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Purpose: Posterior cruciate ligament (PCL) injuries are often associated with injuries of the
posteromedial structures of the knee. The motivation for this study was the attempt to test different
reconstruction techniques for the structures of the posteromedial corner in a biomechanical experi-
ment. Methods: Kinematic studies were carried out on 10 cadaveric knees exposed to a 134-N
posterior tibial load, 10-Nm valgus torque, and 5-Nm internal torque at 0°, 30°, 60°, and 90° of
flexion. The resulting posterior tibial translation (PTT) was determined using a robotic/universal
force-moment sensor testing system for (1) intact knees, (2) PCL-deficient knees, (3) knees with
deficiency of the PCL and the posteromedial structures, (4) knees with only the PCL reconstructed,
(5) knees with the PCL and posterior oblique ligament (POL) reconstructed, and (6) knees with the
PCL, medial collateral ligament (MCL), and POL reconstructed. Kinematic data were analyzed by a
2-factor repeated analysis of variance. Results: When both the PCL and the posteromedial structures
were cut, PTT increased significantly at all flexion grades under a posterior tibial load (P � .05).
Reconstruction of only the PCL could not restore PTT at 0°, 30°, 60°, and 90° of flexion under
loading conditions in a knee with combined injury of the PCL and the posteromedial structures
(P � .05). Additional reconstruction of the POL improved PTT at all flexion angles in comparison
with only the PCL-reconstructed knee. Reconstruction of the MCL had no significant effect on PTT.
Conclusions: This study shows that reconstruction of the POL contributes significantly to the
normalization of coupled PTT in knees with combined injury of the PCL and the posteromedial
structures under valgus or internal rotational moment. The supplementary reconstruction of the MCL
did not provide significant improvement in knee kinematics. Clinical Relevance: The POL should
be addressed in the patient with combined injuries of the PCL and the posteromedial structures.
Some clinical studies have reported unfavorable
clinical outcomes after isolated posterior cruciate

ligament (PCL) reconstruction at midterm follow-up
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in a large number of patients.1,2 One explanation for
the high incidence of fair to poor clinical results in
treating PCL-injured patients may be the high inci-
dence of unrecognized or inadequately treated associ-
ated injuries. Studies have shown that a high percent-
age of PCL injuries are combined with injury to other
structures in the knee.1,3-5

Lesions of the posterolateral structures are the most
frequently associated injuries, being seen in 60% of
patients with PCL injuries.1,3-5 Biomechanical studies
show that a graft that restores knee kinematics for an
isolated PCL may be overloaded and will fail if the
posterolateral structures are also deficient and not
addressed surgically.6-10 Therefore surgical repair

and/or reconstruction of the posterolateral corner and
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1284 A. WEIMANN ET AL.
the PCL is recommended in the presence of combined
injury both in the acute setting and with chronic in-
stability.3-5

In recent years, with the emphasis on the postero-
lateral structures, less attention has been paid to the
posteromedial structures. However, especially after
high-velocity trauma, a high prevalence of associated
posteromedial injuries is reported.3,4 A recent review
rticle has shown that in the multiligamentous-injured
nee, untreated posteromedial instability can be con-
idered a cause for failure of a PCL reconstruction.11

Four principal structural elements can be found in
the posteromedial corner: the superficial medial col-
lateral ligament (sMCL), the deep medial collateral
ligament (dMCL), the posterior oblique ligament
(POL), and the posteromedial capsule (PMC).12-15 A
ecent biomechanical study has shown that the POL is
n important restraint to posterior tibial translation
PTT) in the PCL-deficient knee.12 These data support
he clinical theory that untreated injuries to the POL
ay contribute to PCL graft failure. In patients with

ombined injuries, instability may be pronounced be-
ause the functional deficiency of 1 ligament may
ffect the healing of the others.

The treatment of posteromedial instabilities is still
ontroversial. Surgical procedures generally consisted
f repair or reattachment of the capsular structures
ncluding the posteromedial component.3,4,14,15 Muel-
er16 recommended reconstructing the POL in patients
ith posteromedial instabilities with an autologous
raft of the semimembranosus tendon. Other medial
econstruction techniques replace both the POL and
he medial collateral ligament (MCL)12 or only the

MCL.17

The motivation for this study was the attempt to test
different reconstruction techniques for the structures
of the posteromedial corner in a biomechanical exper-
iment. Our hypothesis was that the combined recon-
struction of the POL and PCL would be more effective
than isolated PCL reconstruction in restoring knee
kinematics.

METHODS

Material

The study used 10 fresh-frozen human cadaveric
knees (6 male and 4 female specimens; age range, 55
to 78 years; mean age, 72 years). The knees were
obtained from body donors in the department of anat-
omy. All knees were inspected carefully for scars

indicating previous arthroscopic or open surgery. Af-
ter arthrotomy, the joint was inspected for arthritic
changes. Previous surgery or arthritic changes were
exclusion criteria.

For the different reconstructions, human hamstring
tendons were used. The grafts were harvested from
body donors with a stripping device. Immediately
after harvesting, the grafts were stored at –20°C. Be-
fore testing, all tendons were thawed at room temper-
ature for 12 hours and kept moist with saline solution
irrigation during preparation to prevent dehydration.
Before testing, the knees were stored at –20°C and
thawed for 12 hours at room temperature.

Testing Protocol Using Robotic/Universal
Force-Moment Sensor Testing System

The femur and the tibia were cut 20 cm from the
joint line and mounted in aluminum cylinders with
polymethyl methacrylate bone cement (Palacos; Me-
rck, Darmstadt, Germany). The tibial side of this
construct was connected to a universal force-moment
sensor (UFS) (FTI Theta 1500-240; Schunk, Lauffen,
Germany) that was firmly fixed to the end effector
of a 6-df robotic manipulator (KR 125; KUKA Ro-
bots, Augsburg, Germany). The femoral cylinder was
mounted to the base of the robot (Fig 1).

At the beginning, the path of passive flexion-
extension of the intact knee joint was determined by
the robotic/UFS testing system. This was achieved by
maintaining a target force and moment of 0 in all
remaining degrees of freedom. The robotic/UFS test-
ing system found the positions of the knee that mini-
mized all external forces and moments applied to the

FIGURE 1. UFS/robotic testing system. The tibia was mounted to
the UFS, which is connected to the robot. The femur was mounted
to the base of the robot. Three different forces were applied: 134-N
posterior load, 10-Nm valgus torque, and 5-Nm internal torque.
joint throughout the range of flexion from 0° to 90° in
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increments of 1°. These positions served as the start-
ing point for application of a 134-N posterior tibial
load, 10-Nm valgus torque, and 5-Nm internal torque
at 0°, 30°, 60°, and 90° of knee flexion. The 3 loading
conditions were tested separately.

The external loads were reapplied to the knee after
sequential cutting of the PCL and then after cutting of
the posteromedial corner (MCL, POL, and PMC),
after single-bundle PCL reconstruction, after addi-
tional reconstruction of the POL, and finally, after
reconstruction of the MCL, POL, and PMC. The re-
sulting kinematics for PTT, valgus torque, and internal
toque were recorded by the testing system.

The system is capable of highly accurate kinematic
measurements, such as anteroposterior translation,
medial-lateral translation, proximal-distal translation,
varus-valgus rotation, and internal-external rotation of
joint motion.18 By use of the principle of superimpo-
sition, the apparatus allows calculation of constraining
force attributed to the graft or the PCL at various
angles of knee flexion. The repeatability of this system
is 0.2 mm and 0.02° for orientation and position of the
end effector, respectively.19 The robotic manipulator
is capable of achieving positional control of the knee
in 6 df, whereas the UFS can measure 3 orthogonal
forces and moments. Simultaneously, this system is
capable of operating in a force-controlled mode
through the force feedback from the UFS to the robot.

PCL Reconstruction Technique

PCL reconstruction was performed through a small
anterolateral arthrotomy. A semitendinosus gracilis
4-stranded graft with a length of 12 cm was prepared
on a standard preparation board. A bone tunnel ac-
cording to the diameter of the graft (9 or 10 mm) was
drilled in the femoral insertion of the anterolateral
bundle by use of a specific drill guide (femoral PCL
guide; Karl Storz, Tuttlingen, Germany), and a second
bone tunnel was drilled through the tibia, ending in the
center of the tibial insertion of the PCL. For tibial
tunnel placement, an additional posterior approach
was made and a specific drill guide (PCL guide; Karl
Storz) was used.

A hybrid technique with a button and interference
screw was used for femoral and tibial fixation (Flip
tack, Endo tack, and MegaFix interference screw; Karl
Storz). The screw diameter was chosen according to
the tunnel diameter. Tensioning was performed after
multiple cycling of the knee in 90° of flexion with a

load of 80 N with a tensiometer.
Reconstruction Technique of Posteromedial
Structures

A semitendinosus graft was used to reconstruct both
the MCL and the POL (Fig 2). The tendon was looped,
and a flip button (Flip tack; Karl Storz) was placed
within the proximal loop. One strand of the graft
should replace the MCL (sMCL and dMCL), and the
other strand should replace the POL. A double loop of
1 mm of polyethylene suture material was used to
connect tendon loop and button. No. 2 polyethylene
suture material was used for the preparation of the
strands.

The common femoral tunnel was placed at the me-
dial epicondyle with a diameter of 8 mm. The tibial
tunnel (diameter of 6 mm) for the MCL was placed in
the anteromedial aspect of the tibia approximately 6
cm below the joint line at the distal insertion of the
MCL. The tibial tunnel for the POL (diameter of 6
mm) was placed in the posteromedial aspect of the
tibial plateau approximately 1.5 cm below the joint
line just proximal to the insertion of the semimembra-
nosus muscle. This area represents the insertion of the
POL. To ensure that the tunnels’ exits do not intersect,
drilling was performed with K-wires by use of an

FIGURE 2. Reconstruction of the MCL and POL with double-
tranded semitendinosus graft.
anterior cruciate ligament (ACL) aimer to guide the
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1286 A. WEIMANN ET AL.
drill direction. There was a small bony bridge between
both tunnels (5 mm) over which the holding sutures of
both tendon strands were connected.

The loop of the graft was pulled into the femoral
tunnel, the button was flipped, and manual tension was
applied to the graft. The anterior strand of the graft
was then pulled through the anterior tibial tunnel, and
the posterior strand was pulled through the posterior
tibial tunnel.

The anterior strand of the graft was tensioned man-
ually at full extension and fixated with a biodegrad-
able interference screw (6-mm-diameter MegaFix).
The POL graft was tensioned at 45° of flexion in the
same fashion.

Statistical Analysis

All knee conditions (intact, all ligaments deficient,
and reconstructed) were tested in every specimen.
Because each specimen was tested in the intact state
and then after sequential sectioning of the PCL, MCL,
POL, and PMC and the reconstruction of all liga-
ments, the kinematic data for each state were analyzed
by a 2-factor repeated analysis of variance. The 2
factors evaluated were the condition of the knee (in-
tact, transected, and reconstructed) and the different
knee flexion angles. The dependent variables evalu-
ated were knee kinematics. Significance was set at
P � .05.

RESULTS

TT at 134-N Posterior Load

Under the 134-N posterior tibial load, PTT of the
ntact knee varied from a mean of 7.35 � 2.57 mm at

ull extension to 6.97 � 2.33 mm at 90° of flexion fl
Fig 3). After the PCL was sectioned, these transla-
ions increased significantly to 10.02 � 2.39 mm at 0°
f flexion, 12.56 � 4.21 mm at 30°, 13.97 � 2.10 mm

at 60°, and 15.98 � 2.87 mm at 90° (P � .05). In
comparison with the PCL-deficient knee, PTT signif-
icantly increased after additional sectioning of the MCL,
POL, and PMC (15.06 � 2.19 mm at 0°, 11.45 � 2.47

m at 30°, 13.78 � 2.5 mm at 60°, and 15.46 � 2.3 mm
at 90°).

PCL reconstruction improved PTT at every flexion
angle significantly (8.86 � 2.17 mm at 0°, 20.32 � 3.59
mm at 30°, 22.88 � 2.02 mm at 60°, and 23.96 � 3.23
mm at 90°). Reconstruction of the POL further improved
PTT significantly in comparison with the PCL-, POL-,
and MCL-deficient knee at all flexion angles (P � .05)
(10.87 � 2.38 mm at 0°, 12.89 � 3.65 mm at 30°,
12.29 � 2.66 mm at 60°, and 13.12 � 4.21 mm at 90°;
P � .05). After additional reconstruction of the MCL,
PTT did not decrease significantly (9.97 � 2.65 mm at
0°, 11.98 � 4.45 mm at 30°, 12.41 � 2.86 mm at 60°,
and 13.03 � 4.67 mm at 90°; P � .05) in comparison

ith the PCL- and POL-reconstructed knee.

TT at 10-Nm Valgus Torque

Under the load of 10-Nm valgus torque, PTT varied
etween 1.53 � 0.9 mm at 0° and 3.89 � 2.31 mm at 90°
f knee flexion, with a significant difference among the
alues at the 4 tested positions in the intact knee (Fig 4).
t higher degrees of flexion, there was an increase in
TT throughout the whole series. After the PCL was
ectioned, PTT only slightly increased, to 1.86 � 1.07
m at 0°, to 3.26 � 1.7 mm at 30°, to 4.22 � 2.22 mm

t 60°, and to 5.73 � 2.36 mm at 90°. Further sectioning
f the posteromedial structures increased PTT at all

FIGURE 3. PTT in response to posterior tibial
load of 134 N (mean � standard deviation).
Asterisks, statistically significant results (P �
.05).
exion angles significantly in comparison with the PCL-
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deficient knee (8.09 � 0.83 mm at 0°, 9.09 � 1.84 mm
t 30°, 10.15 � 2.16 mm at 60°, and 11.29 � 2.07 mm
t 90°; P � .05).

Reconstruction of the PCL only resulted in no sig-
ificant improvement of the PTT in comparison with
he PCL-/POL-/MCL-deficient knee especially at
igher flexion angles (5.69 � 0.68 mm at 0°, 5.99 �
.84 mm at 30°, 9.15 � 2.1 mm at 60°, and 9.22 �

2.27 mm at 90°).
When the PCL and the POL were reconstructed,

PTT improved significantly in comparison with the
single PCL reconstruction (3.89 � 0.63 mm at 0°,
4.09 � 1.8 mm at 30°, 5.95 � 1.96 mm at 60°, and
7.67 � 2.47 mm at 90°; P � .05). Additional recon-
struction of the MCL did not decrease PTT signifi-
cantly in comparison with the PCL/POL reconstruc-
tion.

FIGURE 4. PTT in response to 10-Nm valgus
torque (mean � standard deviation). Asterisks,
statistically significant results (P � .05).
PTT at 5-Nm Internal Torque

Under the load of 5-Nm internal rotation, PTT varied
between 6.83 � 2.1 mm at 0° and 4.89 � 1.36 mm at 90°
of knee flexion, with no significant differences among
the values at the 4 tested positions in the intact knee (Fig
5). After the PCL was sectioned, PTT increased signif-
icantly to 9.56 � 2.77 mm at 0°, 11.41 � 3.87 mm at
30°, 12.72 � 2.2 mm at 60°, and 14.23 � 3.56 mm at
90° (P � .05). Further sectioning of the posteromedial
structures increased PTT at all flexion angles in compar-
ison with the PCL-deficient knee (15.09 � 2.83 mm at
0°, 19.99 � 3.04 mm at 30°, 22.95 � 2.16 mm at 60°,
and 23.22 � 3.27 mm at 90°; P � .05).

Reconstruction of only the PCL resulted in significant
mprovement of the PTT at all flexion angles in compar-
son with the PCL-/POL-/MCL-deficient knee (12.69 �

FIGURE 5. PTT in response to 5-Nm internal
torque (mean � standard deviation). Asterisks,
statistically significant results (P � .05).
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1288 A. WEIMANN ET AL.
2.83 mm at 0°, 13.89 � 3.54 mm at 30°, 14.15 � 2.76
m at 60°, and 14.02 � 3.87 mm at 90°; P � .05).
When the PCL and the POL were reconstructed,

TT improved in comparison with the isolated PCL
econstruction (9.69 � 2.23 mm at 0°, 8.79 � 3.04
m at 30°, 7.85 � 2.76 mm at 60°, and 8.02 � 4.27
m at 90°; P � .05). Additional reconstruction of the
CL did not further improve PTT and showed the

ame results at the 4 tested positions.

DISCUSSION

The biomechanical results confirm our hypothesis
hat reconstruction of the POL with a tendon graft
mproves PTT in the PCL-reconstructed knee. The
upplementary reconstruction of the MCL did not
rovide significant improvement in knee kinematics.
hese data support the clinical theory that the POL
hould be replaced by a tendon graft in combined
njuries of the posteromedial corner and the PCL.15,17

The results of our study support previous findings
that the POL has a distinct role in controlling PTT in
the PCL-deficient knee.12 In a sequential-cutting study
sing a UFS robotic testing system, it has been shown
hat the POL is a restraint to PTT when the knee is
exed.12 Robinson et al.20 found that the PMC (in-
luding the POL) is an important structure for con-
rolling PTT in the PCL-intact knee. Anatomic studies
ave shown that internal rotation tightens the
MC.13,19 This finding explains the stabilizing role of

he POL graft under tibial internal rotation.
It is important to note that in this study, we simulated

n injury to posteromedial structures by sectioning all
tructures of the posteromedial corner. Previous studies
ave found that with sectioning merely 1 component of
he posteromedial corner (e.g., MCL, POL, or posterior
apsule), the changes in knee kinematics would be sig-
ificantly less than with sectioning 2 or more compo-
ents.12 Hence our data do represent a worst-case sce-
ario. In the clinical situation a careful diagnostic
valuation is needed to decide which patient would profit
rom an additional POL reconstruction.

Whereas the role of the posteromedial structures for
he stabilization of the knee joint seems to be under-
tood, there is only little agreement on how to manage
atients with chronic posteromedial instability.21 To
ur knowledge, this is the first biomechanical cadav-
ric study about a reconstruction technique for pos-
eromedial instability. This study showed the impor-
ance of reconstructing the POL in patients with
ombined injury of the PCL and the posteromedial

tructures. The technique presented cannot be trans-
erred to the clinic because there are several questions
hat are still unanswered. First, the technique for fix-
tion of the POL graft has been adopted from tech-
iques used for ACL reconstruction, and we have used
his technique successfully in a limited number of
atients. Second, the ideal graft material for POL
eplacement has not been identified so far. Harvesting
f autologous grafts on the ipsilateral side in this
rocedure may result in a loss of function of the pes
endons as secondary medial stabilizers. Third, it is
ot known how the graft should be tensioned. To
nswer all these questions, further research is needed.

It must be noted that even after the combined re-
onstruction of the PCL and POL, a notable amount of
TT still exists. A potential problem with the pre-
ented surgical procedure is its inability to reproduce
he shape of the large and flat femoral origin and tibial
nsertion of the POL.13,16,20

In the literature there are only a few reports about
reconstructions of the medial and posteromedial struc-
tures. Yoshiya et al.17 reported a surgical procedure using
utogenous semitendinosus and gracilis tendons to ana-
omically reconstruct the anterior longitudinal compo-
ent of the sMCL. As in our study, the tendon grafts
ere fixated with interference screws. These authors

reated 27 patients with symptomatic medial instability
ith this surgical procedure. At follow-up, medial sta-
ility, as well as postoperative range of motion, was
raded as normal or nearly normal in all patients. In
ccordance with the biomechanical findings of our study,
he authors concluded that a potential problem with this
rocedure was that only the anterior longitudinal part of
he sMCL was reconstructed. They further stated that
specially in the combined ligament–injured knees, in-
tability against rotatory stress is thought to remain to
ome extent, even after the reconstruction of the anterior
ongitudinal MCL.

Fanelli and Harris15 described a surgical procedure
here an allograft is secured to the anatomic insertion

ites of the sMCL using screws and spiked ligament
ashers. The PMC is secured to the allograft tissue to

liminate posteromedial capsular laxity. Another study22

presents the 2-year follow-up results of 15 arthroscopic-
assisted ACL-PCL reconstructions. This study group
consisted of 4 ACL-PCL-MCL injuries and 5 ACL–
PCL–posterolateral corner–MCL injuries. Medial-side
injuries were treated surgically by primary repair, pos-
teromedial capsular shift, and allograft augmentation as
indicated. Post-reconstruction physical examination re-
sults of the medial-side treatment showed that 30° and
0° valgus stress testing was restored to normal in all 9

knees with medial-side laxity. Although these results
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1289POSTEROMEDIAL CORNER RECONSTRUCTION
underline the importance of reconstructing the PMC,
the absolute number of cases is too small to draw
definite conclusions.

One limitation of our study is that the important in-
fluence of the muscles is not taken into consideration. In
vivo, muscle activities have a great influence on the
kinematics of the knee. The posterior medial corner is
augmented by the semimembranosus tendons just below
the joint line.19,20 It has various extensions into the pos-
terior capsule.19 In deep flexion the semimembranosus
muscle tendon tenses the tendon sheath.19 However, the
tendon’s tension acts approximately parallel to the fe-
mur, and it pulls the PMC proximally when the knee is
at low flexion angles. The proximal part of the capsule
that crosses the joint line is therefore kept slack by this
tendon’s action, and so it is then unlikely to stabilize the
knee.19 The semimembranosus tendon inserts at the tibial
plateau and tends to pull the tibia posterior, thus increas-
ing PTT. The proximal part of the PMC is the origin of
the medial gastrocnemius muscle.13 This muscle could
theoretically be able to tense the proximal PMC when
the knee is flexed. A further research direction is there-
fore to evaluate the role of the MCL and POL tendon
grafts under simulated muscle load and in the in vivo
situation. However, our anatomic studies have shown
that the POL has no connection to any muscle; therefore
this structure must be considered an important passive
stabilizer against PTT.

Another limitation of our study is the fact that
injuries of the posteromedial structures are often as-
sociated with ACL tears.4 That condition was not
ested in our kinematic study and needs to be clarified
n further research.

CONCLUSIONS

This study shows that a reconstruction of the POL
ontributes significantly to the normalization of cou-
led PTT in knees with combined injury of the PCL
nd the posteromedial structures under valgus or in-
ernal rotational moment. The supplementary recon-
truction of the MCL did not provide significant im-
rovement in knee kinematics.
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