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ABSTRACT

To determine if the height of a basketball shoe alters the
maximal inversion and eversion moment that can be
actively resisted by the ankle in the frontal plane, we
tested 20 healthy, young adult men with no recent ankle
injuries. Subjects underwent unipedal functional ankle
strength testing under weightbearing conditions at 0°,
16°, and 32° of ankle plantar flexion using a specially
designed testing apparatus. Testing was performed
with the subject wearing either a low- or a three quarter-
top basketball shoe. Shoe height did not significantly
affect an individual’s ability to actively resist an eversion
moment at any angle of ankle plantar flexion. However,
tests at 0° of ankle plantar flexion demonstrated that the
three quarter-top basketball shoe we tested significantly
increased the maximal resistance to an inversion mo-
ment by 29.4%. At 16° of ankle plantar flexion, inversion
resistance was also significantly improved by 20.4%.
These results show that athletic shoe height can signifi-
cantly increase the active resistance to an inversion mo-
ment in moderate ankle plantar flexion. The findings apply
to a neutral foot position in the frontal plane, an orientation
equivalent to the early phase of a potential ankle sprain.

Ankle inversion injuries are among the most common in
sports, accounting for up to 25% of all time lost from com-
petition.'>? The ankle’s susceptibility to injury appears to
be related to ankle and foot positioning. With increasing
ankle plantar flexion, the orientation of the anterior talo-
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fibular ligament progressively becomes less advanta-
geous'® and may increase the risk of injury. Many sports
require the ankle-foot complex to adapt continually to
changes in muscular loading, variations in ground surface
and compliance, and changes in external forces and mo-
ments. Passive resistance to deforming forces that can lead
to ankle injury under these conditions is normally provided
by passive soft tissue elements at a rate of 0.24 N-m/deg.?

In neutral or ankle plantar flexed positions, the peroneal
muscles are primarily responsible for providing active
resistance to externally induced inversion moments. If
talocalcaneal rotation relative to the tibia goes unchecked
during ankle inversion, anterior talofibular and calcaneo-
fibular ligament injury or rupture can be expected, with
subsequent bony injury if the external forces continue. The
effectiveness of active resistance to inversion moments at
increasing degrees of ankle plantar flexion in uninjured
ankles is addressed in this study.

High-top athletic shoes are frequently chosen to aug-
ment ankle support because they may provide increased
resistance to ankle rotation in the frontal plane.? The in-
creasing cost of these shoes may be justified if they decrease
ankle injury rates,!? although not all studies support this
finding.! The lack of concordance on this issue may be
partly explained by the fact that in the neutral ankle po-
sition in the frontal plane these devices probably offer little
or no passive resistance to a ground-reaction force acting
to invert the ankle. It is only as ankle inversion increases
from the neutral position that passive shoe resistance rises.
If the external moment increases at a faster rate than that
of the passive resistance of the shoe, ankle passive tissues,
and active resistance from muscle activity, then a large
increase in inversion rotation can occur as a result of a
small increase in moment. This would be an example of me-
chanical instability and could result in soft tissue or bony
injury. A primary focus of this study was to determine the
level of resistance offered by a three quarter-top basketball
shoe early in this sequence of events, when the ankle joint is
close to its neutral position in the frontal plane.
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Recently, Gilsing et al.!! showed that the proprioceptive
threshold for detecting ankle inversion rotation is better
than 0.1°in the young, healthy, weightbearing adult ankle.
Therefore, for practical purposes, most inversion rotations
are detectable by the human sensorimotor system. When
the ankle-foot complex is loaded by an inversion moment,
the only resistance that can be developed without a time
delay is that provided passively by bone, soft tissue, or
shoes. Peroneal muscle and tendon stiffness can play a role
in ankle protection only when the peroneal muscles are
already activated. Unfortunately, active peroneal muscle
responses are delayed by neuromuscular latencies, per-
haps crucially so in some cases.

The goals of this investigation were to 1) test the hy-
pothesis that no significant difference exists between low
and three quarter-top basketball shoes in their ability to
supplement active resistance to inversion and eversion mo-
ments with the ankle in a neutral position, 2) test the hy-
pothesis that this resistance is not significantly affected by
increasing the angle of ankle plantar flexion, 3) determine
the maximal active resistance to applied inversion and
eversion moments in healthy young males using two dif-
ferent measurement techniques, and 4) examine the cor-
relation between unipedal strength values, isokinetic
strength, isokinetic time to peak torque, physical activity,
and calf size.

MATERIALS AND METHODS

Subjects

Twenty healthy, young adult men (mean age, 22.6 = 3.1
years) with no ankle injuries in the 6 months before testing
were recruited for testing. Leg dominance (defined by
which leg they preferred to kick a ball with), hand domi-
nance, maximal calf circumference, height, weight, and
physical activity level were recorded (Table 1).

Range of Motion

Each participant’s active range of dorsiflexion, plantar
flexion, inversion, and eversion were measured using a go-
niometer. Dorsiflexion and plantar flexion were measured
with the participant seated and his knee and ankle in 90°
of flexion. Inversion and eversion motion were measured
with the subjects lying in the prone position. Three refer-
ence points, positioned in a straight line, were used to iden-
tify the neutral position of the foot relative to the leg in the

TABLE 1
Patient data
Variable Mean SD Range
Weight (kg) 77.2 10.7 63.5-104.3
Height (cm) 179.8 5.8 170.2-188.0
Calf circumference (cm) 37.8 2.4 33.5-42.7
Activity level® 6.6 14 4-10

¢ 10 = Competitive jumping, turning, twisting sports; 8 = Rec-
reational jumping, turning, twisting sports; 6 = Jog, bike, swim,
occasional pivoting sports; 4 = No jumping, turning, twisting
sports; jog, bike, swim regularly; 2 = No jumping, turning, twist-
ing sports; occasional jog, bike, swim; 0 = Sedentary.
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frontal plane. The first point was centered on the middle of
the calf, the second on the distal portion of the Achilles
tendon, and the third over the center of the calcaneus. Calf
circumference was measured at a point one third the dis-
tance from the fibular head to the lateral malleclus with
the knee at 90° of flexion and the muscles relaxed.

Isokinetic Dynamometer

Ankle strength, in dorsiflexion and plantar flexion and in
inversion and eversion, was tested and recorded using an
isokinetic dynamometer (Biodex, Biodex Corp., Shirley,
New York). Each subject was seated at the dynamometer
with his knee flexed 15° during testing. After a warmup,
each participant performed three repetitions at 60 deg/
sec for each test. Performance always improved after the
first test, so the first trial of each test was discarded.
Verbal encouragement and visual feedback of results
were given to obtain maximal effort. Maximal peak
torques, time to peak torque, and maximal ranges of mo-
tion (dorsiflexion, plantar flexion, inversion, and ever-
sion) were recorded.

Unipedal Strength Test

The strength of the right ankle of each subject was tested
under unipedal weightbearing conditions at 0°, 16°, and
32° of plantar flexion using a specially designed testing
apparatus® (Fig. 1). The testing apparatus consisted of a

il

o

Figure 1. Schematic of the testing device used for the uni-
pedal strength test with the low-top shoe. Contact switches (S)
indicate tilts greater than 5°. d is the moment arm of the center
of the ground reaction force acting upward through the peg
about the ankle joint center.
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shoe securely fastened to a 1.5-cm thick, 36 by 20 ¢cm board
with a track accommodating a 40-cm long, 5 by 10 mm steel
bar. This track was positioned transversely at the level of
the fifth metatarsophalangeal joint. A centimeter scale was
located on top of the steel bar, and the bottom of the bar had
a 13-mm diameter circular recess to accommodate the top
end of a 3-cm long, 12.5-mm diameter vertical fixed peg
screwed firmly into a large steel base plate. For the subject
to stand on the peg with the bar horizontal required sus-
tained inversion or eversion ankle moments depending on
the relative locations of the peg and mechanical center of
the ankle. A microswitch was attached to each corner of the
board as part of a circuit to detect changes in the horizontal
position of more than 5°.

After the bar was positioned in the track under the area
of the fifth metatarsophalangeal joint, each participant
placed his right foot in the shoe of the apparatus and was
asked to tighten the laces as tightly as possible without
causing discomfort. The steel peg was initially positioned
7 cm lateral to the mechanical center of the ankle joint in
the frontal plane, which was defined by locating the mid-
point between the two malleoli. Participants were asked to
balance unipedally on the device for a minimum of 2 sec-
onds. A support bar was used until the subject became bal-
anced, then finger support was removed and the subject
attempted to maintain the level position (£5°) for 2 sec-
onds. The test began when the participant released the
support bar and ended when the circuit light indicated a
deviation greater than 5° or when any part of the subject
touched the ground or support bar. Maintenance of a level
position for 2 seconds was considered a successful test.
Failure to balance the device for 2 seconds was an unsuc-
cessful test. Three trials were allowed. The steel peg was
moved in 1 cm increments toward the center of the ankle
until a successful trial was completed.

After the first successful trial, adjustments of 0.25 cm
were made in the lateral peg direction until the most lateral
peg position successfully tolerated was identified. This po-
sition was used to determine the final peg distance from the
ankle joint center. This distance was used to estimate in-
version strength using the following formula:

Moment (N-m) = Body weight (N) X Maximal distance (m)

The same procedure was used to determine eversion
strength by starting 7 cm medial to the center of the ankle
joint in the frontal plane. All tests in inversion and eversion
were repeated with a 16° and a 32° wedge under the pos-
terior two thirds of the foot to determine the effect of plan-
tar flexion on ankle strength.

All tests were performed using Nike Air Force I low-top
and the Air Force Max three quarter-top basketball shoes
(Nike, Inc., Beaverton, Oregon). The sequence for testing in
the low- and three quarter-top shoes, at the three positions
(0°, 16°, 32° of ankle plantar flexion) was randomly deter-
mined and varied among subjects. Because of its design,
the low-top shoe could offer no passive resistance to inver-
sion or eversion and so acted as a control for the three
quarter-top shoe tests.
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Repeatability

Repeatability testing was performed on three subjects for
both the dynamometer strength measurements and the dy-
namic strength test. Plantar flexion, dorsiflexion, inver-
sion, and eversion strengths were measured to establish
test variability among measurements within a day and also
among three measurements on different days. The mag-
nitude of the expected measurement variability was ex-
pressed by computing 95% confidence limits. These limits
were used to establish statistical significance.

Statistical Analyses

Descriptive statistics were calculated for all variables. A
repeated measures analysis of variance (rm-ANOVA) was
used to test the null hypothesis that shoe height (low- or
three quarter-top) had no effect on the magnitude of the
external ankle moment that could be resisted in inversion
or eversion at three different angles of ankle plantar flexion
(0°, 16°, 32°). Post hoc, two-sided, paired Student’s ¢-tests
were used to test the magnitude and direction of any main
effects using a P value of 0.05. Paired Student’s ¢-tests were
also used to examine differences among moments devel-
oped at the different angles of ankle plantar flexion.

RESULTS

Repeatability

The 95% confidence levels obtained for the isokinetic dy-
namometer were +8.94, +3.22, +3.89, and +1.20 N-m in
plantar flexion, dorsiflexion, inversion, and eversion, re-
spectively. The 95% confidence levels for the unipedal ever-
sion test were =1.51, +1.78, and =1.91 N-m at 0°, 16°, and
32° ankle plantar flexion, respectively. Similarly, the cor-
responding values for the unipedal inversion strengths at
0°, 16°, and 32° of ankle plantar flexion were +2.83, +1.43,
and *+2.63 N-m, respectively.

Range of Motion

The mean (SD) ranges of motion in dorsiflexion, plantar
flexion, eversion, and inversion were 14.5° (4.7°), 53.6°
(7.0°), 10.4° (3.2°), and 17.3° (7.5°), respectively. These val-
ues show that no subject was tested near his maximal
range of motion. Nineteen of the 20 participants reported
right leg dominance and none of the participants reported
ankle sprains within the last year.

Unipedal Strength Test

In testing the two primary hypotheses, the mean resistance
to inversion increased with ankle plantar flexion (rm-
ANOVA, P = 0.062) and was significantly larger in the
three quarter-top shoe than in the low-top shoe (rm-
ANOVA, P < 0.001). The following paragraphs describe
these differences in detail.
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Low-Top Shoe

Resistance to Inversion Moment (Eversion Strength). The
20 participants were best able to actively resist an external
inversion moment at the ankle with the foot plantar flexed
at 32°. They had 17.5% greater eversion strength at 32° of
ankle plantar flexion than at 0° of ankle plantar flexion
(Table 2). The least resistance to an external inversion mo-
ment was developed at 0° of ankle plantar flexion (Table 2).
The results of the paired Student’s ¢-tests showed that the
differences in resistance were significant between 0° and
16° (P = 0.049) and between 0° and 32° (P = 0.049) of ankle
plantar flexion; the difference between 16° and 32° of
ankle plantar flexion was not significant.

Resistance to Eversion Moment (Inversion Strength). The
active inversion strength needed to equilibrate an eversion
moment was greatest with the foot at 0° and second great-
est at 16°. The least resistance to an eversion moment oc-
curred with the foot in 32° of ankle plantar flexion (Table
2). The difference in the ability to resist an eversion mo-
ment was significant between 0° and 32° of ankle plantar
flexion (P = 0.026). The differences between 0° and 16° and
16° and 32° of ankle plantar flexion were not significant.

Three Quarter-Top Shoe

Resistance to Inversion Moment (Eversion Strength). The
minor differences in the active resistance to an inversion
moment at 0°, 16°, or 32° of ankle plantar flexion were not
statistically significant (Table 2).

Resistance to Eversion Moment (Inversion Strength). The
active resistance to an eversion moment was the greatest
at 0° of ankle plantar flexion, and the least resistance to an
eversion moment occurred when the foot was in 32° of ankle
plantar flexion (Table 2). The difference in ankle resistance
between 0° and 16° of ankle plantar flexion was not sig-
nificant. However, the difference was significant between
0° and 32° (P = 0.005) of ankle plantar flexion and between
16° and 32° (P = 0.048) of ankle plantar flexion.

Shoe Comparison

Resistance to Inversion Moment (Eversion Strength). The
active resistance generated in response to an inversion mo-
ment with the three quarter-top shoe was significantly
larger (29.4%, P < 0.001) than with the low-top shoe when
the foot was at 0° of ankle plantar flexion. At 16° of ankle
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plantar flexion, the three quarter-top shoe significantly in-
creased the resistance to an inversion moment by 20.4%
(P = 0.003). At 32° of ankle plantar flexion, the advantage
of the three quarter-top shoe was decreased to 11%,
which was no longer a statistically significant difference
(Table 3).

Resistance to Eversion Moment (Inversion Strength). At
0° of ankle plantar flexion, the three quarter-top shoe de-
creased the resistance to an eversion moment by 6.8% com-
pared with the low-top shoe. At 16° and 32° of ankle plantar
flexion, the three quarter-top shoes provided a negligible
increase in active resistance to an eversion moment. For all
three positions, the differences between the three quarter-
and the low-top shoes were not significant (Table 3).

Comparison of Maximal Unipedal and Isokinetic Strengths
(Low-Top Only)

The mean maximal isokinetic inversion torque generated
(Table 4) was 59% of the maximal inversion strength de-
veloped during the weightbearing unipedal strength test at
0° of ankle plantar flexion. The corresponding difference in
eversion was 80%. Time to develop peak torques in eversion
was 51% longer than the time required to generate peak
inversion torques.

Other Results

A linear regression analysis of calf circumference, isoki-
netic peak torque (in dorsiflexion, plantar flexion, inver-
sion, and eversion), isokinetic time to peak torque, and
activity level compared with performance in the weight-
bearing unipedal strength test showed no significant cor-
relations.

DISCUSSION

The results of this investigation indicate that, even with a
neutral ankle angle in the frontal plane, participants could
generate up to 29.4% greater resistance to ankle inversion
with a firmly laced three quarter-top shoe than with a low-
top shoe. This is consistent with the findings of Shapiro et
al.? based on static ankle testing in cadavers that dem-
onstrated a significant increase in passive ankle resistance
to inversion moments when a high-top shoe was worn. By
examining the foot-ankle complex at or near a neutral
ankle angle in the frontal plane, we sought to determine

TABLE 2
Mean (SD) maximal inversion and eversion moments (in newton-meters) actively generated in the low-top
and three quarter-top shoes in the unipedal stance

Shoe

Plantar flexion angle

0° 16° 32°
Low-top
Eversion moment developed 21.87 (9.25) 23.97 (9.03) 25.70 (10.27)
Inversion moment developed 38.87 (15.13) 34.68 (14.01) 32.44 (13.26)
Three quarter-top
Eversion moment developed 28.30 (9.36) 28.86 (8.48) 28.52 (7.64)
Inversion moment developed 36.24 (14.01) 35.17 (12.16) 32.60 (14.80)
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TABLE 3
Mean (SD) moment differences (in newton-meters) in moments developed in the three quarter-top and low-top shoes
at the different degrees of plantar flexion®

Plantar flexion angle

Variable
0° 16° 390
Resistance to inversion moments 6.42 (4.73)° 4.89 (6.38)" 2.83 (6.18)
Resistance to eversion moments -2.63 (8.73) 0.50 (8.68) 0.17 (9.13)

¢ Values expressed as three quarter-top minus low-top values.
b Significant at the 0.05 level.

TABLE 4
Isokinetic peak torque (in newton-meters) and
time to peak torque (TPT)

Position Mean SD Range
Dorsiflexion Peak torque 16.73 6.85 7.0-28.7
TPT (msec)  322.3 137.3 156—-639
Plantar flexion Peak torque 88.60 13.84 62.9-110.1
TPT (msec)  267.6 42.6 172-377
Eversion Peak torque 13.00 2.81 6.9-17.6
TPT (msec)  380.1 195.9 123-762
Inversion Peak torque 31.20 7.94 17.1-46.1
TPT (msec)  251.2 126.5 156-737

how much subtalar moment resistance can be developed in
the early phase of a potential ankle sprain.

Although this project focused on the neutral ankle po-
sition in the frontal plane, further work is needed at the
limits of inversion and eversion as well as determining the
effects of the three quarter-top shoe on ankle behavior in
women. The three quarter-top shoe resistance, averaging
about 28 N-m (Table 2), can be expected to increase with
increasing ankle inversion angle. Ankle resistance to in-
version moments was also found to increase by up to 17.5%
with increasing ankle plantar flexion in the low-top shoe.
This is significant because ankle plantar flexion is often
present during initial ground contact in many running,
jumping, turning, and twisting activities. Interestingly,
the resistance to inversion and eversion moments gener-
ated during unipedal strength testing under weightbear-
ing conditions did not correlate with isokinetic ankle
strength or isokinetic time to peak torque measured in a
nonweightbearing posture, or to physical activity level or
calf size. Although calf size and isokinetic muscle strength
are considered relative indicators of muscle development,
they apparently did not necessarily reflect the unipedal
strength. In addition, muscle strength can only protect the
ankle if timely muscle activation is achieved. Therefore,
neuromuscular response time would appear to be an im-
portant clinical parameter. Unfortunately, this was not ad-
dressed in this study.

The response of the peroneal muscles to sudden ankle
inversion has been measured experimentally under vari-
ous conditions.!”21%30 The average latency for a peroneal
muscle EMG response to forced inversion was found to be
69 msec.?! The dynamic elastic resistance of the passive
unsupported ankle during a sudden large inversion rota-
tion lasting 40 msec has been estimated at 0.9 N-m/deg.?
At the limit of the range of inversion rotation (17°), this
amounts to no more than 15 N-m of resistance, or less than

half the maximal static loading (38 N-m) we have shown
can be resisted statically in inversion (Table 2). This re-
sistance is one third the 57 N-m that might be applied dy-
namically if the same ground reaction is assumed to in-
crease by 50% of body weight when landing during running
or jumping activities.*® After ankle muscle activation is de-
tected by EMG, it should be noted that considerable time
is taken to develop even half of the maximal strength at the
ankle: 92 msec in the dorsiflexor muscles and 133 msec in
the plantar flexor muscles.?! This is confirmed by the
present data (Table 4), which show several hundred mil-
liseconds are required to generate peak torques. Thus,
without shoe or orthotic support laced appropriately or pre-
activation of the peroneal muscles, the ankle is vulnerable
to an inversion injury for several hundred milliseconds, or
for considerably longer than is indicated by only recording
the onset of the peroneal muscles on EMG.

The fact that isokinetic eversion strength at 60 deg/sec
was 40.6% less than the quasistatic measure obtained
using the standing unipedal test is consistent with the
known effects of shortening velocity on muscle contractile
force. The usual difference between isometric strength and
60 deg/sec peak isokinetic strength ranges from 10% to 30%
for the thigh muscles!®?*3* and 34% to 47% for the ankle
muscles.?!

The three quarter-top shoe did not significantly augment
active resistance to eversion moments at any angle of plan-
tar flexion. Fortunately, eversion ankle sprains are much
less common than inversion sprains. The lower levels of
active resistance generated with the three quarter-top
shoes at the neutral position were unexpected and a factor
to be considered in an individual with a history of eversion
sprains.

Because of the frequency of ankle injuries in running,
jumping, turning, and twisting sports,®%1523 several meth-
ods of ankle protection have evolved, including high-top
shoes, taping,® and orthoses.>® In fact, ankle taping or
wrapping has become a medical requirement in many com-
petitive contact and jumping sports.!? These aids appear to
provide ankle protection by limiting the extremes of mo-
tion, at which ligament injuries occur.”?*2¢ Interestingly,
there is some evidence that taping may also augment
muscle function.!® Unfortunately, tape loosening can occur
during athletic activity, which may decrease its protective
function over time.!®22%% Because daily taping can be
quite irritating to the skin, nonadherent forms of ankle
support have been developed. Lace-up orthoses have be-
come popular in many sports because they are easy to apply
and can be retightened when they loosen. They are reus-
able and do not require trained athletic personnel for their
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application. Their advantages have been outlined in sev-
eral investigations.428

Garrick and Requal® studied 2562 basketball player
games and demonstrated the lowest ankle injury rates
among players with high-top shoes and taped ankles, with
rates of 6.5 sprains per 1000 player games. The highest rate
of injury was seen among players with low-top shoes and
no tape: 33.4 sprains per 1000 player games. When no tape
was used in previously injured ankles, the high-top shoes
were minimally safer than low-top shoes: 30.4 compared
with 33.4 sprains per 1000 player games. Interestingly, in
players with a history of ankle sprains, those wearing high-
top shoes had half the injury rate that those wearing low-
top shoes did. Barrett et al.,! in a study of 622 basketball
players observed over the course of a year, noted no dif-
ference in injury rates among players wearing high-top in-
flated, high-top, and low-top shoes. The lack of injury rate
difference in the more recent study may be attributable to
the low number (15) of ankle sprains reported.!

Most ankle sprains are thought to occur with the foot
plantar flexed, inverted, and internally rotated,® a position
in which the anterior talofibular ligament is subject to the
greatest degree of strain.* Although we did not test this
directly, the higher-top shoe may improve resistance to an
inversion rotation by limiting the degree of passive inver-
sion, thereby stiffening the ankle-foot complex. Although
this explanation is quite plausible, other possibilities in-
clude improved resistance to passive internal rotation or
plantar flexion. Karlsson et al.’® have shown that taping
can improve the muscle reaction time of the peroneus bre-
vis muscle of unstable ankles during gait. This muscle aug-
mentation possibility deserves further consideration.

CONCLUSIONS

1. The three quarter-top basketball shoe that was tested
allowed participants to actively resist significantly larger
external moments at 0° and 16° of ankle plantar flexion
than the low-top basketball shoes.

2. The inversion moments that individuals were able to
actively resist were the greatest at 32° of ankle plantar
flexion and decreased with decreasing ankle plantar flex-
ion. Significant differences were observed between 0° and
16° and between 0° and 32° of ankle plantar flexion.

3. The eversion moments that individuals were able to
actively resist were the greatest at 0° of ankle plantar flex-
ion and decreased with increasing ankle plantar flexion.
Significant differences were observed between 0° and 32°
of ankle plantar flexion.

4. There were no significant correlations among unipe-
dal ankle strength, isokinetic ankle strength, isokinetic
time to peak torque, physical activity level, and calf
circumference.
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