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A B S T R A C T   

Motion capture systems enable in-depth interpretations of human movements based on data from three- 
dimensional joint angles and moments. Such analyses carry important bearings for evaluation of movement 
control during for instance hop landings among sports-active individuals from a performance perspective but also 
in rehabilitation. Recent statistical development allows analysis of entire time-series of angle and moment during 
hops using functional data analysis, but the reliability of such multifaceted data is not established. We used 
integrated pointwise indices (intra-class correlation, ICC; standard error of measurement, SEM) to establish the 
test–retest reliability of three-dimensional hip, knee and ankle angle and moment curves during landings of one- 
leg hop for distance (OLHD) in 23 asymptomatic individuals aged 18–28. We contrasted these findings to reli
ability of discrete variables extracted at specific events (initial contact, peak value). We extended the calculations 
of ICC and SEM to handle unbalanced situations (varying number of repetitions) to include all available data. Hip 
and knee angle curves proved reliable with stable ICC curves throughout the landing, with integrated ICCs ≥ 0.71 
for all planes except for knee internal/external rotation (ICC = 0.57). Hip and knee moment curves and ankle 
angle and moments were less reliable and less stable, particularly in the first ~ 10–25% of the landing (integrated 
ICCs 0.44–0.57). Curve data were generally not in agreement with the results for discrete event data, thus 
advocating analysis of curve data which contains more information. To conclude, hip and knee angle curve data 
during OLHD landings can reliably be evaluated, while moment curves necessitate careful consideration.   

1. Introduction 

Motion capture is useful to evaluate joint angle and moment data 
during hop testing for sport-related purposes among both asymptomatic 
individuals and in rehabilitation of various clinical populations. Such 
time-series (curve) data are recorded during entire movements. How
ever, commonly used statistical methods usually limit the analyses to 
specific discrete event-related variables, such as peak angles and mo
ments during the landing phase. Recent development within the func
tional data analysis branch of statistics enables more advanced analysis 
of complete angle and moment curve data across the timeframe of in
terest. This approach provides a more complete representation of 
movement control than standard analyses of discrete event data since it 
includes a temporal aspect. Functional data analysis has been 

increasingly used to evaluate joint angle and moment curve data (see e. 
g., Hébert-Losier et al., 2015; 2018; Markström et al., 2019; Warmen
hoven et al., 2019a; 2019b), but there is a need to evaluate test–retest 
reliability and purposive methods for this. 

Hop tests are used to evaluate lower limb function and movement 
patterns in healthy and patient populations, but reliability evaluations 
have mainly targeted outcomes such as hop distance or height (e.g., 
Dingenen et al., 2019; Logerstedt et al., 2012). Test-retest reliability of 
curve data has nevertheless been established for the bilateral stop jump 
(Milner et al., 2011), drop vertical jump (Ford et al., 2007), single-leg 
drop (Myer et al., 2015), and single-leg cross drop (DiCesare et al., 
2015). These studies used the coefficient of multiple correlation (CMC), 
which is a global measure of similarities between curves (McGinley 
et al., 2009). Their results generally showed moderate-to-excellent 
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reliability for hip and knee angle (CMCs: 0.63–0.98) and moment 
(CMCs: 0.60–0.96) curves in all three planes. However, the CMC does 
not consider the inter-individual variation (Pini et al., 2019), which is an 
integrative part of reliability (Schwartz et al., 2004; Weir, 2005). An 
alternative and recently recommended method to evaluate reliability for 
curve data is to use integrated pointwise indices, including the intraclass 
correlation (ICC) and standard error of measurement (SEM) (Pini et al., 
2019). These indices have previously been applied to lower limb joint 
angles during gait (Schwartz et al., 2004), and knee angles and moments 
during side-cutting (Sankey et al., 2015) in all three planes of motion. 
Both these studies report variation in inter-session errors over the phase 

of interest, with standard deviations for knee angles of ~ 2◦ during gait 
and ~ 2–5.5◦ during side-cutting, respectively, and ~ 5–32 Nm for the 
latter. Further evaluation of test–retest reliability of lower limb kine
matic and kinetic curves during commonly used hop tests is warranted, 
particularly for specific phases of movement sequences. 

We applied the integrated pointwise indices to evaluate the reli
ability of lower limb joint angle and moment curve data during the one- 
leg hop for distance (OLHD). The OLHD is the most common hop test in 
research and clinical rehabilitation (Hegedus et al., 2015). The OLHD 
has been used to evaluate differences in lower limb control between the 
dominant and non-dominant legs for healthy persons (van der Harst 

Fig. 1. Example of angle and moment curve data for two randomly chosen individuals during the landing phase of the one leg hop for distance. Solid lines indicate 
data from the first test session, while dashed lines refer to data from retest session. The two individuals are distinguished by black and gray color, respectively. 

L. Schelin et al.                                                                                                                                                                                                                                  



Journal of Biomechanics 124 (2021) 110546

3

et al., 2007), injury risk screening among soccer players (Read et al., 
2018), neuromuscular control among children with hypermobility 
(Junge et al., 2015), and consequences of anterior cruciate ligament 
(ACL) injury on lower limb function (King et al., 2018; Markström et al., 
2020; Wren et al., 2018). Whereas maximal hop distance is considered a 
reliable outcome (Ageberg et al., 1998; Paterno and Greenberger, 1996), 
it might not detect deficits in knee function among ACL-reconstructed 
individuals (Kotsifaki et al., 2020). The movement pattern during 
OLDH as reflected by joint angle and moment curve data may be more 
sensitive but is more complicated to reliably evaluate given the multiple 
degrees of freedom and movement variability. 

Our aim was to evaluate the test–retest reliability of hip, knee, and 
ankle joint angle and moment curve data using integrated pointwise 
indices during OLHD landings in asymptomatic individuals. A secondary 
aim was to contrast the reliability of curve data to that of traditional 
discrete event-specific values during the hop landing. Further, the cal
culations of ICC and SEM were extended to handle unbalanced situations 
(varying number of hop trials) to allow usage of all available data (de
tails in supplementary material). We hypothesized that ICCs and SEMs 
would vary over time for the angle and moment curves although still 
reliable, but with poorer reliability for moments and particularly in the 
frontal and transverse planes early after impact (cf. Sankey et al., 2015). 
We also hypothesized that angle and moments curves would show equal 
reliability as the corresponding discrete event-related data. 

2. Methods 

2.1. Participants and study design 

Twenty-three (two males) asymptomatic physically active (median 8 
Tegner activity scale) persons (mean (SD): age 22.4 (3.2) years, body 
height 1.70 (0.08) m, body mass 63.5 (8.7) kg, body mass index 22.0 
(2.1) kg/m2) participated. Inclusion criteria were age 17–34 years and 
no neurological/musculoskeletal conditions. Participants were clinically 
examined before the first test session and interviewed regarding any 
injuries by an experienced physiotherapist. Two test sessions were per
formed with an identical protocol with a mean of 16.4 days apart (SD 
6.6; range 7–30). A power analysis performed for a test–retest study 
analyzing side hop landings in the same study population indicated a 
need for 22 participants (Markström et al., 2021). We therefore 
considered 23 participants sufficient for the current study. All partici
pants provided written informed consent and the study was approved by 
the Regional Ethical Review Board (Dnr. 2015/67–31). 

2.2. Experimental procedure and instruments 

The OLHD was performed barefoot with participants standing on one 
leg with arms behind their back, holding a 25 cm long rope with knots on 
each side. Instructions were to hop forward as far as possible, land on the 
same leg, control the landing and restore balance as quickly as possible. 
Participants landed on a (masked) force plate surrounded by walkway 
elements. To avoid fatigue, participants alternated between the right 
and left leg every trial. Successful trials required 2–3 s single-leg stance 
after landing without touching the ground with the contralateral foot or 
moving the ipsilateral foot to keep balance or letting go of the rope. One 
to two test trials were performed for familiarization before completing 
three to five hops on each leg. 

Marker coordinates were captured at 240 Hz using an eight-camera 
motion capture system (Oqus®, Qualisys AB, Gothenburg, Sweden), 
synchronized with a Kistler force plate (model 9260AA, Kistler Instru
ment AG, Winterthur, Switzerland) that recorded force data at 1200 Hz. 
Fifty-six passive spherical markers were used to construct a six degree- 
of-freedom model (see supplementary material). A functional joint 
method calculated hip joint centers (Schwartz and Rozumalski, 2005), 
while the mid-point of markers on the lateral and medial femur epi
condyles and malleoli defined knee and ankle joint centers, respectively. 

The same test leader applied all markers and instructed all participants. 

2.3. Data processing 

Qualisys Track Manager (v.2.2, Qualisys AB, Gothenburg, Sweden) 
and Visual3D (v.5.02.19, C-Motion Inc., Germantown, MD, USA) soft
ware tools were used to process data. Marker data were filtered with a 
critically damped digital filter with a cut-off frequency of 15 Hz to 
remove high-frequency noise prior to calculation of the dependent 
variables (Kristianslund et al., 2012; Roewer et al., 2014). Hip and knee 
joint angles were calculated using joint coordinate systems with the 
Cardan rotation sequence of XYZ (X, mediolateral axis; Y, ante
roposterior axis; Z, longitudinal axis) (Cole et al., 1993). Hip and knee 
joint moments normalized to body mass were calculated with inverse 
dynamics using a Resultant Moments approach (Baltzopoulos, 2021), 
with coordinate systems resolved in the proximal segment coordinate 
system. External moments were expressed in this study, with flexion, 
adduction and internal rotation defined as positive. The segments’ 
masses were calculated based on the proportions of Dempster (1955). 
Angle and moment data were filtered with a fourth-order bidirectional 
zero lag low-pass Butterworth digital filter with a cut-off frequency of 
15 Hz. 

Reliability for hip, knee, and ankle angle and moment data in 
sagittal, frontal, and transverse planes were analyzed during the landing 
phase defined between initial contact (ground reaction force > 20 N) to 
maximal knee flexion angle. All angle and moment curves were time- 
normalized, with initial contact at 0% and maximal knee flexion angle 
at 100%. The outcome variables for the univariate analyses were angles 
and moments at initial contact, and peak values for angles and moments 
of hip flexion, hip adduction, hip internal rotation, knee flexion, knee 
abduction, knee internal rotation, ankle dorsiflexion, ankle adduction, 
and ankle internal rotation. These are commonly evaluated following 
ACL injury (Bates et al., 2017; 2020; Frank et al., 2013; Hewett et al., 
2005; Kiapour et al., 2016). Hop distance was also documented. Data 
from all successful trials (median 3, interquartile range 0, range 1–4, at 
test and retest for each participant) for the dominant leg (preferred leg to 
kick a ball) were used in the analyses. Test-retest data for two randomly 
chosen individuals are presented in Fig. 1. 

2.4. Statistics 

A challenge when analyzing demanding multi-joint hop tests is that 
the observed data are not always balanced, i.e., that not all individuals 
present an equal number of successful trials. The standard formulas to 
calculate ICCs and SEMs (McGraw and Wong, 1996; Weir, 2005) do not 
cover this situation. In the current study, we extend the usual calcula
tions of ICC and SEM to a test–retest framework with an unbalanced 
case. These formulas (see appendix) were applied to analyze reliability 
and agreement for curve data with integrated pointwise indices using 
the ICC and SEM, respectively. The ICCs and SEMs were also supple
mented at each time point by a 95% pointwise confidence interval (CI). 
In short, the ICC (type: absolute agreement) and SEM were calculated 
using variance components of an ANOVA (unbalanced design) based on 
a two-way mixed effect model without interactions, as previously rec
ommended for test-retests (Trevethan, 2017). This methodology was 
also applied to the discrete data. The classification of ICCs according to 
Cicchetti (1994) was adapted for interpretation (poor < 0.4, 0.4 ≤ fair <
0.6, 0.6 ≤ good ≤ 0.74, 0.74 < excellent). 

The integrated pointwise index calculations include the following 
steps: Fix a point t of the domain D where curve data are observed, in our 
case OLHD landings. Compute a value of ICC and a corresponding 
confidence interval for each t. This results in a pointwise ICC function 
including pointwise confidence intervals. The integrated pointwise 
index, i.e., the global measure of reliability, can be obtained by inte
grating the ICC-function over D: 
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ÎCC =

∫

D
ÎCC(t)dt 

Similarly, a global measure of SEM can be obtained by integrating 
SEM(t) over D: 

ŜEM =

∫

D
ŜEM(t)dt.

All analyses were performed using R (R Core Team, 2019). Free R- 
code is available for test–retest reliability analysis of curve data for 
immediate implementation (Pini et al., 2019), see also https://github. 
com/alessiapini/fdarely. 

3. Results 

Participants hopped a grand mean OLHD distance of 1.21 (0.23) m at 

test and 1.22 (0.22) m at retest. These data showed excellent reliability 
with an ICC of 0.89 (95% CI: 0.82, 0.95) and a SEM of 0.07 m (95% CI: 
0.07–0.09 m). 

3.1. Reliability of angle curves 

Excellent reliability throughout the OLHD landing was shown for hip 
flexion; good-to-excellent reliability was shown for hip adduction/ 
abduction and internal/external rotation, knee flexion and adduction/ 
abduction, and ankle internal/external rotation; while fair-to-good 
reliability was shown for knee internal/external rotation, ankle 
plantar/dorsiflexion and adduction/abduction (the pointwise reliability 
of angle curves is displayed in Figs. 2–4 as a complement to the inte
grated indices in Table 1). The reliability for knee flexion increased from 
fair to excellent during the first ~ 15% of landing and stabilized after
ward. In contrast, the reliability for knee internal/external rotation, 

Fig. 2. Pointwise ICC (top row) and SEM (bottom row) including pointwise 95% confidence intervals for the hip angle during the landing phase (0–100%) for the 
sagittal, frontal and transverse planes. Data from all successful trials are included in the reliability analysis. See Table 1 for integrated indices. Note. The pointwise 
confidence intervals should be interpreted with care: for each point of the domain, the probability that the interval covers the true value is 95%, but the probability 
that the true curve is globally covered by the confidence band is not controlled. 

Fig. 3. Pointwise ICC (top row) and SEM (bottom row) including pointwise 95% confidence intervals for the knee angle during the landing phase (0–100%) for the 
sagittal, frontal and transverse planes. Data from all successful trials are included in the reliability analysis. See Table 1 for integrated indices. Note. The pointwise 
confidence intervals should be interpreted with care: for each point of the domain, the probability that the interval covers the true value is 95%, but the probability 
that the true curve is globally covered by the confidence band is not controlled. 
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ankle plantar/dorsiflexion, and adduction/abduction decreased over the 
first ~ 15–30% of landing upon which it stabilized reaching fair 
reliability. 

Regarding agreement, all SEM curves were relatively stable over the 
domain, apart from SEMs for hip and knee flexion that increased over 
time and fluctuated between ~ 3–6◦ (expected due to the simultaneous 
increases in angles during the landing; thus, did not result in lower ICC 
curves). 

3.2. Reliability of moment curves 

All moment curves showed substantial variation in reliability over 
the landing ranging from poor to good, with integrated ICCs of 
0.43–0.57 (Table 1). The first ~ 10–25% of landing showed poor reli
ability for all moment curves. The reliability later increased and stabi
lized for hip flexion, knee flexion and adduction/abduction, and ankle 

adduction/abduction, and increased but varied for hip adduction/ 
abduction and internal/external rotation, knee internal/external rota
tion, and ankle plantar/dorsiflexion and internal/external rotation (the 
pointwise reliability of moment curves is displayed in Figs. 4–6 as a 
complement to the integrated indices). 

Concerning agreement, the SEM curves for hip and knee flexion 
varied for the first ~ 40% of landing with higher SEMs (up to ~ 0.55 
Nm/kg) but stabilized afterward (~0.3 Nm/kg). The SEM curves for the 
remaining moments were relatively stable and had integrated SEMs of 
0.06–0.33 Nm/kg. 

3.3. Contrasts between reliability of curve data and discrete event-related 
data 

Compared to ICCs at initial contact, the integrated ICC values were 
0.11–0.45 higher for knee flexion angle and all moments, 0.12–0.27 

Fig. 4. Pointwise ICC (top row) and SEM (bottom row) including pointwise 95% confidence intervals for the ankle angle during the landing phase (0–100%) for the 
sagittal, frontal and transverse planes. Data from all successful trials are included in the reliability analysis. See Table 1 for integrated indices. Note. The pointwise 
confidence intervals should be interpreted with care: for each point of the domain, the probability that the interval covers the true value is 95%, but the probability 
that the true curve is globally covered by the confidence band is not controlled. 

Table 1 
Test-retest reliability of hip, knee and ankle angles and moments based on all available repetitions for curve data presented for the curve data using an integrated index, 
as well as for the discrete events at initial contact and at peak value. Confidence intervals are presented for discrete event ICCs and SEMs in parenthesis. For curve data 
reliability, point-wise confidence intervals are found in Figs. 2–7.  

Outcomes for each motion plane Integrated index Initial contact Peak value 

ICC SEM ICC SEM ICC SEM 

Hip angles (◦) Sagittal 0.88 5.31 0.88 (0.80, 0.94) 4.28 (3.77, 4.95) 0.88 (0.80, 0.94) 5.52 (4.86, 6.38) 
Frontal 0.71 3.56 0.67 (0.51, 0.83) 3.08 (2.50, 4.00) 0.76 (0.63, 0.87) 3.36 (2.96, 3.89) 
Transverse 0.73 3.37 0.85 (0.75, 0.92) 3.16 (2.79, 3.65) 0.82 (0.72, 0.91) 2.95 (2.59, 3.42) 

Knee angles (◦) Sagittal 0.72 5.01 0.55 (0.37, 0.73) 3.22 (2.84, 3.72) 0.71 (0.57, 0.84) 5.67 (5.00, 6.56) 
Frontal 0.77 2.83 0.91 (0.85, 0.96) 1.44 (1.26, 1.70) 0.79 (0.67, 0.89) 2.86 (2.47, 3.39) 
Transverse 0.57 2.98 0.81 (0.70, 0.90) 3.20 (2.79, 3.77) 0.56 (0.39, 0.74) 2.30 (2.03, 2.66) 

Ankle angles (◦) Sagittal 0.58 3.15 0.85 (0.74, 0.93) 3.18 (2.53, 4.27) 0.62 (0.45, 0.78) 3.47 (2.93, 4.25) 
Frontal 0.55 2.22 0.80 (0.68, 0.90) 1.85 (1.60, 2.21) 0.79 (0.67, 0.89) 1.86 (1.62, 2.20) 
Transverse 0.79 2.92 0.88 (0.80, 0.94) 2.13 (1.73, 2.76) 0.89 (0.81, 0.95) 2.06 (1.64, 2.76) 

Hip moments (Nm/kg) Sagittal 0.57 0.35 0.36 (0.19, 0.57) 0.49 (0.43, 0.56) 0.63 (0.46, 0.79) 0.40 (0.35, 0.46) 
Frontal 0.44 0.33 0.33 (0.17, 0.55) 0.23 (0.20, 0.26) 0.63 (0.46, 0.79) 0.27 (0.24, 0.31) 
Transverse 0.51 0.22 0.25 (0.10, 0.47) 0.20 (0.18, 0.23) 0.72 (0.58, 0.85) 0.21 (0.18, 0.25) 

Knee moments (Nm/kg) Sagittal 0.56 0.37 0.27 (0.11, 0.49) 0.21 (0.19, 0.25) 0.39 (0.22, 0.60) 0.33 (0.29, 0.38) 
Frontal 0.54 0.25 0.23 (0.08, 0.45) 0.12 (0.11, 0.14) 0.61 (0.44, 0.77) 0.25 (0.22, 0.29) 
Transverse 0.45 0.14 − 0.001 (− 0.09, 0.16) 0.07 (0.06, 0.08) 0.07 (− 0.04, 0.26) 0.10 (0.08, 0.11) 

Ankle moments (Nm/kg) Sagittal 0.43 0.29 0.19 (0.05, 0.41) 0.30 (0.26, 0.34) 0.36 (0.19, 0.58) 0.29 (0.26, 0.34) 
Frontal 0.52 0.09 0.12 (− 0.01, 0.32) 0.07 (0.06, 0.08) 0.29 (0.13, 0.50) 0.07 (0.07, 0.09) 
Transverse 0.50 0.06 0.05 (− 0.05, 0.24) 0.05 (0.05, 0.06) 0.45 (0.27, 0.65) 0.06 (0.05, 0.07) 

ICC, intraclass correlation; SEM, standard error of measurement. 
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lower for angles of hip and knee internal/external rotation, knee 
adduction/abduction, and ankle plantar/dorsiflexion and adduction/ 
abduction, and were roughly similar for the remaining outcomes 
(0.00–0.09 difference). Compared to ICCs for peak values, the integrated 
ICCs were 0.17–0.37 higher for moments of knee flexion and internal/ 
external rotation and ankle adduction/abduction, 0.10–0.24 lower for 
angles of ankle adduction/abduction and internal/external rotation and 
moments of hip adduction/abduction and internal/external rotation, 
and roughly similar for the remaining outcomes (0.00–0.09 difference). 

Regarding agreement for angles, the integrated SEMs were ~ 
1.4–1.8◦ higher than SEMs at initial contact for knee flexion and 
adduction/abduction, while the SEMs for all remaining angle outcomes 
(at initial contact and peak values) differed with less than ~ 1.0◦. For 
moments, the integrated SEMs were 0.10–0.16 Nm/kg higher than hip 
and knee adduction/abduction and knee flexion, while the SEMs for all 
remaining moments differed with<0.07 Nm/kg. 

4. Discussion 

We evaluated the test–retest reliability of hip and knee joint angle 
and moment curves during OLHD landings in asymptomatic individuals 
and contrasted these findings to results from discrete data extracted at 
initial contact and peak values from the same data set. Angle curves 
generally displayed good-to-excellent reliability throughout the landing, 
except for knee internal/external rotation and ankle plantar/dorsi
flexion and adduction/abduction. As hypothesized, moment curves in 
all planes were generally less reliable than angle curves, particularly in 
the first ~ 10–25%-time interval compared to the remaining part of the 
landing phase, despite hop lengths with small SEMs and excellent reli
ability. Further, the integrated indices for curve data were commonly 
not in agreement with the results for the discrete event data. 

Our findings of lower ICCs for moments compared to angles are 
consistent with earlier results of hop and cutting tasks (Alenezi et al., 

Fig. 5. Pointwise ICC (top row) and SEM (bottom row) including pointwise 95% confidence intervals for the hip moment during the landing phase (0–100%) for the 
sagittal, frontal and transverse planes. Data from all successful trials are included in the reliability analysis. See Table 1 for integrated indices. Note. The pointwise 
confidence intervals should be interpreted with care: for each point of the domain, the probability that the interval covers the true value is 95%, but the probability 
that the true curve is globally covered by the confidence band is not controlled. 

Fig. 6. Pointwise ICC (top row) and SEM (bottom row) including pointwise 95% confidence intervals for the knee moment during the landing phase (0–100%) for the 
sagittal, frontal and transverse planes. Data from all successful trials are included in the reliability analysis. See Table 1 for integrated indices. Note. The pointwise 
confidence intervals should be interpreted with care: for each point of the domain, the probability that the interval covers the true value is 95%, but the probability 
that the true curve is globally covered by the confidence band is not controlled. 
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2016; Markström et al., 2021; Mok et al., 2018; Sankey et al., 2015). The 
poor-to-fair reliability for moments (both for the integrated and discrete 
values) suggests cautious use and interpretation. The poor reliability for 
moments immediately following landing constitutes a problem when 
assessing biomechanical risk factors for ACL injury/reinjury, consid
ering ACL injury mechanics and strain (Bates et al., 2017; Frank et al., 
2013; Imwalle et al., 2009; Kiapour et al., 2016), and that ACL injuries 
often occur within ~ 40 ms after impact (Koga et al., 2010; Krosshaug 
et al., 2007). Reliability for lower limb curve data later during the 
landing phase seems less problematic, while future research should 
assure reliability during the initial landing phase in ACL injury-prone 
tasks. 

The poor reliability of joint moments initially during landing may be 
explained by the rapid increase in ground reaction force after initial 
contact and individual trial-to-trial differences in landing technique. The 
small joint moments at initial contact result in a low inter-individual 
variation, which (since related to intra-individual variation) affects 
the ICC calculation. These moments abruptly change after initial contact 
and are also influenced by landing technique, e.g., mid-flight whole- 
body and trunk rotation (Critchley et al., 2020), position of the foot 
(Houck, 2003) and trunk (Saito et al., 2020) at landing, and variation in 
postural control due to arm restriction (Chaudhari et al., 2005). A slight 
change in landing position at initial contact between trials for an indi
vidual, e.g., a few degrees variation of trunk rotation or foot plantar 
flexion, may influence how the force vector passes through the lower 
limb joints and result in dissimilar moments. While our standardization 
protocol (arms held behind the back) was implemented to avoid 
obscuring markers and emphasize lower limb control, it may have 
affected the trial-to-trial variation of the outcomes by hampering task 
completion. Moment data early after impact are also affected by the 
filtering process (Kristianslund et al., 2012; Roewer et al., 2014). A 
recent ISB recommendation paper highlighted that a similar frequency 
content of kinematic and kinetic data avoids moment artifacts not 
explained by the activity dynamics but may attenuate impact forces 
(Derrick et al., 2020). We chose not to filter the force data while filtering 
angle and moment data (the same 15 Hz cut-off). This was done to 
remove higher frequencies after applying the kinematic model, since it 
allowed some marker loss (we used > three markers per segment), 
potentially resulting in unwanted transients. The filtering procedure on 
moments early after landing should be carefully considered. 

The higher reliability for angle curves than moment curves promotes 

the former when assessing movement patterns, e.g., when evaluating 
ACL injury risk related to both knee abduction angle at initial contact 
(Bates et al., 2020) and peak knee abduction moment (Hewett et al., 
2005) during drop jump landings. While the OLHD is a different task and 
knee abduction angles may not be as pronounced, the knee joint con
tributes with 65% of work absorption of the lower limb joints during 
landing, compared to 34% for the one-leg vertical hop (Kotsifaki et al., 
2021). Analyses of joint angle curves during OLHD landings should be 
considered in evaluation of lower limb function among healthy and 
patient populations. Collecting kinematic data also has lower technical 
demands than collecting moment data. A few markers and two portable 
computer devices are sufficient to calculate simple angle variables and 
enable data collection outside the laboratory (Peebles et al., 2021). 

We adopted the commonly used ICC classification according to 
Cicchetti (1994). Notably, other ICC thresholds exist (e.g., Koo and Li, 
2016) and can be applied to the values reported in Table 2. However, we 
did not provide SEM thresholds due to the lack of such estimates. SEM 
sizes need nevertheless to be related to the range of the data. For clinical 
purposes, it would be interesting to compare SEMs with minimal clini
cally important differences. However, as pointed out in a systematic 
review by Kotsifaki et al. (2020), those are seldom known in these task 
contexts. 

Curve data provides reliability outcomes comparable to and in excess 
of commonly used discrete event variables and enables a greater un
derstanding of movement control during different landing phases. Our 
results expand on and provide an alternative methodology compared to 
reports of reliability of curve data from other types of hops using the 
criticized measure CMC (DiCesare et al., 2015; Ford et al., 2007; Milner 
et al., 2011; Myer et al., 2015). The CMC does not incorporate the inter- 
individual variation (Pini et al., 2019), and it may also be undefined for 
a small range of motion (Chia and Sangeux, 2017; Røislien et al., 2012). 
Similar to the analysis of lower limb joint angles during gait (Schwartz 
et al., 2004) and knee angles and moments during side-cutting (Sankey 
et al., 2015), we found that ICCs and SEMs of angles and moments varied 
over the observed domain (Figs. 2–7). Hence, the integrated ICC and 
SEM cannot always be assumed to represent the entire curve’s charac
teristics adequately. The curve data are therefore favored over discrete 
event-related outcomes. For reliability investigations of curve data, we 
recommend visualizing the pointwise ICCs and SEMs with confidence 
intervals along with the integrated indices to evaluate if the curve data 
are stable enough to use the integrated indices. However, the pointwise 

Fig. 7. Pointwise ICC (top row) and SEM (bottom row) including pointwise 95% confidence intervals for the ankle moment during the landing phase (0–100%) for 
the sagittal, frontal and transverse planes. Data from all successful trials are included in the reliability analysis. See Table 1 for integrated indices. Note. The pointwise 
confidence intervals should be interpreted with care: for each point of the domain, the probability that the interval covers the true value is 95%, but the probability 
that the true curve is globally covered by the confidence band is not controlled. 
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confidence intervals should be interpreted with care since, for each point 
of the domain, the probability that the interval covers the true value is 
95%, but the probability that the true curve is globally covered by the 
confidence bands is not controlled for. This distinction is emphasized to 
avoid unnecessary misinterpretation of the results. Future research 
should develop methods for simultaneous confidence bands (instead of 
pointwise intervals) and confidence intervals for the integrated indices. 
Confidence interval methods for ICC are compared in Ionan et al. 
(2014). These intervals, or intervals based on bootstrap techniques, 
might be suitable after verifying their properties. 

A novelty of our analysis is the extension of the definitions of ICC and 
SEM to the case of unbalanced designs with different numbers of trials. 
There are many reasons for different trial numbers across or within in
dividuals, or between test and retest. In our study, the reason was the 
difficulty of achieving successful trials among a limited number of 
executed trials (to avoid the onset of fatigue considering that OLHD is a 
maximal-effort test). Including all available trials in the analysis reduces 
the estimate’s variance, leading to narrower confidence intervals for 
ICCs and SEMs, and thus a more precise estimate of the two quantities. 
Caution should be taken if the number of repetitions varies substantially 
depending on the performance ability, risking biased estimates, or if the 
unbalance is large. 

As for limitations, we analyzed asymptomatic individuals, and 
further research is warranted on individuals with lower limb injuries for 
clinical implications. We included more females than males, which 
could bias the results. However, this would seem less problematic for 
reliability purposes, assuming that the variation in test–retest perfor
mance is similar between sexes. Our data for males were within the 
range of values reported for females, and we found similar results of ICCs 
and SEMs when including only females. Further, the OLHD testing 
performed barefoot with arms restricted may also have affected our 
results despite the familiarization trials. While we found no significant 
improvement in hop distance from test to retest (mean 0.01 (SD 0.10) m 
difference) nor across trials within the test sessions, a more thorough 
familiarization protocol with a pre-testing session may nevertheless be 
advantageous to control for such bias and thus improve the reliability. 
Variation in marker placement to approximate knee and ankle joint 
centers (we used a functional joint method for the hip) between test and 
retest may also reduce reliability. Functional joint methods to approxi
mate knee and ankle joint centers may cause smaller inter-session 
variance (Schache et al., 2006), smaller inter-assessor variance and 
less effects of high body mass (Meng et al., 2020), while avoiding over- 
and underestimating ankle torques in different planes of motion (Sado 
et al., 2021). However, our participants were physically active and 
relatively lean (mean body mass index of 22.0 (SD 2.1) kg/m2), and the 

same person applied and controlled markers on all participants at both 
test sessions. 

In summary, curve data of hip and knee joint angles in all three 
planes of motion, except for knee internal/external rotation angle, 
proved reliable and stable over OLHD landings across test sessions using 
integrated pointwise indices (ICC, SEM). The corresponding moments, 
and also angle and moment curves for the ankle, were less reliable, 
particularly early after landing. Similar concerns applied to discrete 
moment data at initial contact for hip, knee, and ankle joints in all 
planes, while peak values for the hip joint in all planes and the knee joint 
in the frontal plane were reliable. Further, the integrated indices were 
mostly higher than or similar to the corresponding discrete event data at 
initial contact and relatively similar to peak value data. Therefore, we 
recommend using integrated indices combined with pointwise indices 
with confidence intervals for a more comprehensive evaluation of curve 
data. Curve analysis of OLHD landings is recommended for hip and knee 
angles, while moments for the hip, knee, and ankle early after landing 
should be handled with caution. 
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Västerbotten (Häger Grant No. ALF VLL548501, VLL838421 and Stra
tegic funding VLL-358901; Project No. 7002795), the Swedish Scientific 
Research Council for Sports Science (Häger Grant No. Dnr CIF 2017/8 
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Appendix A. Details on statistical methodology 

In this work we extend the usual concepts of ICC and SEM to a test–retest framework for the unbalanced case, i.e., we do not assume that the 
number of trials for each test session and each individual, is the same. Specifically, fix a point t of the domain D. Let Ygij(t) be the value at point t ∈ D of 
the curve of individual i = 1,⋯, n measured at test session g = 1,⋯,G in the repetition/trial j = 1, ⋯, Jgi. Note that we assume the possibility of 
observing a different number of repetitions Jgi for each individual in each test session. Denote as J.. =

∑G
g=1

∑n
i=1Jgi the total number of data that we 

observe. We assume that the curve Ygij(t) follow the two-way anova model (without interaction): 

Ygij(t) = μ(t) + τi(t)+ γg(t) + εgij(t),

where μ(t) is the mean value common to all subjects and test sessions, τi(t) is the subject effect, γg(t) is the test session effect and εgij(t) are independent 
and identically distributed (i.i.d.) error terms. We assume that subjects’ and test sessions’ effects are random. In particular, τi(t) for i = 1,⋯, n are i.i.d. 
(with respect to individuals) normally distributed random variables with zero mean and variance σ2

S(t), and γg(t) for g = 1,⋯,G are i.i.d. (with respect 
to test sessions) normally distributed random variables with zero mean and variance σ2

T(t). We also assume that the errors εgij(t) are i.i.d. (with respect 
to test sessions, individuals, and trials) normally distributed random variables with zero mean and variance σ2

E(t), and that for all t, all terms are 
independent between each other. 

Using the specified model, it is possible to decompose the total sum of squares SSTOT(t) of data Ygij(t) into three different terms: 
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SSTOT(t) = SSS(t) + SST(t)+ SSE(t),

where SSS(t) indicates the amount of variability between different subjects, SST(t) indicates the amount of variability of the data between test sessions, 
and SSE(t) indicates the residual variability. Table A1 reports the ANOVA table for the case in exam, indicating the sum of squares, corresponding 
degrees of freedom and mean squares. 

The last column of Table A1 reports the expected mean squares, that were obtained by Eze and Chigbu (2012) in the case of unbalanced designs, 
where: 

kS =
N − N − 1∑n

i=1J2
⋅i

n − 1
kT =

N − N − 1∑G
g=1J2

g⋅

G − 1  

and where 

N = J⋅⋅ =
∑G

g=1

∑n

i=1
Jgi J⋅i =

∑G

g=1
Jgi Jg⋅ =

∑n

i=1
Jgi  

Y ⋅⋅⋅(t) =
1
J⋅⋅

∑G

g=1

∑n

i=1

∑Jgi

j=1
Ygij(t)

Y ⋅i⋅(t) =
1
J⋅i

∑G

g=1

∑Jgi

j=1
Ygij(t) Yg⋅⋅(t) =

1
Jg⋅

∑n

i=1

∑Jgi

j=1
Ygij(t).

In the following we show how to derive ICC and SEM based on the terms of variance decomposition of Table A1. 
Intraclass correlation coefficient 
The ICC can be estimated considering the values of expected mean squares (see Fleiss and 
Shrout (1978) for the classical case with Jgi = 1). In detail, the theoretical value of the ICC is: 

ICC(t) =
σ2

S(t)
σ2

S(t) + σ2
T(t) + σ2

E(t)
.

The latter formula corresponds to ICC(k,1) in the modern notation. A consistent estimate of the ICC is obtained with the ratio of unbiased estimates 
of the numerator and denominator of the previous expression: 

ÎCC(t) =
kT(MSS(t) − MSE(t) )

kSMST(t) + kT MSS(t) + (kSkT − kS − kT)MSE(t)
.

Observe that the theoretical value of the ICC is always positive. The estimate however might attain negative values. When this happens in practice, 
it only implies that the true ICC value is really low. 

In addition to the estimate, it is possible to provide at each time point t a confidence interval for the ICC. Fleiss and Shrout (1978) derive confidence 
intervals for the ICC in the case Jgi = 1. In this work we derive the general formulation of confidence interval for the unbalanced design that we are 
addressing, based on Table A1 (the modified ANOVA table). Specifically, consider the quantity 

V(t) =
1

kT(1 − ICC(t) )
{kSICC(t)MST(t)+ [kT(1 + (kS − 1)ICC(t) ) − kSICC(t) ]MSE(t) }

It is possible to show that the expected values of V(t) and of MSS(t) coincide for all t. In addition, by simple algebra, we have that: 

V(t) = a(t)MST(t) + b(t)MSE(t),

where 

a(t) =
kS ÎCC(t)

kT

(
1 − ÎCC(t)

)

b(t) = 1+
ÎCC(t)kS(kT − 1)

kT

(
1 − ÎCC(t)

) .

Following Satterthwaite (1946), we have that V(t) properly rescaled follows approximately a chi-square distribution whose approximate degrees of 
freedom are given by: 

Table A1 
Two-way ANOVA table with replicates/repetitions in the case of unbalanced designs.  

Factor df SS  MS  EMS  

Subject n − 1  
SSS(t) =

∑n
i=1

[(

Y⋅i⋅(t) − Y⋅⋅⋅(t)
)2∑G

g=1Jgi

]

MSS(t) =
SSS(t)
n − 1  

σ2
E(t) + kSσ2

S(t)

Test Session G − 1  
SST(t) =

∑G
g=1

[(

Yg⋅⋅(t) − Y⋅⋅⋅(t)
)2∑n

i=1Jgi

]

MST =
SST(t)
G − 1  

σ2
E(t) + kTσ2

T(t)

Error J⋅⋅ − n − G + 1  
SSE(t) =

∑G
g=1

∑n
i=1

∑Jgi
j=1

[(

Ygij(t) − Y⋅i⋅(t) − Yg⋅⋅(t) + Y⋅⋅⋅(t)
)2

]

MSE =
SSE

J⋅⋅ − n − G + 1  
σ2

E        

L. Schelin et al.                                                                                                                                                                                                                                  



Journal of Biomechanics 124 (2021) 110546

10

ν(t) = (a(t)MST(t) + b(t)MSE(t) )2

(a(t)MST (t) )2

G− 1 +
(b(t)MSE (t) )2

J⋅⋅ − n− G+1

.

Finally, note that V(t) and of MSS(t) have the same expected value, and they are mutually independent. Consequently, their ratio is approximately 
distributed as: 

MSS(t)
V(t)

≈ Fn− 1,ν(t).

For the lower bound of a confidence interval on the ICC, note that with probability 1 − α/2, 

MSS(t)
V(t)

≤ Fα/2
ν(t),n− 1.

Rearranging the terms in the latter equation, we obtain the lower bound of the α-level confidence interval: 

ICC(t) ≥
kT

(
MSS(t) − Fα/2

n− 1,νt)MSE(t)
)

kT MSS(t) + Fα/2
n− 1,ν(t)(kSMST(t) + (kT kS − kT − kS)MSE(t) )

.

Similarly, we obtain the upper bound of the confidence interval: 

ICC(t) ≤
kT

(
Fα/2

ν(t),n− 1MSS(t) − MSE(t)
)

kSMST(t) + (kT kS − kT − kS)MSE(t) + kT Fα/2
ν(t),n− 1MSS(t)

.

It should be noticed that, for the balanced case, the upper and lower bounds for the ICC (at each point t) exactly correspond to the formulas for 
ICC(A, 1) in Table 7 on page 41 in McGraw and Wong (1996). 

A different value of ICC and of ICC confidence interval is computed for each time point t, providing a pointwise ICC function. Such function is useful 
to assess whether data can be considered reliable along the whole domain, or if there is a high variation of reliability along the domain. The integrated 
pointwise index, i.e., the global measure of reliability, can be obtained by integrating the ICC function over the domain D: 

ÎCC =

∫

D
ÎCC(t)dt.

Standard error of measurement 
Accompanying the ICCs is the standard error of measurement (SEM) to provide an estimate of agreement. SEM quantifies the expected trial-to-trial 

noise in the data, i.e., how much the data measured for the same individual are expected to vary between the G test sessions. Unlike the ICC, the SEM is 
an absolute quantity, i.e., its value depends on the unit of measurement of the data. As discussed for instance by Weir (2005), there exist different 
versions of the SEM. In this work, to be consistent with the ICC, we consider the estimate of the SEM starting by the mean square errors terms in 
Table A1. Specifically, since we want to quantify the variability of the measurements across trials and test sessions, the theoretical value of the SEM at 
point t is: 

SEM(t) =
̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅

σ2
T + σ2

E

√

In the unbalanced design considered in this paper, an unbiased estimate of the squared value of the pointwise SEM is given by 

̂SEM2(t) =
MST(t) + (kT − 1)MSE(t)

kT
= cMST + dMSE  

where 

c =
1
kT
, d =

kT − 1
kT

.

Following the approximation given by Satterthwaite (1946), we have 

η(t)
̂SEM2(t)

SEM2(t)
≈ χ2

η(t),

where: 

η(t) = [cMST(t) + dMSE(t) ]2

[cMST (t) ]2

G− 1 +
[dMSE(t) ]2

J⋅⋅ − n− G+1

.

This approximate distribution can be used to compute the following approximate pointwise confidence interval for the SEM: 

η(t) ̂SEM2 (t)
χ2

η(t),α/2
≤ SEM2(t) ≤

η(t) ̂SEM2(t)
χ2

η(t),1− α/2  
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̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅

η(t) ̂SEM2(t)
χ2

η(t),α/2

√
√
√
√ ≤ SEM(t) ≤

̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅

η(t) ̂SEM2 (t)
χ2

η(t),1− α/2

√
√
√
√ .

Finally, a global measure of SEM can be obtained by integrating SEM(t) over the domain: 

ŜEM =

∫

D
ŜEM(t)dt.

Appendix B. Supplementary material 

Supplementary data to this article can be found online at https://doi.org/10.1016/j.jbiomech.2021.110546. 
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