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Three-dimensional human motion analysis provides in-depth understanding in order
to optimize sports performance or rehabilitation following disease or injury. Recent
developments of statistical methods for functional data allow for novel ways to
analyze often complex biomechanical data. Even so, for such methods as well as
for traditional well-established statistical methods, the interpretations of the results
may be influenced by analysis choices made prior to the analysis. We evaluated the
consequences of three such choices when comparing one-leg vertical hop (OLVH)
performance in individuals who had ruptured their anterior cruciate ligament (ACL), to
that of asymptomatic controls, and also athletes. Kinematic data were analyzed using
a statistical approach for functional data, targeting entire curve data. This was done
not only for one joint at a time but also for multiple lower limb joints and movement
planes simultaneously using a multi-aspect methodology, testing for group differences
while also accounting for covariates. We present the results of when an individual
representative curve out of three available was either: (1) a mean curve (Mean), (2)
a curve from the highest hop (Max), or (3) a curve describing the variability (Var),
as a representation of performance stability. We also evaluated choice of sample leg
comparison; e.g., ACL-injured leg compared to either the dominant or non-dominant
leg of asymptomatic groups. Finally, we explored potential outcome effects of different
combinations of included joints. There were slightly more pronounced group differences
when using Mean compared to Max, while the specifics of the observed differences
depended on the outcome variable. For Var there were less significant group differences.
Generally, there were more disparities throughout the hop movement when comparing
the injured leg to the dominant leg of controls, resulting in e.g., group differences
for trunk and ankle kinematics, for both Mean and Max. When the injured leg was
instead compared to the non-dominant leg of controls, there were trunk, hip and
knee joint differences. For a more stringent comparison, we suggest considering to
compare the injured leg to the non-dominant leg. Finally, the multiple-joint analyses
were coherent with the single-joint analyses. The direct effects of analysis choices
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can be explored interactively by the reader in the Supplementary Material. To
summarize, the choices definitively have an impact on the interpretation of a hop
test results commonly used in rehabilitation following knee injuries. We therefore
strongly recommend well-documented methodological analysis choices with regards
to comparisons and representative values of the measures of interests.

Keywords: functional data analysis, anterior cruciate ligament injury, movement control, knee rehabilitation,
biomechanics, interval-wise testing, leg comparisons

INTRODUCTION

Three dimensional (3D) human motion capture commonly
involves tracking positions of multiple markers placed on the
body. It generates vast data of complex multi-joint coordination,
often displayed as time series of single joint angles. Such
movement curves are used for instance to interpret, and evaluate
movement performance in sports or in rehabilitation after disease
or injury, e.g., following rupture of the anterior cruciate ligament
(ACL) – a very common sports injury. For analysis of movement
curves, there has been a growing interest in using more recently
progressed statistical methods within the functional data analysis
(FDA) framework. In the context of knee control and ACL
injury evaluation, FDA-methods have been applied for analysis of
movement curves from different hops tests like the vertical hop
(Ryan et al., 2006), the one-leg hop for distance (Hébert-Losier
et al., 2015), the drop jump (Hébert-Losier et al., 2018) and a
novel standardized side hop (Markström et al., 2019).

When evaluating knee function after ACL injury, movement
performance of individuals is usually tested in several different
types of functional assessments, most commonly using hop
tests (Abrams et al., 2014). Specifically, single-leg hop tests are
interesting to study since they are more challenging from an
(re-)injury risk perspective than for example walking, and also
mimic sport participation to a higher degree (Rudolph et al.,
2000). Here, we focused on the one-leg vertical hop (OLVH), a
common single-leg hop test in clinics and research (Gustavsson
et al., 2006; Markström et al., 2021b). Each single functional
assessment, observed using a motion capture system, results
in multiple movement curves corresponding to different joints,
different movement planes or different phases of the task.

In the present paper, we compared the hop performance of
individuals in three groups: those who had ACL reconstruction
(ACLR), and two control groups (athletes and non-athletes).
Control group comparisons are of interest for many reasons.
Firstly, comparing performance of the injured to the non-injured
leg within an individual, for example using the commonly applied
measure of limb symmetry index, has been proven unsatisfactory
due to bilateral deficits or lack of consensus of relevant specific
outcome measures (Gokeler et al., 2017; Wellsandt et al., 2017).
Secondly, the comparison with elite athletes is usually missing in
knee rehabilitation research despite its importance in assessing
suitability for return to elite sports.

Prior to any comparisons, several methodological decisions
must be made, for example how to best quantify data, how to
choose representative measures, or how to make comparisons, if
that is part of the research questions. Such analysis choices may

have substantial influence on the final results and thereby the
conclusions. A recent paper in Nature demonstrated that when
70 research groups were given a common brain imaging data set,
no teams chose identical workflows to analyze the data and as
a consequence the results varied (Botvinik-Nezer et al., 2020).
In the field of biomechanics, there is surprisingly little scientific
discussion on the influence and consequences of methodological
choices, both for analyses of the traditional discrete event-
related kinematic variables (e.g., peak angles), commonly used for
evaluating knee function after ACLR (Kotsifaki et al., 2020) and
for analysis and interpretation of curve data comparisons.

For movement analysis, individuals are usually represented
by either one single movement curve or by extracted variables
derived from the time-series data (e.g., Ryan et al., 2006; Thomeé
et al., 2012). Alternatively, an average curve or averaged event-
related variables are used to represent individuals (e.g., Wang
et al., 2013; Tate et al., 2017; Markström et al., 2019). To
evaluate how consistently a movement is performed by an
individual, analysis commonly involves either movement curves
or event-related variables from repeated trials, representing
movement variability (e.g., Fleisig et al., 2009; Preatoni et al.,
2013). In either case, the process requires choices regarding
the compilation of the specific outcome measures used in the
analyses. With a focus on curve data analysis, we explored
several important methodological choices of relevance to the
workflow and results, all applied to our set of motion data.
The first methodological question targeted in this paper was:
How does the choice of curve outcome measures influence
the results?

In research related to ACL injury, there are different ways
of comparing injured groups to asymptomatic control groups.
Some studies compare the injured leg to the non-dominant leg
of controls (e.g., Markström et al., 2021a), some to the dominant
leg (e.g., Hoffman et al., 1999; Setuain et al., 2019), while some
reports match for leg dominance (Lehmann et al., 2017), and
others use an average of both legs (Wang et al., 2013). The
rationale for comparing the injured leg to the non-dominant leg
is usually that it may be a more conservative choice (assuming a
better motor control of the dominant leg), avoiding conclusions
that are not true (i.e., type I errors). The dominant limb does not,
however, always demonstrate superior control as for significant
kinematic differences between the dominant and the non-
dominant leg of asymptomatic individuals/athletes (e.g., Van der
Harst et al., 2007; Greska et al., 2017; Mokhtarzadeh et al., 2017).
Our second methodological question targeted in this paper
was therefore: How does the choice of leg comparison influence
the results?
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To obtain a comprehensive understanding of the movement
performance of an individual, it may be desirable to include
a whole test battery. Still, analyses are often restricted to a
single hop test. Even so, it is complicated to analyze movements
of several joints of the body simultaneously. Here, we extend
and apply a newly suggested multi-aspect methodology to
analyze curve data from multiple joints and movement planes
simultaneously (Pini et al., 2019). In short, we can then make
statistical comparisons between groups, where individuals are
represented by multivariate functional data, while accounting
for covariates in the statistical model. The third, and last,
methodological question targeted in this paper was: How does the
choice of different combinations of joints influence the results?

The main aim of the current cross-sectional study was to
explore how the results would vary depending on the choices of
different alternatives for comparisons and representative values
for measures of interest (outlined above). The results refer to the
evaluation of the movement performance of the one leg vertical
hop in a group who had had ACLR compared to athletic and non-
athletic control groups with presumably a different level of knee
performance. Commonly, in analyzing vertical hop performance
across groups, one would choose to represent individuals using
an average curve, and compare the injured leg for ACLR to the
non-dominant leg for asymptomatic persons, and to perform
analysis on movements of the trunk and the hip, knee and ankle
joint, separately. The main reason here for comparing to the non-
dominant leg is to have an analysis coherent with previous studies
on the same cohort. Based on previous research, we anticipated
that the ACLR group would have a distinguished movement
pattern compared to controls and athletes in terms of increased
trunk, hip and knee flexion and that athletes would jump higher
and show less kinematic variability than the other groups. We
thus illustrate and compare the results in the light of the different
analysis choices. The analyses were performed on curve data
from the highest hop (outcome measure Max), and the mean
curve (Mean), both addressing the performance outcome. We
also analyzed the variability curve (Var), representing the stability
of the kinematic performance. Further, both the injured and the
non-injured leg were compared to both the dominant and the
non-dominant leg. All possible combinations of movements in
one, two, three and four observed joints/segments (trunk, hip,
knee, and ankle) were also analyzed.

A main component of the current paper is a feature illustrating
the consequences of these research process choices on the
outcomes. The reader can visualize all the results of the different
analysis options, and/or select part of the results, using the
so-called Shiny App provided on GitHub as Supplementary
Material1.

MATERIALS AND METHODS

Participants
In this study, ACLR are compared to asymptomatic controls
(CTRL, not so physically active), and elite athletes (ATH, highly

1https://github.com/Schelin/AnalysisChoicesOLVH

active, mainly in floor ball and soccer, in minimum the 2nd
highest league, and assumed to have a superior movement
control). In total, 76 participants (31 ACLR, 24 CTRL, and
21 ATH) performed the OLVH (Table 1). The only significant
differences between the groups were found for the background
variable BMI (where ACLR differed from CTRL). A previous
power analysis for the ethical approval showed the need for 22
participants per group. The aim for the data collection was 30
to allow for drop out. We adhered to this power analysis and
considered that the number of participants were sufficient for the
current study. Prior to testing, all participants were interviewed
and screened for exclusion criteria, and also underwent a clinical
knee examination by an experienced physiotherapist. Exclusion
criteria were any musculoskeletal or neurological pathology
possibly affecting outcomes. The ACLR participants had suffered
a unilateral ACL injury and had undergone reconstructive
surgery (hamstring graft) on average 30.2 months prior to
testing. They had also returned to previous activity levels. Leg
dominance was determined as the preferred leg for kicking a
ball. For the ACLR group, eight individuals had injured their
non-dominant leg.

The study was approved by the Regional Ethical Review
Board in Umeå, Sweden (Dnr. 2015/67-31). All participants
provided prior written informed consent in agreement with the
Declaration of Helsinki.

Test Procedure
All participants performed the OLVH at the U-motion
laboratory, Umeå, Sweden. The test protocol has been previously
described in detail (see Markström et al., 2021b). Briefly,
participants stood upright and barefoot on the testing leg with
both hands behind the back holding a short rope (25 cm) in order
to standardize the jump and not to occlude reflective markers on
the body with the arms. The instructions were to jump upward
as high as possible, land on the same leg with balance and to
not release the rope, which also determined a successful jump.
The participants had one or two practice trials for familiarization.
Participants then performed three to five trials on each leg.

Movements were registered at 240 Hz using a motion capture
system with eight cameras (Oqus 300, Qualisys AB, Gothenburg,
Sweden) emitting infrared light. The details of the data collection

TABLE 1 | Background characteristics for the individuals included in the statistical
analysis (for at least one leg).

ACLR CTRL ATH

Male/female 7/24 5/19 3/18

Right/left dominance 29/2 23/1 19/2

Age (y) 24.0 (4.6) 23.2 (3.27) 21.4 (2.87)

Height (cm) 172 (7.28) 170 (6.04) 172 (7.42)

BMI* 23.7 (2.34) 22.3 (2.02) 22.4 (1.94)

Max hop height (m) I/ND 0.23 (0.04) 0.23 (0.03) 0.23 (0.04)

Max hop height (m) NI/D 0.23 (0.03) 0.24 (0.05) 0.24 (0.03)

Data presented as number of individuals or mean (standard deviation).
D: dominant leg, I: injured leg, ND: non-dominant leg, NI: non-injured leg.
*Significant variable with respect to ANOVA, at α-level 0.05.
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and marker set, which included 56 passive reflective light
spherical markers, are described in detail by Markström et al.
(2021a). The same test leader applied markers and instructed
all participants.

Data Preprocessing
The software Qualisys Track Manager (v.2.2, Qualisys AB,
Gothenborg, Sweden) and Visual3D (v.5.02.19, C-Motion
Inc., Germantown, MD, United States) were used for data
preprocessing. Angle data were filtered with a fourth-order
bidirectional low-pass Butterworth digital filter with a cutoff
frequency of 15 Hz. After data registration and preprocessing,
data from 2 to 4 trials for each leg of each participant
were deemed suitable for analyses. In the statistical analysis,
participants were required to have three suitable trials. It is
crucial to obtain the average, maximum, or variance of the same
number of replicates for each individual. The reason for this is
that the distribution of e.g., a mean, maximum or variance of
three data points compared to that of two data points is not the
same, which often is an underlying assumption of the statistical
analysis. Hence, participants with only two observed replicates
on a specific leg were removed from all analyses involving that
leg. For participants with more than three replicates, only the first
three were selected for the analysis. In summary, for the ACLR
group, 27 and 25 participants were included for the injured and
non-injured leg, respectively. For the ATH and CTRL groups, 19
and 22 participants were included for the dominant leg, while
17 and 19 were included for the non-dominant leg, respectively.
For a few individuals, there were some joint curves with missing

fragments due to hidden markers, but these were believed to be
of minor importance for the data analysis.

In our analyses, we considered movements of the trunk, hip,
knee and ankle in the sagittal, frontal, and transverse planes, for
details see Figure 1.

The OLVH was divided into three phases: take-off (maximum
knee flexion prior to take-off to take-off where vertical force < 20
N), flight (take-off to landing where vertical force > 20 N) and
landing (landing to maximum knee flexion after landing), see
Figure 2. Landmark registration was applied, implying that the
start and the end of each phase occurred at the same relative time
point for all participants. For statistical analysis, the domain was
discretized with equally as many (101) time points in each phase.

Statistical Analysis
In the following, we describe the multivariate FDA method
that we applied to test for differences between ACLR, CTRL
and ATH taking into account covariates (BMI, sex, and hop
height). The same methodology was applied to the three types
of representative curves of Max, Mean, and Var for each
joint/segment and plane. For each participant, the multivariate
functional data corresponds to several joints and planes (sagittal,
frontal, and transverse), in this section referred to as aspects. The
proposed methodology could be used also for post hoc analyses,
by performing pairwise comparisons of groups with additional
adjustments (e.g., using Bonferroni correction). Here, the main
focus is on the overall group effect.

The method used here is an extension to functional linear
models of the multi-aspect interval wise testing (IWT) procedure,

FIGURE 1 | The segments/joints and planes.
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FIGURE 2 | Illustration of the three phases and the landmarks (gray vertical lines) using knee angle data for the sagittal plane. For each group (A) ACLR, (B) CTRL,
and (C) ATH, three repetitions for three randomly selected participants are displayed, where different line types correspond to different individuals.

described in Pini et al. (2019). The method allows for group
comparisons of multivariate functional data accounting for
covariates. In addition, it also enables identification of parts
of the domain with significant differences. In the following
paragraph, we briefly describe the extended multi-aspect IWT.
The technical details of the procedure are presented as
Supplementary Material.

The multi-aspect IWT is a method developed for testing
simultaneously multiple aspects of functional data and adjusting
for multiplicity. The idea behind the procedure is to provide
adjusted p-value functions for testing statistical hypotheses over
the domain. The methodology results in three different types of
adjusted p-value functions.

• One overall multivariate adjusted p-value function, that is
testing whether there is a difference between at least two
groups, on at least one aspect included in the analysis.

• A collection of level-1 adjusted p-value functions, one
corresponding to each aspect included in the analysis
(further information below).

• A collection of level-2 adjusted p-value functions, one
corresponding to each aspect included in the analysis
(further information below).

All of the above p-value functions are adjusted using IWT
(Pini and Vantini, 2017), to take into account the intrinsic
multiplicity of functional data: data are theoretically infinite-
dimensional objects observed along the domain. Pointwise
(unadjusted) p-values cannot be used for domain selection, since
they would not control the probability of finding false discoveries

along the whole domain. Hence, a multiplicity adjustment is
made so that all adjusted p-value functions are provided with
a control of the interval-wise error rate; for an interval of the
domain with no differences between groups, the probability
that such an interval (or part of it) is selected as significant
is controlled. In practice, significant parts of the domain are
selected by applying a threshold (e.g., 5%) to the adjusted
p-value function. The adjustment guarantees that the probability
of erroneously selecting an interval where the groups do not
differ is below 5%.

The level-1 adjusted p-value functions adjust solely for the
domain. Level-2 adjusted p-value functions are also adjusted for
the multiplicity that is due to the fact that several aspects of
functional data are tested at the same time. This makes them
more conservative than level-1 adjusted p-value functions, but
the provided control is also stronger. For an interval of the
domain with no differences between groups on any subset of
aspects (e.g., no differences in the groups for the ankle in any of
the planes), the probability that such an interval (or part of it)
is selected as significant in at least one aspect is also controlled
(it is below the significance level, e.g., 5%). Multivariate p-value
functions adjust only for the domain, in a multivariate setting:
if in an interval there are no differences between groups on all
considered aspects (e.g., no group differences for the ankle in
all planes), the probability that such an interval (or part of it) is
identified as significant is controlled (it is below the significance
level, e.g., 5%).

Functional data of each tested aspect were modeled as a linear
combination of functional group effects plus scalar covariates’
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effects multiplied by functional coefficients, as in Abramowicz
et al. (2018). Then, group differences were tested using a
pointwise test statistic that is based on the sum of squared
differences between groups’ effects divided by the standard
error of such differences (square of t-test statistics for group
difference). So, the tests that we performed account for the
presence of covariates, even though we decided not to test directly
for any effects for covariates. Note that this would also be possible
using the same methodology, but it is not within the scope of
the present paper.

When performing the multivariate tests that are needed for
the computation of the overall multivariate p-value function and
for the level-2 adjusted p-value functions, the pointwise test
statistics corresponding to single aspects were summed-up. Since
all test statistics were standardized (i.e., the differences between
groups’effects were divided by the corresponding standard error),
the difference in scale between the aspects that we combined does
not affect the results.

All statistical analyses were performed using R (version 3.6.1,
R Core Team, 2019).

RESULTS

In traditional analysis, as described in the introduction,
individuals would usually be represented by their average curve,
and comparison of the injured leg for ACLR would be made to
the non-dominant leg for asymptomatic persons, and the analysis
would be carried out separately on selected joints/segments
(trunk, hip, knee, and ankle). The summarized results for this

choice scenario are highlighted in Table 2 by gridded cells (with
red numbers). Significant group differences were identified for all
joints, except the ankle, on at least some part of the curve domain.
The main aim of this paper was, however, to illustrate how these
results may change when we modify our analysis choices.

A more complete summary of the results for all combinations
of our different analysis choices is presented in Table 2, where
each row corresponds to the analysis of the specified combination
of joints. The three planes (sagittal, frontal and transverse)
are per default included in all analyses. For each combination
of joint movements, the table shows the percentage of the
domain where the statistical test has detected a significant
difference between the three groups (ACLR, CTRL, and ATH)
for at least one joint and at least one plane. Such results are
obtained by applying a threshold of 5% to the multivariate
p-value functions corresponding to each combination of joints.
The purpose of the table is to provide an overview whether,
and if so how, the results change depending on the initial
choices. The table only provides a rough summary and does not
indicate any details of specific differences. The complete results
are presented as interactive Supplementary Material (see text
footnote 1), where the reader may visualize the results with more
details. The reader can specify combinations of joints, outcome
type, and which legs to compare and see results for all three
types of adjustments.

How Does the Choice of Curve Outcome
Measure Influence the Results?
We found group differences when the analyses were based on the
two outcome measures Max and Mean, with more pronounced

TABLE 2 | The total percentages of the domain (corresponding to one or several parts of the domain) with significant differences (multivariate p-values < 0.05) between
at least two of the three groups on at least one of the joint(s) and plane(s).

Max (% of domain) Mean (% of domain) Var (% of domain)

Joint/Leg I/D I/ND NI/D NI/ND I/D I/ND NI/D NI/ND I/D I/ND NI/D NI/ND
46Trunk 16 9 – – 68 61 – 93 20 21 –
27Hip – 17 – – 6 7 – – – – –
17Knee 18 25 – 6 – – – – – – –

–Ankle 50 – 51 – 40 65 – – – – –

Trunk-Hip 7 33 – – 78 66 58 – 50 1 – –

Trunk-Knee 25 36 21 – 53 33 62 4 81 10 20 –

Trunk-Ankle 82 7 65 – 100 – 100 – 50 3 20 –

Hip-Knee 15 45 10 14 6 16 13 – – – – –

Hip-Ankle 38 17 18 3 45 1 52 – – – – –

Knee-Ankle 39 18 58 3 33 – 62 – – – – –

Trunk-Hip-Knee 10 62 8 – 52 51 73 4 60 1 – –

Trunk-Hip-Ankle 69 29 46 – 87 34 97 – 38 – – –

Trunk-Knee-Ankle 73 33 73 – 81 18 100 – 51 – 15 –

Hip-Knee-Ankle 33 37 31 10 33 5 50 – – – – –

All 63 48 55 2 71 21 89 – 50 – – –

Bold numbers indicate a total percentage over 25%, light gray cell indicates a total percentage over 50%, while dark gray indicates a total percentage over 75%. Gridded
cells (with red numbers) correspond to the results of the traditional methodological choices (i.e., representing individuals with an average curve, compare the injured leg
for ACLR to the non-dominant leg for asymptomatic persons for each joint separately).
D: dominant leg; I: injured leg; Max: Curve corresponding to highest jump; Mean: Average curve from three trials; ND: non-dominant leg; NI: non-injured leg; Var: Variance
curve based on three trials.
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differences when using the Mean, see Table 2. A thorough
investigation of the complete results showed that the p-value
functions, in many of the comparisons, had a similar shape.
They were in many cases also close to the cut-off of 5% for
parts of the domain. For instance, multivariate p-value functions
for the trunk and knee are displayed in Figure 3. The p-value
functions for the two outcome measures Mean and Max were
similar (in shape), and in case of the trunk the signal was
stronger (constantly lower p-value function) for the outcome
measure Mean. With the outcome measure Var, representing
the variability of the performance, we found fewer significant
group differences.

How Does the Choice of Leg
Comparison Influence the Results?
For the ankle and the trunk separately, a larger total part of
the domain showed significant differences when the injured leg
was compared to the dominant leg instead of the non-dominant
leg. For the knee and hip, the opposite was seen. A thorough
investigation of the complete results (see text footnote 1) showed
that for the hip, when comparing the injured leg to the non-
dominant or to the dominant leg, different parts of the domain
corresponding to significant group differences were identified.
When comparing the non-injured leg to the dominant leg, there
were differences in both the movements of the trunk and of
the ankle, while the comparison of the non-injured leg to the
non-dominant leg resulted in very few or no significant results
depending on choice of outcome measure, see Table 2.

How Does the Choice of Combination of
Joints Influence the Results?
The analyses which used different numbers of joints are coherent
in the sense that the results of the 1-joint analyses also influence
the results of 2-, 3-, and 4-joint analyses. For example, if a joint
is significant in the 1-joint analysis it is likely that it is also

significant whenever it is included in the multivariate tests of two
or more numbers of joints, and thus, strengthening the results of
the findings for that particular joint.

Specific Results for the Knee Joint
The results for the analysis based solely on the knee joint,
still using all three planes, are presented with more details in
Figures 4, 5. Figure 4 shows results for the comparisons of
the injured leg of ACLR with the non-dominant leg of CTRL
and ATH, while Figure 5 shows the corresponding results when
the injured leg is compared to the dominant leg. The results in
Figure 4 are very similar to those in Figure 5, and consistent
with the results discussed in section “How Does the Choice of
Curve Outcome Measure Influence the Results?”, the level-1 and
level-2 adjusted p-value functions for the outcome measures Max
and Mean have a similar shape, while the p-value functions for
Var were different. In both comparisons, the group difference
on outcome measures Max and Mean is mainly due to group
differences in the sagittal plane at take-off, while there are no
significant differences using Var. Finally, note that–with the only
exception of the comparison between the injured and dominant
leg with Mean–the level-2 adjusted p-value function is able to
identify significant group differences at the 5% level even though
it is more conservative than the level-1 adjusted p-value function.

DISCUSSION

The overall purpose of this paper was to evaluate the movement
performance of the OLVH across three groups; ACL-injured
individuals compared to athletic and non-athletic controls,
respectively, with the main purpose of illustrating if, and
how these results may change when the analysis choices are
modified. There is a need for such a debate when interpreting
movement performance in different populations, while the
papers seem rather few. A recent study nevertheless addressed

FIGURE 3 | Multivariate p-value functions for outcome measure Mean and Max for (A) the trunk when comparing the injured leg to the non-dominant leg, (B) the
trunk when comparing the injured leg to the dominant leg, (C) the knee when comparing the injured leg to the non-dominant leg, and (D) the knee when comparing
the injured leg to the dominant leg. The dotted line indicates the level of 5%.
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FIGURE 4 | Results for the single knee joint, comparing the injured leg with the non-dominant leg. The rows correspond to the three planes (sagittal, frontal,
transverse) while the columns correspond to the different outcome measures (Max, Mean, and Var).

methodological choices in muscle synergy analysis and concluded
that their results were sensitive to their choices and also
highlighted the need for disclosure of all methodological aspects
in studies (Banks et al., 2017). Our study indeed confirmed that
the results and subsequent interpretations may vary as an effect
of the methodological choices.

In line with the main aim and to keep the study report
concise, we have intentionally not elaborated on all the specific
findings for each of the analysis choices and their respective
combinations, including on the potential resulting clinical
implications. Although both of interest and importance, such
discussion would need to be more extensive, and we considered
it out of scope of the present study. However, we provide the
possibility for the interested reader to fully investigate the specific
results in the provided app in the Supplementary Material (see
text footnote 1).

Choice of Outcome Measures
The participants were rather consistent in how they performed
the OLVH across repetitions, implying that the mean curve
for each participant was similar to the curve corresponding
to the highest jump (cf. Figure 2). The similar results for
Mean and Max, when investigating the p-value functions, were
therefore expected. This could also be an explanation for

the lack of significant differences that was observed for the
variability outcome measure Var. With consistent performances
for the participants, in all three groups, the variance should be
close to 0 for each participant, i.e., indicating no clear group
differences. It should also be noted that the variance curve
of three attempts is highly variable due to the low number
of replicates, and the corresponding p-value function does not
show the same smooth behavior as Mean and Max. Analyses
(not presented here) of curves corresponding to the standard
deviation and the range gave similar results. The Max curve
is frequently used when it comes to evaluation of performance
(Ryan et al., 2006), and since it actually represents a true
hop trial, it is easily interpretable. The Mean curve is not
as easy to interpret, but in the presence of higher variability
between trials it should in theory be more reliable (Markström
et al., 2019). Group comparisons are however based on group
averages, and hence both these outcome measures provide
relevant information. The choice of either Max or Mean in our
data showed disparities, but similar tendencies were still seen
for many of the comparisons. This is also reassuring from a
clinical interpretation point of view, although there is still a
need to determine the best functional test, which will be of even
higher clinical value (see below). We compared three different
representations, but other options are also described in the
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FIGURE 5 | Results for the single knee joint, comparing the injured leg with the dominant leg. The rows correspond to the three planes (sagittal, frontal, and
transverse) while the columns correspond to the different outcome measures (Max, Mean, and Var).

literature, e.g., a representative curve based on functional depth
(Sangeux and Polak, 2015).

Choice Regarding Leg Comparison
A choice that has been advocated previously (Hébert-Losier et al.,
2015, 2018; Markström et al., 2018), is to compare the injured
leg to the non-dominant leg, as it is believed to produce more
conservative analysis than if the injured leg was to be compared
to the dominant leg. It is also based on the assumption that
the dominant leg is more skilled than the non-dominant leg
in many tasks. The overall results here confirm this, since we
found more differences when comparing to the dominant leg (cf.
Table 2). This rationale is however not always supported by the
literature when no differences are found between the legs (e.g.,
Van der Harst et al., 2007; Cug et al., 2016; Mokhtarzadeh et al.,
2017). A systematic review by McGrath et al. (2016) demonstrates
no significant effect of limb dominance for isokinetic strength
of quadriceps and hamstring or for any of the four hop tests
included (of which one being the OLVH) in physically active
persons/athletes. If there generally were no differences between
the dominant and the non-dominant leg of asymptomatic
controls, comparisons could be made to either of the legs. This
may nevertheless be dependent on the particular task and also
requires that the outcome measures are sensitive enough.

Other studies even match leg dominance with regards to
injured leg in comparison to controls (Lehmann et al., 2017), and
the outcome or choice may even be dependent on specific sports
specialization. So this issue still needs further confirmation. To
guide clinical evaluation and decision of return to sports, there is
certainly a need for better research generated evidence regarding
leg comparisons, and provision of valid reference data.

In the current context, it is also relevant to address the issue of
how to best determine leg dominance. In the present paper, the
dominant leg was defined as the preferred leg for kicking a ball,
which is considered an accurate method at least for healthy adults
and for bilateral tasks (van Melick et al., 2017). Leg dominance
may play a role in relation to ACL injury, but is likely to be context
and/or exposure dependent and with no clear-cut interpretations.
For example, female soccer players seem more likely to injure
their supporting leg, while male players tend to injure their
kicking leg (Brophy et al., 2010). Similarly, alpine skiers have
been suggested to run a larger risk or injuring their left, often
non-dominant leg (Westin et al., 2018).

Choice of Multiple Joint Comparisons
The strength of the movement analysis based on several joints
is the control of the interval-wise error rate by taking into
account all statistical tests that are performed. We adjusted for
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multiple testing, but in a less conservative way than Bonferroni
correction. On the other hand, a multi-aspect analysis reduces
the power of the test compared to performing analyses of each
joint separately; a characteristic shared by all multiple testing
procedures (Dudoit and van Der Laan, 2007). In our case, as
seen in Table 2, the results from analyses of one joint versus
two joints indicated similar group differences, i.e., leading to the
same conclusions, implying that the power reduction here did not
matter. One should still in general pay attention to the fact that
adding several joints to the analysis would on one hand provide
more information about data differences, but on the other hand
add more variability, possibly rendering the procedure more
conservative (Pini et al., 2019). Similarly, including parts of
the domain where we do not suspect any differences will also
decrease the possibility of detecting significant parts. Here, we
analyzed the whole jump from the take-off phase to the landing
phase, but if the research question only relates to the take-off
or the landing, these should be analyzed separately (as in e.g.,
Markström et al., 2019).

Several recent reviews (Engelen-van Melick et al., 2013;
Dingenen and Gokeler, 2017; Kotsifaki et al., 2020) emphasize
the need of considering several different adjacent body
segments/joints such as trunk, hip and ankles in the analysis.
In the present study we did not observe any major differences
depending on choice of the included joints. This topic of
how to address joint choices and intertwine the analyses
certainly warrants more research with explorations of various
movements of different complexity for knee injured persons
and asymptomatic controls in order for straightforward
interpretations for both researchers and clinicians.

Strengths and Limitations of the Study
The results presented here provide a thorough investigation of
how the discussed methodological choices may impact the results
drawn from group comparisons during an OLVH. We focused on
the group comparisons, without any additional post hoc analyses,
in line with the current scope. We only considered one single
functional task assessment, which thus can be seen as a study
limitation. There were also only three trials, which in general are
considered few for motion analysis, but many repetitions are not
always possible for maximal performance, neither in research nor
in the clinics. Also note that the results/conclusions obtained with
our protocol (barefoot and restricted arms) may differ to other
studies using different protocols.

Since the OLVH, despite being a whole-body coordination
task involving simultaneous control of multiple joints, is rather
straightforward to perform–jumping upwards–we would expect
to see even more pronounced effects of the methodological
choices in evaluation of human performance in other even
more complex movement tasks. Indeed, with regards to which
specific one leg hop test to choose in clinical evaluation and
research, and subsequent to our test protocol, Kotsifaki et al.
(2021) recently demonstrated in a comparison of a horizontal
one leg hop and a vertical ditto, that the horizontal hop
exerts much more demand on the knee, particularly during the
landing (65% of the total work). During the vertical hop on

the other hand, the hip, knee and ankle equally contributed
about 1/3 of the total work. This is also in line with our
own recent findings where we demonstrate that one leg side
hop landings may be even more decisive for determining
knee control (Markström et al., 2021b). Considering this,
recommendations for hop tests following knee injury may focus
more on one leg hops in the horizontal plane and in particular
to the side, while also incorporating adjacent joints, in line
with the current paper. A consensus on best rationale for
methodological choices would also be beneficial in order to
generate evidence in the field.

A strength with the current paper is that curve data are
analyzed instead of reducing the observed curves to discrete
event-related kinematic variables. Generally, analyses of curve
data are superior and more informative for biomechanical
interpretation of human motion than discrete event related
variables (Ryan et al., 2006). This has been demonstrated by
e.g., Richter et al. (2014) who showed that variables/methods
that incorporate the sequential nature of the data better explains
the jump height in vertical jumping. Further, Godwin et al.
(2010) showed that FDA-methods could capture kinematic and
kinetic differences not identified using traditional discrete event-
related variables.

The implemented testing procedure can be based on different
test statistics, and we used standardized test statistics, as many
classical multivariate statistical methods (MANOVA, Hotelling’s
T, etc.) also do. If we instead would have used test statistics
that were not standardized, the result would have changed, since
in such cases the result would have been affected by the fact
that the outcome measures have different scales. A possibility in
such a case would be to standardize data before performing the
analysis. One limitation of the statistical method is that it is based
on random permutations, here 1,000 permutations. Due to the
randomness, the observed p-value functions may vary. On the
other hand, the Monte Carlo method used to estimate p-value
functions also allows us to compute its’ standard deviations. The
maximum pointwise standard deviation is 0.016 when the p-value
is 0.5, which decreases to 0.007 when the p-value is 0.05.

A common challenge with analyses is the difficulty in how to
report and visualize the results, especially in the current case if
limited to paper format. Here instead, we present Supplementary
Material (see text footnote 1) in different versions in the Shiny
App. The possibility for the reader to fully explore the data
and the effects of the analysis choices is clearly a strength
of our study.

CONCLUSION

Our study thus targeted possible impacts on the conclusions
depending on the different choice alternatives for the specific
outcome measures, leg comparisons and included joints.
Normally, the analysis choices of biomechanical research are
often implicit in the methods, mainstreamed and/or not always
investigated, partly due to the challenges in evaluating human
movement control. Despite well-established movement analysis
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methods, many challenges remain in quantifying, analyzing, and
interpreting the often complex data. Our paper, as one of very few
scientific contributions to the topic, highlights the consequences
of different analysis choices that arise in evaluation of movement
performance, in particular when comparing individuals of
compromised movement ability with asymptomatic controls.
Specifically, our results showed group differences both for Mean
(a mean curve) and Max (a curve corresponding to the highest
hop), while less group differences were found for Var (a curve
describing the variability). Depending on the choice regarding leg
comparison, we identified diverse group differences for different
joints. Overall, there seemed to be more pronounced disparities
when comparing the injured leg to the dominant leg of controls.
For a more stringent comparison, we suggest considering to
instead compare the injured leg to the non-dominant leg. For
our data, the additional value of a multi-joint comparison was
however not obvious, since we observed similar results when
including multiple joints compared to single joint analysis.

Comparisons based on three-dimensional movement analysis
of a vertical hop test are thus influenced by common analysis
choices. Specifically, the type of movement curve, leg comparison
and included joints all play a role in providing different
outcomes among individuals with ACLR, asymptomatic controls
and athletes. It is likely that our findings are also relevant
for other movement tests and among other populations. The
methodology proposed here could be directly applied to other
contexts where the observed data are functions. It could be
other tasks for similar populations, other populations, or even
totally different research areas. Based on our findings, we strongly
encourage a wider debate on the strengths and limitations of
various analysis choices regarding movement evaluation for
pathological and asymptomatic individuals/groups. Further, we
strongly recommend well-documented methodological analysis
choices with regards to comparisons and representative values
of the measures of interests based on clear pre-rationales, and
consensus of best-practice in the specific field.
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