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Abstract

Purpose Anterior cruciate ligament (ACL) injury represents
one of the most common diagnoses in orthopaedic sports
medicine. In the past, anatomic knowledge about the different
bundles within the cruciate ligaments triggered new treatment
concepts, such as double-bundle ACL reconstruction.
Recently, besides complete tearing, partial ACL ruptures and
bundle augmentation became a focus. However, only little is
known regarding rotational stability of the knee with an
isolated torn postero-lateral (PL) bundle. Therefore, the aim
of the present study was the torsiometric analysis of tibio-
femoral restraint patterns of the PL-insufficient knee joint.
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Methods Fresh human whole body cadavers were enrolled.
After diagnostic arthroscopy to ensure the structural integrity
of'the cruciate ligaments, knee joints underwent torsiometry at
0°, 30°, and 90° degree flexion. Then stepwise the PL bundle
and the anteromedial (AM) bundle were arthroscopically
resected, while torsiometry of the PL- as well as of the
ACL-deficient knee joints was repeated. An area under the
curve (AUC) was calculated. All statistical analyses were
conducted using a p-value of 0.05 as level of significance.
Results The comparison of charged and equilibrated curves
during internal rotation revealed significant results at low flex-
ion (30° flexion) angles between the ACL intact versus PL
absent conditions (p=0.04). In addition, charged and equilibrat-
ed curves during external rotation at 90° flexion, thus high
angles, resulted in a significant difference when comparing
the ACL-intact with the PL-deficient condition (p=0.01).
Conclusions In the present cadaver study using the
Torsiometer tool we found a distinct destabilization of the
rotational restraints in full knee extension only after total ACL
resection. In contrast, no significant findings resulted after an
isolated dissection of the PL bundle during internal deflection.
Nevertheless, a significant loss of stability was found during
unstressed external deflection after isolated PL bundle dissec-
tion. Therefore patients, undergoing PL augmentation might
benefit regarding rotational instability patterns.

Keywords Anterior cruciate ligament - Restraint - Partial
tear - Cadaver - Rotational knee laxity - Measurement device -
Tibio-femoral torque

Introduction

Anterior cruciate ligament (ACL) injury represents one of the
most common diagnoses in orthopaedic sports medicine
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[1-5]. Reconstruction techniques have still remained precari-
ous in restoring native knee kinematics due to insufficient
rotational stability [6—8].

Anatomic studies have clearly sub-classified multiple ana-
tomical and at least two functional ACL bundles. The antero-
medial (AM) and the postero-lateral (PL) bundle have been
attributed to diverse stabilizing effects [9, 10]. From the anatom-
ical point of view the AM bundle, being under tension during
knee flexion, is supposed to restrict anterior-posterior (AP)
translation. In contrast the PL bundle is thought to restrict
tibio-femoral rotation [11-13]. Komzak et al. recently evaluated
the function of the AM and PL bundles in AP and rotational
movement of the knee following single and double bundle ACL
repair [ 14]. They concluded that double bundle repair decreases
AP laxity as well as increases rotational stability compared to
single-bundle reconstruction [15]. Besides complete tearing,
partial ACL ruptures became a focus in the recent past. In the
context of double-bundle reconstruction, several authors have
reported on ACL augmentation techniques, aiming for the iso-
lated reconstruction of the torn bundle [16] since this is consid-
ered to restore AP as well as rotational stability [17].

However, only little is known regarding the influence of an
isolated torn PL bundle on rotational stability of the knee,
although several authors have reported on devices for assess-
ment of knee stability [18, 19]. In this context, we recently
introduced the Torsiometer, a device for the evaluation of the
tibio-femoral rotation [20]. The Torsiometer allows for a
highly reliable dynamic measurement of internal, external
and total rotation and enables the examiner to analyse deflec-
tion and torque patterns restraining rotational motion.

Therefore, the aim of the present study was to evaluate the
impact of PL bundle insufficiency on tibio-femoral rotation
performing a forsiometric analysis.

Material and methods
Specimen

In total 22 knee joints of 11 fresh human whole body cadavers
were enrolled. The mean age was 47+ five years; there were
six male and five female donors. The mean body weight was
77+7 kg. Informed consent was given in all cases, either by
the donor in life or by a next of kin.

Inclusion criteria were external and internal integrity of the
knee, i.e. intact skin, no fractures, no radiological signs of
osteoarthritis (OA), no signs of previous knee surgeries, full
passive range of motion, clinically intact lateral and medial
collateral ligaments (LCL/MCL) and cruciate ligaments (ACL/
PCL). To exclude osseous pathologies like previous fractures as
well as presence of OA, a computed tomography (CT) scan of
each knee was performed prior to the experiments and read by
an expert musculoskeletal radiologist (S.K.).
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The integrity of the cruciate ligaments was clinically approved
by the Lachman and the pivot-shift test [21]. A further inclusion
criterion was the arthroscopically proven absence of OA as well
as the structural integrity of the cruciate and collateral ligaments,
the posterolateral corner as well as the anterolateral capsule.

Study protocol

To break the rigor mortis, each cadaveric leg underwent
ten cycles of passive maximum knee flexion and extension
movements. The lower limb was attached to the Torsiometer,
that was validated elsewhere [20]. In brief, the Torsiometer
consists of two rigs, connected by a hinge adjusted to the
height of the knee joint to enable free knee flexion move-
ments. Two bicortical 4.5-mm Schanz screws (Synthes,
Solothurn, Switzerland) were used to create solid conditions
between the limb and the device itself (see Fig. 1).
Consecutively, the diagnostic arthroscopy was performed.

Before each measurement cycle started, the device was cali-
brated with the tibia in a neutral zero position with the second toe
pointing forward and performing a full extension movement
allowing for free tibial rotation to be able to find the position
with the lowest predefined tension. The knee joint is known to
have six degrees of freedom during movement. In the method
used in the presented study fixing the femur resulted in a single
rotational centre in the femur so that measuring AP translation
and rotation of the tibia at fixed angles of knee flexion is reason-
able. A manual torque was applied via the lever arm to the shank
and the corresponding forces as well as rotational angles were
registered with a frequency of 33.3 Hz (approximately 360
measuring points/cycle) and counted using the Labview 8.0
software package (National Instruments, Austin, Texas, USA).

Measurements of the ACL intact knee joints were repeated
at 0°, 30°, and 90° flexion. The maximum deflection range for
the intact ACL knee joint was used as reference value for all
further measurements. The applied torque was limited to 10
Newton metres (Nm) in order to prevent nonphysiologic load
and consecutive structural tissue damage. Every measurement
cycle started with internal rotation up to the end point of 10 Nm,
followed by a release back to the zero position. Subsequently,
the deflection during external rotation was performed in the
same manner. The measurements were divided into four torque
patterns: (1) charged internal rotation, (2) equilibrated internal
rotation (back to zero position), (3) charged external rotation
and (4) equilibrated external rotation (back to zero position).

After the first measurement cycle performed on ACL intact
knees, the PL bundle was resected through standard antero-
lateral and antero-medial arthroscopic portals using an arthro-
scopic basket forceps (WideBiter Punch Tip, Arthrex, Naples,
USA) and a shaving instrument (Full Radius Resector,
Arthrex, Naples, USA). The same measurements as described
above were repeated at 0°, 30°, and 90° flexion in the PL-
resected knee joints.
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Finally the remaining AM bundle was resected and the
measurements were repeated at 0°, 30°, and 90° flexion.

In order to assess intra-observer reliability, each measure-
ment was repeated three times. The senior author (C.K.)
performed all surgical interventions.

Data processing

For later analysis, the combinations of the two values in terms
of rotation angle and torque moment were transformed into
the physical units radiant (rad) and Nm. The value pairs of
each measuring point (rad/Nm) generate a graph with an
appropriate area under the curve (AUC). The AUC represents
the applied physical work in joules (J) and was used to analyse
the different restraint situations. The value pairs were assessed
for internal and external rotation in 0°, 30° and 90° knee
flexion. Figure 2 exemplarily demonstrates an AUC. In
addition, the maximum deflection value examining the
ACL intact knee was compared to both ACL insufficient
knee conditions (PL resected, ACL resected) and deflection
degrees comprising the differences of the expended energy
expressed in the AUC between the charged and the equilibrat-
ed torque curve.

Statistical analysis

Statistical analysis was performed using R 2.11.1 (R
Foundation for Statistical Computing, Vienna, Austria) and
PASW 18.0 (SPSS® Inc., Chicago, IL). Data are given as
mean+standard error. For measuring the physical work
expended, the AUC was calculated using the trapezoidal rule.
Differences in the work between different ACL conditions
were determined using paired sample t-tests. To analyse intra-
observer reliability the Pearson correlation coefficient was

Fig. 1 Bird’s eye view of the study setting. The lower limb is attached to
the torsiometer. The torsiometer consists of two rigs, connected by a
hinge adjusted to the height of the knee joint to enable free knee flexion
movements
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Fig. 2 Example of an area under the curve (AUC). The value pairs of
each measuring point (rad/Nm) generate a graph with an appropriate
AUC, which represents the applied physical work in joules (J). Graphic
display of the aligned curves related to ACL intact (solid line), PL
resected (broken line) and ACL resected (dotted line) values

calculated. All statistical analyses were conducted using a
p-value of 0.05 as level of significance.

Results
Torques and corresponding AUCs
Internal rotation

Torsiometric analysis of the intact ACL in internal rotation in
0° flexion revealed an AUC of 1.22+0.19 J for the charged
and of 0.97+0.17 J for the equilibrated deflection. After
resection of the PL bundle an AUC of 1.16+0.21 J (charged,
p=0.41) and of 0.88+0.16 J (equilibrated, p=0.1) resulted.
Total resection of the ACL revealed an AUC for the charged
internal deflection of 0.97+0.13 J (p=0.01) versus the equil-
ibrated internal deflection of 0.67+0.18 J (»p=0.001). Low
flexion of the knee only led to slight changes. AUC of the
intact ACL accounted for 1.1£0.11 J in the charged and 0.88+
0.16 J in the equilibrated internal deflection. Resection of the
PL-bundle effected no changes of the AUC, neither in the
charged (p=0.16) nor the equilibrated situation (0.97). Total
resection of the ACL effected no significant changes as well
(charged, p=0.91; equilibrated, p=0.44). Torsiometry of the
knee under a flexion of 90° resulted in significant higher
AUC. The torque of the intact ACL was 1.82+0.27 J in the
charged and 1.43+0.2 J in the equilibrated internal deflection.
Resection of the PL bundle revealed an AUC of 1.86+0.3 in
the charged and a significantly lower AUC of 1.33+0.19 (p=
0.08) in the equilibrated internal deflection. The total resection
of'the ACL did not effect lower torques (charged, 1.87+0.4 J;
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equilibrated, 1.35+0.34 J). For more details see Table 1, and
for details regarding statistical significance see Table 2.

External rotation

AUC:s of external deflection in 0° flexion accounted for 1.28+
0.1 J (charged) and for 1.01£0.16 J (equilibrated) in ACL
intact knee joints. Significantly lower torques were found for
equilibrated external deflection after resection of the PL bun-
dle (0.87+0.12 J; p=0.03). Total resection of the ACL re-
vealed significantly lower torques as well (0.74+0.16 J; p=
0.01). No significant changes were noticed for low flexion of
30°, neither for the charged nor the equilibrated situation (for
more details see Table 1).

For high flexion of 90°, significant results were found for the
comparison of the intact ACL and the PL resected knee joint
under charged conditions (p=0.03) as well as under equilibrat-
ed conditions (p=0.07) (for more details see Table 1).

Charged vs. equilibrated deflection

When comparing the charged and equilibrated curves
during internal rotation, significant results were found
at low flexion (30° flexion) angles between the ACL
intact versus PL resected condition (p=0.04). For the
comparison of charged and equilibrated curves during
external rotation at high 90° flexion angles, significant
findings resulted when comparing the ACL intact with
the PL resected condition (p=0.01). For all other com-
parisons regarding charged versus equilibrated as well
as the different ACL conditions, no further significant
findings resulted. The results for the comparison of the
differences between the charged and equilibrated curves are
summarized in Table 1.

The intraobserver reliability was 0.98, which is considered
to be high.

Discussion

In the presented cadaver study a hieratic two-dimensional
model for rotational knee restraints was created enabling
mechanical elimination of AP translation. For quantification
of the rotational restraints an AUC was calculated [10, 22].
The main findings of our study were that during full knee
extension only the total ACL resection led to a destabilization
of the rotational restraints. In contrast, no significant findings
resulted after an isolated dissection of the PL bundle during
internal deflection. Nevertheless, a significant loss of stability
was found during equilibrated external deflection after isolat-
ed PL bundle dissection.

These results are in contrast to the work published by
Monaco et al. who used a navigation system to measure the
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subsequently performed resection of the PL-, AM-bundle as
well as the lateral collateral ligament (LCL) and the corre-
sponding motion patterns [23]. They reported no increased
rotation after PL bundle or total ACL resection performing full
extension. This result is interesting since it is known that knee
extension as well as knee flexion stresses both bundles. Our
results show that the total ACL resection affects the internal
rotation restraint during full extension in both the charged and
equilibrated deflection. However, we only found significant
changes during high knee flexion (90°) and internal rotation
for the equilibrated deflection after partial ACL dissection
(PL-resected).

In this context also the results of Christel et al. have to be
mentioned, who examined the contribution of each ACL bundle
to the Lachman test in a cadaver study with a low number of
only six specimens [24]. They concluded that the AM bundle
significantly contributes to tibial translation during the Lachman
test, whereas the PL bundle’s effect is negligible. The authors
described that a divided PL bundle had a greater effect on
increasing internal rotation of the tibia than the AM bundle even
though this contribution was relatively low. Their results coin-
cide with our findings at least in reference to the total ACL
resection affecting the internal rotation restraint during full
extension in both the charged and equilibrated deflection.
However, Christel et al. concluded that isolated PL bundle tears
cannot be detected by the Lachman test only since the PL
bundle most likely contributes resistance to the pivot shift
[24]. For low flexion angles significantly less energy is needed
to be able to perform similar deflection grades. The energy
expended during internal rotation significantly dropped with
the loss of the PL bundle, especially comparing the measure-
ments during 0° and 30° degree knee flexion. Our results during
30° and 90° degree flexion are in accordance with the studies of
Furman et al. and Nielsen et al. who also described a decreased
restraint in internal rotation in case of partially dissected ACL as
well as after total ACL resection [25, 26].

Similar results were also achieved by Komzak et al. who
reported in their cadaver study on AM bundle controlling AP
and rotational stability to a greater extent than the PL bundle
[15]. They performed KT-1000 arthrometer analysis for AP
translation and a rolimeter analysis for measuring rotational
movements for intact, AM- or PL-bundle insufficient or com-
plete ACL deficient knees. They concluded that the impact of
the AM bundle on the AP translation is greater than of the PL
bundle in all knee joint flexion angles (30°, 60° ,90°). Thus the
PL bundle does not resist the rotational stability more than the
AM bundle with the result that the rotational stability is more
sufficiently controlled by both ACL bundles as compared to
one bundle. The same author group published a clinical study
in 2012 (46) on the question whether the PL bundle influences
rotational movement more than the AM bundle in ACL re-
construction, examining patients following ACL single and
double bundle reconstruction, respectively, performing KT-
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Table 1 Area under the curve (AUC) data for internal as well as external deflection

Internal deflection External deflection

Flexion ACL state Charged Equilibrated Flexion ACL state Charged Equilibrated

Mean SEM Mean SEM Mean SEM Mean SEM

0° ACL intact 1.22 0.19 0.97 0.17 0° ACL intact 1.28 0.18 1.01 0.16
PL resected 1.16 0.21 0.88 0.16 PL resected 1.23 0.13 0.87 0.12
ACL resected 0.97 0.13 0.67 0.18 ACL resected 1.13 0.09 0.74 0.16

30° ACL intact 1.1 0.11 0.84 0.1 30° ACL intact 1.13 0.12 0.85 0.1
PL resected 1.2 0.13 0.84 0.1 PL resected 1.06 0.13 0.71 0.1
ACL resected 1.12 0.19 0.74 0.17 ACL resected 1.13 0.19 0.7 0.18

90° ACL intact 1.82 0.27 1.43 0.2 90° ACL intact 1.59 0.21 1.26 0.17
PL resected 1.86 0.3 1.33 0.19 PL resected 1.73 0.23 1.09 0.15
ACL resected 1.87 04 1.35 0.34 ACL resected 1.64 0.31 1.13 0.3

The results are given as mean+standard error of the mean (SEM). The unit for the AUC is joule [J]

1000 arthrometer and rolimeter measurements [14]. They
reported for the double-bundle reconstruction group that rota-
tion was as much controlled by the AM bundle as in the single
bundle group but to a greater extent compared to the PL
bundle in the double-bundle technique. The authors also stat-
ed that AP translation and rotational stability during internal
rotation, not in external rotation, was increased more for the
double bundle than for single bundle technique.

These results are in accordance with the presented findings
since we described no significant rotational destabilization after
PL bundle in internal deflection [14]. From the clinical point of
view our findings in terms of distinct rotational destabilization
of the knee joint during full extension, only for complete ACL
resection without significant findings for the only PL bundle
absent situation in internal rotation, emphasize that in case of an
ACL rupture either partial or complete patients would rather
benefit from the single-bundle technique.

Limitations

For the presented study distinct limitations have to be men-
tioned. The presented human cadaver approach reflects the

complex course of motion of the knee joint and corresponding
restraint patterns only partially. Muscular tension and neuro-
muscular interaction is missing in this experimental setup.
Therefore, the complex three-dimensional course of motion
of a pivot shift manoeuver was reduced to a hieratic two-
dimensional course of motion for measurement of specific
rotational restraints. The rotational restraint was measured
especially with respect to the two bundles of the ACL.

Another important drawback is the cadaveric nature of our
study. Although we used fresh cadavers that underwent a
distinct course of mobilization for breaking rigor mortis, it
cannot be excluded that our results are influenced by increas-
ing tissue laxity. However, the next step in order to assess the
biomechanical role of the different ACL bundles has to be the
in vivo analysis.

Conclusion
The dogma of the specific restraints which is attributed to the

AM and the PL bundle has to be seen as a simplified model
which is adequate to develop scientific questions and

Table 2 Levels of significance

for comparison of the different Flexion ACL state Internal deflection External deflection
ACL states
Charged Equilibrated Charged Equilibrated
p p p p
0° ACL int vs. PL res 0.41 0.1 0.57 0.03
ACL int vs. ACL res 0.01 0.001 0.29 0.01
30° ACL int vs. PL res 0.16 0.97 0.45 0.2
ACL int vs. ACL res 091 0.44 0.99 0.29
90° ACL int vs. PL res 0.79 0.08 0.03 0.07
Significance values are written in ACL int vs. ACL res 0.87 0.72 0.74 0.54

bold text
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hypotheses [27-30]. Although we observed a significant loss
of stability during unstressed external deflection after isolated
PL bundle dissection, no significant findings resulted after an
isolated dissection of the PL bundle during internal deflection.
Based on our experimental cadaver study a clinical recom-
mendation regarding advantages of either single bundle or
double bundle ACL reconstruction cannot be made.
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