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Neuromuscular Differences
Between Men and Women

Timothy C. Sell and Scott M. Lephart

Abstract

Anterior cruciate ligament (ACL) injury pre-
vention strategies have not always been suc-
cessful. The identification of modifiable risk
factors for injury is an important step in the
injury prevention process. The gender differ-
ences observed in ACL injury rates pose an
additional layer of complexity within this pro-
cess; specifically, what are the sex-specific,
modifiable risk factors for noncontact ACL
injury? The identification of sex-specific risk
factors for noncontact ACL injury facilitates
the development of precise interventions. The
purpose of this chapter is to outline the
dynamic joint stability paradigm and provide
an overview of the neuromuscular differences
between men and women. The authors’ stud-
ies have demonstrated that female athletes
have decreased proprioception, compensatory
neuromuscular control patterns, enhanced
static balance, and decreased lower extremity
strength compared with male athletes. These
differences have resulted in altered neuromus-
cular control as observed in the kinematic and

T. C. Sell (><)

Department of Orthopaedic Surgery, Duke University,
Durham, NC, USA

e-mail: timothy.sell @duke.edu; tcs30 @duke.edu

S. M. Lephart

College of Health Sciences, University of Kentucky,
Lexington, KY, USA

e-mail: scott.lephart@uky.edu

© Springer-Verlag GmbH Germany, part of Springer Nature 2018

kinetic characteristics of the knee during
dynamic tasks. Injury prevention and perfor-
mance optimization must account for these
differences, with specificity of training
included to reduce the incidence of these
debilitating ACL injuries.

7.1 Introduction
Athletes participating in a wide variety of sports
are at risk of suffering significant joint injuries
such as anterior cruciate ligament (ACL) rupture
[1, 2]. ACL injury results in short- and long-term
disabilities and includes the development of
osteoarthritis that limits individuals from leading
a healthy, active lifestyle [3—5]. Injury prevention
strategies have not always been successful (at
least in student-athlete populations), because the
ACL injury rate has remained consistent for over
20 years [6-8]. This includes gender differences
in ACL injury rates, a focus of this book [6-8].
Fittingly, a substantial research effort has been
concentrated on the most effective injury preven-
tion techniques, surgical protocols, and rehabili-
tation programs following ACL rupture [9-12].
The identification of modifiable risk factors
for injury is the most important step in the injury
prevention process (see Fig. 7.1) [13]. We have
used this process effectively in a large military
population to significantly reduce injuries [14].

133

F. R. Noyes, S. Barber-Westin (eds.), ACL Injuries in the Female Athlete,

https://doi.org/10.1007/978-3-662-56558-2_7

7


http://crossmark.crossref.org/dialog/?doi=10.1007/978-3-662-56558-2_7&domain=pdf
https://doi.org/10.1007/978-3-662-56558-2_7
mailto:timothy.sell@duke.edu
mailto:tcs30@duke.edu
mailto:scott.lephart@uky.edu

134

T.C.Selland S. M. Lephart

Fig. 7.1 Injury control
process (From Sell TC,
Abt JP, Crawford K,

Lovalekar M, Nagai T,
Deluzio JB et al. Warrior
Model for Human
Performance and Injury
Prevention: Eagle
Tactical Athlete Program
(ETAP) - Part I. Journal
of Special Operations
Medicine.
2010;10(4):2-21)

Task and demand
analysis

The gender differences observed in ACL injury
rates pose an additional layer of complexity
within this process; specifically, what are the sex-
specific, modifiable risk factors for noncontact
ACL injury? The identification of sex-specific
risk factors for noncontact ACL injury facilitates
the development of precise interventions.
Intervention strategies must be precise, that is,
focus only on the characteristics and require-
ments necessary to reduce injury. Targeted and
precise injury prevention is economical and effi-
cient. It allows individuals to spend time and
money on the wide range of needs necessary for
care and training, which are particularly true in
both student-athlete and military populations.
The purpose of this chapter is to outline the
dynamic joint stability paradigm and provide an
overview of the neuromuscular differences
between men and women. This overview will
include an examination of gender differences in
postural stability, muscle activation, strength,
biomechanics, and the effects of fatigue on these
same characteristics. The chapter will finish with
a description of emerging research initiatives
examining gender differences and point toward
future research.

7.2  Dynamic Joint Stability
and the Functional Joint

Stability Paradigm

Dynamic joint stability is essential to safe and
injury-free participation in sports, recreational
activities, and exercise. This is particularly true at
the knee because many activities place significant
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biomechanical demands on the lower extremity.
Common athletic tasks such as stop-jump maneu-
vers require individuals to perform under joint
loading forces that approach four times the ath-
lete’s body weight. Efficient and adequate
dynamic knee stability is necessary to endure
these high joint loading forces that can cause
ligamentous injury [15-17]. Defined globally,
stability is a state of remaining unchanged in the
presence of forces that would normally change
the state or condition [18]. From a physics per-
spective, stability can be compared to static equi-
librium such that objects that remain in static
equilibrium have met conditions where the sum
of the forces and the sum of the moments are
equal to zero (both external and internal) [19].
Joint stability can be defined as the state of a joint
remaining or promptly returning to proper align-
ment through an equalization of forces [20]. It is
a complex process that requires synergy between
bones, joint capsules, ligaments, muscles, ten-
dons, and sensory receptors [21].

The components of joint stability can be clas-
sified as either static or dynamic. The static com-
ponents include the ligaments, joint capsule,
cartilage, friction, and the joint bony geometry
[22, 23]. The static components are typically
assessed through joint stress testing and have
commonly defined clinical joint stability [20].
The components provide the foundation for joint
stability during functional activities by guiding
joint arthrokinematics. However, the static com-
ponents alone are not fully capable of providing
the entire restraint necessary to prevent injury,
especially during demanding tasks such as run-
ning, jumping, and cutting. The static components
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of joint stability work synergistically with the
dynamic components of joint stability.

The dynamic components of joints stability
include neuromuscular control of the skeletal
muscles crossing the joint [20]. Dynamic joint
stability is influenced by the neuromuscular con-
trol of the muscles crossing the joint.
Neuromuscular control is the unconscious activa-
tion of the dynamic restraints occurring in prepa-
ration for and in response to joint motion and
loading for the purpose of maintaining and restor-
ing functional joint stability [20]. Neuromuscular
control of joint stability involves a complex inter-
action between components of the nervous sys-
tem and the musculoskeletal system and typically
is accomplished through two different control
systems: feedback and feed-forward control [24].
In a system that uses feedback control, sensors
are continually measuring the parameter of inter-
est based on an optimal value. A deviation from
this optimal value will initiate an error signal. In
response to this error signal, the system will trig-
ger a compensatory response. Feed-forward sys-
tems also require measurement of a parameter,
but measurement occurs only intermittently. The
sensory components of this system are designed
to measure a potential disturbance or change in
the parameter of interest. Once a potential distur-
bance has been detected, the system initiates an
error signal. In response to this error signal, the
system institutes commands to counteract the
anticipated effects of the disturbance. The com-
mands instituted by this system are largely
shaped by previous experience with similar dis-
turbances. Feed-forward control systems are con-
sidered to be anticipatory compared to feedback
control systems, which are characterized by
responses only to current stimulus. Both are
essential for optimal maintenance of dynamic
knee stability.

The majority of research on ACL injuries and
joint stability has focused on the ACL’s primary
role of restraining anterior translation of the tibia
with respect to the femur [25]. The ACL also
plays an important role in maintaining rotational
stability (internal rotation [IR] and external rota-
tion [ER] of the tibia on the femur) [26-28].
While the ACL acts as a primary restraint to ante-
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Fig. 7.2 Functional joint stability paradigm (From
Lephart SM, Warner JP, Borsa PA, Fu FH. Proprioception
of the shoulder joint in healthy, unstable, and surgically
repaired shoulders. Journal of Shoulder and Elbow
Surgery. 1994;3(6):371-80; and Lephart SM, Fu
FH. Proprioception and neuromuscular control in joint
stability. [Champaign, IL]: Human Kinetics; 2000)

rior tibial translation, it also has a role in restraint
to both valgus-varus and IR-ER rotation loading
[29, 30]. Data that demonstrates the importance
of the ACL in rotational stability includes the
effect of injury on in vivo knee kinematics [31—
33]. Using a dynamic stereo X-ray system,
Tashman and colleagues demonstrated that there
is approximately 10° of knee IR-ER during run-
ning [32]. After ACL injury, knee IR-ER range of
motion and kinematics are altered [31, 33]. These
altered kinematics may be associated with
changes in the mechanical restraint that were pre-
viously provided by the ACL.

The functional joint stability paradigm (see
Fig. 7.2) was developed to demonstrate and pro-
vide a framework to examine the effects of injury,
surgery, rehabilitation, and injury prevention on
joint stability [34, 35]. It can also provide a frame-
work to examine the effects of fatigue, pain, and
neurocognitive changes observed following con-
cussion. As originally described, the precipitating
event (catalyst) is a ligamentous injury. This
injury has a significant effect on the sensorimotor
system, disruption of afferent information that
previously arose from mechanoreceptors respon-
sible for proprioceptive information (Fig. 7.2a).
These proprioceptive deficits can lead to decreased
neuromuscular control (Fig. 7.2b), which can be
observed in altered activation (magnitude) and
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activation patterns (timing and coordination) of
those muscles that provide the dynamic restraint
(dynamic components of joint stability) for the
joint. The combined effect of proprioceptive defi-
cits and decreased neuromuscular control with a
disruption (Fig. 7.2c) of a static component of
joint stability (mechanical instability) leads to
functional instability (Fig. 7.2d). While there are
instances when an individual can maintain func-
tional joint stability after ligamentous injury, the
majority of individuals will demonstrate episodes
of giving way and altered joint kinematics and
kinetics. Often, individuals suffer repetitive or
additional injury to other joint structures includ-
ing other static components and dynamic compo-
nents of joint stability.

ACL injury is an ideal model to demonstrate
how the functional joint stability paradigm can be
used for research, rehabilitation, and injury pre-
vention. The primary role of the ACL is to restrain
anterior translation of the tibia with respect to the
femur [25]. This ligament also has important role
in rotational stability (both IR-ER and valgus-
varus) [28, 30, 36]. Injury to the ACL leads to
both mechanical instability as measured by a
knee arthrometer (examining movement of the
tibia relative to the femur [37]) and propriocep-
tion [38, 39]. The subsequent effects of these pro-
prioceptive deficits include altered neuromuscular
control that, combined with mechanical instabil-
ity, leads to functional instability [40—42]. There
are instances when individuals can function
safely and effectively without reestablishing (sur-
gical repair of the ACL) the mechanical stability
of the joint, but these instances are rare [43]. The
goals of ACL reconstruction are to reestablish
mechanical stability as well as restore proprio-
ception (Fig. 7.2a, c) [44]. Rehabilitation focuses
on reestablishing or improving proprioception in
an attempt to improve neuromuscular control and
improve functional joint stability [34, 45, 46].
Injury prevention strategies focus on maximizing
proprioception, increasing strength, improving
neuromuscular control, improving joint kinemat-
ics during demanding tasks to reduce joint load-
ing, and developing movement strategies to
dissipate and decrease landing forces (Fig. 7.2a,
b, d) [47-54].

7.3 Proprioception

We define proprioception as the afferent informa-
tion arising from the internal peripheral areas of
the body that contribute to postural control, joint
stability, and conscious sensations. These include
the conscious submodalities of proprioception:
joint position sense, active and passive kinesthe-
sia, the sense of heaviness or resistance, and
appreciation of movement velocity [55, 56]. As a
component of the sensorimotor system (afferent
sensory information, central processing and inte-
gration, and neuromuscular control), propriocep-
tion is essential in the maintenance of knee
stability [57]. The role of the ACL is to resist
anterior translation, valgus-varus, and IR-ER of
the tibia on the femur [26-28]. Components of
ACL (mechanoreceptors) provide afferent infor-
mation essential to joint stability in addition to
the mechanical stability that the ligament affords.
Histological examination of the ACL has demon-
strated the presence of several different mecha-
noreceptors including Ruffini endings, Pacinian
corpuscles, Golgi-like receptors, and free nerve
endings [58, 59]. Afferent information from these
mechanoreceptors is integrated into the senso-
rimotor system and, when intact and functioning
efficiently, contributes to safe and effective neu-
romuscular control of the lower extremity.
However, any alterations in the acquisition, pro-
cessing, and integration of proprioceptive infor-
mation can impact functional joint stability and
may result in injury.

Deficits in knee joint proprioception in female
athletes may contribute to the increased rate of
ACL injury because these deficits inhibit recruit-
ment of the dynamic stabilizers that prevent ante-
rior tibial translation. We previously examined
the proprioceptive characteristics of male and
female collegiate-level athletes [60]. Knee joint
proprioception was measured by assessing
threshold to detect passive motion (TTDPM)
with a custom-built testing device that was capa-
ble of rotating the knee joint at 0.5°/s. The most
important result of this study was that females
demonstrated diminished proprioception when
the knee was rotated from 15° of knee flexion
toward full extension. We hypothesized that the
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decreased ability to detect motion toward a dan-
gerous position [61-63] of full extension could
interfere with the preactivation of protective mus-
cle forces such as the hamstrings.

Given the rotation stability requirement at the
knee, we designed a comprehensive study to
examine the reliability, precision, and gender dif-
ferences for TTDPM for IR-ER of the knee [64].
The dynamometer of a Biodex System 3 Multi-
Joint Testing and Rehabilitation System (Biodex
Medical Inc. Shirley, NY) was adapted and modi-
fied in order to incorporate the appropriate con-
trols to eliminate visual, auditory, and tactile
sensations that can confound results (Fig. 7.3).
An air pneumatic boot (FP walker boots, Aircast,
Summit, NJ) was modified so that it could be
attached to the dynamometer. Each subject
underwent four tests of TTDPM, two with the
knee in a position of IR and two with the knee in
a position of ER (Fig. 7.4). For each position, the
knee was rotated toward IR and ER. Subjects
were asked to notify the examiner via a switch
when motion occurred and in what direction it
occurred. Repeated measures demonstrated that
each TTDPM test had good reliability and preci-
sion. Gender comparisons revealed that female
athletes had diminished proprioception when the
knee was rotated internally from both starting

Fig. 7.3 Knee internal/
external TTDPM setup
(From Nagai T, Sell TC,
Abt JP, Lephart

SM. Reliability,
precision, and gender
differences in knee
internal/external rotation
proprioception
measurements. Phys
Ther Sport.
2012;13(4):233-7)

positions of IR and ER. Similar to movement
toward full extension as observed previously,
movement toward full IR loaded the ACL [28].

It may be theorized that diminished proprio-
ception negatively affects neuromuscular control
and potentially put females at greater risk for
noncontact ACL injury. Unfortunately, little evi-
dence exists that demonstrates a relationship
between proprioception and neuromuscular con-
trol. We have examined these relationships and
recently demonstrated a significant relationship
between TTDPM and joint kinematics during an
athletic task [65]. The relationship between knee
flexion angle at landing, knee flexion/extension
TTDPM, and strength was examined in a popula-
tion of 50 physically active male adults (mean
age, 26.4 + 5.8 years). The subjects underwent
TTDPM testing (knee flexion/extension), knee
flexion/extension strength testing with an iso-
kinetic dynamometer (Biodex Medical Inc.,
Shirley, NY), and a kinematic analysis during a
single-leg stop task. Pair-wise correlation coeffi-
cients demonstrated that individuals who had
better TTDPM in the direction of knee flexion
and knee extension landed with greater knee flex-
ion at initial contact with the ground.

We have continued to examine the role of pro-
prioception in functional joint stability, especially
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as it relates to gender and noncontact ACL injury
[66, 67]. In the first of these studies, Clark et al.
examined predictors of knee joint stability in
uninjured physically active adults [66]. As part of

IR-Test
Position

Nautral
Position

ER-Test
Position
7

Fig. 7.4 Kbnee internal/external TTDPM positions (From
Nagai T, Sell TC, Abt JP, Lephart SM. Reliability, preci-
sion, and gender differences in knee internal/external rota-
tion proprioception measurements. Phys Ther Sport.
2012:13(4):233-7)

8 -
71
6 -
Fig. 7.5 Active joint 51
position sense (From
Clark NC, Lephart SM, AJPS ab
Abt JP, Lovalekar M, (deg)
Stone DA, Sell
TC. Predictors of Knee st
Functional Joint
Stability in Uninjured 2r
Physically Active Adults
[Dissertation]. 1r
University of Pittsburgh:
University of Pittsburgh; 0

2014

this study, a new measure of active joint position
sense (AJPS) was developed to provide greater
clinical insight [68]. Reliability and precision
were excellent for this measure that included
eccentric-to-isometric hamstring-biased AJPS
measured in a prone position. No differences in
AJPS were observed between genders (see
Fig. 7.5). In the second study, Keenan et al. mea-
sured trunk proprioception AJPS during a stop-
jump maneuver [67]. The regression analysis
revealed that trunk proprioception was not a sig-
nificant predictor of knee kinematics.

7.4  Postural Stability

Maintenance of postural stability is essential for
activities of daily living, work, and athletic activ-
ities. Postural stability is frequently measured in
athletic populations and in sports medicine
research. It has been demonstrated to be a predic-
tor of performance [69], is compromised after
lower extremity musculoskeletal injuries [70,
71], is used in injury prevention training pro-
grams [72-75], and has been analyzed to deter-
mine risk factors for lower extremity injury [60,
76-82]. Postural stability has been defined as the
ability to keep the body in equilibrium by
maintaining the projected center of mass within
the limits of the base of support [83]. Postural
stability is often measured in research related to
knee injuries since many of the same components

B Males
m Females

Knee
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necessary for maintenance of postural stability
are also necessary for dynamic joint stability.
Both require establishing an equilibrium between
destabilizing and stabilizing forces [84] and
require sensory information from vision, the ves-
tibular system, and somatosensory feedback [20,
85]. Postural stability is sometimes measured in
studies designed to examine proprioception,
but postural stability is not a measure of
proprioception.

Postural stability is typically measured under
two wide-ranging testing modes, static and
dynamic. We define static postural stability as
maintaining steadiness on a fixed, firm, unmov-
ing base of support [86]. Typically, this is mea-
sured while an individual attempts to maintain a
steady state (remaining as motionless as possi-
ble) while standing on one or two legs [87].
Dynamic postural stability has been defined as
the ability to transfer the vertical projection of
the center of gravity around the supporting base
[87]. Another definition is the ability to maintain
postural stability under changing conditions
such as change in the support surface [88], fol-
lowing a perturbation of the individual [89, 90],
or after a change in position or location such as
during a single-leg jump or landing [86, 91, 92].
Dynamic postural stability has been measured
with a multiple single-leg hop-stabilization test
[86], a time to stabilization test [91], the star-
excursion test [93], and the dynamic postural
stability index (DPSI) [92]. We have examined
the correlation between static and dynamic mea-
sures of postural stability [94]. The goal was to
determine what measure of postural stability has
the best discriminatory capability in order to pre-
dict risk of injury, especially in athletic popula-
tions. The results of this study demonstrated that
static measures of postural stability as measured
with single-leg static balance measures (eyes
open and eyes closed) do not correlate with two
dynamic measures of postural stability: anterior-
posterior jump and medial-lateral jump (mea-
sured with the DPSI).

Gender comparisons in static postural stabil-
ity measures provide additional evidence sup-
porting the need to examine dynamic postural
stability measures. We have examined differ-

ences in static postural stability between genders
in high school athletes, college athletes, and
military personnel [13, 60, 95-97]. Females
demonstrated better static postural stability than
males across all of these populations. We exam-
ined single-leg balance (eyes open and eyes
closed) in male and female basketball players
using a protocol based on Goldie et al. [87, 98].
Females demonstrated significantly better sin-
gle-leg balance scores for both conditions [97].
Our research in collegiate athletes (National
Collegiate  Athletic  Association [NCAA]
Division I) using the Biodex Stability System
(Biodex, Inc., Shirley, New York) [60] demon-
strated that female athletes had a significantly
better stability index then their male counter-
parts. We have completed a series of studies
examining injury prevention and performance
optimization with the US Army’s 101st Airborne
Division (Air Assault) in Ft. Campbell, KY [13].
Tactical athletes such as these soldiers suffer
similar unintentional musculoskeletal injuries as
civilian athletes. Static postural stability was
assessed using a protocol similar to our study
with high school basketball players [13, 95, 96].
Female soldiers demonstrated better static pos-
tural stability than male soldiers (lower values
represent better postural stability; Fig. 7.6). The
results of these three studies appear to contradict
the fact that females suffer ACL injuries at a
higher rate than their male counterparts in simi-
lar sports and also demonstrate diminished pro-
prioception. Additionally, single-leg balance
deficits have not been identified as a risk factor
for primary ACL injury, which indicates the need
for postural stability testing that presents a
greater challenge to the sensorimotor system.
The DPSI has become a common measure to
examine postural stability in athletic popula-
tions. Typically, the DPSI is measured during a
landing task after jumping over an obstacle or
after jumping a measured height [92, 94] and
requires the individual to stabilize as quickly as
possible after the landing. It may be a more
appropriate challenge for healthy, athletic popu-
lations [94]. Previous studies have used the
DPSI to examine differences between genders
with mixed results [99, 100]. Both Wikstrom
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Static Postural Stability by Gender (Army 101st)
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Fig. 7.6 Static postural stability in military personnel.
Lower values represent better postural stability. AP ante-
rior-posterior, ML medial-lateral, V vertical, SD of GRF
standard deviation of ground reaction forces (From Sell
TC, Abt JP, Crawford K, Lovalekar M, Nagai T, Deluzio

Fig. 7.7 Dynamic 0.75
postural stability in L
military personnel
(From Sell TC,
Lovalekar MT, Nagai T,
Wirt MD, Abt JP,
Lephart SM. Gender 0.5}
Differences in Static and "
Dynamic Postural s

Stability of Soldiers of DPS |
the Army’s 101st L
Airborne Division (Air 0.5
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Rehabil. 2017:1-20) I
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et al. and Dallinga et al. examined gender
differences during a landing task while calculat-
ing the DPSI [99, 100]. Wikstrom et al. exam-
ined an anterior-posterior jump and revealed
that females had worse scores than males [100].
In contrast, Dallinga et al. demonstrated that
males had inferior scores than females during
similar dynamic postural stability testing [99].
Our own research in a military population

m Males
® Females

AP ML \
Eyes closed

JB et al. Warrior Model for Human Performance and
Injury Prevention: Eagle Tactical Athlete Program
(ETAP) - Part 1. Journal of Special Operations Medicine.
2010;10(4):2-21)

B Males
® Females

Composite Score

(Fig. 7.7) demonstrated no differences between
genders for dynamic postural stability during an
anterior-posterior jump [96].

We recently completed a study designed to
challenge rotational stability of the knee (trans-
verse plane) during a landing task [101]. The task
was identical to a traditional DPSI assessment
except individuals were required to rotate 90° in
the air prior to landing. Between-day reliability
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Fig. 7.8 Different jump 4
directions for the
dynamic postural
stability index (From
Sell TC, Heebner NR,
Pletcher ER, Lephart
SM. Reliability and
Hamstring Activation
during Rotational
Dynamic Postural
Stability in Healthy
Recreational Athletes.
The 2015 American

Jump Direction
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Association’s Combined
Sections Meeting;
February 4-7, 2015;
Indianapolis, IN 2015)
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Fig. 7.9 Dynamic postural stability index across differ-
ent jump directions (From Sell TC, Heebner NR, Pletcher
ER, Lephart SM. Reliability and Hamstring Activation
during Rotational Dynamic Postural Stability in Healthy

of the rotational jump was high. There were dif-
ferences between the rotational jump and the
traditional anterior-posterior jump in joint
biomechanics, potentially indicating a greater
challenge to rotational joint stability. Gender
comparisons were made across multiple jumps,
including an anterior-posterior jump and the two
rotational jumps (Fig. 7.8). Subjects were healthy,
recreationally active, college students. No signifi-
cant differences were observed for any of the
jump directions for dynamic postural stability
(Fig. 7.9).

Rotation Medially

Start Position Start Position

Lateral Medial
Rotational Rotational
Jump Jump

m Males
® Females

Rotation Laterally

Recreational Athletes. The 2015 American Physical
Therapy Association’s Combined Sections Meeting;
February 4-7, 2015; Indianapolis, IN 2015)

7.5  Electromyographic Activity

The electromyogram (EMG) represents the elec-
trical manifestation of the contracting muscle
[102] as it transmits from the neuromuscular
junction along the muscle fiber [103].
Measurement of EMG activity provides informa-
tion regarding the amount of electrical activity in
the contracting muscle, which in turn provides
insight into the magnitude of tension developed
[104]. Relative to the functional joint stability
paradigm (Fig. 7.2), EMG can describe neuro-
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muscular control as well as the attempt to main-
tain functional joint stability (or inability to
maintain functional joint stability). Unfortunately,
many variables can influence this signal which
creates difficulty in interpreting these data. A
direct comparison between activation levels and
force production is generally not recommended.
However, muscle activation patterns, amplitude,
and quantity provide important insight into the
neuromuscular control of joint stability.
Dynamic knee stability is dependent on the
neuromuscular control over the musculature of
the knee in order to reduce strain in the ACL. In
order for this control to be effective, the central
nervous system (CNS) must be able to anticipate
destabilizing forces and act appropriately [105].
Benvenuti et al. examined EMG activity of upper
arm musculature during reaction-time arm move-
ments. These investigators demonstrated that,
when destabilizing forces were anticipated, the
CNS was capable of adjusting muscle activation
patterns to oppose these forces. These findings
support the belief that anticipatory postural
adjustments are planned in detail [106]. Studies
have conducted gender comparisons of EMG
activity of the knee musculature during athletic
tasks to quantify the role of the knee extensors
and flexors in dynamic knee stability [107-109].
We have previously examined EMG activity
of knee in order to determine differences between
genders in dynamic stabilization strategies [60],
to examine the demands of different athletic tasks
[110], to determine differences between planned
and reactive tasks [110], and to determine predic-
tors of proximal anterior tibia shear force [111].
Rozzi and colleagues demonstrated that female
collegiate-level soccer players activated the lat-
eral hamstrings differently than male players dur-
ing a drop-landing task. Females had a greater
peak amplitude and integrated EMG (IEMG) for
lateral hamstrings in response to the landing. We
concluded that this finding represented an attempt
by female athletes to prevent anterior tibial trans-
lation that occurs during this task. Similar obser-
vations were made in male and female high
school basketball players while they performed
planned and reactive stop-jump tasks [110].
Reactive tasks were included to better simulate

actual athletic conditions when athletes have to
react quickly to other competitors. Female high
school basketball players demonstrated greater
IEMG activity of the semitendinosus and a higher
co-contraction value during the 150 ms prior to
the initial landing compared with male players
for planned and reactive tasks. These gender dif-
ferences observed in semitendinosus activity dur-
ing stop-jump tasks are consistent with a previous
study [60] and reinforce the concept that females
use compensatory strategies to counter decreased
knee joint proprioception in order to achieve
functional joint stabilization.

We continue to analyze EMG relative to
female athletes and knee injuries. EMG activa-
tion patterns, timing, amplitude, and quantity
provide insight into the attempt to achieve func-
tion joint stability in the presence of destabilizing
forces and moments. In our most recent study, we
determined if EMG of the medial hamstrings
muscle group predicted performance during a
single-leg stop-jump task [66]. We examined pre-
activity and reactivity (relative to initial contact)
and examined its relationship to valgus-varus dis-
placement. Preactivity explained a small, but sig-
nificant, percentage of the variance in
valgus-varus displacement during the single-leg
stop-jump task. No gender differences in muscle
activity were observed.

7.6  Strength

The dynamic components of joint stability are
dependent on the characteristics and capabilities
of the muscles crossing the joint [20]. One of the
more important capabilities is muscular strength
(force production). Muscular strength represents
the ability of an individual to produce the internal
muscles to counteract the destabilizing forces
that occur during dynamic activities. The primary
dynamic stabilizers of the knee joint are the knee
flexors (hamstrings) and the knee extensors
(quadriceps). Both of these muscle groups
influence strain on the ACL such that an increase
in hamstrings activity can reduce the amount of
strain, whereas an increase in quadriceps activity
can increase the amount of strain [112, 113].
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Individuals with insufficient muscle strength,
muscular imbalance, or inadequate activation
levels and timing may not have the capability to
counteract the destabilizing forces during
dynamic tasks.

Our research has consistently demonstrated
that males have significantly greater strength than
females. Male Division I NCAA volleyball, bas-
ketball, and soccer athletes have significantly
stronger knee extension and flexion strength
compared with females of similar age and activ-
ity level [114]. Similar differences between gen-
ders in isokinetic knee strength have also been
observed between male and female high school
basketball players [97]. Strength comparisons
between male and female soldiers of the 101st
Airborne (Air Assault) Division have also been
performed [13]. Similar to civilian athletes, male
soldiers demonstrate significantly greater iso-
kinetic knee extensor and flexor strength than
female soldiers (Fig. 7.10) [95]. In addition to
tradition strength measures, we have also exam-
ined time-to-peak torque [66] which represents
the amount of time between the initiation of a test
and maximum (or peak) torque production.
Females take longer to develop peak torque pro-
duction then their male counterparts (Fig. 7.11).
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Fig.7.10 Hamstrings and quadriceps strength in military
personnel (From Allison KF, Keenan KA, Sell TC, Abt JP,
Nagai T, Deluzio J et al. Musculoskeletal, biomechanical,
and physiological sex difference in the US military. Army
Medical Department Journal. 2015;April-June:22-32)
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Fig. 7.11 Hamstrings time-to-peak torque (From Clark
NC, Lephart SM, Abt JP, Lovalekar M, Stone DA, Sell
TC. Predictors of Knee Functional Joint Stability in
Uninjured Physically Active Adults [Dissertation].
University of Pittsburgh: University of Pittsburgh; 2014)

While strength testing as measured by force
output is an important characteristic of the
dynamic stabilizers of the knee joint, a more rel-
evant measure for injury risk may be the ham-
strings-to-quadriceps (H-Q) strength ratio. Myer
and colleagues prospectively demonstrated that
females who suffered ACL injury had a lower
H-Q strength ratio compared with female con-
trols and male controls who did not suffer ACL
injury [115]. These investigators also demon-
strated that females who subsequently suffered
an ACL injury had lower hamstring strength, but
not lower quadriceps strength, compared with
males who did not suffer an ACL injury. Our
studies have consistently demonstrated that
females and males have similar H:Q strength
ratios when using similar isokinetic speeds
(Fig. 7.12). It is important to note that our studies
represent comparisons between uninjured male
and female groups.

We have examined isometric IR-ER strength
in male and female athletes, as well as the rela-
tionship between knee flexion/extension strength
and landing kinematics [65]. Internal and exter-
nal isometric strength was measured with a simi-
lar setup as described with TTDPM testing.
Female athletes demonstrated lower IR and ER
strength compared with male athletes (Fig. 7.13).
These results are consistent with other gender
comparisons in knee strength. Nagai and col-
leagues also demonstrated a significant relation-
ship between knee extension strength and knee
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flexion angle on landing; as quadriceps strength
increased, so did knee flexion angle at initial con-
tact [65]. In terms of ACL injury, landing in a
more flexed position is safer than landing in an
extended position [28, 116, 117]. Isolated knee
strength measurements only describe the force
production capabilities of the movements tested.
Combining knee strength testing with other mea-
sures of functional joint stability such as landing
kinematics, and examining the relationship
between each, gives a better picture of the inter-

action between the variables and provides insight
into strategies of maintenance of functional joint
stability.

7.7 Biomechanics
The functional joint stability paradigm (Fig. 7.2)
demonstrates that deficits in proprioception,
EMG activity, and strength may affect neuromus-
cular control and knee joint stability.
Neuromuscular control and knee joint stability
may be further examined through motion analy-
sis and calculation of relevant knee biomechani-
cal variables such as joint kinematics and joint
kinetics. We have examined the biomechanics of
males and females performing several different
tasks in order to determine how neuromuscular
control (deficits) affects landing kinematics and
kinetics. These studies demonstrated that female
athletes typically land with greater vertical
ground reaction forces, greater peak posterior
ground reaction forces, greater proximal anterior
tibia shear force, increased hip internal rotation,
less knee flexion, and greater knee valgus com-
pared to their male counterparts [110, 114]. Our
research with the military includes gender com-
parisons between male a female soldiers of the
101st Airborne (Air Assault) Division while per-
forming a vertical drop-landing task. We ana-
lyzed the valgus-varus position of the knee at
initial contact for each task. Females performed
the vertical drop-landing task in greater valgus
than males [95]. While males landed in a varus
position, females landed relatively close to neu-
tral valgus-varus position (Fig. 7.14).
Measurement of knee biomechanics continues
to be an important aspect of assessing functional
joint stability. We have begun to examine differ-
ent instrumentations to measure knee biome-
chanics that does not depend on brick-and-mortar
research laboratories. We are currently compar-
ing three-dimensional accelerations of the tibia
measured with skin-mounted accelerometer to
knee joint forces measured through inverse
dynamics and tibial acceleration and translation
compared with dynamic stereo X-ray system.
Current research has been expanded to
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incorporate emerging technology, including the
use of wireless three-dimensional inertial sensors
that have the potential to be used during actual
competition. The ultimate goal of this research is
to develop robust but portable instrumentation to
collect relevant biomechanical data away from
traditional laboratory environments.

7.8 Fatigue

Fatigue creates an environment in which more
musculoskeletal injuries occur, whether it is
within a single game/competition or within a
series of closely scheduled games [118-124].
These observations include muscular injuries,
joint injuries, and noncontact ACL injuries [125].
Muscular fatigue can disrupt or degrade the com-
pensatory stabilizing mechanisms necessary to
maintain joint stability in the presence of destabi-
lizing forces and moments [80]. Although the
exact mechanisms are unclear, the disruption of
normal stabilizing mechanisms may decrease
neuromuscular control [126, 127], increase knee
joint laxity [80, 128, 129], decrease balance skill
[126], and decrease proprioception [130-133].
We have conducted several studies examining the
effects of fatigue on neuromuscular and biome-
chanical characteristics.

Valgus-Varus Angle

We have examined knee joint laxity, kines-
thesia (via TTDPM), lower extremity balance,
and surface EMG activity during a landing
maneuver of male and female athletes before
and after a peripheral muscular fatigue protocol
[80]. The protocol was designed to induce
fatigue of the knee flexors and extensors and
was implemented using a Biodex isokinetic
dynamometer. Peripheral fatigue decreased the
time to detect motion, increased the contraction
onset time after landing for the medial ham-
strings and gastrocnemius, and increased IEMG
of the vastus lateralis and vastus medialis after
landing. Both males and females were affected
equally. We have also demonstrated fatigue,
induced by an exhaustive run [134, 135], forces
adaptations in landing kinematics equally in
both genders [136]. Both male and female recre-
ational athletes demonstrated a decreased knee
flexion angle at initial contact and a decreased
maximum valgus angle which were theorized to
be an attempt to promote knee stability. Overall,
it appears that fatigue affects both genders
equally and places both male and female ath-
letes at greater risk for injury.

We have conducted several studies regarding the
relationship between physiological characteristics
such as anaerobic capacity, aerobic capacity, and
muscular endurance to determine the effects of
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fatigue on neuromuscular and biomechanical risk
factors for injury. During a pilot study, we induced
fatigue using a maximum oxygen uptake treadmill
test and a test of anaerobic power and capacity. Both
protocols significantly affected postural stability
during a single-leg balance task that persisted for
8 min. We recently completed a study examining
the effects of fatigue (whole body exercises and
multiple bouts of running) on knee proprioception
measured by TTDPM [137]. Fatigue was verified
through ratings of perceived exertion, heart rate, and
blood lactate measures. No changes in propriocep-
tion were observed post-fatigue, but there was a sig-
nificant relationship between aerobic capacity and
proprioception that may indicate highly trained
individuals have better proprioception.

Fueling, or feeding, is one potential interven-
tion to prevent the onset of fatigue and its poten-
tial as a risk factor for noncontact ACL injury. We
examined the effects of carbohydrate-electrolyte
feedings on knee biomechanics and dynamic
postural stability during intermittent high-inten-
sity exercise to fatigue [138]. The fatigue proto-
col was designed to simulate a basketball game,
including timing of quarters and physical activi-
ties performed. Fatigue induced changes in land-
ing biomechanics such as knee flexion angle at
initial contact during single-leg jump landings
and dynamic postural stability. The feeding used
in this study had little to no effect on knee biome-
chanics or dynamic postural stability. Nutrition
and physical training and their relationship to
fatigue-induced risk factors for noncontact ACL
injury are an important area of research; however,
few research studies have examined these inter-
ventions to date. Both nutrition and physical
training strategies may be important to examine
more closely in the future.

Current Research
and Emerging Concepts

7.9

We continue to study gender differences between
males and females in athletic and military popula-
tions, focusing on reducing the risk of injury as
well as optimizing human performance. These

objectives are not mutually exclusive, as improving
performance and reducing injury risk can be
accomplished simultaneously. This is especially
true in environments where fatigue impacts injury
risk. Performance optimization solely focusing on
fitness (aerobic and anaerobic) can significantly
impact injury risk [139]. Our research with the
military, specifically examining the different injury
risk profiles, task requirements, and demands of
different mission types, demonstrates an increasing
need for specificity of training relative to the physi-
ological, musculoskeletal, and neuromuscular
demands. We should not discount the role of the
CNS in injury prevention. There is a mounting
body of evidence indicating that brain injuries such
as sports-related concussions increase the risk of
injury [140-145]. This risk factor seems to be gen-
der neutral. We are examining sports-related con-
cussion as a risk factor for lower extremity injury in
an attempt to develop a measurement or assess-
ment tool to be added to medical clearance guide-
lines for return-to-play following concussion. This
tool would screen for risk of lower extremity injury.
Finally, the reinjury rate after ACL reconstruction
is approaching 30% [146]. There is a critical need
to develop better decision guidelines for this popu-
lation and potentially explore if females require
different rehabilitation strategies.

7.10 Summary

The functional joint stability paradigm provides
the framework for mechanistic studies examining
neuromuscular differences between men and
women. The injury prevention process provides
the steps to conduct high quality injury preven-
tion research. Our studies have demonstrated that
female athletes have decreased proprioception,
compensatory EMG patterns, enhanced static
balance, and decreased lower extremity strength
compared with male athletes. Some of these
same differences have also been observed in
female military personnel. These differences
have resulted in altered neuromuscular control as
observed in the kinematic and kinetic character-
istics of the knee during dynamic tasks. Injury
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prevention and performance optimization must
account for these differences with specificity of
training to reduce the incidence of debilitating
ACL injuries.

References

1. Hootman JM, Dick R, Agel J (2007) Epidemiology
of collegiate injuries for 15 sports: summary and
recommendations for injury prevention initiatives. J
Athl Train 42(2):311-319

2. Swenson DM, Collins CL, Best TM, Flanigan DC,
Fields SK, Comstock RD (2013) Epidemiology
of knee injuries among U.S. high school ath-
letes, 2005/2006-2010/2011. Med Sci Sports
Exerc  45(3):462-469.  https://doi.org/10.1249/
MSS.0b013e318277acca

3. Ajuied A, Wong F, Smith C, Norris M, Earnshaw P,
Back D, Davies A (2014) Anterior cruciate ligament
injury and radiologic progression of knee osteo-
arthritis: a systematic review and meta-analysis.
Am J Sports Med 42(9):2242-2252. https://doi.
org/10.1177/0363546513508376

4. Lohmander LS, Englund PM, Dahl LL, Roos EM
(2007) The long-term consequence of anterior cru-
ciate ligament and meniscus injuries: osteoarthritis.
Am J Sports Med 35(10):1756-1769

5. Lohmander LS, Ostenberg A, Englund M, Roos H
(2004) High prevalence of knee osteoarthritis, pain,
and functional limitations in female soccer players
twelve years after anterior cruciate ligament injury.
Arthritis Rheum 50(10):3145-3152

6. Agel J, Arendt EA, Bershadsky B (2005) Anterior
cruciate ligament injury in National Collegiate
Athletic Association Basketball and Soccer: a
13-year review. Am J Sports Med 33(4):524-531

7. Arendt E, Dick R (1995) Knee injury patterns among
men and women in collegiate basketball and soccer.
NCAA data and review of literature. Am J Sports
Med 23(6):694-701

8. Stanley LE, Kerr ZY, Dompier TP, Padua DA
(2016) Sex differences in the incidence of ante-
rior cruciate ligament, medial collateral liga-
ment, and meniscal injuries in collegiate and high
school sports: 2009-2010 through 2013-2014.
Am J Sports Med 44(6):1565-1572. https://doi.
org/10.1177/0363546516630927

9. Ardern CL, Webster KE, Taylor NF, Feller JA
(2011) Return to sport following anterior cruci-
ate ligament reconstruction surgery: a systematic
review and meta-analysis of the state of play. Br J
Sports Med 45(7):596-606. https://doi.org/10.1136/
bjsm.2010.076364

10. Donnell-Fink LA, Klara K, Collins JE, Yang HY,
Goczalk MG, Katz JN, Losina E (2015) Effectiveness
of knee injury and anterior cruciate ligament tear
prevention programs: a meta-analysis. PLoS One

11.

12.

13.

14.

16.

17.

18.

19.

20.

21.

22.

23.

10(12):e0144063.  https://doi.org/10.1371/journal.
pone.0144063

Mascarenhas R, Cvetanovich GL, Sayegh ET,
Verma NN, Cole BJ, Bush-Joseph C, Bach BR Jr
(2015) Does double-bundle anterior cruciate liga-
ment reconstruction improve postoperative knee
stability compared with single-bundle techniques?
A systematic review of overlapping meta-anal-
yses. Arthroscopy 31(6):1185-1196. https://doi.
org/10.1016/j.arthro.2014.11.014

Zeng C, Gao SG, Li H, Yang T, Luo W, Li YS, Lei
GH (2016) Autograft versus allograft in anterior
cruciate ligament reconstruction: a meta-analysis of
randomized controlled trials and systematic review
of overlapping systematic reviews. Arthroscopy
32(1):153-163.el18. https://doi.org/10.1016/j.
arthro.2015.07.027

Sell TC, Abt JP, Crawford K, Lovalekar M, Nagai
T, Deluzio JB, Smalley BW, McGrail MA, Rowe
RS, Cardin S, Lephart SM (2010) Warrior model
for human performance and injury prevention: eagle
tactical athlete program (ETAP)—part I. J Spec Oper
Med 10(4):2-21

Sell TC, Abt JP, Nagai T, Deluzio JB, Lovalekar
M, Wirt MD, Lephart SM (2016) The eagle tacti-
cal athlete program reduces musculoskeletal inju-
ries in the 101st airborne division (air assault).
Mil Med 181(3):250-257. https://doi.org/10.7205/
MILMED-D-14-00674

. Daniel DM, Malcom LL, Losse G, Stone ML, Sachs

R, Burks R (1985) Instrumented measurement of
anterior laxity of the knee. J Bone Joint Surg Am
67(5):720-726

Lephart SM, AbtJP, Ferris CM (2002) Neuromuscular
contributions to anterior cruciate ligament injuries in
females. Curr Opin Rheumatol 14(2):168-173
McNair PJ, Marshall RN (1994) Landing charac-
teristics in subjects with normal and anterior cruci-
ate ligament deficient knee joints. Arch Phys Med
Rehabil 75(5):584-589

Venes D, Thomas CL, Taber CW (2001) Taber’s
cyclopedic medical dictionary. Ed. 19, illustrated in
full color/edn. F.A.Davis Co., Philadelphia

LeVeau BF, Williams M (1992) Williams &
Lissner’s biomechanics of human motion, 3rd edn.
W.B. Saunders Co., Philadelphia

Riemann BL, Lephart SM (2002) The sensorimotor
system. Part I. The physiologic basis of functional
joint stability. J Athl Train 37(1):71-79

Solomonow M, Krogsgaard M (2001) Sensorimotor
control of knee stability. A review. Scand J Med Sci
Sports 11(2):64-80

Johansson H, Sjolander P (1993) The neuro-
physiology of joints. In: Wright V, Radin EL (eds)
Mechanics of joints: physiology, pathophysiology,
and treatment. Marcel Dekker Inc., New York, NY,
pp 243-290

Lew WD, Lewis JL, Craig EV (1993) Stabilization
by capsule, ligaments, and labrum: stability at the
extremes of motion. In: Matsen FA, Fu FH, Hawkins


https://doi.org/10.1249/MSS.0b013e318277acca
https://doi.org/10.1249/MSS.0b013e318277acca
https://doi.org/10.1177/0363546513508376
https://doi.org/10.1177/0363546513508376
https://doi.org/10.1177/0363546516630927
https://doi.org/10.1177/0363546516630927
https://doi.org/10.1136/bjsm.2010.076364
https://doi.org/10.1136/bjsm.2010.076364
https://doi.org/10.1371/journal.pone.0144063
https://doi.org/10.1371/journal.pone.0144063
https://doi.org/10.1016/j.arthro.2014.11.014
https://doi.org/10.1016/j.arthro.2014.11.014
https://doi.org/10.1016/j.arthro.2015.07.027
https://doi.org/10.1016/j.arthro.2015.07.027
https://doi.org/10.7205/MILMED-D-14-00674
https://doi.org/10.7205/MILMED-D-14-00674

148

T.C.Selland S. M. Lephart

24.

25.

26.

217.

28.

29.

30.

31.

32.

33.

34.

35.

36.

37.

RJ (eds) The shoulder: a balance of mobility and sta-
bility. American Academy of Orthopaedic Surgeons,
Rosemont, IL, pp 69-89

Ghez C, Krakauer J (2000) The organization of
movement. In: Kandel ER, Schwartz JH, Jessell
TM (eds) Principles of neural science. McGraw-
Hill, Health Professions Division, New York,
pp 653-673

Smith BA, Livesay GA, Woo SL (1993) Biology and
biomechanics of the anterior cruciate ligament. Clin
Sports Med 12(4):637-670

Ahmed AM, Hyder A, Burke DL, Chan KH (1987)
In-vitro ligament tension pattern in the flexed knee
in passive loading. J Orthop Res 5(2):217-230
Berns GS, Hull ML, Patterson HA (1992) Strain
in the anteromedial bundle of the anterior cruciate
ligament under combination loading. J Orthop Res
10(2):167-176

Markolf KL, Burchfield DM, Shapiro MM, Shepard
MEF, Finerman GA, Slauterbeck JL (1995) Combined
knee loading states that generate high anterior cruci-
ate ligament forces. J Orthop Res 13(6):930-935
Butler DL, Noyes FR, Grood ES (1980) Ligamentous
restraints to anterior-posterior drawer in the human
knee. A biomechanical study. J Bone Joint Surg Am
62(2):259-270

Markolf KL, Gorek JF, Kabo JM, Shapiro MS
(1990) Direct measurement of resultant forces in
the anterior cruciate ligament. An in vitro study per-
formed with a new experimental technique. J Bone
Joint Surg Am 72(4):557-567

Andriacchi TP, Briant PL, Bevill SL, Koo S (2006)
Rotational changes at the knee after ACL injury
cause cartilage thinning. Clin Orthop Relat Res
442:39-44

Tashman S, Collon D, Anderson K, Kolowich P,
Anderst W (2004) Abnormal rotational knee motion
during running after anterior cruciate ligament
reconstruction. Am J Sports Med 32(4):975-983
Tashman S, Kolowich P, Collon D, Anderson K,
Anderst W (2007) Dynamic function of the ACL-
reconstructed knee during running. Clin Orthop
Relat Res 454:66-73. https://doi.org/10.1097/
BLO.0b013e31802bab3e

Lephart SM, Fu FH (2000) Proprioception and
neuromuscular control in joint stability. Human
Kinetics, Champaign, IL

Lephart SM, Warner JP, Borsa PA, Fu FH (1994)
Proprioception of the shoulder joint in healthy,
unstable, and surgically repaired shoulders. J
Shoulder Elb Surg 3(6):371-380

Markolf KL, Mensch JS, Amstutz HC (1976)
Stiffness and laxity of the knee--the contributions
of the supporting structures. A quantitative in vitro
study. J Bone Joint Surg Am 58(5):583-594

Musahl V, Seil R, Zaffagnini S, Tashman S, Karlsson
J (2011) The role of static and dynamic rotatory
laxity testing in evaluating ACL injury. Knee Surg
Sports Traumatol Arthrosc. https://doi.org/10.1007/
s00167-011-1830-4

38.

39.

40.

41.

42.

43.

44.

45.

46.

47.

48.

49.

50.

S1.

Borsa PA, Lephart SM, Irrgang JJ, Safran MR, Fu
FH (1997) The effects of joint position and direction
of joint motion on proprioceptive sensibility in ante-
rior cruciate ligament-deficient athletes. Am J Sports
Med 25(3):336-340

Lephart SM, Pincivero DM, Giraldo JL, Fu FH
(1997) The role of proprioception in the manage-
ment and rehabilitation of athletic injuries. Am J
Sports Med 25(1):130-137

Gardinier ES, Manal K, Buchanan TS, Snyder-
Mackler L (2012) Gait and neuromuscular asymme-
tries after acute ACL rupture. Med Sci Sports Exerc.
https://doi.org/10.1249/MSS.0b013e31824d2783
Kalund S, Sinkjaer T, Arendt-Nielsen L, Simonsen
0O (1990) Altered timing of hamstring muscle action
in anterior cruciate ligament deficient patients. Am J
Sports Med 18(3):245-248

Williams GN, Barrance PJ, Snyder-Mackler L,
Buchanan TS (2004) Altered quadriceps control in
people with anterior cruciate ligament deficiency.
Med Sci Sports Exerc 36(7):1089-1097

Eastlack ME, Axe MJ, Snyder-Mackler L (1999)
Laxity, instability, and functional outcome after ACL
injury: copers versus noncopers. Med Sci Sports
Exerc 31(2):210-215

Lephart SM, Kocher MS, Fu FH, Borsa PA, Harner
CD (1992) Proprioception following anterior cru-
ciate ligament reconstruction. J Sport Rehabil
1:188-196

Lephart SM, Henry TJ (1995) Functional rehabilita-
tion for the upper and lower extremity. Orthop Clin
N Am 26(3):579-592

Swanik CB, Lephart SM, Giannantonio FP, Fu FH
(1997) Reestablishing proprioception and neuro-
muscular control in the ACL-injured athlete. J Sport
Rehabil 6:182-206

Caraffa A, Cerulli G, Projetti M, Aisa G, Rizzo A
(1996) Prevention of anterior cruciate ligament
injuries in soccer. A prospective controlled study of
proprioceptive training. Knee Surg Sports Traumatol
Arthrosc 4(1):19-21

Hewett TE, Lindenfeld TN, Riccobene JV, Noyes
FR (1999) The effect of neuromuscular training on
the incidence of knee injury in female athletes. A
prospective study. Am J Sports Med 27(6):699-706
Hewett TE, Stroupe AL, Nance TA, Noyes FR (1996)
Plyometric training in female athletes. Decreased
impact forces and increased hamstring torques. Am
J Sports Med 24(6):765-773

Mandelbaum BR, Silvers HJ, Watanabe DS, Knarr
J, Thomas S, Sampson S, Knapp TP, Yingler K,
Kirkendall DT, Griffin LY, Garrett WE (2002) ACL
prevention strategies in the female athlete and soc-
cer: implementation of a neuromuscular training
program to determine its efficacy on the incidence
of ACL injury. Amercian Academy of Orthopaedic
Surgeons—Specialty Society Day, San Francisco
Mandelbaum BR, Silvers HJ, Watanabe DT, Knarr
J, Thomas S, Griffin LY, Kirkendall DT, Garrett WE
2003 Effectiveness of a neuromuscular and pro-


https://doi.org/10.1097/BLO.0b013e31802bab3e
https://doi.org/10.1097/BLO.0b013e31802bab3e
https://doi.org/10.1007/s00167-011-1830-4
https://doi.org/10.1007/s00167-011-1830-4
https://doi.org/10.1249/MSS.0b013e31824d2783

7 Neuromuscular Differences Between Men and Women

149

52.

53.

54.

55.

56.

57.

58.

59.

60.

61.

62.

63.

64.

65.

prioceptive training program in preventing the inci-
dence of ACL injuries in female athletes: year two.
American Orthopaedic Society of Sports Medicine,
New Orleans, LA

Myklebust G, Engebretsen L, Braekken IH,
Skjolberg A, Olsen OE, Bahr R (2003) Prevention
of anterior cruciate ligament injuries in female
team handball players: a prospective interven-
tion study over three seasons. Clin J Sport Med
13(2):71-78

Prapavessis H, McNair PJ (1999) Effects of instruc-
tion in jumping technique and experience jumping
on ground reaction forces. J Orthop Sports Phys
Ther 29(6):352-356

Wojtys EM, Huston LJ, Taylor PD, Bastian SD
(1996) Neuromuscular adaptations in isokinetic,
isotonic, and agility training programs. Am J Sports
Med 24(2):187-192

Lephart SM, Pincivero DM, Rozzi SL (1998)
Proprioception of the ankle and knee. Sports Med
25(3):149-155

Pincivero DM, Lephart SM, Karunakara RA (1997)
Reliability and precision of isokinetic strength and
muscular endurance for the quadriceps and ham-
strings. Int J Sports Med 18(2):113—117. https://doi.
org/10.1055/5-2007-972605

Lephart SM, Riemann BL, Fu FH (2000) Introduction
to the sensorimotor system. In: Lephart S, Fu FH
(eds) Proprioception and neuromuscular control in
joint stability. Human Kinetics, Champaign, IL, pp
XXIV—XXiV

Denti M, Monteleone M, Berardi A, Panni AS
(1994) Anterior cruciate ligament mechanorecep-
tors. Histologic studies on lesions and reconstruc-
tion. Clin Orthop Relat Res Nov(308):29-32
Duthon VB, Barea C, Abrassart S, Fasel JH, Fritschy
D, Menetrey J (2006) Anatomy of the anterior cruci-
ate ligament. Knee Surg Sports Traumatol Arthrosc
14(3):204-213

Rozzi SL, Lephart SM, Gear WS, Fu FH (1999)
Knee joint laxity and neuromuscular characteristics
of male and female soccer and basketball players.
Am J Sports Med 27(3):312-319

Boden BP, Dean GS, Feagin JA Jr, Garrett WE Jr
(2000) Mechanisms of anterior cruciate ligament
injury. Orthopedics 23(6):573-578

McNair PJ, Marshall RN, Matheson JA (1990)
Important features associated with acute anterior cru-
ciate ligament injury. N Z Med J 103(901):537-539
Olsen OE, Myklebust G, Engebretsen L, Bahr R
(2004) Injury mechanisms for anterior cruciate liga-
ment injuries in team handball: a systematic video
analysis. Am J Sports Med 32(4):1002-1012

Nagai T, Sell TC, Abt JP, Lephart SM (2012)
Reliability, precision, and gender differences in knee
internal/external rotation proprioception measure-
ments. Phys Ther Sport 13(4):233-237. https://doi.
org/10.1016/j.ptsp.2011.11.004

Nagai T, Sell TC, House AJ, Abt JP, Lephart SM
(2013) Knee proprioception and strength are

66.

67.

68.

69.

70.

71.

72.

73.

74.

75.

76.

71.

correlated with landing kinematics during a single-
leg stop-jump task. J Athl Train 48:31-38

Clark NC, Lephart SM, Abt JP, Lovalekar M, Stone
DA, Sell TC (2014) Predictors of knee functional
joint stability in uninjured physically active adults.
Dissertation, University of Pittsburgh

Keenan KA, Abt JP, Lephart SM, Lovalekar M,
Stone DA, Sell TC (2014) Prediction of knee kine-
matics during a stop jump-cut maneuver using trunk
neuromuscular characteristics and kinematics in a
healthy, physically active population. Dissertation,
University of Pittsburgh

Gokeler A, Benjaminse A, Hewett TE, Lephart
SM, Engebretsen L, Ageberg E, Engelhardt M,
Arnold MP, Postema K, Otten E, Dijkstra PU (2012)
Proprioceptive deficits after ACL injury: are they
clinically relevant? Br J Sports Med 46(3):180-192.
https://doi.org/10.1136/bjsm.2010.082578

Sell T, Tsai Y, Smoliga J, Myers J, Lephart S (2007)
Strength, flexibility, and balance characteristics
of highly proficient golfers. J Strength Cond Res
21(4):1166-1171

Ageberg E, Roberts D, Holmstrom E, Friden T
(2005) Balance in single-limb stance in patients with
anterior cruciate ligament injury: relation to knee
laxity, proprioception, muscle strength, and subjec-
tive function. Am J Sports Med 33(10):1527-1535
Herrington L, Hatcher J, Hatcher A, McNicholas
M (2009) A comparison of Star Excursion Balance
Test reach distances between ACL deficient patients
and asymptomatic controls. Knee 16(2):149-152.
https://doi.org/10.1016/j.knee.2008.10.004

Lephart SM, Myers JB, Sell TC, Tsai YS, Bradley
JP (2007) Golf injury prevention: an orthopedic
approach through physical testing, biomechanics,
and training. American Academy of Orthopaedic
Surgeons Annual Meeting, San Diego, CA, 14-18
February 2007

Paterno MV, Myer GD, Ford KR, Hewett TE (2004)
Neuromuscular training improves single-limb stabil-
ity in young female athletes. J Orthop Sports Phys
Ther 34(6):305-316

Rozzi SL, Lephart SM, Sterner R, Kuligowski L
(1999) Balance training for persons with function-
ally unstable ankles. J Orthop Sports Phys Ther
29(8):478-486

Verhagen E, van der Beek A, Twisk J, Bouter L,
Bahr R, van Mechelen W (2004) The effect of a pro-
prioceptive balance board training program for the
prevention of ankle sprains: a prospective controlled
trial. Am J Sports Med 32(6):1385-1393. https://doi.
org/10.1177/0363546503262177

Abt JP, Sell TC, Laudner KG, McCrory JL, Loucks
TL, Berga SL, Lephart SM (2007) Neuromuscular
and biomechanical characteristics do not vary across
the menstrual cycle. Knee Surg Sports Traumatol
Arthrosc  15(7):901-907. https://doi.org/10.1007/
s00167-007-0302-3

McGuine TA, Keene JS (2006) The effect of a bal-
ance training program on the risk of ankle sprains in


https://doi.org/10.1055/s-2007-972605
https://doi.org/10.1055/s-2007-972605
https://doi.org/10.1016/j.ptsp.2011.11.004
https://doi.org/10.1016/j.ptsp.2011.11.004
https://doi.org/10.1136/bjsm.2010.082578
https://doi.org/10.1016/j.knee.2008.10.004
https://doi.org/10.1177/0363546503262177
https://doi.org/10.1177/0363546503262177
https://doi.org/10.1007/s00167-007-0302-3
https://doi.org/10.1007/s00167-007-0302-3

150

T.C.Selland S. M. Lephart

78.

79.

80.

81.

82.

83.

84.

85.

86.

87.

88.

89.

90.

high school athletes. Am J Sports Med 34(7):1103—
1111. https://doi.org/10.1177/0363546505284191
McHugh MP, Tyler TF, Tetro DT, Mullaney
MJ, Nicholas SJ (2006) Risk factors for non-
contact ankle sprains in high school athletes:
the role of hip strength and balance ability.
Am J Sports Med 34(3):464-470. https://doi.
org/10.1177/0363546505280427

Paterno MV, Schmitt LC, Ford KR, Rauh MJ, Myer
GD, Huang B, Hewett TE (2010) Biomechanical
measures during landing and postural stability pre-
dict second anterior cruciate ligament injury after
anterior cruciate ligament reconstruction and return
to sport. Am J Sports Med 38(10):1968-1978.
https://doi.org/10.1177/0363546510376053

Rozzi SL, Lephart SM, Fu FH (1999) Effects of
muscular fatigue on knee joint laxity and neuromus-
cular characteristics of male and female athletes. J
Athl Train 34(2):106-114

Soderman K, Alfredson H, Pietila T, Werner S
(2001) Risk factors for leg injuries in female soccer
players: a prospective investigation during one out-
door season. Knee Surg Sports Traumatol Arthrosc
9(5):313-321

Tyler TF, McHugh MP, Mirabella MR, Mullaney
MIJ, Nicholas SJ (2006) Risk factors for noncon-
tact ankle sprains in high school football players:
the role of previous ankle sprains and body mass
index. Am J Sports Med 34(3):471-475. https://doi.
org/10.1177/0363546505280429

Shumway-Cook A, Woollacott MH (2001) Motor
control: theory and practical applications, 2nd edn.
Lippincott Williams & Wilkins, Philadelphia
McCollum G, Leen T (1989) The form and explo-
ration of mechanical stability limits in erect stance.
The. J Mot Behav 21(2):225-238

Kandel ER, Schwartz JH, Jessell TM (1991)
Principles of neural science, 3rd edn. Appleton &
Lange, Norwalk

Riemann BL, Caggiano NA, Lephart SM (1999)
Examination of a clinical method of assessing pos-
tural control during a functional performance task. J
Sport Rehabil 8:171-183

Goldie PA, Bach TM, Evans OM (1989) Force
platform measures for evaluating postural control:
reliability and validity. Arch Phys Med Rehabil
70(7):510-517

Shultz SJ, Perrin DH, Adams JM, Arnold BL,
Gansneder BM, Granata KP (2000) Assessment of
neuromuscular response characteristics at the knee
following a functional perturbation. J Electromyogr
Kinesiol 10(3):159-170

Hoffman M, Schrader J, Koceja D (1999) An inves-
tigation of postural control in postoperative anterior
cruciate ligament reconstruction patients. J Athl
Train 34(2):130-136

Hoffman MA, Koceja DM (1997) Dynamic bal-
ance testing with electrically evoked perturba-
tion: a test of reliability. Arch Phys Med Rehabil
78(3):290-293

91.

92.

93.

94.

95.

96.

97.

98.

99.

100.

101.

102.

103.

104.

105.

Ross S, Guskiewicz KM (2003) Time to stabiliza-
tion: a method for analyzing dynamic. Athletic. Athl
Ther Today 8:37-39

Wikstrom EA, Tillman MD, Smith AN, Borsa PA
(2005) A new force-plate technology measure of
dynamic postural stability: the dynamic postural sta-
bility index. J Athl Train 40(4):305-309

Kinzey SJ, Armstrong CW (1998) The reliability of
the star-excursion test in assessing dynamic balance.
J Orthop Sports Phys Ther 27(5):356-360

Sell TC, House AJ, Abt JP, Huang HC, Lephart
SM (2012) An examination, correlation, and com-
parison of static and dynamic measures of postural
stability in healthy, physically active adults. Phys
Ther Sport 13(2):80-86. https://doi.org/10.1016/j.
ptsp.2011.06.006

Allison KF, Keenan KA, Sell TC, Abt JP, Nagai
T, Deluzio J, McGrail M, Lephart SM (2015)
Musculoskeletal, biomechanical, and physiological
sex difference in the US military. US Army Med Dep
J April-June:22-32

Sell TC, Lovalekar MT, Nagai T, Wirt MD, Abt JP,
Lephart SM (2017) Gender differences in static and
dynamic postural stability of soldiers of the army’s
101st airborne division (air assault). J Sport Rehabil
27(2):1-20. https://doi.org/10.1123/jsr.2016-0131
Sell TC, Myers JB, Youk AO, Fu FH, Lephart SM
(2004) Neuromechanical predictors of dynamic sta-
bility. Dissertation, University of Pittsburgh

Goldie PA, Evans OM, Bach TM (1992) Steadiness
in one-legged stance: development of a reliable
force- platform testing procedure. Arch Phys Med
Rehabil 73(4):348-354

Dallinga JM, van der Does HT, Benjaminse A,
Lemmink KA (2016) Dynamic postural stability
differences between male and female players with
and without ankle sprain. Phys Ther Sport 17:69-75.
https://doi.org/10.1016/j.ptsp.2015.05.002
Wikstrom EA, Tillman MD, Kline KJ, Borsa PA
(2006) Gender and limb differences in dynamic
postural stability during landing. Clin J Sport Med
16(4):311-315

Sell TC, Heebner NR, Pletcher ER, Lephart SM
(2015) Reliability and hamstring activation during
rotational dynamic postural stability in healthy recre-
ational athletes. Paper presented at the 2015 American
Physical Therapy Association’s Combined Sections
Meeting, Indianapolis, IN, 4-7 February 2015
Basmajian JV (1978) Muscles alive, their functions
revealed by electromyography, 4th edn. Williams &
Wilkins, Baltimore

Hillstrom HJ, Triolo RJ (1995) EMG theory. In:
Craik RL, Oatis CA (eds) Gait analysis: theory and
application, 1st edn. Mosby, St. Louis

Winter DA (1990) Biomechanics and motor control
of human movement, 2nd edn. Wiley, New York
Besier TF, Lloyd DG, Ackland TR, Cochrane JL
(2001) Anticipatory effects on knee joint loading
during running and cutting maneuvers. Med Sci
Sports Exerc 33(7):1176-1181


https://doi.org/10.1177/0363546505284191
https://doi.org/10.1177/0363546505280427
https://doi.org/10.1177/0363546505280427
https://doi.org/10.1177/0363546510376053
https://doi.org/10.1177/0363546505280429
https://doi.org/10.1177/0363546505280429
https://doi.org/10.1016/j.ptsp.2011.06.006
https://doi.org/10.1016/j.ptsp.2011.06.006
https://doi.org/10.1123/jsr.2016-0131
https://doi.org/10.1016/j.ptsp.2015.05.002

7 Neuromuscular Differences Between Men and Women

151

106.

107.

108.

109.

110.

111.

112.

113.

114.

115.

116.

117.

118.

Benvenuti F, Stanhope SJ, Thomas SL, Panzer VP,
Hallett M (1997) Flexibility of anticipatory postural
adjustments revealed by self-paced and reaction-
time arm movements. Brain Res 761(1):59-70
Besier TF, Lloyd DG, Ackland TR (2003) Muscle
activation strategies at the knee during running
and cutting maneuvers. Med Sci Sports Exerc
35(1):119-127

Cowling EJ, Steele JR (2001) Is lower limb mus-
cle synchrony during landing affected by gender?
Implications for variations in ACL injury rates. J
Electromyogr Kinesiol 11(4):263-268

Malinzak RA, Colby SM, Kirkendall DT, Yu B,
Garrett WE (2001) A comparison of knee joint
motion patterns between men and women in
selected athletic tasks. Clin Biomech (Bristol, Avon)
16(5):438-445

Sell TC, Ferris CM, Abt JP, Tsai YS, Myers JB, Fu
FH, Lephart SM (2006) The effect of direction and
reaction on the neuromuscular and biomechanical
characteristics of the knee during tasks that simu-
late the noncontact anterior cruciate ligament injury
mechanism. Am J Sports Med 34(1):43-54. https://
doi.org/10.1177/0363546505278696

Sell TC, Ferris CM, Abt JP, Tsai YS, Myers JB,
Fu FH, Lephart SM (2007) Predictors of proximal
tibia anterior shear force during a vertical stop-
jump. J Orthop Res 25(12):1589-1597. https://doi.
org/10.1002/jor.20459

Fleming BC, Ohlen G, Renstrom PA, Peura GD,
Beynnon BD, Badger GJ (2003) The effects of
compressive load and knee joint torque on peak
anterior cruciate ligament strains. Am J Sports Med
31(5):701-707

Renstrom P, Arms SW, Stanwyck TS, Johnson RJ,
Pope MH (1986) Strain within the anterior cruciate
ligament during hamstring and quadriceps activity.
Am J Sports Med 14(1):83-87

Lephart SM, Ferris CM, Riemann BL, Myers JB, Fu
FH (2002) Gender differences in strength and lower
extremity kinematics during landing. Clin Orthop
Relat Res 401:162-169

Myer GD, Ford KR, Barber Foss KD, Liu C,
Nick TG, Hewett TE (2009) The relationship of
hamstrings and quadriceps strength to anterior
cruciate ligament injury in female athletes. Clin
J Sport Med 19(1):3-8. https://doi.org/10.1097/
JSM.0b013e318190bddb

Fleming BC, Renstrom PA, Beynnon BD, Engstrom
B, Peura GD, Badger GJ, Johnson RJ (2001)
The effect of weightbearing and external load-
ing on anterior cruciate ligament strain. J Biomech
34(2):163-170

Sakane M, Fox RJ, Woo SL, Livesay GA, Li G, Fu
FH (1997) In situ forces in the anterior cruciate liga-
ment and its bundles in response to anterior tibial
loads. J Orthop Res 15(2):285-293

Feagin JA Jr, Lambert KL, Cunningham RR,
Anderson LM, Riegel J, King PH, VanGenderen
L (1987) Consideration of the anterior cruciate

119.

120.

121.

122.

123.

124.

125.

126.

127.

128.

129.

130.

131.

132.

133.

134.

135.

ligament injury in skiing. Clin Orthop Relat Res
Mar(216):13-18

Gabbett TJ (2000) Incidence, site, and nature of inju-
ries in amateur rugby league over three consecutive
seasons. Br J Sports Med 34(2):98-103

Gabbett TJ (2004) Incidence of injury in junior
and senior rugby league players. Sports Med
34(12):849-859

Molsa J, Airaksinen O, Nasman O, Torstila I (1997)
Ice hockey injuries in Finland. A prospective epide-
miologic study. Am J Sports Med 25(4):495-499
Pettrone FA, Ricciardelli E (1987) Gymnastic inju-
ries: the Virginia experience 1982-1983. Am J Sports
Med 15(1):59-62

Rodacki AL, Fowler NE, Bennett SJ (2002) Vertical
jump coordination: fatigue effects. Med Sci Sports
Exerc 34(1):105-116

Stuart MJ, Smith A (1995) Injuries in junior a ice
hockey. A three-year prospective study. Am J Sports
Med 23(4):458-461

Liederbach M, Dilgen FE, Rose DJ (2008) Incidence
of anterior cruciate ligament injuries among elite
ballet and modern dancers: a 5-year prospective
study. Am J Sports Med 36(9):1779-1788. https://
doi.org/10.1177/0363546508323644

Johnston RB 3rd, Howard ME, Cawley PW, Losse
GM (1998) Effect of lower extremity muscular
fatigue on motor control performance. Med Sci
Sports Exerc 30(12):1703-1707

Wojtys EM, Wylie BB, Huston LJ (1996) The effects
of muscle fatigue on neuromuscular function and
anterior tibial translation in healthy knees. Am J
Sports Med 24(5):615-621

Huston LJ, Wojtys EM (1996) Neuromuscular per-
formance characteristics in elite female athletes. Am
J Sports Med 24(4):427-436

Skinner HB, Wyatt MP, Stone ML, Hodgdon JA,
Barrack RL (1986) Exercise-related knee joint lax-
ity. Am J Sports Med 14(1):30-34

Hiemstra LA, Lo IK, Fowler PJ (2001) Effect of
fatigue on knee proprioception: implications for
dynamic stabilization. J Orthop Sports Phys Ther
31(10):598-605

Lattanzio PJ, Petrella RJ (1998) Knee propriocep-
tion: a review of mechanisms, measurements, and
implications of muscular fatigue. Orthopedics 21
(4):463-470; discussion 470—461; passim

Lattanzio PJ, Petrella RJ, Sproule JR, Fowler PJ
(1997) Effects of fatigue on knee proprioception.
Clin J Sport Med 7(1):22-27

Miura K, IshibashiY, Tsuda E, OkamuraY, Otsuka H,
Toh S (2004) The effect of local and general fatigue
on knee proprioception. Arthroscopy 20(4):414-418
Kang J, Chaloupka EC, Mastrangelo MA, Biren GB,
Robertson RJ (2001) Physiological comparisons
among three maximal treadmill exercise protocols in
trained and untrained individuals. Eur J Appl Physiol
84(4):291-295

Pollock LM, Wilmore JH, Fox SM (1978) Health and
fitness through physical activity. Wiley, New York


https://doi.org/10.1177/0363546505278696
https://doi.org/10.1177/0363546505278696
https://doi.org/10.1002/jor.20459
https://doi.org/10.1002/jor.20459
https://doi.org/10.1097/JSM.0b013e318190bddb
https://doi.org/10.1097/JSM.0b013e318190bddb
https://doi.org/10.1177/0363546508323644
https://doi.org/10.1177/0363546508323644

152

T.C.Selland S. M. Lephart

136.

137.

138.

139.

140.

141.

Benjaminse A, Habu A, Sell TC, Abt JP, Fu FH,
Myers JB, Lephart SM (2008) Fatigue alters lower
extremity kinematics during a single-leg stop-
jump task. Knee Surg Sports Traumatol Arthrosc
16(4):400—407

Allison KF, Lephart SM, Abt JP, Crawford K, Nagle
EF, Lovalekar M, Sell TC (2012) The relationship
between musculoskeletal strength, physiological
characteristics, and knee kinesthesia following fatigu-
ing exercise. Dissertation, University of Pittsburgh
Darnell ME, Abt JP, Lephart SM, Lovalekar M,
Nagle EF, Beals K, Sell TC (2015) Effect of carbo-
hydrate-electrolyte feedings on knee biomechanics
and postural stability during intermittent high inten-
sity exercise to fatigue. Dissertation, University of
Pittsburgh

Gabbett TJ (2016) The training-injury prevention
paradox: should athletes be training smarter and
harder? Br J Sports Med 50(5):273-280. https://doi.
org/10.1136/bjsports-2015-095788

Brooks MA, Peterson K, Biese K, Sanfilippo J,
Heiderscheit BC, Bell DR (2016) Concussion
increases odds of sustaining a lower extremity mus-
culoskeletal injury after return to play among col-
legiate athletes. Am J Sports Med 44(3):742-747.
https://doi.org/10.1177/0363546515622387

Gilbert FC, Burdette GT, Joyner AB, Llewellyn
TA, Buckley TA (2016) Association between
concussion and lower extremity injuries in

142.

143.

144.

145.

146.

collegiate athletes. Sports health. https://doi.
org/10.1177/1941738116666509

Herman DC, Jones D, Harrison A, Moser M, Tillman
S, Farmer K, Pass A, Clugston JR, Hernandez J,
Chmielewski TL (2016) Concussion may increase
the risk of subsequent lower extremity musculoskel-
etal injury in collegiate athletes. Sports Med. https://
doi.org/10.1007/540279-016-0607-9

Lynall RC, Mauntel TC, Padua DA, Mihalik JP
(2015) Acute lower extremity injury rates increase
after concussion in college athletes. Med Sci Sports
Exerc 47(12):2487-2492. https://doi.org/10.1249/
MSS.0000000000000716

Nordstrom A, Nordstrom P, Ekstrand J (2014)
Sports-related concussion increases the risk of sub-
sequent injury by about 50% in elite male football
players. Br J Sports Med 48(19):1447-1450. https://
doi.org/10.1136/bjsports-2013-093406
Pietrosimone B, Golightly YM, Mihalik JP,
Guskiewicz KM (2015) Concussion frequency asso-
ciates with musculoskeletal injury in retired NFL
players. Med Sci Sports Exerc 47(11):2366-2372.
https://doi.org/10.1249/MSS.0000000000000684
Wiggins AJ, Grandhi RK, Schneider DK, Stanfield
D, Webster KE, Myer GD (2016) Risk of secondary
injury in younger athletes after anterior cruciate liga-
ment reconstruction: a systematic review and meta-
analysis. Am J Sports Med 44(7):1861-1876. https://
doi.org/10.1177/0363546515621554


https://doi.org/10.1136/bjsports-2015-095788
https://doi.org/10.1136/bjsports-2015-095788
https://doi.org/10.1177/0363546515622387
https://doi.org/10.1177/1941738116666509
https://doi.org/10.1177/1941738116666509
https://doi.org/10.1007/s40279-016-0607-9
https://doi.org/10.1007/s40279-016-0607-9
https://doi.org/10.1249/MSS.0000000000000716
https://doi.org/10.1249/MSS.0000000000000716
https://doi.org/10.1136/bjsports-2013-093406
https://doi.org/10.1136/bjsports-2013-093406
https://doi.org/10.1249/MSS.0000000000000684
https://doi.org/10.1177/0363546515621554
https://doi.org/10.1177/0363546515621554

	7: Neuromuscular Differences Between Men and Women
	7.1	 Introduction
	7.2	 Dynamic Joint Stability and the Functional Joint Stability Paradigm
	7.3	 Proprioception
	7.4	 Postural Stability
	7.5	 Electromyographic Activity
	7.6	 Strength
	7.7	 Biomechanics
	7.8	 Fatigue
	7.9	 Current Research and Emerging Concepts
	7.10	 Summary
	References




