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Abstract

Significant advances have recently been made in understanding
the mechanisms involved in noncontact anterior cruciate ligament
(ACL) injury. Most ACL injuries involve minimal to no contact.
Female athletes sustain a two- to eightfold greater rate of injury
than do their male counterparts. Recent videotape analyses
demonstrate significant differences in average leg and trunk
positions during injury compared with control subjects. These
findings as well as those of cadaveric and MRI studies indicate that
axial compressive forces are a critical component in noncontact
ACL injury. A complete understanding of the forces and risk factors
associated with noncontact ACL injury should lead to the
development of improved preventive strategies for this devastating

injury.

Nearly three quarters of anterior
cruciate ligament (ACL) inju-
ries are noncontact injuries.’ Under-
standing the mechanism of injury is
critical to optimizing prevention
strategies. Several theories and risk
factors have been proposed to ex-
plain the mechanism of noncontact
ACL injury, including impingement
on the intercondylar notch,* quadri-

3 quadriceps-ham-

ceps contraction,
string force balance, and, more re-
cently, axial compressive forces on
the lateral aspect of the joint.*’ Fe-
male athletes have been reported to
sustain noncontact ACL injuries at a
rate two- to eightfold greater than
their male counterparts.® Many ex-
planations for the increased risk of
injury to female athletes have been
proposed, including increased knee
valgus or abduction moments, gener-
alized joint laxity,” knee recurvatum,’
ACL size,” and the hormonal effects
of estrogen on the ACL.” This article

explores the theory that axial impul-
sive forces (ie, force applied for a
very short period) lead to ACL dis-
ruption by buckling the leg and that
valgus forces and the compressive-
anterior force of the quadriceps also
contribute, perhaps by lowering the
force threshold required for this dis-
ruption.

Impingement

Impingement of the ACL against the
medial border of the intercondylar
notch has been proposed as a possible
anatomic cause of ACL injury.” The
literature on intercondylar notch
stenosis as a predictor of ACL injury
is controversial and is limited by ra-
diographic techniques used to mea-
sure the dimensions of the intercon-
dylar notch. Although it is plausible
that ACL impingement might occur
with the knee in hyperextension,
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most ACL injuries are known to oc-
cur with the knee in partial flexion."’
Further refuting the likelihood that
impingement causes ACL injury is
the fact that most noncontact ACL
injuries occur close to the femoral at-
tachment site. An
mechanism would be expected to

impingement

cause midsubstance injury instead.

Quadriceps Force

Previous reports have postulated that
the anterior vector of the quadriceps is
the primary contributing force to ACL
injury®® because the quadriceps is one
of the primary producers of anterior
knee force with the knee at or near full
extension.” However, the angle of the
patellar tendon is shallow—10° to
25° at full extension'®"'—and the
quadriceps primarily generates a
compressive tibiofemoral joint force;
the anterior force is a minor compo-
nent (Figure 1). Thus, the compres-
sive vector of a quadriceps contrac-
tion is at least twice that of the
anterior shear vector at 0°." The one
study to date that demonstrated rup-
ture of the ACL with isolated quadri-
ceps force produced failure in only 6
of the 11 cadavers and used an unre-
alistically high level of quadriceps
force (4,500 N).?

Bone bruises seen on magnetic reso-
nance images after noncontact ACL in-
jury are more consistent with impaction
injury than with excessive anterior
13

force.!* Numerous in vivo, in vi-

" and modeling” studies have

tro,
demonstrated an increase in ACL
strain at or near full extension with
isolated quadriceps activity. These
findings have been used to support
the theory that the anterior thrust of
the quadriceps is the predominant
factor in ACL rupture. However, nu-
merous studies have clearly demon-
strated ACL strain resulting from
isolated quadriceps activity at knee
angles at which the quadriceps cre-

ates a posterior force.” Thus, it is
more likely that quadriceps contrac-
tion contributes to ACL injury by in-
creasing the compressive loads on
the tibiofemoral joint'® rather than
by introducing a large anterior force.

Hamstrings Compensation

Co-contraction of the hamstrings has
been proposed as a protective mech-
anism for the ACL.” However,
Pandy and Shelburne" demonstrated
that the architecture of the ham-
strings precludes them from provid-
ing protection of the ACL at full ex-
tension. The inability of the
hamstrings to protect the ACL was
further supported in the experimen-
tal work of Simonsen et al.'® Thus,
hamstring co-contraction likely con-
tributes to tibiofemoral joint com-
pression forces with minor posterior
protective forces.

Axial Compressive Forces

Until recently, it was assumed that an
axial compressive force on the tibiofem-
oral joint would not increase strain at
the ACL. However, literature published
since the mid 1990s supports the con-
cept that adding a compressive force to
the knee joint,"'"*1®%20 guch as dur-
ing the transition from non-weight-
bearing to weight bearing,” does
cause anterior translation of the
tibia.

Meyer and colleagues**” were the first
to demonstrate that excessive joint com-
pressive loads and internal torque can
lead to complete ACL rupture in human
cadaver knees. They reported peak
compression loads at failure ranging
from 2,900 N to 7,800 N at knee ex-
tension angles ranging from 30° to
120°. Similar results were reported in
a porcine study, with ACL failure oc-
curring at compressive loads of 1,812
N to 2,659 N.” In a study by Meyer
et al,?! occult microcracks at the in-
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Sagittal magnetic resonance image
with the knee at an angle of 5°,
demonstrating the angle of the
patellar tendon (solid white arrow)
at its attachment to the tibial
tubercle. Because the angle is low
(<45°), the compressive vector (F)
is larger than the anterior shear
vector (Fag). ACL = anterior cruci-
ate ligament

terface between cartilage and sub-
chondral bone caused by compres-
sion forces were consistent with ACL
bone bruises found on MRI after in-
jury. The authors hypothesized that
the dominant factor leading to ACL
failure is a compressive force acting
on the posterior tibial slope, which
results in posterior displacement of
the femoral condyle on the tibial pla-
teau. These compressive forces result
primarily from inadequate absorp-
tion of ground reaction forces
(GRFs) by the lower leg; however,
both quadriceps and hamstring con-
traction can contribute to the com-
pressive force, as well.

Several authors have demonstrated
that an axial weight-bearing com-
pressive force combined with in-
creased tibial posterior slope pro-
duces an anterior tibial force in
knees with an intact or deficient
ACL.*** Dejour and Bonnin* re-
ported a 6-mm increase in anterior
tibial translation with monopodal
stance for every 10° increase in tibial
slope. Torzilli et al'® reported that
compressive forces resulted in an an-
terior force vector on the proximal
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Initial foot contact with the ground in a safe (A) and an injured (B) athlete
demonstrating safe (A) and dangerous (B) landing posture. (Redrawn with
permission from Boden BP, Torg JS, Knowles SB, Hewett TE: Video analysis
of anterior cruciate ligament injury: Abnormalities in hip and ankle kinematics.

Am J Sports Med 2009;37:252-259.)

tibia due to the posterior slope of
the tibial plateau. Giffin et al** ob-
served that anterior tibial translation
increased following osteotomy to
enhance the posterior tibial slope.
Adding an isolated compressive force
postosteotomy further increased an-
terior tibial placement, whereas the
addition of an isolated AP load
postosteotomy resulted in no fur-
ther tibial anterior shift or increase
in in situ forces in the cruciate liga-
ments.

Whole Body Dynamics

The hip, knee, ankle, and foot help
absorb GRFs during normal landing
and deceleration. The hip muscles as-

sist in the absorption of reaction
forces from the upper body weight,
while the knee, ankle, and foot ab-
sorb the GRFs. In the ACL injury
position, the joint segments of the leg
are not effective in synergistically
dampening GRFs in an accordion-
like fashion. In particular, during
noncontact ACL injury, the foot
lands at or near the flat-footed posi-
tion,® with the result that the lower
leg and foot act as a single segment.
The position of the foot and ankle
reduces the ability of the calf muscles
to absorb GRFs, and the leg is con-
verted into a two-segment column
(above the knee and below the knee)
that may be incapable of adequately

absorbing the energy from the

GRFs,* resulting in column buck-
ling.

Ankle and Foot

A recent video-based analysis by
Boden et al’ demonstrated key dy-
namic elements associated with non-
contact ACL rupture during compet-
itive sports. The authors identified a
safe (ie, control) and a provocative
single-leg landing position (Figure 2).
Subjects who experienced ACL rup-
ture initially came into contact with
the ground with the hindfoot or with
foot flat, whereas the control sub-
jects, those who did not rupture their
ACL during a similar activity and
maneuver, landed on the forefoot.
The injured athletes had significantly
less ankle plantar flexion than did
uninjured control athletes at the
point of initial ground contact (10.7°
and 22.9°, respectively; P = 0.0059)
(Figure 3), with minimal change
from initial contact (frame 1) to
frame 5 (4.1° versus 43.8°, respec-
tively) at a rate of 30 frames per sec-
ond (30 Hz). Persons with ACL rup-
ture reached the flatfoot position
50% sooner than did controls (aver-
age difference, 1.6 frames).

This shorter time span reduces the
ability of the calf muscles to contract
and absorb forces, resulting in in-
creased impulsive forces. The im-
pulse force is directly related to
change in velocity and inversely re-
lated to the time required for the
change. Assuming that injured and
control athletes experience the same
change in velocity, then the shorter
stopping time for the injured athletes
results in a higher impulsive force. A
head-on car accident provides an
analogous situation. The crumple
zone of a car and a deployed airbag
serve to slow the time of impact, re-
sulting in lower forces on the driver.
Likewise, the gastrocnemius-soleus
complex slows the speed with which
the GRFs travel to the knee. The ab-
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normal mechanics measured on vid-
eotapes of injured athletes’ imply
that the calf muscles do not have suf-
ficient time to absorb the GRFs. This
results in transmission of the GRFs
to the knee, which increases the com-
pressive or impulse force. Thus, the
plantarflexed ankle in the safe posi-
tion protects the ACL by giving the
forces more time to dissipate. Maxi-
mum peak vertical GRFs experi-
enced by one-leg landings after
jumping maneuvers have been esti-
mated to range from 2 to 18 times
body weight.”* For an individual
weighing 70 kg (154 1b) and with a
GRF five times body weight, the
body must absorb 3,430 N of force
(11b = 4.4545 N). The threshold for
ACL tear (ie, 2,160 N) can easily be
exceeded if the calf muscles do not
absorb a large portion of these
forces.

The provocative position places the
tibia in an unstable position in which
subluxation is more likely than roll-
ing.?® High axial loads placed on the
tibia result in buckling of the knee,
along with anterior displacement of
the tibia and ACL disruption. The
shortened time of the impulsive force
reduces the ability of the soft-tissue
components of the leg to dampen the
force. Thus, landing on the forefoot
may be one of the most crucial as-
pects of preventing ACL injury.

Hip and Trunk

Videotape analysis also revealed that
subjects with ACL rupture had sig-
nificantly higher hip flexion angles at
initial ground contact (50.1° versus
25.8% P = 0.0003).° Qualitatively,
this would place the torso farther
posterior to the knee in subjects with
ACL rupture, and hip flexion and
knee extension torque would be re-
quired to stabilize the torso during
landing. Activation of the rectus fem-
oris would provide such torque, but
it also would increase ACL strain by
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Sagittal ankle angles in injured and uninjured athletes for the first five frames
of videotape analysis, beginning with initial ground contact (30 Hz).
(Reproduced with permission from Boden BP, Torg JS, Knowles SB, Hewett
TE: Video analysis of anterior cruciate ligament injury: Abnormalities in hip
and ankle kinematics. Am J Sports Med 2009;37:252-259.)

adding a compressive and an ante-
rior force on the tibia.

Tibiofemoral Kinematics

Using MRI, Boden et al** evaluated
noninjured athletes. Differences in
limb alignment between the provoca-
tive position (that which resulted in
ACL rupture) and the safe position
(that which did not result in ACL
rupture) tended to place the tibio-
femoral joint in a position in which
ACL injury is more likely. Specifi-
cally, in the provocative position, the
tibial slope relative to the femur was
significantly more vertical (P <
0.001), the point of contact on the
lateral compartment was closer to
the sulcus on the lateral femoral con-
dyle, and the lateral femoral condyle
came into contact with the tibial pla-
teau on its flatter anterior surface

rather than on its rounder posterior
surface. These findings indicate that
the knee is vulnerable in the provoc-
ative position, which is closer to the
subluxated orientation in which
bone bruises occur.

As knee extension and hip flexion
increase in the provocative position,
the angle between the tibial plateau
and the femoral shaft increases. That
is, it changes from horizontal to
more vertical (Figure 4). This in-
crease in the slope of the posterior
tibial plateau in the provocative posi-
tions may promote anterior tibial
shift, thereby causing strain on and
potential tearing of the ACL. The
risk of ACL injury with greater tibial
slope is compounded by the higher
impulse forces applied to the limb
during landing.

Alteration of the posterior tibial
slope with tibial osteotomy has been
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Gravity

Tibial
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“s.. Tibial
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lllustration of the tibial plateau as the leg transitions from a safe to a
provocative position. The tibial plateau has a more vertical orientation in the
provocative position. (Adapted with permission from Boden BP, Breit |,
Sheehan FT: Tibiofemoral alignment: Contributing factors to noncontact
anterior cruciate ligament injury. J Bone Joint Surg Am 2009;91:2381-2389.)

studied in canines with deficient
ACLs. An anterior tibial shift can be
produced by combining a weight-
bearing axial compressive force with
an increased posterior tibial slope.
Surgical treatment of ACL-deficient
knees in canines often involves an os-
teotomy to reduce the posterior tibial
slope.?” Decreasing the posterior tib-
ial slope has been demonstrated to
convert an anterior tibial thrust to a
posterior tibial shift with an axial
weight-bearing load.”” The amount
of anterior or posterior translation is
dependent on the amount of axial
force applied as well as the tibial
slope.”’

As the leg moves toward the more
provocative position,” the point of con-
tact moves from the rounder, posterior
portion of the lateral femoral condyle
to the flatter, anterior portion of the lat-
eral femoral condyle, which has a
greater radius of curvature. The contact
area between the articular surfaces is
greater on the medial side of the joint

than on the lateral side.?® Thus, in
the provocative position, when con-
tact occurs between the flatter ante-
rior portion of the lateral femoral
condyle and the convex lateral tibial

2629 sliding (ie, pivot shift) is

plateau,
favored over rolling (Figure 5). In the
safe position and with the knee in
greater flexion, the contact point
moves to the rounder posterior as-
pect of the lateral femoral condyle,
and rolling is favored over sliding.
The anatomic configuration of the
medial compartment of the knee (ie,
round condyle on a concave tibial
plateau) is inherently more stable
than the lateral compartment and fa-
vors rolling over sliding.

Knee Abduction

The contribution of valgus forces to
ACL disruption is controversial. Nu-
merous studies have shown that a
valgus moment does not significantly

load the ACL and that valgus rota-
tion is not associated with ACL in-
jury.”?* Further, valgus rotation as-
sociated with noncontact ACL injury
may only occur after injury."*’ How-
ever, Hewett et al’! have stated that
landing with the knee in abduction
(ie, valgus) is a risk factor for non-
contact ACL injury. Training pro-
grams that reduce knee abduction
moments have been shown to reduce
the risk of ACL injury.** In addition,
Chaudhari and Andriacchi** demon-
strated that valgus alignment com-
pounds the effect of axial compres-
sive loading with regard to ACL
disruption. By shifting the valgus
alignment by as little as 2°, the com-
pressive load threshold for ACL in-
jury was lowered by the equivalent
of 1 body weight. Both modeling*
and in vitro® studies have been able to
produce ACL strain with pure valgus
torque. Increased knee abduction
places greater axial forces on the lateral
side of the knee than on the medial
side. This magnifies the lateral com-
pressive forces and may contribute to
a greater internal rotation component.
In addition, with knee abduction, the
ligaments on the lateral side of the knee
may become relaxed, while the medial
ligaments become taut. The combina-
tion of a constrained medial compart-
ment and a relatively loose lateral com-
partment may allow the lateral tibial
plateau to shift anteriorly with internal
rotation, which can dramatically in-
crease strain on the ACL.*
Historically, little attention was fo-
cused on the position of the trunk
during noncontact ACL injury. In a
videotape study assessing the trunk,
Hewett et al’® reported that the mean
lateral trunk angle relative to the ver-
tical plane was higher in female ath-
letes than in male athletes during
ACL injury. Lateral trunk lean in fe-
male athletes displaces the center of
mass to the lateral side of the knee
joint, thereby significantly increasing
the axial force on the lateral knee

524

Journal of the American Academy of Orthopaedic Surgeons



Barry P. Boden, MD, et al

compartment and the knee abduc-
tion or valgus moment during the
weight acceptance phase.

Noncontact ACL Injury in
Female Athletes

Female athletes who participate in
high-risk sports such as basketball,
soccer, and volleyball have a two- to
eightfold greater rate of ACL injury
than do male athletes.® Knee abduc-
tion appears to be the predominant
risk factor for ACL injury in female
athletes.’”® History of ACL recon-
struction is a risk factor for subse-
quent ACL injury on the contralat-
eral knee.”” Other potential risk
factors include joint laxity,*® knee
recurvatum' or hyperextension, in-
creased posterior tibial slope,” and
changes in estrogen levels.”
Descriptive and analytic videotape
reviews of female athletes with ACL
injury found that these athletes were
commonly injured during a simple
deceleration maneuver, whereas male
athletes were usually injured during
more strenuous jumping maneuvers.’
Thus, female athletes may injure
their ACL at lower GRFs than do
male athletes. Female athletes often
land with higher knee abduction mo-
ments (ie, valgus torque), which are
primary predictors of future ACL in-
jury risk.”® In a recent prospective
study, Zazulak et al”’ reported core
proprioception deficits and excessive
lateral trunk displacement to be
strong predictors of knee, ligament,
and ACL injury risk in female ath-
letes; however, these were not strong
predictors in male athletes. This re-
port indicated that inadequate neu-
romuscular control of the trunk or
core in the coronal plane of female
athletes may increase abduction
torque at the knee, predisposing
these athletes to ACL injury. Even al-
teration of arm position relative to
the center line of the body can in-
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A, Schematic representation of the medial compartment, demonstrating the
concave shape of the medial tibial plateau. Left, This shape enables the
femur to fit with the tibia as a ball fits into a cup. Right, The femur has the
potential to slide relative to the tibia, but it runs up against the cup, so it
tends to roll instead. The femur also needs to go uphill, which costs energy.
B, The cup is flatter on the lateral tibial plateau (/eft), resulting in lesser
forces when the femur tries to slide (right). The assumption that the lateral
femoral condyle is circular is incorrect. C, In full extension, the anterior
portion of the lateral femoral condyle, which is much flatter than the posterior
aspect, is in contact with the tibial plateau (leff). Thus, there are two “flat”
surfaces riding against each other. For the femur to roll on the tibia, its
posterior side must rise, which costs energy. Thus, it is more likely to slide

(right).

crease the external knee abduction
load by 29% to 60%.* In addition,
proprioception deficits in female sub-
jects have been demonstrated to lead
to a quadriceps-dominant activation
at landing, with delays in hamstring
activation; this is not seen in male
subjects.”

Schmitz et al®® demonstrated that
women exhibit less knee stiffness
than do men. The increased stiffness

of male knees may be partially pro-
tective against ACL injury, especially
when impulsive loads are transmitted
across the knee joint. Knee recurva-
tum may be another risk factor in fe-
male athletes. Boden et al' initially
reported significantly more knee re-
curvatum at 10° and 90° of hip flex-
ion in patients with ACL injury. This
finding was confirmed by Ramesh et
al,*” who reported knee hyperexten-
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sion in 79% of athletes with ACL in-
jury, compared with 37% of control
subjects. Knee recurvatum may allow
the knee to be closer to full extension
or the provocative position during
athletic activities. It has also been
demonstrated that female athletes
who sustain an ACL injury have a
greater association with knee recur-
vatum than do uninjured controls.*’

In an MRI study assessing the ge-
ometry of the tibial plateau, female
subjects were found to have a steeper
posteriorly directed tibial slope later-
ally (by 30%) than do male subjects
(7.0° versus 5.4°).” This may in-
crease the risk that the lateral femo-
ral condyle will slide posteriorly on
the lateral tibial plateau and injure
the ACL. Although there is no good
evidence that impingement of the ACL
on the intercondylar notch causes ACL
injury, it has been proposed that a nar-
rower notch corresponds to a smaller
ACL, which is more predisposed to
tear.” Because of difficulties in mea-
suring notch width, this theory re-
quires further research.

The data on estrogen indicate that
there may be an increased risk of
ACL injury during the preovulatory
phase, the time of peak estrogen
level. Estrogen has been proposed to
decrease ACL strength by reducing
the tensile properties of the liga-
ment.” In addition, estrogen has been
shown to affect the central nervous
system, possibly leading to a de-
crease in motor skills in the premen-
strual phase. However, the reports
on estrogen are conflicting, and fur-
ther research is needed to substanti-
ate whether higher estrogen levels
lead to increased risk of injury.’

Summary

We propose that a combination of
forces contributes to noncontact
ACL injury. It is likely that an exter-
nal impulsive axial force is the pri-

mary force resulting in noncontact
ACL injury. The provocative posi-
tion of initial ground contact in or
close to a flatfooted position (ie, re-
duced ankle plantar flexion) and in-
creased hip flexion predispose the
knee to ACL disruption by reducing
the dampening capabilities of the leg
and by placing the lateral tibial com-
partment closer to the subluxated
position. Knee abduction (ie, valgus)
also may play an important role, es-
pecially in female athletes, by poten-
tially reducing the compression force
threshold needed to produce a non-
contact ACL injury. Anterior shear
forces from the quadriceps may play
a role in ACL disruption. However,
it is more likely that quadriceps con-
traction lowers the axial threshold of
injury by increasing the compressive
force on the knee. Thus, it is proba-
ble that the mechanism causing non-
contact ACL injury simulates the
pivot-shift test in patients with ACL
deficiency. This test has been re-
ported to involve both an axial load-
ing force on the lateral compartment
and a valgus force.”! The pivot-shift
test produces anterior and internal-
rotation subluxation of the lateral
tibia on the femur.

Further research is necessary to un-
derstand the importance of the vari-
ous components of ACL injury.
However, the mechanism of noncon-
tact ACL injury is becoming clearer,
which should lead to enhanced pre-
ventive strategies.
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