Chapter 10
ACL Injury Mechanisms

Hideyuki Koga and Takeshi Muneta

Abstract Model-based image-matching (MBIM) technique has enabled detailed
video analysis of injury situations that had been limited to simple visual inspection.
We have analyzed anterior cruciate ligament (ACL) injury situations from ten
analogs and one HD video sequence using the MBIM technique. The knee kine-
matical patterns were remarkably consistent, with immediate valgus and internal
rotation (IR) motion occurring within 40 ms after initial contact (IC), and then an
external rotation was observed. Peak vertical ground reaction force (GRF) occurred
at 40 ms after IC. Based on these results, it is likely that the ACL injury occurred
approximately 40 ms after IC. 9 mm of abrupt anterior tibial translation at the time
of injury was also detected in the HD video. On the other hand, the hip kinematics
was constant at abducted, flexed, and IR position during 40 ms after IC. Based on
these results together with previous studies, we proposed a new hypothesis for ACL
injury mechanisms that valgus loading and lateral compression generate IR motion
and anterior translation of tibia, due to the joint geometry, resulting in ACL rupture.
Moreover, it seems that the hip is relatively “locked” at IC and cannot absorb
energy from GRF and knee is exposed to a larger force, which leads to ACL injury.
These results suggest that prevention programs should focus on acquiring a good
cutting and landing technique with knee flexion avoiding knee valgus and foot
internal rotation and with hip flexion to absorb energy from GRF. Moreover, the
fact that the ACL injury occurs 40 ms after IC suggests that “feed-forward”
strategies before landing may be critical, as “feedback” strategies are too slow to
prevent ACL injuries.
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10.1 Introduction

Anterior cruciate ligament (ACL) injuries occur mostly during sports activities, and
the incidence remains high, especially in young athletes. Recent development of
ACL reconstruction procedures has enabled such athletes’ return to sports, and
favorable clinical results have been achieved; yet it takes a relatively long period
for most athletes to get back to sports activities. It has also been reported that ACL
reconstruction could not prevent progression of osteoarthritis [1]. Therefore, impor-
tance of ACL injury prevention has been emphasized, and various ACL injury
prevention programs have been developed successfully [2-6]; however, it is not
well understood how the different elements in these multicomponent programs play
particular roles in preventing the injury. The most common mechanism of ACL
injuries for the sports commonly associated with this injury was noncontact, except
men’s contact sports, and the noncontact mechanism predominantly occurs during
cutting or one-leg landing maneuvers [7-9]. Nevertheless, to develop more targeted
injury preventive programs, a more detailed description of the mechanism(s) of
noncontact ACL injuries is needed.

10.1.1 Research Approaches to Injury Mechanisms

As mentioned above, it is important to understand the detailed injury mechanisms
in order to develop specific prevention methods for ACL injuries. A number of
different methodological approaches have been used to investigate ACL injury
mechanisms. These include athlete interviews, clinical studies, laboratory motion
analysis, video analysis, cadaver studies, and mathematical simulations [10].

10.1.2 Previously Proposed ACL Injury Mechanisms

Noncontact ACL injury mechanisms have been investigated using the
abovementioned approaches, and several theories have been proposed; however,
it is still a matter of controversy, with the main opponents favoring either sagittal or
non-sagittal plane knee joint loading. DeMorat et al. proposed that aggressive
quadriceps loading was responsible, based on a cadaver study which demonstrated
that aggressive quadriceps loading could take the ACL to failure [11,12]. In
contrast, Mclean et al., based on a mathematical simulation model, argued that
sagittal plane loading alone could not produce such injuries [13,14]. A prospective
cohort study among female athletes, showing that increased dynamic valgus and
high valgus loads increased injury risk, leads Hewett et al. to suggest valgus loading
as an important component [15,16]. Some video analyses also showed that valgus
collapse seemed to be the main mechanism among female athletes [8,9]. However,



10 ACL Injury Mechanisms 115

cadaver studies and mathematical simulation have shown that pure valgus motion
would not produce ACL injuries without tearing the medial collateral ligament
(MCL) first [17,18].

Nevertheless, other simulation studies have suggested that valgus loading would
substantially increase ACL force in situations where an anterior tibial shear force is
applied [19]. In the MRI findings, Speer et al. reported that bone bruises of the
lateral femoral condyle or posterolateral portion of tibial plateau occurred in more
than 80% of acute ACL noncontact injuries. They concluded that valgus in
combination with internal rotation and/or anterior tibial translation occurred at
the time of ACL injuries [20]. Furthermore, it has been shown that valgus loading
induces a coupled motion of valgus and internal tibial rotation [21,22].

Although both cadaver studies and MRI studies have suggested that internal
rotation is present in ACL injury situations, video analyses have suggested that
valgus in combination with external rotation is the most frequent motion pattern
[9,23].

10.1.3 Development of Model-Based Image-Matching
Technique

Among several different approaches to investigate ACL injury mechanisms, video
analysis of injury tapes is the only method available to extract kinematic data from
actual injury situations. However, video analyses have so far been limited to simple
visual inspection [7,9,24], and the accuracy of this method has been shown to be
poor, even among experienced researchers [25]. In addition, simple visual inspec-
tion is not sufficient to extract a time course for joint angles, velocities, and
accelerations; therefore, it is difficult to determine the point of ACL rupture. The
analyses are also compromised with poor video qualities.

Therefore, model-based image-matching (MBIM) technique has been developed
as an alternative to simple visual inspection, in order to extract joint kinematics
from video recordings using one or more uncalibrated cameras [26-29]. Detailed
procedure of the MBIM technique has been described in the literatures; the idea of
this technique is that matching a model to the background video sequences gives an
estimate of the actual three-dimensional body kinematics using the commercially
available program Poser® and Poser® Pro Pack (Curious Labs Inc., Santa Cruz,
California, USA). This technique has been validated in noninjury situations in a
laboratory environment. The MBIM technique has shown to be much more accurate
than the simple visual inspection approach, and the validation study has shown that
root-mean-square (RMS) differences for knee flexion, abduction, and rotation with
two or three cameras were less than 10°, 6°, and 11°, respectively [25,26]. Another
study also found this technique to be feasible for use in actual ACL injury situations
[29]. Therefore, videotapes of noncontact ACL injury situations were analyzed
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using the MBIM technique to describe detailed kinematics of ACL injuries, in order
to identify ACL injury mechanisms.

10.2 Biomechanics in Noncontact ACL Injuries

Ten ACL injury situations from women’s team handball (n=7) and basketball
(n=3), recorded with at least two analog cameras during TV broadcasts, were
analyzed using MBIM technique (Fig. 10.1); all of them occurred during game
situations [27]. All the players were handling the ball in the injury situation; seven
were in possession of the ball at the time of injury, two had shot, and one had passed
the ball. In six cases, there was player-to-player contact with an opponent at the
time of injury, all of them to the torso being pushed or held. There was no direct
contact to the knee. The injury situations could be classified into two groups; seven
cases occurred when cutting and three during one-leg landings.

The knee kinematical patterns were remarkably constant among the ten cases
(Fig. 10.2). The knee was relatively straight, with a flexion angle of 23° (range,

Fig. 10.1 An example of a video matched in Poser, two-camera handball injury situation 40 ms
after initial contact (IC). The two top panels show the customized skeleton model and the handball
court model superimposed on and matched with the background video image from two cameras
with different angles. The two bottom panels show the skeleton model from back and side views
created in Poser
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Fig. 10.2 Time sequences of the mean knee angles (°) (black line) of the ten cases with 95 %
confidence intervals (CI) (gray area). Time O indicates IC and the dotted vertical line indicates the
time point 40 ms after IC

11-30°) at initial contact (IC) and had increased by 24° (95% CI, 19-29°,
p <0.001) 40 ms later. The knee abduction angle was neutral, 0° (range, —2-3°)
at IC, but had increased by 12° (95 % CI, 10-13°, p <0.001) 40 ms later. As for
knee rotation angle, the knee was externally rotated 5° (range, —5-12°) at IC, but
abruptly rotated internally by 8° (95 % CI, 2-14°, p =0.037) during the first 40 ms.
From 40 ms to 300 ms after IC, however, we observed an external rotation of 17°
95 % CI, 13-22°, p<0.001). In addition, the estimated peak vertical ground
reaction force (GRF) was 3.2 times body weight (95 % CI, 2.7-3.7) and occurred
at 40 ms (range, 0-83) after IC. On the other hand, the hip kinematics was constant
at 20° abducted, 50° flexed, and 30° IR position during 40 ms after IC (Fig. 10.3).

However, limitations of the abovementioned analysis were how accurate the
joint kinematics and timing of peak GRF could be estimated from the relatively low
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Fig. 10.3 Time sequences of the mean hip angles (°) (black line) of the ten cases with 95 % CI
(gray area). Time 0 indicates IC and the dotted vertical line indicates the time point 40 ms after IC

frame rate (50 or 60 Hz) and low-quality images (768 x 576 pixels) in analog video
sequences, and therefore we were unable to assess the anterior translation of the
tibia. However, a noncontact ACL injury situation in a male footballer was avail-
able which had been recorded using four high-definition (HD) cameras including
two high-speed recordings (100 and 300 Hz) [28]. In this case, the 26-year-old male
elite football player suffered a noncontact ACL injury to his right knee during a
national team match, when he tried to stop after having passed the ball with his right
leg. This case was analyzed using the MBIM technique to describe the more
detailed joint kinematics, including tibial translations (Fig. 10.4). Knee kinematics
in this case was strikingly consistent with the previous analyses of the ten cases
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Fig. 10.4 A soccer injury situation recorded using HD cameras. Each panel shows the customized
skeleton model and the football pitch model superimposed on and matched with the background
video image from each camera. Overview camera and rear camera had an effective frame rate
after being deinterlaced of 50 Hz, frontal camera 100 Hz, and side camera 300 Hz
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Fig. 10.5 Time sequences of knee joint angles (/eft axis) and anterior tibial translation (right axis)
in the soccer case. Time 0 (@) indicates IC and the dotted vertical lines (b) and (c¢) indicate the time
point 20 and 30 ms after IC, respectively

(Fig. 10.5). The knee was flexed 35° at IC, with initial extension (26° of flexion)
until 20 ms after IC, after which flexion angle continued to increase. The knee
abduction angle was neutral at IC, but had increased by 21° 30 ms later. The knee
was externally rotated 11° at IC, but abruptly rotated internally by 21° during the
first 30 ms, and then changed its direction to external rotation after this. In addition,
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anterior tibial translation was able to be detected; it started to occur at 20 ms after
IC, where the knee was the most extended, and by 30 ms after IC approximately
9 mm of anterior translation had occurred. The translations plateaued by 150 ms and
then shifted back to a reduced position between 200 ms and 240 ms after IC.

10.3 Timing of Noncontact ACL Injuries

It has not been possible to determine the exact timing of ACL injury from video
analysis based on simple visual inspection [7-9]. However, this may be possible by
using the MBIM technique, by assessing abnormal joint configurations, sudden
changes in joint angular motion, and timing of GRFs. The extracted knee kinemat-
ics during ACL injuries using MBIM technique showed that sudden increase of
valgus and internal rotation angle occurred within the first 40 ms after IC. These
periods also correspond to the average peak vertical GRF in these cases. Moreover,
in the case recorded using HD cameras, abrupt anterior tibial translation reached
9 mm in 30 ms after IC, which corresponds to the maximum anterior translation in
intact knees [30,31]. Based on these results, together with the previous studies
showing that the ACL was strained shortly (approximately 40 ms) after IC in
simulated landing [19,32], it seems likely that the injury occurs within 40 ms for
the majority of these cases.

10.4 Mechanisms for Noncontact ACL Injury

As already mentioned, valgus collapse in combination with external rotation (i.e.,
knee in, toe out) has been frequently identified as an ACL injury mechanism in
simple visual inspection of injury videotapes. However, it has been discussed as to
whether this kinematics actually represents the cause for ACL injuries or simply is a
result of the ACL being torn [9,23]. Our results using the MBIM technique showed
that immediate valgus motion occurred within 40 ms after IC. The abrupt internal
rotation also occurred during the first 40 ms after IC, and then external rotation was
observed, which seems to have occurred after the ACL was torn. In addition,
anterior tibial translation started a little later after IC and increased abruptly until
when the injury might have occurred. The discrepancy between the previous studies
and our results could be that the abrupt internal rotation and anterior tibial transla-
tion observed using the MBIM technique analysis are likely not easily detected
from visual inspection alone; the external rotation that occurs afterwards is more
pronounced and therefore easier to observe. The internal-to-external rotation
sequence with anterior tibial translation has also been reported previously. In a
recent cadaver study, the application of pure compressive loads led to anterior tibial
translation and internal tibial rotation of up to 8°, followed by a sudden external
rotation of 12°[31]. The combination of internal tibial rotation and anterior tibial
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Fig. 10.6 The proposed noncontact ACL injury mechanism. (a) An unloaded knee. (b) When
valgus loading is applied, the MCL becomes taut and lateral compression occurs. (¢) This
compressive load causes a lateral femoral posterior displacement, probably due to the posterior
slope of lateral tibial plateau, and the tibia translates anteriorly and rotates internally, resulting in
ACL rupture. (d) After the ACL is torn, the primary restraint to anterior translation of the tibia is
gone. This causes the medial femoral condyle to also be displaced posteriorly, resulting in external
rotation of the tibia

translation is probably caused by the joint surface geometry. The concave geometry
of the medial tibia facet combined with the slightly convex lateral tibia facet may
cause the lateral femoral condyle to slip back. This may also explain why
ACL-injured patients tend to have greater posterior lateral tibial plateau slopes
than uninjured controls [33-35].

Combining the results obtained using the MBIM technique with previous find-
ings, the following hypothesis for the mechanism of noncontact ACL injury is
proposed (Fig. 10.6): (1) when valgus loading is applied, the MCL becomes taut
and lateral compression occurs. (2) This compressive load causes a lateral femoral
posterior displacement, probably due to the posterior slope of lateral tibial plateau,
and the tibia translates anteriorly and rotates internally, resulting in ACL rupture.
(3) After the ACL is torn, the primary restraint to anterior translation of the tibia is
gone. This causes the medial femoral condyle to also be displaced posteriorly,
resulting in external rotation of the tibia. This external rotation may be exacerbated
by the typical movement pattern when athletes plant and cut, where the foot
typically rotates externally relative to the trunk.

10.5 Hip’s Role in ACL Injury Mechanisms

Lower extremities act as a kinetic chain during dynamic tasks and the control of hip
motion largely affects the knee motion. Researchers have studied the relationships
between hip biomechanics and ACL injury. In terms of risk factor of ACL injury in
hip biomechanics, Decker et al. [36] reported that, in drop landing, energy absorp-
tion at hip joint and hip flexion angle at IC were less in females than in males.
Schmitz et al. [37] reported that, in single-leg landing, energy absorption at hip and
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total hip flexion displacement were smaller in female, whereas peak vertical GRF
was larger in female. Yu et al. [38] also reported that hip flexion angular velocity at
IC was negatively correlated with peak vertical GRF in stop-jump task. When it
comes to ACL injury mechanisms, Heshemi et al. [39] reported that, in a cadaver
study, a restricted flexion of the hip at 20° combined with low quadriceps and
hamstring force levels in simulated single-leg landing were found to be conductive
to ACL injury. A video analysis has shown that ACL-injured subjects’ hip flexion
and abduction angle was constant during 100 ms after IC, whereas uninjured control
subjects’ hip flexion increased by 15° in cutting/landing maneuvers [40]. Our study
using MBIM technique also showed that hip kinematics was constant during 40 ms
after IC at abducted, flexed, and internally rotated position, which seems to play a
significant role in the mechanism of ACL injury. In this regard, Hashemi et al. [41]
have proposed a mechanism called “hip extension, knee flexion paradox,” i.e.,
mismatch between hip and knee flexion in landing is the cause of ACL injury. In
normal condition, both the knee and hip flex together in landing, whereas in
unbalanced landing, the knee is forced to flex but hip is forced to extend, and
tibia will undergo anterior translation, which will increase the risk of ACL injury.

There are some possible causes of hip/knee mismatch: (1) in sagittal plane,
upright or backward-leaning trunk position at IC makes center of mass posterior to
the knee, and increased GRF may encourage more knee flexion than hip flexion and
relatively act to extend the hip. (2) In the other plane, insufficient hip abductor/
external rotator strength or activation would lead to adducted/internally rotated
position of the hip, causing knee valgus. (3) Large hip internal rotation at IC seen in
our video analysis could also be an explanation; ACL-injured patients could have
limited range of motion in internal rotation [42], and hip joint may be locked at a
large internally rotated position. As a matter of fact, hip dysplasia has also been
reported to be a risk factor of ACL injury [43]. It has also been reported that
decreased range of internal femoral rotation results in greater ACL strain [44].

For these reasons, it seems that hip joint is relatively locked at IC and cannot
absorb energy from GRF, and knee joint is exposed to larger force, which leads to
ACL injury. Therefore, it is important that prevention efforts should focus not only
on knee joint but also on hip joint.

10.6 Tips for ACL Injury Prevention Based
on the Proposed Mechanisms

Based on the mechanisms clarified using MBIM technique, prevention strategy for
ACL injury can be proposed as follows: (1) as the kinematics when ACL injury is
happening is knee valgus and internal rotation with the hip being locked, it is
important to acquire a good cutting and landing technique with knee flexion
avoiding knee valgus and foot internal rotation and with hip flexion to absorb
energy from GRF, avoiding hip internal rotation. (2) As ACL injuries occur
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approximately 40 ms after IC, it is likely that a “feedback” strategy, i.e., ACL
prevention program focusing on training after landing, cannot prevent ACL injury;
it takes at least 150-200 ms to react after landing at risk. Prevention efforts should
focus on a “feed-forward” strategy before landing, i.e., training muscular
pre-activation and neural control during the pre-landing phase.
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