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Background: Bilateral leg power is being increasingly investigated as a proxy for the
recovery of muscle performance after injury. Functional tests like the single leg hop for
distance (SLHD) and single leg vertical jump (SLVJ) are often used to determine symmetry
and return to play (RTP) readiness. As an injury predictor, leg power is accurately measured
with the Keiser Air420 seated leg press.

Purpose: To measure and analyze lower leg asymmetry in healthy collegiate athletes across
each test battery.

Methods: Eighty-eight healthy student-athletes (44 males, 44 females) across 14 varsity
teams at Wake Forest University performed the SLHD, SLVJ, and the Keiser. Horizontal and
vertical displacement were measured via the SLHD and SLV]J, respectively. Peak power was
recorded via the Keiser Aird20 leg press. Pearson correlations and repeated measures
ANOVA were used to calculate associations and compare bilateral asymmetry indices
(BAI) and raw scores.

Results: There was a significant effect on each test’s raw BAI (P < 0.01). The mean absolute
BAI were 5.42 £ 4.9%, 6.64 + 4.9% and 5.36 = 4.7% for the SLHD, SLVJ and Keiser,
respectively. The SLVJ and Keiser (dominant leg r = 0.832, nondominant leg r = 0.826) were
more highly correlated than the SLHD and Keiser (dominant leg r = 0.645, nondominant leg
r = 0.687), all of which were statistically significant (P < 0.01).

Conclusion: At the 90th percentile, healthy collegiate athletes attained <15% BAIL. We
recommend the implementation of a battery of tests to determine normative lower limb
asymmetry. A battery of functional tests may present different asymmetry indices as opposed
the 10% reference asymmetry.

Keywords: lower leg, power testing, functional testing, limb symmetry, athlete, return to

play

Introduction

It is common knowledge that sports injuries occur in all levels of athletics resulting
in athletes losing time from sport participation. For the collegiate level, there are
more than 478,000 NCAA athletes competing and practicing each season.'
According to the NCAA Injury Surveillance Program (NCAA-ISP) during the
academic years of 2009-2014, there is an estimated 176.7 million athlete exposures
to injury for a given athlete participating in at least one practice or competition.' In
a professional setting, there is also a high prevalence based on an increased
frequency of practice and competitions that may increase an athlete’s exposure to
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injury.? How an athlete returns to their sport and how soon
they participate following an injury can vary between
clinician, setting, and circumstances as well as type and
severity of injury.® Clinicians may use a variety of criteria,
which may include achieving limb symmetry via strength,
power, and flexibility tests.* ® To date, there is still not one
set of return-to-play (RTP) criteria universally practiced in
sports medicine to safely integrate these athletes back to
their similar pre-injured level of participation.>’

Limb symmetry index (LSI) is defined as a bilateral
comparison, in this case a ratio between the injured limb
and non-injured limb, to quantify any discrepancy in the
variable (power, strength, etc.) studies; an interchangeable
measure to LSI, Dai et al describe bilateral asymmetry
indices (BAI) to measure the percent difference between
the right and left lower extremity.®® Achieving 100% limb
symmetry is ideal considering the association between
increased asymmetry and prevalence of injury, but not
always realistic as acceptable asymmetry discrepancies
range from 10% to 20%.°®* High symmetry discrepancies
are red flags to future injury to the lower limb.>® To
measure lower extremity asymmetry, different functional
tests are used based upon cost and time effectiveness.
Although isokinetic testing is used in many clinics as an
accurate functional test for lower leg strength and power, it
is much more expensive than simplified test batteries.” For
this reason, cost-effective single leg jumping tests are
commonly used to estimate lower limb symmetry quickly
and effectively.'®'' These simple jump tests have pre-
viously been correlated to each other, demonstrating a
association between jumping functional tests.'”'" Despite
strong correlation, these studies did not compare the asso-
ciation of these test batteries with a test of peak lower
extremity power (measured in Watts). These jumping tests
also use different muscle groups which may reflect differ-
ences in lower extremity asymmetry. Additionally, Dai
et al® outlined two simple test batteries for lower extremity
measurements of strength and flexibility: the countermove-
ment jump and lower extremity reach test, respectively.
Similar to the muscle group activation between the jump-
ing tests, it is important to consider variability across a
battery of tests rather than relying on the results of one
functional test. Within the literature, there is no functional
testing gold standard to determine if an athlete is ready to
return to play (RTP) following a lower limb injury.’”
Therefore, it is also important to compare the efficacy of
using each test as an indicator for asymmetry and power
estimates.

To determine discrepancies between functional tests
and identify normative asymmetry indices in a collegiate,
athletic population, it is important to compare a battery of
tests. In this study, the single leg hop for distance (SLHD),
the single leg vertical jump (SLVIJ) and the Keiser Air420
seated leg press power test will be performed on each
athlete to evaluate power and calculate limb symmetry.
The objectives of this study are: (1) to determine a refer-
ence BAI value for the healthy Division I (DI) collegiate
student-athlete population, (2) to compare asymmetry in
the SLHD, SLVJ, and the Keiser Air420 leg press tests and
(3) to determine if these functional tests are correlated
with one another. We hypothesize that average, normative
BAI will be less than 10% asymmetry in a healthy athletic
population with strong correlation between the test bat-
teries; however, there may be differences between the test
batteries’ estimates of asymmetry.

Methods

Participants

Participants were recruited through the Sports Medicine
Facility at Wake Forest University between June 2018 and
March 2019. Participants must have met the following
criteria in order to participate in this study: enrolled as a
current DI student-athlete at Wake Forest University, had
no current injury inhibiting their ability to participate in
their given sport, were deemed healthy and active for their
respective sport by their athletic trainer, and were over the
age of 18. Those that did not meet these inclusion criteria
were excluded from the study. A total of 88 student-ath-
letes met the inclusion criteria and participated in this
study. Prior to testing, each participant provided informed
consent which was approved and performed in accordance
with the ethical standards of the Reynolda Campus
Institutional Review Board. This study was conducted in
accordance with the Declaration of Helsinki.

Instrumentation

The Just Jump mat (Power Systems, Knoxville, TN), a
contact platform, was used to quantify vertical displace-
ment of the participant. Good correlations have been found
between electronic jump mats and force plates, ensuring
its validity.'? The Just Jump mat recorded time from take-
off to landing, and converted time of flight into vertical
displacement in inches through a built-in algorithm. The
Keiser Air420 seated leg press (Keiser Corporation,
Fresno, CA) with right and left pedals that move
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independently of one another was used to quantify peak
power in every repetition. The Keiser Air420 used a pneu-
matic air system through pistons to generate resistance and
the respective software to measure power to the nearest
half Watt with very strong validity."?

Single Leg Hop for Distance (SLHD)

The goal of the SLHD was to jump as far as possible on
one foot while sticking the landing on the same foot.'*!'
The participant was told they could swing their arms
freely, but the trial would not count if they did not stick
the landing, defined as losing balance or hopping after
initial contact with the ground. Once balanced, horizontal
displacement from their heel was recorded (Figure 1). The
participant was given three practice jumps on each leg
before beginning the test. During the data collection, the
participant decided which leg to start with and three trials
were completed on one leg, then three on the other leg.
Unsuccessful jumps counted as one trial as each partici-
pant achieved at least one successful attempt. They could
take as long as they needed between trials. After comple-
tion, the longest, successful jump on each leg was mea-
sured and recorded to the nearest fourth of an inch and
then converted to centimeters.'*

Single Leg Vertical Jump (SLV])

The goal of the SLVJ was to jump from one foot as high as
possible and land on the Just Jump Mat with the same

foot.!> Prior to starting, the Just Jump mat was positioned
on the ground, and the participant was instructed to stand
on the Just Jump mat, jump from one leg, and land on the
mat with the same leg (Figure 2). Balance was not neces-
sary for this test, and they were told they could swing their
arms freely as each jump was recorded. The participant
was given one practice jump on each leg before beginning
the test. During the data collection, the participant decided
which leg to start with and three trials were completed on
one leg, then three on the other leg. They were told they
could take as long as they needed between jumps. Each
trial was recorded to the nearest tenth of an inch, and the
final score was calculated as the average of the three trials
on each leg then converted to centimeters.

Keiser Air420 Leg Press

The goal of the Keiser Air420 was to push the pedals of
the machine as fast and hard as possible with both legs.
Prior to starting, each participant’s height (cm), weight
(kg), and age were recorded into the Keiser interface,
and the participant was then instructed on how to operate
the Keiser leg press. The seat was positioned so that 90°
knee flexion was obtained. Before the test, the maximum
resistance of each participant was estimated and recorded
based on three to four practice reps, increasing resistance
to a point where the participant could barely push the
pedals or not complete the leg press. This estimated,
maximum resistance was recorded into a 10-rep test in

Figure | A Wake Forest student-athlete (A) prepares for and (B) completes one single leg hop for distance.
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Figure 2 A Wake Forest student-athlete (A) prepares for and (B) completes one single leg vertical jump.

accordance with the Keiser Testing Manual. The partici-
pant was informed that the test could extend past 10 reps if
the maximum resistance was underestimated. Extra reps
were performed when power output had not significantly
dropped during the 10th rep.

During the data collection of the Keiser Air420, the
participant was told to push both pedals of the leg press
machine as fast and hard as possible with every repetition
increased

(Figure 3). Each repetition incrementally

resistance until the estimated maximum resistance was
reached at the 10th rep. If more reps were needed to be
completed, the participant performed another rep until data
was sufficiently collected. The data collection began with
the first repetition at low weight decided by the Keiser
software which was dependent on the participant’s max-
imum resistance. The test was completed when the parti-
cipant could no longer complete a rep either before or after
the 10th rep. After completion of the test, the top four peak

Figure 3 A Wake Forest student-athlete (A) prepares for and (B) completes one repetition of the Keiser Air420 seated leg press.
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power reps from both legs combined were averaged. The
power score on each leg independently was then recorded
from these four peak reps. This power score for each leg
was normalized for the participant’s body weight: power in
watts divided by the weight in kilograms.

Protocol

Before performing the three tests, each participant was
assigned an identification number. Sex, height, weight,
age, and sport in which they participated were recorded.
All information, scores, and any notes were recorded on
each participant’s data collection sheet. All participants
performed the SLHD, SLVJ, and the Keiser Air420 leg
press in random order as determined by a random
sequence generator. Each participant was directed to
warm up on a stationary exercise bike with minimal resis-
tance for 5 minutes prior to testing. After warm-up, the
first test was performed with 5 minutes between the end of
one test and the beginning of the next (Figure 4). Before
each new test, detailed instructions were explained to each
participant. SWS conducted every test in this study to
minimize variability in participant instruction.

Informed Consent & 5-minute
Bike Warm-up

Order Randomization

15t Test Administered

5-minute Rest

2nd Test Administered

5-minute Rest

\ 4
3rd Test Administered

Mean & LSI Calculation

v

Data Analysis

Figure 4 This flow chart outlines the protocol order for each individual athlete
throughout the course of this study. Each test administered was randomized to
eliminate the effects of order bias.

Statistical Analysis

Descriptive data (means and standard deviations) were cal-
culated for the SLHD, SLVJ, Keiser Air420, bilateral asym-
metry index (BAI), age, weight (kg), and height (cm). The
dominant leg was decided as the leg each athlete would use to
kick a ball. BAI was calculated as a percentage: (dominant
leg — nondominant leg)/(larger value of the two sides) multi-
plied by 100.® Positive BAI indicated asymmetry favoring
the dominant leg with negative BAI indicating asymmetry
favoring the nondominant leg.® All data were analyzed once
normality was assumed using IBM SPSS Statistics 25 (IBM
Corporation, Armonk, NY). Repeated measures ANOVA,
with an alpha level of 0.05, was used to quantify differences
between dependent means. Pearson Product-Moment corre-
lation coefficients were calculated for each testing pair and
on each leg (dominant and nondominant scores for the cor-
relation between the SLHD, SLVJ and the Keiser). As criteria
for a high positive correlation, a coefficient of 0.70 was

established a priori.'

Results

Participant Characteristics

A total of 88 participants (44 males and 44 females) met the
inclusion criteria and were enrolled in the study. The average
age, height, and weight were 19.8 + 1.2 years, 178.6 +
4.0 cm, and 77.5 £+ 16.3 kg. These participants were recruited
from eight different sports, and 14 various DI athletic teams
at Wake Forest University (Table 1). All participants com-
pleted each of the three functional tests: SLHD, SLVJ, and
Keiser Air420 leg press (Table 2). On average, males sig-
nificantly jumped further in the SLHD, jumped higher in the
SLVJ, and produced greater power in the Keiser Air420 leg
press than females (P < 0.01). While absolute scores were
significantly different between males and females, there was
no significant difference between males and females in terms
of bilateral lower limb symmetry (Table 2).

Outcomes

BAI were calculated as a percentage between the dominant
and nondominant leg for each functional test (Table 2).
Figure 5 shows the distribution of asymmetry for the
battery of tests, while the absolute values of BAI were
greater than 10%, but less than 15% at the 90th percentile:
12.0, 14.6 and 12.0 for the SLHD, SLVJ and Keiser,
respectively (Table 2). In the repeated measures ANOVA,
there was a significant main effect of BAI between the
SLHD, SLVIJ and the Keiser Air420 (F(2,86) = 5.160, P =
0.007, 17,°= 0.056).
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Table | Participant Demographics

Participant Variable Males Females
Mean SD Mean SD
Age (years) 19.9 1.2 19.6 1.2
Height (cm) 182.6 8.9 174.7 9.9
Weight (kg) 85.3 17.8 69.6 10.2
Representative Sport N N
Baseball 3 -
Basketball 3 9
Field Hockey - 7
Football 16 -
Soccer 13 12
Tennis 2 |
Track & Field 7 5
Volleyball - 10

Note: — indicates no value.
Abbreviations: SD, standard deviation; N,
kilograms.

number; cm, centimeters; kg,

Table 2 Descriptive Measures for Each Functional Test

Functional Test Males Females
Mean SD Mean SD

SLHD
Dominant Leg (cm)* 190.6 22.4 150.5 18.0
Nondominant Leg (cm)* 192.9 21.2 152.2 16.5
BAI (%) 6.19 52 4.65 4.6
90th pctl BAI (%) 11.91 12.28

SLv)
Dominant Leg (cm)* 41.3 5.6 30.7 44
Nondominant Leg (cm)* 414 6.2 30.4 43
BAI (%) 5.77 4.5 7.51 5.1
90th pctl BAI (%) 12.88 15.3

Keiser Air420
Dominant Leg (W/kg)* 17.1 32 12.4 1.7
Nondominant Leg (W/kg)* 16.8 3.1 12.1 1.8
BAI (%) 5.87 5.3 4.85 39
90th pctl BAI (%) 13.37 10.65

Note: *Statistically significant difference between males and females (P < 0.05).
Abbreviations: SLHD, single leg hop for distance; SLV/, single leg vertical jump;
pctl, percentile.

Within the pairwise comparisons, the BAI between the
SLHD and Keiser was significantly different (P < 0.01).
Absolute scores of each participant, both dominant and
non-dominant leg were compared between the Keiser
Air420 leg press to the SLHD and the SLVJ, respectively.
Based on prior established coefficients, there was a mod-
erate positive correlation between the SLHD and Keiser

(r = 0.645 and 0.687 for dominant and nondominant leg,
respectively) compared to a high positive correlation
between the SLVJ and Keiser (r = 0.832 and 0.826 for
dominant and nondominant leg, respectively) and the
SLVJ and SLHD (r = 0.745 and 0.834 for dominant and
nondominant leg, respectively). Despite coefficient cate-
gorizations, the SLVJ and Keiser displayed a substantially
higher correlation than the SLHD and Keiser association.
Figure 6 shows a scatterplot of each pairwise correlation.

Discussion

The purpose of this study was to determine normative
bilateral limb asymmetry values in healthy collegiate ath-
letes through a battery of tests, SLHD, SLVJ, and Keiser
Air420 seated leg press. These tests were compared to
evaluate differences in BAI, and the associations between
these tests were measured. For healthy D1 collegiate ath-
letes the mean absolute BAI were 5.42 + 4.9%, 6.64 +
4.9% and 5.36 + 4.7% for the SLHD, SLVJ and Keiser,
respectively. At 90th percentile, an absolute value >10%
asymmetry was concluded for healthy D1 collegiate ath-
letes. Additionally, the correlation between the SLVJ and
the Keiser was stronger with a high positive correlation (r
> 0.8) compared to the SLHD with the Keiser with a
moderate positive correlation (r < 0.7). Each association
evaluated was statistically significant with a significant
effect shown between the BAI reported by the battery of
tests with a near-moderate effect size.

With significant correlations between each test battery,
the SLVJ was found to have a higher, positive correlation
with the Keiser Air 420. Specifically, the SLVJ requires
vertical displacement, while the SLHD involves horizontal
displacement along with an added center of mass (COM)
component to the broad jump.'®!'" Paired with the COM,
precise neuromuscular control is needed to stop forward
momentum of the broad jump in order for the athlete to
stick the landing.'”'® It was assumed that SLHD and
other similar field tests are useful in determining the func-
tional movement component of an athlete’s recovery pro-
cess, while SLVJ measures functional leg power. This
could explain why the SLVJ had a stronger association
with the Keiser Air 420 seated leg press. Without the
horizontal movement of the athlete’s COM, extra neuro-
muscular control to retain balance is minimized as the
athlete can focus on producing peak anaerobic power in
the vertical jump.'>?%?! Resulting from this strong asso-
ciation of the SLVIJ and the Keiser, the SLVJ can be used
to estimate explosive leg power in a clinical setting. In
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Distribution of Bilateral Asymmetry Indices by Functional Test

20

Bilateral Asymmetry Index (%)

Keiser

SLHD

SLV]

Figure 5 This violin plot demonstrates the distribution of BAI datapoints from the total 88 athletes for each test: the SLHD, SLV] and Keiser Air420 seated leg press.

fact, one study found police recruits with the lowest ver-
tical jump in their cohort had a 37% absolute increase (or a
three-fold relative increase) in risk of injury.”> While the
SLVJ and the Keiser are capable of measuring explosive
leg power, they are mechanistically different and do not
produce identical BAI as shown in this study. Although
correlation is high between the SLVJ and Keiser, these are
not identical outcomes. Interestingly, there is greater var-
iance between the two hop tests compared to each separate
hop test for the Keiser. Due to the significant effect found
between the Keiser, SLHD and SLVIJ in this study, it
exemplifies the importance of using a battery of tests to
accurately reflect bilateral lower extremity asymmetry.
Within the literature, an optimal value for limb sym-
metry for a healthy athlete is <10% asymmetry.”*??
Within the current study, it was expected that the average
BAI would be <10% in all of the functional tests that were
measured. On average, BAI was found to fall closer to an
absolute value of 5-7% average asymmetry, with the 90th
percentile demonstrating >10% asymmetry in this study’s
cohort, found in both male and female participants.
However, this study’s normative results differ slightly
from the 10% asymmetry as discussed by previous studies,
while further studies describe limb symmetry values fall-
ing closer to 100%.%>* This provides further support for
the utilization of an arsenal of functional tests to define
normative bilateral lower limb asymmetry: Dai et al®
found a 10% asymmetry in leg strength using the counter-
movement jump, while Onate et al* concluded 94.5% as
the normative limb symmetry index in the SLHD. This

suggests that there should be a goal in place of improving
an athlete’s limb symmetry to >90% before return to
competition. However, it is important to note a number
of athletes that achieved >10% BAI and yet are capable of
playing in their given sport consistently. These results
suggest more research should be conducted to further
implement objective RTP criteria as recent criteria have
been lacking significant association to recurrent ACL
injury risk.”

While this study compared limb asymmetry through a
battery of tests, it is important to additionally consider
other functional testing methods to support normative
symmetry values. A recent study considered an arsenal
of testing to measure limb symmetry, including a unilateral
leg press, single hop, triple hop and isokinetic dynamome-
try at 60, 180 and 300°/s.>> When comparing limb sym-
metry, Nagai et al*> concluded that limb symmetry values
were inflated compared to isokinetic testing which resulted
in average values of 72.8% to 84.8% symmetry. Another
study analyzed limb symmetry with the countermovement
jump, isokinetic press strength testing, one-leg stability
testing and a speedy jump test among 3 age-related per-
formance levels.?® This study found significant differences
between performance groups in strength testing, which is
supported by the current study.”® The association between
various test batteries and differences in limb symmetry/
asymmetry support the need to complete a variety of
functional tests to obtain an accurate representation of
normative limb symmetry. Additionally, it is important to
consider the function of each battery (ie, functional
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Figure 6 Pairwise associations between (A) the single leg hop for distance (SLHD) and the Keiser Air420 leg press (Keiser) for the dominant leg, (B) the SLHD and the
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SLHD and the SLV] for the dominant leg, (F) and the SLHD and SLV] for the non-dominant leg of each athlete.

movement, neuromuscular involvement, power output) to
determine holistic, normative limb symmetry values for
assessing RTP.

Outside of limb symmetry testing, we believe there are
multiple other issues that need to be assessed in regard to
RTP functional testing. First, sport-specific functional test
batteries should be implemented in tandem with generic
and objective criteria. In the literature, there are multiple,
widely accepted test batteries, including the current study’s
SLHD and SLVJ that have been used to allow an athlete to

return to competition.”” However, most sports do not have
specific functional tests that simulate everything an athlete
must encounter in their given sport. Myers et al*® deter-
mined that a variety of sports must use a variety of test
batteries rather than relying on normative values designed
for a generic athlete. While the current study did not
decipher asymmetric differences between sports, this
issue should be discussed to determine accurate RTP cri-
teria for specific athletes. Second, fear and anxiety have
also been documented that play a significant role in an
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athlete’s RTP timeline.”” Concerning this issue, the Tampa
Scale for Kinesiophobia (TSK) and its shortened version
(TSK-11) have been developed to estimate the effects of
fear and anxiety on injuries and rehabilitation.®® These
factors should also be considered when discussing an
athlete’s RTP and how the mind affects objective criteria.
Finally, closed-chain strength assessments should also be
considered in addition to open-chain assessments. While
the SLHD and SLVIJ are used in RTP criteria, minute
changes in side-to-side joint movement and rotation
should also be examined and controlled.”' These closed-
chain assessments can also benefit RTP decisions by eval-
uating the functional
athletes.”

While the current study had certain strengths, such as a
generalizable setting of research tests conducted, randomiza-

capabilities of recuperating

tion of tests to control for order bias and reduced variability of
each testing protocol with one researcher conducting all tests,
there were also some limitations to note. First, all participants
were considered healthy, DI collegiate athletes, which limits
the scope of the results in a specific population. Second,
previous injury was not recorded once a participant was
recruited to the current study, which could have affected
their ability to exert full effort on each test battery. However,
each athlete was considered healthy and able to participate in
their respective sport by each team’s athletic trainer at the time
of this study. Additionally, there were no large cohorts repre-
senting each sport which limits the study’s ability to determine
intersport variance between normative BAI values. Although
preliminary analysis reflected few differences between sports,
it is difficult to determine if this difference is due to low sample
sizes or actual differences in the data. Thus, this study is not
designed to determine sport-specific functional demands and
objective RTP criteria, but aims to address overall normative
symmetry values for healthy, collegiate athletes.

Clinical Messages

e Not every healthy athlete will attain <10% asymmetry
as previously discussed in the literature and should not
be a hard cut-off point.

e A battery of functional tests should be conducted to
establish a normative asymmetry index due to variabil-
ity among tests.
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