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ABSTRACT

Weight training is an integral part of most athletic con-
ditioning programs; yet, the effect of these programs
on neuromuscular function remains unclear. To exam-
ine the neuromuscular effects of training and condition-
ing at the knee joint, 32 volunteers (16 men and 16
women; average age, 25.4 years) were placed into one
of four groups: isokinetic, isotonic, agility, or control.
Each group trained 3 days per week for 6 weeks. The
knee function of all participants was evaluated just
before and after the 6-week training period. The agility-
trained group significantly improved the spinal reflex
times of the lateral and medial quadriceps muscles in
response to anterior tibial translation. The cortical re-
sponse time of the agility group also significantly im-
proved in the gastrocnemius, medial hamstring, and
the lateral quadriceps muscles. Interestingly, the corti-
cal response time of the medial hamstring and the
medial quadriceps muscles in the isokinetic group
slowed significantly, by 39.1 and 32.4 msec, respec-
tively, after 6 weeks of training. Isotonic and isokinetic
strength training of the lower extremities do not appear
to improve muscle reaction time to anterior tibial tfrans-
lation, whereas agility exercises potentially improve
this parameter.

Weight training and physical conditioning have become
year-round requirements for sports, such as football and
basketball, at the upper levels of competition. The physi-
ologic effects of these progressive resistance exercise pro-
grams ° have been investigated extensively, including the
hormonal*® and electromyographic”*? changes that re-
sult from training. These programs are designed to im-
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prove muscle strength, endurance, and skill while de-
creasing the chance of injury at susceptible joints such as
the knee.? Strength and endurance are important muscle
performance criteria for athletic endeavors; however, the
biomechanical mechanisms by which these features pro-
tect the extremities against injury remain unclear.

Traditionally, strength has been emphasized as the
most important element in training and conditioning pro-
grams designed to protect the knee. Muscle strength is
quantifiable, and it is comparable with other anthropo-
metric data, such as body weight. Strength in the quadri-
ceps, hamstring, and gastrocnemius muscles can protect a
knee only when joint compression is achieved in a timely
fashion, which allows knee joint surface congruency to
become a stabilizing element by resisting rotation or shear
forces. Therefore, muscle reaction times and the time
needed to generate peak muscle torque appear to be im-
portant parameters to consider in injury prevention be-
cause they determine how rapidly dynamic control can be
activated to stabilize the knee against deforming forces.?

The neuromuscular effects of athletic training in the
ACL-deficient knee have been investigated and direct cor-
relations were found among muscle reaction time, insta-
bility symptoms, and athletic performance.?! How crucial
muscle reaction times are to normal extremities for joint
stabilization and injury prevention remains unknown?4;
yet, the clinical importance of muscle reaction times
seems obvious.?

The primary goal of our investigation was to determine
the effects of various exercise regimens (isotonic, isoki-
netic, and agility) on the muscle reaction time and time to
peak muscle torque of the muscles crossing the knee joint
(i.e., the quadriceps, hamstring, and gastrocnemius mus-
cles) that are capable of knee joint compression and may
ultimately resist anterior tibial translation.

MATERIALS AND METHODS

Epidemiology

Thirty-two healthy volunteers (16 men and 16 women,;
average age, 25.4 years) were placed into one of four
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groups: isokinetic, isotonic, agility, or control. We thought
that because of the required intense training, self-motiva-
tion was a critical element to the success of the study.
Therefore, group selection was based on patient choice
rather than by random assignment. With the exception of
one member of the control group, all subjects were right-
leg dominant (dominance was determined by the leg used
to kick a ball). In addition, there were no significant dif-
ferences in age or activity level between each training
group and the control group. All three training groups
exercised for 30 minutes three times per week for 6 weeks.

Isokinetic Protocol

The isokinetic protocol included knee flexion and exten-
sion and ankle plantar flexion and dorsiflexion exercises
on an isokinetic dynamometer (Biodex Corp., Shirley, New
York). Peak muscle torque (strength), work fatigue (en-
durance), and time to peak torque were recorded. All
strength and endurance levels were standardized for the
body weight of the volunteer (torquelin foot-pounds}/body
weight[in pounds] X 100%). The protocol consisted of 3
sets of 12 repetitions at 60 deg/sec for each exercise. This
relatively slow speed was chosen because greater improve-
ments in peak torque have been reported with training at
60 deg/sec than with faster isokinetic speeds.’®

Isotonic Protocol

The isotonic protocol consisted of 3 exercises (using the
maximum weight resistance tolerated for 3 sets of 12
repetitions): leg press (knee extension), hamstring muscle
curls (knee flexion), and calf muscle raises (ankle plantar
flexion). For the leg press, the subjects sat at the leg press
machine with their knees at 90° of flexion while pushing
the weight to within 10° of full knee extension. The work-
out of the gastrocnemius and soleus muscles was also done
on the leg press machine. The knees were at full extension
while the midfoot was placed on the foot plate, thus allow-
ing full plantar flexion and dorsiflexion at the ankle. The
hamstring muscle curls were performed with the subjects
in the seated position and their knees flexed from 0° to
90°. All subjects recorded their resistance improvements
to monitor daily progress.

Agility Training Protocol

The agility training protocol consisted of five drills regu-
larly used in ACL rehabilitation programs and had been
used in a previous pilot study. These drills attempt to
strengthen and coordinate the lower extremity muscle
groups that stabilize the knee during physical activity.
The drills were as follows: 1) slideboarding (5 sets of 25
crossings), 2) unilateral bounding “box hop” jumps (3 sets
of 10 repetitions), 3) carrioca (i.e., foot crossover drills, 3
sets of 10 repetitions), 4) Figure-of-8 runs (3 sets of 5
circuits in both directions), and 5) backward runs (3 sets of
10 repetitions at 15 feet). The agility group performed
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each exercise as quickly and as accurately as possible.
Progress was measured by the time needed to complete
each exercise.

Control Group

The control group participated only in activities of daily
living and the recreational sports that they were involved
in before the study. However, the control group refrained
from any sports-related muscle training or conditioning
during the 6-week training period.

Testing Protocol

All participants underwent arthrometer (KT-1000, MED-
metric Corp., San Diego, California) anterior tibial trans-
lation testing, isokinetic peak torque and endurance tests
at 60 and 240 deg/sec for knee flexion and extension, 60
and 180 deg/sec for ankle plantar flexion, and an anterior
tibial translation stress test at the knee with surface EMG
monitoring.?!

Anterior Tibial Translation Stress Test

This test was designed to measure anterior tibial transla-
tion in reference to the femur in response to an anteriorly
directed 30-pound step force applied to the posterior as-
pect of the proximal tibia with the lower extremity mus-
cles 1) relaxed and 2) responding to the displacement (Fig.
1). Surface electromyography was recorded at the follow-
ing five muscle locations during force application: gastroc-
nemius, lateral hamstring, medial hamstring, lateral
quadriceps, and medial quadriceps. Tibial displacement
relative to the femur was quantified by two linear poten-
tiometers: the first on the patella and the second on the
tibial tuberosity.

During testing at 30° of knee flexion, participants were
seated on a support specifically designed to allow uninhib-
ited hamstring muscle activity. The foot was strapped to a
scale to monitor weightbearing status (maintained at 20
to 30 pounds) while the ankle was kept in 10° to 15° of
dorsiflexion. Two bipolar surface electrodes (Hewlett
Packard, Waltham, Massachusetts) were placed longitu-
dinally over the midregion of each muscle group, 3 cm
apart. The raw EMG signals were amplified at 100 uV/V
and fed into a Zenith Data Systems 286 computer (Zenith
Data Systems, St. Joseph, Michigan) for acquisition and
analysis. The EMG recordings were sampled at a fre-
quency rate of 1000 Hz during a 2.5-second time frame
beginning 0.5 seconds before the onset of the anteriorly
directed force.

Two types of muscle tests, relaxed and response, were
performed on each subject. One test was performed with
the lower extremity muscles at rest (i.e., relaxed) while
the force was applied. If muscle activity was detected on
EMG readings before force application, the test was dis-
carded and repeated. The muscle response tests were per-
formed by asking the participants to contract their lower
extremity muscles as soon as they detected the anterior
tibial displacement. Ten trials of each test were recorded
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Figure 1. Knee testing apparatus measures anterior tibial
translation in reference to the femur in response to an ante-
riorly directed 30-pound step force applied to the posterior
aspect of the leg.

and the results were averaged. To prevent anticipation of
anterior force application, randomized time delays (range,
0.1 to 10 seconds) were used before force application. All
visual and audio clues associated with the force applica-
tion were eliminated. The reproducibility of this anterior
tibial translation stress test was reported previously by
Wojtys and Huston.??

Data Analysis

The muscle reaction times were calculated by measuring
the time delay between the onset of the 30-pound stimulus
and the beginning of muscle activity. Three regions of the
EMG signal were analyzed as follows: 1) spinal reflex, 2)
intermediate response, and 3) voluntary muscle activity.*!
Each of these responses has specific time and shape char-
acteristics that were used to identify three portions of the
EMG recording.?! The spinal reflex is a monosynaptic
response that resembles a tendon tap on a physical exam-
ination. This reflex occurred between 26 to 130 msec after
the initiation of the tibial displacement. The intermediate
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response appears to be a spinal reflex with interneuronal
input from higher centers and resembles the late response
seen during electric nerve stimulation. This response oc-
curred between 110 and 216 msec after the onset of the
displacing force. The intermediate response is biphasic
and routinely occurs just before voluntary activity. Volun-
tary muscle activity is always the largest in amplitude
(two times that seen in the spinal reflex), biphasic, longest
in duration, and it began between 156 and 431 msec after
the initiation of anterior tibial translation in this study.

Statistics

We performed a power analysis to determine the number
of subjects needed in each group based on the results from
a pilot study. One-way analysis of variance for repeated
measures was used to identify differences, with Tukey’s
post hoc test used to determine significance between
groups. An adjusted significance level of P = 0.01 was
employed to account for the repeated measures proce-
dures. Correlations were performed using the Pearson
correlation matrix method with Bonferroni’s adjusted
probability.

RESULTS

Knee Laxity

No significant differences (P < 0.01) were found between
the control group and each of the three training groups in
either KT-1000 arthrometer measurements or anterior
tibial translation stress testing (muscles contracted) be-
fore or after 6 weeks of training. However, anterior tibial
translation stress testing (muscles relaxed) in the isotonic
group showed a statistically significant increase of 0.83
mm when compared with the control group after training.

Strength

All strength testing at 0 and 6 weeks (peak torque and
endurance) was performed on an isokinetic dynamometer
(Table 1). The isokinetic group was significantly stronger
in knee extension and ankle plantar flexion peak torque
after 6 weeks of training when compared with the control,
agility, and isotonic groups. Knee extension strength in-
creased 7.2% and ankle plantar flexion strength improved
18.9%. No differences were found in the knee flexion peak
torque after 6 weeks of training in the isokinetic group.
Interestingly, no increase in isokinetic strength was found
in the isotonic or the agility groups after the training

TABLE 1
Average Change in Strength after 6 Weeks of Training®
Exercises Control  Agility  Isokinetic  Isotonic
Knee extension -2.2 ~0.7 7.2% -0.3
Knee flexion -0.6 0.9 -0.3 1.5
Ankle plantar flexion  ~1.9 2.3 18.92 3.8

¢ Percentage of strength equals peak torque (in foot-pounds)
divided by body weight (in pounds) times 100.
® Significant compared with the control group at P < 0.01 level.
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program. All strength values were normalized with re-
spect to body weight to standardize results.

Endurance

There were no significant differences in the endurance
rates of knee flexion, knee extension, or ankle plantar
flexion in any of the groups either before or after training.

Muscle Reaction Time

Spinal Reflex. In the agility-trained group, the partici-
pants generated a spinal level reflex in response to ante-
rior tibial translation in the medial and lateral quadriceps
muscles an average of 13.8 and 15.4 msec earlier than the
other groups (Table 2). No other changes at the spinal cord
level were significant.

Intermediate Response. The intermediate response of
the medial hamstring muscles of the agility-trained group
significantly improved by 18.1 msec after training (P =
0.01). No other statistically significant changes were
found in other muscle groups of any training group (Table
2).

Voluntary Response. Three of the five muscles tested in
the agility group demonstrated significant reductions in
voluntary response times: gastrocnemius muscle (15.7
msec), medial hamstring muscle (34.4 msec), and lateral
quadriceps muscle (27.9 msec) (Table 2). The lateral ham-
string and medial quadriceps muscles also improved after
the 6-week program; however, this change was not statis-
tically significant.

The response times in the isokinetic group were slower
in all five muscle groups, with the medial hamstring (39.1

TABLE 2
Average Change in Muscle Reaction Time after 6 Weeks of
Training (in milliseconds)

Groups
Category”
Control Agility Isokinetic Isotonic

Spinal reflex

G 7.0 -5.8 6.6 8.9

LH -3.3 —-3.5 —6.3 -1.9

MH -5.7 -2.3 -1.3 -7.5

LQ 8.9 —15.4° 9.3 6.2

MQ 16.8 —13.8° 24
Intermediate

response

G -5.8 -2.8 0.7 -9.2

LH —4.2 =5.7 0.3 -4.0

MH 0.3 —18.1% —-4.4 -2.8

LQ -3.8 —-12.3 1.6 —6.4

MQ -5.5 -12.5 7.8 —8.6
Voluntary

reponse .

G 11.8 —15.7% 15.1 51

LH -4.1 —-20.0 21.7 0.5

MH —-4.5 —34.4° 39.1° 2.5

LQ 0.8 -27.9° 0.4 8.3

MQ 5.7 -9.7 32.40 10.9

¢ @G, gastrocnemius; LH, lateral hamstring; MH, medial ham-
string; LQ, lateral quadriceps; MQ, medial quadriceps.
b Significant compared with the control group at P < 0.01 level.
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msec) and medial quadriceps (32.4 msec) muscles showing
significant delays. The isotonic group’s responses showed
insignificant change after 6 weeks of training.

Time to Peak Torque

No statistically significant differences were found in time
to peak muscle torque within or among groups after 6
weeks of training for knee extension, flexion, or ankle
plantar flexion at 60 deg/sec, but several trends were seen
(Fig. 2). All training groups improved the time to peak
muscle torque in knee extension, with the agility group
showing the largest improvement (39 msec). The isotonic
group showed the smallest change, with an average im-
provement of 9 msec. Interestingly, the control group im-
proved an average of 11 msec.

The time to peak muscle torque for knee flexion in the
agility group improved by the greatest margin (38 msec).
The times from the isotonic group were slower (31 msec).

The time to peak muscle torque for ankle plantar flexion
in the isokinetic group improved by an average of 15 msec.
The other two training groups were slower after 6 weeks of
training (agility, 7 msec; isotonic, 6 msec).

The isokinetic group was the only training group to
decrease the time to peak muscle torque in the quadriceps,
hamstring, and gastrocnemius muscles. The time to peak
muscle torque in ankle plantar flexion of the agility-
trained group significantly improved by 74 msec at 180
deg/sec. The time to peak muscle torque in knee extension
and flexion showed no change in any training group.

Correlations

The spinal, intermediate, and voluntary response times
were compared with the knee extension, knee flexion, and
ankle plantar flexion peak torque/body weight results. No
strong correlations were found between strength and mus-
cle reaction time using the Pearson correlation matrix
method of comparison.
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Figure 2. The average change in time to peak muscle
torque in the quadriceps, hamstring, and gastrocnemius

muscles between 0 and 6 weeks.
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Injuries

Unfortunately, an alarming number of participants in the
isokinetic group developed knee pain during training.
Three of the eight subjects in the isokinetic group devel-
oped patellar tendinitis and had to be removed from the
study because of unacceptable levels of pain during the
workouts. One subject in the agility group was removed
from the study after 2 weeks because of a lateral ankle
sprain that occurred while performing the carrioca drills.

DISCUSSION

The goal of our investigation was to determine which
exercise regimen could improve the muscle reaction times
of the quadriceps, hamstring, and gastrocnemius muscles
needed to stabilize the knee joint against anterior tibial
translation by joint compression and to see which exercise
programs improve the time needed to reach peak muscle
torque in muscles that cross the knee joint. Previous in-
vestigations of the effects of training on muscle reaction
time, which did not involve anterior tibial translation,
have produced mixed results.®*! Thara and Nakayama!*
reported no improvement in muscle reaction time in knee
muscles with isometric training, and Francis and Tiptron®
documented a 5% improvement in the quadriceps muscle
reflex time with 6 weeks of isotonic training. The testing
performed by Francis and Tiptron, however, used a tendon
tap test rather than tibial translation, making data com-
parison with this study difficult.

All three training regimens in this study emphasized
the quadriceps, hamstring, and gastrocnemius muscles in
regular exercise sessions. Surprisingly, only the agility-
trained group had significant improvements in muscle
reaction times at the spinal cord, intermediate, and vol-
untary muscle response levels. The voluntary muscle re-
action time of all five muscles in the agility group im-
proved; statistically significant changes resulted in three
muscle groups. These improvements in muscle reaction
time may initially appear minuscule, but they approach
the length of time reported by Yasuda et al.2? to elapse
between the start of a deforming force and the rupture of
an ACL in vitro.

More surprising than the improvements in the muscle
reaction time was the significant slowing of the voluntary
muscle reaction times in the medial hamstring and medial
quadriceps muscles seen with isokinetic training. This
apparent slowing is cause for concern. If this is accurate
and if this finding is consistent in training studies per-
formed at higher speeds, the adage that weight training
negatively affects quickness and fine motor skills may be
true. In the past, some coaches had feared weight training
for athletes in finesse sports because they observed slowed
or poorly coordinated activity performance with this type
of training. For years, weight training was discouraged in
basketball players and baseball pitchers where fine motor
skills were emphasized, but it was encouraged in football
linemen where power and strength were thought to be
most important. At this time, however, our findings need
to be kept in perspective.
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Improvements in the time needed to reach peak muscle
torque were seen with isokinetic training at 60 deg/sec in
the hamstring, quadriceps, and gastrocnemius muscles.
Muscle reaction time is only one parameter in a complex
system that is not fully understood. Weight training obvi-
ously has many potential benefits, such as the improve-
ments in time to peak muscle torque, and should not be
discarded based on our findings alone.

The slower voluntary muscle reaction time seen after 6
weeks of isokinetic training in this study appears to con-
trast the work of Pipes and Wilmore,'® which suggests
that isokinetic training improves motor task performance.
Typical motor tasks include the vertical jump, the 40-yard
dash, and the softball throw. In the study by Pipes and
Wilmore, isokinetic training at 136 deg/sec produced more
favorable results than either slower speed isokinetic train-
ing (24 deg/sec) or isotonic training, which produced no
motor task improvements. Our report emphasizes the
need to examine not only the mode but the speed of train-
ing when designing programs for sport-specific skills.

The apparent improvement in muscle reaction time and
time to peak muscle torque seen with agility training may
be attributed to the repetition of quick quadriceps-ham-
string-gastrocnemius muscle contractions, which are
needed to stabilize the knee joint during jumping, twist-
ing, and pivoting. Although the isotonic and isokinetic
programs did isolate and activate the same muscle groups,
the emphasis on dynamic, coordinated muscle function
was not the same. The isotonic and isokinetic programs
used in this study emphasized strength acquisition and
were performed at slower speeds than the agility training.

When tested isokinetically for peak torque, only knee
extension and ankle plantar flexion in the isokinetic group
improved significantly during the 6-week training period.
The lack of improvement in knee flexion strength in this
group was unexpected. However, the lack of isokinetic
change in the agility and isotonic groups probably reflects
the specificity of these training and testing modes. Al-
though isotonic and agility performance improved during
training, this improvement was not reflected in the results
of the isokinetic strength tests. This lack of crossover is
consistent with the results reported by Pipes and Wil-
more,'® who used isokinetic and isotonic strength training
in adult men.

In general, the strength improvements experienced in a
6-week program can probably be attributed to improve-
ments in neural activation rather than muscle hypertro-
phy %1720 or improvements in body coordination.5-16-19
This neural explanation for torque improvements is also
reflected in the time to peak muscle torque changes seen
with training (Fig. 2).

The time to peak muscle torque data may be as important
as the muscle reaction time data. To prevent injury, large
muscle forces may be needed, making both muscle reaction
time and time to peak muscle torque key parameters to
study. At 60 deg/sec, which is a slow speed compared with
activities of daily living (e.g., walking is approximately 220
deg/sec), most muscle groups showed improvement in the
time to peak muscle torque after 6 weeks of training. Inter-
estingly, the control group improved by an average of 11



192 Wojtys et al.

msec, suggesting a learning effect with repeat testing. The
agility group showed the largest change in the time to peak
muscle torque for the quadriceps and hamstring muscles,
although the changes were not significant (Fig. 2). Surpris-
ingly, the isotonic group showed a slower hamstring muscle
response after 6 weeks of training, which is difficult to ex-
plain. Hikkinen and Komi'! reported improvements in the
time to peak muscle torque with isotonic training (3 times
per week for 16 weeks) for the quadriceps muscles. This
improvement was attributed to an increase in muscle spin-
dle sensitivity.

Because the agility-trained group improved an average
of 74 msec in the time to peak muscle torque for the
gastrocnemius muscle, this program may be best suited
for training the gastrocnemius muscle. No other muscle in
any training group showed such improvement at either
isokinetic speed. Other specially designed programs may
be able to challenge the quadriceps and hamstring mus-
cles to a greater degree.

The lack of correlation seen between muscle reaction
time and the time to peak muscle torque in this study is
important to note and has been reported previously.'*
Both parameters depend on neural pathways and occur
sequentially. Both appear to be needed for effective limb
protection but seem affected by different training factors.

Although it is tempting to draw conclusions regarding
athletic training from this study, the muscle performance
parameters measured are only two of the many indices avail-
able for evaluation and may not represent the most impor-
tant factors in terms of knee joint stabilization and injury
prevention. With these limitations in mind, it appears that
agility training has the most beneficial effect on muscle
reaction time, but agility and isokinetic training affect the
time to peak muscle torque most significantly. Incorporation
of such training techniques to prepare for sports that require
jumping and pivoting appears justified at least until better
indices of performance, other than muscle reaction time and
time to peak muscle torque, can be identified.

In terms of knee laxity testing, with muscles relaxed
and contracted, the minimal change in anterior tibial
translation during 6 weeks of training was not surprising;
no large change in laxity was expected. The isotonic group
was the only group to show a statistically significant
change (0.83 mm) in anterior tibial translation, and this
change is probably not clinically significant.

One shortcoming of this study was that individuals
were not randomly assigned to training and control
groups. Individuals were allowed to select their training
preferences and four participants (agility, one; isokinetic,
three) dropped out during the 6-week training period be-
cause of injuries.

CONCLUSIONS

Isokinetic, isotonic, and agility training regimens do ap-
pear to affect the muscle reaction time both positively and
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negatively in the quadriceps, hamstring, and gastrocne-
mius muscles in response to anterior tibial translation.
Peak torque, time to peak torque, and endurance are
independent variables affected by muscle training and
may not correlate with muscle reaction time in perfor-
mance evaluations. Agility training seems to produce the
most desirable effects in muscle reaction time in this
model of anterior tibial translation control, but agility and
isokinetic training appear to improve the time to peak
muscle torque the most consistently.
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