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A number of methods are used to measure lower extremity musculoskeletal stiffness, but there is a paucity of
research examining the reliability of these techniques. Therefore, we investigated the reliability of vertical,
leg, knee, and ankle stiffness during overground running and hopping in 20 active men. Participants were
required to run on a 10 m overground runway at 3.83 m/s (actual; 3.35 + 0.12 m/s) and to hop in place at 2.2
Hz (actual; 2.37 + 0.03 Hz), and at a self-selected frequency (actual; 2.05 = 0.12 Hz) and at 2.2 Hz (actual,
2.39 + 0.04 Hz). Reliability was determined using the intraclass correlation coefficient, coefficient of varia-
tion, mean differences, and Cohen’s effect sizes. There was good reliability for vertical stiffness, moderate
reliability for leg stiffness, and poor reliability for knee and ankle stiffness during the running task. Similar
results were observed during the 2.2 Hz hopping tasks, with good reliability displayed for vertical stiffness
and poor reliability for ankle and knee stiffness. In conclusion, our results suggest that vertical stiffness is a
reliable measure when running at 3.83 m/s and hopping at 2.2 Hz.
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The behavior of the lower extremity during running
and hopping activities has been suggested to simulate
that of a spring-mass system.! Part of this model is the
concept known as musculoskeletal stiffness, which
describes the ability of the leg spring to resist a change
in length.>2 Musculoskeletal stiffness has been shown to
be important to athletic performance; however, opti-
mal levels for performance are not clearly defined.?*
During running at speeds of 2.5-10.26 m/s, increases in
vertical and knee stiffness are observed with increases
in running velocity and stride rate; however, leg and
ankle stiffness can remain unchanged.>~” A number of
studies have also assessed stiffness during hopping or
jumping tasks.3-!! Levels of musculoskeletal stiffness
are greatly influenced by hopping frequency and hop
displacement. Increases in hopping frequency and/or
decreases in displacement lead to increases in overall leg
stiffness,>!? which are predominantly due to increases in
ankle joint stiffness.!?

While reliability has been determined for some
specific biomechanical methods of stiffness assess-
ment,%!3-15 there is a paucity of research investigating the
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reliability of stiffness during running and hopping tasks,
particularly when performed at a self-selected velocity
or frequency. Furthermore, when using interventions to
explore changes in stiffness, it is imperative to understand
the reliability of the chosen testing procedures and the
session-to-session variation in stiffness that are inherent
in a given test protocol and method of analysis. Having
this knowledge would better enable the researcher to
determine the changes in stiffness that may result from
the intervention itself, the inherent method error, or
the natural, day-to-day variation in task performance.
Moreover, providing absolute and relative results of
reliability enables the experimenter to compare testing
procedures, perform a priori sample size estimations,
and provides an opportunity to make methodological
adjustments to prevent resources and time wastage that
is associated with unreliable testing procedures. Thus,
the aim of this study was to establish the reliability
of laboratory-based biomechanical measurements of
vertical, leg, knee, and ankle joint stiffness during
running and hopping tasks. It was hypothesized that
global stiffness measures (vertical, leg) of running and
hopping at a set pace (velocity or frequency) would
be reliable, whereas the same tasks performed at a
self-selected pace would be unreliable. Further, it was
hypothesized that joint stiffness measures of running and
hopping at either a set or self-selected pace would be
less reliable than global measures due to increased task
performance variation.


http://www.isbweb.org
http://www.JAB-Journal.com

Methods

Participants

Twenty active men (age: 22.3 + 3.0 y; mass: 74.7 £ 5.6
kg; height: 178.7 +£ 7.1 cm) from various sporting back-
grounds were recruited. This sample size was selected
to detect differences at a significance level of .05 and a
power of 90% and was based on results of earlier work
investigating the reliability of musculoskeletal stiffness.’
The University Ethics Committee approved the study
and all participants provided written informed consent.
All participants were injury free at the time of testing
and had not missed a training session or game in their
respective sport for 6 weeks preceding the time of testing.
Participants were assessed for laterality'¢ and were right
side dominant for all criteria.

Procedure

Participants performed all tasks under shod conditions
and wore the same footwear during all testing sessions.
Two testing sessions were completed by participants,
separated by 3 to 7 days to avoid any effects from the
previous session. Participants returned for their second
testing session at the same time of day as the first session.
For all sessions, a warm-up was performed consisting of
5 min of cycling at a self-selected velocity on an ergom-
eter (Monark AB, Sweden) and 5 min of self-selected
dynamic and static stretching. Participants were given as
many practice trials as required to become familiar with
all testing protocols. The order of tasks was randomly
allocated to all participants.

Running Procedure. Kinetics, kinematics, and vertical
ground reaction forces (VGRF) were analyzed during
10 trials of running. Participants were required to run at
3.35 m/s!” along a 10 m runway; this speed was set due
to the influence of running velocity on vertical, leg and
joint stiffness.? Running speed was verified by timing
gates (Smart Speed, 1.8 MHz, Fusion Sport, Australia),
placed 7 m apart. The force platform (Kistler, model
9268BA, Switzerland) was positioned midway between
the two timing gates and trials were only accepted if
they were within + 5% of the target speed.!” Participants
contacted the force plate with their nondominant foot
for five trials and their dominant foot for the remaining
five trials, and were instructed to run and look ahead to
avoid targeting the force plate. Only trials that exhibited
a clean foot contact with the force plate were included in
the analysis. The order in which legs were recorded was
randomized to negate an order effect, and any trials that
exhibited a forefoot ground contact pattern were excluded
from analysis due to its effect on running kinetics and
kinematics and, therefore, stiffness.!8

Hopping Procedure. The straight and bent-legged
hopping tasks were performed on the dominant nondom-
inant and both legs together. The continuous straight-
legged hopping and continuous bent-legged hopping
tasks were performed at the participant’s self-selected
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frequency (straight and bent-legged, respectively) and
also at a frequency of 2.2 Hz (straight and bent-legged
respectively). For these two tasks: (1) participants were
required to perform straight-legged hopping, locking
their knees to reduce the input of the knees and, thus,
predominantly requiring the ankle joint to perform the
task—this test was used to assess ankle flexor/extensor
input;8 (2) perform bent-legged hopping without attempt-
ing to restrict the movement of any joint. Participants
were asked to perform the straight and bent-legged
hopping tasks on the force platform for 10 continuous
hops.® Hopping frequency was controlled by a digital met-
ronome and trials were accepted if participants hopped
within = 2% of the set frequency.®!°

The first and last two hops of the 10 trials were
excluded from analysis, and participants were instructed
during all hops to maximize jump height and minimize
contact time.?? For this protocol, participants were
instructed to keep their hands on their hips to remove the
influence of the arms. This did not affect their ability to
maintain balance.

Data Collection and Analysis

A six-camera VICON motion analysis system (Oxford
Metrics Limited, United Kingdom) was used to collect
kinematic data at 100 Hz. Kinetic data were sampled
at 1000 Hz with a 15 N threshold for ground contact.
Retroreflective markers were placed unilaterally on each
segment of the lower body according to the require-
ments of the plug-in-gait model of VICON. To reduce
potential sources of extrinsic error, the same researcher
performed all anatomical measurements and undertook
all marker placements on participants during all trials.
Intersession reliability of the researcher in charge for
marker placement and anthropometry was established
during pilot testing and all joint angles and rotations
were less than 5°.2! Kinematic data were filtered using a
zero-lag low-pass, fourth-order Butterworth filter with a
cutoff frequency of 8 Hz, and force data were filtered at
50 Hz.!7 For the running task, means for individual legs
were not different (P > .05) and results were subsequently
pooled.

The spring-mass model was used to represent the
overall stiffness of the leg.? Vertical stiffness is the ratio
of the peak vertical ground reaction force (Fpeax) to the
displacement of the center of mass (Ay) calculated by
integrating the vertical acceleration twice with respect

to time:?2
Kvert [ﬂj = FX“]‘ (1)
m y

During running, the behavior of the leg spring system
is not completely linear,> and forward motion must be
taken into account when calculating the compression
of the leg spring (AL). Leg stiffness was calculated by
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In this study, we assumed that the ankle and knee
joints acted like torsional springs.'? Therefore, joint
stiffness of the ankle and knee (K, and Ky,..) were
calculated as the ratio of joint moment (AM) to angular
displacement (A9):'8

Nm
kg |_AM 3)
Jjoint deg A 0

Joint moments were calculated via the plug-in-gait
model of the VICON software. For calculation of the
variables reported in this study, these data were aligned
by down sampling the kinetic data to 100 Hz to match the
kinematic data. Although this reduces the resolution of
the kinetic data traces, the relevant kinetic and kinematic
data at the time point of interest (ie, peak joint flexion)
did not fluctuate considerably in magnitude or frequency
and, therefore, this down sampling had negligible effect
on the values derived.

Leg stiffness was calculated during the braking phase
(touchdown to maximum knee flexion) of ground contact
for both running and hopping. Similarly, joint stiffness
of the knee and ankle was also calculated during the
braking phase of ground contact from touchdown to the
peak joint flexion of each respective joint.!? The kinetic,
kinematic and VGRF data were then postprocessed using
custom-written software (LabVIEW, National Instru-
ments, Version 8.2, U.S.). Data from the bent-legged hop-
ping task at self-selected frequency were removed from
analysis due to the inability of the participants to cor-
rectly perform the task, resulting in large variations in all
variables.

Statistics and Determination
of Reliability

All data were normally distributed based on a critical
appraisal approach.?? Descriptive statistics including
means and standard deviations were calculated for all
variables and the differences between means for all
variables were assessed using paired samples ¢ tests.
All data were analyzed using SPSS (Version 17.0,
Chicago, IL) and statistical significance was set at
P < .05.

To determine reliability, criteria of “relative” and
“absolute” reliability measures were chosen.?3?* These
measures were as follows: difference in the mean
(MDiff%), intraclass correlation coefficients (ICC),»
measurement error (typical error) as expressed as a coef-
ficient of variation percentage (CVyg%),> and Cohen’s
effect sizes (ES). Cohen’s ES were interpreted as < 0.1
being trivial, 0.1-0.6 being small, 0.6—1.2 being moder-
ate, and > 1.2 being large.?® Furthermore, to help in the
comparison of the current study with other methodolo-
gies, 95% limits of agreement (95% LOA) were also
reported.?*?” In defining an overall rating of “good”
reliability, the criteria threshold of MDiff% < 5%, ICC =
0.80, CVyp% < 10%, and ES < 0.60 all had to be reached.
For “moderate” reliability, all but one of the four criteria
had to be met, while “poor” reliability was defined as two
or more set criteria not being met.

Results

Global stiffness results exhibited good-to-moderate
reliability during the set-paced tasks (running, bent and
straight-legged hopping at 2.2 Hz), compared with the
poor reliability of the self-paced tasks (bent and straight-
legged hopping). No differences were identified for
any of the stiffness measures between day 1 and day 2
(P > .05). Summaries of the descriptive and reliability
statistics for the musculoskeletal stiffness variables
(leg, vertical, ankle, and knee) during all tasks (running,
straight-legged hopping at self-selected frequency and,
straight and bent-legged hopping at 2.2 Hz) are given in
Tables 1 and 2. Vertical stiffness exhibited good reliability
between testing sessions for all the running, bent-legged,
and straight-legged hopping tasks at 2.2 Hz, with small
Mdiff% (0.25-4.80%), trivial-to-small Cohen’s ES
(0.02-0.34), and acceptable ICC (r = .80) and CV% (=
10%). During the running task, leg stiffness had good
reliability [(ICC = 0.85; Mdiff% = 4.80%; ES = 0.04)],
despite a CV% of 49.8. In contrast, vertical stiffness
during the self-paced, straight-legged hopping task, per-
formed using a single leg, showed poor reliability, and
only moderate reliability when performed two legged.
Data from the bent-legged hopping task, at self-selected
frequency were not analyzed or reported due to the large
variance in the variables of interest.

Table 1 Musculoskeletal stiffness reliability statistics and overall determination of reliability
during the running task
RUN Day 1 Day 2 ICC Mdiff% CVue% ES 95% LOA Reliability
Kyert 30.14 (6.53) 31.13 (7.81) 0.87 3.27 9.4 0.14 26.20 Good
Kieg 5.91 (6.96) 5.97 (6.91) 0.85 4.80 49.8 0.04 137.90 Moderate
Kank 0.22 (0.06) 0.22 (0.06) 0.51 0.00 233 0.01 64.53 Poor
Kinee 0.29 (0.09) 0.30 (0.10) 0.56 1.48 254 0.05 70.34 Poor

Note. RUN refers to the running task; Ky, and K. refer to leg and vertical stiffness and the values are measured in kN/m; K and K. refer to
ankle and knee stiffness and the values are reported in N-m/kg/deg for all tasks. Day 1 and 2 values are mean and standard deviations (SD). Intraclass
correlation (ICC); differences between means (Mdiff%), coefficient of variation (CVyg%), limits of agreement (95% LOA) and effect size (ES).



Table 2 Musculoskeletal stiffness reliability statistics and overall determination of reliability

Test Day 1 Day 2 ICC Mdiff% CVne% ES 95% LOA Reliability
BLH,,
Both Legs
Kyert 56.46 (3.35) 54.71 (7.67) 0.82 3.10 6.9 -0.25 19.18 Good
Kank 0.17 (0.11) 0.21 (0.17) 0.92 25.52 60.3 -0.03 167.28 Poor
Knee 0.26 (0.12) 0.28 (0.15) 0.79 7.59 51.0 0.22 141.34 Poor
Nondominant Leg
Kyen 47.45 (6.44) 48.90 (5.58) 0.84 3.04 55 0.34 15.49 Good
Kank 0.16 (0.11) 0.15 (0.08) 0.81 8.32 31.9 0.23 88.50 Poor
Kinee 0.35 (0.15) 0.35 (0.14) 0.69 0.68 23.2 -0.05 64.45 Poor
Dominant Leg
Kyert 46.94 (5.74) 46.05 (10.14) 0.89 1.90 54 -0.02 14.97 Good
Kank 0.21 (0.10) 0.20 (0.11) 0.81 4.24 249 0.85 67.52 Poor
Kinee 0.19 (0.07) 0.18 (0.09) 0.68 6.86 29.1 -0.17 80.55 Poor
SLH,,
Both Legs
Kyen 57.72 (6.46) 57.87 (5.15) 0.82 0.25 5.5 0.03 15.19 Good
Kank 0.31 (0.12) 0.27 (0.14) 0.61 13.40 27.9 -0.62 77.34 Poor
Krnee 0.44 (0.20) 0.44 (0.21) 0.88 1.27 22.1 0.82 60.20 Poor
Nondominant Leg
Kyen 49.62 (9.73) 51.03 (8.17) 0.84 2.83 9.2 0.09 20.90 Good
Kank 0.14 (0.09) 0.13 (0.07) 0.71 3.26 38.0 0.41 105.34 Poor
Kinee 0.27 (0.13) 0.24 (0.14) 0.79 11.63 51.0 0.22 141.34 Poor
Dominant Leg
Kyert 46.82 (7.17) 48.90 (6.23) 0.89 4.45 7.6 0.04 20.90 Good
Kank 0.22 (0.09) 0.18 (0.07) 0.68 18.54 28.1 -0.29 77.80 Poor
Kinee 0.17 (0.09) 0.20 (0.09) 0.68 17.16 29.1 -0.17 80.55 Poor
SLHgs
Both Legs
Kyen 50.05 (10.65) 47.84 (10.18) 0.86 4.42 10.2 -0.21 28.24 Moderate
Kank 0.25 (0.09) 0.30 (0.08) 0.86 17.91 353 0.53 97.72 Poor
Kinee 0.32 (0.14) 0.32 (0.20) 0.85 0.71 24.6 0.01 68.25 Poor
Nondominant Leg
Kyen 37.62 (9.42) 39.27 (6.73) 0.61 4.38 16.1 0.20 54.62 Poor
Kank 0.16 (0.10) 0.18 (0.10) 0.91 12.30 22.4 0.12 63.70 Poor
Kinee 0.32 (0.20) 0.34 (0.13) 0.83 5.27 26.3 0.75 72.71 Poor
Dominant Leg
Kyert 39.51 (7.67) 41.71 (9.14) 0.20 5.58 19.7 0.26 54.62 Poor
Kank 0.16 (0.08) 0.16 (0.06) 0.86 4.12 23.0 0.09 63.70 Moderate
Kinee 0.26 (0.13) 0.25 (0.13) 0.82 2.01 26.0 0.10 72.06 Moderate

Note. BLH,, refers to the continuous, bent-legged hopping task at 2.2 Hz; SLH, , the continuous straight-legged hopping task at 2.2 Hz; and SLHsg
the continuous straight-legged hopping task at self-selected frequency. K, and K, refer to leg and vertical stiffness are measured in kN/m; K;ni
and Ky, refer to ankle and knee stiffness and measured in N-m/kg/deg. Day 1 and 2 values are mean and standard deviations (SD). Intraclass
correlation (ICC); differences between means (Mdiff%), coefficient of variation (CVyg%), limits of agreement (95% LOA) and effect size (ES).
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Joint stiffness was determined to be less reliable
than global measures in this study. For ankle and knee
stiffness, reliability results were poor to moderate during
all tasks. Only two of the set criteria for ankle and knee
stiffness were met concurrently. ICCs were within the
acceptable range (r = .80) only during the bent-legged
and straight-legged hopping conditions at 2.2 Hz. Scores
for CVy% ranged from 22.1 to 68.2%, ES from 0.02 to
0.85, and Mdiff% from 0.68 to 18.90%.

Assessment of joint kinetics and kinematics were
performed to provide insight into the reliability results
of joint stiffness. Differences were identified in knee
displacement during straight-legged hopping at 2.2 Hz
using both legs (P = .048) and ankle displacement during
bent-legged hopping at 2.2 Hz using the dominant leg (P
=.025). Peak VGRF and center of mass (COM) displace-
ment demonstrated good ICCs during the straight-legged,
bent-legged and running tasks; however, peak knee

moment had acceptable ICCs (r = .80) only during the
straight, single-limb hopping tasks at 2.2 Hz and, during
the running task (Tables 3, 4, and 5). Peak ankle moment
displayed good ICCs during bent-legged hopping at 2.2
Hz using the nondominant leg, whereas ankle displace-
ment reported good reliability during straight-legged
hopping at 2.2 Hz using the dominant leg. All other
kinematic variables displayed moderate-to-poor ICCs
(r = .14-0.79). Mean difference results were largely
mixed. Peak VGRF showed only small changes in means
between days (Mdiff% < 5%); however, results for kinet-
ics and kinematics showed greater differences (Mdiff% =
0.57-20.89). Interestingly, large changes in means from
day 1 to day 2 still led to ICC scores being above r = .80
(eg, running peak ankle moment: Mdiff% = 10.31 and
ICC =0.83). Hopping frequency had good reliability and
showed little day-to-day variation during straight-legged
hopping at self-selected pace (Tables 3 and 4).

Table 3 Kinetic, kinematic and VGRF results during the hopping

tasks both legs

Both Day 1 Day 2 Mdiff% ICC
BLH,,

Peak VGRF (kN) 2.84 (0.37) 2.92(0.42) 2.18 0.83
COM displacement (m) 0.05 (0.01) 0.05 (0.01) 0.57 0.99
Peak ankle moment (N-m/kg) 1.76 (0.74) 1.93 (0.89) 5.19 0.14
Peak knee moment (N-m/kg) 6.22 (2.55) 5.68 (1.62) 10.31 0.52
Ankle angular displacement (deg) 19.81(4.80) 19.09 (5.64) 1.90 0.66
Knee angular displacement (deg) 42.26 (4.86) 41.49 (5.98) 6.02 0.78
SLH,,

Peak VGRF (kN) 2.80 (0.45) 2.89 (0.32) 0.43 0.83
COM displacement (m) 0.05 (0.01) 0.05 (0.01) 8.49 0.97
Peak ankle moment (N-m/kg) 6.34 (2.48) 6.00 (3.15) 4.19 0.45
Peak knee moment (N-m/kg) 5.88 (2.84) 5.94 (2.23) 1.68 0.57
Ankle angular displacement (deg) 15.01 (3.81) 13.96 (3.97) 1.81 0.73
Knee angular displacement (deg) 32.64 (6.17) 34.83(3.23)* 0.79 0.78
SLHs

Frequency (Hz) 1.90 (0.28) 1.89 (0.23) 0.79 0.87
Peak VGRF (kN) 3.76 (0.50) 3.89 (0.42) 291 0.85
COM displacement (m) 0.08 (0.03) 0.08 (0.02) 291 0.91
Peak ankle moment (N-m/kg) 8.66 (2.84) 10.27 (3.41) 13.31 0.70
Peak knee moment (N-m/kg) 9.82 (4.40) 8.91 (3.33) 0.19 0.77
Ankle angular displacement (deg) 19.87 (7.51) 17.82 (5.64) 8.12 0.79

Knee angular displacement (deg)

42.53 (11.60)

43.56 (5.68)  6.78 0.78

Note. BLH,, refers to the bent-legged hopping task at 2.2 Hz; SLH, , refers to the straight-legged hop-
ping task at 2.2 Hz; and SLHgs refers to the straight-legged hopping task at self-selected frequency.
Day 1 and 2 values are mean and standard deviations (SD). Reliability results are intraclass correlations

(ICC) and differences between means (Mdiff%).

*Signifies a significant difference between day 1 and day 2 (P < .05).
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Table 5 Kinetic, kinematic and VGRF results during the running

(RUN) task
RUN Day 1 Day 2 Mdiff% ICC
Peak VGRF (N) 2.02 (0.22) 2.00 (0.18) 0.93 0.92
COM displacement (m) 0.08 (0.02) 0.08 (0.02) 1.53 0.87
Peak ankle moment (N-m/kg) 1.94 (0.99) 1.91 (0.67) 1.71 0.54
Peak knee moment (N-m/kg) 4.43 (0.15) 3.98 (0.14) 10.31 0.83
Ankle angular displacement (deg)  17.52 (4.01)  17.24 (3.02) 1.58 0.52
Knee angular displacement (deg) 30.46 (3.14)  30.70 (2.25) 0.81 0.58
Ankle angle at touchdown (deg) 28.36 (1.98)  28.22 (2.02) 0.50 0.50
Knee angle at touchdown (deg) 49.57 (2.67)  50.17 (2.93) 1.21 0.23
Leg angle at touchdown (deg) 14.53 (3.76)  15.62 (3.77) 6.98 0.89

Note. Day 1 and 2 values are mean and standard deviations (SD). Reliability results are intraclass cor-
relations (ICC) and differences between means (Mdiff%).

Discussion

There are a range of methodological approaches currently
used to measure stiffness,* including a number of open
and closed kinetic-chain movements.?8 However, the
reliability of these tests has not been well established.
Therefore, the aim of this study was to examine the
interday reliability of a testing protocol used to assess
stiffness during overground running and hopping tasks
across two testing sessions. The most reliable measure of
stiffness was vertical stiffness during overground running
and during single- and double-legged hopping at either a
fixed (2.2 Hz) or self-selected frequency. All other vari-
ables exhibited moderate-to-poor reliability. Data from
the bent-legged hopping task at self-selected frequency
were excluded due to the inability of the participants to
correctly perform the task.

To our knowledge, this is the first study to investi-
gate magnitudes of leg, vertical, knee, and ankle stiff-
ness during overground running. The results for leg and
vertical stiffness in this study were similar to previous
research,?93! as were those for ankle and knee stiffness
data.'82% This consistency suggests a level of conformity
between the methods adopted in the current study and
those of previous methodological approaches.

As hypothesized, good reliability was shown for
vertical stiffness with high ICC, low Mdiff%, low
CVme%, and small ES results during the running task.
However, leg, ankle, and knee stiffness all produced
less than acceptable reliability based on the criteria set
in this study. Perhaps, the highly variable contributions
of ankle and knee stiffness are a result of the joints
individually adjusting to maintain overall consistent
leg stiffness. Given that we did not measure stiffness
at the hip joint, it can only be assumed that individual
joint stiffness was modulated to maintain an overall
level of leg stiffness. The ICC values for the running
task showed that peak vertical ground reaction force
had good day-to-day repeatability, consistent with
previous research.3233 Further investigations into the

running task indicate that sources of unreliability exist
in the kinetic and kinematic results. Specifically, center
of mass displacement and peak knee moment displayed
good reliability (ICC = 0.83-0.97), yet all other kine-
matic and kinetic variables exhibited moderate-to-poor
ICC scores (0.23-0.58). The results presented here are
not in agreement with previous research where ICCs
ranged from 0.83 to 0.94.33 However, it is difficult to
compare past work with the methodology in the cur-
rent study due to differences in the participant cohort,
marker set used, runway length, and running velocity.3?
Although there were no differences between day 1 and
2 for any stiffness, kinematic, or kinetic variable during
the running task, there was an increase (3—20%) in all
stiffness means from day 1 to day 2. This suggests that
a separate familiarization session may be of benefit
to improve between-session reliability and, therefore,
researchers are encouraged to adopt this approach. In
addition, there is potential that repeatability in kine-
matic and kinetic data may be improved by participants
running at a self-selected pace,3? although this would
likely compromise the data due to the effect of running
velocity on stiffness.?

The single- and double-legged hopping tasks at
2.2 Hz (straight and bent-legged) demonstrated reliable
vertical stiffness results that compared well with past
research.123436 All means, ICCs, and ESs for vertical
stiffness®3337 and means for ankle and knee stiffness also
compared well with past studies.>> However, a greater
than desired CVy%, moderate-to-good ICC (0.61-0.92)
and moderate-to-trivial ES (0.03-0.85) were evident for
single- and double-legged hopping. Therefore, ankle and
knee stiffness during the 2.2 Hz straight and bent-legged
hopping tasks was determined to have a poor overall
reliability based on the criteria set in this paper. These
findings confirm our third hypothesis. As previously
suggested, a potential explanation for the poor reliability
in ankle and knee stiffness is a result of the modulation
of individual joint stiffness contributions to maintain a
consistent vertical stiffness.



Musculoskeletal stiffness data during the self-
selected, straight-legged hopping task resulted in
moderate-to-poor reliability. This finding confirms our
second hypothesis. Vertical stiffness met the set reli-
ability criteria during the straight-legged hopping task
using single and double legs at self-selected frequencys;
however, ankle and knee stiffness displayed mixed reli-
ability results. Intraclass correlation coefficients for ankle
and knee stiffness were good (0.82—0.91), while CV g%
(> 10%) and MDiff% (> 5%) were poor, except during
the right-legged condition. Given that all participants had
a right-legged dominance,'® it is suggested that during
the self-selected, straight-legged hopping activity, the
right leg is task dependent and, therefore, predominantly
performs either a propulsive or stabilization role during
landing. This type of task dependence is seen in gait
research whereby each limb performs a particular task,
either absorbing power for the purpose of controlling the
movement or providing power for propulsion.3®

For kinematic and kinetic data during all hopping
tasks, the high ICC and low Mdiff% results suggest that
VGREF data were reliable. This is consistent with previ-
ous studies which have shown ground reaction force
data to have greater repeatability and less variability than
kinematic data.3>33 Moreover, this lack of consistency in
kinetics and kinematics between sessions is evident in
the joint angle and moment values and may explain the
lack of reliability in ankle and knee stiffness. Intraclass
correlation values for joint moment and angle data range
from 0.1 to 0.8 and mean differences range from 0.2% to
20.9%. However, there were no clear patterns to emerge
in the data to provide insight as to why there was a lack
of consistency between days. Furthermore, it is difficult
to compare these reliability data with previous research
due to the differences in methodological approaches and
the lack of published reliability data in hopping tasks.’ A
limitation of this study is that the results reported include
error that may be present within the measurement system
(eg, soft tissue artifact) or inherent in physiological per-
formance (eg, natural day-to-day fluctuations). While
attempts to minimize these errors were made, based on
our data it is difficult to differentiate the contributions
each source of error made to the lack of consistency
between testing sessions for many of the outcome mea-
sures. Another limitation of this study is in the restricted,
set gait velocity. At present it is unknown what influence
factors such as gait velocity and foot-strike pattern have
on the reliability of stiffness measures and, hence, this
may provide further insight.

In summary, it is concluded that vertical stiffness is a
reliable measure of stiffness during overground running at
3.83 m/s and during hopping at 2.2 Hz, in active men. The
reliability of all other stiffness variables may be improved
with the inclusion of a prior familiarization session, but
further research is required to verify this. In addition,
as the CVye% suggests, there is evidence of measure-
ment or movement variability within this protocol when
measuring ankle and knee stiffness and this may be an
important finding in itself. Researchers may find these
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results relevant in study sample size estimation and when
comparing the reliability of other testing procedures.
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