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Background

Single-legged hop tests have been widely used to assess performance-based outcomes
after anterior cruciate ligament (ACL) reconstruction. Traditional single, triple, or
6-meter (6m) timed hop tests only measure distance or time as the principal variables,
neglecting other variables, such as individual hop distances within a series of hops, flight
time, and stance time. The development of portable instrumented pressure walkways has
made it possible to collect parameters such as hop velocity, flight time, stance time,
distance, and pressure outside of a laboratory setting. However, the reliability of
instrumented pressure walkways in measuring spatial and temporal variables during
single-legged hop tests is unknown. This study aimed to determine if the Zeno walkway
can reliably measure spatiotemporal (ST) characteristics of hop tests.

Study Design

Cross-Sectional Study

Methods

Individuals (n=38) in this cross-sectional study performed single, triple, and 6m hop tests
on a pressure-sensitive Zeno walkway. Twenty-one participants completed follow-up
testing between one and 14 days later. Intraclass correlation coefficients (ICC(3,k)) were
used to assess test-retest reliability of ST variables. The accuracy of vertical jump height
and 6m hop timing were also measured.

Results

All ST variables demonstrated excellent test-retest reliability (ICC > 0.86) with small
minimal detectable change (MDC) values during single-legged hop tests. Six-meter hop
time and jump height during a bilateral drop jump were also accurately measured by the
walkway.

Conclusion

An instrumented pressure walkway is a novel tool to reliably assess non-traditional
parameters of clinically relevant hop and jump tests such as flight time, stance time, and
jump height after lower extremity injury, surgery, and rehabilitation.
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INTRODUCTION

Hopping and jumping movements are frequently completed
in cutting and pivoting sports and are commonly used to
measure performance in clinical and field settings.! Mea-
suring multi-joint lower limb movements common in sports
is considered an essential marker of rehabilitation and re-
covery following lower extremity injuries. For example, hop
and jump tests are a common component of return-to-sport
test batteries following anterior cruciate ligament (ACL) re-
construction. Such tests have been used as a screening as-
sessment to determine those who may be at risk for rein-
jury.2-4 However, single-legged hop tests are not strongly
associated with self-reported knee function and the ability
to return to sport after ACL reconstruction.> Thus, measur-
ing the most basic characteristics of hop tests, such as hop
distance, may be inadequate to detect underlying deficits
in lower extremity function and performance. For exam-
ple, patients that can hop at least 90% as far after ACL re-
construction, compared to the uninjured limb, still demon-
strate significant kinematic and kinetic differences between
limbs.6

Previous studies investigating more detailed character-
istics of single-legged and vertical jumping have used force
plates.® Force plates, however, are expensive and typically
housed within laboratory settings that require trained per-
sonnel to operate. Clinical measurements of single-legged
hop tests for distance are typically measured using a tape
measure,”-8 while hop testing for time, such as the 6m
timed hop test, typically relies on the use of a stopwatch.8?
Although common practice in many clinical settings, these
hop test measurement tools do not allow for analysis of
individual hop characteristics, such as time spent in flight
compared to on the ground. In recent years, instrumented
pressure mats have emerged as cost-effective and portable
devices that can be used in a field or clinical setting to mea-
sure human movement. However, their use has been pre-
dominantly focused on measuring walking.19-12 The mea-
surement of ST variables using an instrumented pressure
walkway during performance-based measurements such as
jumping and hopping have not been reported.

The first aim of this study was to determine the test-
retest reliability of ST variables during hopping and jump-
ing measured using an instrumented pressure walkway.
Single-legged hop tests included the single and triple hop
for distance and the 6m timed hop. The jump test measured
was the bilateral drop vertical jump. The authors hypoth-
esized that there would be excellent test-retest reliability
of ST variables measured during these hop and jump tests.
The second aim of this study was to determine the level of
agreement between a) the time measured by the pressure
walkway compared to infrared timing gates during the 6m
timed hop and b) the jump height during the bilateral drop
vertical jump measured by the pressure walkway compared
to a three-dimensional motion capture system. The authors
hypothesized that there would be a high level of agreement

for a) 6m hop time between the pressure walkway and tim-
ing gates and b) jump height between the pressure walkway
and motion capture system.

METHODS

Thirty-eight participants were recruited for this study and
completed baseline testing (T1). Twenty-one of the 38 par-
ticipants returned to repeat testing for the test-retest re-
liability portion of this study. Participants were included
for participation if they were between 19-35 years old and
participated in at least 50 hours per year of cutting or piv-
oting activities.13 Participants were excluded if they had
hip, knee, or ankle pain or surgery within the prior six
months, a history of balance or neurological disorders, or
were currently pregnant. This study was approved by the
University of Nebraska Medical Center’s Institutional Re-
view Board, and all participants provided written informed
consent prior to participation in the study.

INSTRUMENTATION

All hop and jump testing was performed on a portable, in-
strumented pressure walkway (Protokinetics Zeno Walkway
System, Havertown, Pennsylvania, USA). The Zeno Walk-
way used in this study had a sensor resolution of 0.5 in%, a
sensor area of 2 feet by 20 feet, and a sampling rate of 120
Hz. At 120 Hz, the fastest discernable hop time the walk-
way is capable of capturing is 0.017 seconds, which is much
faster than expected hop times.!4

HOP AND JUMP MEASUREMENTS

Participants completed the single hop for distance, triple
hop for distance, and 6m timed hop on the instrumented
pressure walkway, in this respective order (Figure 1). Par-
ticipants completed up to two practice trials for each of
the three hop tests and were allowed 30 seconds of rest in
between all trials to reduce fatigue. All single-legged hop
tests started with two valid trials on the right leg, followed
by two valid trials on the left leg using the same procedure.

SINGLE AND TRIPLE HOP FOR DISTANCE

The single hop for distance began with the participant’s
foot on the walkway and their toes behind a taped line at
the beginning of the walkway. The participant finished the
hop on the same foot, without placing the contralateral
foot on the walkway. The participant was instructed to be-
gin each trial by lifting the contralateral foot off the walk-
way and maintain their balance, followed by a forward hop
to the furthest possible distance to which the participant
was able to complete a stable landing for two seconds, be-
fore placing the contralateral foot on the walkway. Vari-
ables of interest for the single hop for distance included
flight time and distance. Distance was measured in Pro-
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Figure 1. Diagrammatic representation of the series of 3 hop tests: single hop for distance, triple hop for
distance, and 6m timed hop. Arrows indicate footfalls. Empty arrows indicate either the first or last footfall.

toKinetics Movement Analysis Software (PKMAS) from the
starting toe position of the foot to the ending heel position
of the foot.

The triple hop for distance consisted of the participant
beginning with their toes behind a taped line at the begin-
ning of the walkway. The participant then performed three
consecutive forward hops on the same limb. If at any time
the contralateral foot touched the walkway, that trial be-
came invalid. For the triple hop for distance, variables of
interest included average flight time, average stance time,
and total distance. Like single hop, distance was measured
in PKMAS from the starting toe position of the foot to the
ending heel position of the foot at the final landing.

6-METER TIMED HOP

The 6m timed hop consisted of the participant beginning
with their toes behind a taped line at the beginning of the
walkway. The participant then hopped forward as fast as
possible for 6 meters, without placing the contralateral foot
on the walkway. The pressure walkway and a 40-inch tall
timing gate system (Brower Timing, TCi Timing System,
Draper, Utah, USA) were used to collect 6m timed hop data.
Total hop time was measured using the timing gate system
integrated with a switch placed under the heel and a pair
of timing gates placed 6 meters from the beginning taped
line. Time started when the participant’s heel lifted off the
switch and ended once the participant’s torso crossed the
timing gates at the 6m line.

Walkway variables of interest included average flight
time, average stance time, average hop distance, and total
time required to complete each 6m hop trial. Total time to
complete the 6m timed hop using the pressure walkway was

calculated by extrapolating the average hop speed from the
first to last footfall (Equation 1). Average hop speed was
calculated using PKMAS-calculated 1) measured distance
(MD) from the beginning toe position to the toe position of
the final footfall before the 6m mark and 2) time from when
the foot first departed the walkway until the time of the fi-
nal footfall before the 6m mark. Because the distance to the
last footfall was less than 6 meters, this equation allowed
estimation of time over a full 6m length.

Equation 1. Total time (s) = MT / (MD/6 meters)

MT = Measured time from the beginning of the trial to
final footfall (s)

MD = Measured distance from the start of the trial to fi-
nal footfall (m)

BILATERAL DROP VERTICAL JUMPS

Prior to drop vertical jump trials, a single, 14 mm retrore-
flective marker was placed at the most anterior portion of
each shoe (toe) and posteriorly on each shoe at the heel.
Target marker data was measured using an 8-camera mo-
tion capture system (Qualisys AB, Gothenburg, Sweden)
sampled at 240 Hz, during bilateral drop vertical jump test-
ing.

Participants performed bilateral drop vertical jumps
from a box with a height of 31 cm. The box was positioned
such that the participant could drop straight down onto the
walkway. Participants were instructed to step off the box
with whichever foot they preferred, eyes open, and hands
on their hips. They were further instructed to land with
both feet simultaneously, followed immediately by a max-
imum vertical jump, ending with both feet landing back
onto the walkway in accordance with previously recorded
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Table 1. Descriptive data (n= 38)

Mean (SD) Frequency
Sex Frequency (F:M) 21:17
Leg Analyzed (R:L) 20:18
Age (years) 24.2 (3.5)
BMI (kg/m?2) 24.3(3.6)
Time Between Testing Sessions (days)* 5.8(3.0)

Abbreviations: F, female; M, male; BMI, body mass index; kg, kilograms; m, meters; R, right; L, left. “Time between testing sessions calculated for the 20 participants who returned

for the second testing session of the test-retest portion of this study.

methods.!5 Participants were allowed two practice trials to
familiarize themselves with the movement, followed by five
valid trials that were recorded. A valid trial required the
participant to complete both landings without loss of bal-
ance.

Variable of interest for drop vertical jump included the
flight time of the vertical jump as measured by the pressure
walkway, which was used to calculate vertical jump height
using Equation 2. Flight time (FT) was defined as the dura-
tion of time the pressure walkway detected no pressure —
corresponding to the time the participant spent in the air
between the first and second landing. The pressure walk-
way-derived vertical jump height was then compared to
the height measured by the motion capture system. Target
marker data were post-processed in Visual3D software (C-
Motion, Inc., Bethesda, Maryland, USA). Target data were
low-pass filtered using a second-order Butterworth filter
with a cut-off frequency of 15 Hz. Maximum jump height
was defined by the vertical distance between a heel marker
at toe-off of the first landing and the maximum vertical
height of the heel marker while the participant was in the
air before the second landing. The heel marker on the foot
that achieved the lowest maximum height was used for
analysis.

Equation 2. Height (m) = 1/8 * g * (FT)2

g = Acceleration due to gravity (9.81 m/s2)

FT = Flight time (s)

SECOND TESTING SESSION

For the 21 participants completing the second testing ses-
sion (T2), all movements were completed in the same order
using the same protocol and procedures as the first testing
session. Participants completed the second testing session
between 24 hours to 14 days after the first session.

STATISTICAL ANALYSIS

A random number generator was used to determine
whether pressure walkway data from the right leg or left
leg was used in the statistical analysis for each participant.
Analyses were performed using SPSS 26 (IBM, Armonk,
New York, USA). Intraclass correlation coefficients
(ICC(3,k); two-way mixed, reliability) were used to deter-
mine test-retest reliability of ST variables during single-
legged hop tests across the two separate testing sessions.
Standard error (SE) was estimated as: SE = SD x

/(1 —=ICC), where SD is the pooled standard deviation
of the measurements for all the participants. Minimal de-
tectable change (MDC) values were calculated at a 95% con-
fidence level for each ST variable (MDCgys = SE x 1.96 x  /2).
For each hop type, MDCy; was also normalized by the mean
hop distance.16 This provides a more clinically useful MDC
as a percentage of a patient’s hop distance. An ICC value
greater than 0.90 is defined as excellent, 0.75-0.90 is de-
fined as good, 0.50-0.75 is defined as moderate, and less
than 0.50 is defined as poor reliability.17 The level of agree-
ment for the ST variables of the hop tests were assessed us-
ing Bland-Altman plots (GraphPad Prism 8.2.0 San Diego,
California, USA). Limits of agreement (LoA) were set at =2
MDC values.!8 Pearson correlations were used to assess the
correlation between the 6m hop time (using the pressure
walkway compared to the timing gates) and maximum ver-
tical jump height during the bilateral drop vertical jump
(using the pressure walkway compared to motion capture)
from the first testing session. A p-value of <0.05 was set for
all analyses a priori.

RESULTS

Descriptive data for participants is presented in Table 1.
A greater proportion of females participated in the study
(55.3%), and a greater proportion of right legs were ran-
domly selected for statistical analysis (52.6%). On average,
participants had a normal BMI, 24.3 kg/m2.

SINGLE AND TRIPLE HOP FOR DISTANCE

Descriptive statistics, reliability coefficients, and MDCs are
reported in Table 2 for ST variables during single and triple
hops for distance. The instrumented pressure walkway
showed good to excellent test-retest reliability during sin-
gle hops (ICCs 0.929-0.952) and triple hops (ICCs
0.860-0.958) for all ST variables. One participant was not
included in triple hop analyses due to measurement error.
Bland-Altman plots for ST variables of single and triple hop
for distance tests are presented in Figure 2.

SIX-METER TIMED HOP

Descriptive statistics, reliability coefficients, and MDCs are
reported in Table 3 for ST variables during 6m timed hop.
The instrumented pressure walkway showed excellent test-
retest reliability during 6m hops (ICCs 0.939-0.972) for all
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Table 2. Mean values, pooled standard deviations (SD), reliability coefficients, standard errors of the mean, and
minimal detectable changes for ST variables during the single and triple hop for distance.

. Pooled MDCgs/hop distance
Hop Variable Mean sD ICC SEM MDCyg %)
el Flight Time (s) 0.29 0.05 0.929 0.01 0.04 -
ingle
Distance (cm) 111.69 32.66 0.952 7.16 19.83 17.8
Average (FS')'ght Time 0.27 0.05 0.958 0.01 0.03 -
Triple Average S(S"”“’ Time 0.35 0.04 0.860 0.02 0.04 -
Total Distance (cm) 412.14 86.47 0.929 23.04 63.87 15.5

ICC, intraclass correlation coefficient; MDCqs, minimal detectable change at the 95% confidence interval; s, seconds; cm, centimeters.

ST variables. The 6m hop time measured by the instru-
mented walkway during the first testing session (z=2.092,
SD=0.380) was strongly correlated with the infrared timing
gates (z=2.226, SD=0.369) (p<0.001, r=0.953) and differ-
ences between the measurement methods are demon-
strated in a Bland-Altman plot in Figure 3. Bland-Altman
plots for ST variables of 6m timed hop tests are also pre-
sented in Figure 2.

BILATERAL DROP JUMPS

Maximum vertical jump height, as calculated from flight
time, during bilateral drop jumps on the instrumented
pressure walkway during the first testing session (z=0.248,
SD=0.081) was strongly correlated with the maximum ver-
tical jump height as measured by the Qualisys motion cap-
ture system (z=0.256, SD=0.086) (p<0.001, r=0.907). A
Bland-Altman plot depicting the differences between the
measurement methods is presented in Figure 3.

DISCUSSION

The purpose of this study was to determine the test-retest
reliability and MDC values of ST variables during single-
legged hop tests using a Zeno instrumented pressure walk-
way. The authors also aimed to validate the time measured
by the walkway during the 6m timed hop and jump height
during a bilateral drop vertical jump. The findings sup-
ported the primary hypothesis, showing that test-retest re-
liability for all spatial and temporal variables for hop tests
were good or excellent using the instrumented pressure
walkway (ICCs>0.86). Furthermore, the secondary hypothe-
sis was supported, as the data showed a strong correlation
(r=0.953) between the total time during the 6m timed hop
measured by the walkway compared to the timing gates.
Additionally, the tertiary hypothesis was supported, as the
data indicated a strong correlation (r=0.907) between the
maximum vertical jump height measured by the pressure
walkway compared to the three-dimensional motion cap-
ture system. To the authors’ knowledge, this is the first
study that has analyzed various ST variables during single-
legged hop tests and bilateral drop vertical jumps in young,
active individuals using an instrumented pressure walkway.

Recent research has highlighted the value of measuring
other ST variables beyond that of total distance and time
during single-legged hop tests. For example, Lloyd and col-
leagues measured reactive strength ratios, which is the ra-
tio of stance time to flight time in a population of male
professional soccer players at 36 weeks after ACL recon-
struction.19 Even while 80% of athletes tested passed the
90% leg symmetry index (LSI) for total hop distance during
triple hop, only 35% and 45% passed the LSI threshold for
reactive strength ratios during their first and second hop,
respectively. Such conclusions highlight the value of col-
lecting alternative ST variables beyond traditional total hop
distance and time.

Past research by Reid et al. published MDC values for
LSIs of the single, triple, and 6m hops at the 90% confi-
dence level for a population of similar age but after ACLR.
Their results noted MDC values of 8.1%, 10.0%, and 13.0%,
respectively.” When converting the current data to a 90%
confidence level, our MDC results were slightly higher com-
pared to Reid et al. for single and triple hop at 14.9% and
13.0%, respectively, but lower for the 6m hop at 9.4%. Ad-
ditionally, Dingenen et al. reported MDC values normalized
to total hop distance of 10.4% and 7.2% for single and triple
hop, respectively.l® The corresponding single and triple
hop normalized MDC values from the current study were
higher at 17.8% and 15.5%, respectively. The differences in
normalized MDC values are likely due to differences in par-
ticipant demographics.

Similarly, recent research by Ahmadian et al. analyzed
the accuracy and precision of ST variables during the triple
hop test using wearable inertial measurement units in a
population of 11 to 19-year-old individuals who sustained
a knee injury within the prior 15 months.!® Results found
accurate and precise total hop distances when compared to
the clinical standard tape measure. One limitation noted in
this study was the validation of temporal variables, which
did not use the gold standard force plates. The current
study testing procedures overcomes this limitation with the
use of the instrumented pressure walkway. Both inertial
measurement units and instrumented pressure walkways
provide an emerging alternative for a more in-depth analy-
sis of ST variables during single-legged hop tests.

This study was limited by the width of the pressure walk-
way, which did not allow for the safe collection of the
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Figure 2. Bland-Altman plots for single, triple, and 6m hop test ST variables. Each participant’s average
measurement of T1 and T2 is plotted along the x-axis. The difference between the measurements at T1 and T2 is
plotted along the y-axis. The dashed red lines represent limits of agreement (¥2 MDC). The dashed, green line
represents the mean of the differences for all participants between T1 and T2. The dotted, black line is included
as a reference that indicates no difference between testing sessions.

Table 3. Mean values, pooled standard deviations (SD), reliability coefficients, standard errors of the mean, and
minimal detectable changes for ST variables during the 6m timed hop.

Hop Variable Mean Pogled Icc | SEM | MDCy | MPCos/Mopdistance
Average Flight Time (s) 0.22 0.03 0.955 0.01 0.02 -
Average Stance Time (s) 0.24 0.05 0.939 0.01 0.03 -
om Average '(*C?Tf‘) Distance 142.28 28.54 0972 | 446 12.35 87
Total Time (s) 1.97 0.47 0.969 0.08 0.23 -

6m, 6-meter; ICC, intraclass correlation coefficient; MDCqs, minimal detectable change at the 95% confidence interval; s, seconds; cm, centimeters.
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Figure 3. Bland-Altman plots for total 6m hop time as measured by timing gates versus instrumented pressure
walkway and jump height during bilateral drop jump as measured by the Qualisys motion capture system versus
height as calculated by the instrumented pressure walkway. Each participant’s average measurement at T1 is
plotted along the x-axis. The difference between the measurement methods is plotted along the y-axis. The
dashed red lines represent limits of agreement (*2 SD). The dashed, green line represents the mean of the
differences for all participants between measurement methods. The dotted, black line is included as a reference
that indicates no difference between testing sessions.

crossover hop test for distance. In addition, the walkway pant landing, specifically during triple hop tests when for-
would occasionally slide forward < 1 cm upon the partici- ward momentum was greater.
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CONCLUSION

The test-retest reliability was good to excellent (all
ICCs>0.86), with small MDC values for all ST variables mea-
sured by an instrumented pressure walkway during single-
legged hop tests. The walkway also accurately measured
six-meter hop time and vertical jump height during a bilat-
eral drop vertical jump. An instrumented pressure walkway
is a novel tool able to reliably assess non-traditional, clin-
ically relevant hop and jump test parameters such as flight
time, stance time, and jump height in a young, uninjured
population, and may be useful after lower extremity injury,
surgery, and rehabilitation.
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