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laxity parameters were recorded with an intra-operative 
navigation system and defined as: AP displacement at 30° 
and 90° of flexion (AP30 and AP90) applying a 130 N load 
and IE at 30° and 90° of knee flexion with a 5 N load.
Results Sectioning the ACL significantly increased the 
AP30 at 30° and 90° of knee flexion (p < 0.05). At 90° of 
knee flexion, the resection of the LCL determined a sig-
nificant increase in terms of AP laxity (p < 0.05). At 90° 
has been found a significant difference for the IE laxity 
(p < 0.05) after PC resection. Sectioning the LCL produced 
a significant increase in IE laxity at 30° and 90° of knee 
flexion (p < 0.05).
Conclusion Isolated ACL reconstruction is able to con-
trol the AP laxity with a combined complete lesion of the 
PLC at 30° of knee flexion, but not at higher angle of knee 
flexion. Considering the IE rotations, the reconstruction 
was not sufficient not even to control a partial lesion of the 
PLC. These findings suggest that additional surgical pro-
cedures should be considerate even when facing combined 
PLC lesion.

Keywords Posterolateral corner · ACL · Combined 
lesions · Kinematics · Laxity

Introduction

Anterior cruciate ligament (ACL) reconstruction is one of 
the most commonly performed procedures in orthopae-
dics for ACL injury [5]. Successful anterior cruciate liga-
ment reconstruction depends on multiple factors. Recently, 
the importance of the secondary restraint of the knee has 
been highlighted as key factor in the failure of ACL recon-
struction [1, 20]. Combined injuries to posterolateral corner 
(PLC) determine a pathological posterolateral laxity when an 

Abstract 
Purpose Posterolateral corner structures functionally 
interact with the ACL. The aim of this study was to inves-
tigate the capability of an isolated ACL reconstruction con-
trol laxity parameters in a knee with combined ACL and 
PLC and the increase in terms of laxity produced by the 
resection of the PC in an ACL-deficient knee.
Method An in vitro cadaveric study was performed on 
seven knees. The joints were analysed in the following con-
ditions: intact, after ACL resection, after popliteus complex 
resection, after ACL reconstruction and after LCL. Testing 
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external rotational force is applied to the knee joint. Previous 
biomechanical studies have demonstrated that posterolateral 
corner structures functionally interact with the cruciates [13, 
14, 19]. LaPrade et al. [14] have shown that the deficiency of 
posterolateral structures significantly increases the varus load 
on the ACL graft, determining an increased risk of failure. 
Therefore, in the combined injury setting, the consequence 
of missing a posterolateral lesion may affect the outcome of 
the anterior cruciate ligament reconstruction. Many authors 
have advocated unrecognized posterolateral laxity as a main 
cause of graft failures [2, 10, 12, 25]. The incidence of PLC 
injuries in ACL-deficient knee, ranging from 7.4 to 13.9 % 
[15], is probably under-reported. This is probably due to the 
fact that the correct diagnosis of a concomitant lesion occur-
ring to the posterolateral region is often challenging due to its 
anatomical and biomechanical complexity. The two primary 
components of this complex structure are the lateral collateral 
ligament (LCL) and the popliteus complex (PC) [35]. The PC 
includes the popliteus muscle–tendon unit and all its connec-
tion to the fibula, tibia and meniscus. Other ligaments compo-
nents of the PLC such as the arcuate ligament complex and 
the fabellofibular ligament have less biomechanical signifi-
cance [3, 9, 11, 27, 30].

In the available literature, there is lack of data focusing 
on the capability of an isolated ACL reconstruction to con-
trol laxity parameters in PLC-deficient knee.

Therefore, the aim of this study was to investigate the 
capability of an isolated ACL reconstruction to restore the 
static laxity parameters in a knee with an ACL lesion com-
bined to a partial and a complete PLC lesion. Further, the 
increase in terms of static laxity parameter was produced 
by the resection of the PC in an ACL-deficient knee.

Materials and methods

Eight knees from four fresh-frozen normal complete cadav-
eric specimens, age at time of death 80 ± 3 years old, 
were recruited in the study. All specimens were thawed 
from 24 to 48 h prior to testing. During the experimental 
procedure, the orthopaedic surgeon, who performed the 
surgical as well as the testing part of the study, controlled 
each joint to exclude soft tissue pathologies, arthritis, ana-
tomical deformities or previous surgical interventions. One 
knee was excluded due to severe arthritis, and therefore 
seven knees were finally included. Skin and subcutane-
ous fat were removed to access the stabilizing structures. 
A parapatellar medial arthrotomy was performed to access 
the ACL. The iliotibial band was cut along its longitudinal 
fibres to access the LCL insertion on the fibula. The liga-
mentous and the tendinous structures were left intact.

Knee kinematics as well as anatomical data were 
acquired by a navigation system which consists of an 

optical localizer (Polaris, NDI, Waterloo, Ontario, Canada) 
and a custom-made software (MATLAB, The MathWorks 
Inc., Natick, Massachusetts, USA). During the test, the cor-
rect limb position was maintained by a testing rig where the 
foot of the tested limb was fastened.

In order to track the relative motion between the tibia 
and the femur, trackers provided by optical passive markers 
were mounted on both tibial and femoral bone by threaded 
Steinmann pins. The 3D root mean square (RMS) volumet-
ric accuracy of the navigation system in the localization of 
a single passive marker is equal to 0.35 mm [7]. Accord-
ing to this latter value and choosing for a more conservative 
approach, all our results were rounded to the first decimal 
digit. In a previous in vivo study without load control, it 
has been also evaluated the reliability of the applied test-
ing method. In particular, it has been found an intra-tester 
repeatability of about 1 mm for AP30/AP90 test, 1° for 
VV0/VV30 test stress test and 2° for IE30/IE90 test [18, 
33].

The anatomical system of references, required to evalu-
ate the knee joint kinematics, was identified through the 
acquisition of anatomical bony landmarks (medial and lat-
eral malleolus, most medial and most lateral point of tibial 
plateaux, medial and lateral epicondyle) using a tracked 
probe. Moreover, the hip joint centre (HJC) necessary to 
complete the femoral system of reference was calculated 
through a pivoting motion [28].

An orthopaedic surgeon experienced with the navigation 
system performed the acquisition of the anatomical data 
and then a set of passive kinematics test for a total of four 
positions assessed while applying a manual controlled load. 
Static laxity evaluation was performed by the assessment 
of:

•	 Anterior displacement at 30° and 90° of knee flexion 
(AP30 and AP90) applying a 130 N load;

•	 Internal–external rotation range of motion at 30° and 
90° of knee flexion (IE30 and IE90) applying a 5 Nm 
torque both for internal and external rotation;

The values of the applied load and torque were defined 
according to previously published manuscripts [4, 6, 31]. 
Each test was repeated three times to allow for confirma-
tion of the intra-observer reliability of this methodology. 
Each test was performed with knee joint in five different 
conditions:

State I: Intact knee joint: only the trackers were fixed to 
the bones;
State II: A resection of the ACL;
State III: A resection of the popliteus complex (PC) at 
femoral attachment of the popliteus tendon and the fibu-
lar attachment of the popliteofibular ligament;
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State IV: The ACL was reconstructed by a non-anatomi-
cal double-bundle technique [16];
State V: A resection of the lateral collateral ligament 
(LCL) at fibular attachment;

An analogical dynamometer (Yo-Zuri, Port St. Lucie, FL, 
USA; full scale = 24 kg/55 lbs) fixed to the knee joint by a 
screw and an analogical torquemeter (Stryker Howmedica 
Dall Miles Instruments, Limbach-Oberfrohna, Germany; 
full scale 20 Nm/180 lb-In) arranged to the testing rig were 
used to control the applied force and torque, respectively. 
The main axis of the dynamometer was maintained perpen-
dicular to the tibial bone in alignment with the direction of 
the anterior–posterior displacement, while concerning the 
torquemeter it was maintained coplanar with the plane of 
rotation, i.e. perpendicular to the tibia.

Operating procedures

The non-anatomical double-bundle (NADB) [17, 34] 
reconstruction (Fig. 1) was performed using an autologous 
hamstring graft with the distal attachment left intact. An 
8-mm reamer was used to drill the tibial tunnel with the 
knee flexed at 35° aiming at the posteromedial part of the 
ACL footprint.

The graft was passed through the tibial tunnel and through-
out the posterior aspect of the capsule to reach the over-the-
top position. Then, the distal portion of the graft was passed 
through a femoral tunnel, the joint and the same tibial tun-
nel. The femoral tunnel was previously drilled with a 7-mm 
reamer starting from the medial wall of the lateral condyle, 
approximately 5-mm anterior to the over-the-top position. 
The guide pin passes the femoral cortex with the knee flexed 
around 130°. In the NADB reconstruction, the distal origin of 
the tibial tunnel is decided by the surgeon to not conflict with 
the natural attachment of the hamstring graft.

The graft was pretensioned manually and then the knee 
cycled through a full range of motion 20 times. Then, the 
graft was fixed by two Richards barbed staple (Smith & 
Nephews, Richards Inc., Memphis, USA) at 90° of flex-
ion on the femoral side and by one Richards barbed staple, 
in the medial aspect of the tibia just proximal to the distal 
insertion of the hamstring graft at 20° of knee flexion.

Statistical analysis

Intra-class correlation coefficient was evaluated in order to 
assess the test–retest repeatability for each of the five tested 
positions.

Paired Student’s t test was performed in order to assess 
any difference between the tested conditions. Statistical 

significance was set at p < 0.05. All the kinematics and sta-
tistical analysis were performed using unique MATLAB 
(MathWorks, Inc., Natick, MA, USA) function designed 
and implemented specifically for the present study.

Results

The analysis of the test repeatability was performed defin-
ing the ICC for each position obtained during the execu-
tion of the repeated tests. The results demonstrate an excel-
lent correlation for each test. In particular, we found an 
ICC = 0.9 for all the static laxity parameters (AP30, AP90, 
IE30 and IE90).

The specific static laxity analysis of the changes in dis-
placement and rotation was reported (Table 1). In particu-
lar, we evaluated statistically significant differences in all 

Fig. 1  Schematic representation of the performed ACL reconstruc-
tive surgery: Non-anatomical double-bundle (NADB) ACL recon-
struction
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ligaments conditions from the intact condition and from 
one ligament state and the previous one (*p < 0.05, Fig. 2).

In particular, concerning the AP30, we found a statisti-
cally significant difference between intact condition and 
after ACL resection (p = 0.03). No further significant 
increase in terms of laxity was produced by further cutting 
of the PC. The ACL reconstruction determined a significant 
reduction (p = 0.03) of the AP laxity while no significant 
increase in laxity was produced by the further LCL sec-
tioning. The same statistically significant differences were 
confirmed during AP90 test except that for the final step 
(Fig. 2). Indeed, at 90° of knee flexion, the resection of the 
LCL determined a significant increase in terms of AP laxity 
(p = 0.04) in the ACL-reconstructed knee.

Considering the internal–external rotation at 30° of knee 
flexion (IE30), a significant increase was observed after the 
final resection of the LCL in the ACL-reconstructed knee 
when compared with the intact state (p = 0.0339). No other 
significant differences have been underlined during other 
steps of the present study.

At 90° of knee flexion, the PC resection significantly 
increases the IE90 rotation compared with the isolated 
ACL resection (p = 0.04). Analogously, the LCL resec-
tion increases the IE90 rotation value with respect to the 

previous step where the ACL reconstructive surgery was 
performed (p = 0.0056). When comparing the IE90 lax-
ity values to the intact state, it has been found a statisti-
cally significant difference after PC resection (p = 0.09), 
after ACL surgery (p = 0.04) and after LCL resection 
(p = 0.0007), as well.

Discussion

The main finding of this study was that an isolated ACL 
reconstruction is able to control the AP laxity with a com-
bined complete lesion of the PLC at 30° of knee flexion, 
but it fails at higher angle of knee flexion. Indeed, at 90° 
of flexion, a further lesion to the LCL determined a sig-
nificant increase in the AP laxity. Considering the rota-
tions, at 90° of knee flexion, PC resection determined a 
significant increase in laxity values that was not controlled 
by the isolated ACL reconstruction. Indeed, the ACL sur-
gery did not reduce significantly the rotational laxity when 
compared with the previous step. Further, after the recon-
struction step, the laxity value was still statistically differ-
ent with respect to the intact knee state. Moreover, further 
sectioning of the LCL determined an additional significant 

Table 1  Anterior displacement 
(mm) and external rotation (°) 
at 30° and 90° of knee flexion 
(AP30, AP90, IE30 and IE90) 
for all the evaluated knee joint 
conditions

AP30 (avg ± SD) mm AP90 (avg ± SD) mm IE30 (avg ± SD)° IE90 (avg ± SD)°

INTACT 5.3 ± 1.7 5.5 ± 2.1 14.2 ± 5.1 38.0 ± 9.5

ACL resection 8.1 ± 2.7 9.1 ± 3.1 16.7 ± 7.1 39.3 ± 8.6

PC resection 9.7 ± 2.9 9.1 ± 3.2 16.6 ± 3.1 43.9 ± 10.9

ACL surgery 6.3 ± 1.4 6.4 ± 1.9 16.9 ± 8.1 42.9 ± 11.9

LCL resection 6.3 ± 1.2 8.8 ± 2.1 18.5 ± 3.9 49.3 ± 11.3

Fig. 2  Anterior displacement (mm) and internal–external rotation (°) at 30° and 90° of flexion for all the testing conditions. Statistical signifi-
cant (p < 0.05) differences have been underlined by asterisks sign
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increase. At 30° of flexion, the only significant difference 
was found when comparing the intact state with final step, 
meaning that ACL reconstruction was not able to control 
the rotations even at lower degrees of knee flexion when 
combined with a complete PLC lesion.

In the past decades, Nielsen et al. [21–24] performed a 
cutting study demonstrating the importance of posterolat-
eral structures in resisting external rotation forces. In the 
same period, Gollehon et al. [8] were the first in investi-
gating the static contribution of the PLC to the knee static 
laxity parameters in an ACL-deficient knee. In a more com-
plex cutting study, they analysed this combined injury set-
up by sectioning the LCL and the so named ‘deep ligament 
complex’ which included the PC, the arcuate ligament and 
the posterolateral part of the joint capsule; they varied the 
sequence of sectioning of the lateral structures and finally, 
as last step, an ACL cut was performed in four specimens. 
With all the resections performed, they reported an increase 
in terms of AP laxity at 30° and 60° degrees of knee flexion 
when an internal tibial torque was applied. Further, in their 
study, isolated sectioning of LCL determined a significant 
increase in external rotation at 30° and 90° of knee flexion, 
while isolated sectioning of the deep structures determined 
a significant increase only at 90°. These data are in accord-
ance with the current paper where the popliteus complex 
sectioning determined a significant increase only at 90°, 
while the torn LCL determined a significant increase in 
rotational laxity compared with the intact state at both 
angles of knee flexion.

In a similar study, Veltri et al. [29] analysed a subgroup 
of five knees undergoing sequential cutting of the PLC, 
including LCL, tibial attachment of the popliteus mus-
cle–tendon unit and popliteofibular ligament, and of the 
ACL. Concerning the AP laxity, no significant increase 
in laxity was determined by the sectioning of the PCL. 
When the ACL was cut as well they found a significant 
increase in anterior translation at all angles of knee flex-
ion with a maximal increase at 30° of flexion. Moreover, 
they found that PLC sectioning determined a significant 
increase in terms of external rotation especially at 45° of 
knee flexion, but further sectioning of the ACL resulted 
reduced external rotation at 0° and 30°. They suggested 
that the decrease was due to a lateral shift of the axis of 
tibial rotation produced by the sectioning of the ACL and 
a subsequent internal and anterior subluxation of the tibial 
plateau. These results differed from that of Wroble et al. 
[32] who detected an increase in external rotation in the 
same experimental setting. Veltri et al. [29] attribute this 
contrast to different experimental set-up concerning torque 
application and variability in knees features. In the current 
paper, primary external rotation and primary internal rota-
tion were not analysed separately, but the whole range of 

range of rotation was assessed. The rationale of this deci-
sion lays in the knowledge that ligament lesion and recon-
struction alter the joint kinematics [14], and this affects the 
rotation path making hard to identify the neutral starting 
position [18].

More recently, Zantop et al. [35], on ten cadaver knees, 
investigated the effect of subsequent sectioning of ACL, 
LCL ad PC under combined rotational load using a robot 
testing system. They reported a significant increase in 
anterior displacement after sectioning the LCL in a ACL-
deficient knee at 0° and 30° of knee flexion, while the 
subsequent cut of the PC determined a further significant 
increase just at 90° of flexion. In the current study, the sec-
tioning of the PC determined a significant increase in terms 
of laxity at both 30° and 90° of flexion in an ACL-deficient 
knee, while the deficiency of the LCL produced a signif-
icant increase only at 90° of flexion. The authors believe 
that the rationale of this difference lies in the difference of 
the study design. The different sequence of sectioning and 
the concomitant reconstruction compromised the possibil-
ity to deeply analyse the difference in kinematical behav-
iour among these two studies. The order of sectioning was 
defined to analyse the efficacy of an isolated ACL recon-
struction with a concomitant partial and complete lesion of 
the PCL. Moreover, to the author’s knowledge, this is the 
first in vitro study evaluating the possibility of an isolated 
ACL reconstruction to control laxity parameters in PLC-
deficient knee. The only available biomechanical data on a 
PLC lesion and ACL-reconstructed knee were focused on 
the variation of force in the graft after sequential sectioning 
of the posterolateral structures. LaPrade et al. [14] demon-
strated a significant increase in force on the graft even with 
partial PLC. They concluded that repair or reconstruction 
should be considerate in knees with combined ACL and 
PLC injury.

Therefore, the results of the current study further empa-
thize the importance of surgical treatment of the PLC when 
facing this combined injury scenario in everyday clinical 
practice.

The authors noted some limitations. First, the kinematic 
evaluation was performed by means of a navigation system 
in place of a robot testing system. The robot is capable of 
higher kinematic measurement [16, 18, 26, 35]; however, 
the navigation system allows for an experimental set-up 
closer to the in vivo one. Second, the size of the samples 
was small and the age of the cadavers was not similar to a 
normal ligament injured knee, but this is common problem 
of the in vitro studies due to the paucity of human donors. 
Third, as obvious in an in vitro set-up, the active muscle 
function was not allowed, and this may have jeopardized 
the active stabilizing function of the popliteus muscle–ten-
don unit.
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Conclusion

In conclusion, the current study shows that an isolated ACL 
reconstruction is not able to fully control the static lax-
ity parameters with a concomitant complete lesion of the 
PCL. Considering the IE rotations, the reconstruction was 
not sufficient not even to control a partial lesion of the PLC 
involving just the popliteus complex. These findings sug-
gest that additional surgical procedures should be consid-
erate even when facing partial combined PLC lesion. The 
authors advocate deep laxity assessment in order to cus-
tomize the surgical procedure to the patient specific fea-
tures. Moreover, there is a need to validate a new and more 
specific arthrometer able to asses laxity in an in vivo set-up 
preserving the active muscle function.
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