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All the menisco-ligamentary structures of the medial
plane play a significant role in controlling anterior tibial
translation and tibial rotation of the knee. Cadaveric
study of 29 knees with the Dyneelax® laximeter
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(superficial and deep MCL), the posterior medial capsule (PMC) and the
posterior horn of the medial meniscus (PHMM). The lower limb was
positioned at 30° of flexion on the Dyneelax® laximeter (0.1 mm and 0.1°
accuracies) and underwent anterior loads up to 200N and internal and
external tibial rotations sectioned from front to back. and the knee was then
retested. The results were presented as relative gains in translation and
rotations for each structure. Student's t test and Wilcoxon tests were used.
Results: The relative gains in translation for the ACL, AMR, superficial
MCL, deep MCL, PMC and PHMM, respectively, were 42.9%, 6.7%, 7.4%,
6%, 7.5% and 11.6%. The relative gains in internal rotation for ACL, AMR,
superficial MCL, deep MCL, PMC and PHMM, respectively, were 13%,
6.9%, 4.6%, 3.9%, 13% and 8%. The relative gains in external rotation for
ACL, AMR, superficial MCL, deep MCL, PMC and medial meniscus,
respectively, were 8.9%, 6%, 9.7%, 13.8%,11.2% and 8.5%. All the relative
gains in translation, internal and external rotations were significant at each
step of transection (p <0.01).

Conclusions: The ligamentous structures of the medial plane constitute a
functional unit in which each component has a specific passive contribution.
This study highlights the importance of recognising the extent of the medial
ligament tears and performing a medial side anatomic and individual
reconstruction and a suture of a ramp lesion, in addition to an ACL surgery.
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INTRODUCTION

The anatomical analyses and roles of the different
components of the medial side of the knee have long
been known [10]. The medial structures consist of the
anteromedial retinaculum (AMR), the superficial and
deep medial collateral ligament (sMCL and dMCL), the
posterior medial capsule (PMC) and the medial
meniscus posterior horn (MMPH) [5]. The PMC
includes fibres that cross the joint posteromedially,
and the posterior oblique ligament (POL) may be
identified amongst them [13]. The functions of each of
these structures have been described over time [12,
19, 29]. The superficial MCL is the primary passive
restraint to the valgus and an important medial restraint
to external tibial rotation. The deep MCL is a restraint to
external tibial rotation (ER) and the POL is a main
restraint to internal tibial rotation (IR). Recent bio-
mechanical studies have confirmed and clarified these
data [8, 12, 17, 22, 33]. However, the data on the
individual contributions of all the soft-tissue structures
remain incomplete and variable in previous studies [9,
13, 16]. Medial structures lesions are frequently
associated with an anterior cruciate ligament (ACL)
rupture, in valgus and rotational injuries [13]. Medial
collateral ligament injuries were found in 67% of MRI
images performed for anterior cruciate ligament rupture
[34]. Unhealed or poorly healed medial collateral
ligament tears can lead to residual sagittal and
rotational laxity, pain and a risk of re-rupture of an
isolated ACL reconstruction [4, 29]. These lesions can
be detected by several clinical tests and a meticulous
reading of the MRI images. There is currently no
consensus on the optimal treatment of severe medial
structure lesions or associations with an ACL tear [4]. A
better knowledge of the respective functions of the
capsular and ligamentous structures of the medial
plane could help in their clinical detection and
management. To this end, we performed sequential
sections of each ligament and recorded anterior tibial
translation (ATT) and rotation (IR and ER) displace-
ments with the laximeter Dyneelax® (Genourob
Company).

The objective of this study was to determine the
respective passive function of the ACL, the different
components of the medial side and the MMPH in
controlling ATT, IR and ER. The present study intended
to identify the primary and secondary restraints in ATT
and internal-external rotation as previously defined
[30]. The clinical usefulness of the study was to
demonstrate which are the structures that are more
important to address in case of multiligament tear is to
be treated surgically. We hypothesised that a sequen-
tial cutting of the ACL, the medial ligaments, the
anteromedial retinaculum, and the posterior horn of the
medial meniscus would demonstrate that each struc-
ture provides significant passive restraint of ATT and

rotations and that there was a synergy between each
structure.

MATERIALS AND METHODS

Twenty-nine non-paired, fresh-frozen cadaver lower
limbs (17 female and 12 male) with a mean age of
81 years (range, 41-92 years) were tested in the
Anatomic Laboratory of the Medical School of Rennes.
Written consent from the donor for their use for
educational and research purposes was obtained for
each specimen. The lower limbs were collected by
disarticulation at the hip and kept frozen at —20°C
before the tests. All specimens were thawed at room
temperature (25°C) for 1 day before experimentation.
During testing, specimens were kept moist with water.
The knees were mobilised 10 times in flexion, exten-
sion and rotations to ensure that they were flexible and
able to flex to at least 130°. The knees were stable for
clinical testing in frontal and sagittal planes. Inclusion
criteria were stable and mobile knees, and exclusion
criteria were signs of ligamentous injuries, bone
abnormalities, severe osteoarthritis, or scars indicating
previous surgery. All the knees had an X-ray (coronal
and sagittal planes) before dissection. Six knees out of
35 initially selected were rejected by the surgeon who
performed the dissections. After testing, all specimens
were checked to ensure the integrity of the cartilage.

Dissection technique

An orthopaedic surgeon (H.R.), experienced in knee
surgery, performed all the dissections. A long medial
arciform incision exposed the medial side, taking care
to preserve the ligaments and joint capsule intact. The
skin and subcutaneous tissues were removed. The
medial aspect of the knee from the edge of the patellar
tendon to the head of the medial gastrocnemius muscle
was divided into three parts (Figure 1) [21]. The
identification and separation of the three parts were
done above the medial joint line. The identification
starts in the middle third as it represents the MCL. This
is divided into superficial (sSMCL) and deep layers
(dMCL). The anterior margin of this structure was
clearly defined by palpation of longitudinal fibres but
posteriorly the margins were less clear. At the posterior
margin of the middle section, the longitudinal fibres
blended with oblique fibres coming from the posterior
third. This third part is composed of three layers: the
facial layer (layer 1), the sMCL (layer 2) and the dMCL
and the capsule (layer 3) according to Warren and
Marshall's description [31]. The MCL is attached to the
femoral medial epicondyle [21]. The anterior third
named AMR is composed of fascia (layer 1) and
capsule (layer 3) without substantial ligament structure
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FIGURE 1 Medial view of a right knee. The identification starts in
the middle third as it represents the medial collateral ligament (MCL).
This is divided into superficial (SMCL) and deep layers (dMCL). The
anterior margin of this structure was clearly defined by palpation of
longitudinal fibres but posteriorly the margins were less clear. At the
posterior margin of the middle section, the longitudinal fibres blended
with oblique fibres coming from the posterior third. This third part is
composed of three layers: the facial layer (layer 1), the sMCL (layer
2) and the dMCL and the capsule (layer 3) according to Warren and
Marshall's description. The MCL is attached on and around the femoral
epicondyle. The anterior third named anteromedial retinaculum (AMR)
is composed of fascia (layer 1) and capsule (layer 3) without substantial
ligament structure linking the femur to the tibia. In the posterior third,
layers 2 and 3 were not separated and formed the posterior medial
capsule (PMC). The localised thicker band in the PMC is the posterior
oblique ligament (POL). ACL, anterior cruciate ligament.
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linking the femur to the tibia. In the third posterior,
layers 2 and 3 were not separated and formed the
PMC. The localised thicker band in the PMC is the POL
[13]. The synovial junction to the posterior segment of
the medial meniscus was identified over a length of 2 to
3cm. The whole ACL was dissected at the midportion
through an anteromedial vertical arthrotomy. No. 2
Vicryl sutures were tied around each tested structure:
ACL, AMR, sMCL, dMCL, PMC and the MMPH. All the
muscles and soft tissues were kept intact.

The laximeter Dyneelax®

We used a non-invasive and static translational and
rotational knee laximeter, the Dyneelax® (Figure 2).
The Dyneelax® is derived from the Rotam® and the
GNRB®, which have been validated and widely used in
biomechanical works and clinical practice for many
years [6, 18, 20, 23]. The precision (repeatability) of the
Dyneelax® was up to 0.1mm and up to 0.1° [6].
Dyneelax® allows anterior tibial translation (ATT) under
forces up to 200N and rotatory torque up to 5Nm,
separately from the translation. The lower limb was
placed on a thermoformed support at 30° of knee
flexion. The femoral head was secured horizontally by
a transverse rod (diameter 8 mm) to prevent any
rotation of the femur. The foot and ankle were attached
to a dual bootstrap, providing a stationary block under
the tibia. The initial knee position (position zero) was
defined by ‘the patella at the zenith’ and the foot-ankle
block was in a natural resting position of the leg

LU
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FIGURE 2 Dyneelax®. The Dyneelax allows anterior tibial translation under loads up to 250 N and tibial rotation (internal and external) up to
8 N'm separately. The lower limb was placed on a thermoformed support at 30° of flexion. The femoral head was secured horizontally by a

transverse rod. The foot and ankle were attached to a dual bootstrap, providing a stationary block under the tibia. Anterior tibial translation (ATT)
is produced by a linear jack and axial torque (internal tibial rotation [IR] and external tibial rotation [ER]) by a rotation engine. ATT were registered

by a translation sensor and rotations (ER and IR) by a gyroscope.
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(usually in slight external rotation) controlled by the
absence of constraint on the boot sensors. The initial
position of the lower limb obtained after complete
stabilisation was not further modified during all the
recording stages. The induced ATT (load up to 200 N)
and rotations torque (up to 5 N m) were measured from
this neutral position (femur fixed) and were recorded.
All specimens were subjected to the same loads
(200 N) and secondarily to the torques (5 N m).

Testing protocol

The intact knee was tested first, followed by
sequential complete transections from front to back
in the stated order: ACL (28), AMR (28), sMCL (20),
dMCL (20), PMC (29) and ultimately the MMPH (16)
while the knee remained mounted in the device, at
30° of flexion. The ACL was transected through a
5cm longitudinal anteromedial arthrotomy (not
sutured before the tests) and the medial structures
were cut transversely at the level of the superior rim
of the medial meniscus with the help of No. 2 Vicryl
sutures, doubled up and used in the same manner
as a Gigli saw. The MMPH tear at the meniscocap-
sular junction was made through a longitudinal
posteromedial arthrotomy. The vertical section of
the medial meniscus (mean length of the tear
measured 25 mm) simulated a ramp lesion [27]. To
account for any viscoelastic effects of the tissues, all
measurements were recorded five times and the
mean data were taken as the result in each test. The
results were registered as translation curves in
millimetres and torque curves (internal and external
rotational laxity) in degrees (absolute values) of the
tibia relative to the femur. We calculated the
increase in % (relative values) for each transected
ligament and meniscus relative to the section of all
studied structures.

Statistical analyses

A power calculation (G*Power) based on ER at 30° of
flexion determined that a minimum sample size of 26
knees would be needed to detect a significant change
in laxity of 1° between the intact and cut state with 80%
power and 95% confidence intervals [2, 32]. Statistical
analyses were performed using SAS software, version
9.4 (Windows). The results were expressed in absolute
values (AV in mm and in degrees) as the difference
between the first state (ACL sectioned) and the intact
knee, then between the second state (Anterior cruciate
ligament and anteromedial retinaculum sectioned) and
the first state and so on until sectioning of the ACL, the
entire medial plane and the MMPH [19, 21]. The results
were also expressed in relative values (RV in %) as the
% of increase after the cut of one structure relative to
the intact knee before the section. Q—q plot graphics
were used as a test of normality. Comparisons on
paired data were carried out using a paired Student's
t test if the data followed normal distributions, and
Wilcoxon Signed Rank Test if the data did not follow
normal distributions. Significance was set at p <0.05.

RESULTS

The gains in AV (ATT, IR and ER) were significant
(p<0.01) at each step of transection (Table 1). The
gains in RV in ATT (200 N) for the ACL, AMR, sMCL,
dMCL, PMC and MMPH, respectively, were 42.9%,
6.7%, 7.4%, 6%, 7.5% and 11.6% (Figure 3a). The
relative gains in IR (5N m) for ACL, AMR, sMCL,
dMCL, POMC and MMPH, respectively, were 13%,
6.9%, 4.6%, 3.9%, 13.1% and 8% (Figure 3b). The
relative gains in ER (5N m) for ACL, AMR, sMCL,
dMCL, PMC and MMPH, respectively, were 8.9%, 6%,
9.7%, 13.8%, 11.2% and 8.5% (Figure 3c). After
sectioning all the medial structures, ATT mean gain in

TABLE 1 Results for the anterior tibial translation (ATT), internal rotation (IR) and external rotation (ER) in absolute (mm) and relative
values (%).

ATT IR ER

AV (mm) P RV (%) AV (°) P RV (%) AV (°) P RV (%)
ACL 29 p<0.01 42.9 14 p<0.01 13 1 p<0.01 8.9
AMR 0.5 p<0.01 6.7 0.8 p<0.01 6.9 0.7 p<0.01 6
sMCL 0.5 p<0.01 7.4 0.5 p<0.01 4.6 1.4 p<0.01 9.7
dMCL 0.5 p<0.01 6 0.5 p=0.01 3.9 1.8 p<0.01 13.8
PMC 0.5 p<0.01 7.5 1.5 p<0.01 13 1.3 p<0.01 11.2
PHMM 0.9 p<0.01 11.6 0.7 p<0.01 8 0.8 p<0.01 8.5
Total 5.8 5.3 7

Abbreviations: ACL, anterior cruciate ligament; AMR, anteromedial retinaculum; AV, absolute value; dMCL, deep medial collateral ligament; PHMM, posterior horn of
the medial meniscus; PMC, posteromedial capsule; RV, relative value; sSMCL, superficial medial collateral ligament.



—~
Q
~

Anterior Tibial Translation (mm)

External Tibial Rotation (°)

(b)

Internal Tibial Rotation (°)

. . 5of9
Journal of Experimental Orthopaedics—W [ LEY

Torque (N-m)

Torque (N-m)
| | |

3 4 5

FIGURE 3 Results in anterior tibial translation (a), internal tibial rotation (b) and external tibial rotation (c) after each transection: anterior
cruciate ligament, anteromedial retinaculum, superficial medial collateral ligament, deep medial collateral ligament, posteromedial capsule,

posterior horn of the medial meniscus at 30° of flexion.

AV was 2.9 mm, IR mean gain was 4° and ER mean
gain was 6°. If we combine the ACL section, the
translation mean gain was 5.8 mm, the IR mean gain
was 5.3° and the ER mean gain was 7° (Table 1).

DISCUSSION

The most important finding of our study was that all
structures of the medial side were involved in sagittal
and rotational control of the knee. This confirms our
hypothesis that each of the structures in the medial
plane had its own role in knee translation or rotation
control. As previously defined in the literature, ‘primary
restraint’ resists most of force in a given direction, while
‘secondary restraint’ contributes to the stability after the
primary restraint has been removed [24].

In the present study, the ACL was the primary
restraint to anterior translation and the secondary
restraint to internal rotation, the secondary restraint
for anterior translation was the MMPH. The PMC was
the primary restraint for internal rotation. For external
rotation, dMCL was the primary restraint and the sMCL
was the secondary restraint.

Numerous biomechanical studies confirm the role of
the ACL as a primary brake of ATTand IR [2, 7, 23, 24].

The role of the AMR has been little studied from a
mechanical point of view, but we found that it plays a
significant role, particularly in IR (6.9% gain) and ER
(6% gain). Herbst et al. demonstrated an important
contribution of AMR in resisting ER (20% in flexion 30°)
and ATT in ER (12% in flexion 30°) [3]. AMR ruptures
have been consistently found in medial plane sprains
operated on acutely or chronically, in association with
variable ACL and MCL lesions [25].

According to Griffith et al.,, sMCL is the primary
restraint to valgus at all angles of flexion, to ER at 30°
of flexion and to IR at all angles of flexion [9]. Several
studies have confirmed the role of sMCL in controlling
valgus and IR [21, 30]. Other studies confirmed the
primary braking role on the ER at 30° flexion [2, 8, 21,
32]. Our study confirmed the major role of sMCL in ER
control (gain of 1.4° or 9.7%), which is slightly less than
the gains observed by Robinson et al. (3°) and Warren
etal. (2°) [21, 31]. The sMCL had only a secondary role
in IR in our study (gain of 0.5° or 4.6%), as in the study
by Griffith et al. [9]. The present study found a
significant increase in ATT after sectioning the sMCL
(gain of 0.5 mm or 7.4%), as did a previous study [2].

The dMCL contributes secondary restraint to valgus
stress [2, 8]. The dMCL was the primary restraint to ER
at 30° of flexion for Ball et al. [2]. For many authors, the
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meniscofemoral division acted as an important restraint
to ER between 30° and 90° of flexion [8, 33]. In our
study, the dMCL acted as a primary brake in RE (mean
gain of 1.8° or 13.8%), in line with many publications
[30, 33]. The function of the dMCL could be super-
imposed to the anterolateral ligament at the lateral side
of the knee. Today, an extra-articular tenodesis is
largely indicated in addition to an ACL reconstruction to
protect the graft during the ligamentisation steps. In
case of an anteromedial rotatory instability (AMRI), an
equivalent medial procedure could logically be indi-
cated to reduce loads on the ACL graft during the
healing phase. This important role of the dMCL in ER
confirms the importance of dMCL reconstructions
associated with that of the ACL in AMRI. This
reconstruction of the dMCL in AMRI could protect the
ACL plasty during ligamentisation [2, 26]. The present
study demonstrated a major function of the two
components of the MCL in the restraint of ER (gains
de 3.2°, meaning 23.5%) and a not insignificant
function in the control of the ATT (mean gain 1.1 mm
or 13.4%). The literature is more controversial regard-
ing the role of dMCL in IR. Griffith et al. then Laprade
et al. reported that the meniscofemoral component of
the dMCL was a secondary restraint in IR at 0° and 30°
flexion [9, 16]. In contrast, Robinson et al. were unable
to demonstrate an IR resistance function for the dMCL
meniscotibial component [22]. Our study shows a weak
role for dMCL in IR control (mean gain of 0.5° or 3.9%).

Multiple studies have recognised the PMC as a
primary restraint to IR at all angles of flexion (excluding
the ACL) and a secondary restraint to external rotation
at 30° of flexion [9, 16, 22, 30, 32]. With the knee close
to extension, IR of the tibia caused the oblique fibres of
the PMC to tighten further. Wijdicks et al. described a
reciprocal function between the PMC and the sMCL
[33]. The PMC provides more internal restraint in
extension while the sMCL contributes more restraint in
higher degrees of flexion [33]. The PMC is also
involved in valgus stabilisation, which we have not
tested [8, 30]. Studies by Ball et al. and Sullivan et al.
found little increase in ATT after sectioning the PMC,
but for Griffith et al., sectioning the ACL followed by the
PMC increased ATT [2, 9, 28]. Our study found a
significant role for the PMC in ATT control (gain of
0.5mm or 7.5%), confirmed the PMC's major role in IR
control (gain of 1.5° or 13%) and a lesser role in ER
control (gain of 1.3° or 11.2%), at 30° flexion.
Simultaneous involvement of the LCM and PMC
(‘Posteromedial corner tear’) increases the anterior
drawer and RE in the laboratory. This anteromedial
rotatory instability (AMRI) is clinically objectified by the
Slocum and Larson test [25]. With the knee in 15°
external rotation and 30° flexion, the examiner pulls the
tibia forward. The test is positive when the medial joint
plate moves forward more than in the contralateral
knee. This positive test suggests injury to the ACL,

MCL and POL, if the lateral and posterolateral
structures of the knee are intact. The Slocum-Larson
test must be distinguished from the dial test at 30°
flexion, which is positive in the case of posterolateral
ligament lesions [9].

The importance of the posterior horn of the MM was
emphasised by Werner Muller as early as 1983: ‘The
posterior horn of the medial meniscus is an important
structure acting as a wheel brake against anterior
subluxation of the medial tibial plateau’ [11]. The term
‘ramp lesion’ was introduced by Michael Strobel in
1988 and refers to a lesion of the capsulomeniscal
junction at least 2.5cm in length [27]. In a cadaveric
study, Peltier et al. demonstrated a controlling role for
ATT, but not for rotation [19]. Ahn et al. demonstrated a
significant increase in ATT (2 + 4.8 mm on average) and
IR (2.1 £5° on average) after MMPH [1]. Stephen et al.
showed a significant increase in ATT (gain of 3+4 mm
at 30° flexion and 90N traction) and ER (gain of
2+1.5° at 30° flexion and 5Nm torque) after a
posterior capsulomeniscal lesion but no effect on IR
[26]. DePhillipo et al. confirmed gains in ATT
(+0.8 mm), IR (+1.3°) and ER (+1°) [7]. In the present
study, after the creation of a ramp lesion, there was an
increase in translation of 0.9 mm, IR of 0.7° and ER of
0.8°. The MMPH has been considered as a secondary
stabiliser for ATT [1, 24, 31].

We acknowledge several limitations inherent in any
study in vitro. First, the testing protocol could only
quantify the passive contributions to forces and
torques, while the muscles remained unloaded. The
semi-membranosus tendon was not studied but it acts
as a major active restraint to external rotation with the
knee flexed and a protector of the MMPH [15, 21].
Second, the age of the cadaveric knees (average 81
years) was much higher than that of athletes with
severe knee sprains. There were two cases at 41 years
old, their specific results were not different than with the
group of lower limbs around 81 years. The low
translation and rotation amplitudes recorded reflect
the high age of the donors, but comparisons were also
made in VR (%), so we believe that the use of old
specimens did not influence the conclusions. Third, all
knees were tested only at 30° flexion, imposed by the
position on the Dyneelax®. Other anatomical studies
tested knees at 0°, 30°, 60° and 90°, such as Ball et al.,
which is closer to clinical reality, as the role of different
structures also varies according to the degree of flexion
[2, 9]. Some structures play a crucial role in restraining
movement at high flexion angles, but we were unable
to confirm this information. Fourth, the sequential
cutting protocol (from front to back in all the specimens)
used in the present study depends on there being a
lack of significant load-transfer interactions between
each of the structures of interest. The cutting order
(front to back) could amplify the resisting function of the
structure in the back of the medial side with significant



load transfer interactions. Fifth, as in all cadaveric
studies, the results are only valid at time zero and
tissue healing cannot be accounted for. Six, in the
transection stage, the sequential cutting order was not
randomised, which may be the source of bias. Finally, it
should also be noted that we did not test the structures
involved in controlling the frontal plane, as the
Dyneelax* does not allow valgus/varus stress to be
applied.

Conversely, the strengths of the study include the
ability to apply repeatable tibial forces and torques
(minimum 5 measures) and the precision and accuracy
of the device [6]. The loads applied to the knees were
similar to those imposed during clinical manual tests,
Lachman tests and tests in external and internal
rotations, rather than the loads expected in sports
activities and dynamic tests in rotations. The sequential
cutting protocol used in the present study (ACL then
medial structures) could reproduce the translation and
rotations of high-energy knee injuries [2, 14]. For
example, the association of ACL and posteromedial
corner tear leads to an AMRI. The specimens were
prepared without removing the muscles. One of the
strengths of our study was the high number of knees
tested (29 cases), one of the largest series in the
literature. To our knowledge, most of cadaveric studies
involved around 10 knees [1, 2, 24, 26]. Our study was
always carried out with the knee in 30° flexion, without
modifying the knee's position, which allows a slight
relaxation of the knee's capsulo-ligament structures and
multidirectional play. We also exhaustively tested all
passive ligament structures in the medial side (including
the AMR), as well as the MMPH and the ACL.

This present study highlights the specific functions
of the ACL and each part of the medial side. Abnormal
clinical tests (antero drawer test at 30° and 90° of
flexion and external rotation, external rotation dial test
at 30° and 90° of flexion) can help to identify which
ligaments are injured and which medial procedure
(individual reconstruction techniques) should be added
to the ACL reconstruction [3]. A positive anterior drawer
test in 30° of external rotation indicates a major
disruption of the medial ligament and capsular side of
the knee (Slocum and Larson test). A combined
procedure (ACL plus medial side reconstruction) will
protect the ACL graft and avoid a persisting ante-
romedial rotatory instability. According to the bio-
mechanical literature and the present study, we believe
that in cases in which an operative repair or
reconstruction is indicated, all injured medial knee
structures (including the AMR) should be addressed.
Also, this study suggests that an unrepaired ramp
lesion will allow abnormal tibiofemoral residual laxity
and excessive stress on an ACL reconstruction. It can
be recommended that surgeons routinely inspect the
posteromedial capsulomeniscal junction to identify and
treat these lesions in cases of ACL reconstruction.

Journal of Experimental Orthopaedics—\W/ | ]_EY_‘Lfg
CONCLUSION

The ligamentous structures of the medial plane consti-
tute a functional unit in which each component has a
specific passive contribution. The clinical importance
of this work is that it shows why isolated ACL
reconstruction may not restore knee stability in the
case of combined ACL plus severe medial side tears
(anteromedial rotatory instability). This study highlights
the importance of recognising the extent of the medial
injury with specific clinical tests (Lachman test in
external rotation) and a meticulous reading of the
MRI. It has demonstrated the function of the dMCL plus
sMCL plus AMR in restraining tibial external rotation,
the contribution of the PMC in resisting internal rotation,
and the role of the medial meniscus in controlling
translation and rotations. This work has provided data
to detect specific lesions in acute or chronic cases and
to perform a medial side anatomic reconstruction and a
suture of a ramp lesion, in addition to an ACL surgery.
Given the different contributions of each of the
components of the medial side of the knee, individual
reconstruction techniques may be necessary.

AUTHOR CONTRIBUTIONS

Henri Robert supervised all the steps of the testing
protocol. Baptiste Guegan and Henri Robert analysed,
interpreted the data and wrote the manuscript. Baptiste
Guegan, Michel Drouineau, Harold Common and Henri
Robert performed the knee dissection. All authors have
read and approved the final version of the manuscript.

ACKNOWLEDGEMENTS
The authors have no funding to report.

CONFLICT OF INTEREST STATEMENT
The authors declare no conflict of interest.

DATA AVAILABILITY STATEMENT

The data sets used and analysed during the current
study are available from the corresponding author upon
reasonable request.

ETHICS STATEMENT

Written informed consent from the donors for educa-
tional and research purposes was obtained for each
specimen.

ORCID
Baptiste Guegan
6580-4102

https://orcid.org/0009-0008-

REFERENCES

1. Ahn, J.H, Bae, T.S,, Kang, K.S., Kang, S.Y. & Lee, S.H. (2011)
Longitudinal tear of the medial meniscus posterior horn in the
anterior cruciate ligament-deficient knee significantly influences
anterior stability. The American Journal of Sports Medicine, 39,


https://orcid.org/0009-0008-6580-4102
https://orcid.org/0009-0008-6580-4102

8 of 9 . .
W1 LE Y—Journal of Experimental Orthopaedics

10.

1.

12.

13.

14.

2187-2193. Available from: https://doi.org/10.1177/03635465
11416597

Ball, S., Stephen, J.M., ElI-Daou, H., Williams, A. & Amis, A.A.
(2020) The medial ligaments and the ACL restrain anteromedial
laxity of the knee. Knee Surgery, Sports Traumatology,
Arthroscopy, 28, 3700-3708. Available from: https://doi.org/10.
1007/s00167-020-06084-4

Behrendt, P., Herbst, E., Robinson, J.R., von Negenborn, L.,
Raschke, M.J., Wermers, J. et al. (2022) The control of
anteromedial rotatory instability is improved with combined flat
sMCL and anteromedial reconstruction. The American Journal
of Sports Medicine, 50(8), 2093-2101. Available from: https:/
doi.org/10.1177/03635465221096464

Chahla, J., Kunze, K.N., LaPrade, R.F., Getgood, A.,
Cohen, M., Gelber, P. et al. (2021) The posteromedial corner
of the knee: an international expert consensus statement on
diagnosis, classification, treatment, and rehabilitation. Knee
Surgery, Sports Traumatology, Arthroscopy, 29, 2976-2986.
Available from: https://doi.org/10.1007/s00167-020-06336-3
Cinque, M.E., Chahla, J., Kruckeberg, B.M., DePhillipo, N.N.,
Moatshe, G. & LaPrade, R.F. (2017) Posteromedial corner knee
injuries: diagnosis, management, and outcomes: a critical
analysis review. JBJS Reviews, 5(11), e4. Available from:
https://doi.org/10.2106/JBJS.RVW.17.00004

Cojean, T., Batailler, C., Robert, H. & Cheze, L. (2023)
Sensitivity, repeatability and reproducibility study with a leg
prototype of a recently developed knee arthrometer: the
DYNEELAX®. Medicine in Novel Technology and Devices, 19,
100254. Available from: https://doi.org/10.1016/j.medntd.2023.
100254

DePnhillipo, N.N., Moatshe, G., Brady, A., Chahla, J.,
Aman, Z.S., Dornan, G.J. et al. (2018) Effect of meniscocap-
sular and meniscotibial lesions in ACL-deficient and ACL-
reconstructed knees: a biomechanical study. The American
Journal of Sports Medicine, 46, 2422-2431. Available from:
https://doi.org/10.1177/0363546518774315

Griffith, C.J., LaPrade, R.F.,, Johansen, S., Armitage, B.,
Wijdicks, C. & Engebretsen, L. (2009) Medial knee injury: part
1, static function of the individual components of the main
medial knee structures. The American Journal of Sports
Medicine, 37, 1762-1770. Available from: https://doi.org/10.
1177/0363546509333852

Griffith, C.J., Wijdicks, C.A., LaPrade, R.F., Armitage, B.M.,
Johansen, S. & Engebretsen, L. (2009) Force measurements
on the posterior oblique ligament and superficial medial
collateral ligament proximal and distal divisions to applied
loads. The American Journal of Sports Medicine, 37, 140-148.
Available from: https://doi.org/10.1177/0363546508322890
Haimes, J.L., Wroble, R.R., Grood, E.S. & Noyes, F.R. (1994)
Role of the medial structures in the intact and anterior cruciate
ligament-deficient knee. Limits of motion in the human knee.
The American Journal of Sports Medicine, 22, 402-409.
Available from: https://doi.org/10.1177/036354659402200317
Harding, M.L. (1983) W. Mdiller (Trans. T. G. Tegler) “The knee:
form, function and ligament reconstruction”. British Journal of
Sports Medicine, 17(3), 214.

Herbst, E., Muhmann, R.J., Raschke, M.J., Katthagen, J.C.,
Oeckenpohler, S., Wermers, J. et al. (2023) The anterior fibers
of the superficial MCL and the ACL restrain anteromedial
rotatory instability. The American Journal of Sports Medicine,
51(11), 2928-2935. Available from: https://doi.org/10.1177/
03635465231187043

Hughston, J.C. & Eilers, A.F. (1973) The role of the posterior
oblique ligament in repairs of acute medial (collateral) ligament
tears of the knee. J Bone Joint Surg Am, 55(5), 923-940.
Johnston, J.T., Mandelbaum, B.R., Schub, D., Rodeo, S.A.,
Matava, M.J., Silvers-Granelli, H.J. et al. (2018) Video analysis
of anterior cruciate ligament tears in professional American

15.

16.

17.

18.

19.

20.

21.

22.

23.

24.

25.

26.

27.

28.

football athletes. The American Journal of Sports Medicine,
46(4), 862-868. Available from: https://doi.org/10.1177/
0363546518756328

Kittle, C., Becker, D.K., Raschke, M.J., Muller, M., Wierer, G.,
Domnick, C. et al. (2019) Dynamic restraints of the medial side
of the knee: the semimembranosus corner revisited. 47(4),
863—869. Available from: https://doi.org/10.1177/036354651
9829384

Laprade, R.F. & Wijdicks, C.A. (2012) Surgical technique:
development of an anatomic medial knee reconstruction.
Clinical Orthopaedics & Related Research, 470, 806-814.
Available from: https://doi.org/10.1007/s11999-011-2061-1
Lundquist, R.B., Matcuk Jr., G.R., Schein, A.J., Skalski, M.R.,
White, E.A., Forrester, D.M. et al. (2015) Posteromedial corner of
the knee: the neglected corner. Radiographics, 35, 1123-1137.
Available from: https://doi.org/10.1148/rg.2015140166

Magdi¢, M., Dahmane, R.G. & Vauhnik, R. (2023) Intra-rater
reliability of the knee arthrometer GNRB® for measuring knee
anterior laxity in healthy, active subjects. Journal of
Orthopaedics, 39(39), 7-10. Available from: https://doi.org/10.
1016/j.jor.2023.03.016

Peltier, A., Lording, T., Maubisson, L., Ballis, R., Neyret, P. &
Lustig, S. (2015) The role of the meniscotibial ligament in
posteromedial rotational knee stability. Knee Surgery, Sports
Traumatology, Arthroscopy, 23, 2967—-2973. Available from:
https://doi.org/10.1007/s00167-015-3751-0

Robert, H., Nouveau, S., Gageot, S. & Gagniéere, B. (2009) A
new knee arthrometer, the GNRB: experience in ACL complete
and partial tears. Orthopaedics & Traumatology: Surgery &
Research, 95, 171-176. Available from: https://doi.org/10.1016/
j.otsr.2009.03.009

Robinson, J.R., Bull, A.M.J., de W. Thomas, R.R. & Amis, AA.
(2006) The role of the medial collateral ligament and poster-
omedial capsule in controlling knee laxity. The American
Journal of Sports Medicine, 34, 1815-1823. Available from:
https://doi.org/10.1177/0363546506289433

Robinson, J.R., Sanchez-Ballester, J., Bull, A.M.J., Thomas,
R.W.M. & Amis, A.A. (2004) The posteromedial corner revisited.
An anatomical description of the passive restraining structures of
the medial aspect of the human knee. The Journal of Bone and
Joint Surgery. British Volume, 86, 674—681. Available from:
https://doi.org/10.1302/0301-620X.86B5.14853

Ruiz, N., Filippi, G.J., Gagniére, B., Bowen, M. & Robert, H.
(2006) The comparative role of the anterior cruciate ligament
and anterolateral structures in controlling passive internal
rotation of the knee: a biomechanical study. Arthroscopy,
32(1053-1062), 41. Available from: https://doi.org/10.1016/j.
arthro.2016.02.017

Shiwaku, K., Kamiya, T., Otsubo, H., Suzuki, T., Nabeki, S.,
Yamakawa, S. et al. (2022) Effect of anterior horn tears of the
lateral meniscus on knee stability. Orthopaedic Journal of
Sports Medicine, 10(9), 23259671221119173. Available from:
https://doi.org/10.1177/23259671221119173

Slocum, D.B. & Larson, R.L. (1968) Rotatory instability of the
knee: its pathogenesis and a clinical test to demonstrate its
presence. The Journal of Bone & Joint Surgery, 50, 211-225.
Available from: https://doi.org/10.2106/00004623-196850020-
00001

Stephen, J.M., Halewood, C., Kittl, C., Bollen, S.R., Williams, A.
& Amis, A.A. (2016) Posteromedial meniscocapsular lesions
increase tibiofemoral joint laxity with anterior cruciate ligament
deficiency, and their repair reduces laxity. The American
Journal of Sports Medicine, 44, 400-408. Available from:
https://doi.org/10.1177/0363546515617454

Stobel, M. (1988) Manual of arthroscopic surgery. New York:
Springer, pp. 171-178.

Sullivan, D., Levy, .M., Sheskier, S., Torzilli, P.A. & Warren, R.F.
(1984) Medial restraints to anterior posterior motion of the knee.


https://doi.org/10.1177/0363546511416597
https://doi.org/10.1177/0363546511416597
https://doi.org/10.1007/s00167-020-06084-4
https://doi.org/10.1007/s00167-020-06084-4
https://doi.org/10.1177/03635465221096464
https://doi.org/10.1177/03635465221096464
https://doi.org/10.1007/s00167-020-06336-3
https://doi.org/10.2106/JBJS.RVW.17.00004
https://doi.org/10.1016/j.medntd.2023.100254
https://doi.org/10.1016/j.medntd.2023.100254
https://doi.org/10.1177/0363546518774315
https://doi.org/10.1177/0363546509333852
https://doi.org/10.1177/0363546509333852
https://doi.org/10.1177/0363546508322890
https://doi.org/10.1177/036354659402200317
https://doi.org/10.1177/03635465231187043
https://doi.org/10.1177/03635465231187043
https://doi.org/10.1177/0363546518756328
https://doi.org/10.1177/0363546518756328
https://doi.org/10.1177/0363546519829384
https://doi.org/10.1177/0363546519829384
https://doi.org/10.1007/s11999-011-2061-1
https://doi.org/10.1148/rg.2015140166
https://doi.org/10.1016/j.jor.2023.03.016
https://doi.org/10.1016/j.jor.2023.03.016
https://doi.org/10.1007/s00167-015-3751-0
https://doi.org/10.1016/j.otsr.2009.03.009
https://doi.org/10.1016/j.otsr.2009.03.009
https://doi.org/10.1177/0363546506289433
https://doi.org/10.1302/0301-620X.86B5.14853
https://doi.org/10.1016/j.arthro.2016.02.017
https://doi.org/10.1016/j.arthro.2016.02.017
https://doi.org/10.1177/23259671221119173
https://doi.org/10.2106/00004623-196850020-00001
https://doi.org/10.2106/00004623-196850020-00001
https://doi.org/10.1177/0363546515617454

29.

30.

31.

32.

The Journal of Bone & Joint Surgery, 66(6), 930-936. Available
from: https://doi.org/10.2106/00004623-198466060-00015
Svantesson, E., Hamrin Senorski, E., Alentorn-Geli, E.,
Westin, O., Sundemo, D., Grassi, A. et al. (2019) Increased
risk of ACL revision with non-surgical treatment of a concomi-
tant medial collateral ligament injury: a study on 19,457 patients
from the Swedish National Knee Ligament Registry. Knee
Surgery, Sports Traumatology, Arthroscopy, 27, 2450-2459.
Available from: https://doi.org/10.1007/s00167-018-5237-3
Swinford, S.T., LaPrade, R., Engebretsen, L., Cohen, M. &
Safran, M. (2020) Biomechanics and physical examination of
the posteromedial and posterolateral knee: state of the art.
Journal of ISAKOS, 5, 378-388. Available from: https://doi.org/
10.1136/jisakos-2018-000221

Warren, L.F. & Marshall, J.L. (1979) The supporting structures
and layers on the medial side of the knee: an anatomical
analysis. The Journal of Bone & Joint Surgery, 61, 56-62.
Available from: https://doi.org/10.2106/00004623-197961010-
00011

Wierer, G., Milinkovic, D., Robinson, J.R., Raschke, M.J.,
Weiler, A., Fink, C. et al. (2021) The superficial medial collateral
ligament is the major restraint to anteromedial instability of the
knee. Knee Surgery, Sports Traumatology, Arthroscopy, 29,
405-416. Available from: https://doi.org/10.1007/s00167-020-
05947-0

33.

34.

. . 9of9
Journal of Experimental Orthopaedics—W [ LEY

Wijdicks, C.A., Griffith, C.J., Johansen, S., Engebretsen, L. &
LaPrade, R.F. (2010) Injuries to the medial collateral ligament
and associated medial structures of the knee. The Journal of
Bone and Joint Surgery—American Volume, 92, 1266—1280.
Available from: https://doi.org/10.2106/JBJS.1.01229

Willinger, L., Balendra, G., Pai, V., Lee, J., Mitchell, A,
Jones, M. et al. (2022) High incidence of superficial and deep
medial collateral ligament injuries in isolated' anterior cruciate
ligament ruptures: a long-overlooked injury. Knee Surgery,
Sports Traumatology, Arthroscopy, 30, 167-175. Available
from: https://doi.org/10.1007/s00167-021-06514-x

How to cite this article: Guegan, B., Drouineau,
M., Common, H. & Robert, H. (2024) All the
menisco-ligamentary structures of the medial
plane play a significant role in controlling anterior
tibial translation and tibial rotation of the knee.
Cadaveric study of 29 knees with the Dyneelax®
laximeter. Journal of Experimental Orthopaedics,
11, e12038. https://doi.org/10.1002/je02.12038


https://doi.org/10.2106/00004623-198466060-00015
https://doi.org/10.1007/s00167-018-5237-3
https://doi.org/10.1136/jisakos-2018-000221
https://doi.org/10.1136/jisakos-2018-000221
https://doi.org/10.2106/00004623-197961010-00011
https://doi.org/10.2106/00004623-197961010-00011
https://doi.org/10.1007/s00167-020-05947-0
https://doi.org/10.1007/s00167-020-05947-0
https://doi.org/10.2106/JBJS.I.01229
https://doi.org/10.1007/s00167-021-06514-x
https://doi.org/10.1002/jeo2.12038

	All the menisco-ligamentary structures of the medial plane play a significant role in controlling anterior tibial translation and tibial rotation of the knee. Cadaveric study of 29 knees with the Dyneelax® laximeter
	INTRODUCTION
	MATERIALS AND METHODS
	Dissection technique
	The laximeter Dyneelax®
	Testing protocol
	Statistical analyses

	RESULTS
	DISCUSSION
	CONCLUSION
	AUTHOR CONTRIBUTIONS
	ACKNOWLEDGEMENTS
	CONFLICT OF INTEREST STATEMENT
	DATA AVAILABILITY STATEMENT
	ETHICS STATEMENT
	ORCID
	REFERENCES




