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Background: Although a medial collateral ligament (MCL) injury is associated with anteromedial rotatory instability (AMRI) and
often with an anterior cruciate ligament (ACL) injury, there has been little work to develop anteromedial (AM) reconstruction to
address this laxity.

Purpose: To measure the ability of a novel ‘‘anatomic’’ AM reconstruction technique to restore native knee laxity for isolated AM
insufficiency and combined AM plus posteromedial insufficiency.

Study Design: Controlled laboratory study.

Methods: A total of 12 cadaveric knees were mounted in a kinematic testing rig that allowed the tibia to be loaded while the knee
flexed-extended 0� to 100� with 88-N anteroposterior translation, 5-N�m internal rotation–external rotation (ER), 8-N�m valgus, and
combined anterior translation plus ER to simulate AMRI. Joint motion was measured using optical trackers with the knee intact,
after superficial MCL (sMCL) and deep MCL (dMCL) transection, and after AM reconstruction of the sMCL and dMCL with
semitendinosus autografts. The posteromedial capsule (PMC)/posterior oblique ligament (POL) was then transected to induce
a grade 3 medial injury, and kinematic measurements were repeated afterward and again after removing the grafts. Laxity
changes were examined using repeated-measures analysis of variance and post-testing.

Results: sMCL and dMCL deficiency increased valgus, ER, and AMRI laxities. These laxities did not differ from native values after
AM reconstruction. Additional PMC/POL deficiency did not increase these laxities significantly but did increase internal rotation
laxity near knee extension; this was not controlled by AM reconstruction.

Conclusion: AM reconstruction eliminated AMRI after transection of the dMCL and sMCL, and also eliminated AMRI after addi-
tional PMC/POL transection.

Clinical Relevance: Many MCL injuries occur in combination with ACL injuries, causing AMRI. These injuries may rupture the AM
capsule and dMCL. Unaddressed MCL deficiency leads to an increased ACL reconstruction failure rate. A dMCL construct ori-
ented anterodistally across the medial joint line, along with an sMCL graft, can restore native knee ER laxity. PMC/POL lesions did
not contribute to AMRI.
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Although medial collateral ligament (MCL) and combined
MCL plus anterior cruciate ligament (ACL) injuries are rel-
atively common,4,9,42 the medial aspect of the knee has
received little attention recently, influenced by a common
assumption that nonsurgical treatment allows the MCL
complex to heal adequately in many cases. However, a non-
surgically treated MCL lesion at the time of ACL recon-
struction is associated with an increased rate of ACL graft
failure,37 and MCL deficiency increases tension in the
ACL.31 In the presence of unaddressed MCL laxity, the

rate of failure of ACL grafts can increase by 13 times after
primary ACL reconstruction1 and by 17 times after revision
ACL reconstruction.2 A review of what had been classified
and treated as clinically ‘‘isolated’’ ACL injuries discovered
that 67% of cases had MCL injuries detected on imaging.40

The pioneering works on anteromedial (AM) rotatory
instability (AMRI) of Slocum and Larson33 and Kennedy
and Fowler20 reported that, in response to external rota-
tion (ER), the first essential lesion on the medial aspect
was a rupture of the deep (capsular) MCL (dMCL), fol-
lowed by a rupture of the superficial MCL (sMCL) and
only then by an ACL rupture. The dMCL passes anterodis-
tally across the joint line toward an AM attachment below
the rim of the tibial plateau,5,26 and it is stretched directly
by ER.26,41 The dMCL is a primary restraint to ER6 and
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resists ER laxity,12 particularly near knee extension.
Although the MCL usually heals with nonsurgical treat-
ment, the injured dMCL may cause chronic symptoms
when the knee is loaded in ER in sports participation.27

Despite this evidence, most MCL reconstruction proce-
dures have not included an AM component of the dMCL.
However, techniques leaving the hamstring tendon
attached to the tibia distally and taken up to the femoral
medial epicondyle provide a slanting orientation of the
graft, which may thereby resist AMRI.23 MCL reconstruc-
tion described as ‘‘anatomic’’ involves 2 graft strands to
mimic the sMCL and posterior oblique ligament (POL),
and biomechanical studies have reported that this combina-
tion restores native knee laxity.13,24 However, it seems that
the dMCL and AM capsule were left intact in these studies,
so they did not simulate a full AM injury. Noting that the
majority of medial-sided knee injuries associated with
ACL ruptures relate to AM laxity, it may be beneficial to
use a novel AM reconstruction technique that includes
dMCL and sMCL grafts to restrain AMRI. A similar
method, with both grafts attached at the medial epicondyle,
has been described,21 but there are no data on its ability to
stabilize the knee. It has been shown that 3-strand (sMCL
1 dMCL 1 POL) reconstruction can restore native knee
stability.25

The aim of the present work was to design and test
a reconstruction method, based on the evidence cited in
the preceding paragraphs, that would include dMCL and
sMCL grafts. It was hypothesized that this novel anatomic
AM reconstruction technique would restore AM laxity
(anterior tibial translation [ATT], ER, valgus, and AMRI
[ATT plus ER combined]) to match native knee laxity.

METHODS

Specimen Preparation

This study used fresh-frozen knees (MedCure) after Wales
Research Ethics Committee approval (12/WA/0196; license
ICHTB 12275; application R15092-1A). After work to
develop the surgical procedure, 12 unpaired knees were
used: 8 male and 4 female with a mean age of 52 6 8 years.
Each knee was thawed at room temperature overnight
before use. Visual and manual examinations by an
orthopaedic surgeon (N.M.) confirmed the absence of

abnormalities such as ligament laxity. The skin and subcu-
taneous fat were removed, leaving the deeper soft tissue
intact. The femur and tibia were cut at 170 mm above
and below the joint line. The femur was drilled out, and
an intramedullary rod was cemented into it using
polymethylmethacrylate to allow mounting in a kinematic
testing rig.19 The distal 60 mm of the tibia had all soft tis-
sue removed and was cemented into a cylindrical pot that
had a rod extending 0.5 m from its distal end. The proximal
fibula was transected at 100 mm long and secured to the
tibia in its anatomic position by a bone screw. The knee
was mounted into the testing rig using the femoral intra-
medullary rod. It was aligned such that the tibia hung ver-
tically when the knee was extended and when flexed to 90�,
with the transepicondylar axis in line with the flexion-
extension axis of the kinematic testing rig (Figure 1).
The knee was flexed-extended by moving the femur above
the vertical free-hanging tibia.

Specimen Loading

A Steinmann pin was drilled mediolaterally across the
tibia at 40 mm below the joint line for the mounting of 2
semicircular steel hoops with a pulley mounted on each
of them. This allowed anteroposterior translation forces
to be applied using cords attached to 88-N hanging weights
while not inhibiting internal rotation (IR)–ER. A 250-mm
pulley disc was fixed on the end of the tibial extension
rod, allowing 5-N�m IR-ER torque to be applied (Figure
1). Similarly, 8-N�m valgus-varus moments could be
applied. The tibial extension rod had a clamp mechanism
that allowed a repeatable position of native neutral rota-
tion at 30� of flexion when tensioning the reconstruction
later. This fixture also controlled IR-ER instability that fol-
lowed medial tissue transection when the knee was loaded
in valgus.

Kinematic Measurements

Tibiofemoral kinematics was measured using an optical
tracking system (Polaris Vega; Northern Digital) with
a mean translational accuracy of 60.12 mm (Northern Dig-
ital specification), with passive reflective marker triads
(Brainlab) on the femur and tibia. Joint motion was
defined according to the Grood and Suntay16 system. To
define the coordinate system, small digitization screws
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were inserted into the femur at 10 mm proximal to the
medial and lateral epicondyles (allowing a graft tunnel at
the medial epicondyle) and at its proximal end as well as
into the medial and lateral rims of the tibial plateau and
the distal tibia. The knee was defined as being at 0� of flex-
ion when the femoral and tibial rods were parallel when
viewed in the sagittal plane. Kinematic data were collected
at 60 Hz during 3 cycles of flexion-extension from 0� to
100�, and then the mean value was calculated. Before
data collection, the knee was flexed-extended 10 times to
loosen (precondition) the previously frozen tissue.

For the native knee, the femur was flexed-extended
without displacing loads on the tibia to define the neutral
path of motion. This was repeated with 88-N ATT–poste-
rior tibial translation forces, 5-N�m IR-ER torques, 8-N�m
valgus-varus moments, and combined ATT plus ER
(AMRI) loads imposed. Data were calculated as changes
from the neutral path of motion.

Kinematic data were measured in the following states:
native, sMCL 1 dMCL transected/excised (AM injury),
and dMCL 1 sMCL reconstructed (AM reconstruction).
For the AM injury, the sMCL was detached from its tibial
attachment, elevated proximally, and then detached from
the femur; the dMCL was transected at the proximal
edge of the meniscus. Because this study was about AM
reconstruction to address AMRI, the posteromedial capsule
(PMC)/POL was left intact initially because the PMC/POL
is slackened by ATT and ER.41 The knee was then further
injured by transection of the PMC/POL at the proximal
edge of the meniscus, and thus, there was complete

transection/excision of the ligaments across the medial
aspect of the knee (a grade 3 medial injury). Tests were
then repeated to show the ability of AM reconstruction to
stabilize a grade 3 injury. The grafts were then removed,
and stability of the knee with a grade 3 injury was
measured.

Surgical Procedure

The semitendinosus tendon was harvested and divided to
form sMCL and dMCL grafts. Each single-strand graft
had both ends whipstitched using No. 2 sutures (Ultra-
braid; Smith & Nephew). Grafts were preconditioned by
hanging an 88-N weight on them for 20 minutes. Femoral
graft tunnels were placed at the centers of the anatomic
attachments: for the sMCL, 1 mm proximal to the medial
epicondyle, and for the dMCL, 5 mm posterior and 6 mm
distal to the epicondyle.5 The sMCL tibial tunnel was
placed at 60 mm distal to the plateau at the midpoint of
the width of the ligament attachment. The dMCL tibial
tunnel was placed at 10 mm below the plateau at the mid-
point of the width of the attachment so that the graft was
aligned 30� anterodistally at 0� of knee flexion (Figure 2).
Tunnels were drilled to the lateral surface using a
2.4-mm eyelet pin, and sutures between these pins showed
isometry during flexion-extension. The medial tunnel aper-
tures were redrilled 7 mm in diameter with a 25-mm
depth. The graft was secured in the femoral tunnel using
a 7 3 25–mm interference screw (RCI; Smith & Nephew),
and then lead sutures were tied over a cortical button
(Endobutton; Smith & Nephew) at the lateral cortex.
Grafts were pulled into their tibial tunnels and tensioned
manually while the knee was flexed-extended 15 times.
The sMCL graft was tensioned using a tensiometer in
line with the tibial tunnel to 60 N at 30� of flexion and neu-
tral rotation, with a 2-N�m varus moment to close the
medial joint space, and secured with a 7 3 25–mm inter-
ference screw at the medial tunnel entrance. Lead sutures
were tied to lateral cortical screw posts as backup. The
dMCL graft was passed deep to the sMCL graft and fixed
similarly using 20-N tension at 30� of flexion.

Statistical Analysis

A power analysis with G*Power Version 3.1.9.7 using pub-
lished data13 found that a change of 2� in ER could be iden-
tified with 88% power and 95% confidence with 7
specimens. We used 12 knees in case we could not obtain
such consistent data as those of Coobs et al.13

The data were confirmed to be compatible with normal
distributions using the Shapiro-Wilk test. Differences
between testing states were examined for each of the laxity
measures by 2-way analysis of variance with repeated con-
trasts, with the primary variables being the testing state of
the knee and knee flexion angle. The dependent variables
were knee laxity changes. If significant effects were found,
post-testing used repeated-measures t tests every 10� of
knee flexion, in which P \ .05 indicated significance,
with the Bonferroni correction for multiple contrasts.

Figure 1. The knee was mounted in a 6 degrees of freedom
kinematic testing rig with optical trackers rigidly mounted to
the femur and tibia. The femur was flexed-extended above
the vertical tibia. A weight and pulley system was used to
apply external loads to the tibia. Rotation was imposed by
a central disc mounted on the tibial rod. Reproduced from
Inderhaug et al.19
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RESULTS

Anteroposterior Translation

Significant changes in ATT were not found, with the larg-
est mean effect being 1 mm (Figure 3). Significant changes
in posterior tibial translation also were not found, with the
largest mean effect being 1 mm.

Internal Rotation

The mean IR of the intact knee varied from 9� to 19� at 0� to
100� of knee flexion (Figure 4). Transection of the sMCL and
dMCL (AM injury) did not cause a significant increase in IR
(see Appendix Table A1, available in the online version of this
article). AM reconstruction did not change IR significantly; it
remained not significantly different from native laxity.

After the PMC/POL had also been transected (grade 3
medial deficiency), IR of the unreconstructed knee
increased significantly above that of the AM injury state
at 0� to 40� of flexion (Figure 4; Appendix Table A1,

available online). Additional PMC/POL transection led to
an increase in IR that was not reduced significantly after
AM reconstruction, and it remained significantly (6�-10�)
more lax than the native knee at 10� to 50� of flexion.

External Rotation

The mean ER of the intact knee varied from 11� to 19� at 0�
to 100� of flexion (Figure 5). This increased by up to 13�
after the AM injury, which was significant at all angles
of flexion tested (see Appendix Table A2, available online).

Figure 2. Medial aspect of a right knee with anteromedial
reconstruction at 0� of flexion and neutral rotation. The
superficial medial collateral ligament (MCL) graft (S), the
deep MCL graft (D) passing beneath the superficial MCL
graft, and the transected posteromedial capsule/posterior
oblique ligament (P) are labeled. Metal hoops were used
when applying anteroposterior translation forces.
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Figure 3. Anterior translation (mm) in response to 88-N force
versus knee flexion (deg). Values are shown as mean 6 SD (n
= 12). AM injury, after transection of the superficial and deep
medial collateral ligaments (sMCL and dMCL, respectively);
AM reconstruction (recon), after recon of the sMCL and
dMCL; Grade 3 1 AM recon, after additional transection of
the posteromedial capsule (PMC)/posterior oblique ligament
(POL) with AM recon; Grade 3 injury, with the sMCL, dMCL,
and PMC/POL transected and the AM recon grafts removed.
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Figure 4. Internal rotation (deg) in response to 5-N�m torque
versus knee flexion (deg). Values are shown as mean 6 SD (n
= 12). Anteromedial (AM) injury, after transection of the
superficial and deep medial collateral ligaments (sMCL and
dMCL, respectively); AM reconstruction (recon), after recon
of the sMCL and dMCL; Grade 3 1 AM recon, after addi-
tional transection of the posteromedial capsule (PMC)/poste-
rior oblique ligament (POL) with AM recon; Grade 3 injury,
with the sMCL, dMCL, and PMC/POL transected and the
AM recon grafts removed.

4 Miyaji et al The American Journal of Sports Medicine



AM reconstruction restored ER so that it did not differ sig-
nificantly from native laxity.

Additional transection of the PMC/POL (grade 3 medial
injury) did not cause significant increases in ER (Figure 5;
Appendix Table A2, available online). AM reconstruction
restored ER so that it was not significantly more lax
than the native knee in the presence of a grade 3 injury.
After the removal of AM reconstruction grafts, ER with
a grade 3 medial injury was not significantly different
than that with an AM injury.

Varus-Valgus Laxity

Varus laxity varied from 2� to 3� at 0� to 100� of flexion and
was not changed significantly (mean changes \0.5�) by the
medial procedures. The mean valgus laxity of intact knees
varied from 1� to 3� at 0� to 100� of flexion (Figure 6). This
increased by 4� to 6� after an AM injury to 5� to 9� of laxity,
which was significant above 20� of flexion (see Appendix
Table A3, available online). After AM reconstruction, val-
gus laxity did not differ significantly from native laxity
at any angle of flexion tested.

In the MCL-deficient knee, transecting the PMC/POL,
thus creating a grade 3 medial injury, did not increase val-
gus laxity significantly at any angle of flexion (Figure 6;
Appendix Table A3, available online). However, it reduced
the ability of AM reconstruction to stabilize the knee, with
a 2� mean increase in residual valgus after AM reconstruc-
tion. With a grade 3 medial injury, AM reconstruction
reduced valgus laxity significantly, but it was also signifi-
cantly more lax than the native knee, above 10� of flexion.

Combined Anterior Translation Plus ER Loading

Combined (AMRI-type) loading caused a mean ATT laxity of
the native knee of 0 to 4 mm at 0� to 100� of flexion (Figure

7). The AM injury caused a significant 4-mm increase above
60� of flexion (Figure 7; Appendix Table A4, available
online). ATT after AM reconstruction was not significantly
different from the native knee. After the PMC/POL had
also been transected, the grade 3 medial deficiency did not
lead to a significant increase in ATT either after AM recon-
struction or after the removal of AM reconstruction grafts
(Figure 7; Appendix Table A4, available online).
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Figure 5. External rotation (deg) in response to 5-N�m torque
versus knee flexion (deg). Values are shown as mean 6 SD (n
= 12). Anteromedial (AM) injury, after transection of the
superficial and deep medial collateral ligaments (sMCL and
dMCL, respectively); AM reconstruction (recon), after recon
of the sMCL and dMCL; Grade 3 1 AM recon, after addi-
tional transection of the posteromedial capsule (PMC)/poste-
rior oblique ligament (POL) with AM recon; Grade 3 injury,
with the sMCL, dMCL, and PMC/POL transected and the
AM recon grafts removed.
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Figure 6. Valgus (deg) in response to 8-N�m moment versus
knee flexion (deg). Values are shown as mean 6 SD (n = 12).
Anteromedial (AM) injury, after transection of the superficial
and deep medial collateral ligaments (sMCL and dMCL,
respectively); AM reconstruction (recon), after recon of the
sMCL and dMCL; Grade 3 1 AM recon, after additional tran-
section of the posteromedial capsule (PMC)/posterior obli-
que ligament (POL) with AM recon; Grade 3 injury, with the
sMCL, dMCL, and PMC/POL transected and the AM recon
grafts removed.
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Figure 7. Anterior tibial translation (mm) in response to com-
bined 5-N�m external rotation torque plus 88-N anterior tibial
translation force versus knee flexion (deg). Values are shown
as mean 6 SD (n = 12). Anteromedial (AM) injury, after tran-
section of the superficial and deep medial collateral liga-
ments (sMCL and dMCL, respectively); AM reconstruction
(recon), after recon of the sMCL and dMCL; Grade 3 1

AM recon, after additional transection of the posteromedial
capsule (PMC)/posterior oblique ligament (POL) with AM
recon; Grade 3 injury, with the sMCL, dMCL, and PMC/
POL transected and the AM recon grafts removed.
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Combined (AMRI-type) loading caused a mean ER laxity
in the intact knee of 11� to 18� at 0� to 100� of flexion (Figure
8). This increased to 14� to 31� after an AM injury, which
was significant above 10� of flexion (see Appendix Table
A5, available online). ER after AM reconstruction was not
significantly different from the intact knee. The grade 3
medial deficiency did not cause a significant increase in
ER either after AM reconstruction or after the grafts were
removed (Figure 8; Appendix Table A5, available online).

DISCUSSION

In knees with combined sMCL plus dMCL transection,
a novel 2-strand AM reconstruction technique was able to
restore native laxity in ER, ATT, and valgus at the tested
range of 0� to 100� of flexion, as hypothesized. It also
restored native laxity under combined ATT plus ER loading,
simulating AMRI, which may occur in conjunction with
ACL injuries. This AM stabilizing action was unaffected
by a soft tissue injury also including the PMC/POL, that
is, a grade 3 medial injury. This demonstrates the role of
the dMCL graft, which crosses the joint anterodistally
toward the tibial attachment on the AM rim of the plateau,5

in controlling AM joint laxity; the dMCL is an important
restraint of ER near knee extension.6,12 AM stability was
not affected significantly by the PMC/POL; thus, the com-
mon clinical practice of adding a POL procedure in many
cases of an MCL injury combined with an ACL rupture is
not supported by this study. Conversely, AM reconstruction
did not affect IR after a grade 3 medial injury with PMC/
POL deficiency, when a POL procedure may be indicated.

The changes in stability after transecting the medial lig-
aments are supported by other studies. Anteroposterior
translation did not change significantly after MCL transec-
tion, as reported previously,25,36 because the ACL and poste-
rior cruciate ligament, the primary restraints,6,11,28

remained intact. ER in the native knee increased with flex-
ion and was increased significantly at all angles of flexion
after a dMCL plus sMCL injury. These structures are pri-
mary restraints of ER,6 with a dMCL rupture being what
Kennedy and Fowler described as the ‘‘essential lesion,’’
meaning that ER would not increase significantly unless it
was ruptured.20 ER did not change significantly after tran-
section of the PMC/POL, which slackens with ER and so has
no effect on ER laxity limits.30,41 The present work relates to
the static stabilizing function of the medial ligaments, and
not to dynamic loading from semimembranosus muscle ten-
sion, which limits ER22 and may cause traction injuries
such as meniscocapsular and POL ruptures.32 The greatest
change in IR occurred after PMC/POL transection; this
structure is tight and aligned to resist IR near knee exten-
sion.29,30,41 AM reconstruction could not control IR, being
oriented to resist ER, although the sMCL is a secondary
restraint to IR.6,29 MCL transection led to significantly
increased valgus laxity beyond 20� of flexion, when the pos-
terior structures slackened, as reported previously.15 The
sMCL is the primary restraint of valgus laxity6,15 and was
addressed by AM reconstruction; native laxity was restored
at the whole range of flexion angles examined. To attain
this, the graft tunnel was placed anatomically at the medial
epicondyle,5 which controls isometric behavior.41 By repro-
ducing both the sMCL and the dMCL, AM reconstruction
restored laxities to normal during simulated AMRI loading.

Among many articles describing MCL surgery, only 3
describe a dMCL reconstruction component. Black et al8

repaired the torn meniscotibial part of the dMCL. Their
aim was to restabilize the meniscus, preventing liftoff
and extrusion, rather than knee stability. Biomechanical
studies of anatomic 2-strand MCL reconstruction13,38

included sMCL and POL grafts, but not dMCL grafts,
and thus may be described as posteromedial reconstruc-
tion. AM reconstruction with sMCL and dMCL grafts has
been described,21 noting that the dMCL limits ER during
knee arthroplasty.12 Indeed, in arthroplasty, dMCL
release is often undertaken to allow anterior subluxation
of the medial tibial plateau. The technique of Kim et al21

simplified the femoral attachments, taking the dMCL graft
to the sMCL tunnel at the medial epicondyle. Although
that simplified the reconstruction procedure, its biome-
chanical and clinical performance remains unreported.
There may be a dMCL injury while the sMCL remains
intact. In that case, valgus stability will be normal or
nearly normal because the sMCL is the primary restraint,
while ER may be increased and/or there may be pain local-
ized over the dMCL with ER loading. This injury can be
treated by dMCL suturing27 and would not require AM
reconstruction that includes an sMCL graft. A dMCL graft
has also been reported as part of anatomic 3-strand recon-
struction, which was found to restore native ER.25

A limitation of the present study is that it concerns only
reconstruction of the passive medial ligamentous
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Figure 8. External rotation (ER) (deg) in response to com-
bined 5-N�m ER torque plus 88-N anterior tibial translation
(ATT) force versus knee flexion (deg). Values are shown as
mean 6 SD (n = 12). Anteromedial (AM) injury, after transec-
tion of the superficial and deep medial collateral ligaments
(sMCL and dMCL, respectively); AM recon, after reconstruc-
tion (recon) of the sMCL and dMCL; Grade 3 1 AM recon,
after additional transection of the posteromedial capsule
(PMC)/posterior oblique ligament (POL) with AM reconstruc-
tion; Grade 3 injury, with the sMCL, dMCL, and PMC/POL
transected and the AM reconstruction grafts removed.
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restraints. Further work could add simulated injuries of
the peripheral meniscocapsular and semimembranosus
tendon attachments to the posteromedial structures. Kittl
et al22 found that semimembranosus tension reduced ER
in vitro, particularly in the flexed knee. Sims and Jacob-
son32 reported that the most common abnormality found
during surgery to address AMRI was a rupture of the semi-
membranosus tendon slips attaching to the PMC, which
includes the POL, that provide dynamic restraint. Hugh-
ston and Eilers18 described an array of fiber bundles in
the PMC, among them the POL. Other studies have not
always found a distinct POL (reviewed by Robinson
et al30), but the semimembranosus tendon splits into slips
that attach to the area of the POL and proximal tibia, pro-
viding a dynamic restraint of AMRI.32 However, transec-
tion of the PMC/POL was not found to increase ER at
any angle of knee flexion, as in the present study.29 Hugh-
ston and Barrett17 emphasized the repair of the semimem-
branosus-PMC complex during acute surgery of MCL,
ACL, and medial meniscal injuries. Posterior deficiency
of the medial meniscus and posteromedial meniscocapsular
lesions enhance knee laxity, causing significant increases
in ATT and ER beyond the laxity caused by ACL defi-
ciency.33,35 Although AM lesions related to AMRI often
occur with ACL ruptures, the ACL was intact in this exper-
iment. Thus, it simulated an isolated AM injury and also
a combined ACL plus AM injury after an ACL reconstruc-
tion that completely restored native ACL behavior. This
allowed the experiment to avoid variability in the ACL pro-
cedure blurring the effects of AM reconstruction that are
the focus of this study. Given the clinical importance and
prevalence of combined ACL plus AM injuries, and having
demonstrated the biomechanical effect of an AM injury and
performance of AM reconstruction, a further study of com-
bined ACL plus AM injuries and reconstruction is now
appropriate.

There has recently been an increased interest in
addressing secondary damage around the knee at the
time of ACL reconstruction, hoping to reduce ACL graft
stresses.3 Recent studies have concentrated on anterolat-
eral rotatory instability because of increased mobility of
the lateral compartment in pivot-shift instability.7,10

Knees with severe instability may be restabilized more
completely by adding an extra-articular procedure to
intra-articular ACL reconstruction.19 The ACL graft fail-
ure rate is much reduced by the addition of an anterolat-
eral extra-articular procedure in knees with combined
ACL plus anterolateral injuries.14,34 In contrast, evidence
is only starting to appear to show that an MCL lesion
treated nonsurgically at the time of ACL reconstruction
is associated with a markedly increased rate of ACL graft
failure,1,2,37 and there may be a high incidence of unrecog-
nized MCL lesions with isolated ACL injuries.40 This sug-
gests that nonsurgical treatment may not be best for all
MCL injuries and that it may be timely to reconsider sur-
gical procedures, and their indications for use, to control
AMRI.39 Although it is inappropriate to recommend the
clinical use of the AM procedure based solely on a biome-
chanical study in vitro, this work does suggest questions
for clinical research, such as the following: In which cases

should AM reconstruction be used? Should it be used for an
isolated MCL injury with an intact ACL? What should be
done with a complete medial-sided (grade 3) injury? The
present study provides some scientific data supporting
such clinical studies.

On the basis of improving knowledge, 2 of the surgeon
authors (S.V.B. and A.W.) perform MCL reconstruction
according to the following criteria. In all cases, soft tissue
suturing is undertaken: anatomic repair in acute cases,
and retensioning ‘‘capsular shift’’ procedures to restore
natural tension in chronic cases. Then, reconstruction is
performed to protect these soft tissue repair constructs
and allow unrestricted range of motion exercises. For iso-
lated MCL tears, surgery is undertaken acutely in cases
of excess valgus in full knee extension, tibial MCL avul-
sions in which the sMCL lies superficial to the pes anserine
tendons or is folded into the joint cavity, and grade 3
lesions in athletes. Chronic isolated MCL lesions require
surgery for medial instability and occasionally persistent
pain. When in combination with ACL reconstruction,
MCL repair plus reconstruction is performed for (1) any
of the the previously mentioned indications for surgery of
isolated MCL lesions, (2) concomitant grade 2 and 3 valgus
laxity at 30� of flexion, (3) a positive Slocum test33 finding
in which ER fails to eliminate a positive anterior drawer
test result, and (4) a positive dial test finding caused by
anterior translation of the medial tibia (rather than poste-
rior translation of the lateral tibia from posterolateral rota-
tory instability). The surgeon authors rarely reconstruct
the POL, as simple suturing is usually adequate. The heal-
ing potential is so good because the POL is only a thicken-
ing of the capsule. The only indications for additional POL
reconstruction are a posteromedial injury associated with
posterior cruciate ligament laxity and, hence, posterome-
dial rotatory instability, which is very uncommon, or
hyperextension with failure of posterior/posteromedial
soft tissues. It is difficult to understand how POL recon-
struction can be justified in any other scenario. It will
not resist anterior translation of the medial tibia in
AMRI, as it is oriented in the wrong direction. Despite
this, there is a popular belief that POL reconstruction is
important in such cases; our impression is that the POL
is less important than has been previously thought.39

In relation to clinical tests and decision making, the
present work shows that an AM injury approximately dou-
bled ER laxity and tripled valgus laxity. It is tempting,
therefore, to speculate that clinical data from work per-
formed on patients in a controlled and preferably random-
ized study may identify indications for AM reconstruction.
With developing knowledge of functional anatomy, there
should be better understanding of the clinical evaluation
of MCL injuries. Excess valgus is primarily related to
sMCL insufficiency, but larger laxities indicate disruption
of the dMCL as well. dMCL insufficiency manifests in 2
ways. First, a positive dial test finding in which the medial
tibial condyle subluxes anteriorly, causing excess ER
(AMRI), indicates dMCL failure at 30�.6 At 90�, sMCL fail-
ure may also contribute to a positive test result.6 Second,
the Slocum test33 is useful. A positive anterior draw test
finding in neutral rotation indicates ACL insufficiency. If
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the test is repeated in ER and laxity is eliminated, the
MCL is intact. Failure of the elimination of increased ante-
rior translation in ER at 90� of flexion is probably caused
by a combination of failure of the dMCL and possibly the
sMCL. The use of clinical assessments is in decline because
of excessive faith in magnetic resonance imaging, but with
improved understanding of the subtleties of ligament func-
tion, more elegant and thorough examinations of the knee
will allow an improved assessment of the components to an
injury and thereby permit better fine-tuning of surgical
solutions. Magnetic resonance imaging shows what is
injured but rarely how significant that injury is.

Although this study provides clear findings on the bio-
mechanical ability of AM reconstruction to stabilize the
knee, it suffers limitations inherent in works on cadaveric
tissues. In particular, MCL surgery may be used to protect
concomitant soft tissue repair constructs, maintaining
length while healing, but that cannot occur in vitro. An
autograft construct may be appropriate for chronic tissue
deficiency, but a more acute setting may only require
a suture tape construct to support a repair procedure in
the short term. Although 2 of the senior surgeon authors
of this study use suture tapes for MCL surgery, their use
in a novel AM reconstruction method can only be recom-
mended after an appropriate clinical trial. The study was
limited to the loads imposed during clinical stability test-
ing and not the loads involved in daily activities because
of concerns about slippage of graft fixation in the speci-
mens from relatively old donor available. There is always
a concern, when working on cadaveric specimens, relating
to effects such as the order of cutting and reconstruction of
tissues and whether there may be stretching out secondary
to slippage of graft fixation and the deterioration of tissues.
Slippage of graft fixation was minimized by using doubled
fixation with secondary backup lateral fixation. It was not
possible to change the order of tissue cutting because of the
increased risk of tissue damage. The lack of slippage/
stretching out is attested by the ER data (Figure 5), which
show no measurable change in ER between the first and
final cuts. Although the tibia hung freely when the knee
was unloaded, restraining soft tissue tension ensured
that the knee was compressed when the testing loads
were applied. It would be desirable to add a more
‘‘dynamic’’ restraint from the semimembranosus tendon.
A strength of this study was that it allowed native knee
stability to be measured and used as a specimen-specific
variable to assess the effects of ligament transection and
reconstruction, by repeated-measures statistical analysis,
under carefully controlled loads and with accurate meas-
urements of bone-bone displacement.

Given that it is always desirable to simplify surgical
procedures, it will be appropriate to study the AM recon-
struction technique of Wang et al,38 which places both
the sMCL and the dMCL grafts into a single femoral tun-
nel; it is not known how this may affect the resulting sta-
bility. A further step could then be to combine these
grafts into 1, with an intermediate orientation, on the basis
that it should act as a short-term ‘‘splint’’ while the native
tissues heal; then, only 1 fixation point is required on each
bone. The present study of anatomic 2-strand AM

reconstruction showed that it can restore native laxity in
an AM-injured knee when tested in vitro and questions
the need for PMC/POL surgery for AMRI.

CONCLUSION

AM reconstruction of the superficial and deep bands of the
MCL was able to restore native knee laxity measures
related to AMRI in the face of complete transection of the
MCL and PMC/POL in a cadaveric model.

REFERENCES

1. Ahn JH, Lee SH. Risk factors for knee instability after anterior cruci-

ate ligament reconstruction. Knee Surg Sports Traumatol Arthrosc.

2016;24:2936-2942.

2. Alm L, Krause M, Frosch K-H, Akoto R. Preoperative medial knee

instability is an underestimated risk factor for failure of revision ACL

reconstruction. Knee Surg Sports Traumatol Arthrosc. 2020;28:

2458-2467.

3. Amis AA. Editorial commentary: taking a wider view during anterior

cruciate ligament reconstruction? The case for doing more than

just reconstructing the anterior cruciate ligament itself. Arthroscopy.

2019;35:1484-1485.

4. Andrews K, Lu A, Mckean L, Ebraheim N. Review: medial collateral

ligament injuries. J Orthop. 2017;14(4):550-554.

5. Athwal KK, Willinger L, Shinohara S, Ball S, Williams A, Amis AA. The

bone attachments of the medial collateral and posterior oblique liga-

ments are defined anatomically and radiographically. Knee Surg

Sports Traumatol Arthrosc. 2020;28:3709-3719.

6. Ball S, Stephen JM, El-Daou H, Williams A, Amis AA. The medial lig-

aments and the ACL restrain anteromedial laxity of the knee. Knee

Surg Sports Traumatol Arthrosc. 2020;28:3700-3708.

7. Bedi A, Musahl V, Lane C, Citak M, Warren RF, Pearle AD. Lateral

compartment translation predicts the grade of pivot shift: a cadaveric

and clinical analysis. Knee Surg Sports Traumatol Arthrosc. 2010;

18:1269-1276.

8. Black AK, Schlepp C, Zapf M, Reid JB. Technique for arthroscopi-

cally-assisted superficial and deep medial collateral ligament repair

with internal brace augmentation. Arthrosc Tech. 2018;7(11):e1215-

e1219.

9. Bollen S. Epidemiology of knee injuries: diagnosis and triage. Br J

Sports Med. 2000;34(3):227-228.

10. Bull AMJ, Earnshaw PH, Smith A, Katchburian MV, Hassan ANA,

Amis AA. Intraoperative measurement of knee kinematics in recon-

struction of the anterior cruciate ligament. J Bone Joint Surg Br.

2002;84:1075-1081.

11. Butler DL, Noyes FR, Grood ES. Ligamentous restraints to anterior-

posterior drawer in the human knee: a biomechanical study. J

Bone Joint Surg Am. 1980;62:259-270.

12. Cavaignac E, Carpentier K, Pailhe R, Luyckx T, Bellemans J. The role of

the deep medial collateral ligament in controlling rotational stability of

the knee. Knee Surg Sports Traumatol Arthrosc. 2015;23:3101-3107.

13. Coobs BR, Wijdicks CA, Armitage BM, et al. An in vitro analysis of an

anatomical medial knee reconstruction. Am J Sports Med. 2010;

38(2):339-347.

14. Getgood AMJ, Bryant DM, Litchfield R, et al. Lateral extra-articular

tenodesis reduces failure of hamstring tendon autograft anterior cru-

ciate ligament reconstruction. Am J Sports Med. 2020;48:285-297.

15. Grood ES, Noyes FR, Butler DL, Suntay WJ. Ligamentous and cap-

sular restraints preventing straight medial and lateral laxity in intact

human cadaver knees. J Bone Joint Surg Am. 1981;63:1257-1269.

16. Grood ES, Suntay WJ. A joint coordinate system for the clinical

description of three-dimensional motions: application to the knee. J

Biomech Eng. 1983;105:136-144.

8 Miyaji et al The American Journal of Sports Medicine



17. Hughston JC, Barrett GR. Acute anteromedial rotatory instability. J

Bone Joint Surg Am. 1983;65:145-153.

18. Hughston JC, Eilers AF. The role of the posterior oblique ligament in

repairs of acute medial (collateral) ligament tears of the knee. J Bone

Joint Surg Am. 1973;55:923-940.

19. Inderhaug E, Stephen JM, Williams A, Amis AA. Biomechanical com-

parison of anterolateral procedures combined with ACL reconstruc-

tion. Am J Sports Med. 2017;45:347-354.

20. Kennedy JC, Fowler PJ. Medial and anterior instability of the knee. J

Bone Joint Surg Am. 1971;53:1257-1270.

21. Kim MS, Koh IJ, In Y. Superficial and deep medial collateral ligament

reconstruction for chronic medial instability of the knee. Arthrosc

Tech. 2019;8(6):e549-e554.

22. Kittl C, Becker DK, Raschke MJ, et al. Dynamic restraints of the

medial side of the knee: the semimembranosus corner revisited.

Am J Sports Med. 2019;47:863-869.

23. Lind M, Jakobsen BW, Lund B, Hansen MS, Abdallah O, Christiansen

SE. Anatomical reconstruction of the medial collateral ligament and

posteromedial corner of the knee in patients with chronic medial col-

lateral ligament instability. Am J Sports Med. 2009;37:1116-1122.

24. Mehl JT, Kia C, Murphy M, et al. Posteromedial ligament repair of the

knee with suture tape augmentation. Am J Sports Med.

2019;47:2952-2959.

25. Miyaji N, Holthof SR, Bastos RPS, et al. A triple-strand anatomic

medial collateral ligament reconstruction restores knee stability

more completely than a double-strand reconstruction: a biomechan-

ical study in vitro. Am J Sports Med. Published online May 5, 2022.

doi: 10.1177/03635465221090612

26. Müller W. Das Knie: Form, Funktion und Ligamentare Wiederherstl-

lungschirurgie. Springer-Verlag; 1983.

27. Narvani A, Mahmud T, Lavelle J, Williams A. Injury to the proximal

deep medial collateral ligament: a problematical subgroup of injuries.

J Bone Joint Surg Br. 2010;92:949-953.

28. Race A, Amis AA. Loading of the two bundles of the posterior cruci-

ate ligament: an analysis of bundle function in A-P drawer. J Bio-

mech. 1996;29:873-879.

29. Robinson JR, Bull AMJ, Thomas RRD, Amis AA. The role of the

medial collateral ligament and posteromedial capsule in controlling

knee laxity. Am J Sports Med. 2006;34:1815-1823.

30. Robinson JR, Sanchez-Ballester J, Bull AMJ, Thomas RDWM, Amis

AA. The posteromedial corner revisited: an anatomical description of

the passive restraining structures of the medial aspect of the human

knee. J Bone Joint Surg Br. 2004;86:674-681.

31. Shapiro MS, Markolf KL, Finerman GA, Mitchell PW. The effect of

section of the medial collateral ligament on force generated in the

anterior cruciate ligament. J Bone Joint Surg Am. 1991;73:248-256.

32. Sims WF, Jacobson KE. The posteromedial corner of the knee:

medial-sided injury patterns revisited. Am J Sports Med.

2004;32(2):337-345.

33. Slocum DB, Larson RL. Rotatory instability of the knee: its pathogen-

esis and a clinical test to demonstrate its presence. J Bone Joint

Surg Am. 1968;50:211-225.

34. Sonnery-Cottet B, Saithna A, Cavalier M, et al. Anterolateral ligament

reconstruction is associated with significantly reduced ACL graft rup-

ture rates at a minimum follow-up of 2 years: a prospective compar-

ative study of 502 patients. Am J Sports Med. 2017;45:1547-1557.

35. Stephen JM, Halewood C, Kittl C, Bollen SR, Williams A, Amis AA.

Posteromedial meniscocapsular lesions increase tibiofemoral joint

laxity with ACL deficiency and their repair reduces laxity. Am J Sports

Med. 2016;44:400-408.

36. Sullivan D, Levy IM, Sheskier S, Torzilli PA, Warren RF. Medial

restraints to anterior-posterior motion of the knee. J Bone Joint

Surg Am. 1984;66:930-936.

37. Svantesson E, Senorski EH, Alentorn-Geli E, et al. Increased risk of

ACL revision with non-surgical treatment of a concomitant medial

collateral ligament injury: a study on 19,457 patients from the Swed-

ish National Knee Ligament Registry. Knee Surg Sports Traumatol

Arthrosc. 2019;27:2450-2459.

38. Wang X, Liu H, Duan G, Niu Y, Liu C, Wang F. A biomechanical anal-

ysis of triangular medial knee reconstruction. BMC Musculoskelet

Disord. 2018;19:125.

39. Williams A, Becker R, Amis AA. Editorial. The medial collateral liga-

ment: the neglected ligament. Knee Surg Sports Traumatol Arthrosc.

2020;28:3698-3699.

40. Willinger L, Balendra G, Pai V, et al. High incidence of superficial and

deep medial collateral ligament injuries in ‘‘isolated’’ anterior cruciate

ligament ruptures: a long overlooked injury. Knee Surg Sports Trau-

matol Arthrosc. 2022;30(1):167-175.

41. Willinger L, Shinohara S, Athwal KK, Ball S, Williams A, Amis AA.

Length change patterns of the medial collateral ligament and poste-

rior oblique ligament in relation to their function and surgery. Knee

Surg Sports Traumatol Arthrosc. 2020;28:3720-3732.

42. Zhang H, Sun Y, Han X, et al. Simultaneous reconstruction of the

anterior cruciate ligament and medial collateral ligament in patients

with chronic ACL-MCL lesions: a minimum 2-year follow-up study.

Am J Sports Med. 2014;42(7):1675-1681.

For reprints and permission queries, please visit SAGE’s Web site at http://www.sagepub.com/journals-permissions

AJSM Vol. XX, No. X, XXXX Anteromedial MCL Reconstruction 9


