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   Research

ABSTRACT

 Ankle inversion injury is extremely common in basketball, whereby rearfoot inver-
sion and ankle plantar flexion is greater in those with injury. The current study analysed the 
response of recreational basketball players to three different footwear conditions; high-cut bas-
ketball shoe, low-cut running shoe and low-cut running shoe with ankle brace. Ten recreational 
male basketball players performed 45° “v”-cut movements at an approach speed of 4.5m/s. 
Dependent variables included peak initial rearfoot inversion and ankle plantar flexion. Peak 
impact force was also measured due to the potential difference in cushioning provided by the 
footwear. Repeated measures ANOVA were used to compare dependent variables with statisti-
cal significance accepted at p < 0.05. Results indicated that there were no significant difference 
for plantar-flexion (F = 2.94, p > 0.05; Partial η2 = 0.25) and impact force (F = 3.189, p > 0.05, 
Partial η2 = 0.26).On the other hand, comparison of peak initial rearfoot inversion showed that 
there were significant differences between footwear conditions. Pairwise comparisons with 
Bonferroni adjustments showed significantly larger peak initial rearfoot inversion values for 
the high-cut basketball shoe compared to both the low-cut running shoe (p = 0.001) and the 
low-cut running shoe with brace condition (p = 0.001). Findings indicate the potential for using 
low-cut running shoes for recreational basketball without an increased injury risk.

KEYWORDS: “V”-cut; Ankle inversion; Ankle sprains; High-cut and low-cut shoes.

INTRODUCTION

 Basketball is a fast paced, highly intermittent sport.1,2 During the game, players per-
form a wide variety of high intensity and multi-directional movements, changing direction 
on average every 2 seconds.1,3 These characteristics contribute to players exhibiting a high 
frequency of injury compared to other team sports,4 particularly at the lateral ankle,5,6 which 
result from performing movements such as a “v-cut”.7-10 The occurrence of an initial injury then 
acts as a predisposing factor for recurrent injuries as well as chronic ankle joint instability and 
degeneration.11,12

 The lateral ligaments work alongside the peroneal muscles to control the level of 
lateral movement experienced by the ankle.13 When the loads are excessive, there is a greater 
chance of ankle sprain or tear occurring.8,14,15 Baumhauer et al.16 found that 85% of all ankle 
injuries are caused by excessive rearfoot inversion, caused by sudden lateral forces which are 
sufficient to compromise the joint integrity. This excessive force is often evident during the ini-
tial contact of the foot with the ground, since continuing forward momentum of the body can
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cause an increase in the rearfoot inversion experienced during 
this early stage of ground contact. This sudden change in lateral 
force can also relate to many different factors, which include the 
design of the footwear, playing surface-footwear traction, speed 
of the movement and contact with opposition players. The de-
gree of rearfoot inversion movement can also be influenced by 
level of plantar flexion the ankle is in; a greater range of rearfoot 
inversion movement is possible in plantar flexed compared to a 
dorsi-flexed position.17

 To limit excessive lateral movement about the ankle, 
traditional basketball shoes are designed with high-cut ankle 
supports acting to limit the ankle movement.18,19 Manufacturers 
however, have developed new designed shoes that are medium 
and low cut which are chosen by professional and semi-profes-
sional players based on individual preference relating to their 
playing position or stature.20 Lowe21 recommends changing foot-
wear once a month, yet basketball shoes are expensive and not 
everyone can afford to by a pair.22 Consequently, recreational 
players will often utilise their own low-cut running shoe, which 
offers improved cushioning compared to court shoes such as 
those worn in basketball,8 but which are thought to have greater 
instability since the running shoe midsoles allows greater com-
pression of the lateral edge, increasing the lever arm between 
the external force and the ankle joint; this increases the external 
torque and introduces greater instability.8

 If regular running shoes are to be used, the addition of 
ankle bracing through prophylactic supports may be beneficial 
since the device has been shown to reduce the risk of injury.11,12,23 
Further still, although the cut of the ankle is thought to be a risk 
factor for injury, there is still uncertainty concerning the benefi-
cial effects of shoe collar height for ankle sprain prevention.9 

Gottschalk & Pepple,24 found that high-cut shoes did not show 
greater prevention of ankle sprains compared to low-cut shoes 
especially for those who had no history of ankle sprains. Simi-
larly, Rovere, Clarke, Yates and Burley25 demonstrated that in 
comparison to low-cut basketball shoes, high-cut shoes were not 
more effective in reducing the incidence of ankle injury and fur-
ther still fewest injuries were observed with low-cut shoes cou-
pled with laced ankle stabilizers. Curtis, Laudner, McLoda and 
McCaw26 also found that additional cushioning through midsole 
columns did not increase the risk of injury. As such, it may be 
questionable that cushioned footwear does cause an increase in 
rearfoot movement and greater risk of injury.

 The aim of this study is to investigate the hypothesis that 
low-cut running shoes combined with an ankle brace will result 
in significantly less peak initial rearfoot inversion and plantar 
flexion than a high-cut basketball shoe or low-cut running shoe 
only condition. There will also be reduced peak initial rearfoot 
inversion and plantar flexion with the high-cut basketball shoe 
compared to the low-cut running shoe only condition. Finally, 
it is hypothesized that the greater cushioning will be provided 
by the low-cut running shoe with and without the ankle bracing 

compared to the high-cut basketball shoe.

METHODS

 Ten recreational male basketball players (22.0 ± 4.0 
years; 177.7 ± 4.9 cm; 79.3 ± 11.3 kg) took part in the study. 
Ethical approval was obtained for the study via the Aberystw-
yth University’s ethics procedure. Participation in the study was 
completely voluntary and all participants were free to withdraw 
at any time. Participants were excluded from the study if they 
had experienced an injury within 6 weeks prior to the start of 
data collection. An injury was defined as a problem that occurred 
as a result of playing basketball or similar sport, that required 
medical attention by a certified trainer or physician and resulted 
in restricted participation for a period of 2 or more days beyond 
the day the injury occurred.27,28

 Participants performed a sideways 45º “v-cut” move-
ment which can be described as a lateral movement performed 
on a single leg support, where the load bearing leg propels the 
body towards the contralateral direction.7 “V”-cut movements 
were performed under three conditions; high-cut basketball shoe, 
low-cut running shoe and low-cut running shoe with prophylac-
tic ankle brace (ASO EVO, Medical Specialties, Inc., Charlotte, 
NC). The support was a lace-up brace with nylon straps that 
wrapped around the calcaneus. It also has an elastic cuff that 
wraps around the front of the brace.12 The running shoe used in 
the investigation was the individual participants own footwear 
which were traditional in the construction and cushioning across 
the midsole. The high-cut basketball shoe (Converse basketball 
shoes, high top, A100086CV) was the same for all participants 
and possessed a rigid sole with limited cushioning relative to the 
running shoes.

 Participants wore markers on the right leg which was 
their dominant leg that supported them during the cutting move-
ment. These markers were positioned using a modified Helen 
Hayes model as described by Kadaba et al.29 Markers were po-
sitioned on the right and left asis, sacrum, right thigh, right me-
dial and lateral knee, right shin, right medial and lateral ankle, 
and the top of the foot and on the calcaneus which were placed 
directly onto the shoe. Markers placed onto the shoe have been 
shown to represent similar but not identical movement of the 
foot.30 Whilst studies have found over and under-estimations of 
the movement of the foot,31,32 the difference in movement that 
occurs is systematic and can be used to represent relative move-
ment of the foot for different conditions,30 albeit with caution 
when making clinical interpretation based on values obtained.32

 Participants were required to run in a straight line for 
5.5 meters and at an angle of 45º identified via markings on the 
floor. Once they reached a force plate, they placed there foot 
and pushed off at the 45º angle identified on the floor; they then 
continued their run. Approach speed was standardised at 4.5 m/s 
which was controlled via a set of electronic timing gates (Speed
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trap 2, Brower Timing Systems, Draper, UT, USA). Any trial 
that was not at the speed (± 5 %) was subsequently repeated.

 Each participant performed 10 cutting movements in 
each of the three footwear conditions in a counterbalanced order. 
The movement was recorded via an 8 camera motion analysis 
system (250 Hz, Cortex, Eagle Digital Real Time Camera Sys-
tem, Motion Analysis, Santa Rosa, CA, USA) synchronised with 
a force plate (2000Hz, 9287BA, Kistler Instrumented AG, Win-
terthur, Poland). The kinematic data was processed within the 
motion analysis software and smoothed using a 4th order, zero 
lag, low-pass Butterworth filter with a cut-off frequency of 6 Hz 
as used in other similar research8 and is optimal for low velocity 
movements such as those used in the current investigation.33

 

 

 Angle-time profiles were calculated for the inversion-
eversion and plantar-flexion-dorsi-flexion movement and ref-
erenced to a neutral standing position to remove differences in 
marker placement that influence the comparison of the inde-
pendent variable. The dependent variables were identified from 
the angle-time profiles and included plantar-flexion (Figure 1) 
and peak initial rearfoot inversion (Figure 2); peak impact force 
was identified from the force plate data as the first peak occur-

ring within the first 50 milliseconds34 and was reported in body-
weights. The mean of the 10 trials per condition were calculated 
and statistically compared using SPSS (IBM SPSS 21, New 
York, NY, USA). Normal distribution of the data was shown and 
an ANOVA with repeated measures were performed for each de-
pendent variable. Statistical significance was accepted at alpha 
level < 0.05. Partial η2 effect sizes and F values were reported for 
all comparisons. The effect sizes were interpreted based on the 
relationship between the percentage of variance explained and 
Cohen’s d as published by Cohen.35 Pairwise comparisons with 
Bonferroni corrections were used to identify the location of any 
significant differences between footwear conditions.

RESULTS

 Statistical analysis of the kinematic data collected dur-
ing the “v”-cut manoeuvre indicated that plantar-flexion was 
not significantly different (F = 2.94, p > 0.05) despite a trend 
towards a large difference between the footwear conditions (Par-
tial η2 = 0.25). On the other hand, peak initial rearfoot inversion 
was significantly different between the footwear conditions (F = 
33.36, p < 0.05, Partial η2 = 0.788). Post-hoc tests demonstrated 
that significantly larger rearfoot inversion values were shown for 
the high-cut high top compared to both the low-cut running shoe 
(p = 0.001) and the low-cut running shoe with brace condition (p 
= 0.001). There was no significant difference between the run-
ning shoe and running shoe with brace condition (p = 0.30).

 
 
 
 A comparison was also made between footwear condi-
tions for the measurement of peak impact force. Analysis indi-
cated that there were no significant differences between the three 
footwear conditions for this variable (F = 3.189, p > 0.05, Partial 
η2 = 0.26) (Table 1).

DISCUSSION

 The current investigation sought to understand how the 
kinematics of performing a 45° cutting movement in traditional 
high-cut basketball shoes differs to wearing a low-cut running 
shoe or low-cut running shoes with ankle brace conditions. In 
agreement with the study hypothesis, it was shown that the ad-
dition of an ankle brace reduced the ankle rearfoot inversion 
measurement which is associated with lower incidence of ankle 
pain.36 This finding also supports the evidence that prophylac-
tic ankle supports can reduce the risk of injury through reduced

Figure 1: Typical angle-time history for ankle plantar-flexion and dorsi-flexion during a cutting 
movement for a single participant. Peak plantar flexion identified.

Figure 2: Typical angle-time history for rearfoot inversion and eversion during a cutting move-
mentfor a single participant. Peak initial rearfoot inversion identified.

Low-cut 
running 

shoe

Low-cut running 
shoe with brace

High-cut basket-
ball shoe

Peak plantar flexion 
(deg) 3.4 ± 7.5 2.4 ± 7.4 6.4 ± 8.4

Peak initial rearfoot 
inversion(deg) * -0.2 ± 2.9 1.7 ± 3.4 9.1 ± 3.6

Peak impact forces (BW) 2.6 ± 0.4 2.6 ± 0.5 2.8 ± 0.5

* denotes a statistically significant difference

Table 1: Mean and standard deviations of peak plantar flexion and initial rearfoot inversion angles 
(degrees) as wellas peak impact forces (bodyweights) collected during cutting in the low-cut run-
ning shoe, low-cut running shoe with brace and high-cut basketball shoe conditions.
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inversion11,12,23 in comparison to high-top basketball shoes.25

 In contrast to the study hypothesis, the low-cut running 
shoe without the ankle brace had reduced peak initial rearfoot in-
version compared to that experienced with the high-cut shoe and 
had similar values to the brace condition. Such finding is contra-
dictory to the traditional view that improved stability is provided 
by high-cut shoes and that running shoes are more unstable since 
the midsole cushioning allows for increased compression on the 
lateral edge, which increases the external torque and introduces 
greater instability.8 The finding is also contrary to biomechanical 
studies that have shown increased levels of mechanical support 
in high cut shoes.9,18,19,37,38 It does however support findings from 
Gottschalk & Pepple,24 and Rovere et al.25 that high-cut shoes 
do not offer any advantage to low-cut shoes when protecting the 
ankle to excessive inversion. It is possible that the differences 
in results may relate to differences in task being performed and 
the size of the load being forced onto the ankle. Further still, the 
increase in ankle inversion in basketball shoe was not accompa-
nied by a significant increase in plantar flexion in either the com-
parison of low-cut shoe or low-cut shoe with ankle brace. This 
therefore demonstrates that plantar flexion did not contribute to 
the increased inversion as described in the hypothesis.

 A possible reason for the finding that greater support 
was provided by the running shoe alone condition is that co-ac-
tivation of the antagonistic muscle groups was occurring prior to 
and during the early stance phase to help stabilize the ankle and 
foot.39,40 This is an important factor influencing dynamic joint 
stability to protect the lateral ankle ligaments from excessive 
inversion due the experience of rapid loading.39,40 Such activa-
tion may have stiffened the joint so that it barely experienced 
inversion which is represented by the slight everted magnitude 
experienced at the rearfoot.

 With stabilisation of the ankle joint, increased activ-
ity of gamma motor neuron and a decreased reaction time has 
been demonstrated.40,41,42 However, Hopkins et al.41 questioned 
whether the peroneal muscles and the stiffness provided by the 
contraction would be sufficient to provide stability to the joint 
during tasks that were more dynamic. The antagonistic muscle 
activation may therefore not be rapid enough to control the 
movement during faster movements, contributing to greater risk 
of injury in the low-cut footwear. Similarly, had fatigue occurred 
similar to that in a game situation or in a situation where the par-
ticipants could not predict the turn, this protection strategy may 
have also diminish and rearfoot inversion may increase due to a 
delay in the activation.

 Another view on the muscular control and the protec-
tion provided may be given in the work of Fu and Colleagues9 
who found that during a jump landing task, there were no signifi-
cant differences between the various types of shoes of varying 
ankle height in the maximum ankle inversion angle. Simultane-
ously collected EMG data showed that wearing high-top shoes 
can, in certain conditions, induce a delayed pre-activation timing 

and decreased amplitude of evertor muscle activity resulting in 
increased inversion. Therefore, in the current investigation, the 
increased inversion in the high-cut footwear may relate to this 
delay in timing of the muscle contraction.

 An alternative interpretation of the results could be that 
the greater rearfoot inversion demonstrated with the high-cut bas-
ketball shoes resulted as a mechanism to aid impact attenuation 
for its harder midsole.7,36 Stacoff et al.34 found that during lateral 
movements, maximum rearfoot inversion occurred within the 
first 50 milliseconds after touch-down, which is approximately 
the same time span that the maximum magnitude of pronation 
occurs during running which is used as a shock absorber dur-
ing impact. This explanation is supported by the similar impact 
force across footwear conditions despite suggested differences in 
cushioning and is consistent with the literature.43,44,45 Additional 
plantar flexion can also serve as a method to reduce impact force 
during lateral movements,18 although there was no statistical 
evidence of this in the current investigation. The study therefore 
provides no support to the thought that peak impact force and 
possible lower extremity loading was lower with the cushioned 
footwear compared to the high-cut basketball shoe.
 

 As ankle injuries are often cause by an acute event, in-
terpretation of biomechanical studies investigating ankle injury 
are often limited since the conditions do not replicate exactly the 
conditions for injury. Often greater traction, approach velocity, 
unpredictable turning conditions or fatigue will occur in addi-
tion to differences in footwear which contribute to cause ankle 
movement in excess to that observed in the current investigation. 
Various studies (e.g.46,47,48) have also highlighted the interactive 
effect of the footwear with the surface and the importance of the 
playing surface combination when discussing the effect of play-
ing shoes. As the current study performed the cutting manoeuvre 
directly onto a force plate, surface conditions were un-represen-
tative of normal playing conditions. It would therefore be impor-
tant that future investigations consider the playing surface more 
closely, as well as the approach velocity, unanticipated turning 
conditions and fatigue, to understand how these factors would 
influence the response to the footwear condition.

CONCLUSION

 In conclusion, based on the findings of the current in-
vestigation, high-cut basketball shoes do not offer the support 
to rearfoot inversion that is traditionally thought. The evidence 
that reduced rearfoot inversion is found with running shoes with 
and without ankle bracing also supports injury rates discussed 
in the literature. Consequently, it appears that healthy, uninjured 
amateur basketball players can utilise running shoes and per-
form cutting movements without increasing initial rearfoot in-
version or the potential risk of injury compared to traditional 
high-cut footwear. Caution is needed however since the effect 
of other risk factors such as the playing surface, fatigue and 
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movements is unknown. As the brace supports the ankle me-
chanically, there may be different mechanisms behind the similar 
inversion magnitudes demonstrated in the study. Consequently, 
it may be beneficial to wear the brace with the low-cut running 
shoe given the factors that could influence the activation of the 
supporting ankle musculature that were proposed as protecting 
against the increased inversion.
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ABSTRACT

Purpose: The purpose of this study was to assess the prevalence of signs of Median Nerve 
Compression (MNC) among male and female college students.
Methods: Forty-one Kinesiology majors, 24 males (58%) and 17 females (42%) completed 
surveys to assess the volume of physical activity, computer use, and distal upper extrem-
ity pain associated with these activities. Each participant was assessed for signs of MNC 
with the Phalen’s test, Tinel’s tap test, and the hand elevation test. Grip strength was mea-
sured by hand grip dynamometry and participants’ percentile norms were calculated. 
Results: Indications of MNC were present in 17% of participants, (6 males, 1 female). Fifty-
one percent of students experienced computer-related hand and forearm musculoskeletal pain. 
Eighty-one percent of those had pain during extended computer use and 41% of students ex-
perienced occasional pain with physical activity. It is noteworthy that 85% of participants used 
the computer 4 hours per day or less. Also, with each category of computer use and physical 
activity, 93% of participants had not experienced pain in the last two weeks.
Conclusion: Though none of these factors could be associated with MNC, the prevalence of 
symptoms was similar to carpal tunnel syndrome (14%) in the general population. 

KEYWORDS: Musculoskeletal; Carpal tunnel syndrome; Computer use.

ABBREVIATIONS: MNC: Median Nerve Compression; MSD: Musculoskeletal disorders; CTS: 
Carpal Tunnel Syndrome; BMI: Body Mass Index.

INTRODUCTION

 The use of information and communication technologies such as desktop, laptop and 
notebook computers as well as mobile phones has increased dramatically over the last decade 
and spans all age groups.1,2 Along with the increase in personal computer use, has been the 
increase in the number of computers in the workplace. In October 2003, the Bureau of Labor 
Statistics reported that 77 million persons were using a computer at work.3 In fact, computers 
and computer workstations (video display terminals-VDT’s) have become commonplace in the 
work environment over the past 20 years. The increased use of these devices has resulted in 
reports in the literature linking computer users to an increased risk of upper extremity Musculo-
skeletal disorders (MSD) resulting from poor postures and working techniques. Prolonged key-
board use in non-neutral working postures with a lack of forearm support increases the risk of 
MSD4 while forearm support during keyboard and mouse use has been shown to decrease neck 
and shoulder muscle activity.5 Because computers are so widespread, even relatively small 
risks associated with their use could have important public health implications.4 Confirming 
the widespread use of computers, Computer Industry Almanac released a statement in Febru-
ary, 2012 indicating that there were nearly 311 million Personal Computers (PCs) in use in the 
USA.6 
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Harris and Straker,7 in a sample of 271 students, ages 
10-17 years, found that 60% reported discomfort with using 
their laptop computers. Their average daily usage was 3.2 hours 
with a weekly average usage of 16.9 hours. High school students 
also reported discomfort after using the computer. In a survey of 
382 high school students, 28% reported hand discomfort, 40% 
reported neck/back pain, 41% reported general body pain and 
4% had self-diagnosed or medically diagnosed carpal tunnel 
syndrome. Jones and Orr further pointed out that high school 
students are often establishing lifestyle activities and the pat-
tern of increased computer use at a young age may increase the 
prevalence of injury associated with computer use as the stu-
dents become older.8

 Computer use in college is expected and many institu-
tions require students to purchase and use laptop computers9 that, 
with improper support of forearm and wrist positions, potential-
ly increases their risk of MSD before they have even entered the 
work force. Katz et al.10 surveyed graduating seniors regarding 
computer-related upper extremity symptoms and reported that 
half of the graduates had experienced discomfort while using a 
computer and one in eight reported symptoms after working an 
hour or less.

Musculoskeletal disorders can result from a variety of 
factors. In jobs where the work is highly repetitive (flexion and 
extension) or requires forceful movements of the hands the risk 
of MSD is high11 but can also occur with “cumulative trauma”.12 

Physical activities such as rock climbing13 and cycling14 can also 
result in MSD and Median Nerve Compression (MNC). One 
manifestation of MSD is Carpal Tunnel Syndrome (CTS). Car-
pal tunnel syndrome results when median nerve function at the 
wrist is compromised by increased pressure in the carpal tunnel 
and these pressures are increased by wrist flexion, extension and 
finger extension.15 The incidence of occurrence in the general 
population has been shown to range from 14.4%16 to 16.6%.17

The tremendous increase in computer use for work, 
school, and leisure time with its potential for MSD has led to 
investigations to minimize or prevent injury. Robertson et al.18 
involved college students in solving computer workstation ergo-
nomic problems to help reduce injuries. Exercise programs have 
also been utilized as prevention for MSD and CTS. Nathan et 
al.19 evaluated subjects before and after a 10 month aerobic ex-
ercise program which resulted in significant increases in aerobic 
fitness and decreases in body composition as measured by Body 
Mass Index (BMI) along with a tendency to decrease symptoms 
associated with CTS. Nathan and Keniston20 also found that the 
prevalence of median nerve conduction abnormalities and hand/
wrist symptoms to be inversely correlated with the frequency 
and intensity of self-reported exercise. With reports that physical 
activity levels are associated with fewer symptoms of MNC and 
CTS and it is assumed that Kinesiology majors will generally, be 
more active than most college students, the purpose of this study 
was to assess the prevalence of signs of median nerve compres-
sion among male and female Kinesiology students.

METHODS 

Subjects

 Forty-one students, 24 males (58%) and 17 females 
(42%), participated in this study. All students were Kinesiology 
majors with a mean age of 22.5 years ±3.4 (Table 1). The proce-
dure, risks, and participants’ rights were verbally explained, and 
all students signed an institutionally approved informed consent 
document. Since this study was an exploratory analysis of the re-
lationship between computer use and Kinesiology students who 
are highly physically active an a-priori power analysis was not 
performed. Our sample size of 41 was a convenience sample for 
exploratory analysis.

PROCEDURE

 Surveys were used to determine the volume of com-
puter use and physical activity among students, as well as the 
pain associated with these activities. A series of provocative 
nerve tests was used to determine the presence of median nerve 
compression. Each participant was also tested for grip strength 
through hand dynamometry.

Surveys: Physical activity level was assessed based on the 
STEPS Instrument survey by the World Health Organization21 
STEP wise approach to chronic disease risk factor surveillance. 
Participants were asked both how many days in a typical week 
and how much time on a typical day they participated in mod-
erate and/or vigorous physical activity. Examples for vigorous 
activities included running and football while examples of mod-
erate activity included cycling, swimming and volleyball.

The prevalence of forearm, wrist, and/or hand pain as-
sociated with physical activity and computer use was obtained 
from another survey.22 Questions included, “Have you ever ex-
perienced pain or discomfort in your hands, wrists, or forearms 
during or after working on a computer?” Additional questions 
were included to determine if they had experienced the same 
symptoms during or after exercise and whether they had experi-
enced these symptoms in the last two weeks with either activity. 
Participants were asked to report current course workload hours, 
how many hours in a typical day they used a computer, and what 
sports activities, if any, they participated in.

Special tests: Following careful study of the guidelines for 
conducting Phalen’s and Tinel’s tests as well as repeated 
practice for consistency, all of these tests were conducted by

Mean SD Max Min

Height 170.4 ±9.1 73 59

Weight (kg) 70.6 ±12.8 98 52

BMI 24.2 ±3.0 29 19

Age (yrs) 22.5 ±3.4 33 18
Table 1: Demographics of the participants (n=41).
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one of the authors (B.B.). Indications of median nerve compres-
sion were based on a positive Phalen’s test, or a positive hand el-
evation test. Tinel’s tap test was included in the series of special 
tests, but, by itself, was not considered sufficient to identify me-
dian nerve irritation.15 Though Phalen’s test and Tinel’s test are 
commonly used to identify median nerve compression, they can 
be influenced by examination technique, especially Tinel’s.15,23 
Therefore, the hand elevation test, which has a high inter-rat-
er reliability, was additionally used to identify the presence of 
nerve compression.15 A modified Phalen’s test, as described by 
Meek and Dellon24 was used to reduce flexion at the elbow and 
increase comfort during testing. Tinel’s test was performed by 
tapping for three sets of five strikes over the carpal tunnel, as 
described by Lifchez et al.23 The tests were considered positive 
if neurological symptoms developed in the median nerve dis-
tribution of the hand within one minute.25 The sensory distribu-
tion of the median nerve includes the palm of the hand and the 
lateral 3½ digits26 For this study, if symptoms were elicited in 
at least one of the first three digits or throughout the hand, they 
were considered positive for median nerve compression.15 Par-
ticipants who experienced symptoms of pain, paresthesias, and 
numbness only in the ulnar nerve distribution of the hand, or 
digits 4, 5 and the ulnar aspect of the palm, were not considered 
positive for MNC.27

Grip strength: Takei hand dynamometers were used to determine 
grip strength and measurements were reported to the nearest 1 
kg. The subject held the dynamometer in the hand to be tested, 
with the arm at right angles and the elbow by the side of the 
body. The handle of the dynamometer was adjusted as needed 
so the base rested on the first metacarpal (heel of palm), while 
the handle rested on the middle of four fingers. When ready the 
subject squeezed the dynamometer with maximum isometric ef-
fort which was maintained for about 5 seconds.28 

 The results of three trials of the dominant hand were 
averaged and ranked according to percentile. Normative data for 
grip strength was based on consolidated reference values com-
piled by Bohannon et al.29 

STATISTICS

 All participants were included for the analysis of MNC 
prevalence. Prevalence was determined by the percentage of stu-
dents positive for MNC signs. Also, prevalence was divided by 
gender. Binary logistical regression analysis was used to deter-
mine if gender, the amount of computer use, physical activity, 
or pain associated with these activities could predict MNC in 
students. SPSS 18.0 software was used for analysis and the alpha 
level for significance was set at p < 0.05.

RESULTS

Demographics of the participants are presented in 
Table 1. Most students (88%) reported a course workload of at 
least nine credit hours (Table 2). Time spent on the computer 

during a typical day was four hours or less for 85% of respon-
dents and at least three of those four hours were spent during 
work related to college courses. Computer use on desktop or 
laptop was not differentiated. Students were asked if they ever 
experienced pain or discomfort in their hands, wrists, or fore-
arms during or after computer use. Forty-nine percent stated that 
they never experienced symptoms while 41% reported pain with 
extended computer use. Four respondents (10%) indicated pain 
with short-term computer use. Students reported a wide range 
of physical activity levels (1.5 to 52 h/week) which were cat-
egorized as vigorous (7.0 ± 6.8 h) and moderate (4.3 ± 4.9 h). 
The most frequent physical activity reported was aerobic and 
included running, walking, cycling, or swimming. Only three 
of the participants were sedentary and most engaged in physical 
activity at least three hours per week (85%). Twelve percent of 
students exceeded 15 hours per week. 

Number of participants (%)

Gender

Male 24 (58)

Female 17 (42)

Course workload hours

1-4 0 (0)

5-8 5 (12)

9-12 14 (34)

13+ 22 (54)

Reported hours/day on 
computer

0-2 18 (44)

2-4 16 (39)

4-6 6 (15)

6-8 0 (0)

8+ 1 (2)

Reported hours/week of 
physical activity

Number of sedentary 
students

1-5 10 (24)

5-10 17 (42)

10-15 6 (15)

15+ 5 (12)

3 (14)

41

To assess pain associated with physical activity, par-
ticipants were asked if they ever experienced pain or discomfort 
in their hands, wrists or forearms during or after physical activ-
ity. Fifty-four percent reported that they never did, 41% stated 
they did occasionally, and two respondents answered that they 
often did. No student reported that they always had pain dur-
ing or after activity. With each category of computer use and 
physical activity, 93% of participants had not experienced any 
pain or discomfort in the distal extremities in the last two weeks. 
Grip strength was ranked according to percentile norms, and 
71% of participants were in the 80th percentile or higher, while 
29% ranked between 50th and 79th percentile. No students were 
below the 50th percentile. Seventeen percent of students were 
positive for median nerve compression. Students were asked

Table 2: Characteristics of participants.
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to specify in which area of the hand they experienced symptoms, 
and were assisted by means of a nerve distribution diagram of 
the hand. Although time to onset of symptoms was not consid-
ered in the analysis, most students required over 30 seconds to 
produce symptoms. There were not a significant relationship be-
tween positive median nerve results and factors such as gender, 
grip strength, computer use, physical activity level or pain.

DISCUSSION

 This study represents a small, exploratory investigation 
into the prevalence of wrist pain associated with computer use 
in Kinesiology majors. Seventeen percent of respondents were 
positive for MNC, which is similar to population prevalence for 
symptoms of CTS.16,17 However, six out the seven students with 
positive MNC results in this study denied any forearm, wrist or 
hand pain in the two weeks prior to completing the survey. Par-
ticipation in moderate and/or vigorous physical activity by most 
subjects in this study may account for a low incidence of pain 
despite testing positive for MNC. Other studies have evaluated 
physical activity and the presence of CTS symptoms. Nathan et 
al.19 assessed 30 volunteers symptomatic for CTS before and af-
ter a 10-month program of supervised aerobic exercise. Besides 
changes in body fat and peak oxygen consumption, they found 
that aerobic exercise alleviated hand symptoms associated with 
CTS, such as pain and tightness. Omer at al.30 separated comput-
er operators diagnosed with CTS into two groups and provided 
one group with strengthening and range of motion exercises for 
the neck, shoulders, and wrists for eight weeks. They observed a 
lower incidence of pain in the exercising group, while no chang-
es were seen in the control group. 

 Students were asked in what type of sports activities 
they participated in, if any. Of the seven students with MNC 
symptoms, three responded to the question. Two of the students 
listed weightlifting. Other sports activities listed were football 
and basketball (in combination with weightlifting), and base-
ball. In a review of peripheral nervous system injuries in sports, 
weightlifting and football were listed as activities associated 
with median neuropathy at the wrist, while baseball has been 
associated with median nerve neuropathy at the pronator teres.31 
Though not statistically significant, students in this group may 
have experienced median nerve compression symptoms due to 
the type of sport or recreational activities in which they regularly 
engaged rather than computer use. 

The relationship between CTS and computer use in 
the work environment was evaluated in a recent review. Me-
diouni et al.32 conducted a meta-analysis to determine whether 
computer use could be a risk factor for CTS and thus, should be 
recognized as an occupational disease. While many factors are 
involved in computer work exposure, time on the computer (> 
12 h/day) and bad ergonomic conditions may be associated with 
increased CTS risk. The finding that ergonomics can play a role 
in CTS was supported by Liu et al.33 who found that wrists posi-
tion while typing on a computer keyboard increased the risk of 

developing CTS.

CONCLUSION

 In the present study, none of the examined factors 
could be associated with median nerve compression results. The 
prevalence of MNC neurological symptoms for participants in 
this study was similar to that of the symptoms of carpal tunnel 
syndrome reported in the general population (14%). Males had 
a higher incidence than females for median nerve compression, 
although this was not statistically significant. Limitations in this 
study include a small sample size and interpretation of nerve 
compression distribution patterns. Students were assisted by 
hand diagrams to choose the nerve distribution that most closely, 
but may not have exactly, matched their symptoms. This study 
was also limited in the evaluation of median nerve function, and 
did not take into account compression distal to the wrist, or in-
clude other types of testing, such as nerve conduction studies. 
Future research should include a larger sample size, and should 
evaluate students with a high volume of computer use, such as 
engineering or computer science majors, and should include 
questions regarding video game participation. Upper extremity 
nerve compression across specific athletic disciplines of younger 
age groups would also be worth future study along with work-
shops to educate students, at any level, about the proper ergo-
nomics when using a mouse and computer keyboard.
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ABSTRACT

 Leg length discrepancy amongst the general population is relatively common, increas-
ing susceptibility to a range of injuries potentially transferable to endurance cyclists. While the 
effects of such conditions are widely reported for the general population, little is known regard-
ing a repetitive and constrained activity such as cycling. Therefore, the purpose of this study 
was to assess pedal mechanical asymmetries of trained cyclists with mild leg length discrep-
ancies and the subsequent effects of compensatory strategies (crank length and cleat wedge) 
on physiological measures of gross efficiency. Participants completed three 15 min trials at a 
sub maximal intensity for each condition in a single blind (participants) and balanced order 
with 15 min recovery between conditions. Torque, vastuslateralis Electromyography (EMG), 
mechanical angles at the hip, knee and ankle, of both left and right sides were recorded along 
with expired air analysis and heart rate in order to calculate changes in gross efficiency. The 
main findings show that participants with 5.4 ± 2.9 mm differences in leg lengths showed small 
asymmetries in mechanical angles, torque production and muscle activity for which compen-
satory interventions made positive small changes. Interestingly, these changes resulted in a 
negative effect on gross efficiency, which would require an adaptation period to remedy any 
neuromuscular compensatory adaptations. Therefore, cyclists recognized as having leg length 
discrepancies are recommended to use compensatory interventions such as orthosis, rather than 
crank length modifications, and that a period of gradual adaptation period be allocated.

INTRODUCTION

 Leg Length Discrepancy (LLD) has been defined as an observable difference in the 
limbs1 and has been classified as mild (10-30 mm), moderate (30-60 mm) and severe (> 60 
mm) with regards to measured differences.2 Reported occurrences of LLD amongst the general 
population range from 45-70%.3-4 It is known that LLD patients are more prone to a number 
of injuries5 including: lower back pain;6 hip pain;7 trochanteric bursitis1 patellofemoral joint 
incongruence’s8-9 and meralgiaparesthetica.10 All of which could be transferable to the mechan-
ics of endurance cycling which consists of repetitive and constrained movement over pro-
longed periods.8 A typical 90 minute ride pedaling at a cadence of 90 rpm would involve 8,100 
cycles of the lower limbs making overuse injuries common.11-12 The foundation of such injuries 
are typically related to poor technique and/or imbalances of force generation brought about 
by incorrect bicycle setup and erroneous training.11 Considering their occurrence, anatomical 
imperfections including LLD are a likely contributor to such injuries as the rider(s) may tilt the 
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pelvis in a compensatory manner towards the shorter leg creat-
ing differences in the function of the ankles, knees, hips, pelvis, 
torso and extension of the arms.13 These technical imperfections 
may well be due to a birth difference (true LLD) or functional 
LLD (FLLD) due to altered mechanics of the lower limb(s) in-
cluding muscle-joint tightness and/or muscle weakness. While 
general consensus suggests 20-30 mm differences are funda-
mental to making adjustments, the functional outcome (comfort, 
decreased injury risk, and performance) should be the emphasis. 
To this end the numeric of LLD are somewhat irrelevant to an 
individual athlete, as there is evidence to support even minor 
LLD affecting biomechanical measures.14 

 Interestingly, a number of cycling specific companies 
have responded to an increased demand for LLD equalizing 
strategies, yet there is little evidence to support such practice. 
Database searches found no cycling specific studies in relation 
to such strategies with reference to force production equaliz-
ing capabilities in participants with LLD. However, it has been 
shown that equal Ground Reaction Forces (GRF) experienced 
during walking or running have been related to a normal gate 
and no LLD15 yet the presence of LLD creates asymmetries 
in GRF with larger GRF’s occurring in the longer leg.16-17 In a 
closed chain activity like cycling, where the feet are fixed to the 
pedals and the hands remain on the handlebars, any manipula-
tion to lower extremity joint angles will potentially alter cycling 
performance through the effect on moment arm length and thus 
subsequent torque production for the specific leg involved.18 

Studies investigating positional componentry of bicycles and 
their subsequent effects on performance have shown optimal 
values for saddle height19-20 and crank lengths.21,22,18 Others have 
analyzed and identified torque asymmetries amongst elite and 
recreational riders without reference to measures of participant’s 
limb lengths.23,24 Possible explanations for torque asymmetries 
focus on long term adaptations involving neuromuscular co-
ordination and/or muscle fiber development of the dominant leg 
with little regard for LLD or FLLD. Likewise, bicycle-fitting 
services at point of purchase are common practice yet LLD are 
typically not considered. This is important, as a symmetrically 
built bicycle could result in joint angle asymmetry due to com-
pensatory mechanisms, which could plausibly decrease rider ef-
ficiency, and subsequently decrease performance. Therefore, the 
aim of this study was to assess pedal mechanical asymmetries 
of trained cyclists with minor LLD (5-10 mm) and to examine 
both the mechanical and physiological effects of compensatory 
strategies including crank length adjustment and cleat wedges.

 We hypothesized that LLD or FLLD would produce 
mechanical asymmetries and that compensatory strategies imple-
mented would equalize mechanical differences while increasing 
the overall efficiency of the cyclist. In addition, the cleat wedge 
was expected to equalize torque asymmetries and thus further 
improve efficiency as a direct response of artificially decreasing 
LLD as opposed to alterations to a single crank arm length. 

METHOD

 Seven endurance trained, competitive cyclists (mean ± 
SD: age 34 ± 3 years, height 180 ± 7 cm, mass 68.6 ± 9.6 kg) at 
different time points of their training season due to individual 
goals, were selected to participate in the study based upon a 
minimum minor LLD classification with a mean between total 
leg length difference of 5.4 ± 2.9 mm (Figure 1). 

All participants provided written consent in accordance with the 
NZ Central Region Ethics Committee.

Experimental Design

 Participants reported to the laboratory on three occa-
sions, including two preliminary sessions and the main trial 
session. A repeated measures design was used to compare the 
effects of three conditions including: 1) Normal bike set-up con-
sidered as the control (Con), 2) Crank Length (CL), and 3) Cleat 
Wedge (CW). Each condition was performed in a single blind 
(participants) and balanced order with a 15 min recovery pe-
riod between each condition. All subjects were asked to maintain 
normal weekly training volumes leading up to each trial and re-
frain from strenuous training and the consumption of alcohol or 
caffeine 24h prior to each test.

 On the day of each trial, subjects reported to the labora-
tory at the same time of day.

Preliminary Trial

Visit 1: On arrival at the laboratory each subject’s height (cm) 
and body mass (kg) were taken followed by an examination 
of LLD. Leg length was determined using ISAK accredited 
methods for segmental lengths25 of both left and right legs us-
ing a segmometer (Lufkin, USA) and performed by an ISAK 
accredited level 3 anthropometrist. Measurements included the 

Figure 1: Total leg length of individual participants
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trochanterion-base height and the tibialelaterale – base height25 

and involved the participant standing on a measuring platform 
with all measurements taken parallel to the long axis of the 
bone.

 Once anthropometric measures were obtained the labo-
ratory cycle ergometer (SRM, Germany) was set in accordance 
to measurements taken from the participants bicycle and fine-
tuned according to individual preference as part of the warm 
up on the ergometer. These measurements were recorded and 
standardized for subsequent visits. Participants were then asked 
to perform a standard ramp test22 starting at 100 W and increas-
ing by 25 W·min-1 until exhaustion (Wmax). Throughout this test 
expired air (Parvomedics Truemax 2400) data were logged, av-
eraged every 15 s in order to enable the calculation of O2 max 
and Ventilatory Threshold (VT). VT has been used in the past as 
a reliable indicator of endurance performance26 and an intensity 
performed in large volumes by professional road cyclists.27 As 
such the corresponding power output achieved at VT was used 
to determine exercise intensity for the main experimental trials. 
For participant characteristics of the Wmax test see table 1.

 

Visit 2: Following ergo meter set-up and confirmation of correct-
ness the participant completed a self-selected warm-up followed 
by familiarization of the main trial including: the isokinetic 50 
rpm (ISO50) test typically used to determine the strength of a 
cyclist,22 though in this study it was used for EMG normaliza-
tion.28 This involved recording the peak EMG value during the 
ISO50 and reporting EMG data during the main trial as a refer-
ence value (%) in relation to maximal activity. After a 5 min 
recovery period participants then completed 15 min at power 
output associated with VT (15@VT) and a Peak power-cadence 
test (PPC) used to determine sprint capability29 as per figure 2. 

 The PPC test is a 6 s maximal effort cycle ergometry 

test that requires the participant to reach peak power (W) at the 
onset of the initial effort when inertia is greatest, whilst peak 
cadence (rpm) should be attained during the latter part of the test 
when inertia is minimal. This test is performed in a seated posi-
tion from a stationary start with participants leading from their 
preferred starting foot set at a fixed crank angle of +15º from the 
top dead center. 

 The ISO50 test demands the ergo meter to be set to 
isokinetic mode. The participant is required to pedal at a cadence 
of 50 rpm for 30 s with minimal resistance, wherein a 10 s count-
down is given prior to commencement of the test upon which the 
participant applies maximal effort for 10 s at the fixed cadence of 
50 rpm.

Main Trial

Visit 3: After arrival at the laboratory subjects were weighed, 
completed a standardized warm-up and protocol (Figure 2) in-
volving an ISO50 test for EMG normalization, and 15@VT pre-
ceding a 2 min break before performing the PPC test. The 15@
VT and the PPC tests were performed on two further occasions 
for one of the three conditions (Con, CL, or CW). Trials were 
undertaken in a balanced order. Prior to performing each condi-
tion there was a 15 min period where the participant removed 
their cycling shoes and left the laboratory long enough to enable 
changes to either shoe cleats or crank length. Once this procedure 
was complete the participant returned to the laboratory and used 
the remainder of the time to adjust to the particular interven-
tion through pedalling on the ergo meter at intensity lower than 
the main trial. This period was considered sufficient to adapt to 
changes in crank length, as muscle co-ordination adaptation to 
changes in crank mechanics has been shown to occur within the 
first 10-20 revolutions.30 

Data Collection

 Torque (Nm), EMG (RMS) and digitized video were 
synchronized for the ISO50 test and 10 s epochs taken during the 
5th, 10th and 15th minute between 40-50 s of the main trial (Figure 
2). 

O2 max
(ml·kg-1·min-1)

Wmax
(W)

Power output at VT
(W)

Power output at RCP
(W)

62.1 ± 6.1 405 ± 60 236 ± 14 289 ± 31

Table 1: Subject characteristics for the maximal laboratory ramp test

Figure 2: Schematic representation of the performance protocol.
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 Torque analysis measured via the SRM ergo meter, 
SRM medical cranks (SRM, Welldorf, Ger) was analyzed via the 
Power control IV unit connected to a PC, sampling at 200 Hz. 
While the SRM cranks provide net torque for a complete pedal 
cycle it has been used previously as a reliable method for as-
sessing pedaling asymmetries.23 Calibrations of the SRM cranks 
were performed prior to each trial as per the manufacturer rec-
ommendations.

 EMG analysis focused on the Vastuslateralis (VL) mus-
cle, which is a major contributor to force development during 
cycling and knee extension. The period of pedaling where VL 
muscle activation and subsequent contraction occurs, is referred 
to as the propulsive or down stroke phase.31-32 EMG activity from 
both the left and right leg was recorded using surface electrodes 
10 mm diameter, located 12 mm apart and placed 5 cm proximal 
to the superior lateral border of the patella33-34 at an angle in line 
with the approximate muscle fiber pennation angle.35 In order 
to improve contact and decrease impedance, the participant’s 
skin was shaved, abraded and cleaned with alcohol swabs. The 
electrodes were taped and participants lycra shorts placed over 
the top to decrease movement artifacts. The raw EMG signals 
were band-pass filtered between 20 and 480 Hz, amplified, and 
converted from analog-to-digital at a sampling rate of 1 kHz. 
All raw EMG data was converted to RMS and normalized28 in 
relation to data collected from the ISO50 test and expressed as a 
percentage of maximum dynamic EMG activity.

 Two synchronized digital video cameras (Casio Exilim 
Pro EX-F1, Japan) were set up at a distance 3 m perpendicular to 
the SRM ergometer in order to capture movement in the sagittal 
plane. Video capture (300 Hz) was digitized (SiliconCoach Digi-
tizer, NZ) enabling 2D analysis including mechanical angles (°): 
Horizontal – Greater Trochanter – Lateral Condyle (H-GT-LC); 
Greater Trochanter – Lateral Condyle – Lateral Malleolus (GT-
LC-LM); Lateral Condyle – Lateral Malleolus – 5th Phalange 
(LC-LM-P).

 To determine the condition effect on mechanical effi-
ciency of pedaling, physiological measures including heart rate 
(Polar Electro, Kempele, Finland) and expired air analyzed for 
measures of VO2 and VCO2 (TrueOne, Parvomedics, USA), 
were sampled over the whole trial and averaged for the last 2 
min of each 5 min epoch. Gross Efficiency (GE) was calculated 
as the mean of all data collected in the last 2 min of each condi-
tion and calculated as previously described,36 equation 1.

Equation 1

Where EE equals energy expenditure calculated as:

STATISTICAL ANALYSIS
 
 Data recorded throughout the laboratory trial were 
transmitted to a conventional personal computer and analyzed 
with the respective software. Due to the differences in direction 
of any possible changes as a direct result of LLD, all data is ex-
pressed as percentage (%) differences between legs. Descriptive 
data (mean ± SD) were calculated for all dependent variables us-
ing Graph Pad Prism (version 5.0). Differences between condi-
tions (CON; CL; CW) for all dependent variables were assessed 
via two-way repeated-measures analysis of variance (ANOVA), 
with two within-subject variables condition*time, while three-
way ANOVA was used for condition*joint location*time. Sig-
nificance level for statistical analysis was set at the P<0.05 lev-
el.

 In consideration that worthwhile differences37 may not 
reach statistical significance due to small participation numbers 
and the potential for small but variable outcomes we decided to 
use measures of meaningfulness to allow practitioners a more 
thorough and detailed view of data analysis.38 As such the effect 
size (Cohen’s d) were also reported where applicable.39 

RESULTS

 Under the control condition participants exhibited a 
2.255 ± 1.581% bilateral difference for torque production and 
a 6.250 ± 3.858% difference for normalized EMG data. The bi-
lateral mechanical angle differences at 90º of a crank revolution 
were 3.17 ± 2.20, 4.11 ± 3.23, and 4.33 ± 3.52º for Hip (H-GT-
LC), knee (GT-LC-LM) and ankle, respectively.

 Repeated measures one-way ANOVA for all conditions 
within the study showed the mean overall power output and ca-
dence remained unchanged (p=0.6424 and p=0.4819) for each 
condition. Mean ± SD values of power output were 208 ± 47, 
209 ± 48 and 209 ± 48 W while values for cadence were 85 ± 6, 
86 ± 6 and 86 ± 5 rpm for Con, CL, CW, respectively. 

 Repeated measures two-way ANOVA showed no in-
teraction between condition*time period (p=0.6381; p=0.3969) 
and no main effect of either condition (p=0.6424; p=0.3944) or 
time (p=0.5507; p=0.2298) for torque or normalized EMG dif-
ferences, respectively. Overall differences for the complete 15 
min period were 6.25 ± 3.86, 5.87 ± 3.53, and 3.87 ± 1.64 for 
normalized EMG while torque (Nm) exhibited differences of 
2.26 ± 1.58, 1.74 ± 1.74, and 1.68 ± 1.64 %. Effect size analy-
sis comparing conditions identified small positive effects with 
regards to equalizing differences between legs for both CL and 
CW when compared with the control condition (Figure 3). 

 Resultant physiological responses calculated as the 
overall mean for each condition showed no significant differenc-
es for heart rate (132 ± 15, 134 ± 17, 136 ± 21bpm, p=0.5165),O2 
(2.69 ± 0.52, 2.74 ± 0.52, 2.77 ± 0.54 L⋅min-1, p=0.5247) or GE

( ) ( )1
2 2·  3.869    1.195    4.186 / 60   [( ) ( )] 1000EE J s VO VCO− = × + × × × 

( ) ( ) ( )( )1 %     /  ·  1 0 0(GE Work Rate W EE J s−= ×

˙ ˙
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(22.52 ± 1.72, 21.74 ± 2.04, 21.72 ± 2.37 %, p=0.3426). How-
ever, effect size calculation showed that the experimental inter-
vention had a small effect on reducing gross efficiency in both 
the CL and CW conditions (Figure 4).

 Three-way ANOVA was used to examine the main ef-
fects and interactions of condition, angle location and time ep-
och (each 5 min within the overall 15 min period) as they relate 
to RMS difference between left and right sides for a complete 
crank cycle. There were no significant difference for the depen-
dent variable (RMS differences) for Condition*Time*Location 
(F (2,21)= 0.224, p=0.986) while no significant differences were 
observed for the main effect of condition (F(2,8)= 1.916, p=0.151) 
and time (F(2,8)= 0.587, p=0.712). Similar analysis for mechanical 
angles at a typical point of peak torque production (90° of crank 
cycle40 produced no interaction for Condition*Time*Location 
(F(2,21)= 0.925, p=0.498) or main effects of condition (F(2,8)= 
2.824, p=0.063), time (F(2,8)= 0.036, p=0.965) or location (F(2,8)= 
2.314, p=0.103). Figure 5 shows the overall mean ± SD angle 
differences for each of the design conditions for which effect 
size calculations identify moderate effects of the interventions 
on reducing differences at the hip (Con-Cl d=0.52, Con-CW 
d=0.51 and CL-CW d=-0.04) and large effects at the knee (Con-

Cl d=1.25, Con-CW d=1.58 and CL-CW d=0.44) when com-
pared to the control condition.

DISCUSSION

 The main aim of this study was to identify the extent 
of asymmetries in trained cyclists with mild LLD and whether 
acute implementation of two compensatory strategies (CL and 
CW) would alter rider mechanics and their physiological re-
sponse to a sub maximal riding intensity.

 The main findings were: a) participants with a mean 
LLD of 5.4 ± 2.9 mm showed asymmetries with regards to me-
chanical angles, torque production and muscle activity imbal-
ance; and b) compensatory interventions (CL and CW) used to 
equalize mild LLD made small but potentially worthwhile dif-
ferences to imbalances in torque production and muscle activity, 
but negative changes to physiological markers of gross efficien-
cy as a result of changes to long-term compensatory mechanisms 
acquired. c) the proposed mechanism for these changes is related 
to equalizing differences in joint angles at point of maximum 
torque application. 

 Within the cohort of participants used for this study 
initial analysis identifying whether minor LLD amongst cy-
clists produced kinetic difference was justified, and if corrected 
would potentially benefit performance and reduce overuse in-
juries. Imbalances in the moment arms of the cyclist could lead 
to increased muscle mass due to inequity in work performed to 
compensate for mechanical inefficiencies. Either way the ath-
lete’s performance could be limited due to a discrepancy that 
could easily be remedied. Therefore, any intervention aimed at 
addressing imbalances such as alteration to crank length or via 
orthosis is worth investigating under controlled conditions. Ac-
cordingly, participants of this study successfully completed the 
three conditions at identical power outputs and cadences sug-
gesting that any changes to differences between legs with re-
gards to mechanical angles, torque, knee extensor activity and

Figure 3: Comparisons of conditions for the overall differences between legs of normalized EMG 
(%) and torque (Nm), expressed as effect size with descriptive categorization of effect size pro-
vide on the y-axis39

Figure 4: Difference in gross efficiency between conditions expressed as effect size (Cohen’s d)

Figure 5: Overall mean ± SD for each condition and mechanical location. Where, Hip equals 
Horizontal – Greater Trochanter – Lateral Condyle (H-GT-LC); knee equals Greater Trochanter 
– Lateral Condyle – Lateral Malleolus (GT-LC-LM); and ankle equals Lateral Condyle – Lateral 
Malleolus – 5th Phalange (LC-LM-P)
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subsequent physiological variables could be largely attributed 
to the particular condition rather than any difference in power 
output or cadence of participants.41

 Previous work18 has acknowledged the importance of 
the interaction of lower extremity mechanics and moment arm 
in optimal cycling performance. The importance of the hip, knee 
and ankle to cycling performance is further supported via the 
contribution of muscle loading (hip extensors (27%); hip flex-
ors (4%); knee extensors (39%); knee flexors (10%); and ankle 
plantar flexors (20%)) via flexion and extension towards total 
positive work.42 The synchronized, digitized 2D video analysis 
of participants in this study identified a small but escalating dif-
ference at the hip, knee and ankle, respectively (Figure 5) un-
der normal conditions. This combined with the knowledge that 
torque production imbalance was 2.3 ± 1.6 % and normalized 
EMG of vastuslateralis was 6.3 ± 3.9% highlights an increased 
total work output by one leg over the other. Such discrepancies 
are expected to either limit performance capabilities of cyclists.

 While LLD’s effects on cycling performance have 
not been investigated prior to this point, walking studies show 
LLD’s corrected to within 10 mm during walking do not produce 
favorable outcomes.16 Suggested reasons for such outcomes lie 
with the fact that longitudinally, people develop compensatory 
mechanisms to overcome such differences.43,17 There is no rea-
son to believe that this would be different for cycling and in 
fact it is plausible that acute interventions would cause increased 
negative imbalances. Compensatory mechanisms within cycling 
could involve an increased downward or upward pelvic obliq-
uity leading to an asymmetric position on the saddle; increas-
ing or decreasing knee extension/flexion throughout one crank 
cycle; and greater plantar flexion or dorsiflexion of the foot. As 
such our findings support the assumption that any alteration to 
long-term compensatory mechanisms while improving mechan-
ical imbalances as shown by both torque and normalized EMG 
discrepancy attenuation (Figure 3) in the short-term. 

 The intervention produced an acute small negative ef-
fect on gross efficiency (Figure 4). This is important to know, as 
we would expect an increase in performance and/or efficiency 
as a result of changes to work output. Although impossible to 
prove from acute interventions such as this it is conceivable that 
the link between expected increased efficiency would be related 
to the adaptation period required to overcome long-term com-
pensatory mechanisms obtained by the cyclists. It could also be 
construed that the addition of any acute correctional interven-
tions combined with the likely longitudinal compensatory adap-
tation to LLD would serve to increase short-term injury risk with 
the addition of a possible negative performance effect. To this 
end any intervention causing change to the moment arm must 
be viewed from a progressive, long term approach rather than an 
immediate-permanent change. As such it is important to perform 
a study where participants are assessed acutely but followed on 
a longitudinal basis in order to ascertain whether the assumption 

that compensatory mechanisms require time to adapt with resul-
tant improvements in gross efficiency.

CONCLUSION

 An acute strategy to balance LLD had small positive 
effects on imbalances of mechanical angles at joints involved 
in cycling and such changes were enough to rectify discrepan-
cies of torque and muscle activity between legs. However, these 
acute responses triggered a negative response in physiological 
measures of efficiency. It is felt that participants would require 
an adaptation period to remedy any neuromuscular compensa-
tory adaptations that have previously taken place.
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ABSTRACT

 There have been only rare incidences of simultaneous rupture of the patella tendon 
and anterior cruciate ligament. We describe a patient that had the first reported case of a patella 
tendon rupture with a tibial tubercle avulsion fracture and an anterior cruciate ligament avul-
sion fracture of the tibial eminence. The patient was a 19-year-old skeletally mature collegiate 
athlete who sustained the above injuries after falling from his bicycle. The next day he was 
treated with an open reduction and internal fixation of both his tibial tubercle avulsion frac-
ture and his tibial eminence avulsion fracture as well as a repair of his patella tendon. Over 
the course of his rehabilitation, the patient showed no complications and was pleased with his 
outcome at his 2 year visit. To our knowledge, this is the first time this specific pattern of injury 
has ever been reported.

INTRODUCTION

 Tibial tubercle avulsion fractures were first described by Poncet in 1875 and were once 
thought to be only seen in pediatric patients.1-2 It is now accepted that adults can present with 
this fracture and treatment modalities for this fracture in adults include fixation with screws, su-
tures, and wires with either an open or arthroscopic technique.3-4 One study estimated that tibial 
spine avulsion fractures may be present in 14% of Anterior Cruciate Ligament (ACL) injuries. 
As this injury is inherently uncommon and most frequently seen in the pediatric population,5 
the incidence of adult avulsion fractures may be underestimated.1 

 Ten case reports, including 17 patients, of ipsilateral simultaneous rupture of the pa-
tella tendon and ACL have been reported.6-16 There was one case report of a tibial tubercle avul-
sion fracture and a tibial spine avulsion fracture with no rupture of the patella tendon.17 This 
report outlines the unique situation when both of these fractures occur together with a patella 
tendon rupture and we provide a logical treatment option for this complex injury pattern.

CASE REPORT
 
 The patient was a 19-year-old male who presented to the emergency department with 
an initial chief complaint of left knee pain. He was a college student on the intramural water 
polo team. On the day of his injury, the patient was riding his bicycle when he lost control and 
fell. He states he was riding with no hands when his left knee hit his handle bar. His leg then 
was caught on the ground as he attempted to plant and was internally rotated. The patient denied 
landing directly on the knee. Immediately after the accident he was unable to ambulate, denied 
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any other complaints at this time, and was otherwise in excellent 
health, with no past medical history. On physical examination, 
the patient was a well-developed and muscular adult male lying 
comfortably in his bed with no apparent distress. Upon evalua-
tion of his knee, there was moderate swelling and effusion pres-
ent, with no evidence of an open wound. The knee was tender to 
gentle palpation over the lateral joint line and over the tibial tu-
bercle and was noted to have a positive patellar ballottement. 
The patient’s sensation was intact to light touch distally and his 
pulses were 2+ and palpable. The inferior patella tendon was 
noted to have a large palpable defect. Despite a good effort on 
his part, the patient did not tolerate any range of motion to his 
knee. Ligamentous examination showed no evidence of medial 
or lateral laxity, but there was a positive Lachman despite the 
patient guarding. We were unable to perform a posterior drawer 
and the patient could not perform a straight leg raise. Ankle-
Brachial Index (ABI) was assessed as well and was 1.09 on the 
affected side (left) and 1.2 on the unaffected side (right). (Figure 
1)

 

 A radiograph of the left knee (Figure 1) showed an os-
seous avulsion injury at the insertion of the patellar tendon with 
superior displacement of the tibial tuberosity and an accompa-
nying patella alta. There was also a mildly displaced fracture of 
the lateral intercondylar eminence as well as a possible cortical 
disruption near the medial intercondylar eminence, plus a large 
effusion and anterior soft tissue swelling. The findings were 
suggestive of multi-ligamentous injury and were particularly 
concerning for ACL and Posterior Cruciate Ligament (PCL) 
tear equivalents. We next ordered a Magnetic Resonance Im-
age (MRI) of the left knee, which showed a fracture at the base 
of the tibial eminence (Figure 2).

 

 There were marrow contusions of the medial and lat-
eral tibial plateau, lateral femoral condyle, and fibular head. The 
ACL was intact but had avulsed the bony fragment from the tib-
ial eminence. The patellar tendon was intact but redundant and 
had avulsed a bony fragment from the tibial tubercle. There was 
also a complex tear of the posterior horn of the lateral meniscus 
and a tear of the medial meniscofemoral ligament with slight 
extrusion of the medial meniscus. The popliteus and soleus mus-
cles showed grade 2 strains. A large joint effusion with lipohe-
marthrosis was present with a small ruptured Baker’s cyst. 

 At this time the all treatment options and their risks and 
benefits were discussed with the patient and he elected to pro-
ceed with operative treatment of his injury.

SURGICAL TECHNIQUE

 We proceeded with open operative fixation and per-
formed this one day after the injury. A standard longitudinal in-
cision was made centered over the patella. Following this, skin 
flaps were created and our dissection was carried down to the 
frayed patellar tendon. We noted a sizeable tendon defect as well 
as an osseous avulsion at the tibial tuberosity insertion centrally. 
There was a portion of the tubercle which remained attached to 
the central patellar tendon proximally. As we evaluated the pa-
tellar tendon itself, we saw that the medial limb of it was partial-
ly intact with only moderate disruption of the superficial fibers. 
However, the lateral aspect of the tendon had been completely 
avulsed from the tubercle, leaving it attached to the inferior pole 
of the patella with a split in the coronal plane.

 A large amount of hematoma was evacuated from the 
joint through medial parapatellar arthrotomy. The anterior cru-
ciate ligament remained intact and attached to the avulsed tib-
ial eminence. Provisional reduction of the bony fragment was 
achieved using K-wire fixation with the knee held in flexion. 
Final position of the fracture fragments was fixed using a 4.0 
mm × 38 mm partially threaded cannulated screw.

 With the knee placed in extension the avulsed tibial tu-
bercle was brought back to its native position. Placement was 
confirmed with k-wire fixation and a 3.5 mm × 28 mm partially 
threaded cannulated screw held the avulsed portion of the tu-
bercle in anatomic reduction. Once the central portion of the 
injured tendon was repaired we were able to repair the avulsed 
lateral limb of the tendon. A 4.5 mm suture anchor was placed 
laterally, adjacent to the tibial tuberosity, and threaded through 
the deep portion of the lateral tendon in a Krakow fashion. This 
restored the deep layer of tendinous attachment to the tibial in-
sertion leaving to superficial sleeves of tissue both medially and 
laterally. 

 The remainder of the patellar tendon repair was done 
in standard fashion with a No. 5 Ethibond suture using Krakow 
technique in the medial and lateral tendon limbs. Beath needles 

Figure 1: Initial radiographs obtained in the emergency room. (A) AP view, (B) lateral view. 
Intercondylar eminence fracture and tibial tubercle avulsion shown. (C) oblique view.

Figure 2: (A) and (B) demonstrate coronal views of the affected knee. Marrow contusions are 
apparent as well as the injuries to the medial and lateral menisci. (C) Sagittal section of the knee 
demonstrating the fracture to the tibial eminence and the intact PCL.
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were passed through the patella from distal to proximal using 
fluoroscopy to ensure the patellofemoral articular surface was 
not violated. Suture ends were passed through the patella’s in-
ferior pole, then tensioned and sutured over the superior pole. 
Lastly, a drill hole was made through the center mass of the 
patella from medial to lateral under direct visualization. No. 5 
Ethibond suture was weaved through the soft tissue proximally 
through the patellar tendon, circumferentially around the patella, 
then distally down the opposite tendon limb. This was passed 
through the transverse drill hole, tensioned and tied (Figure 3).

 Postoperatively the knee was placed in a hinged knee 
brace locked in extension. The patient was allowed to be weight 
bearing as tolerated in this brace.

Postoperative Course

 The patient was discharged from the hospital on post-
operative day number 2 and followed up at regular intervals of 2 
weeks (Figure 4), 6 weeks, 3 months (Figure 4), 6 months, 1 year 
and 2 years. 

 At 2 weeks, the patient had a well healing incision. 
He was instructed to weight-bear as tolerated with his hinged 
knee brace locked in full extension. We began gentle active and 
passive range of motion from 0-80 degrees. His X-rays showed 
stable hardware in good alignment. There was no evidence of 
bony healing at this early time. 

 At 6 weeks post-operatively, the patient continued to 
progress. He was allowed to bear weight in his hinged knee 
brace open to 90 degrees range of motion. At this point we initi-
ated formal physical therapy consisting of standard quadriceps/
patellar tendon repair guidelines per our physical therapy depart-
ment. The X-rays obtained at this visit demonstrated evidence 
of bony resorption at the tibial tubercle, consistent with ongoing 
healing. The hardware continued to be in good alignment and 
showed no evidence of failure. 

 
 
 At the 3 months follow up visit we discontinued his 
hinged knee brace. There was a persistent knee effusion that was 
troubling the patient and we aspirated his knee at this time. There 
was no evidence of infection and the patient experienced relief. 
We obtained final follow up X-rays at this visit demonstrating 
that the bony fragments began to exhibit callus formation. The 
hardware was fully intact and in good alignment. 

 When the patient returned for his 6 month visit we pro-
vided a custom ACL brace for ongoing therapy as he was now 
ambulating around the college campus without difficulty. We 
elected to continue to restrict the patient’s activity and hold him 
from participating in water polo. 

 At the 8 month follow up, functional testing showed 
a 40-50% deficit in his quadriceps strength. He was continu-
ing to work with focused therapy and we continued his activ-
ity restrictions. At 1 year postoperatively, the patient was doing 
very well. His only complaint was that he continued to experi-
ence fatigue after a short time of activity. He had been perform-
ing light activity consisting of frisbee golf, use of an elliptical 
trainer, and similar level activities. He had fair quadriceps tone, 
negative Lachman’s, and no joint line tenderness. He was able 
to perform a straight leg raise without lag and only exhibited a 
minimal amount of opening with varus stress (but still with firm 
endpoint). We allowed him to return to water polo at this time 
and insisted that he continue to work with therapy for strength-
ening and conditioning. 

Figure 3: Intraoperative photograph showing the repair to the patellar tendon as 
described.

Figure 4: Radiographs during the postoperative followup. (A) 2 week AP 
view, (B) 2 week lateral view, (A) 3 month bilateral standing AP view and 
(C) 3 month lateral view.
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 At his final appointment at 2 years postoperatively, the 
patient was having no issues. He had returned to full activity and 
participation in sports. He had no complaints and his exam was 
normal. He was allowed to follow up as needed in the future.

DISCUSSION

 Our case report represents a unique mechanism of inju-
ry as well as a unique fracture pattern. The mechanism of injury 
for tibial spine avulsion fractures in adults has been described 
as often involving patients in motor vehicle crashes whose knee 
is near full extension then suddenly forced into full extension 
without any rotation forces.1 Tibial tubercle avulsion fractures 
are likely related to the intense forces generated when there is 
forced quadriceps contraction against a flexed knee.18 Although, 
our patient does not recall the precise movements of his knee, 
he did describe how he was riding his bicycle without any hands 
and attempted to plant his feet against the bicycle pedal. Unfor-
tunately for him, his left knee missed the foot pedal and his foot 
landed on the ground. We surmise that the patient tried to extend 
his leg to push off on the pedal and forced his leg into extension 
against an axial load from the ground causing a tibial spine avul-
sion fracture. The simultaneous pull of his quadriceps muscle to 
attempt to extend his leg to push off the bicycle pedal caused the 
tibial tubercle avulsion fracture and his patella tendon rupture. 
The patient did also state that he felt his leg internally rotate. It is 
not clear how such rotation played into the fracture pattern, but 
may have contributed to the force needed to cause the tear of his 
posterior horn of the lateral meniscus.
 
 The repair strategy for patella tendon ruptures is in 
general immediate open repair and several studies have outlined 
arthroscopic techniques to fix tibial eminence avulsion fractures 
in adults.19-22 Given the fact that an open repair of the patella ten-
don was necessary we elected to perform the repair of the tibial 
eminence fracture with an open technique as well. As described 
above, an antegrade nail was used to repair the tibial eminence 
fracture, which is the most effective method to obtain initial rig-
id fixation of the ACL avulsion fracture.22

 The above case represents a unique fracture pattern as 
well as a unique mechanism of injury. While most tibial eminence 
avulsion fractures are repaired arthroscopically, this particular 
fracture was fixed with an open technique due to the necessary 
open patella tendon repair. This case may guide future surgeons 
in proper treatment of this very unusual case of ligamentous and 
bony injuries around the knee.

CONSENT

The authors affirm that the patient was told that the details of 
the case would be submitted for print and digital publication and 
provided informed consent. 
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ABSTRACT

 Track runners train and compete solely in the counter clockwise direction around the 
track. These repetitive motions place track runners at risk of “over-use” injury, but strength 
differences place females at greater risk than males. This study was conducted to evaluate the 
asymmetry of gluteus medius muscle activation patterns in female runners as they run around 
the curves of an unbanked 200 m track. Wireless surface electromyography (EMG) sensors 
were adhered to the skin overlaying the gluteus medius. Participants’ muscle activation was 
recorded as they ran two 200 m trials at a pace of 5±0.5 m/s and walked 200 m at a chosen 
pace. Each participant’s EMG for the running strides was normalized to the average amplitude 
of their walking trials. There were significant increases in muscle activation of the outside 
(right) gluteus medius when athletes ran on the curves compared to the straightaways (359.1 
percent of walking ±132.8 and 324.7±102.6 respectively, p=0.015). There was a trend for de-
creases in muscle activation of the inside (left) gluteus medius when athletes ran on the curves 
compared to the straightaways (449.2 percent of walking ±136.1 and 469.4±132.6 and respec-
tively, p=0.065). These data suggest that the gluteus medius abducted the outside (right) leg to 
contribute to the lateral forces necessary to run around the curve. The muscular demands for 
the two legs are different, and are consistent with observed injury patterns. This loading pattern 
and mechanism of injury may be useful for guiding training and rehabilitation strategies.

KEY WORDS: Running; Gait; Muscle activation; Gluteus medius; Straightaways; Curves; 
Asymmetry; Indoor track.

ABBREVIATIONS: EMG: Electromyography; ITBS: Iliotibial Band Syndrome.

INTRODUCTION

 Running is a common recreational and competitive activity consisting of alternat-
ing stance and swing phases, and including an airborne phase.1,2 The intermittent application 
of force on contact with the ground produces a peak vertical impact force equal to about 2.5 
times a person’s body weight,3 Achilles tendon forces between 6.1 and 8.2 times body weight, 
and patellar tendon forces between 4.7 and 6.9 times body weight.4 As a result, runners are 
prone to “over-use” injuries such as Achilles tendinopathy, chronic knee lesions (patellar carti-
lage lesions), iliotibial band syndrome and stress fractures.5 International athletic competitions 
have relatively high rate of injury (81.1±4.2 injuries per 1000 athlete registrations),6 and mixed 
findings about the injury rates in males and females. For example, a recent review of injuries 
in major track and field competitions concluded that males have a higher risk of injury than 



                 sports and exercise medicine

Open Journal
http://dx.doi.org/10.17140/SEMOJ-1-105

Sport Exerc Med Open J

ISSN 2379-6375

Page 28

females,5 a retrospective review of injuries sustained by 95 track 
and field athletes in a 12 month period observed similar injury 
rates in male and female athletes,7 a recent systematic review 
that included a total of 4,671 pooled participants observed that 
most studies did not find that gender was associated with run-
ning injuries,8 and a systematic review of injuries in recreational 
and competitive runners revealed a positive association between 
overall lower extremity running injuries and the female sex.9 In 
addition, weak hip abductors and external rotators are associated 
with the development of general overuse injuries of the foot and 
ankle, patellofemoral pain, iliotibial band syndrome and anterior 
cruciate ligament injury.10 Interestingly, decreased hip abductor 
concentric strength predicts the development of exertional me-
dial tibial pain in females, but not males.11

 Competitive track runners exclusively run around the 
curves of the track in the counter-clockwise direction. Compared 
to running in a straight path with prominent vertical ground reac-
tion forces, running around curves requires larger lateral ground 
reaction forces12 and different muscle activations.13 While both 
legs of a runner generate lateral ground reaction forces when 
running around a curve, the resultant ground reaction force is 
significantly greater for the outside leg.12 This asymmetry is also 
reflected in increased hind foot evertor strength of the right leg 
and hind foot inverter strength of the left leg of collegiate sprint-
ers and middle distance runners after ten weeks of track train-
ing.14 Right foot evertors and left foot invertors, in conjunction 
with hip abductors and hip adductors, are thought to produce 
the forces necessary for accelerating around the curves of the 
track.14 While many studies have evaluated the kinematics15,16 
and ground reaction forces during running around curves,12,17 
fewer studies have evaluated the muscular patterns during run-
ning around curves and related cutting maneuvers.13 These data 
have been interpreted in light of the maximum forces that limbs 
can generate and have led to the conclusion that the inside leg is 
the limiting factor during running around curves.12 For example, 
the inside leg has smaller propulsive and lateral forces compared 
to the outside leg.12 However, these papers specifically evaluate 
the force components along the leg and assume that the lateral 
component of the ground reaction force is produced by lean-
ing into the corner such that the limb extensor force includes a 
lateral component.17 If this were the case, then we would expect 
that the gluteus medius muscle activation would be similar in the 
straightaways and while running around curves. However, the 
hip abductor muscles on the outside leg can effectively produce 
an abduction moment during stance that would result in lateral 
ground reaction forces. If the hip abductors are contributing to 
the lateral ground reaction force then we would expect that there 
would be greater gluteus medius activation on the outside leg 
while running around curves compared to the straightaways. 
Given that running around curves requires laterally-directed 
components of the ground reaction force12 and may place higher 
demands on the hip abductors,14 and that females have weaker 
abductors than males,18 females may show differential muscle 
activations and may be at a higher risk of injury while running 
on curved tracks.

 The purpose of this study was to investigate the asym-
metry of gluteus medius muscle activation patterns in female 
runners as they run around the curves of an unbanked 200 m 
track. Given the difference in function of the inside and outside 
legs while running around curves, we hypothesized specific di-
rectional hypotheses. We hypothesized that the right (outside 
leg) gluteus medius activation on curves would be significant-
ly greater than straightaways, which is consistent with these 
muscles creating abduction moments to contribute to the lateral 
forces during curves. We hypothesized that the left (inside leg) 
gluteus medius activation on curves would be significantly less 
than straightaways, since abduction moments for the inside limb 
take away from centripetal forces during curves.

METHOD

Participants

 Eight middle- to long-distance female runners of West-
ern University’s 2013-2014 Track and Field and Cross Country 
teams were recruited to participate. Volunteers signed a writ-
ten consent letter and completed a Training and Medical His-
tory Form assessing their eligibility. All participants were be-
tween 18 and 27 years of age and currently not suffering from 
an injury resulting in abnormal running form. The participants’ 
mean (± SD) age was 20±1.67 years, mean height (± SD) was 
167.63±12.04 cm, mean (± SD) leg length was 102.75±6.39 cm 
and mean weight (± SD) was 57.50±6.46 kg. Each participant 
ran an average (± SD) of 7.44±1.24 hours per week and had 
been running for an average (± SD) of 8.50±2.83 years. During 
the indoor track season, an average (± SD) of 3.31±1.00 hours 
per week of training time consisted of running timed intervals in 
the counter-clockwise direction around the 200 m indoor track at 
Thomson Arena at Western University. The 10 mm polyurethane 
rubber track was unbanked and included 45 m straightaways and 
55 m curves.14 This study was approved by the UWO Ethics Re-
view Board and Women’s Track and Field Head Coaches, and all 
participants provided informed consent.

Participant Preparation

 Wireless surface electromyography electrodes (Tri-
gnoTM Wireless Systems, DELSYS, Boston, MA, USA) with 
10 mm inter-electrode distance were adhered midway between 
the crista iliaca and the greater trochanter to capture gluteus 
medius muscle activation.19 Both lower extremities were in-
strumented. The skin was wiped with alcohol swabs to reduce 
impedance and to improve electrode adherence. The electrodes 
were arranged parallel to the muscle fibers and were secured to 
the skin using the manufacturer’s double-sided tape interfaces, 
and additional strips of tape, to prevent electrode movement.

Maximal Voluntary Contractions and Strength Tests

 Maximal hip abductor strength was tested three times 
per leg for each participant. Guidelines for manual resistance 
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testing of the gluteus medius19-21 were followed while providing 
resistance with a Mark-10 Series 5 digital force gauge (Mark-10 
Corporation, Copiague, NY, USA), similarly to other research-
ers.22 The examiner’s standard command was “go-go-go-push-
push” as the participant attempted to abduct her leg against 
manual resistance while laterally recumbent.22 The participant 
held the contraction for four seconds and had two minutes of rest 
between contractions. Maximal strength was defined as the peak 
force recorded by the digital force gauge.

 The digital force gauge was also used to measure hip 
flexor and adductor strengths. For hip flexor strength, the partici-
pant was in a seated position and maintained their thigh 8 inches 
from the surface of the chair.22,23 With the digital force gauge in 
hand, force was manually applied onto the thigh to break the 
muscle contraction.23 The peak force was recorded. For hip ad-
ductor strength, the participant was laterally recumbent with her 
knees extended.24 The participant attempted to adduct her bot-
tom leg without internal/external rotation, flexion or extension 
of the hip and a breaking force was manually applied below the 
knee.24

Testing Protocol

 To warm-up prior to testing, the participants jogged at 
a warm-up pace for five minutes. Testing for each participant 
consisted of three 250 m trials around the innermost lane of the 
track, from the start of a straightaway around the track and to 
the end of that straightaway. Participants ran at a target pace of 
5 m/s, the approximate race pace for a 3000 m race for the first 
two trials and walked at a self-selected pace for the third trial. 
Fifty meters into each trial the electromyography (EMG) system 
and manual stopwatch were started. At the completion of one 
lap of the track, the EMG system and stopwatch were stopped. 
Running trials exceeding ±0.5 m/s of the target speed were re-
peated. In between tests, participants rested for five minutes. 
Participants were videotaped from a viewing platform above the 
track using a Sony HDR-XR550V digital camera mounted on a 
tripod. The camera was panned to follow the participants as they 
walked and ran to determine when they were running on curves 
versus straightaways and times of foot contact.

DATA ANALYSIS

 A two-way repeated measures ANOVA was used to 
compare peak strength measurements for participants hip abduc-
tors, hip adductors, hip extensors and hip flexors for their bodies’ 
right and left sides.

 The raw EMG signals were sampled at 2000 Hz, full-
wave rectified and low-pass filtered with a 2nd order Butterworth 
(Fc=20 Hz). The videos were played frame-by-frame using VLC 
media player (version 2.1.4, Free Software Foundation, Boston, 
MA, USA) to record foot contact timing. The videotape record-
ing was also used to code the strides as whether they occurred 

in the straightaway or curve. Individual strides for both the right 
and left sides were partitioned out of the data record using the 
timing of foot contacts extracted from the videotape recording.
EMG data were normalized to walking on the straightaways to 
yield percent of walking values similarly to other researchers,25,26 

and the mean amplitudes were extracted to represent the magni-
tude of muscle activation. One-tailed paired t-tests were used 
to evaluate the statistical significance of differences in average 
gluteus medius EMG amplitudes between the straightaways and 
curves for right (outside) and left (inside) legs using Graph Pad 
Prism (version 6, Graph Pad Software, San Diego, CA, USA). 
Statistical significance was set at p<0.05.

RESULTS

Peak Strength

 There was no significant interaction between sides and 
muscle group’s strength (p=0.924), and no significant main ef-
fect of side (p=0.928). There was a statistically significant main 
effect of muscle group (Figure 1; p<0.0001). Post hoc testing 
revealed that the abductors were significantly stronger than the 
adductors (p=0.049), and the extensors were significantly stron-
ger than the flexors (p=0.007) while no other comparisons were 
significantly different.

Muscle Activation

 We observed that the gluteus medius showed a burst of 
activity during stance (Figure 2). In general the gluteus medius 
was activated between three and five times greater during run-
ning than walking (Figure 3). Interestingly we observed that the 
right gluteus medius muscle appeared to be activated less than 
the left for both straightaways and curves. When we compared 
between curves and straightaways for each side, we observed 
significantly greater activation for the right (outside leg) gluteus 

Figure 1: Maximal hip strengths for the right and left sides. The differences between the right and 
left sides were not statistically significant.
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medius in curves compared to straightaways (p=0.015), and a 
trend towards less activation of the left (inside leg) gluteus me-
dius on the curves compared to the straightaways (p=0.065).

DISCUSSION

 The purpose of this study was to determine if the glu-
teus medius contracts asymmetrically when female runners run 
around the curves of a 200 m unbanked track. Given the ne-
cessity for increased lateral ground reaction forces,12,27 we hy-
pothesized that the magnitude of gluteus medius activation of 
female runners would be different between straightaways and 
curves for the right (outside) and left (inside) legs. In specif-
ic, we hypothesized increased activation of the right (outside) 
gluteus medius in curves, and decreased activation of the left 
(inside) gluteus medius in curves. The results of the study sup-

ported our hypotheses: gluteus medius activation in curves was 
significantly greater for the right (outside) leg, and we observed 
a trend for decreased gluteus medius activation of the left (in-
side) leg in curves compared to straightaways when female run-
ners ran on an unbanked 200 m track. These data suggest that 
the biomechanical and muscular demands of curvilinear running 
differed from those of straight path running. Previous studies 
have thought that extension of the leg with the body leaning into 
the corner produces the required lateral forces,28,29 and that the 
inside leg limits curve sprinting performance.12 Although these 
ideas may have some merit, we have determined that the hip 
abductor muscles, particularly on the right (outside) leg, play 
a significant role in generating the lateral forces necessary for 
turning. These demands may place female track runners at in-
creased risk for injury.

 Our findings are consistent with studies that have 
determined that the outside leg generated greater peak lateral 
GRFs12,30 and larger lateral impulses27,30 compared to the inside 
leg. Our findings are also consistent with a study that observed 
that the trunk lean angle increases while the outside foot is on 
the ground and decreases when the inside foot is on the ground.31 
Similarly, our findings are consistent with a study that observed 
increases in right side gluteus medius activation during left turns 
in open cutting maneuvers, though this difference was not statis-
tically significant.13 They observed that the bursts of raw EMG 
occurred in swing, which they interpret as performing medial 
rotation of the femur in preparation for foot contact. However, 
the delay between the EMG signal and the production of force32 
means that this activation would actually result in forces during 
stance. Other researchers have also noted that the gluteus medius 
is active during stance.33 Accordingly the gluteus medius acti-
vation was abducting the hip while the foot is planted, leading 

Figure 2: Ensemble average patterns of gluteus medius muscle activation for the right and left sides, and for straightaways and curves for a representa-
tive participant. The mean values are shown with the thick line and the narrow lines represent plus and minus one standard deviation from the mean. 
The running stride extends from foot contact (0 percent of stride) to subsequent foot contact (100 percent of stride).

Figure 3: Mean muscle activation (±SD) of the left (inside) and right (outside) gluteus medius 
for runners on curves versus straightaways. There was a significant increase in gluteus medius 
activation on the right side in curves compared to straightaways. There was a trend towards 
decreases in gluteus medius activation on the left side in curves compared to straightaways.
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to laterally directed ground reaction forces. These lateral forces 
during stance, primarily from the outside limb,30 provide the 
centripetal force necessary to change the direction of the runner, 
allowing them to run around the curve.12 Some authors have pre-
sented contrasting understandings of the roles of the inner and 
outer legs in running. For example, Alt et al.15 concluded that 
the inside leg provided stability in the frontal plane (eversion-
adduction strategy) while the outside leg provided motion in the 
horizontal plane (rotation strategy), although their rationale was 
based upon stance durations and joint kinematics rather than ki-
netics or EMG.

 Previous studies have determined the gluteus medius 
stabilizes the hip before and after stance phase during straight 
path running.34 The present study extends these findings by doc-
umenting gluteus medius’ secondary role in hip abduction.35

 The uniformity in hip abductor, hip adductor, hip exten-
sor and hip flexor strengths for participants left and right sides 
indicated that participants did not have pre-existing strength 
asymmetries. It is important to note that we attempted to care-
fully control body position, as research has shown that varia-
tions, such as side-lying hip abduction and internal rotation 
angles, influence amount of muscle activation,36 and presumably 
force. Although all of the participants in this study were highly 
trained track runners (members of the Varsity Track and Field 
team), it is possible that increased muscle activation of the out-
side (right) gluteus medius in curvilinear running may lead to 
muscular asymmetry, as observed in hindfoot invertor and ever-
tor muscles.14 It is important to note that the role of hindfoot 
muscle groups is similar to the hip abductors/adductors during 
curvilinear running;14 both are responsible for producing forces 
that allow a runner to accelerate around a curve.

 The greater demands on the right (outside) leg gluteus 
medius during curves may place female track runners at in-
creased risk for injury. Repeated asymmetrical muscle activation 
with existing muscle weakness may result in “over-use” injuries 
of the lower extremities.37 In fact, there appears to be a relation-
ship between hip abductor strength and iliotibial band syndrome 
(ITBS); long distance runners with ITBS have weaker hip ab-
duction strength in the affected leg compared to their unaffected 
leg, and also compared to unaffected long-distance runners.38 
They also observed that symptom relief with a successful return 
to the preinjury training program paralleled improvement in hip 
abductor strength.38 Thus, to reduce the risk of injury, coaches 
may wish to supplement track running with strength training tar-
geting hip abductors.38,39 Other studies have shown asymmetries 
in strength,38 and that large increases in hip muscle strength can 
be achieved in a two month duration unsupervised exercise pro-
gram.40 This issue may be more relevant for female track runners 
as they are at greater risk than male track runners of developing 
iliotibial band syndrome and other hip-related injuries.41,42

 Although it was not related to our hypotheses, and 
therefore was not evaluated statistically, the gluteus medius 

muscles on the right side appeared to be activated less than the 
left side. While many studies only measure EMG from muscles 
on one side of the body and assume bilateral symmetry (for 
example43,44), previous studies of walking found bilateral asym-
metries in participants for six of seven leg muscles.45 Asymme-
try has also been emphasized in gait46 and running.47 Given that 
we normalized our running EMG trials to the walking trials, the 
asymmetry that we observed might have been caused by either 
the walking and/or the running trials, but was not caused by bi-
lateral differences in maximum strength.

LIMITATIONS

 The present study analyzed muscle activity when run-
ners ran at one speed around an unbanked track. Other researchers 
have identified that running speed influences the ground reaction 
forces30 and the muscle activation levels,44,48 so our findings only 
reflect running at a steady 3000 m race pace (5 m/s). According-
ly our findings may not be applicable to running at other speeds, 
at other track radii, while accelerating, or on banked tracks. Our 
EMG measurements were limited to the gluteus medius muscle, 
and accordingly we do not have insight into the roles of other 
abductors49,50 or other lower extremity muscles. Fine-wire EMG 
may be useful for evaluating the functionally distinct regions 
of the gluteus medius.33 Our participants were all highly trained 
members of the female Varsity Track and Field team, and ac-
cordingly our findings may not be applicable to other groups. 
Further research should expand the one-dimensional models of 
running on a curved path, such as the maximum leg extension 
force model, to consider the contribution of the hip abductors.
 
CONCLUSION

 In summary, the present study has demonstrated that 
the gluteus medius contracts asymmetrically in female runners 
as they run around the curves of an unbanked, 200 m indoor 
track. This activation in participants’ outside (right) leg likely 
contributes to lateral forces and centripetal accelerations neces-
sary to run around the curves. This hip abductor mechanism may 
be a performance constraint for curved running. Furthermore, 
this asymmetrical muscle activation may lead to injury in track 
runners, with females at even greater risk than males. Coaches 
may want to consider injury prevention strategies such as train-
ing around both directions of the track, and complementing run-
ning with strength training to prevent the development of muscle 
strength asymmetry, or to correct it if it is present.
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