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Uninjured Youth Athlete Performance
on Single-Leg Hop Testing: How Many
Can Achieve Recommended Return-to-
Sport Criterion?
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Background: Current anterior cruciate ligament reconstruction (ACLR) guidelines utilize single-leg hop tests (SLHTS) to
assist in return-to-sport decision making. A limb symmetry index (LSD of 290% is often required; however, after ACLR,
most youth athletes cannot achieve this standard. Reporting the performance of age-matched normative controls will allow
clinicians to compare post-ACLR performance with noninjured peers, improving the utility of SLHTs. The purpose of this
study was to report hop test LSI within healthy youth athletes and determine whether athlete performance surpasses post-
ACLR requirements.

Hypothesis: The LSI for the majority of healthy youth athletes will be 290%.
Study Design: Cross-sectional cohort study.
Level of Evidence: Level 3.

Methods: Each participant performed a single hop (SH), triple hop (TrH), crossover hop (CrH), and timed hop (TiH).
A 3-trial mean was utilized to calculate an LSI (nondominant/dominant leg [self-reported kicking leg]) for each hop. The
frequency of pass/fail at 290% LSI was calculated. Pearson correlation coefficients analyzed the relationship between the
different hops, and a 2-way analysis of variance determined the effects of age and sex on LSI.

Results: A total of 340 participants (54% male; mean age, 10.9 + 1.5 years; range, 8-14 years) were included. The mean
LST was >95% for each SLHT (SH, 97.9% [SD, 0.7]; TrH, 96.6% [SD, 0.6]; CrH, 96.8% [SD, 0.8; TiH, 96.5% [SD, 0.6]). When
analyzed as a test battery, only 45% of participants achieved this standard. Significantly weak to moderate correlations
existed among hop tests (P < 0.01; » = 0.342-0.520). Age and sex had no effect on LST (P < 0.05).

Conclusion: While the mean LSI in our sample was >95% for each individual hop test, participant performance across all
SLHT components varied, such that less than half of healthy athletes could achieve >90% LST across all hops.

Clinical Relevance: Current guidelines require >90% LSI on SLHTSs. The majority of healthy youth athletes could not
achieve this standard, which questions the validity of this LSI threshold in youth athletes after ACLR.
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he incidence of anterior cruciate ligament (ACL) injuries

and surgical reconstructions among adolescent athletes

has been steadily increasing over the past 20
years.s’é'lo“m“ Because of the potential long-term consequences
of early knee injuries, the rising rate of ACL injuries among
pediatric or skeletally immature patients is of particular
concern.”* Although historically ACL injuries within this
population were treated nonoperatively, recent evidence
suggesting higher rates of additional cartilage or meniscal
ir1]'uryz'22'36 and reduced activity levels within conservatively
managed children® has led most surgeons within the United
States to prefer earlier surgical intervention.”*>*! Current
postoperative rehabilitation guidelines emphasize strength and
functional performance testing to assist in the determination of
recovery and ability to safely return to sports.46 Since being
introduced in the early 1990s, the battery of single-leg hop tests
(SLHTs) described by Barber et al® and Noyes et al* has
become one of the most widely utilized functional performance
tests after ACL reconstruction (ACLR).""*" This test battery
consists of 4 different single-leg hopping activities, and the
patient’s performance is compared between the uninvolved and
involved limbs to calculate a limb symmetry index (LSD). While
the threshold of LSI required to return to sports activities is
somewhat contested, most contemporary guidelines recommend
an LST of 290% as best practice.”***** Interestingly, recent
evidence demonstrates that after ACLR, a large proportion of
pediatric athletes are unable to achieve 290% LSI on these and
other physical performance tests near the time of return to
sports."*”¥ The low level of performance in postoperative
cohorts questions the validity of these established performance
requirements.

Data documenting normative hop test performance among
uninjured peers would assist clinicians in the interpretation of
recovery and patient function after ACLR. While these data are
available for older high school and collegiate athletes,”" only
limited published data documenting hop test performance in
healthy pediatric athletes exist,” and there are no studies that
evaluate performance within this most frequently utilized SLHT
battery. In addition, while several investigations have
documented age- or sex-related differences in strength and
neuromuscular control among pediatric athletes,*”**" to our
knowledge, there have been no investigations evaluating the
effect of these characteristics as they relate to SLHT LSI. Thus,
the primary purpose of this study was to report SLHT
performance within a group of uninjured pediatric athletes and
establish normative LSI reference values. The secondary
purpose was to evaluate the effects of sex or age on LSI
performance.

METHODS

The Children’s Hospital of Philadelphia Institutional Review
Board reviewed and approved this research protocol prior to
engagement. This was a single-episode, cross-sectional study of
active, healthy youth athletes between the ages of 8 and 14

years. All data were collected on-site at athletic fields or courts
during practice or between games during tournaments. To be
eligible for the study, all adolescents had to be without any
history of ACLR, no current lower extremity injuries, and
presently participating in organized competitive sports. In
addition, any athlete with a history of lower extremity injury
within the past year and those with any type of neurological
dysfunction or other medical issue that could affect function of
their lower extremities or alter sports participation were
excluded from this study.

Consent, demographics, injury history, and sports participation
information were obtained first, followed by height, weight, and
limb dominance. Limb dominance was determined by having
each participant answer the question “Which leg would you use
to kick a ball as far as you could?” Each participant received
verbal and visual instruction in the performance of a series of
SLHTs at the time of data collection. The battery of SLHTs
included a single hop (SH), triple hop (TrH), crossover triple
hop (CrH), and 6-m timed hop (TiH). The SH consists of a
single hop for maximal distance, the TrH involves 3 consecutive
maximal distance hops, and the CrH involves 3 maximal
distance hops while obliquely crossing over a line 15 cm wide.
In order for the hop test to be valid, the athlete was required to
land in a controlled manner without any loss of balance or
secondary hopping to steady oneself. Participants were allowed
2 to 5 practice trials for each hop, and limb testing order was
determined by participant preference. For distance-based hops,
the distance from the starting line to the participant’s heel was
recorded to the nearest half-inch, then converted to centimeters
prior to data analysis. For the TiH, participants were required to
hop as fast they could, on a single leg, over a distance of 6 m.
The time required to complete this task was recorded in
seconds. The average distance or time of 3 successful trials was
utilized for data analysis. An LSI was calculated using the
formula (nondominant/dominant) x 100 for all hops with the
exception of the TiH, which was expressed as (dominant/
nondominant) x 100, as better performance on this test was
indicated by a lower score (ie, decreased time taken to the
complete task).

Statistical Analysis

Descriptive summary statistics of participant characteristics and
frequency rates of primary sport were calculated. The calculated
LSI served as the dependent variable for all analyses. Data were
screened for normality using Kolmogorov-Smirnov tests and
visual inspection of histrograms, while equality of variance was
assessed with the Levene test. After the removal of outliers, all
necessary assumptions were satisfied. Separate 2-way analyses
of variance were performed to determine the effects of age and
sex on each individual hop test LSI. The relationship between
the LSI on the various hopping tests that make up the test
battery were analyzed using Pearson correlation coefficients. As
most contemporary guidelines recommend an LST of 290% as
satisfactory performance after ACLR,”?*?*® a “passing”
threshold of >90% was selected to categorize participants into
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Table 1. Patient demographics

Age, y, mean + SD 109+1.5
Height, cm, mean + SD 146.6 +11.2
Weight, kg, mean + SD 40.7+£10.8
Body mass index, kg/m?, mean + SD 18.7 £3.09
Sex, n (%)
Male 184 (54)
Female 156 (46)
Race/ethnicity, n (%)
Caucasian 289 (85)
African American 13(3.8)
Asian 9 (2.6)
Hispanic/Latino 8(2.4)
Primary sport, n (%)
Soccer 178 (52)
Basketball 73 (22)
Baseball 34 (10)
Football 7(2.1)
Lacrosse 6(1.8)
Other 35(10.3)

“passing” or “failing” categories. Frequency of pass/fail rates
were calculated for each hop test and as a complete SLHT
battery (ie, performance on all 4 hop tests). All statistical
analyses were performed using SPSS Version 24.0 (IBM Corp). A
P value of <0.05 was set a priori and considered statistically
significant.

RESULTS

A total of 347 athletes met the inclusion criteria; 7 athletes were
excluded from analysis due to missing data, leaving a total of
340 participants. The sample was 54% male (n = 184), with a
mean age 10.9 + 1.5 years. Although most participants identified
as multisport athletes, the top self-reported primary sports were
soccer (52%; n = 178) and basketball (22%; n = 73). Complete
demographic and descriptive data can be found in Table 1.
Across the entire sample, the mean LSI on each individual hop
test indicated near symmetrical performance between limbs (SH
[mean + SD], 97.9% + 13.3%; TrH, 96.6% + 11.8%; CrH, 96.8% +
15.4%; TiH, 96.5% * 11.1%). Analysis of main effects of age or

sex indicated that there were no significant differences in LSI for
any of the SLHTs (Figures 1 and 2). Pearson analysis revealed
statistically significant weak to moderate correlations among all
hop tests (P < 0.01; r = 0.342-0.520) (Table 2).

Analysis of performance, when dichotomized into “pass” or
“fail” based on the achievement of >90 LSI, demonstrated a
decreasing level of success when requiring passing more than 1
isolated component. While 95% of participants were able to
achieve adequate performance on any one component of the
SLHT, individual performance varied such that 84% passed
2 of 4 components, 71% passed 3 of 4 components, and only
45.1% were able to achieve satisfactory performance on all
4 components of the test battery (Figure 3).

DISCUSSION

The main purpose of this study was to examine the capacity for
uninjured youth athletes to achieve a threshold of performance
(ie, 290% LSI) on a battery of SLHTs commonly utilized to
evaluate an athlete’s readiness to return to sports after ACLR.
While a high proportion of these athletes were able to achieve
satisfactory levels of performance on isolated tests, when
utilized as a test battery requiring 290% LSI on all hop tests,
only 45% of the sample was able to achieve this standard.

The development of a return-to-sport assessment protocol that
is capable of identifying athletes with low levels of performance
and high risk of secondary injury after ACLR is a goal of utmost
importance. While there is no agreement on an ideal testing
protocol, SLHTs are almost universally adopted as a necessary
component of functional performance testing to assist in
return-to-play decision making after ACLR.”'*"** The battery of
hop tests used within the present study have demonstrated
good discriminative accuracy and predictive abilities™***;
however, the clinical utility of these and other commonly
utilized return-to-sports assessment methods have recently been
questioned due to a lack of association with secondary ACL
injury risk.***"**** In addition, several reports have identified
that many athletes cleared to return to sports after ACLR are
unable to achieve the contemporary standard of 290%
LSL"™#¥ further challenging the clinical utility of these
measures and raising concerns about the validity of the 90% LSI
criteria to which post-ACLR athletes are held.

The standard of 290% LSI is of particular interest within the
skeletally immature youth population, as this demographic
demonstrates increasing frequency of ACL injuries™'** and only
a limited pool of performance-related outcomes research exists.
While many published protocols specifically designed to be
employed with skeletally immature athletes require LSI values of
>90%," our results indicate that the majority of healthy athletes
are unable to perform at these standards on the complete test
battery. Interestingly, the level of performance within this
healthy cohort is similar to published values within patients
after ACLR. Toole et al” recently conducted a prospective
cohort study evaluating SLHT performance in 115 youth athletes
(mean age, 17.5 years) 8.2 months after ACLR. Similar to the
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Figure 1. Single-leg hop test performance categorized by sex. Results of 2-way analysis of variance demonstrated no significant
differences for any test: single hop (P = 0.990), triple hop (P= 0.105), crossover hop (P= 0.298), and timed hop (P= 0.524).
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Figure 2. Single-leg hop test performance categorized by age. Results of the 2-way analysis of variance demonstrated no
significant differences between tests for any age group: single hop (P = 0.350), triple hop (P= 0.504), crossover hop (P= 0.892),
and timed hop (P= 0.891). LSI, limb symmetry index.

current study, patients within the Toole et al cohort were able to | performance suggests these tests may assess different constructs
achieve 290% LSI on each hop test (SH, 93.7%; TrH, 94.9%; CrH, | of performance in both healthy and ACLR individuals and
92.8%; TiH, 96.3%); however, only 53% of the sample achieved | supports practice recommendations calling for use of the full
this threshold on all hop tests combined. battery of hop tests to obtain a well-rounded view of athlete
While Toole et al*” did not specifically investigate the performance during return-to-play assessments.”*"*
relationship between hop tests, it appears the weak to moderate | Nonetheless, our data suggest that clinicians should expect
correlations between hop tests noted within our healthy cohort | variability in test performance and perhaps consider
are consistent with performance post-ACLR. The low performance criteria references differently based on how the
correlations and within-participant variability in hop test individual clinician is utilizing the test components. For
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Table 2. Pearson correlation coefficient

Single Hop Triple Hop Crossover Hop Timed Hop
Single hop 1
Triple hop 0.477* (340) 1
Crossover hop 0.404* (340) 0.520* (340) 1
Timed hop 0.360* (339) 0.469* (339) 0.342* (339) 1

The numbers in parentheses are the values of the Pearson correlation coefficient. The asterisks indicate statistically significant correlations.
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Figure 3. Percentage of participants meeting recommended return-to-sport criteria of >90% limb symmetry index (LSI) on

progressive components of the hop test battery.

example, a recent survey of physical therapists indicated that
only 27% of clinicians utilized all 4 components of this series of
hop tests within routine clinical practice.”® The data within the
current study indicate that if a clinician is only using a single
test, holding the patient accountable to a stringent >90% LSI
performance level is a valid indicator of normal performance.
However, if utilizing the complete test battery, our results
question the validity of holding a young individual post-ACLR to
this threshold of >90% LSI on all 4 tests, as only 45% of our
healthy participants were able to achieve such performance.

Our results may help explain why other studies have identified
similar low functional hop test “passing” rates within ACLR
populations** and why a recent systematic review and
meta-analysis identified that only 23% of patients post-ACLR are
able to pass return-to-play assessments at a 90% LSI threshold.
Future research should seek to determine whether other factors
such as strength or balance may affect hop test performance
within young athletes and focus on examining hop test

performance across a wider age range of healthy individuals.
This information will help derive a standard of normal
performance to improve functional testing interpretation and the
utility of these tests in return-to-play decision making.
Comparison of hop test performance to age-matched athletes
is difficult, as there is variability in specific hop testing protocols
and a limited number of studies focusing on skeletally immature
athletes. Recently, Sugimoto et al*® analyzed hop test
performance using the same battery of tests within 2 groups of
pediatric patients (n = 93; mean age, 12.5-13.6 years) 6 months
after ACLR. They found comparable levels of performance with
our healthy sample, with limb symmetry values ranging from
89.3% to 98.1% on isolated hop tests. Similarly, Ithurburn et al”
published data from a prospective cohort study of post-ACLR
youth athletes (n = 16; mean age, 12.9 years), showing that the
majority of patients (88% to 100%) were able to achieve >90%
LST on isolated components of the same hop test battery for all
hops, with the exception of the TiH, of which only 81% of their
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sample achieved this threshold. Unfortunately, neither study
included frequency counts of individual patients able to achieve
a threshold of >90% LSI on the entire battery of tests, which
limits our ability to make further comparisons between those
data and the current study.

Ekas et al'' recently published a case series evaluating the
functional abilities of a cohort of young athletes who sustained
an ACL injury before the age of 13 years. Among this group of
patients, the mean age at the time of injury was 11 years, and
the average follow-up occurred 8 years postinjury, yielding a
mean age of 19.1 years at time of testing. A total of 44 patients
were seen at final follow-up, with 54.5% (n = 24) of them
undergoing surgical reconstruction approximately 4 years prior
to data collection. Results demonstrated that patients in the
conservative treatment group had a mean LS of 94% to 95.8%
on individual hop tests; however, only 50% (10/20) were able to
achieve 290% LSI across all 4 hop tests. Similarly, among those
patients who underwent ACLR, the mean LSI ranged from 88.2%
to 94.4% on isolated tests, but only 29.2% of patients (7/24)
achieved >90% across the entire test battery.

Taken together, the data within the current study and
previously published cohorts show a similar trend in which a
high percentage of young athletes can achieve 290% LSI on
isolated hop tests; however, performance varies in such a way
that most of them are unable to achieve this standard across all
hop test dimensions. This trend seems to remain consistent
whether the athletes are healthy, have undergone ACLR, or have
been treated conservatively. The 90% LSI is a commonly cited
criterion utilized to progress athletes to sports-related activities
after ACLR. The low “passing” rate of our healthy athletes may
help explain the low rate of passing among ACLR individuals
and supports the need to improve the methods we utilize to
assess an athlete’s performance after ACLR.

This study is not without limitations. All data collection
occurred on-site at athletic competitions, and therefore, the
playing surface varied between data collection outings. It is
possible that the variability in hop testing surface (grass vs gym
floor vs turf) and shoe wear (cleats vs sneaker) may have
affected hop test performance. While the number of hop test
practice trials was controlled, the level of participant activity
prior to engaging in data collection was not. Thus, it is possible
that participants were tested at variable levels of fatigue, which
may have affected their overall hop test performance. However,
it is unlikely that preexisting fatigue related to sports
participation would have selectively affected one limb more
than the other. Given that the main dependent variable in this
study was a comparison of between-limb performance, it is felt
that any effects related to fatigue would be minimal. Similarly,
while varying methods of determining limb dominance have
been described, ™" because of the high degree of limb
symmetry on each individual testing parameter, the choice of
limb dominance determination used would not affect the results
of the current study. While the hop test battery utilized in this
study has demonstrated high intra- and interrater reliability, with
intraclass correlation coefficient values ranging from 0.88 to

0.97,° the authors did not perform an independent reliability
study, which may affect the generalizability of the data. Last,
although this study characterizes hop test performance among
healthy individuals, it is unknown whether the 65% of
individuals who were unable to achieve >90% LSI on the hop
test battery are at an elevated risk of sustaining an ACL injury.
While previous research has shown single-leg hop tests cannot
reliably predict future knee injury in athletes, ' this may be a
factor to consider and suggests future research analyzing this
possibility be conducted.

CONCLUSION

This study describes the abilities of a large group of healthy,
young athletes to achieve >90% LSI on a battery of single-leg
hop tests commonly utilized to assess patient performance prior
to returning to unrestricted sports after ACLR. Athlete age or sex
did not affect hop test LSI performance. While a high
percentage of participants were able to achieve >90% LSI on
any one component of the hop test battery, less than half of
participants were able to achieve this standard across all 4 hop
tests. The results of this study question the validity of holding
young post-ACLR individuals accountable to achieving a >90%
LST on all components of the hop test battery, as the majority of
their healthy counterparts cannot. Future research evaluating the
criteria standards and interpretation of functional hop testing
among different-aged populations is necessary to improve the
clinical utility of these measures.
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