The Knee 26 (2019) 339-346

Contents lists available at ScienceDirect

The Knee

Strain distribution of the anterolateral ligament during internal M)

rotation at different knee flexion angles: A biomechanical study
on human cadavers

Yibei Wang, Shiqi Li, Daorong Xu, Lei Qian, Chunyu Jiang, Maoqing Fu, Peidong Sun, Jun Ouyang *

Department of Anatomy, Guangdong Provincial Key Laboratory of Medical Biomechanics, Southern Medical University, Guangzhou 510515, China

ARTICLE INFO ABSTRACT

Article history: Background: Injuries of the anterolateral ligament (ALL) are fairly common in patients with rup-
ﬁeceweg ,10 Ma'y iofls 19 October 2018 tures of the anterior cruciate ligament (ACL). Before considering repair or reconstruction of the
ecetvec In revised form ctober ALL, the lack of knowledge with regard to the biomechanical behavior of this ligament must be
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considered. The purpose of this study was to analyze the strain of the ALL induced by tibial inter-
nal rotation at different flexion angles and find out the strain distribution features.

Keywords: X .

An{golmml ligament Methods: The ALLs of ten fresh-frozen cadaver knees were dissected. All specimens underwent
Internal rotation tibial internal rotation from 0° to 25° at 30°, 60°, 90°, and 120° of knee flexion. Strain distribu-
Strain tion of the ALL during internal rotation was recorded by digital image correlation (DIC). The
Digital image correlation overall strain and sub-regional strain were measured.

Knee biomechanics Results: The strain of the ALL increased with increasing tibial internal rotation. With 25° of in-

ternal rotation, the overall strain at each flexion angle was 12.89 4 2.73% (30°), 15.32 4 2.50%
(60°), 18.94 4 2.34% (90°), and 20.10 £ 3.27% (120°). The sub-regional strain was significantly
different at all flexion angles. The strain of the distal 1/3 of the ALL was the greatest, followed
by the middle 1/3, while the proximal 1/3 was the smallest (all P < 0.001).
Conclusion: The ALL resisted internal rotation of the tibia by becoming more tense with in-
creasing rotation. A significantly high strain was observed in the distal portion near the tibial
insertion site of the ALL, which may suggest that this region is prone to injury with excessive
internal rotation.

© 2019 Elsevier B.V. All rights reserved.

1. Introduction

Recent investigations have revealed that injuries of the anterolateral ligament (ALL) are fairly common in patients with rup-
tures of the anterior cruciate ligament (ACL) [1-4]. With regard to a high degree of knee rotational instability or a high risk of
graft re-rupture, some authors have suggested that with combined injuries to the ACL and ALL, reconstruction of both ligaments
should be considered to better restore knee stability [5,6].

Before considering ALL reconstruction, greater knowledge of the biomechanical characteristics may help in understanding the
in vivo behavior and function of this ligament. There is a growing body of research into the mechanical behavior of the ALL. Some
authors have studied the length changes of the ALL during various knee motions [7-9]. In addition, through comparisons of the
forces in the ligaments, Parsons et al. found that the contribution of the ALL during internal rotation increased significantly with
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increasing flexion [10]. However, there is a lack of studies researching the detailed strain on the ALL during knee motion. Drews
et al. used a sensor device to measure the strain on the ALL during knee motion [11]. The strain they calculated was the elonga-
tion of a sensor that was glued onto the ALL. Corbo et al. found that there were differences in the sub-regional tensile properties
of the ALL [12]. In consideration of the non-uniform tensile properties of the ALL, sub-regional strain on the ALL may be different
during passive knee motion. Therefore, considering the partial elongation of the sensors to be equivalent to the strain on the
whole ALL may be inappropriate and less accurate. Because the sensors require some form of fixation to the tissue, measurement
errors may be introduced. More importantly, the sensor acts as a point gauge and thus fails to display regional strain patterns.

This study aimed to analyze the strain distribution of the ALL induced by tibial internal rotation at different knee flexion angles
using digital image correlation (DIC). Furthermore, sub-regional strain on the ALL was analyzed and compared to investigate
which region of this ligament has the greatest strain. High strain on a region may indicate that this region is prone to injury.
The hypothesis of this study was that the ALL might exhibit unique patterns of strain distribution in response to tibial internal
rotation.

2. Material and methods

Ten fresh-frozen cadaveric knees (six male, four female; seven left, three right knees) with an average age of 52 years (range
from 36 to 66 years) were donated. Ethical approval was obtained from the ethics committee of Southern Medical University. All
subjects had provided written informed consent confirming their intent to donate their bodies for medical research purposes.
Combining the medical history of the donors and the results of fluoroscopy, all specimens were without evidence of prior knee
injury, surgery, arthritis, or anatomical abnormality. The femur was cut 20 cm proximal to the joint line, while the tibia was
cut 20 cm distal to the joint line. The fibula was cut five centimeters shorter than the tibia. The specimens were stored at
—20 °C and thawed at room temperature for 24 h before dissection.

2.1. Specimen preparation

All specimens were dissected by the same surgeon. The specimens were kept moist with saline solution during the entire
preparation. The dissection was realized following the protocol defined by Claes et al. [13]. All musculature except the popliteal
muscle-tendon complex was removed, while the ligaments and posterior capsular restraints were left in place. After defining
the area of the ALL along the distribution of the fibers and fully exposing it (Figure 1), both diaphyseal ends of the femur and
tibia were potted in polymethylmethacrylate, while the fibula was distally fixed to the tibia using a bicortical screw to maintain
stabilization.

Figure 1. Lateral view of a left knee with internal rotation: the anterolateral ligament (ALL) is divided from the lateral collateral ligament (LCL) and popliteus ten-
don (PT). The iliotibial band (ITB) and fibula head (FH) are also highlighted.
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2.2. Mechanical loading

The specimens were mounted on the testing apparatus (ElectroForce3510-AT, Bose Corp., USA) through a specifically designed
rig, which allowed flexion/extension and external or internal rotation of the tibia (Figure 2). The position of the femur was con-
trolled by the two slide tracks of the rig and the load arm. The tibia was mounted on the torque motor. The flexion angle of the
knee was defined by a Motion Capture system (Raptor-4, Motion Analysis Corp., USA) through markers that were glued on to the
anatomical landmarks. Based on the anatomical landmarks, a coordinate system was defined using methods previously reported
[14,15]. The specimen was initially subjected to a vertical load of 30 N to ensure tibiofemoral contact [11].

Before testing, the specimens were preloaded with internal rotation to 25° at 90° of flexion 10 times to prevent soft tissue hys-
teresis. To simulate the strain on the ALL induced by internal rotation of the tibia, at four positions of flexion (30°, 60°, 90°, and
120°), the tibia was loaded with internal torque at a rate of two degrees per second until 25° of rotation was reached. The rota-
tional process was performed three times at each flexion angle, and the average data was used for analysis. During the test, there
was no tear in the ALL or in other ligaments.

2.3. Strain measurement

The strain on the ALL was recorded by a non-contact optical three-dimensional measuring system (ARAMIS 4M, GOM Corp.,
Germany) using DIC as previously reported [16,17]. Image recognition was performed by two digital cameras to analyze and com-
pare the digital images acquired from the surface of a substrate instead of surface markers. By tracing a randomly applied high-
contrast speckle pattern using white light, displacement and strain within the specimen were calculated from the images. To ob-
tain an optimal contrast ratio, the ALL was dyed dark blue by methylene, and subsequently sprayed with water-based white paint
on the surface. This dyeing method does not alter the mechanical properties of the ligament [18]. The initial imaging process de-
fined unique correlation areas known as macro-image facets, typically consisting of a square of 15 pixels across the entire imaging
area. Each facet was a measurement point, or ‘extensometer point’ and ‘strain rosette’. These measured facets were tracked in
each successive image, and the strain on the ligament surface was calculated by comparing the digital images of the knee with
internal rotation with those without rotation at different flexion angles. To maximize successive facets and minimize missing
measurements in this study, with our repeated measurement, the resolution of the images was 2358 x 1728 pixels, the measuring

Figure 2. Schematic of the specimen mounted on the testing apparatus through a specifically designed rig. (A) Load arm; (B) slide track of horizontal axis; (C) slide
track of sagittal axis; (D) knee specimen; (E) torque motor.
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volume was set at 65 x 48 mm; the frequency of exposure was set at four hertz, and the time of exposure was set between 65
and 95 ms. An adequate depth of aperture dependent of field, 22-36 mm, was obtained by setting the F value between 16 and
22 mm. The accuracy of the strain measurement was 0.005%. The strain analyzed was the average value of major principal strain
on the area designated [16,17].

To analyze the strain distribution features in the ALL, along the longitudinal axis of the ligament, the ALL was divided into
three portions: the proximal third (near the femoral origin), middle third, and distal third (near the tibial insertion).

2.4. Statistical analysis

SPSS software (v. 21.0; IBM Corp., USA) was used for statistical analysis. Normal distribution of data was confirmed using a
Shapiro-Wilk test, and the homogeneity of variances was verified using Levene's test. The strain was presented as mean + stan-
dard deviation (SD). With the largest internal rotation angle (25°), sub-regional strain in different portions was compared using
one-way analysis of variance (ANOVA) with Tukey post hoc testing. These comparisons were performed at each flexion angle
(30°, 60°, 90°, and 120°). For all comparisons, the level of significance was set at P < 0.05.

3. Results
3.1. Overall strain

An example of cloud maps of the ALL strain distribution during tibial internal rotation can be seen in Figure 3. The ALL became
more tense with increasing internal rotation. Trend curves of overall strain on the ALL during internal rotation at each flexion

angle are shown in Figure 4. With 25° of internal rotation, the overall strain and sub-regional strain at each flexion angle are
shown in Table 1.
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Figure 3. Cloud maps of strain distribution of the anterolateral ligament (ALL) during tibial internal rotation (IR) at 90° of knee flexion, with maximizing strain
represented by a color change from blue to red.
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Figure 4. Trend curves of overall strain (mean + standard deviation) of the anterolateral ligament (ALL) during tibial internal rotation (IR) at different knee flexion
angles.

3.2. Sub-regional strain

An example of digital image of ALL sub-regional strain is shown in Figure 5. With 25° of internal rotation, the sub-regional
strain was significantly different at all flexion angles (all P < 0.001). The strain on the distal third of the ALL was the greatest,
followed by the middle third, while the proximal third was the smallest (all P < 0.001) (Figure 6). Figure 5 also shows that the
region with high strain is mainly located at distal portion near the tibial insertion site.

4. Discussion

The aims of this study were to characterize the mechanical behavior of the ALL in response to tibial internal rotations, which
were intended to simulate physiologically and clinically relevant conditions where function, injury, and repair of the ALL are im-
plicated. The findings of this study have shown that the ALL resisted the internal rotation of the tibia by becoming more tense
with increasing internal rotation. More importantly, a significantly high strain was observed in the distal portion near the tibial
insertion site of the ALL.

High strain on the distal portion of the ALL may suggest that this region is at risk of injury with excessive internal rotation.
Most imaging studies have reported that a high rate of lesions was found in the distal portion of the ALL [1,2,4,19]. Claes et al.
observed that the majority of ALL abnormalities (77.8%) were situated in the distal part of the ligament [1]. Van Dyck et al. sug-
gested that injuries of the ALL might be caused by excessive internal tibial torque, and 71% of ALL lesions were found in the distal
component with 37% being bony avulsions or Segond fractures [2]. In addition, an ultrasonography study by Faruch Bilfeld et al.
showed that 78.9% of ALL lesions were located at the tibial attachment [4]. However, Helito et al. reported the same rate (45.4%)
of lesions in the proximal and distal portions of the ALL [3]. The disparate mechanisms of injury, which are the most important
factors that predict structural abnormalities, may account for the variable results of previous studies [20].

The high strain on the distal part of the ALL may be due to the relatively large tensile stress of this region. Corbo et al. found
the differences in the sub-regional tensile properties of the ALL: the ALL below the meniscus was significantly stronger and stiffer
when compared with the ALL above the meniscus [12]. Limited differences in the histological results were found between the two
ALL sections, indicating that the two sections have the same morphological characteristics. Therefore, they inferred that the dif-
ferences in the infra-meniscal and supra-meniscal tensile properties may be due to the supra-meniscal fibers not being subjected
to the same load magnitude as the infra-meniscal sections during normal loading scenarios. This corresponds with our inference
based on the different strains of the various regions of the ALL.

The stress distribution in the ligament is closely related to the direction of the applied load. A tensile test of the human ACL
revealed that the tensile stress distribution in the ligament was consistent when tested along the anatomical axis of the ACL,

Table 1
The overall and sub-regional strain (mean + standard deviation) of the anterolateral ligament with 25° of tibial internal rotation at different knee flexion angles.
Flexion Overall strain (%) Sub-regional strain (%)

Proximal third Middle third Distal third
30° 12.89 4 2.73 5.06 & 2.32 1246 + 3.69° 19.04 4 3.69°
60° 1532 4+ 2.50 6.53 £ 2.51 15.01 + 2.75° 21.93 £ 3.20°
90° 18.94 4+ 2.34 9.93 + 264 17.84 + 2.76° 26.23 + 4.267
120° 20.10 + 3.27 9.68 & 3.12 17.84 + 3.17° 27.96 + 4.51*

@ Significantly different from the middle third (P < 0.001) and proximal third (P < 0.001).
b Significantly different from the proximal third (P < 0.001).
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Figure 5. Digital image of sub-regional strain on the anterolateral ligament (ALL) with 25° of tibial internal rotation (IR) at 90° of knee flexion: A colorful strain
map of the area under study is superimposed on to the ALL, with maximizing strain represented by a color change from blue to red. The ALL was divided into three
portions: proximal third, middle third, distal third. Lateral femoral condyle (LFC) and fibula head (FH) are highlighted.

though the tensile stress distribution in the ACL was not uniform when tested along the tibial axis [21]. In our study, the direction
of load exerted on the ALL, conducted through internal rotation of the tibia, was not along the anatomical axis of the ALL. There-
fore, when internal torque is applied on the tibia, the tensile stress of the distal part of ALL may be the greatest. If the stress in-
creases beyond the upper limit of the physiological range of distal ALL, but not beyond the failure load magnitude of the tibia near
the insertion site, it will cause the distal portion to fail. If osteoporosis occurs, it may cause the Segond fracture, which may rep-
resent a bony avulsion of the ALL as indicated by previous studies [22-24]. In consideration of these cases, with regard to ALL
repair or reconstruction, we suggested that the distal portion of the ligament and the fixation on the tibia need reinforcement
to reduce the re-injury risk.

The ALL resisted internal rotation of the tibia by becoming more tense with increasing rotation. The strain in this study is
much lower than the ultimate ALL strain at failure (36.0 + 4.5%; 37.8 4+ 7.9%) that other studies reported [25,26]. Zens et al.
found that the length changes of the ALL with internal rotation were greater at high-flexion angles, and suggested that the ALL
can be considered a stabilizer against internal rotation of the tibia, especially at high-flexion angles of the knee [8]. Our results
also show the similar trend that strain on the ALL induced by tibial internal rotation tends to be greater at high-flexion angles
(90° and 120°) of the knee. A study by Parsons et al. also revealed that the ALL has a different stabilizing effect at different
knee flexion angles [10].

In this study, three-dimensional DIC was adopted to investigate the strain distribution of the ALL. DIC was successfully utilized
in several studies on bones [16,27], tendons [28], ligaments [17,18,29], and other biological soft tissues [30,31], in which deforma-
tion with a full field was determined, and the high strain region could be distinguished. DIC is a non-contact, flexible optical
method for strain measurement that has been frequently used in determinations of the mechanical properties of biological mate-
rials. As a strain measurement method, DIC has many advantages, including some of that make it optimal for biomedical studies of
soft tissues. First, many soft tissues undergo moderate deformation in vivo, which may exceed the range of measurement available
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Figure 6. Strain (mean =+ standard deviation) of different portions of the anterolateral ligament (ALL) with 25° of tibial internal rotation (IR) at different knee flex-
ion angles (***P < 0.001).
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from interferometric techniques [32]. Compared with the contact measuring method, DIC has a much greater range of measure-
ment. Second, the non-contact measuring characteristic of DIC, a major advantage for measuring strain on the soft tissues, could
minimize the effects of reinforcement and/or modification in biological material response. Third, as a full field measurement
method, DIC provides information not only for the average response in the imaged region, but also for the local variations in re-
sponse that are important when studying non-homogeneous materials such as ligamentous tissues [30].

This study had several limitations. First, in order to visualize the ALL, it was necessary to dissect the iliotibial band (ITB) even
though the ITB plays an important role in controlling internal rotation [33,34]. This may have an effect on the actual strain behav-
ior of the ALL. Second, the ligament might become fatigued with repeated motor-controlled passive rotation. It is possible that the
magnitude of the stain seen on the ALL may be different from that in a dynamic in vivo condition. However, we believe that the
variation trend and distribution pattern of strain are consistent on account of the support of previous studies [1,2,4,8,10,12,19].
Third, we only studied the strain on the ALL induced by tibial internal rotation, because several studies have found that the
ALL became tense with internal rotation but slackened with external rotation [13,23,35]. Strain on the ALL induced by other
modes of knee motion needs further study.

5. Conclusion

This study analyzed the strain on the ALL induced by tibial internal rotation at different flexion angles and revealed the strain
distribution features. The ALL resisted the internal rotation of the tibia by becoming more tense with increasing rotation. A signif-
icantly high strain was observed in the distal portion near the tibial insertion site of the ALL, which may suggest that this region is
prone to injury with excessive internal rotation. The identification of regions under high strain has potential implications for ALL
repair or reconstruction techniques to reduce the re-injury risk.
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