer-
sal force/moment sensor

Fig. 3  Schema of longitudinal tear sites in the middle to posterior 
segment of medial meniscus. (1) Rim, (2) outer third of meniscal 
body, (3) inner third of meniscal body. ACL anterior cruciate liga-
ment, PCL posterior cruciate ligament, MM medial meniscus, LM lat-
eral meniscus

Fig. 4  Flowchart of testing protocol and acquired data. MM medial 
meniscus
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Table 2  In situ force of medial meniscus under a 250-N axial load

n.s. not significant
*Significant difference between the in situ force of the intact meniscus and that with a longitudinal tear (P < 0.05)

Longitudinal tear site Knee flexion 
angle

In situ force of medial meniscus 
(mean ± SD)

Decrement (mean ± SD) P value

Intact Tear

Rim (N = 7) 30° 59.4 ± 20.9 N 56.9 ± 19.4 N 3.9% ± 10.5% n.s.
60° 79.4 ± 26.6 N 68.0 ± 22.3 N 14.3% ± 6.5% 0.008*
90° 95.5 ± 19.9 N 87.2 ± 19.5 N 9.1% ± 4.4% 0.001*
120° 110.1 ± 13.8 N 102.1 ± 14.2 N 7.3% ± 3.4% 0.001*

Outer third of meniscal body (N = 7) 30° 66.6 ± 23.6 N 45.6 ± 10.7 N 29.2% ± 8.8% 0.015*
60° 81.6 ± 25.6 N 60.1 ± 24.1 N 27.2% ± 8.2% < 0.001*
90° 99.8 ± 19.7 N 74.6 ± 12.0 N 24.4% ± 6.2% < 0.001*
120° 130.3 ± 30.3 N 105.7 ± 25.0 N 18.7% ± 5.9% 0.001*

Inner third of meniscal body (N = 7) 30° 68.0 ± 15.1 N 49.4 ± 12.6 N 27.5% ± 8.7% < 0.001*
60° 82.5 ± 13.3 N 62.9 ± 12.4 N 23.7% ± 9.1% 0.001*
90° 110.6 ± 32.1 N 89.4 ± 32.7 N 19.7% ± 9.1% 0.003*
120° 132.2 ± 27.8 N 111.8 ± 33.8 N 16.1% ± 11.8% 0.021*

Fig. 5  In situ force of medial meniscus. a 30° of knee flexion, b 60° of knee flexion, c 90° of knee flexion, d 120° of knee flexion. *P < 0.05 (sig-
nificant difference between the in situ force of the intact meniscus and that with a longitudinal tear)
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rim under all testing conditions except for in 30° of knee 
flexion under an axial load of 50 N (Fig. 6).

Tibiofemoral relationship

A longitudinal tear in the outer or inner third of the meniscal 
body caused a significantly greater tibial varus rotation than 
a tear in the rim at all flexion angles under a 250-N axial 
load (Table 3). The results were similar under 50 and 150-N 
axial loads as well.

Discussion

The principal findings of this study using a porcine model 
were that (1) a longitudinal tear decreased the in situ force 
of the medial meniscus and (2) a longitudinal tear in the 
meniscal body had a greater effect on the in situ force and 
tibial rotation than a tear in the rim.

The meniscus has important roles in the knee joint, 
such as lubrication, stabilisation and load distribution and 
transmission. When the meniscus is injured, other knee 
structures including the articular cartilage can be consecu-
tively affected. There were some studies investigating the 

biomechanical effect of a longitudinal tear of the medial 
meniscus in a human model [15, 17, 20, 21]. Muriuki et al. 
clarified the effect of a longitudinal tear of the medial menis-
cus on the articular cartilage using pressure film sensors, 
and demonstrated that a 15–20-mm longitudinal tear in the 
outer third of the posterior segment of the meniscus caused 
an increase of contact pressure and a decrease of the con-
tact area under an axial load of 1000 N [21]. Kedgley et al. 
assessed the stress distribution along the inner and outer 
surfaces of longitudinal tears using finite-element models 
and reported that the edge was pulled apart under a 1000-N 
axial load when a 14-mm unstable longitudinal tear was cre-
ated in the red–white zone [17]. However, no studies have 
directly assessed the effect of a longitudinal tear on menis-
cal function of load distribution and transmission. Using a 
porcine model, this study first showed that approximately 
30-mm longitudinal tears significantly decrease the in situ 
force of the medial meniscus in 60°, 90°, and 120° of knee 
flexion under compressive loads, regardless of the tear sites. 
Therefore, a longitudinal tear in the middle to the posterior 
segment of the meniscus significantly affects the meniscal 
function of load distribution and transmission.

According to previous studies using a human model, 
compressive loads create a gap on the meniscus with 

Fig. 6  Decrement of in  situ force of medial meniscus due to longitudinal tear. a 50-N axial load, b 150-N axial load, c 250-N axial load. 
*P < 0.05
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a longitudinal tear in the meniscal body [4, 17, 20]. 
McCullough et al. measured the gap at the site of a longi-
tudinal tear in the red–white zone of the middle to the pos-
terior segment of the medial meniscus under simulated gait 
conditions and demonstrated that the tear edges were mov-
ing independently in the vertical direction and were likely 
unstable during the toe-off phase [20]. In our study, the bio-
mechanical effects of the different sites of the longitudinal 
tears were initially compared using a porcine model, and it 
was demonstrated that tears in the meniscal body cause a 
greater decrease of the in situ force as well as greater tibial 
varus rotation than tears in the rim. Thus, the tear site might 
open under a compressive axial load and consequently cause 
a greater decrease of the meniscal function in the meniscal 
body compared with a tear in the rim. In contrast, the effects 
will be smaller in the case of a tear in the rim because the 
circumferential fibres in the meniscal body are not impaired. 
In summary, the clinical relevance of this study using a por-
cine model is that the meniscal function of load distribution 
and transmission is decreased with a longitudinal tear in 
the middle to posterior segment, especially when the tear 
involves the meniscal body. According to the present results, 
postoperative rehabilitation programmes after meniscal 
repair might be changed depending on the longitudinal tear 
sites. For the tear in the rim, weight-bearing exercise could 
be started earlier because the tear had a smaller effect on the 
in situ force. On the contrary, for the tear in the meniscal 
body, more protective rehabilitation programmes might be 
recommended since it would be expected that the load on 
the sutures is higher under axial loads.

There are some limitations in this study. First, it was dif-
ficult to simply transfer the conclusions to human knees, 
since the difference in meniscal stiffness might influence 

the in situ force of the meniscus in the intact state as well 
as in the injured states [24]. However, most of the human 
cadaveric knees are obtained from elderly individuals and 
frequently exhibit degenerative changes in their menisci 
or cartilages. Therefore, to reduce the influence of these 
qualitative variations, young porcine knees with anatomi-
cal similarity to human knees [14, 16] were used in this 
experimental study. Second, the magnitude of the axial load 
applied in this study might have been comparably small. 
An axial load of 250 N is equivalent to the load on the knee 
joint when standing on four legs. The biomechanical effect 
of a meniscal tear with higher axial loads simulating daily 
activities, such as squatting or running, will be further inves-
tigated in future studies. Third, the biomechanical effect of 
a longitudinal tear of 30 mm in length from the middle to 
the posterior segment of the medial meniscus was evalu-
ated. This tear length was expected to be adequate to yield 
clinically significant findings in this experimental study, 
as some clinical studies showed that the healing rate after 
meniscal repair was significantly lower for longitudinal tears 
with a length of more than 20–25 mm [12, 27]. However, it 
would be interesting to identify the threshold of tear length 
that significantly affects the meniscal load distribution and 
transmission.

Conclusion

In a porcine model, longitudinal tears significantly decrease 
the in situ force of the medial meniscus. Tears in the menis-
cal body cause a larger decrease of the in situ force and 
greater varus rotation than tears in the rim.

Table 3  Change of tibial 
position and rotation due to 
longitudinal tears in medial 
meniscus under a 250-N axial 
load

Plus values indicates that medial/anterior shift and varus/internal rotation of the tibia
*Significant difference between a tear in the rim and one in the outer third of the meniscal body (P < 0.05)
† Significant difference between a tear in the rim and one in the inner third of the meniscal body (P < 0.05)

Flexion angle Tear site Change of tibial position (mm) and rotation (°)

Medial Varus Anterior Internal

30° Rim − 0.1 ± 0.4 − 0.3 ± 0.3 0.4 ± 0.8 0.5 ± 0.8
Outer third 0.3 ± 0.4 0.4 ± 0.4* − 0.3 ± 0.7 − 0.6 ± 0.4
Inner third 0.1 ± 0.2 0.3 ± 0.2† − 0.8 ± 0.6† 0.8 ± 0.9

60° Rim − 0.2 ± 0.3 − 0.6 ± 0.5 0.5 ± 0.6 0.7 ± 0.4*
Outer third 0.2 ± 0.3 0.8 ± 0.6* − 0.2 ± 0.6 − 0.9 ± 0.8
Inner third 0.3 ± 0.3 0.6 ± 0.4† − 0.5 ± 0.5 − 0.2 ± 1.1

90° Rim − 0.1 ± 0.6 − 0.3 ± 0.8 0.3 ± 0.6 0.1 ± 0.9
Outer third 0.3 ± 0.3 0.8 ± 0.8* − 0.1 ± 0.6 − 0.5 ± 1.0
Inner third 0.2 ± 0.3 0.7 ± 0.8† − 0.1 ± 0.3 − 0.3 ± 1.0

120° Rim − 0.1 ± 0.5 − 0.1 ± 0.6 − 0.2 ± 0.4 0.2 ± 0.5
Outer third 0.2 ± 0.4 0.9 ± 0.4* 0.3 ± 0.3 0.1 ± 0.6
Inner third − 0.1 ± 0.4 0.6 ± 0.3† 0.1 ± 0.2 0.2 ± 0.8
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