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ABSTRACT

This study compared the performance of adolescents (11-13 years old) in two environments with
five single-limb hopping tasks. The purpose was to assess the reproducibility and responsiveness
of single-limb hop tests in two environments (gymnasium and laboratory) for uninjured
adolescents, and determine whether there are differences in baseline measures between males
and females. Thirty-four participants (12 &+ 0.3 years) were randomly assigned the gymnasium
during a regularly scheduled physical education class or the laboratory and completed five
single-limb hop tasks. Two weeks later, participants completed the tas other location.
The performances were evaluated for reproducibility (intra-class c@ on coefficients [ICC],
and standard errors of measurement [SEM]), and responsi s (Bland-Altman analyses [BA],
and smallest real difference [SRD]). Limb symmetry ig@iges (LSI) were also calculated for each
task. Two-way mixed ANOVAs examined locatiom sex differences. All hops were

.
reproducible (ICC = 0.62-0.88) with SEMs r. between 6.7-13.0% of the mean of the group.

BA showed location differences for hop on the dominant limb (d =-13.3 cm, p=0.03).
SRDs ranged between 18.5-35. e mean of the group for all hops. Males scored higher
(percent difference (%D) :21.4%, p<0.05) for all hops except the anterior hop on both

limbs, the 6-meter t%p and lateral hop on the non-dominant limb. LSIs were 93.5-102.6%
and 94.4-101.7% for all hopping task for females and males, respectively. In conclusion, this
battery of single-limb hop tests offer a reliable method for clinicians and researchers to assess the

functional capacity of uninjured adolescents in various environments.
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1. INTRODUCTION

Approximately 75% of children and adolescents in North America participate in some form
of organized sport [1]. Unfortunately, more sports-related injuries are being reported and account
for approximately 66% of all injuries in this population [2]. Of those injuries, more than 50% occur
in the lower extremities, with the knee and ankle accounting for many of these injuries that often
lead to rehabilitation and, in some cases, surgical intervention [3]. Moreover, the risk for a
subsequent injury is higher after a primary injury [4]. Despite the impact of these injuries, and
considering adolescent females have a 1.5 time higher risk of a seaso g lower extremity
injury compared to boys [5], there is surprisingly very limited sex ific research on functional
testing in an adolescent population. K

Single-limb hop testing is one of the most com assessments to determine post-injury,
post-surgical, and post-recovery/rehabilitation re;u%activity readiness in the lower extremities
[6—8]. Four single-limb hop tests were devel a’nd have been shown to be sensitive indicators
of post-injury deficits in adult male @ Multiple authors have also established reliability
[11,12]; however, these single-l@‘n tests have yet to be evaluated in an adolescent population
and between sexes. It is abc;’ial to consider the environment in which functional performance
is assessed during p% activities. Current testing is based in a closed environment such as a
laboratory or clinician’s office. These closed environments may not challenge the patient in the
same way as an open environment, which is especially important when considering the
environmental context within which actual activities and sports take place [13]. Several laboratory-
based experiments have confirmed an increased injury risk when movements are performed with
additional cognitive or visual stimuli [14,15]; however, typical functional testing does not

incorporate different environments, which may limit a true assessment of the patient’s
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performance. It is therefore important to ensure these tests can be performed outside a laboratory
setting by measuring and establishing the reproducibility due to the varying locations and
responsiveness of the scores within adolescent males and females to detect real and potentially
clinically important changes over time.

Although limb symmetry indices (LSI) are commonly used to assess the functional capacity
in adults with and without injuries [6,16]; there is limited evidence for its use in adolescent
populations. Most studies calculate the LSI by dividing the dominant limb by the non-dominant
limb’s score with an accepted threshold of 0.90 indicating symmet ,18]. However, some
studies have begun reporting lower thresholds in adolescents [19 fferences in asymmetry
direction based on the task [20]. This highlights the nesqu er examine this population’s
performance during functional testing.

Injury recovery among adolescents differs %adults, given the complex multifactorial

.
nature of puberty [21]. As such, when eva n adolescent patient’s recovery from injury, it

is important to have insight into the al capacity with respect to their age, sex, maturation

state, and activity-matched coh it is with those individuals that they will be returning to
full activity once they ht)g)vered from their lower extremity injury. It is also important to
ensure these tests ca%erformed outside the laboratory in a less controlled environment such
as a gymnasium during a physical activity class and provide similar results. Therefore, the purpose
of this study was to: 1) assess the reproducibility and responsiveness of a battery of single-limb
hop tests in two environments (open: physical activity class; and, closed: laboratory) for an

uninjured adolescent population, and ii) determine whether there are differences in baseline

measures between adolescent males and females. Once test-retest reproducibility has been
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established in an adolescent population, these measures can be used in various environments by
clinicians, strength and conditioning professionals, and researchers alike.

2. METHODS

2.1 Study Design

A multi-center (open: physical education class and closed: laboratory) counter-balanced
study was designed to compare the performance of uninjured adolescent males and females with
a battery of single-limb hop tests on two separate occasions with a 2-week interval. The testing
session occurred during a regularly scheduled physical education class i nasium providing
an open environment with visual and auditory distractions whereas @ ratory session provided
a closed, controlled environment with a maximum of four &ts rotating through stations of
the single-limb hopping tasks at one time. Hop perfor@es were evaluated by the same team of
trained researchers in both locations. .

.
2.2 Participants 6

Thirty-four adolescent partici @ed 11-13 years (18 females) were recruited from a
local high school, and were rar@ eparated into two groups, with sex counterbalanced and
began their first testing segsi her at the gymnasium or the laboratory. All participants provided
informed consent, a%oval for the study was obtained from the Institutional Research Ethics
Board.

At the laboratory session, participants had their height and weight recorded and then
completed two questionnaires: the Hospital for Special Surgery Pediatric Functional Activity Brief
Scale (HSS Pedi-FABS) in English or French [22,23], to assess physical activity levels and the
Tanner Stage self-assessment for indicating their developmental stage in puberty [24,25]. Limb

dominance was established as the limb typically used for mobility (i.e. kicking a soccer ball) while
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the non-dominant limb contributes to support [26]. Participants were deemed eligible for the study
if they were injury-free at the time of testing.
2.3 Procedure

The first group completed the series of hop tasks at the gymnasium and the second group
completed the hops in the laboratory. Two weeks later, participants completed the protocol in the
opposite location. Participants were instructed to perform single-limb hops in a randomized order
on each limb as described in previous studies including the anterior- (ANT), triple- (TRP), cross-
(CRS), and 6-meter timed hop test (6m) [9,10]; a maximal lateral h T) was also added
(Figure 1A-E). A minimum of one-minute rest between trials was @ d and all hop tests were

performed at a self-selected pace. Each participant wa Vi d a demonstration from the

researcher before completing two practice trials on eachfmnb. Participants were instructed to jump
as far as they could for the ANT, LAT, TRP and Ql%ps without pausing between jumps for the

.
TRP and CRS, and to jump as fast as they r the 6m hop test. Participants then completed

a minimum of three good trials, ¢

throughout testing), being in co@

of two seconds. Standardi es were provided in the laboratory to control for variability in

g of using proper technique (hands on their hips

oughout the task and holding the landing for a minimum

shoe type as part of%r study, and the participants wore their personal footwear during their
physical education class in the gymnasium setting. It was assumed that the different shoes would

not have a significant effect on hopping performance.
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FIGURE 1. Single-limb hop tests on the right foot: A) anterior hop; B

All variables were assessed for skewn@gs’kurtosis and normality (Shapiro-Wilks tests). All

.
25, IBM Corporation, Armonk, NY, USA) with

&E) triple hop; D) cross hop; and

E) 6-meter timed hop.

2.4 Statistical Analyses

statistical analyses were performed using
the level of statistical 51gn1ﬁcance ha = 0.05. Independent t-tests (or the non-parametric
equivalent, Mann-Whitney U, e used to evaluate group differences (female vs male) on
the following variables:{de ographlcs and anthropometrics, questionnaires, and LSIs for all
single-limb hop tests. ependent t-tests (or the non-parametric equivalent, Wilcoxon tests) were
used to evaluate between limb differences within each group for the spatiotemporal variables.
2.4.1 Reproducibility

Test-retest reproducibility. Test-retest reproducibility was defined as the degree to which the
measurement error is related to the variability between the participants’ performance on each

single-limb hop test in both locations [27]. The test-retest reproducibility of each single-limb hop

test was examined using the intra-class correlation coefficients (ICC), a two-way random-effects
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model with absolute agreement. The ICC calculated the ratio of the variance between participants
and the total variance by assuming that the participants formed a random sample of a population
[27]. ICC values less than 0.40 were deemed poor, between 0.40 and 0.75 were moderate, 0.75-
0.90 were good and greater than 0.90 were excellent [28]. The assessors remained the same
between sessions for each task reducing the potential for measurement error.

Agreement. Agreement quantifies the relationship between two measurements made on the
same participant during the first and second sessions of hop tests and was expressed on the
measurement scale (i.e., meters or seconds) [27]. The standard error of ment of agreement
(SEM) represented the error variance [27]. SEM% was also@ ated as a measure of
reproducibility percentage against the mean scores [29]. afic differences between the two
limbs measured in the gymnasium and at the laborato ere investigated with Bland & Altman
(BA) analysis [30], by plotting the mean diffegence $ound between the limbs in each location
against the standard deviation (SD) of the tgd difference. The limits of agreement (LOA)
were calculated as the mean differen Qtimes the SD of the differences [30].

2.4.2 Responsiveness @

The ability to deteet ically relevant changes of the within-participant test-retest
differences over ti% defined as responsiveness [31]. BA plots were used to visualize
variations around the zero line if the mean difference between the two measures was significantly
different from 0.0 cm [30]. If BA analyses indicated no large systematic differences regarding the
LOA, the smallest real difference (SRD) was calculated as 1.96 X V2 x SEM and responsiveness
as a percentage of the mean was calculated as (SRD/mean) x 100 to represent the smallest
measurement change and could be interpreted as a real (clinical) difference for a single individual

based on the LOA [32].
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2.4.3 Limb Symmetry Index

The hop distances and times of the dominant and non-dominant limbs were compared at both
sessions with paired #-tests. LSIs were then calculated for each test by dividing the score of the
non-dominant limb by the dominant limb’s score, multiplied by 100 [33].

An analysis of variance (ANOVA) was performed to assess the ICCs, SEMs, and SRDs. To
determine whether there were location and sex differences, a mixed ANOVA was used with
locations being the within-subject factor and sex, the between-subject factor. Dependent #-tests
were also performed to examine the learning effect between visit 1 and @

3. RESULTS @é

Participants’ demographics including age, height, b &nd puberty stage did not differ
(» > 0.05) between sexes and were (mean + SD): 12.0 3 years, 1.58 +£ 0.08 m, 50.1 + 12.6 kg,
and 3 + 1, respectively. All participants were hxsic% active (16 £ 6 and 23 + 5 for females and

.
males respectively). Male participants scored erage higher than females on the HSS/FR Pedi-

FABS questionnaire (» <0.01) and w.
in the population’s demographi@

the participants’ height. 0

Table 1: Means and st%eviations of performance for each single-limb hop test in the two test locations

active (p <0.001) while no other differences existed

uch, hop performances (Table 1) were not normalized to

for males and females for'the dominant (D) and non-dominant limbs (ND).

Gymnasium (mean = SD) Laboratory (mean + SD)

Limb D ND D ND

Sex Male Female Male Female Male Female Male Female

Anterior hop (cm) 110.1 £ 96.0 + 107.4 + 93.8+ 109.4 + 99.1 = 106.3 + 93.0+

23.7 20.2 25.8 223 18.6 15.2 20.3 19.2
Lateral hop (cm) 101.4*+ | 83.5%+ 96.7 + 833+ | 99.5%+ | 879*+ 94.9 + 88.3 %
19.6 14.4 17.0 19.4 14.5 12.4 14.5 18.2
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208

209

210

211

212

213

214

Triple hop (cm) 377.0%7 | 316.2*%T | 378.6% + | 307.6%+ | 388.5%T | 331.1*F 376.6*% | 327.1*% £
+62.8 +71. 76.3 66.3 +55.6 +52.6 +63.3 61.5

Cross hop (cm) 307.0% £ | 250.1% £ | 291.1* £ | 243.9%+ | 305.0% + | 246.4* + | 304.8*+ | 247.4* £
60.2 67.9 79.9 70.9 58.9 58.9 63.6 58.9

Timed 6-meter 2.70%+ | 2.99*+ 271+ 298+ | 2.60*+ | 295+ 2.64 + 3.02+
hop (s) 0.47 0.47 0.54 0.57 0.46 0.47 0.56 0.52

! Statistically significant sex differences evaluated using dependent t-tests and Wilcoxon (* and ¥, respectively) and
location differences (7) are identified (p < 0.05).

3.1 Reproducibility

ICC scores were moderate between locations for both limbs for ANT and LAT (0.62-0.70).
The rest were all good between locations for both sexes (>0.75). SEM for dominant and non-
dominant limbs had differences of less than 1.3 cm for ANT, 1.1 cm , 0.02 s for 6m, 0.5
cm for TRP, and 4.6cm for CRS between limbs for all jumps a( solute values for the five
tests are shown in Table 2. The SEM% ranged between 6. .0% (Table 2).

Table 2: Test-retest reproducibility, agreement, and resp@ for all participants in the laboratory

versus gymnasium for the dominant (D) and non-dgminant (ND) limbs.

1CC (95% CI) SEM (SEM%) SRD (SRD%) p-value

Limb D D ND D ND D ND

Anterior hop (cm) 0.70 0 11.10 1240 30.75 3438 062  0.77
(0.47-0.84) Q 84)  (10.7)  (124) (29.8) (34.4)

Lateral hop (cm) . 062 996 1104 2760 3060 056  0.52
(0.40-0. 6-0.79)  (10.8)  (12.2) (29.8) (33.8)

Triple hop (cm) 0.88 26.13 25.64 72.44 71.07 0.03* 0.13

: ) (0.77-0.94)  (74)  (74)  (20.6)  (20.6)

Cross hop (cm) Q 0.80 077 3038 3503 8422 9710 070 034
0.89)  (0.59-0.88) (11.0) (13.0) (30.6) (35.9)

Timed 6-meter hop (s) 0.81 086 019 021 052 059 013 082

(0.65-0.90)  (0.73-0.93)  (6.7)  (74) (18.5)  (20.7)

! Statistically significant differences (p < 0.05) between locations are identified (*).
3.2 Responsiveness

The BA analysis mean (d) and LOA values are shown in Table 3. There was a significant
location bias for the laboratory for the dominant limb’s TRP scores (d =-13.3 cm; LOA =-81.9 —
55.3 cm; p < 0.05). Higher biases were found in the laboratory for the dominant ANT, dominant

and non-dominant LAT, non-dominant TRP, and non-dominant CRS. Higher biases were found

10
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in the gymnasium for the non-dominant ANT, dominant and non-dominant 6m, and dominant
CRS. Absolute values in SRD for the five tests are shown in Table 2. The SRD% ranged between

18.5-35.9% (Table 2).

Table 3: Bland-Altman analysis summary with the mean and limits of agreement between the laboratory and

gymnasium for the dominant and non-dominant limbs.

Limb Dominant limb (d(LOA)) Non-dominant limb (d(LOA))
Anterior hop (cm) -1.3(-32.4-29.8) 0.9 (-34.0 — 35.8)
Lateral hop (cm) -1.4 (-29.3 -26.5) -1.8 (-32.6 - 29.1)

Triple hop (cm) 13.3 (-81.9 — 55.3)* 6 -9.4 (-79.1 — 60.3)
Cross hop (cm) 2.9 (-105.4 — 89.0) 6 -8.2 (-105.4 — 89.0)
Timed 6-meter hop (s) 0.88 (-0.02 — 0.68) 0.01 (-0.59 — 0.60)

! Statistically significant differences (p < 0.05) between locations are identifi .
3.3 Limb Symmetry Index Q

No statistical location differences were foundbetfvedn LSIs. The mean LSIs were 96.3+8.9%
for ANT, 97.7£9.2% for LAT, 101.14£9.5% fi 6911%19.2% for TRP, and 98.2+12.8% for CRS
with the scores for each sex and location di ;1 Table 4. The percent of participants who had

LSI above 100% for the different %nged between 22.2-66.7% and 25.0-62.5% in either

location for females and males @c wely (Table 4).

Table 4: Limb symmetry indices ) and number of participants who scored above 100% between locations
(laboratory vs gymnas% the battery of single-limb hop tests for males and females.
Sex Laboratory Gymnasium
Single-limb . L. 0 ..
hop test LSI(%)(means  #nparticipants > LSI (%) (mean  # participants >
SD) 100 LSI SD) 100 LSI
Females  Anterior hop 935491 4 97.3+7.6 6
(cm)
Lateral hop 998+ 11.9 12 99.0+7.8 6
(cm)
Triple hop 98.7+9.1 11 97.8 +10.1 1
(cm)
Cross hop 100.6 + 12.1 7 97.7+12.3 5
(cm)
Timed 6- 102.6 = 8.6 g 100.0 = 10.6 7

meter hop (s)

11
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Males Anterior hop 97.2+88 6 97.4+10.3 5

(cm)
Lateral hop 95.7+8.0 5 95.9+82 6
(cm)
Triple hop 96.9+ 8.4 10 100.1 £9.6 7
(cm)
Cross hop 100.1 £9.7 4 94.4+16.6 8
(cm)
Timed 6- 101.7 £10.0 7 100.2+9.4 6

meter hop (s)
3.4 Baseline Measures and Sex Differences

The mean distances and times were 101.5 £21.3 ¢m, 91.6 £17.3 cm, 348.6 £ 69.6 cm, 272.8
+ 69.8 cm, and 2.83 £ 0.52 s respectively for ANT, LAT, TRP, CRS, and 6m. A significant main
effect of sex for LAT, F(1, 32) =9.918, p <0.05, 6m, F (1, 32) = 4.3(@ .05, TRP, F (1, 32)
=8.599, p <0.05, and CRS, F' (1, 32)=8.522, p <0.05 was fou dominant limb; and TRP,
F(1,32)=7.351,p<0.05,and CRS, F (1, 32)=5.564, p 5 on the non-dominant limb, where
males jumped significantly farther and faster tha (‘@ participants (Table 1). Furthermore,
significant improvements in scores were fou t)vsr the two sessions except for the 6m on both
limbs. The mean differences between the nd first visits for the dominant and non-dominant
limbs respectively were 8.0 = 13.7 \’8.8 + 15.4 cm for ANT, 10.4 + 9.6 cm, and 12.0 + 10.1
cm for LAT, 18.1 +32.7 and Qcm for TRP, and 28.9 + 32.3cm and 33.3 + 37.18 cm for
CRS (p <0.01). Finally, Gi)mﬁcant effect of location was found for the TRP (p < 0.05), where
both groups jumped Significantly farther in the laboratory than during their physical education
class in the gymnasium on their dominant limb.
4. DISCUSSION

The objectives of this study were to: 1) determine whether a battery of single-limb hop tasks
could be reproducible and responsive in an adolescent population, and ii) determine whether sex

differences existed. This study demonstrated that this battery of single-limb hop tasks is a highly

reproducible and responsive method to assess the functional capacity of adolescents and their

12
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performances in both a laboratory and during a regularly scheduled physical education class. This
study also found important sex differences that must be considered when evaluating functional
capacity in adolescents.

This is the first study to determine the test-retest reproducibility of the anterior, lateral, triple,
cross and 6-meter timed hop tests in an adolescent population. In line with previous studies on
adults, the test-retest reproducibility coefficients for each of the single-limb hop tests were
moderate to good (> 0.60) [12]. In addition, the 95% CI for all tests was narrow [34], indicating
good agreement. The ICC provides information about the reproducibi '@ween two or more
locations [28], and includes the variance term for individuals and @%ore affected by sample
size heterogeneity, meaning that high correlations can stil acceptable measurement error
[35]. In the present study, we further analyzed the abs agreement, which is unaffected by the
range of measurements using the SEM [29,32]. hsmaller the SEM, the more reliable and

.
@pret the results of a true improvement after an

s to determine whether a change in hop distance or

reproducible the measurement, often used

intervention. The SRD also allows
time reflects a true change, rath@ elevant variations when repeatedly testing an individual.
The SRDs in Table 2 we(bg}SS% of the mean of the group, and similar across the different
hop tests. This sug%at an improvement between 18.5-35.9% reflects a true change in
performance when retesting an adolescent individual. These percentages are slightly higher than
previous studies evaluating the test-retest of the anterior, triple, cross and timed hop [11,12,17].
Our study population is however comprised of recreationally active adolescents performing in both

a closed and open environment suggesting a higher variability in SEMs and SRDs may be more

reflective of this population.

13



271

272

273

274

275

276

277

278

279

280

281

282

283

284

285

286

287

288

289

290

291

292

293

When establishing baseline measures for an uninjured adolescent population, the LSI,
typically used as an outcome measure in return-to-activity guidelines following an injury to the
lower extremity [36—38], must be examined. Most studies calculate LSI in uninjured individuals
by dividing the score of the dominant limb by the non-dominant limb’s score and obtain an average
of >90% [17,39]. Munro and colleagues (2011) found a mean LSI between 98.4-101.6% for the
original set of four single-limb hop tests [17], which is in line with the results of our study (93.5-
102.6% and 94.4-101.7% for females and males, respectively). However, a mean LSI of 100% or
greater may mask the asymmetries of adolescents within an uninjured the dominant limb
used in tasks requiring both limbs such as kicking a ball, may not@’n same in unilateral tasks
such as jumping and landing [26]. Approximately 44% (ra 66.7% depending on jumping
task) of adolescents scored higher on their self-repo non-dominant limb compared to their
dominant limb on any given single-limb hop task

.
To further establish baseline measure adolescent population, it is important to ensure

that the number of practice and tes nd location do not influence the results. Ross and

colleagues (2002) examined the@ st reliability of the anterior, triple, cross and 6-meter timed
hops in eighteen adult ca g}ls and had three practice trials followed by three test trials with a
four-week interval b% testing days [12]. Others had 1-3 practice trials and 2-4 test trials with
a one-week interval between testing days [11,17]. All studies consistently revealed significant
improvements in scores between sessions that could be attributed to a learning effect. Our study
used two practice trials and three test trials with a two-week interval between sessions and found
significant improvements in all hops except for the 6-meter timed hop on both limbs. However, no

significant differences in distances or times were found between locations except for the triple hop

on the dominant limb. Although significant improvements from the first to the second testing

14
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session were found, we believe the lack of significance between locations in our adolescent
population suggests that the battery of hop tests can be performed within acceptable limits of error
in a gymnasium and laboratory. This learning effect should be taken into consideration within this
population and further examined over repeated monthly intervals for 6-12 months or the length of
a rehabilitation program for a serious lower extremity injury such as an anterior cruciate ligament
injury. The repeated testing of these hopping tasks in adolescents would be beneficial since many
rehabilitation programs use the patient’s performance at different phases of rehabilitation to
determine readiness to return to full activity. 6

Finally, the results of our study indicated there were sex diff; %within the scores of the
hop tasks regardless of location. Female participants impr hety performance in the laboratory
compared to the gymnasium except for the cross-hop, eas male participants scored higher for

all hopping tasks except the timed 6-meter hop ig the ggymnasium. While it is difficult to speculate

.
on why males and females responded chtly, factors that may contribute include the

psychosocial and physical nature as with participation in different sports and activities.
For example, females are more engage in individual sports and activities, whereas males
typically engage in tea or group activities [40], and the data collections done in the
gymnasium were co in a group setting. These results suggest that the functional capacity

of males and females should be evaluated separately when applying scores from one environment

to another.

5. CONCLUSION
The battery of single-limb hop tests examined in this study offers clinicians, scientists and

strength and conditioning experts a reliable method to assess the functional capacity of uninjured,
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319

320

321

322

323

324

325

326

327

328

adolescent males and females in various testing environments. This data and the methods can be
used to guide LSI measures in adolescent males and females with lower extremity injury. Athletes
participating in multidirectional sports often must multitask and providing an environment that
more closely resembles an unplanned situation may provide a more accurate reflection of
functional capacity and performance. Therefore, the performances obtained in a gymnasium during
a regular physical education class may be an alternative option for patients to bring their scores
directly to clinicians and health care providers to evaluate functional capacity compared to the
traditional laboratory setting when such a facility is not available. The also begin serving

as baseline values for comparison of performance for adolescent m@ s who have sustained a

lower extremity injury. Q
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