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ABSTRACT

The purpose of this research was to identify possible
predisposing neuromuscular factors for knee injuries,
particularly anterior cruciate ligament tears in female
athletes by investigating anterior knee laxity, lower

extremity muscle strength, endurance, muscle reaction
time, and muscle recruitment order in response to
anterior tibial translation. We recruited four subject
groups: elite female (N = 40) and male (N = 60)
athletes and sex-matched nonathletic controls (N =

40). All participants underwent a subjective evaluation
of knee function, arthrometer measurement of anterior
tibial translation, isokinetic dynamometer strength and
endurance tests at 60 and 240 deg/sec, and anterior
tibial translation stress tests. Dynamic stress testing of
muscles demonstrated less anterior tibial translation in
the knees of the athletes (both men and women) com-
pared with the nonathletic controls. Female athletes
and controls demonstrated more anterior tibial laxity
than their male counterparts and significantly less mus-
cle strength and endurance. Compared with the male
athletes, the female athletes took significantly longer to
generate maximum hamstring muscle torque during
isokinetic testing. Although no significant differences
were found in either spinal or cortical muscle reaction
times, the muscle recruitment order in some female
athletes was markedly different. The female athletes
appeared to rely more on their quadriceps muscles in
response to anterior tibial translation; the three other
test groups relied more on their hamstring muscles for
initial knee stabilization.

During the 1989 to 1990 intercollegiate basketball season,
the NCAA Injury Surveillance System reported that fe-

male athletes injured their ACLs at a rate of 7.8 times
more than their male counterparts.82 More recently, Ma-
lone et al. 68 reported that collegiate female basketball
players were eight times more likely to sustain ACL inju-
ries compared with collegiate male basketball players. In
1994, Lindenfeld et a1.66 reported that the injury rate
for serious knee ligament injuries among female soccer
players was 5.75 times that of male athletes. Conse-

quently, this recent epidemic of severe knee injuries in
women’s sports has attracted considerable con-

cern. 9,13,16,19,20,22,34,38,40,45,46,49,62,66,68,72,89,96,102,103, 110
In the past, it was difficult to study the incidence and
distribution of injuries in women athletes because of the
relatively small number participating in rigorous sports.
However, since Title IX became law in 1972, the number of
women participating in sports has increased dramatically.
Women have ventured from traditional, noncontact

sports, such as swimming and track and field, to physical
games such as basketball, hockey (ice and field), and
soccer. Paralleling this increase in participation by
women has been an alarming rise in serious knee

injuries, to at least twice the level seen in male
athletes. 8,20,22,34,45,46,49,66,68,95, 110
Sports involving physical contact, jumping, sudden

turning, and twisting are expected to produce knee liga-
ment injuries, including ACL tears. However, even in
noncontact sports, which are considered to pose less of a
risk for knee ligament injury, Cox and Lenz 11 and Jackson
et al. 46 reported a doubling of the injury rate among fe-
male athletes.

Based on the available data on injuries, we hypothe-
sized that physiologic differences exist between men and
women in knee joint laxity, lower extremity strength, en-
durance, muscle recruitment order, and muscle reaction
time, and these differences are responsible for the dispro-
portionate number of ACL injuries in women. The purpose
of this research was to quantitate these differences by
examining four groups: elite male and female athletes and
nonathletic sex-matched controls. Examining these sex
differences may eventually lead to a better understanding
of the differences in knee injury rates between men and
women.
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MATERIALS AND METHODS

Subjects

Forty healthy, active volunteers (26 men and 14 women;
average age, 23.5 years) with no known knee abnormali-
ties served as the control groups. The first 40 volunteers
were tested. Athletic ability was not used as a selection
criterion; the activity level of this group ranged from sed-
entary to recreational athletics. Forty Division I female
athletes (10 basketball, 10 field hockey, 8 gymnastics, 12
volleyball) and 60 male college football players from the
University of Michigan, Ann Arbor, Michigan, also with no
known significant knee abnormalities, composed the elite
athletic groups (average age, 19.7 years; range, 17 to 22).
The authors considered a significant knee abnormality
any condition that led to an operation or loss of more than
a couple of days from regular practice. All members of
these teams were asked to participate.

Testing

Each participant underwent a subjective evaluation of
knee function and activity leve1,79 arthrometer measure-
ment of anterior tibial translation, an isokinetic dyna-
mometer (Biodex Medical Systems, Shirley, New York)
strength and endurance test at 60 and 240 deg/sec, and an
anterior tibial translation stress test (Table 1). The ante-
rior tibial translation stress test was designed to monitor
lower extremity muscle function while tracking anterior
tibial translation. The accuracy and reproducibility of this
anterior tibial translation testing system has been

reported.60, 105

Knee Testing Apparatus

This device was designed to measure anterior tibial trans-
lation in reference to the femur in response to an anteri-

orly directed 30-pound step force applied to the proximal
third of the posterior aspect of the leg (Fig. 1).105 Patients
were seated on an ischial support that allowed uninhib-
ited hamstring muscle function at 30° of knee flexion, with
the foot fixed at 10° to 15° of ankle dorsiflexion. Tibial
motion was not restricted. Weightbearing status of the
limb was monitored by a scale under the foot, and the
scale was maintained in the range of 20 to 30 pounds.
Relative anterior tibial translation was measured using
two linear potentiometers. One potentiometer was placed

TABLE 1

Physical Activity Level Scale for Subjective Knee Evaluation

Figure 1. Stress testing device for anterior tibial translation
testing. Surface EMG monitoring of the gastrocnemius,
quadriceps, and hamstring muscles.

on the patella, and the other was placed on the tibial
tuberosity (Fig. 1).
Lower extremity muscle function was recorded using

surface EMG at five muscle locations: lateral and medial

quadriceps, lateral and medial hamstring, and gastrocne-
mius. Bipolar surface electrodes, spaced 3 cm apart, were
placed over the midregion of each muscle group, oriented
along the muscle belly. Electromyographic recordings
were sampled at a frequency rate of 1000 Hz during a
2.5-second time frame, beginning 0.5 seconds before the
onset of the anteriorly directed displacement force.

Testing Protocol for Anterior Tibial Translation

After an orientation session during which the anteriorly
directed step force was applied several times to the poste-
rior aspect of the proximal leg, two tests were performed.
In the relaxed test, we asked subjects not to contract their
quadriceps, hamstring, and gastrocnemius muscles in re-
sponse to the anteriorly directed force. If muscle activity
was detected on EMG at the start of the test, the trial was
not used and the test was repeated. In the response test,
we asked subjects to resist the anterior force as soon as
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they felt tibial movement. Ten trials of the relax and
response muscle tests were recorded and the results were
later averaged. We repeated any trial in which the subject
contracted the leg musculature before the anterior force
was applied. To prevent anticipation of force application,
the authors used randomized time intervals that ranged
from 0.1 to 10 seconds from the time the participant was
ready to start. All visual and audio clues associated with
the application of force were eliminated.

Data Analysis

Muscle reaction time was calculated by measuring the
time delay between the onset of the 30-pound stimulus
and the initiation of muscle activity. Three different mus-
cle response segments (spinal reflex, intermediate, and
voluntary muscle activities) were analyzed from each
EMG signal.
Each segment of the EMG recording was identified by

characteristic time of signal occurrence and signal
shape.105 The spinal reflex is monosynaptic, using pri-
mary sensory afferents that resemble a tendon tap reflex
on manual physical examination. However, spinal reflex
does bypass muscle spindle receptors.~~ The intermediate
muscle response, which appears to be a spinal reflex with
interneuronal input from centers higher than the spinal
cord, resembles the late response produced electrically.&dquo;
This response is biphasic and routinely occurs just before
voluntary activity. Voluntary muscle activity originates at
supraspinal locations and was identified according to prin-
ciples outlined by Kimura.52 These signals are usually
twice as large in amplitude as the spinal reflex.
Anterior tibial laxity (arthrometer and the dual poten-

tiometer system), isokinetic measurements of strength,
endurance, time-to-peak torque (both at 60 and 240 deg/
sec), muscle reaction time, and muscle recruitment order

preferences of the female athlete group were compared
with the male athlete group and the female and male
control groups.

Statistics

All data were analyzed by multifactor analysis of variance
for repeated measures. Tukey’s post hoc analysis was per-
formed when three or more factors were present. The
expected day-to-day measurement variability of the ante-
rior tibial translation stress test and muscle reaction time
was expressed by computing 95% confidence limits; the
expected variations were then incorporated into the sta-
tistical analyses. Statistical significance was defined at
P < 0.05.

RESULTS

Knee Laxity and Anterior Tibial Translation Comparisons

Two predominant patterns emerged from the knee laxity
data in the relaxed and response muscle tests: the knees of
athletes were tighter than the knees of the nonathletic
controls and the knees of women were looser than the
knees of men (Table 2, Fig. 2). The female control group
produced the greatest degree of anterior tibial translation
in both the relaxed and response tests (6.5 and 3.0 mm),
and the male athlete group produced the least amount of
anterior tibial translation in these tests (3.5 and 1.8 mm).
In both anterior tibial translation tests, the laxity found in
the male athlete group was significantly less than that in
the other three groups (female and male nonathlete con-
trols and female athletes). Average anterior tibial trans-
lation (muscles relaxed trials) in the female athlete group
was significantly less than in the male and female non-
athletic controls (4.5 mm compared with 5.8 and 6.5 mm,

TABLE 2
Knee Laxity, Strength, Endurance, and Time-to-Peak Torque Comparisons Between Groups

a ATT, anterior tibial translation.
b Significantly different from the female athletes (P < 0.05).
C Significantly different from all other groups (P < 0.05).
d Significantly different from the male controls (P < 0.05).
e Significantly different from the female controls (P < 0.05).
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Figure 2. Anterior tibial translation comparisons.

respectively), but significantly greater than the male ath-
letes (3.5 mm). Anterior tibial translation averages of
female athletes in each sport (basketball, field hockey,
gymnastics, and volleyball) were not significantly differ-
ent from one another.

Isokinetic Strength Comparisons

The female control and athlete groups showed statistically
weaker quadriceps and hamstring muscle strength at 60
deg/sec compared with both the male control and athlete
groups, even when normalized for body weight (foot-
pounds torque/body weight[in pounds])(Table 2). Although
there were no significant differences between the female
controls and the female athletes in either knee extension

or flexion peak torque, the female athletes generated
slightly higher peak torques per body weight (quadriceps
muscles, 76.7% versus 72.5%; hamstring muscles, 40.9%
versus 38.6%).

Surprisingly, the male control group produced higher
torques in both knee extension and flexion compared with
the male athlete group (only knee extension was signifi-
cant). This could be partially explained by the fact that
many of the football players were large lineman.

Isokinetic Endurance Comparisons

Muscle endurance in both knee extension and flexion was
better in the male and female athlete groups than in the
male and female control groups (Table 2). However, even
when normalized for body weight, both female groups
produced significantly lower endurance rates compared
with each male group.

Neuromuscular Efficiency

Time-to-Peak Torque at 60 deglsec. No significant differ-
ences in time-to-peak torque were seen in knee extension
between either men and women or between athletes and
nonathletes (Table 2, Fig. 3). However, significant differ-
ences were seen in the average knee flexion time-to-peak
torque. The female athletes were an average of 102 msec
slower than the male athletes (430 versus 328 msec; P <

0.001) and minimally slower compared with the female
control group (430 versus 426 msec). In sharp contrast,

Figure 3. Time-to-peak torque data at 60 deg/sec.

the male athletes were an average of 115 msec faster

compared with the male control group (328 versus 443
msec; P < 0.001). No significant differences were found
between the male and female control groups and the fe-
male athlete group.

Interestingly, the female athlete group was also the only
group among the four groups to generate maximum torque
in the hamstring muscle after generating maximum
torque in the quadriceps muscle. The three other groups
(female controls, male controls, male athletes) generated
knee flexion peak torque 20 to 80 msec before knee exten-
sion peak torque.
Time-to-Peak Torque at 240 deglsec. At 240 deg/sec, the

hamstring muscle group mirrored the time-to-peak torque
pattern at 60 deg/sec (Table 2, Fig. 4). The female athletes
produced peak torque times in their hamstring muscles
approximately equal to the female controls (169 versus
164 msec); yet, their times were significantly slower than
the male athletes (169 versus 150 msec). No significant
differences were found between the male and female non-

athletic controls (170 versus 164 msec).
The female athletes generated maximum torque in the

hamstring muscles an average of 11 msec after the quad-
riceps muscle response, whereas the male athlete and
control groups and the female control group generated
hamstring muscle peak torque 3 to 6 msecs before the
quadriceps muscles. This trend was consistent with the 60
deg/sec speed.

Figure 4. Time-to-peak torque data at 240 deg/sec.
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Muscle Reaction Time Comparisons

Spinal Cord Level. No significant differences in muscle
reaction times at the spinal cord level were found among
the four groups in the medial and lateral quadriceps and
hamstring muscles (Table 3). However, male and female
athletes produced significantly faster gastrocnemius mus-
cle responses compared with either control group (female
athletes, 41.2 msec; female controls, 52.3 msec; male ath-
letes, 41.6 msec; male controls, 51.2 msec).

Cortical Level. In the intermediate phase, no significant
differences were found between any of the four groups
tested (Table 3). However, the female athletes did respond
faster than the female controls, male controls, and male
athletes in each of the five muscle groups (lateral and
medial quadriceps, lateral and medial hamstring, and
gastrocnemius). The muscle reaction times of the females
(controls and athletes) were generally faster than the
male groups, but the difference was not statistically sig-
nificant. Additionally, no significant differences were
found in the voluntary response times within or between
groups. The average muscle reaction time of the female
athletes was faster than the male athletes and male con-
trols in all muscle groups except for the lateral quadriceps
muscle (female athletes, 244 msec; male controls, 230
msec). The female control group produced the fastest vol-
untary muscle reaction time in all five muscle groups
tested.

Muscle Recruitment Order Preferences

Spinal. All four groups most often recruited the gastroc-
nemius muscle first in response to anterior tibial transla-

tion, but the athletic groups (men, 88%; women, 92%) had
significantly higher percentages compared with their non-
athletic controls (men, 72%; women, 67%) (Table 3). In
contrast, the athlete groups used their hamstring muscles
first much less frequently (1% to 6%) than the male and
female controls (14%). This same pattern was seen in
quadriceps muscle recruitment; the athlete groups re-
cruited this muscle group much less frequently (6% to 7%)
than the nonathletic control groups (16%). All groups fa-
vored a gastrocnemius-hamstring-quadriceps muscle pat-
tern, with the exception of the volleyball players (gastroc-
nemius-quadriceps-hamstring muscle pattern). This

muscle group pattern is the normal response to anterior
tibial translation, according to Wojtys and Huston.10’5

Intermediate. The increased initial quadriceps muscle
activity and the decreased initial hamstring muscle activ-
ity in the female athlete characterizes the intermediate
phase. Both male groups and the female controls preferred
to use the hamstring muscles initially for knee stabiliza-
tion (male controls, 47%; male athletes, 45%; female con-
trols, 43%); the female athletes relied primarily on the
quadriceps muscles (47%). To stabilize their knees, the
female athletes relied on the hamstring muscles first in
only 28% of the trials. The nonathletic controls (28%)

TABLE 3

Average Spinal and Cortical Level Muscle Reaction Times (milliseconds) and Muscle Recruitment Order

a G, gastrocnemius; LH, lateral hamstring; MH, medial hamstring; LQ, lateral quadriceps; MQ, medial quadriceps muscles.
b The muscle reaction times of the male and female athletes were significantly different from the male and female control groups.
C The muscle reaction times of female volleyball players were significantly different from those of female gymnasts.
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relied on the quadriceps muscles much less than the male
and female athletes (45% and 47%, respectively).
The predominant muscle recruitment order of the male

athletes and the male and female controls was the ham-

string-quadriceps-gastrocnemius muscle pattern, and the
predominant muscle recruitment order of the female ath-
letes was the quadriceps-hamstring-gastrocnemius mus-
cle pattern. Volleyball was the only female sport with a
predominant recruitment order consistent with the female
control group and both male groups (i.e., hamstring-quad-
riceps-gastrocnemius muscle pattern).

Voluntary. The predominant voluntary muscle recruit-
ment order in female athletes was identical to the male
and female control groups and the male athletes (ham-
string-quadriceps-gastrocnemius muscle pattern). Inter-
estingly, the male and female athletes relied on their
hamstring muscles as much as their nonathletic controls
(range, 45% to 50%) during the voluntary muscle response
phase.

Overall, the female athletes showed a muscle recruit-
ment order pattern similar to the nonathletic controls.
Interestingly, the male athlete group exhibited a lower
percentage of initial quadriceps muscle recruitment (17%)
and increased gastrocnemius muscle activity (33%) com-
pared with the nonathletic male and female control groups
(quadriceps muscles, 35%; gastrocnemius muscles, 17%).

Correlation between Quadriceps and Hamstring Muscle
Strength and Muscle Reaction Time

The muscle reaction times from five subjects with the
highest quadriceps and hamstring muscle peak torque
values (as determined by isokinetic dynamometer testing)
were compared with those from subjects with the five
lowest peak torque values to determine if higher levels of
lower extremity muscle strength correlated with faster
muscle reaction times. All torque values (in foot-pounds)
were normalized for body weight (in pounds). The same
protocol was used for the five highest and lowest torques
produced from the hamstring muscles. No strong correla-
tions were found between the muscle reaction time and
the strength of the quadriceps and hamstring muscles.
This finding is consistent for the spinal level and cortical
level responses (intermediate, voluntary).

DISCUSSION

The ACL is the primary static restraint to anterior tibial
translation. However, equally important to functional
knee joint stability is the dynamic role muscles play in
preventing anterior translation of the tibia. In a potential
injury situation, such as a deceleration maneuver or a
lateral blow to the knee, the lower extremity muscles, in
particular the hamstring muscles, can potentially relieve
ACL strain.86 Evidence for this phenomenon is witnessed
daily. Forces generated across the knee during activities
of daily living frequently exceed 1 to 2 times body
weight.87 Sports activities increase these forces in excess
of 5 times body weight.71 Studies of ligament failure have
shown that ligaments acting alone would not be able to

withstand these levels of loading. 80,107 Dynamic muscle
stabilization protects knee joints, allowing knees to with-
stand such stress and strain. Knee joint surface geometry,
the menisci, and secondary ligament stabilizers also play
a role in functional stability, but those roles are minor
compared with the stabilization provided by the quadri-
ceps, hamstring, and gastrocnemius muscles at the knee.
Laboratory proof of this dynamic protection for liga-

ments is considerable. White and Raphael101 demon-
strated the protective effect of quadriceps muscle contrac-
tion on the medial collateral ligament during valgus
loading. Goldfuss et al. 28 reported a 48% increase in the
stiffness of the medial side of the knee with the contrac-
tion of the quadriceps and hamstring muscles. Wang and
Walker loo decreased rotational laxity at the knee by 80%
with a 938 N compressive load applied across the knee.
Markolf et a1.69 used athletes to document a 10-fold in-
crease in knee joint stiffness with muscle contraction.
These studies demonstrate that dynamic muscle stabili-
zation of the tibiofemoral joint is a powerful component of
knee joint stability and needs to be considered in any
investigation of knee ligament injury or failure.
When the function of the ACL in controlling anterior

tibial translation is considered, the hamstring muscle, in
particular, becomes of interest. In a classic study using
Hall effect transducers, Renstrom et al. 86 demonstrated
the shielding effect that the hamstring muscles have on
the ACL. Walla et a1.,99 Draganich et a1.,15 Hagood et
a1.,35 and Solomonow et a1.93 have reported similar find-
ings : the hamstring muscles work in concert with the ACL
to control anterior tibial translation.

The activity of the hamstring muscles in vivo is bal-
anced by the quadriceps muscle, an ACL antagonist. The
quadriceps muscle, however, averages 50% to 100%

greater strength than the hamstring muscle. Unopposed
quadriceps muscle contractions could translate the tibia
anteriorly and cause significant strain in the ACL, espe-
cially from 30° of knee flexion to full extension.44,86 There-
fore, the &dquo;balance of power&dquo; between the quadriceps and
hamstring muscles is crucial to normal knee function be-
cause the quadriceps muscles can produce forces in excess
of those needed for ligament tensile failure. 105
This balance of muscle power is maintained by a neu-

romuscular servomechanism that modulates quadriceps
and hamstring muscle activities. The neuromuscular ser-
vomechanism appears to be controlled through afferent
input originating in the ACL.29, 50, 83, 92 Although the exact
neurocircuitry of this system remains under investigation,
there is increasing evidence that alpha motoneurons are
affected by both high 17, 18 and 1ow43 threshold joint affer-
ents. Flexor reflex pathways, 18 Is i_,_~terne~r^r~~,21,31 and
Ib interneurons 67 have a modulating affect on efferent
pathways. Failure of this complex dynamic servomecha-
nism, which appears to depend on multiple sources of
afferent input, could explain the rise in noncontact ACL
injuries reported in rigorous sport activities today.
The first evidence of this growing problem of ACL inju-

ries in female athletes surfaced in 1975 when Gillette 25
conducted a questionnaire survey on athletic injuries
throughout the United States and reported that the inci-
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dence of knee injuries was highest in women’s basketball,
volleyball, field hockey, and gymnastics. Surprisingly,
Garrick and Requa24 reported that women’s gymnastics
ranked third behind football and wrestling as a leading
producer of injuries at the interscholastic level. In 1990,
Ireland and Wa1145 studied 144 basketball athletes at the
U.S. Olympic trials through a history questionnaire and
found that significant knee injuries had occurred in 11 of
80 men (13%) and in 34 of 64 women (53%) (P < 0.0001).
Ferretti et a1.22 reported a much higher frequency of knee
ligament injuries in female volleyball players than in their
male counterparts, with 48 of 52 (92%) of these injuries
related to jumping. Interestingly, the increased risk for
injury appears to begin early in life. Gray et a1.34 reported
that adolescent female basketball players were five times
more likely to rupture their ACLs compared with male
basketball players.

Currently, only limited physiologic data is available
that might explain the causes of ACL injury in women.
Isolated knee laxity measurements 2° 33° 47° 77 and lower ex-
tremity strength profiles 1 ° 6, s, lo,12,14, 23, 26, 30, 32, 39, 41,
42,48,51,53,57,59,76,78,81,85,88,91,94,97,108 are part of this in-
jury equation, but thus far clinicians have not identified
the source of the problem. More physiologic data are
needed before a meaningful analysis of this injury can be
attempted. This biomechanical analysis exposes physio-
logic differences that may contribute to ACL injury among
women athletes.
Other investigators have identified important compo-

nents of dynamic knee function without reference to sex.
Beard et al.3 defined the proprioceptive functions neces-
sary to successfully protect ligaments: static awareness of
joint position in space, kinesthetic awareness (movement
and acceleration), and closed-loop efferent activity for re-
flex response and regulation of muscle stiffness across
joints. In this investigation, joint function was challenged
by suddenly translating the tibia anteriorly from a resting
position during a stress test. The lower extremities then
responded in a stabilizing manner to prevent anterior
tibial translation. The muscle reaction time parameter is
an indicator of how well these induced changes in joint
position are detected and how quickly the quadriceps,
hamstring, and gastrocnemius muscles can be mobilized
in response to the perturbation. Although the quadriceps
and hamstring muscles have long been recognized as im-
portant determinants of knee joint function, the gastroc-
nemius muscle has only recently been identified as an
important knee joint stabilizer.64,105
As Table 3 indicates, there were no significant differ-

ences between the female athletes and the nonathletic
control groups in terms of spinal or cortical muscle reac-
tion times. However, differences in the female athletes
appeared when the muscle recruitment preference data
was examined. In the intermediate phase, 28% of the
female athletes preferred to recruit their hamstring mus-
cles first in response to anterior tibial translation com-

pared with 45% of the male athletes, 45% of the male
controls, and 45% of the female controls. During the vol-
untary phase of muscle reaction time, 31% of female ath-
letes recruited their quadriceps muscle first compared

with only 17% of the male athletes. This apparent de-
crease in hamstring muscle use and increase in initial
quadriceps muscle contraction in response to anterior tib-
ial translation could place an increased level of strain on
the ACL86 and render the ligament more susceptible to
injury.
Another component of the neuromuscular response dur-

ing joint stabilization is the time required to generate
peak muscle torque once the protective muscle contraction
has been initiated. The time interval required to reach
maximum capacity appears to be an important injury
prevention parameter .3,37,90,109 At the slower isokinetic
testing speed (60 deg/sec), male and female athletes gen-
erated peak knee extension torques before their sex-

matched controls. Most importantly, the male athletes
generated peak torque in knee flexion substantially faster
than the male controls (328 versus 443 msec), but the
female athletes were no faster than the female controls

(430 versus 426 msec). The female athletes were substan-

tially slower than male athletes in generating peak knee
flexion torques. These results parallel other studies that
have found sex differences in the rate of muscle force

production. 5,36,58,65,98,104 In these studies, women re-
quired significantly more time than men to produce the
same relative muscle force levels. Komi and Karlsson 58
and Winter and Brookes l04 have suggested that this lower
rate of force development in women is the result of struc-
tural differences in the series elastic component of muscle.

In the current study, the electromechanical delay of
muscle in women was most noticeable in the hamstring
muscle. The female athlete group was the only group that
generated maximum knee flexion torque after maximum
knee extension torque. This may mean that the quadri-
ceps muscles of some female athletes outperform their
hamstring muscles. Because the female controls did not
demonstrate this pattern of quadriceps muscle domi-
nance, the training and conditioning programs in these
female sports are suspect. A muscle response pattern to
anterior tibial translation dominated by the quadriceps
muscle appears to be present and deserves further inves-
tigation. Furthermore, we need to answer the question: Is
this pattern induced by current training methods in fe-
male sports or just due to inadequate conditioning?

Careful review of the muscle testing data shows that the
five strongest female athletes (based on quadriceps and
hamstring peak torque results) used a voluntary muscle
recruitment order favoring the initial use of the hamstring
muscles in response to anterior tibial translation; the five
weakest female athletes used the quadriceps muscles ini-
tially. This factor suggests that adequate lower extremity
muscle conditioning may be the key to establishing the
time sequence for muscle recruitment. If this &dquo;quadriceps
first&dquo; trend is found in larger groups of female athletes, a
critical review of today’s approach to training female ath-
letes is warranted; a muscle rebalancing, conditioning
program for the lower extremity appears to be a rational
first step for female athletes playing high-risk sports.
The concept of balancing the quadriceps and hamstring

muscles is not new, although previous efforts have pri-
marily focused on progressive resistance exercise. Recent
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research has emphasized the importance of agility train-
ing while questioning the role of traditional strength
training. 106 With training, muscle use patterns have been
successfully altered in female athletes.4° In women volley-
ball players, adduction moments on landing after jumps
were decreased after 6 weeks of intense training and
conditioning.
The female athletes participating in this study com-

peted in Division I NCAA sports, in which the training
and conditioning programs are sophisticated and among
the best available in this country. Unfortunately, even
when corrected for body weight, the strength levels of
these women do not match those achieved by men (Table
2). This strength deficit may be due to several factors.
Female athletes may not be able to perform at the same
levels based on physiologic differences in skeletal muscle
characteristics 4,5,36,58,65,70,73,98,104 or hormone fluctua-
tions .7,61,74 Also, the training and conditioning that oc-
curred at earlier levels of competition may not have been
as rigorous. Although current training programs at the
university level are similar in opportunity, those at the
high or middle school levels or even earlier may not be
equal. If the problem is a deficit in early training, then the
current emphasis on women’s sports should correct this
problem. If, however, women are substantially different
physiologically, then male conditioning programs may not
be the answer, and further research may be needed to
address these issues.

Although there was a statistically significant difference
in the anterior tibial laxity profile of men and women, it is
unknown whether the statistical difference detected is a
relevant clinical factor in ACL injury (Fig. 2). Joint hyper-
mobility and the extremes of anterior tibial translation
are known to be more prevalent in women than in

men.54,63,84 Understandably, several studies have at-

tempted to correlate injury prevalence with excess liga-
mentous laxity. NicholaS77 suggested a strong correlation
between &dquo;loose-jointedness&dquo; and the frequency of joint in-
jury ; this correlation has been supported by Acasuso-Diaz
et al.2 and Kibler et al., 51 who reported increased injury
rates. However, contradictory reports by Godshall,2’
Grana and Moretz,33 Jackson et al., 47 Knapik et al., 55,56
Meeuwisse and Fowler,’2 and Moretz et al.’5 have shown
no direct relationship between ligamentous laxity and the
frequency or type of knee injury.
The anterior tibial translation data from this study

suggest that the knees of men are tighter than those of
women (Fig. 2). If the ability to control anterior tibial
translation with hamstring muscle contractions that sub-
sequently relieve strain on the ACL is a learned response,
then male athletes appear to be more successful with the

currently used training and conditioning programs. How-
ever, the physiologic complexity of female neuromuscular
function may not be adequately appreciated and, more
importantly, current athletic programs may not accommo-
date female needs. Further research is needed to investi-

gate these issues in female sports. Based on future re-
search, athletic programs may need to be redesigned with
special consideration given to the physiology of women.

CONCLUSIONS

1. Although no differences were found in either spinal
cord or cortical level muscle reaction times, the order of
muscle recruitment in response to anterior tibial transla-
tion in the female athletes was significantly different.
Female athletes relied more on the quadriceps and gas-
trocnemius muscles to resist anterior tibial translation.
The male groups recruited the hamstring muscle for ini-
tial knee stabilization more frequently.

2. The female athletes took significantly longer to pro-
duce hamstring peak torque (430 msec) than the male
athletes (328 msec) during isokinetic testing.

3. Even when normalized for body weight, female ath-
letes showed considerably weaker knee extension and
flexion strength compared with both male groups. Female
athletes were only minimally stronger than their nonath-
letic female counterparts.

4. Female athletes had significantly poorer endurance
rates compared with both male control and athletic

groups. However, the endurance rates were significantly
better compared with the nonathletic female controls.

5. Higher levels of lower extremity muscle strength
(quadriceps and hamstring muscles) did not correlate with
shorter muscle reaction times. Conversely, poor lower ex-
tremity muscle strength did not correlate with longer
muscle reaction times.

6. In general, the knees of women had greater laxity
than the knees of men, and the knees of the athletes were

tighter than the knees of the nonathletic controls. The
female athlete group exhibited statistically higher ante-
rior tibial translation (4.5 mm) compared with the male
athlete group (3.5 mm), but this result was significantly
lower than the nonathletic male (5.8 mm) and female (6.5
mm) control groups.
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