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Objective: We examined whether muscle response times
and activation patterns in the lower extremity differed between
men and women in response to a rotational knee perturbation
while standing in a single-leg, weight-bearing stance.

Design and Setting: We used a lower extremity perturbation
device to produce a sudden, forward, and either internal or ex-
ternal rotation moment of the trunk and femur relative to the
weight-bearing tibia. Subjects completed 10 trials of both inter-
nal and external rotation perturbation; the first 5 acceptable tri-
als were averaged and used for data analysis. Two separate,
repeated-measures analyses of variance were used to compare
myoelectric response times and activation patterns between
men and women for both internal and external rotation pertur-
bation.

Subjects: Thirty-two female (19 lacrosse, 13 soccer) and 32
male (lacrosse) healthy intercollegiate athletes participated in
the study.

Measurements: We used surface electromyography to re-
cord long latency reflex times of the medial and lateral quadri-
ceps, hamstring, and gastrocnemius muscles.

Results: Women responded faster than men, primarily due
to a shorter latency in quadriceps activation. However, men and
women exhibited no difference in muscle-recruitment order.

Conclusions: Although men and women demonstrated sim-
ilar muscle-recruitment patterns to an imposed lower extremity
perturbation, women tended to activate their quadriceps earlier
than men. Whether this earlier quadriceps activation diminishes
the ability of the hamstrings to adequately stabilize the knee
joint or subjects the anterior cruciate ligament to greater risk of
injury is still unknown and requires further study. Furthermore,
although surface electromyography and measurement of myo-
electric response times are useful in evaluating the timing, ac-
tivation order, and coactivity patterns of the knee musculature,
future studies should evaluate sex differences across the com-
plete response continuum, including measures of intrinsic mus-
cle stiffness, electromechanical delay, and time to force pro-
duction.

Key Words: electromyography, long latency reflex, anterior
cruciate ligament

injury in female athletes is well known, particularly in

sports such as basketball and soccer that require run-
ning, cutting, jumping, and sudden deceleration. Although
many investigators have attempted to identify potential pre-
disposing factors to explain the higher rate of injuriesin wom-
en, research to date has failed to conclusively demonstrate the
relationship of any 1 variable to ACL injury risk. To address
this issue, the American Orthopaedic Society for Sports Med-
icine, the Orthopaedic Research and Education Foundation, the
National Collegiate Athletic Association, and the National
Athletic Trainers Association Research and Education Foun-
dation cosponsored a scientific workshop on noncontact ACL
injuries on June 10, 1999, in Hunt Valley, MD.1 Physicians,

T he higher incidence of anterior cruciate ligament (ACL)

biomechanists, and certified athletic trainers with expertise in
ACL research were brought together to form a scientifically
based consensus on what is known regarding ACL injury risk
factors and to provide direction for future research. Of the 4
general categories of ACL risk factors considered (anatomical,
environmental, hormonal, and biomechanical), the group con-
sensus was that sex differences in neuromuscular and biome-
chanical function may be the most compelling factors to ex-
plain the different rates of injury in men and women.
Considerable attention in recent years has focused on how
the muscles about the knee respond when the joint is subject
to stress. Failure of the ACL occurs when large mechanical
forces are imposed on the knee joint during dynamic activity
and exceed the capacity of the stahilizing structures.2 Although
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the ACL provides most of the static restraint to anterior tibial
translation,® the joint forces incurred in sport go well beyond
the capacity of the static restraints, requiring the assistance of
active muscle forces to maintain joint equilibrium.245 In par-
ticular, timely activation of the hamstring muscles can assist
in protecting the ACL from mechanical strain by stabilizing
the tibia, thus reducing anterior and rotary tibia translation.6”

Efficient neuromuscular control is essential to dynamic
joint stiffening and protective stabilization.26-13 Neuromus-
cular control of knee stability is provided through both in-
tentional (preparatory) and reactive (reflexive) responses that
are mediated by proprioceptive feed-forward and feedback
mechanisms, respectively.1014 Specific neuromuscular fac-
tors that contribute to knee stability include active muscle
stiffness!>-17 and reflexive muscular activation (reflex latency
and electromechanical delay).1018-22 Furthermore, muscle
coactivity®811.12.23 and recruitment patterns?3-2°> also influ-
ence knee stability. Hence, any factor that delays or inhibits
1 or more of these neuromuscular factors compromises knee
stability and increases the risk of ACL injury.

The presence of any difference in muscular response char-
acteristics between men and women could be a significant
finding in our assessment of neuromuscular factors that may
influence ACL injury risk in the female athlete. To date, very
few studies have evaluated sex differences in neuromuscular
response characteristics.2426:27 Bell and Jacobs?® and Winter
and Brookes?” found no differences in myoelectric response
times for reactive elbow flexion and ankle plantar flexion, re-
spectively, but did find the time delay between neura activa-
tion and tension development (electromechanical delay) sig-
nificantly longer in women compared with men. However,
these studies evaluated voluntary rather than reflex response
times, and whether similar responses exist at the knee is un-
known.

Huston and Wojtys?* appeared to be the first to comprehen-
sively and specifically address sex differences in reflex re-
sponse times at the knee. Using an anterior tibial trandation
device first described by Wojtys and Huston,2 they evaluated
reflex response times and recruitment patterns in men and
women after an unanticipated, anteriorly directed force applied
to the tibia. Although they found no significant differencesin
muscle reaction times, female athletes tended to recruit their
quadriceps first more often than male athletes or nonathlete
controls, who more often recruited their hamstrings first in
response to the perturbation. Although their work is significant
in that it appears to be the first to specifically address sex
differences at the knee, the type of sport and the training of
the female athletes (basketball, field hockey, gymnastics, and
volleyball athletes) were quite different from those of the male
athletes (football) recruited for the study. Other research by
these authors®>28 indicated that the type of training (isotonic
versus isokinetic versus agility) and level of training (ie, fa-
tigue) can aso influence neuromuscular response times.
Hence, the difference in skill and training background of the
2 athlete groups may have introduced a potential confounding
variable in their assessment of sex differences. Further re-
search addressing sex differences at the knee while controlling
for sport and training background is needed.

From the limited research available, it is apparent that more
research is needed to determine the influence of sex on neu-
romuscular response characteristics at the knee, and, thus, their
potential role in ACL injury risk. Additionally, we need to
assess these differences in a functional manner that is consis-

Table 1. Physical Characteristics and Training History*

Characteristic or Women Men

Training Measure (n = 32) (n = 32)
Age, y 19.4 £ 1.0 205+ 1.2
Height, cm 165.1 =+ 5.4 180.0 = 5.2
Weight, kg 62.2 + 5.7 82.6 = 9.9
Navicular drop, mm 53+ 34 7.3 + 35
Q-angle, ° 18.9 = 3.9 14.0 = 4.6
Sport experience, y 104 = 3.4 9.6 = 3.3
Running frequency, d/wk 3.0=*x22 22+19
Running duration, min/d 295+ 17.1 26.3 £ 24.8
Practice frequency, d/wk 35+25 3.8+0.8
Practice duration, h/d 1.6 = 0.8 20=*0.1
Weight-lifting frequency, d/wk 1.3*+1.0 3.0+03
Weight-lifting duration, min/d 34.2 = 24 594 = 6

*Values are mean *= SD.

tent with the muscular conditions and joint positions under
which the knee is functioning when these injuries occur.2® In
previous studies evaluating reflexive neuromuscular responses
at the knee, the perturbation has typically been applied to the
joint with the muscles at rest and the lower extremity in a
non-weight-bearing or partia weight-bearing position, which
does not mimic most injury situations.282530-32 Using a func-
tional, weight-bearing perturbation model, we?® have demon-
strated that neuromuscular response times and activation pat-
terns are, in fact, quite different from those previously reported
under seated, partial weight-bearing, or resting conditions.
Therefore, our objective was to determine whether muscle re-
sponse times and activation patterns in the lower extremity
muscles differed between healthy men and women in response
to a functional lower extremity perturbation. Our specific am
was to determine whether responses were slower in women
than in men, particularly hamstring responses when standing
in a single-leg, weight-bearing stance with the muscles active-
ly contracting before the perturbation.

METHODS

Subjects

Thirty-two female (19 lacrosse, 13 soccer) and 32 male (la
crosse) healthy intercollegiate athletes participated in the
study. These subjects represent the same data set previously
reported in Shultz et a.2® Means and standard deviations for
subject physical characteristics are listed in Table 1. Before
participating in the study, all subjects read and signed an in-
formed consent form approved by the University’s Institutional
Review Board for the Protection of Human Subjects, which
also approved the study.

In order to maximize our ability to detect sex differencesin
neuromuscular response and activation patterns, subjects were
matched by type of sport and level of training. Specificaly,
the sports of intercollegiate soccer and lacrosse were chosen
for a number of reasons: (1) They provided a large enough
population for adequate statistical power, (2) The 2 sports are
similar in their lower extremity performance (ie, similar run-
ning and cutting maneuvers on a grass or turf terrain with a
cleated shoe), and (3) They are sports in which ACL injuries
are likely to occur.

To verify that sport experience and training history were
similar between the sexes, data on sport activity and training
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history were collected on each subject, including running,
practice, and weight-lifting activities of the previous month.
At the time of this study, lacrosse athletes were in their fall,
or nontraditional, season and soccer athleteswerein their com-
petitive season. Table 1 indicates that men and women were
closely matched in their years of sport experience and current
practice activities (both frequency and duration). However,
they did differ in their running (frequency) and weight-lifting
(frequency and duration) activities in the month before testing.
Therefore, athough the type and level of sport training and
experience were well controlled, current strength and condi-
tioning practices were somewhat variable between the sexes
at the time of data collection.

Instrumentation

We used an 8-channel Myosystem 2000 electromyography
(EMG) unit (Noraxon, Scottsdale, AZ) and bipolar Ag-AgCl
surface electrodes measuring 10 mm in diameter with a center-
to-center distance of 2 c¢cm to record myoelectric response
times and activation patterns immediately after lower extrem-
ity perturbation. Unit specifications include an amplifier gain
of 1 mV/V, frequency bandwidth of 16 to 500 Hz, common
mode rejection ratio of 114 dB, input resistance from 20 MQ
to 1 G(, and a sampling rate of 1000 Hz. To acquire, store,
and analyze the EM G data, we used a Gateway 2000 computer
(386 processor, AD-16/330, North Sioux City, SD) and Data
Pac 11l Version 1.1 Lab Application Systems software (Run
Technologies, Laguna Hills, CA).

We used a lower extremity perturbation device (LEPD)
(University of Virginia, Charlottesville, VA) to produce a sud-
den, forward, and either internal rotation (IR) or externa ro-
tation (ER) moment of the trunk and femur relative to the
single-leg, weight-bearing tibia. A detailed description of this
device and evidence of its reliability and validity has been
previously reported.?® We aso used an electrogoniometer
(Penny and Giles, Santa Monica, CA) and the Chattecx Bal-
ance System (Chattanooga Group, Inc, Hixson, TN) to stan-
dardize the subject’s position before cable release.

Procedures

We prepared the subject’s skin and placed surface electrodes
in a paralel arrangement over the midline of the vastus later-
alis and vastus medialis muscles (midway between the motor
point and the distal tendon), medial and lateral hamstring mus-
cles (mid-belly position), and medial and lateral gastrocnemius
muscles (mid-belly position). We then placed the electrogo-
niometer across the lateral aspect of the knee joint and secured
both electrodes and electrogoniometer with an elastic bandage
to prevent cable tensioning and movement artifact. To position
the subject in the LEPD, we adjusted the waist harness to fit
snugly at the level of the anterior superior iliac spine and the
height of the wall-mounted trigger mechanism to a position
level with the anterior superior iliac spine while the subject
was in the test position.

Standing on the Chattecx Balance System platform, with
cables attached and height properly adjusted at the wall, each
subject was instructed to stand upright in a single-leg stance
with back straight and arms folded across the chest and to lean
into the cables with the hips. From this position, we asked the
subject to slowly bend the knee to a knee flexion angle of 35°,
as indicated by the electrogoniometer. Using the Chattecx’s

visual training target, we moved the footplate verticaly on the
platform until the cursor was located in the middle of the target
(bull’s eye), indicating that the center of pressure was being
directed through the middle of the subject’s foot.

Once the subject was properly positioned, we released either
the left or right cable to produce either IR or ER perturbation.
We instructed the subject to look straight ahead and to react
to the perturbation by attempting to maintain the single-leg
balance. We alowed each subject a minimum of 3 practice
trials for both IR and ER perturbations to become acquainted
and comfortable with the task. Each subject then underwent
10 trials of both IR and ER perturbation, using the dominant
leg for all trials. The dominant leg was identified as the foot
the subject would use to kick a ball. Subjects rested 30 seconds
between trias to prevent fatigue, and the direction of pertur-
bation was randomized to avoid anticipatory responses.

Signal Processing and Analysis

We recorded EMG activity for 100 milliseconds before and
900 milliseconds after lower extremity perturbation using a
trigger sweep acquisition mode. We processed the signal with
root mean square (10-millisecond time constant) and used 2
threshold event buffers to separate the IR and ER events. We
then compiled an averaged signal, using the first 5 acceptable
events, to determine the muscle response time for each muscle.
Each trial was visualy inspected, and an acceptable trial was
determined by the following criteria: (1) long latency reflex
identified within 150 milliseconds from perturbation onset, (2)
baseline muscle activity sufficiently quiet and stable to ensure
an acceptable signal-to-noise ratio, (3) readable signal obtained
from al 6 muscles, and (4) signa free of movement artifact
to alow clear interpretation.2®

We defined muscle response time as the time delay between
the initiation of the perturbation and the onset of EMG activity
at the long latency response level. We chose to evaluate the
long latency reflex response because it has been demonstrated
to be the first response to consistently occur under active mus-
cular conditions.3334 Using the 100-millisecond pretrigger as
the reference interval, we defined the long latency response as
the time point when myoelectric activity exceeded 2 standard
deviations of the average baseline activity in the hamstrings
and gastrocnemius and 1 standard deviation in the quadriceps
within the time interval of 30 to 150 milliseconds.2®

We used 2 separate, mixed-design analyses of variance with
1 between-groups (sex) and 2 within-groups (muscle group at
3 levels [quadriceps, hamstring, gastrocnemius], and muscle
side at 2 levels[medial, lateral]) to determine if men and wom-
en differed in muscle response times for either IR or ER per-
turbation conditions. We used the Tukey post hoc analysis to
evaluate any significant main effects or interactions. We de-
termined muscle activation order using a repeated-measures
analysis of variance with 1 between-groups (sex) and 1 within-
groups (muscle) factors at 6 levels (lateral quadriceps [LQ],
medial quadriceps [MQ], lateral hamstring [LH], media ham-
string [MH], lateral gastrocnemius [LG], and medial gastroc-
nemius [MG]). We used the Tukey honestly significant differ-
ence (HSD) method to evaluate the main effect for muscle as
to which muscles differed significantly in their response time.
To determine whether men and women differed in their re-
cruitment order, we evaluated the sex-by-muscle interaction.
An « level of P < .05 was used for all analyses.
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Table 2. Muscle Reaction Times for External Rotation and Internal Rotation Perturbation*

Quadriceps Hamstrings Gastrocnemius
Lateral Medial Lateral Medial Lateral Medial
Mean = SD Mean = SD Mean = SD Mean = SD Mean = SD Mean = SD
External rotation
Women 90.8 + 16.3 87.1 = 18.0 68.4 + 14.0 59.6 + 10.6 56.2 + 8.3 55.1 + 8.4
Men 100.0 = 24.0 99.0 + 22.8 72.4 + 17.2 605+ 7.5 59.2 + 10.0 56.6 + 8.0
Internal rotation
Women 89.8 = 12.6 86.3 = 13.6 73.8 + 18.2 56.3 = 11.6 55.2 + 8.8 52.4 + 9.0
Men 98.8 = 22.4 95.7 = 20.4 80.0 + 25.8 60.5 + 10.3 57.0 + 10.0 54.1 + 8.8

*n = 32 subjects/group (64 total). Muscle reaction times are given in milliseconds.

RESULTS

Table 2 lists the group means and standard deviations by
sex for the muscle reaction times obtained for both IR and ER
perturbation conditions. We found that women responded sig-
nificantly faster than men for both ER (Fy s, = 5.209, P =
.026) and IR (F1 6, = 6.642, P = .012). Although this differ-
ence appeared to be due primarily to a shorter latency in quad-
riceps activation in women, no significant sex-by-muscle
group (ER, P = .132; IR, P = .281) or muscle-side (ER, P
= .693; IR, P = .771) interactions were found.

For muscle-recruitment order, we found a preferential mus-
cle-recruitment order for both ER (Fs3,0 = 120.59, P <
.0001) and IR (Fs3;0 = 107.40, P < .0001). For ER, the
Tukey post hoc analysis revealed no difference in response
times for the MG (55.8 milliseconds), LG (57.7 milliseconds),
and MH (60.0 milliseconds), which were the first muscles to
respond to the perturbation. The LH (70.4 milliseconds) re-
sponded next after a significant delay, and then the MQ (93.0
milliseconds) and LQ (95.3 milliseconds) were activated fol-
lowing an even greater delay (Figure 1). Our findings were
similar for IR (MG [53.2 milliseconds] = LG [56.1 millisec-
onds] = MH [58.4 milliseconds] < LH [76.9 milliseconds] <
MQ [91.0 milliseconds] = LQ [94.3 milliseconds]) (Figure 2).
No difference in muscle-recruitment order was found between
men and women for either ER (Fs3;0 = 1.843, P = .104) or
IR (F5yg10 = 926, P= 464)
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Figure 1. Muscle reaction times for men and women after external
rotation (ER) perturbation. Error bars indicate SDs. Lateral ham-
string (LH) was significantly slower than medial or lateral gastroc-
nemius (MG, LG) or medial hamstring (MH). Medial and lateral
quadriceps (MQ, LQ) were significantly slower than LH (Tukey, P
< .05).

DISCUSSION

Our primary finding was that women responded faster than
men at the long latency response levels for both IR and ER
perturbation conditions. Although we did not find a sex dif-
ference in recruitment order for either IR or ER, it is readily
apparent that the faster time in women was due primarily to
a shorter latency in quadriceps activation (Table 2 and Figures
1 and 2). In fact, had we evaluated each muscle group sepa-
rately and not corrected for type | error, we would have found
asignificant sex difference in the quadriceps but no differences
in the hamstring and gastrocnemius muscle response times.
Thus, it appears our findings were muscle dependent.

Our results indicate a difference of approximately 10 mil-
liseconds in quadriceps activation times between men and
women (Table 2). Given the inherent variability associated
with EMG recordings and human performance, it is important
to first evaluate whether 10 milliseconds represents a true dif-
ference between men and women. In a previous article, we
addressed the issues of reliability (ie, performance consisten-
cy) using this research model.2? We found, using a 2-trial av-
erage, that the standard error of measurement for the quadri-
ceps response times averaged 7.6 milliseconds, indicating a
95% confidence interval of *=14.9 milliseconds. However, it
is important to note that this estimate of measurement error
was based on a 2-trial average, and in this study, we used a
5-trial average in an effort to increase reliability and reduce

1300 B
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Figure 2. Muscle reaction times for men and women after internal
rotation (IR) perturbation. Error bars indicate SDs. Lateral ham-
string (LH) was significantly slower than medial or lateral gastroc-
nemius (MG, LG) or medial hamstring (MH). Medial and lateral
quadriceps (MQ, LQ) were significantly slower than LH (Tukey, P
< .05).
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measurement error. Moreover, this measurement error reflects
primarily a random variability in individual subject perfor-
mance. As such, one would not expect this performance in-
consistency to be different between groups, the net result being
that this error would only serve to minimize our ability to find
a significant difference between men and women. It would not
explain why a group of women would perform consistently
faster and men consistently slower. So although these data il-
lustrate the variability inherent in EMG studies and human
performance measures, we believe the 10-millisecond differ-
ence, although modest, is clinically relevant. Given these find-
ings, we considered potential factors that may explain the
quadriceps-specific difference.

Decreased Quadriceps Inhibition in Women

After the perturbation, a silent period (ie, reflexive silencing
of the muscle) was consistently observed in the medial and
lateral quadriceps that was not observed in the other muscle
groups. Considering the method of the imposed perturbation,
this silent period is likely to be either a function of reflexive
inhibition in response to sudden unloading of the contracting
quadriceps34-36 or a reciprocal inhibition in response to re-
flexive activation of the antagonist (hamstring) muscle
group.2! Although actual onset times were not calculated for
this silent period, they appeared to consistently coincide with
activation of the medial hamstring.

Regardless of the mechanism, the long latency reflex acti-
vation of the quadriceps typically occurred immediately after
this silent period, indicating an earlier onset or shorter duration
of inhibition in women than in men. Hence, it is plausible that
women may exhibit less quadriceps inhibition compared with
men in response to joint loading. However, even though wom-
en exhibited a shorter quadriceps delay, quadriceps latency
times were still significantly longer than those for the ham-
strings and gastrocnemius muscles. Alternately, given the typ-
ical strength differentia of the quadriceps and hamstrings, a
greater delay in quadriceps activation could conceivably pro-
vide the weaker hamstrings with more time to stabilize the
tibia before an anterior tibial translation force is created.
Whether this difference is sufficient to diminish the ham-
strings’ ability to prevent excessive anterior or rotary tibial
trandation or subject the ACL to greater risk is unknown.

Preferential Activation

Previous work by Huston and Wojtys?* indicated that fe-
male athletes may exhibit a preferential quadriceps activation
compared with male athletes. When evaluating individua sub-
jects, they found that female athletes tended to activate the
quadriceps first more often than male athletes at the interme-
diate (ie, long latency reflex) response level when compared
with the hamstrings and gastrocnemius muscles after an an-
teriorly directed tibial trandation force. Preferential activation
of the quadriceps was rarely seen in the present study, most
likely due to the difference in perturbation methods?® and the
presence of the reflexive silent period in the quadriceps. In
fact, the quadriceps were activated first in only 1 of 64 subjects
(amale subject). Only 4 subjects (2 female subjectsand 2 male
subjects) initiated the quadriceps before the hamstrings. Al-
though this trend was infrequent and did not appear to be sex
specific, the activation patterns demonstrated by these subjects
clearly deviated from the norm.

Training History

Although we expended considerable effort to control for
training variability, the female and male athletes in this study
did differ somewhat in their running and weight-lifting activ-
ities in the month before data collection. Considering the ex-
tent of running and agility activities inherent in practice ses-
sions, one would not expect the additional day of running per
week in the female group to be a factor. There was, however,
a considerable difference in both the duration and frequency
of isotonic weight-lifting activities between the groups. In re-
search evaluating the effects of isotonic strength training on
reflex response times, no significant differences have been
found in monosynaptic reflex times of the quadriceps after 16
weeks of training3” or in intermediate response times of the
quadriceps, hamstrings, or gastrocnemius after 6 weeks of
training.28 Therefore, the difference in weight-training practic-
es would not seem to provide a plausible explanation for this
sex difference. It is possible that the female group may have
engaged in more agility-training activities, which have been
shown to decrease response times at both reflex and voluntary
levels.28 Unfortunately, sport-specific practice activities were
not controlled or documented in this study, and therefore, no
conclusions can be made in this regard.

Although these data and this discussion pose more questions
than answers, our findings of earlier quadriceps activation in
women remain of interest when considering potential ACL
injury risk factors. Whether the decreased quadriceps inhibi-
tion exhibited by these subjects aters the hamstrings' ability
to stabilize the tibia and places the ACL at greater risk is
unknown. Furthermore, since training is known to influence
neuromuscular response characteristics,>828:38 our findings in
intercollegiate soccer and lacrosse athletes may not be repre-
sentative of other sports (ie, basketball, gymnastics, and vol-
leyball) or skill levels (ie, high school, recreational). Hence,
further research investigating the influence of early quadriceps
activation on dynamic joint stability and ACL injury risk dur-
ing functional weight-bearing activities in subjects from ava
riety of sports and skill levels is warranted.

Clinical Relevance

This study has demonstrated the effective use of surface
EMG to determine muscle response times and activation pat-
terns of the lower extremity muscles after a loading stress to
the knee. The specific intent of this research was to evaluate
reflexive neuromuscular responses under functional weight-
bearing conditions, which had not been previously addressed.
From this information, the coordinative proprioceptive and
neuromuscular mechanisms necessary to protect the joint and
prevent ligament injury under functional conditions can be
better understood. However, it is well recognized that latency
times derived from the EMG signal only reflect the time re-
quired for the nerve impulse to reach the muscle fibers, and
they are not synonymous with the development of muscle ten-
sion.26:27 Specifically, myoelectric response latencies do not
provide any sense of tension development in the muscle before
reflexive activation (intrinsic stiffness) or reflect the additional
time delay required for muscular tension to develop after neu-
ral activation (ie, electromechanical delay).

Considering the evidence that suggests that force delays
may be longer in women than in men,242627 the fact that
women responded faster myoelectrically in this study does not
necessarily indicate that they produced muscular tension any
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sooner than men. Measuring both reflex and force components
of the neuromuscular response continuum in future studies will
provide a more comprehensive picture of sex-specific neuro-
muscular response patterns at the knee and their potential in-
fluence on musculoskeletal stability and ACL injury risk.

Adequacy of Neuromuscular Reflexes in Joint
Protection

Although laboratory experiments have established the ef-
fectiveness of active muscles in limiting joint excur-
sion,%7:11.12 the adequacy of reflexive neuromuscular respons-
es in protecting the joint given the extremely high and rapid
force applications imposed on the knee in sports has been
caled into question.31:3° Pope et al3! suggested through math-
ematical modeling that reflexive activation occurs after medial
collateral ligament failure if the muscles are relaxed at the time
of loading and if the ligament-muscle protective reflex is ini-
tiated by pain. Konradsen et a3° investigated the role of pro-
tective muscular responses in ankle stabilization following a
sudden forced inversion and determined the reflexive activa-
tion of the peroneal muscles was too slow to prevent excessive
inversion and ligament injury. However, these research models
did not account for the contribution of active muscle stiff-
ness'>17.22 or preparatory alterations in muscular tension at
lower applied loads'®40 that may prevent excessive joint ex-
cursion or provide some measure of immediate joint stiffening
that augments the reflexive response.

Active muscle stiffness, or mechanical resistance to muscle
loading or stretch in a preactivated muscle, provides the most
immediate response to limit excessive joint motion and can
result in tension development as early as 10 milliseconds.1®
Since active muscle stiffness is linearly related to the extent
of cross-bridge formation,15-17 the extent of muscle contrac-
tion at the time of perturbation would appear to be an impor-
tant factor in the adequacy of this immediate stiffening re-
sponse and subsequent joint stabilization until reflexive
activation can occur. Thus, to truly evaluate the adequacy of
reactive muscular responses in providing joint protection with
sudden loading, one must also consider the contribution of
active muscle stiffness in situations in which the muscle may
be actively contracting before the perturbation or application
of the injurious force.

In addition to active muscle stiffness, which joint structure
is responsible for the proprioceptive feedback may also influ-
ence the adequacy of the neuromuscular response. For exam-
ple, if the high-threshold Golgi tendon receptors located in
ligament structures are the first to be stimulated, it is likely
that the initiated muscular responses will not occur quickly
enough, given that the delays in force generation would be
greater than the time required to reach ligament failure.3139 In
contrast, sensory feedback provided by other joint structures
at lower mechanical thresholds may stimulate a stiffening re-
sponse before excessive ligament loading and effectively pre-
vent joint deformation from reaching the point of ligament
failure. In fact, Johansson et all® and Sojka et al“° provided
evidence that low-threshold receptors in the cruciate ligaments
can influence the sensitivity of the muscle spindle and provide
preparatory stiffening of the muscle before excessive load-
ing.4

Clearly, more research is needed to determine the efficacy
of various proprioceptive feedback mechanisms and the ulti-
mate capacity of neuromuscular responses to stiffen the joint

and protect the ACL under sudden loading conditions. Thus,
determining whether men and women differ in their mechan-
ical or neuromuscular responses remains a clinicaly relevant
question that may explain the disparity in ACL injury rates.
Our hope is that this discussion will stimulate more research
in this area.

SUMMARY

Determining whether men and women differ in their neu-
romuscular response characteristics remains a clinically rele-
vant question that may in part explain the sex disparity in ACL
injury rates. We specifically investigated whether myoelectric
response times differed in male and female athletes after knee
perturbation in a functional, weight-bearing position. Our find-
ings indicate that although men and women demonstrated sim-
ilar muscle-recruitment patterns, women tended to activate
their quadriceps earlier than men. Whether this earlier quad-
riceps activation diminishes the ability of the hamstrings to
adequately stabilize the knee joint and subjects the ACL to
greater risk of injury is still unknown and requires further
study. Future studies should evaluate sex differences across
the complete response continuum, including measures of in-
trinsic muscle stiffness, electromechanical delay, and time to
force production, in both healthy and ACL-injured athletes
from a variety of sports and skill levels.
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