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ABSTRACT

We investigated the effect of quadriceps and hamstring
muscle fatigue on anterior tibial translation and muscle
reaction time in 10 healthy subjects. The six men and
four women had an average age of 21.3 years and had
no known pathologic knee conditions. Each patient
underwent a knee examination, arthrometer measure-
ments of tibial translation, subjective functional assess-
ment, and an anterior tibial translation stress test be-
fore and after quadriceps and hamstring muscle-

fatiguing exercise. The recruitment order of the lower
extremity muscles in response to anterior tibial trans-
lation did not change with muscle fatigue. However, the
results showed an average increase of 32.5% in ante-
rior tibial translation (range, 11.4% to 85.2%) after

fatigue. Muscle responses in the gastrocnemius, ham-
string, and quadriceps originating at the spinal cord
and cortical level showed significant slowing and, in
some cases, an absence of activity after the quadri-
ceps and hamstring muscles were fatigued. The in-
creases in displacement after fatigue strongly corre-
lated (0.62 to 0.96) with a delay in cortical-level activity
(intermediate and voluntary). Muscle fatigue, which ap-
pears to affect the dynamic stability of the knee, alters
the neuromuscular response to anterior tibial transla-
tion. Therefore, fatigue may play an important role in
the pathomechanics of knee injuries in physically de-
manding sports.

Knee stability depends on both passive and active re-
straints to tibiofemoral motion. Previous studies by Grana

and Muse,’ Skinner et al.,16 Steiner et al.,17 Stoller et
al.,18 and Weisman et al.2o have demonstrated increases
in knee laxity after exercise. With presumed muscle re-
laxation during testing, these laxity changes were attrib-
uted to the passive restraint system of the knee because
the collagenous components of the knee joint ligaments
and capsule were expected to show the typical viscoelastic
changes seen in cyclic loading. 4,23 However, the effect of
muscle fatigue on knee joint laxity remains unclear. The
goal of this investigation was to test the null hypothesis
that fatigue of the quadriceps and hamstring muscles does
not affect 1) anterior tibial translation; 2) muscle reaction
time in the quadriceps, hamstring, and gastrocnemius
muscles; and 3) muscle recruitment order. A secondary
goal was to determine whether the changes seen in ante-
rior tibial translation could be traced to the active or

passive restraint system.
Presently, the relationship between knee joint laxity,

muscle fatigue, and knee joint injury remains unknown.
Intuitively, it seems likely that the dynamic restraint
system of the knee can prevent or lessen injury during
rigorous physical activity. Goldfuss et al.8 demonstrated
the importance of a quadriceps muscle contraction in stiff-
ening the medial side of the knee in vitro, reporting a 48%
increase in stiffness with quadriceps muscle activation.
Wang and Walker 19 demonstrated the ability of the ham-
string and quadriceps muscles to decrease internal and
external rotation of the tibia by 80% with the equivalent of
1 body weight of compressive force. In vivo studies in
athletes have demonstrated a tenfold increase in knee
stiffness with muscle contraction. 13
Lower extremity muscle fatigue during rigorous exer-

cise or physical labor may decrease the potential of the
dynamic knee defense mechanisms. Indirect evidence of
this problem is seen when muscle fatigue adversely affects
the spatial-temporal aspects of fine motor control. This is
exemplified by a tired basketball player attempting a
jump shot. This athlete’s form and timing will probably
not be as good as when he began the game. The key
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question for the athlete becomes whether or not spinal
reflexes or cortical protective responses can be effective in
providing dynamic knee stability despite decreasing
torque output of the muscle-tendon units as they fatigue.
If these neuromuscular elements of the knee joint protec-
tion are impaired during strenuous exercise, then at-

tempts to better condition the athlete’s dynamic restraint
system may be warranted. Unfortunately, it is unclear at
this time whether proprioceptive endurance training
aimed at a tibial control reflex response or a progressive
resistance muscle conditioning program should be pur-
sued when training athletes at risk for knee injury. Tra-
ditionally, muscle strength has been emphasized to pre-
vent joint injury in demanding contact sports. Although
numerous strength parameters are available for testing,
there is little doubt that superior strength alone will not
eliminate the risk of knee joint injury. The speed at which
the available muscle strength can be generated may play
an even greater role in injury prevention. Unfortunately,
our abilities to test these facets of neuromuscular control
are limited currently. Despite these shortcomings, muscle
reaction time seems a worthwhile parameter to investi-
gate and attempt to improve before athletic participation
in rigorous and contact sports.

MATERIALS AND METHODS

Subjects

We recruited 10 subjects who had no known pathologic
knee conditions (six men and four women; average age,
21.3 years; range, 20 to 24). The activity level of each
participant was graded based on the intensity of the sub-
ject’s lower extremity exercise (Table 1). Varied levels of
activities among the participants were expected.

Knee Testing Apparatus

The testing apparatus was designed to measure anterior
tibial translation in reference to the femur in response to
an anteriorly directed 30-pound step force applied to the
posterior aspect of the proximal leg (see Fig. 1, p. 189,
March/April 1996). Lower extremity muscle function was
recorded simultaneously using surface EMG at five mus-
cle locations (medial and lateral quadriceps, medial and
lateral hamstring, and gastrocnemius). The induced ante-
rior tibial translation was used to stimulate spinal cord
reflex and voluntary muscle activity that were then ana-

TABLE 1
Phvsical Activitv Level Scale

lyzed. The accuracy and reproducibility of this anterior
tibial translation system have previously been

reported. 11, 21
During testing, the subjects were comfortably posi-

tioned with their knees maintained at 30° of flexion by
adjustment of an ischial support specifically designed to
allow uninhibited hamstring muscle activity. The foot was
fixed with the ankle at 10° to 15° of dorsiflexion on a
bathroom scale to monitor weightbearing status. Weight-
bearing was maintained in the 20- to 30-pound range.
Tibial translations, rotations, and subluxations were not
restrained in any way. Two linear potentiometers were
used to measure anterior tibial translation. Relative tibial

displacement was quantified by placing one potentiometer
on the patella with the second potentiometer placed on the
tibial tuberosity.

Electromyographic Recordings

Surface EMG recordings were taken from five muscle
locations: the lateral quadriceps, medial quadriceps, lat-
eral hamstring, medial hamstring, and the gastrocnemius
muscles. Bipolar surface electrodes (Hewlett Packard,
Waltham, Massachusetts) were consistently placed over
the midregion of each muscle group oriented along the
muscle belly. Bipolar electrodes were spaced 3 cm apart.
Before electrode placement, the skin was prepared with
sandpaper and cleaned with isopropyl alcohol to assure
adequate surface contact. The raw EMG signal was am-
plified at 100 p,V/V and fed into a Zenith Data Systems
286 computer (Zenith Data Systems, St. Joseph, Michi-
gan) for storage and data analysis. The EMG recordings
were sampled at a frequency rate of 1000 Hz over 2.5
seconds, beginning 0.5 seconds before the onset of the
anteriorly directed tibial force. The displacing forces were
applied at random intervals (0.1 to 10 seconds) to prevent
anticipatory efforts by the participant. All visual and au-
dio clues associated with the displacing force were

eliminated.

Testing Protocol-Anterior Tibial Translation Stress Test

All subjects underwent two testing sessions; a baseline
test was conducted before muscle-fatiguing exercise and a
second test was done immediately after quadriceps and
hamstring muscle fatigue was reached. The first testing
session determined the baseline gastrocnemius, ham-
string, and quadriceps muscle reaction times and the an-
terior tibial translation with muscles relaxed and respond-
ing. The second testing session measured the same
variables immediately after the hamstring and quadriceps
muscles were fatigued on an isokinetic dynamometer. Fa-
tigue was defined as a greater than 50% decrease in work
output (in foot-pounds) in both the quadriceps and ham-
string muscle groups.
The dominant lower extremity (dominance was deter-

mined by the dominant hand) was always tested first.
After a brief orientation during which the anteriorly di-
rected step force was applied to the extremity several
times, two types of tests were performed. A relaxed test
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was performed by asking participants to relax their mus-
cles while the force was applied. If muscle activity was
detected on EMG at the start of the test, the data were not

used, and the test was repeated. A response test was
performed by asking the subjects to resist the anterior
force after the onset of the anteriorly directed force was
detected. Any trial in which the subject contracted the
lower extremity musculature before the onset of the ante-
riorly directed force was discarded and then repeated. Ten
trials of each test were recorded and subsequently
averaged.

Strength Testing

After recording baseline EMG activity and anterior tibial
translation values with the knee testing apparatus, base-
line quadriceps and hamstring muscle strengths (peak
torque [in foot-pounds]/body weight [in pounds] x 100)
were measured on a dynamometer using isokinetic, con-
centric knee flexion and extension exercises at 60 and 240

deg/sec. No attempt was made to exercise the gastrocne-
mius muscle. Throughout all strength testing, all subjects
received constant verbal support to encourage consistent
maximum effort.

After baseline strength levels were established, the
dominant leg was fatigued on the isokinetic dynamometer
at 240 deg/sec for 85 to 135 repetitions, depending on the
subject’s ability. Fatigue was defined as a greater than
50% decrease in work (in foot-pounds) from the first five
repetitions to the last five repetitions performed in the
series for both the quadriceps and hamstring muscle
groups. The number of repetitions to be performed was
estimated before the fatiguing exercise. Previous experi-
ence has shown that the number of repetitions necessary
to induce fatigue could be determined sufficiently from the
subject’s activity category. Subjects in activity category 10
required approximately 135 repetitions; category 9, 120;
and categories 7 to 8, 110. This method was successful in
keeping each subject’s percentage of fatigue in a consis-
tent range (50%) for purposes of this study.
To ensure participant safety and to minimize muscle

recovery after fatiguing exercise and before muscle reac-
tion time and anterior tibial translation testing, a wheel-
chair was used to transport the participants from the
isokinetic dynamometer to the knee testing device imme-
diately after fatigue induction. Once the participant was
placed in the testing device, the EMG leads were attached
and the linear potentiometers were positioned identically
to the positions used during baseline testing of the muscle.
Two muscle response trials were then performed and
EMG recordings and anterior tibial translation measure-
ments were obtained. The elapsed time between the com-
pletion of the isokinetic exercise and the completion of the
two muscles-responding trials was less than 100 seconds
for all participants. To determine the effect of muscle
fatigue on anterior tibial translation and muscle reaction
time, the two response trials were averaged and compared
with baseline values.

Data Analysis

Muscle reaction times were determined by measuring the
time span between the onset of the 30-pound displacement
force and the first occurrence of muscle activity. The three
regions of the EMG signal that were analyzed were the
spinal reflex and the intermediate and voluntary muscle
activity. Movement artifact was identified by pattern rec-
ognition and eliminated before the data analysis.
For each subject and trial, the timing of the spinal

reflex, intermediate activity, and voluntary activity was
recorded for each muscle group. The 10 spinal reflex times
for each muscle group were used to obtain an average
spinal reflex time for each of the muscle groups tested.
The same calculations were done for intermediate and

voluntary activity. The anterior tibial translation results
for the 10 baseline response trials were also averaged. The
same procedure was used in the fatigue-response trials to
obtain average values for muscle reaction time and ante-
rior tibial translation after muscle fatigue. These values
were then compared with the baseline values. The average
values for muscle reaction time and anterior tibial trans-
lation for the 10 subjects were also calculated.
Although not statistically significant, it was noted that

the anterior tibial translation values for the muscles-re-
laxed test were consistently lower during the first three to
four trials of the initial series, compared with the remain-
ing and subsequent tests. Therefore, a series of five to
seven &dquo;pretrials&dquo; was added to the protocol to allow pa-
tients to become acclimated to the testing device and to
allow their anterior tibial translation to reach

equilibrium.
During statistical analysis, it became evident that there

was occasionally insufficient muscle response data for a
separate analysis of the medial and lateral quadriceps
muscles. Consequently, the medial and lateral quadri-
ceps muscles were grouped together as simply the quad-
riceps muscle for statistical significance calculations.

Correlations between muscle strength and activity level
were calculated using a matrix of Pearson correlation
coefficients. All other comparisons were calculated using
paired, two-tailed Student’s t-tests. All significance was
determined at a level of P S 0.05, but was adjusted for
multiple comparisons.

RESULTS

Activity Level

The average subjective activity category for the study was
6.2 (range, 2 to 10).

Displacements

Baseline. The average anterior tibial translation in the
muscles-relaxed test was 4.25 mm (range, 1.71 to 8.93)
(Table 2). The average anterior tibial translation in the
muscles-responding test was 2.08 mm (range, 0.60 to

4.66).
Postfatigue. After muscle fatigue, all subjects displayed

an increase in average anterior tibial translation com-
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TABLE 2

Average Change in Anterior Tibial Translation from Baseline to Postfatigue (in milliseconds)

~ Postfatigue minus baseline.
b Significant difference (P < 0.05).

pared with the baseline (8 of 10 being statistically signif-
icant). Seven of 10 subjects exhibited an increase in laxity
from the first to second response trial after fatigue. The
average anterior tibial translation (response test) after
fatigue was 3.3 mm (range, 1.2 to 7.44). The average
percentage increase in anterior tibial translation after
fatigue was 32.5% (range, 11.4% to 85.2%).

Change in Average Muscle Reaction Time After Fatigue

During baseline muscle testing before exercise, the spinal
reflex was elicited 65% of the time in the medial quadri-

ceps, 80% in the lateral quadriceps, and 100% in the
gastrocnemius, lateral hamstring, and medial hamstring
muscles (Table 3). Intermediate and voluntary responses
were elicited consistently from all subjects in all muscle
groups. However, both muscle reaction time and the num-
ber of responses significantly decreased after the muscles
were fatigued.
Spinal Reflex. There was a statistically significant delay

in muscle reaction time in the spinal reflex of the medial
and lateral quadriceps muscles after fatigue (medial quad-
riceps, 60 to 80 msec; lateral quadriceps, 77 to 93 msec).

TABLE 3

Average Change in Muscle Reaction Time from Baseline to Postfatigue (in milliseconds)

a G, gastrocnemius; LH, lateral hamstring; MH, medial hamstring; LQ, lateral quadriceps; MQ, medial quadriceps.
b Significant decrease in number of responses from baseline to postfatigue.
C Significant change in response time (P <_ 0.05), adjusted for multiple comparisons.
d PRO, predominant recruitment order. °
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All muscle groups tested also showed a significant de-
crease in the number of responses from baseline to fatigue.
The percentage of muscle firing in both the medial and
lateral quadriceps muscles decreased 40% after exercise to
fatigue, and the firing rates of the hamstring muscles
similarly decreased (lateral hamstring, 30%; medial ham-
string, 35%). Interestingly, the muscle firing rate of the
gastrocnemius muscle decreased 45% after fatigue, even
though that muscle group was not specifically exercised on
the isokinetic dynamometer. The predominant muscle re-
cruitment order did not change from baseline to post-
fatigue (gastrocnemius, hamstring, quadriceps).
Intermediate Response. There was a significant delay in

muscle reaction time in the intermediate response after

fatigue for the medial and lateral quadriceps muscles.
There was also a significant decrease (30%) in the number
of intermediate responses after fatigue in the gastrocne-
mius muscle. The predominant muscle recruitment order
after muscle fatigue remained unchanged from the base-
line (quadriceps, hamstring, gastrocnemius).
Voluntary Response. There were delays in muscle reac-

tion time in the voluntary response to anterior tibial
translation after fatigue for all muscle groups tested

(three were significant-medial hamstring, lateral quad-
riceps, and medial quadriceps). Delay averaged 17.5% in
the gastrocnemius muscle, 13.5% in the hamstring mus-
cle, and 28.5% in the quadriceps muscle. Again, there was
a significant decrease (50%) in the number of responses
after fatigue in the gastrocnemius muscle. The predomi-
nant muscle recruitment order after fatigue did not

change (quadriceps, hamstring, gastrocnemius).

Relationship of Antenor Tibial Translation Increase and
Delay in Muscle Reaction Time

Spinal Reflex. No correlation was found between the
change in anterior tibial translation and the spinal reflex
of any of the five muscle groups.
Intermediate Response. The change in anterior tibial

translation strongly correlated with a delayed intermedi-
ate response time in the medial hamstring (P = 0.02) and
the quadriceps muscles (P = 0.035). The corresponding
correlations in the gastrocnemius and lateral hamstring
muscles were not significant. Interestingly, delayed inter-
mediate response time in the quadriceps muscle strongly
correlated (P < 0.001) with the percentage of quadriceps
muscle fatigue.
Voluntary Response. The change in anterior tibial trans-

lation strongly correlated with delayed voluntary response
time in the lateral hamstring (P = 0.02), quadriceps (P =
0.036), and gastrocnemius muscles (P = 0.045). The cor-
responding correlation in the medial hamstring was not
significant.

Strength and Activity Level

Strength (peak torque [in foot-pounds]/body weight [in
pounds]) of both the quadriceps and hamstring muscles
correlated with the activity levels of the participants

(quadriceps muscle, r = 0.83; hamstring muscle, r = 0.90)
(Fig. 1).

Men Versus Women

There were no significant differences between men and
women in terms of strength normalized to body weight,
percentage of fatigue, muscle reaction time, or anterior
tibial translation.

DISCUSSION

Previous work by Pope et a1.14 on the concept of a muscle
protection response at the knee joint indicated that volun-
tary muscle activity was too slow to prevent joint injury.
In fact, recent work by Yasuda et a1.26 documents ACL
failure as quickly as 35 to 70 msec after the application of
a damaging valgus force.

In this study, baseline testing demonstrated spinal cord
level responses occurring between 22 and 110 msec after

Figure 1. Strength (peak torque [in foot-pounds]/body
weight [in pounds]) of both the quadriceps and hamstnng
muscles correlated with the baseline activity levels of the
participants. A, activity level versus quadnceps muscle

strength. B, activity level versus hamstring muscle strength.
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the induced anterior tibial translation. Therefore, the pos-
sibility of spinal cord level protection against injury
should not be ruled out. Depending on the individual
muscle (gastrocnemius, lateral hamstring, medial ham-
string, lateral quadriceps, or medial quadriceps), the spi-
nal reflex was detected in 65% to 100% of the trials before

fatigue and less frequently after exercise (Table 3). The
significance of not always detecting a spinal reflex is un-
clear at this time. However, localized muscle fatigue is not
expected to increase spinal reflex latency even though a
delay in muscle reaction time is anticipated.’
The intermediate response represents activity at the

spinal cord level but depends on supraspinal input.5
Therefore, in this investigation, it was classified as corti-
cal-level activity. Anticipation of potentially damaging
forces would probably be needed to make this level of
control a factor in knee injury prevention because of the
time span to muscle activation involved. In the interme-
diate response segment of the EMG recording after fatigue
was induced, the muscle reaction time did increase in the
gastrocnemius, hamstring, and quadriceps muscles. Addi-
tionally, all voluntary muscle reaction times after fatigue
showed increases in duration. These findings are in agree-
ment with those reported by Sheerer and Berger,15 which
indicate that as little as a 15% decrease in maximum

strength can cause a reduction in muscle reaction time.
These findings are also in agreement with both Woods et
al .15 and Bigland-Ritchie et a1.,2 who reported a decrease
in motoneuron firing rates during muscle fatigue in the
upper extremity; the reason for this outcome was thought
to be that as motoneuron firing rates decrease, muscle
reaction time should lengthen. The findings in this study
do not agree with those of Greig et al.,’o who reported an
increase in the EMG activity-to-muscle force ratio after
fatigue. In this study, EMG activity (especially at the
spinal cord level) appeared to decrease with fatigue.
Although the changes in anterior tibial translation after

muscle fatigue reported in this study are relatively small
(range, 0.2 to 4.7 mm), they appear to be real in light of our
previously published reproducibility data.21 However, we
continue to view these changes with caution because the
significance of this level of change in anterior tibial trans-
lation is not known in terms of knee joint kinematics in
the short or long term. The increases in anterior tibial
translation in most participants reported in this study
exceed the increases Steiner et al., 17 who used a knee
arthrometer to measure anterior tibial translation after

sports activity in an athletic population, reported (average
increase of 0.5 mm; 18% to 20%) after either 90 minutes of
basketball practice or a 10-km race. Grana and Muse 

9

reported very similar data in a group of healthy controls
who exhibited a 21% increase in anterior tibial translation

(0.1 to 0.9 mm) after 20 minutes on a bicycle ergometer at
60% of Vo2max for untrained persons ages 20 to 39 years.
Similarly, Stoller et al.18 reported a 14% increase in rota-
tional laxity (in millimeters) of the tibia at 90° of knee flexion
using a 10 N-m load after a 30-minute, 3.5-mile run.

Currently, the exact source and distribution of the in-
creased anterior tibial translation in this study is unclear,
but a combination of sources is most likely, namely, vis-

coelastic changes in the collagenous tissues of the knee
and fatigued muscle stabilizers. Cyclic loading of tendons
and ligaments during exercise can account for up to a 5%
increase in tendon and ligament length. 1, 23 This can, in
part, be due to an increase in temperature, which was not
monitored in this study.12,24 Because the average ACL
length has been reported at 38 mm,’ a 5% strain would be
expected to produce an additional 1.9 mm in ACL length.
However, this rate of strain could not account for the
11.4% to 85.2% increase in anterior tibial translation re-

ported here. Also, with this slight increase in length, cy-
clically loaded collagenous tissues can be expected to show
a proportional decrease in stiffness, causing a reduction in
ligament strength to failure.2o

Interestingly, this increase in anterior tibial translation
(11.4% to 85.2%) may best be explained by the fatiguing of
the active knee stabilizers: the quadriceps and hamstring
muscles. Keep in mind that Bongiovanni and Hagbarth 3
have shown that intrafusal muscle fiber fatigue leads to a
reduction in the voluntary drive conveyed to the alpha-
motoneurons via the gamma loop. With this decrease in
voluntary drive, a decrease in the force of hamstring,
quadriceps, and gastrocnemius muscle contractions across
the knee would be expected. Markolf et a1.13 predicted a
1-mm increase in anteroposterior translation of the tibia
with each 100 N decrease in joint compressive load. Their in
vitro work suggested that if the peak torque of knee stabi-
lizing muscles decreases, knee joint laxity would increase.
Muscles-relaxed anterior tibial translation tests after

muscle fatigue would have helped answer the question
concerning the origin of the increase in anterior tibial
translation. Unfortunately, true EMG-monitored muscle
relaxation was not possible; several subjects could not
fully relax their lower extremities after their exercise pe-
riods because the workouts were vigorous.

Currently, efforts continue to determine which param-
eters in which muscles at what neural control level are the
most important for dynamic knee joint stability. Various
conditioning programs have been tested to see if these
muscle reaction parameters can be altered.22

CONCLUSIONS

1. Quadriceps and hamstring isokinetic muscle exercise
to the point of muscle fatigue (50%) can increase anterior
tibial translation at the knee.

2. The viscoelastic properties of the collagenous tissues
supporting the knee cannot alone account for the in-

creases in anterior tibial translation seen after exercise.

The increases in anterior tibial translation appear to be

due, in part, to fatiguing the quadriceps and hamstring
muscles.

3. Hamstring and quadriceps muscle fatigue does not
appear to change the order of muscle recruitment in re-
sponse to anterior tibial translation. However, muscle re-
action time is slowed after fatigue.

4. The null hypothesis of this investigation was rejected
because fatigue does appear to change the muscle reaction
time and anterior tibial translation parameters at the
knee.
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