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Abstract

Background: Rotational instability after the anterior cruciate ligament (ACL) injury and 
subsequent reconstruction may be caused by the rupture of the anterolateral structures of the 
knee, specifically the anterolateral ligament (ALL).

There are more techniques to improve the rotational stability of the knee. The objective of this 
randomised cohort study was: (1) To evaluate the knee rotational stability after the single-bundle 
ACL reconstruction (SB) with addition of the ALL reconstruction and to compare it with the 
double-bundle ACL reconstruction technique (DB). (2) To analyse when the ALL is necessary to 
reconstruct.

Methods and findings: 60 patients underwent the ACL reconstruction with the average age 
of 29.5 years. In thirty patient’s knees the ACL was replaced with quadriceps muscle graft using 
the SB technique in combination with the ALL reconstruction by the gracilis graft (ALL group). 
With another thirty patients the ACL was reconstructed performing DB technique with the 
use of hamstring tendons (DB group). The rotational stability was studied before and after the 
reconstruction of the ACL in time “zero” using the computer navigation system. In the ALL group, 
the rotational stability was also analysed after the ALL reconstruction. 

Before the surgery, the mean internal rotational instability (IR) was 18.7° in DB group and 19.1° in 
ALL groups. After the DB reconstruction, IR stability improved to 10.4°. After the ACL reconstruction 
in the ALL group, the IR stability was 13.3°. When the ALL was added, the IR stability improved up 
to 9.8°.

In cases where IR stability achieved 12° after the ACL reconstruction, the addition of the ALL 
reconstruction would not further significantly improve the IR stability.

Conclusions: The SB reconstruction of the ACL using the quadriceps muscle graft in combination 
with the ALL reconstruction restores the IR stability of the knee to same extent as DB reconstruction 
does. If the IR stability after the SB reconstruction achieves 12°, the ALL reconstruction is no longer 
necessary.
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internal rotational (IR) instability in between 30° and 
90° of flexion of the knee [19].

Reconstruction of the ALL could possibly be a 
way to improve the IR stability of the knee joint. But 
there is a lack of studies discussing the IR stability of 
the knee joint after the ALL reconstruction in vivo. 
Another way to achieve restoration of the IR stability 
after the ACL reconstruction would be performing 
the DB reconstruction. The goals of this study were: 
(1) To evaluate the knee IR stability after the single-
bundle ACL reconstruction accompanied by the ALL 
reconstruction and to compare it with the double-
bundle ACL technique. (2) To analyse when the ALL is 
necessary to reconstruct.

Materials and Methods
Sixty patients in the average age of 29.5 years (17-40 

years; 34 men/26 women; 35 right/25 left knees) were 
operated due to ACL tears found in one of each patient’s 
knee between July 2014 and July 2016. The ACL injury 
was confirmed by magnetic resonance imaging (MRI). 
All patients signed an informed agreement on being 
included in this prospective research. The inclusion 
criteria were very strict: a) The isolated ACL lesion; b) 
The absence of the previous surgery on the knee joint; 
c) The age between 17-40 years; d) The body mass 
index (BMI) less than 30. All other patients with the 
associated injuries of the tissue around the knee joint 
such as meniscal lesions, fractures, collateral ligament 
ruptures as well as cases with systematic diseases were 
excluded. The cases with only partially torn ACL by 
arthroscopy were excluded as well. 

The study has been edited by ClinicalTrials.gov with 
the number NCT02993679. In the first group, 30 
patients underwent a single-bundle reconstruction of 
the ACL with the bone-tendon graft from quadriceps 
femoris muscle and the ALL reconstruction using the 
gracilis tendon graft (ALL group). In the second group, 
30 patients had DB reconstruction of the ACL with 
hamstring tendons (DB group) (Figure 2). The selection 
of patients for each individual technique of the ACL 
reconstruction was done randomly using the permuted 
block randomization by Random Number Generator 
Software 7.0. The sample size, that is the number of 
patients included in the study, was determined by power 
analysis. Due to a minimal change in absolute values 
during the movement of the tibia against the femur (in 
mm or in degrees), the minimal sufficient sample size 
to detect the hypothesized effects was determined to 
N=60 with the effect size of 90%, the power of 0.90 
(β=0.10) and α-level 0.05.

Introduction
The main goal of the reconstruction of the anterior 

cruciate ligament (ACL) is the restoration of the anterior-
posterior and rotational stability of the tibia in relation 
to the femur. The position of the femoral attachment of 
the ACL is more important for the kinematics after the 
ACL reconstruction [1,2]. The position of the femoral 
foot-print is well known [3-5]. The biomechanic 
studies describe the kinematics of the knee joint after 
various types of the ACL reconstructions [6-8]. Some 
investigations describe that the double-bundle (DB) 
reconstruction of the ACL restores the rotational 
stability more effectively than the single-bundle (SB) 
technique [9-11]. On the other hand when it comes to 
the DB technique there are more complications during 
and after the surgery and it is also more costly [12]. 
After suffering an ACL injury, rotational instability and 
subsequent reconstruction may be caused by rupture 
of the anterolateral structures of the knee, specifically 
the anterolateral ligament (ALL) [13]. The anatomy of 
this structure has already been described [14-18]. Its 
tibial insertion is located between the Gerdy´s tubercle 
and the head of the fibula. The ALL is inserted on the 
femoral site approximately 4 mm dorsally and 8 mm 
proximally to the most prominent point of the lateral 
epicondyle of the femur (Figure 1) [14].

The biomechanical function of the ALL is still in 
the process of being analysed. There are cadaveric 
studies describing the role of this structure for the 
anterior-posterior and rotational stability of the knee 
[13,19,20]. The main role of the ALL is to prevent the 
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Figure 1. Anatomic landmarks for the ALL reconstruction on 
the skin: lateral epicondyle of the femur, head of the fibula, and 
Gerdy´s tubercle.
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After putting the patient under anesthesia, the femur 
was fixed using a standard metal holder. Subsequently, 
diagnostic arthroscopy was performed to confirm the 
total rupture of the ACL suspected on MRI and also to 
rule out possible injuries of other intraarticular structures. 
After such confirmation, the grafts were harvested.

For the DB technique, the skin incision of 5 cm 
in length was performed on the anteromedial part of 
the proximal tibia above the anterior board of the pes 
anserinus. The tendons of gracilis and semitendinosus 
muscles were identified, separated and harvested with 
the tendon striper. For the single-bundle reconstruction, 
the graft was harvested from the quadriceps tendon and 
the upper part of the patella through the transverse 4 
cm skin incision. The special instrumentation was used 
to separate the tendinous part of the graft from the 
muscle tendon (Figure 3). The bone-tendon graft was 9 
cm long and 9 mm wide. For the ALL reconstruction, 
the gracilis muscle tendon was harvested. This graft 
was then folded to be 10 cm long and 6 mm wide. 
Graft taken from the semitendinosus muscle was used 
for the anteromedial (AM) bundle reconstruction and 
the gracilis tendon was used for the posterolateral (PL) 
bundle. The grafts were adjusted to match the size of 9 
cm × 8 mm for the AM bundle and 8 cm × 6 mm for 
the PL one. Both grafts were folded three times. 

During the single-bundle reconstruction, the 
femoral tunnel was drilled in the anatomic position 
of the femoral attachement of the ACL [4]. The tibial 
tunnel was drilled to the centre of the original footprint 
of the ACL [4]. For the DB replacement, the femoral 
tunnel for the AM bundle was located behind the lateral 
bifurcate ridge on the medial side of lateral femoral 
condyle. The tibial bone tunnel for the AM bundle 
was located at a distance of 14 mm in front of the 
posterior cruciate ligament (PCL) attachment slightly 
medially. The femoral attachment of the PL bundle was 
positioned between the lateral bifurcate ridge and the 
lateral intercondyle ridge. The tibial tunnel for the PL 
bundle was located at a distance of 7 mm in front of 
PCL attachment slightly lateraly.

During the ALL reconstruction, the 6 mm femoral 
dock was placed into the point which was situated 
8 mm proximally and 4 mm posteriorly to the most 
prominent point of the lateral epicondyle of the femur. 
The dock for the tibial attachment of the ALL was 
drilled posteriorly to Gerdy´s tubercle and anteriorly to 
the head of the fibula (Figure 1). The fixation of the ALL 
graft was done with the interference screws, tensioned 
with a dynamometer set to 85 N in 30° flexion of the 
knee joint. All grafts for ACL replacements were fixed 
with interference screws, too.

Subsequently, one bicortical screw for a passive 
marker fixation was drilled percutaneously into the 
femur 10 cm above the patella. The second screw was 
fixed into the ventral side of the tibia, 15 cm distally 
from the patella. Both screws were equipped with 
navigation system passive markers. The optical computer 
navigation system was used for the measurements of 
the rotational knee stability. Its function is based on 
reception of infrared rays reflected by the markers 
using a stereooptic infrared camera. The computer 
system calculates a relative position of the markers. The 
resolution specification of the motion measurements of 
this navigation system is under 1 degree. The navigation 
system allows evaluation of rotation values of the tibia 
in relation to the femur (in degrees).

In order to measure the rotational tibial movements, 
the patient´s foot was fixated to a customized “iron 
boot” by plastic bands in 10° ankle dorsal flexion to 
eliminate rotations in the ankle joint. A rollimeter 
was attached to the boot in the prolongation of the 
tibial axis. The rotational movement of the tibia with 
a constant force of 2.5 Nm was produced (Figure 4).

The internal rotation (IR) of the tibia was performed 
using the rollimeter. The same procedure was repeated 

Figure 2.  Consort diagram characterizes the study protocol.

Figure 3. The instrument for harvest of the quadriceps graft.
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and range for continuous variables. For statistical 
evaluation of mean values between the DB and ALL 
groups and for comparing the internal rotational 
stability of the knee joint for the single-bundle ACL 
and the ALL reconstruction, the two-sample t- test was 
used. For analyzing the optimal value that would signify 
when the ALL is necessary to restore, IR instability 
was divided into groups according to the values of IR 
after single-bundle ACL reconstruction. Then, in each 
group, the stability was evaluated with comparison with 
the ALL group using the paired t- test. A P value<0.05 
was considered statistically significant.

Results
Internal rotation

Before the surgery, the IR instability did not show 
any statistically significant difference between the DB 
and the ALL group (P=0.281). The positive impact on 
IR stability of the double-bundle ACL reconstruction 
was more significant than the impact of single-
bundle reconstruction alone (P=0.001). After the SB 
reconstruction, the IR stability improved up to 34%, 
on the other hand the DB reconstruction resulted 
in 44% IR stability improvement (when 100% IR 
stability of the knee joint is 0° theoretically). When the 
ALL replacement was added, the IR stability increased 
to average value 9.8° which equals 49% of the stability. 
This value shows statistically significant difference 
(P=0.001) between the single-bundle reconstruction 
alone and with ALL reconstruction in addition. There 
was no statistically significant difference between the 
DB and the ALL group after the surgery (P=0.117). All 
the mean of the IR are specified in Table 1.

A statistical analysis of absolute values of the IR 
instability of the knee joints in the ALL group has 
shown that after ACL replacement using the SB 
technique, IR stability improved from 23° in average 
to 9-17° (min-max). After the distribution of these 
absolute values into the groups based on IR stability 
after the SB replacement (Tables 2 and 3) and after the 
comparison with the data after the ALL reconstruction, 
the improvement of the IR stability of the knee joint is 

for the external rotation (ER). The value of the range of 
rotation in degrees shown by the navigation device was 
recorded. Each measurement was repeated three times 
by the same senior orthopaedic surgeon. Then followed 
ACL replacement and its fixation with interference 
screws. In the DB reconstruction the tonisation of the 
AM bundle was carried out using the dynamometer 
set to 85 N in 45° flexed knee joint. The PL bundle 
was tensioned in 10° of flexion with the same force 
applied. In the single-bundle replacement, the graft was 
tensioned also by 85 N, but in 30° flexion. After fixation 
of the graft, the same data as in ACL-deficient condition 
were collected three times from the navigation device, 
again with the forces of 2.5 Nm applied in 30° flexion. 
The same was done after the tensioning and fixation of 
the ALL in the graft.

After collecting all the data, the stability values 
after the DB technique were compared with those 
of the ACL-deficient preoperative knee joint, with 
the stability of the knee joint after the single-bundle 
ACL reconstruction and after the ALL reconstruction. 
In the ALL group, the impact of the ACL and ALL 
reconstruction on stability was examined separately 
and compared with the ACL-deficient condition 
preoperatively.

Statistical analysis

All data were statistically treated by STATISTICA 
9.0 software. The description of the deviation of the 
movement in degrees included mean, standart deviation 

Figure 4. Iron boot attached with rollimeter used for the 
development of the constant torque force.

Table 1: Mean internal rotation at 30° flexion of the knee joint in the ACL-deficient knee (before reconstruction) and 
after the DB, single-bundle and ALL reconstruction. P1 value shows the statistical difference between SB and DB group, 
P2 shows the statistical difference between DB and ALL group. P3 shows the statistical difference between SB and ALL 
reconstruction.

IR (degrees) DB reconstruction SB reconstruction SB+ALL reconstruction

Before the surgery 18.7±2.9 (14-24) 19.1±2.5 (14-23)
After the reconstruction 10.4±2.1 (7-15) 13.3±2.4 (9-17) 9.8±1.5 (7-12)

P value P1=0.001 P2=0.117 P3=0.001
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significant when the IR stability is at 11-13° after ACL 
replacement. If the IR is at less than 11-13°, then the 
addition of the ALL graft does not further influence the 
rotational stability significantly enough (P>0.05). This 
dependence is well seen in Figure 5.

External rotation

Statistical evaluation has not revealed any significant 
difference in influence of the single-bundle and DB 
techniques on the ER stability (P=0.062). In the absolute 
values, the ER stability improves more after the DB 
reconstruction of the ACL. After the reconstruction of 
the ALL, there was no statisticaly significant difference 
in the ER stability between both groups (P=0.486). The 
data are shown in Table 4.

Discussion
The fundamental findings of this research are: (1) 

The ALL reconstruction together with single-bundle 
reconstruction of the ACL provides similar IR stability 
improvement as the DB technique; (2) The ALL 
significantly influences the IR stability in the 30° of 
flexion of the knee joint; (3) The reconstruction of the 
ALL improves the IR stability from 12° to 7° on average.

These data confirm the hypothesis of Thein et 
al. [20]. They described the ALL as the “secondary 
stabilizer” to the ACL. These authors analysed the 

Table 2: Internal rotation at 30° flexion of the knee joint 
in the ACL-deficient knee (before reconstruction) and after 
single-bundle ACL and ALL reconstruction divided into the 
group 17-13° of the IR instability after SB ACL replacement. 
P values show the statistical difference between SB and 
ALL IR stability.

 IR˚  

ACL-deficient 
knee

ALL-deficient 
knee

ALL-intact knee

21 17 12
23 17 11
21 17 12
20 17 12
 P value ˂0.001

22 16 9
21 15 11
19 15 10
20 15 12
21 15 11
21 15 10
20 15 11
22 15 9
 P value ˂0.001

19 14 8
22 14 10
21 14 8
22 14 9
 P value 0.002

19 13 9

Table 3: Internal rotation at 30° flexion of the knee joint 
in the ACL-deficient knee (before reconstruction) and after 
single-bundle ACL and ALL reconstruction divided into the 
group 12-9° of the IR instability after SB ACL replacement. 
P values show the statistical difference between SB and 
ALL IR stability.

 IR˚  

ACL-deficient knee ALL-deficient 
knee

ALL-intact knee

18 12 8
20 12 10
18 12 10
17 12 11
 P value 0,037

17 11 9
19 11 11
17 11 10
16 11 9
 P value 0,080

14 10 10
15 10 9
17 10 8
17 10 9
 P value 0,092

14 9 7

Research PaperBiomechanical assessment of the reconstruction of the anterolateral ligament during anterior cruciate ligament surgery

Figure 5. The graph shows the IR stability in the ACL deficit, ALL 
deficient and ALL intact group in degrees. If the IR stability is 
between 13-11° after ACL reconstruction, the difference in the IR 
instability is not statistically significant.

Table 4: Mean external rotation at 30° flexion of the knee 
joint in the ACL-deficient knee (before reconstruction) and 
after the DB, single-bundle and anterolateral ligament 
reconstruction. P1 value shows the statistical difference 
between SB and DB group, P2 shows the statistical 
difference between DB and ALL group.

ER (degrees) DB 
reconstruction

SB 
reconstruction

SB+ALL 
reconstruction

Before the 
surgery 17.9±3.4 (12-24) 17.3±2.9 (13-23)

After the 
reconstruction 11.6±2.5 (8-19) 12.5±2.1 (8-17) 11.5±2.4 (7-15)

P value P1=0.062 P2=0.486
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knee joint stability (anterior-posterior translation and 
internal rotational movement) in ACL-intact knee, 
ACL-deficient and ACL/ALL deficient knee joints in 
twelve cadaver speciments using a robotic manipulator. 
In the 30° of flexion, the cut of the ACL increased the 
anterior displacement and the internal tibial rotation 
with statistical significancy. The cut of ALL resulted 
in statistically significant increase of the anterior 
displacement and the internal tibial rotation as well. 
But the load in the ALL did not increase significantlly in 
comparison with the ACL-intact knee. The conclusion 
of the Thein´s study was that the ALL is loaded when 
the anterior tibial subluxation is greater than 15 mm. In 
our research, the value of 12° of the IR instability after 
the single-bundle ACL reconstruction was determined.

In the other in-vitro studies, the ALL was found as 
an insufficient stabilizer of the internal tibial rotation 
in the ACL-intact knees at less than 30° flexion of the 
joint [19]. In our research, 30˚ flexion of the knee was 
chosen as the flexion angle at which both fiber bundles 
of the ACL are tightened [21-23]. 

An in-vivo study that would be objectively analysing 
the rotational stability of the knee joint after the ALL 
recontruction in comparison to the different ACL 
reconstruction techniques still does not exist. Sonnery-
Cottet and his colleagues analysed the objective and 
subjective function of the knee joint in 92 patients 
who underwent a combined ACL/ALL reconstruction 
2 years after surgery [24]. Lysholm score, KOOS, 
IKDC and Tegner activity score were studied. Pivot 
shift test and anterior tibial displacement test using a 
rollimeter were done. These authors demonstrated that 
the combination of the ACL and ALL reconstruction is 
effective procedure to improve the function of the knee 
joint, in fact the improvement of the grade of the pivot 
shift phenomenon. 

In our objective research a very precise measurement 
device (i.e. computer navigation) was used, the grafts 
were tensioned always by the same force using the 
dynamometer, the rollimeter was used to develop the 
same torsion force in all cases, the number of patients 
was sufficient in both groups enough for us to compare 
the SB and DB techniques and patients were selected 
at random. 

The insufficiency of this study is the number of 
patients in the ALL group for analysing the optimal 
values to determine when the ALL is necessary to 
restore. In the group with 13° IR instability after 
SB reconstruction, only one patient was recorded. 

Therefore statistical analysis is not possible. But, the 
value of 12° IR instability after SB reconstruction shows 
the borderline where the stability improves (P=0.019). 
Another part in which this study is lacking is the fact, 
that in the DB group, the semitendinosus and gracilis 
tendons were harvested whereas in the ALL group only 
the gracilis tendon was harvested. The active rotational 
stability could be slightly influenced by this fact. But 
first of all the main goal of this study was to evaluate the 
passive rotational stability of the knee joint in moment 
“zero”. The DB reconstruction of the ACL is the more 
difficult technique with more possible complications 
involved in the perioperative and postoperative 
period [25,26]. The combination of the single-bundle 
reconstruction of the ACL with the ALL replacement 
can be another way to restore the rotational stability 
of the knee joint without higher risk of complications. 
Furthemore, semitendinosus muscle remains in situ, its 
proprioception is preserved. The graft from quadriceps 
muscle tendon shows some advantages in comparison 
to the other autografts: two times greater cross-section 
then the distal patellar bone-tendon-bone graft [27], 
higher density of collagen fibrils compared to patellar 
tendon [28], better healing of the bone part of the graft 
in the bone tunnel compared to hamstring tendons and 
lesser donor-site morbidity and anterior knee pain in 
comparison with patellar bone-tendon graft [29,30].

Collected data lead us to conclusion that the DB 
reconstruction of the ACL stabilizes the knee joint in 
terms of IR better than the single-bundle reconstruction 
[8]. The addition of the ALL reconstruction to the 
single-bundle reconstruction of the ACL restores the 
rotational stability of the knee joint similarly as the DB 
technique. The ALL reconstruction together with the 
single-bundle reconstruction of the ACL can be safely 
used to restore the IR stability of the knee joint. ALL 
reconstruction is only necessary if the ACL replacement 
is not sufficient for the IR stability, i.e. if the remaining 
IR instability of the knee joint is higher than 12° under 
2.5 Nm torque force.
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Executive summary

Background: Rotational instability after the anterior cruciate ligament (ACL) injury and subsequent reconstruction may be caused 
by the rupture of the anterolateral structures of the knee, specifically the anterolateral ligament (ALL).

There are more techniques to improve the rotational stability of the knee. The objective of this randomised cohort study was: (1) To 
evaluate the knee rotational stability after the single-bundle ACL reconstruction (SB) with addition of the ALL reconstruction and 
to compare it with the double-bundle ACL reconstruction technique (DB). (2) To analyse when the ALL is necessary to reconstruct.

Methods and findings: 60 patients underwent the ACL reconstruction with the average age of 29.5 years. In thirty patient’s 
knees the ACL was replaced with quadriceps muscle graft using the SB technique in combination with the ALL reconstruction by 
the gracilis graft (ALL group). With another thirty patients the ACL was reconstructed performing DB technique with the use of 
hamstring tendons (DB group). The rotational stability was studied before and after the reconstruction of the ACL in time “zero” 
using the computer navigation system. In the ALL group, the rotational stability was also analysed after the ALL reconstruction. 

Before the surgery, the mean internal rotational instability (IR) was 18.7° in DB group and 19.1° in ALL groups. After the DB 
reconstruction, IR stability improved to 10.4°. After the ACL reconstruction in the ALL group, the IR stability was 13.3°. When the 
ALL was added, the IR stability improved upto 9.8°.

In cases where IR stability achieved 12° after the ACL reconstruction, the addition of the ALL reconstruction would not further 
significantly improve the IR stability.

Conclusions: The SB reconstruction of the ACL using the quadriceps muscle graft in combination with the ALL reconstruction 
restores the IR stability of the knee to same extent as DB reconstruction does. If the IR stability after the SB reconstruction achieves 
12°, the ALL reconstruction is no longer necessary.
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