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Abstract

Side-to-side differences in lower extremity biomechanics may be predictive of increased risk of
lower extremity injuries in athletes. The purpose of this report is to provide field testing
methodology for tests designed to isolate lower extremity asymmetry and to demonstrate the
potential for these tests to provide reliable measures. Six athletes (3 females, 3 males), were tested
on two consecutive days for activities incorporated into a replicated NFL combine setting. VHP
and jump height were measured on a portable force platform as athletes performed maximum
effort hops for 10 seconds. The MAT test incorporates two 90° single leg cuts during the trial and
was measured as total time for completion. Intraclass correlations (within ICC [3,k], between: ICC
[3,1]) were calculated. The VHP test had good to excellent within session reliability for peak
power of both the right (ICC = 0.942) and left (ICC = 0.895) sides. Jump height showed excellent
within session reliability for both the right (ICC = 0.963) and left (ICC = 0.940) sides. The
between session reliability for peak power between jumps was good for the right (ICC = 0.748)
and left (ICC = 0.834) sides. Jump height showed good to excellent between session reliability on
the right (ICC = 0.794) and left (ICC = 0.909) sides. The MAT test also showed good reliability
between days (ICC = 0.825). The results indicate that the VHP test provides reliable assessment of
both within and between session jump height and power production. The MAT test also provides
good reliability between testing days. Both the VHP test and the MAT test may be useful for
clinicians to identify the presence of lower limb asymmetry and potential injury risk factors in
athletic populations.
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INTRODUCTION

METHODS
Approach to

Subjects

Presently, over seven million athletes participate in organized high school varsity sports.(31)
An estimated 380,000 athletes participate in intercollegiate sports, and millions of other
athletes of all age levels are participating recreationally. (1) With such a large number of
children, adolescents and adults participating in a wide variety of physically demanding
activities, sports injuries are a major concern among athletes, athletic organizations, and
health care providers. Appropriate diagnosis and treatment following injury are essential to
return an athlete quickly and safely to sports. However, before an athlete returns, it is
important to determine their level of readiness to meet the functional demands of the sport
with minimal risk of re-injury or compensatory injury. (29)

The majority of sports injuries occur in the lower extremities, (8, 10, 11, 17) usually during
jumping and cutting maneuvers. (4, 10, 26, 27, 33) Lower extremity asymmetries in strength
or functional abilities may be related to an increased risk for lower extremity injury in
athletic populations. (15, 20, 29, 32) If these asymmetries in side-to-side mechanics of
running, cutting, jumping and landing persist after rehabilitation from a lower extremity
injury, the athlete’s risk for injury may be increased for both the rehabilitated and contra-
lateral limb. (3, 21, 36, 40) Diagnostic tests that can be used to identify side-to-side
functional differences may be useful for the determination of an athlete’s readiness to safely
return to sports following a lower extremity injury. (28, 29, 36) Moreover, functional
performance tests that measure lower extremity asymmetry may help identify healthy
athletes who are at increased risk for lower extremity injury. (15, 20, 32)

Many current functional assessment tests rely on subjective visual evaluations for a general
analysis of movement. However, functional tests for evaluation of an athlete’s ability to
safely participate in sports should include objective, valid, reliable measurements of sports
specific movements. (6, 9, 16, 28, 29, 36) Tests that measure dynamic tasks during cutting
and jumping activities are important to assess power, strength, landing kinetics and
coordination during high-risk activities. (29) However, a test that objectively measures
single leg hop power or the difference between single limb cutting maneuvers was not found
in the published literature. Reliable, objective, sports-related functional assessment tools
must be developed and utilized for the evaluation of the effectiveness and progression of
rehabilitation protocols, determination of readiness to return to sport, (28, 29) and to identify
athletes who may be at increased risk for injury. (15, 16) The purpose of this report is to
provide field testing methodology for tests designed to isolate lower extremity asymmetry
and to demonstrate the potential for these tests to provide reliable measures.

the Problem

The current methodological report provide and approach to apply objective field testing
methodology with functional tests designed to isolate lower extremity asymmetry and to
demonstrate the potential for these tests to provide reliable measures. These data were
collected in a large scale 2-day field setting designed to replicate NFL combine testing
procedures. Quantitative measurements, such as the described functional assessment can be
beneficial to identify preseason asymmetries that may be predictive of injury or reinjury risk
in athletes.(14)

Six athletes (3 males, 3 females) were tested on two consecutive days. Informed written
consent was obtained from subjects and approved by the Institutional Review Board. After
the informed consent was obtained, height and weight were measured and recorded. A
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questionnaire was utilized to determine prior history of knee injury. Two of the female
subjects had ACL reconstructions at least two years prior to testing; one subject had a
unilateral ACL reconstruction and the other had bilateral ACL reconstructions. Subjects
reported recreational involvement in basketball, football, running, and/or hockey. No
subjects reported any current injuries and all were currently out of season for their preferred
sporting activities.

Subjects performed two functional tasks (VHP and MAT tests) in a local high school
gymnasium. Before testing, all subjects were instructed how to perform the two tests,
followed by a demonstration by the same researcher. If a task was not performed according
to instructions or data was unable to be recorded, the subject immediately stopped and
rested, and the test was repeated. After the test, subjects were given 2 minutes to recover.
This recovery was given between VHP jumping sets, MAT runs, and when transferring
between tests.

The VHP test was measured on a portable force platform (Figure 1; Accupower AMTI,
Watertown, MA) and recorded with AccuPower Software (Frappier Accleration, Fargo ND).
Subjects were instructed to repeatedly hop on one leg “as high as possible while remaining
under control” for ten seconds (Figure 2). The start leg was determined by random selection
and the subject balanced on the leg until the subjects were given a cue by the investigator to
begin the hopping task. The jump time, force upon landing, and power during take-off was
measured and recorded during each 10 second VHP test. If a subject did not fully contact the
force plate, the trial was terminated and the test was repeated. After the subject completed
testing on one leg, the test was then repeated on the opposite leg.

The MAT test (Figure 3) was developed from the standard T-test (Figure 4) in order to
evaluate lower extremity side-to-side differences in cutting and running maneuvers. The T-
test is a timed performance test frequently utilized for sports that require quick starts,
dynamic changes in direction, and efficient movement. However, the standard agility T-test
combines left and right directional changes. While this is functionally ideal for individuals
who require cutting from both sides, it is not useful to evaluate and compare a potential
unilateral deficit. Therefore, we modified the agility T-test to include cuts and shuffles to
only one side. (29) The start leg for the MAT test was randomly assigned. The subject was
initially guided through the course by the primary investigator, emphasizing the importance
of performing a shuffling movement and not to run or use crossover steps during the lateral
movement portions of the test. The subjects informed the investigator when they were ready
to begin the test. All trials were electronically timed with a stopwatch. After the subjects felt
they had an adequate rest (approximately 2 minutes), the other direction was tested. The
total time was recorded for each leg. Only one trial was performed per leg.

Statistical Analyses

The VHP and MAT tests were performed within the two testing days, evaluating the left and
right sides separately. Additionally, the VHP was compared between sessions. Since fatigue
would likely affect the results of multiple trials of the VHP test, intrasession results were
calculated between three of the jumps performed in one trial. For both the power and jump
height of the VHP test, the first three consecutive hops that reached at least 70% of the jump
height of the initial jump were evaluated for reliability. For intersession results, the first
three consecutive hops that reached at least 70% of the initial jump of the first day were
compared to the first three jumps that met the same criteria on the second day. Means and
standard deviations were calculated from the data collected for each test and intraclass
correlation coefficients (within ICC [3,k], between: ICC [3,1]) were calculated with
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statistical software. ICC values below 0.4 were reported as poor, from 0.4 to 0.75 were fair
to good, and greater than 0.75 were considered excellent.(38)

The mean age of the subjects was 20.8 + 3.8 years. The subjects weighed 68.9+ 43.3
kilograms and measured 172.21 + 9.12 centimeters in height. The mean power measured
during the VHP test was 28.05 + 3.58 Watts in this population. The mean jump height
measured during the VHP test was 13.06 + 3.04 cm (Table 1). Separately, the left mean
power was 28.47 £+ 3.75 Watts and the right was 27.62 + 3.40 Watts. The left mean jump
height was 13.08 £ 2.88 cm and the right was 13.04 + 3.23 cm.

The VHP test had excellent within-session reliability for peak power of both the right (ICC
=0.942) and left (ICC = 0.895) sides. Jump height showed excellent within session
reliability for both the right (ICC = 0.963) and left (ICC = 0.940) sides.

The between session reliability for peak power between jumps was good for the right (ICC =
0.748) and left (ICC = 0.834) sides. Jump height showed excellent between session
reliability on the right (ICC = 0.794) and left (ICC = 0.909) sides.

The mean time to complete the MAT test in this population was 9.59 + 0.57 seconds. The
subjects performed the right MAT test in a mean time of 9.55 + 0.57 seconds and the left
MAT test in a mean of 9.63 + 0.59 seconds. The MAT test also showed excellent reliability
between days (ICC = 0.825).

DISCUSSION

The purpose of this report is to provide objective field testing methodology for tests
designed to isolate lower extremity asymmetry and to demonstrate the potential for these
tests to provide reliable measures. Quantitative measurements, such as functional assessment
tests, can be used to document the progression of a patient’s strength, tolerance, and
performance abilities during rehabilitation. (5, 29, 32, 36) Highly reliable functional
assessment tests are required to compare results from multiple testing sessions during the
progression of rehabilitation protocols. The current findings indicate that the VHP and MAT
tests provide good to excellent reliability as lower extremity functional assessment tests.
One of major hypotheses was accepted, as the VHP and the MAT tests provide high within,
but not between session test-retest reliability (ICC > 0.75) in athletes tested. These tests may
be useful measures of determining an athlete’s readiness to return to sport following lower
extremity injury.

Athletes who have experienced a significant lower extremity injury such as an ACL rupture
are likely at an increased risk of injury for both the injured and contralateral limbs. (2, 34,
39, 40) Paterno et al. demonstrated that female athletes who have completed rehabilitation
and returned to sports following ACL reconstruction continued to have significant
asymmetries in landing, cutting, and jumping over two years after surgery. (36) Mattacola et
al. and Kobayashi et al. found that significant asymmetry in strength measures were present
18 months after ACL reconstruction. (22, 25) Since side-to-side asymmetries may increase
risk for injury in healthy subjects, (15) residual side-to-side deficits may be important risk
factors to consider before allowing an athlete to return to sports activities and should be
targeted during the rehabilitation process.(22, 25, 29, 36) Functional assessment tests may
help identify deficits in strength, coordination, landing kinetics and power that may increase
an athlete’s risk of injury when returning to sports activities. (5, 19, 22, 25, 29, 32, 36)
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Current functional assessment tests, such as performance during shuttle run tests and force
measurements during landing from a jump or side step tasks may not effectively evaluate
movement performance or contributions of a single limb.(6, 16, 18, 19, 29, 35) Functional
hop tests such as the single leg hop, cross-over hop, triple hop, and timed hop have been
used to evaluate ACL injury rehabilitation progress. (32) However, many of these functional
hop tests have a low sensitivity and specificity for determining lower extremity asymmetries
(16) and these movements do not take into account other high risk multi-planar movements,
such as perpendicular cutting and challenging lateral motions.(7, 29) Thus, additional tests
may be required to further evaluate the functional readiness of an athlete to return to sport
following ACL reconstruction or other lower extremity injury.

The VHP and MAT tests used in this study may provide alternative methods to evaluate
lower extremity symmetry during functionally demanding tasks. In the past, power hops on
a force plate and functional hop tests for subjective analysis of lower extremity function
have been used to evaluate single limb symmetry.(29, 32) However, in sporting activities,
athletes must make multiple single footed ground contacts safely, while controlling the
landing forces and take-off power. Therefore, a VHP test was developed in order to integrate
these parameters into a functional assessment test. At the same time, the MAT test was
developed to evaluate perpendicular cutting tasks. Pauole et al. reported that the T-test
(Figure 4), typically used in football conditioning, is a useful tool for determining sports
related measures of speed, power, and agility.(37) The T-test incorporates perpendicular cuts
in both right and left directions during the timed test. In order to identify limb function
asymmetries, the T-test was modified to isolate right and left directional cuts into two
different test measures (Figure 3).

Both the VHP and MAT tests are challenging tasks that require sufficient strength and
neuromuscular control. While these tests may be excellent tools for evaluating patient
progress following injury and readiness to return to sport, using a single test in isolation may
not adequately simulate all of the challenging movements an athlete may encounter on the
playing field. Thus, incorporation of several different types of functional assessment tests
are important when evaluating an athlete’s readiness to return to sport.(29)

Clinicians should be especially aware of the possible gap between an athlete’s perceived
versus actual functional readiness to return to sport.(29) Objective, quantitative functional
assessment tests, such as the VHP and MAT, may help clinicians justify why sports
restriction may be important, despite an athlete’s perceived readiness to return to sport. At
the same time, fear of re-injury is a major concern of many athletes and their fear may
hinder performance and return to sports activity. (23) Kvist and colleagues reported that
24% of athletes who sustained ACL injury did not return to their pre-injury level of activity
due to fear of re-injury.(23) Functional assessment tests may help athletes gain confidence in
their rehabilitated limbs, as quantitative measures allow the athlete to see progressive
improvement during the rehabilitation process and show the athlete that they are within
sufficient ranges of function compared to their non-injured limb before returning to sport.

Functional assessment tests may also be useful as pre-screening tools to identify risks for
lower extremity injury, particularly tools that identify lower extremity asymmetry. Hewett
and colleagues prospectively measured biomechanical factors predictive of ACL injury in
healthy female athletes. (15) Uninjured athletes who later sustained an ACL injury after
biomechanical testing demonstrated significant side-to-side differences in knee load
compared to control athletes. Side-to-side knee abduction moment was 6.4 times greater in
athletes who sustained ACL injury compared to control athletes. In addition, knee abduction
moments predicted ACL injury with high sensitivity and specificity.(15) If effective
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screening tools can be developed to identify athletes at risk for potential lower extremity
injury, these at risk athletes can be placed in injury prevention programs.(12, 13, 24, 30)

PRACTICAL APPLICATIONS

Functional assessment tests that measure functional ability provide clinicians with useful
tools to monitor the rehabilitation progress of athletes. The VHP test and the MAT tests are
objective, quantitative, and reliable functional field assessment tests that may help clinicians
evaluate patient rehabilitation progress and readiness to return to sport after lower extremity
injury. The VHP and MAT tests may also be useful on-site screening tools to help identify
athletes who may be at increased risk for lower extremity injury. Future studies should
evaluate the validity, sensitivity, and specificity of the MAP and VHP test for identifying
lower extremity asymmetries in patients recovering from lower extremity injury and in
healthy populations. If the VHP and MAT tests are found to be valid, sensitive, and specific
measures for identifying lower extremity asymmetries, these tests may be useful tools to
determine the readiness of an athlete to safely return to sport following injury, to predict risk
for lower extremity injury and guide prevention programs.
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Figure 1.
Portable platform with subject in testing position.
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Figure 2.

An athlete performing the vertical hop power (VHP) test. The athlete jumped for 10
seconds, and the first three consecutive hops that reached at least 70% of the initial jump
height were recorded. (For subject safety, the force platform was surrounded by a wooden
step level to the force plate height to increase the surface area for jumps. If a subject landed
on the wooden step the test was immediately stopped and new trial was performed.)
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In the agility T-test, a subject runs 10 meters forward before making a perpendicular cut.
The subject then shuffles 5 meters left, reaches a cone, shuffles 10 meters right, reaches
another cone, and then shuffles 5 meters left. The subject then makes another perpendicular

cut and ends the test running 10 meters backwards. (Pauloe, 1996)
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A diagram of the modified agility T-test (MAT). The subject starts at one of the bottom side
cones and runs forward 15 meters. The subject makes a perpendicular cut at the cone and
shuffles for another 15 meters. At the following cone, the subject runs around it and shuffles
back 15 meters. Upon reaching the bottom center cone, the subject runs forward and then
when they are back at the center top cone, shuffles for 15 more meters. The subject runs
backward 15 meters for the finish. The test starts from one bottom side cone and then the
other direction is tested by running the pattern in reverse.
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Table 1

Subject mean values were recorded for both the VHP and MAT test for both the left and right side. The jump
height and power upon landing were recorded for the VHP test. The MAT test was measured in the time
necessary to complete the course.

Left Right

Power (Watt) 28.47+£3.75 | 27.62+3.40

Height (cm) 13.08 +2.88 | 13.04 +3.23

MAT (seconds) | 9.63 +0.59 9.55 +0.57
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