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ABSTRACT

Severe ankle injuries can require extended periods of
immobilization that adversely affect the strength of the
ankle muscles. We have investigated a single-leg
strength training program of the muscles surrounding
the ankle to determine if it produces a crossover ben-
efit for the contralateral ankle muscles. Twenty sub-
jects without any history of ankle injuries were ran-
domly divided into a control and a training group. Both
groups underwent isokinetic testing of the ankle mus-
cles at the beginning and end of an 8-week period. The
control group maintained normal activities between the
tests. Half of the training group trained the dominant
leg only and the other half trained the nondominant leg
only for the 8-week period, three times per week. The
subjects who trained the dominant leg improved peak
torque values by 8.5% in the trained leg and 1.5% in
the untrained leg. Similarly, the subjects who trained
the nondominant leg improved peak torque values by
9.3% in the trained leg and 3.5% in the untrained leg.
In contrast, the control group showed no significant
change in peak torque, power, or endurance between
the initial and final tests. With improvements in peak
torque as high as 40% in the trained leg and a cross-
over benefit of 19% in the untrained leg in eccentric
inversion, this strength training technique deserves fur-
ther investigation in an injured population where the
benefits may be more substantial.

The ankle is the most commonly injured joint in athletes.4

Ankle injuries are responsible for up to 25% of the time
lost to injuries in running and jumping sports.15 Injuries
of the ligaments and bones around the ankle joint often
require extended periods of immobilization to allow ade-
quate time for healing. Unfortunately, immobilization,
even for short periods of time, can result in undesirable
joint stiffness and weakness of the muscles around the
affected joint. Various methods have been investigated to
limit the deleterious effects of joint immobilization in the
knee and other joints.1,3,16,20 In a review of available
prospective, randomized studies of ankle injuries, Kannus
and Renstrom12 found functional treatment to be the
treatment of choice. This consisted of rest, ice, compres-
sion, and elevation (RICE) during the immediate period
after injury; early immobilization and protection to control
pain and swelling; and range of motion exercises followed by
weightbearing and strength training for the peroneal mus-
cles. Several authors have recommended early, controlled
mobilization in a brace or hinged cast,6,11,19 continuous pas-
sive motion of the joint,19 electrical stimulation of the mus-
cles surrounding the injured joint,2,5 and various strength
training regimens.11,19

Another method for the prevention of muscle atrophy
around an injured joint is a strength training program for
the contralateral, uninjured limb with the goal of obtain-
ing a crossover benefit in the untrained ankle. “Cross-
education”—the ability for exercise of one limb to cause an
increase in the strength of the contralateral unexercised
limb—was originally described by Scripture et al.17 in
1894 and has since been evaluated in the knee and upper
extremity by several investigators.7,13,14,19

Shaver18 observed that resistive weight training in-
creased static elbow flexion strength in the exercised arm
as well as the unexercised arm. Krotkiewski et al.14 noted
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that in 10 healthy middle-aged women, isokinetic single-
leg exercises performed over a 5-week duration resulted in
a significant increase of strength in the exercised leg (14%
to 26%) with a lesser increase in the nonexercised leg (4%
to 13%). Komi et al.13 observed six pairs of monozygous
twins in a controlled study and found that after 12 weeks
of isometric strength training, isometric knee extension
strength had increased 20% in the trained legs and 11% in
the untrained legs. The control subjects did not demon-
strate any improvement. In a randomized, controlled
study on the effects of single-leg exercise on the strength
of the contralateral leg, Kannus et al.10 found there was a
significant crossover benefit from the trained leg to the
untrained leg in both the quadriceps and hamstring mus-
cles after an 8-week training period. The average improve-
ments in peak torque of the quadriceps muscles were 19%
in the trained limb, 11% in the untrained limb, and 0% in
the control limbs. For the hamstring muscles, changes
were 14%, 5%, and 21%, respectively. Similar improve-
ments were seen in muscle endurance and power.

Clinicians have applied the results from the aforemen-
tioned studies in their practice as evidenced by the common
recommendation to perform exercises for both the injured
and uninjured leg during lengthy rehabilitation programs
such as those employed after ACL reconstruction.19

Although it has been demonstrated that training the
muscles around one knee improves the strength of the
contralateral knee, the same phenomenon has not been
previously investigated in the ankle. Therefore, our pur-
pose was to examine the effects of a single-leg strength
training program on the muscles of the contralateral, un-
trained ankle in a prospective, randomized, controlled
manner.

MATERIALS AND METHODS

Subjects

Twenty healthy subjects, 10 men and 10 women between
the ages of 18 and 40 years, volunteered to participate in
the study. The subjects were in good general health and
were moderately active at the beginning of the study.
None of the subjects had a history of ankle injury, used
medications regularly, or regularly participated in a
strength training program such as weight lifting. The
study was approved by the Institutional Review Board. All
participants were apprised of the study procedure and the
known risks involved and gave their informed consent
before participation. Before the first test, limb dominance
was noted by the subject’s preference in kicking a ball and
taking off in a single-legged hop.

Test Protocol

All 20 participants underwent isokinetic strength testing
using a Cybex 6000 isokinetic dynamometer (Cybex, divi-
sion of Lumex, Ronkonkoma, New York) of both ankles
two times, once at the beginning and once at the end of
an 8-week period. In both the initial and final test, the
order of legs tested was randomly determined. Before

testing, each subject warmed up for 5 minutes with aero-
bic, low-resistance ergometer cycling. Isokinetic testing of
the ankle was measured in four directions—dorsiflexion,
plantar flexion, inversion, and eversion—and in two
modes—concentric and eccentric—at two different
speeds—30 and 120 deg/sec (Table 1). The order of the
modes and directions was not randomized but proceeded
in the order determined by the Cybex testing module for
the ankle joint. Standardized positioning for the testing
was done according to the Cybex Isolated Joint Testing
and Exercise Handbook.9

For each trial, each subject was permitted to practice
five repetitions before the start of testing. Between each
test, the subject was allowed to rest for 2 minutes. After
the endurance set of 25 repetitions, 5 minutes of rest were
allowed. On completion of the test protocol with one leg,
subjects were permitted to walk and stretch for 5 minutes
before repeating the test protocol with the opposite leg.
Verbal encouragement was given during the exercises.
Subjects wore the same athletic shoes at the initial and
final tests. On the Cybex dynamometer, all the settings
and adjustments were recorded during the initial test and
duplicated during the final test. Subjects were instructed
not to contract the muscles of the opposite leg during the
testing procedure and were not allowed to grip the handles
of the machine during the testing.

Study Design

Each subject had their initial ankle strength tested on
recruitment into the study. After completing the test, sub-
jects were randomly assigned to either the control group
or the training group. There were five men and five
women in each group. Within the training group, five
subjects were randomly assigned to train the dominant
ankle as determined before the initial test, while the other
five were assigned to train the nondominant ankle. The
training leg determination was randomized so that men
and women were equally divided. The training groups
returned to our facility to perform a strength training
program for one ankle three times per week for 8 consec-
utive weeks. The subjects in the control group were in-
structed to resume their normal activities and were pro-
hibited from starting any strength training program for
the lower extremities. At the end of 8 weeks, each partic-

TABLE 1
Isokinetic Test Protocol for the Ankle Using the

Cybex 6000 Dynamometer

Direction of movement Mode Speed
(deg/sec) Repetitions

Plantar flexion/dorsiflexion Concentric 30 5
Concentric 120 10
Concentric 120 25
Eccentric 30 5
Eccentric 120 10

Inversion/eversion Concentric 30 5
Concentric 120 10
Concentric 120 25
Eccentric 30 5
Eccentric 120 10
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ipant returned for a follow-up strength test of both ankles
using the same protocol as described for the initial test.

Outcome Measures

Peak torque was measured at 30 and 120 deg/sec in each
direction—dorsiflexion, plantar flexion, inversion, and
eversion—in both the concentric and eccentric modes.
Power was measured during the best exercise repetition at
30 and 120 deg/sec in each direction in both the concentric
and eccentric modes. Endurance was measured as the
work done during one set of 25 repetitions at 120 deg/sec
for each direction in only the concentric mode. The out-
come measurements of peak torque, power, and endur-
ance were normalized for body weight for all the subjects.
These outcome measures were recorded at two time
points, the initial and final tests, 8 weeks apart.

The primary outcome measure of this study was
strength measured as peak torque. We based our power
calculation on the ability to detect a 10% change between
the initial and final tests in the trained groups. The sec-
ondary outcome measures were power and endurance
(work done). The three-way interaction of training group,
leg, and time in the repeated measures analysis of vari-
ance would best detect the differences among the groups.
The sample size was calculated to yield 80% statistical
power for the study based on previous test-retest data of
ankle Cybex measurements taken earlier by one of us
(DMA) (unpublished data).

Training Program

Subjects assigned to the training groups returned to our
facility three times per week to perform the strength
training program for the 8-week period between ankle
strength tests. At each visit, subjects warmed up with 5
minutes of low-resistance ergometer cycling. The strength
training program consisted of isokinetic exercises per-
formed in the four directions of movement in both concen-
tric and eccentric modes. Between each set of repetitions,
the subject was allowed 30 seconds of rest. After the com-
pletion of the endurance set of 25 repetitions, 2 minutes of
rest was allowed. Five of the 10 subjects trained the ankle
muscles of their dominant leg and the other 5 trained the
ankle muscles of the nondominant leg. The subjects did
not perform any strength training exercises with the con-
tralateral ankle. A single investigator supervised each
training session. Special attention was given to ensure
that each subject kept the untrained leg as relaxed as
possible during the training. The total time for carrying
out the training program was 30 to 45 minutes for each
session. The training regimen is outlined in Table 2.

Data Analysis

The data management and analyses were performed us-
ing BMDP, Version 2 (BMDP Statistical Software, Los
Angeles, California) and SAS Version 6 (SAS Institute,
Cary, North Carolina). The outcome variables of peak
torque (strength), power, and endurance (work done) were

examined using a repeated-measures analysis of variance
(ANOVA).

Analysis of variance tables were constructed to summa-
rize the main interaction effects for the groups (control,
dominant leg training, nondominant leg training), leg
(dominant or nondominant), direction of movement (dor-
siflexion, plantar flexion, inversion, and eversion), mode of
exercise (concentric and eccentric), speed of movement (30
and 120 deg/sec), and time (the initial and final tests). The
given significance levels are two-tailed. In all tests, an a
level of 0.05 was considered significant. Appropriate post
hoc testing of the significant differences was performed
using Scheffé’s method.

RESULTS

Strength

For the outcome measure of strength (peak torque) there
was a significant three-way interaction among the vari-
ables of group, leg, and time (P 5 0.0142). There were no
significant higher-order interactions. For all directions,
modes, and speeds, the subjects who trained the dominant
leg showed an overall average 8.5% improvement in the
dominant leg and 1.5% improvement in the untrained leg.
For the subjects training the nondominant leg, the non-
dominant leg showed a mean improvement of 9.3% while
the dominant leg improved by 3.5%. For the control sub-
jects, the average changes in peak torque between the
initial and final test were 11.2% for the dominant leg and
20.8% for the nondominant leg.

Using Scheffé’s method, pairwise comparisons between
the training groups were performed. There was a signifi-
cant overall difference among the training groups with
respect to the outcome measure of peak torque at both
speeds (30 and 120 deg/sec) (P 5 0.0025 and P 5 0.0069,
respectively). At 30 deg/sec, pairwise comparisons be-
tween the control group and the dominant leg group and
between the control group and nondominant leg group
were both significant (P 5 0.05). At 120 deg/sec, pairwise

TABLE 2
Isokinetic Strength-training Program for the Trained Ankle

Direction of movement Mode Speed
(deg/sec) Repetitions

Plantar flexion/dorsiflexion Concentric 30 5 (2 sets)
Concentric 60 10 (2 sets)
Concentric 90 10 (2 sets)
Concentric 120 10 (2 sets)
Concentric 120 25 (1 set)
Eccentric 30 5 (1 set)
Eccentric 60 10 (1 set)
Eccentric 90 10 (1 set)

Inversion/eversion Concentric 30 5 (2 sets)
Concentric 60 10 (2 sets)
Concentric 90 10 (2 sets)
Concentric 120 10 (2 sets)
Concentric 120 25 (1 set)
Eccentric 30 5 (1 set)
Eccentric 60 10 (1 set)
Eccentric 90 10 (1 set)
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comparison between the control group and the nondomi-
nant leg group was significant (P 5 0.05); however, pair-
wise comparison between the control group and the dom-
inant leg group only approached significance (P 5 0.06).
To distinguish the difference between the groups, the
changes in peak torque for each group under a single
condition (the eccentric mode at 120 deg/sec) are summa-
rized in Table 3.

Power

For the outcome measure of power, there was a significant
three-way interaction among the variables of training
group, leg, and time (P 5 0.006). There were no significant
higher-order interactions. Among the subjects who
trained the dominant ankle, the dominant leg improved
power by 4.8%; however, power of the untrained leg de-
creased by 5.2%. For the subjects who trained the non-
dominant ankle, the improvement was 15.9% in the non-
dominant leg with a 5.9% benefit in the dominant leg. For
the control subjects, the dominant leg improved by 0.4%
while the nondominant leg improved by 3.1%.

Using Scheffé’s method, pairwise comparisons between
the training groups were performed. There was a signifi-
cant overall difference among the training groups at both
speeds (30 and 120 deg/sec) (P 5 0.0002 and P 5 0.0194,
respectively). At 30 deg/sec, pairwise comparisons be-
tween the control group and the nondominant leg group
and between the dominant leg group and the nondomi-
nant leg group were both significant (P 5 0.05). There was
no significant difference between the control group and
the dominant leg group (P . 0.05). At 120 deg/sec, pair-
wise comparison between the control group and the non-
dominant leg group was significant (P 5 0.05); however,
pairwise comparison between the control group and the
dominant leg group was not significant (P . 0.05).

Endurance

There was no significant three-way interaction among the
variables of training group, leg, and time (P 5 0.5181).
Similarly, no higher-order interactions were significant.

DISCUSSION

This study is the first to our knowledge to explore the benefit
of a single-leg strength training program on the muscles
around the ankle of the contralateral leg. The purpose of this
investigation was to determine whether training the mus-
cles around one ankle would improve the strength of the

muscles around the contralateral ankle. The study design
specifically sought to determine whether there were any
changes in the outcome measures of peak torque, power, and
endurance over time, and whether any experimental factors
had influence on these changes.

Our study design and method of statistical analysis
using a repeated-measures analysis of variance (ANOVA)
allowed us to compare changes among the study groups in
the outcome measures between the initial and final tests
while considering the experimental factors (that is, ankle
movement direction, testing mode, speed) that may have
influenced the study findings. To demonstrate that these
differences were statistically significant for each exercise
(direction, mode, and speed) we would have required
many more subjects. We based our sample size on similar
data collected in a previous unpublished study to demon-
strate a difference in the primary outcome measure of
peak torque among the three groups. Furthermore, the
overall analysis did not suggest that any of these experi-
mental factors had any significant effect on the outcome
measures or any significant interaction with each other.

Because of the limited training period of 8 weeks, the
magnitude of some of the changes in our outcome meas-
ures was modest. Although we had anticipated larger
strength gains in the trained and untrained limbs, we are
not aware of any previous work demonstrating the mag-
nitude of strength improvement over baseline in the ankle
attainable in a noninjured population. Certainly, injured
subjects can make substantial improvements from a
strength deficit of 10% or greater compared with the un-
injured limb; however, the subjects who participated in
this study resumed their normal daily activities when not
training the ankle muscles and had no significant
strength deficits between legs at the start of the study. It
is possible, also, that the small muscles around the ankle
require more time to produce the magnitude of the
strength improvements we sought. Other investigators
have reported larger gains with both longer and shorter
programs, but none have evaluated the muscles around
ankle.

Another limitation was that we could not prove that the
benefit to the untrained limb was solely due to a crossover
effect. One of us supervised each subject during both
strength tests and each training session on the isokinetic
machine. We specifically discouraged contraction of the
muscles of the untrained leg or using hands or feet to
brace the body during the exercises. We could say for
certain that there was no gross movement of the untrained
or untested leg; however, without use of EMG we could not
rule out isometric contractions of the untrained leg.

Our results show evidence that the strength training
program improved peak torque of the trained leg as well
as the untrained leg in the subjects who participated in
the strength training program. In the control group, there
was no significant improvement in strength over time. In
the trained group, the strength in the trained leg im-
proved, with less benefit seen in the untrained leg. The
best crossover effect was seen at the 120 deg/sec speed in
the eccentric mode, although there was not a statistically

TABLE 3
Changes in Peak Torque for Each Group Between Initial and

Final Tests in the Eccentric Mode at 120 deg/seca

Group Dominant
leg

Nondominant
leg

Dominant leg trained 21.9 5.4
Nondominant leg trained 4.4 18.1
Control 2.5 1.5

a Expressed as percent change normalized for body weight.
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significant difference in peak torque among groups by
direction of ankle movement, mode, or speed.

Power was not significantly changed in the control
group. In the subjects training the dominant leg, some
improvement (4.8%) was seen in the exercised leg; how-
ever, this was accompanied by a decrease in the contralat-
eral leg of 5.2%. The subjects training the nondominant
leg showed significant improvement in the trained leg
(15.9%) with a crossover benefit (5.9%). It is not clear why
there was a different outcome in the untrained leg in the
training group between those subjects who trained the
dominant leg and those who trained the nondominant leg.
Also, it was more difficult to see the crossover benefit
when analyzing the raw data in each direction separately.
Part of this could be explained by the more random nature
of the power measurement, which was derived from the
best repetition from the trial in each direction and mode.

Endurance, as measured by total work performed, did
not improve differently in the trained group compared
with the control group. However, there was a direction-
specific difference in the change in endurance among the
groups between the initial and final tests. In the control
group, there was virtually no change in endurance for
each of the four directions tested. The dominant leg group
showed a substantial improvement (average, 13.1%) of
both legs in plantar flexion only. For the subjects training
the nondominant leg, both legs weakened in dorsiflexion
and plantar flexion (25.1% and 27.4%), but gained im-
pressively in inversion and eversion (125.4% and
120.0%). There was no significantly different response in
the trained and untrained ankles in any of the groups. It
is unclear why there was a direction-specific difference in
endurance among the groups, but it is likely that the
single set of 25 repetitions of the training routine was not
enough of a stimulus to elicit a significant change in this
outcome measure.

Explanations for the Crossover Training Effect

Several investigators have supported various theories to
explain the mechanism of the benefits of single-leg train-
ing on the contralateral limb. The most plausible ones that
have been proposed are 1) enhancement of neuromuscular
facilitation, 2) reduction of central inhibitory impulses to
the untrained limb, and 3) undetectable isometric contrac-
tions of the untrained limb during strength training.

Komi et al.13 evaluated the effect of isometric strength
training with paired exercising subjects and nonexercising
controls. After 12 weeks of training four times per week,
they noted improvements in both the trained and un-
trained legs of the exercising subjects and no change in the
control subjects. They concluded that the isometric train-
ing increased recruitment of available motor units, result-
ing in increased strength and efficiency in both limbs. Ikai
and Steinhaus8 demonstrated in a study of forearm flexor
strength that various factors can increase or decrease the
maximal pull by as much as 25% to 30%. The mechanism

for some of the changes they suggested was reduction of
central inhibitory signals so that the muscle could be more
strongly activated.

Muscle endurance was improved in the study by Komi
et al.13 even though they used an isometric strength train-
ing program. This was supported by biopsy information
that demonstrated enhanced oxidative metabolism of the
trained muscle. No changes were seen in the untrained
limb or in the control group. The authors concluded that
there was improved efficiency at submaximal loads.

Finally, undetectable isometric contractions of the un-
trained limb could plausibly induce strength gains in the
nonexercised limb. Hellebrandt et al.7 observed that max-
imal tension developed in the training limb resulted in a
powerful isometric tension in the symmetric muscles of
the unexercised side. A contraction of the untrained ex-
tremity was involuntary and roughly proportional in mag-
nitude to the force and duration sustained by the trained
limb. Often, the isometric contraction was not perceptible
as gross movement. It is unclear whether this confounding
variable can be entirely eliminated.

In this study, a significant crossover benefit in the un-
trained leg could be seen in measurement of peak torque,
but not in power or endurance. It is likely that peak torque
improved because it responds more quickly to strength
training and it is easy to measure small changes in mag-
nitude. In addition, the Cybex strength training routine
devoted proportionally more time toward the enhance-
ment of strength as compared with power and endurance.
Power and endurance were not as impressive because
these outcomes were time-dependent variables. Thus, it
was more difficult to see impressive changes, especially
after our relatively short training period.

The improvements we witnessed in the untrained leg
were probably due to neuromuscular facilitation increas-
ing the recruitment of more muscle bundles per nerve
impulse. Other investigators have proposed this mecha-
nism and we agree that this is a likely hypothesis. Since
the untrained leg was not actively performing any exer-
cise, the strength gains seen cannot be due to muscle
hypertrophy. It is likely that the training of the muscles
around one ankle has a mutual benefit when firing the
corresponding muscles of the opposite ankle. This re-
sponse is probably mediated centrally.

We are aware that the results of this study could be
partly due to a learning effect of the muscles of the trained
ankle rather than true gains in strength from the training
program. This is supported by the fact that the greater
benefits were seen in inversion and eversion, while dorsi-
flexion and plantar flexion generally did not improve as
much. Since dorsiflexion and plantar flexion are common
movements of the ankle during daily activities, we may
not have seen great improvements in these directions with
strength training; however, strength in inversion and
eversion could be improved considerably because the mus-
cles responsible for these motions are not frequently used
dynamically throughout the full range of motion during
everyday activities. Nonetheless, the strength gains in the
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untrained ankles were impressive, as high as 19% be-
tween initial and final tests in eccentric inversion at 120
deg/sec. This leads us to believe that there are at least
some changes occurring at the neuromuscular junction
related to recruitment of muscle fibers.

CONCLUSIONS

This study is the first that we are aware of evaluating the
benefits of a single-leg strength training program on the
untrained ankle. Although the crossover training benefit
we found was not as strong at the ankle as that found by
other researchers at other joints throughout the
body,7,10,13,14,17,19 we are encouraged that there is some
benefit to performing single-leg exercises to strengthen
the contralateral limb. We used a repeated-measures
ANOVA to determine the important interactions of the
study variables. Peak torque showed promise of a cross-
over benefit in normal subjects. This proposition has some
obvious clinical application to patients who sustain a uni-
lateral ankle fracture or severe sprain that requires im-
mobilization for an extended period (6 to 8 weeks) and
merits continued investigation. We plan to continue this
research by focusing our strength training program to
emphasize eccentric motions at faster speeds in inversion
and eversion in an injured population. In this manner, we
may be able to demonstrate significant improvements in
strength of the muscles around the ankle and better illus-
trate the crossover benefit.
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